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Abstract 

The global pandemic of diet-related non-communicable diseases and the fact that global food 

production represents one of the largest contributors to greenhouse gas emissions, have identified 

unhealthy and unsustainably food chains as a major societal health challenge and a risk to ecosystem 

stability. This thesis aimed to investigate if digestion of nutritious, less highly processed foods could 

lead to health-promoting changes in the gut microbiota. Our modern Western-style diet (MWD) is 

characterized by high intake of extremely processed foods, which contain significant concentrations 

of inflammatory advanced glycation end-products (AGE) implicated in metabolic disease 

development. Novel observations in this thesis showed that chronic exposure to dietary AGE 

modulated gut microbiota (GM) community structure rendering it more similar to the GM 

previously observed in diabetic/obese mice. Further, I demonstrated that elevated systemic 

inflammatory markers could be mediated by AGE induced changes in GM composition. Measuring 

the potential of whole plant foods to improve gut health, a local broccoli ecotype (Broccolo of 

Torbole, BR) and Moringa oleifera were investigated using in vitro models of the human GM and 

intestinal epithelium. BR significantly reduced bacterial richness and evenness, increased 

Escherichia-Shigella relative abundance and decreased Alistipes and Ruminococcus 1.  The GM 

extensively metabolized BR polyphenols and increased concentrations of short chain fatty acids. 

However, BR did not impact on intestinal permeability, using a Caco-2 monolayer model and trans-

epithelial electrical resistance (TEER). This thesis provided novel insights on the fate of Moringa 

glucosinolates and polyphenols during faecal fermentation and on their potential beneficial activity 

on gut health, with glucomoringin significantly increasing TEER. Microbial communities are also 

involved in healthy and sustainable food production. Characterizing the successional development 

of local organic sauerkraut production, this thesis established a culture collection of sauerkraut lactic 

acid bacteria of potential future biotechnological evaluation and measured metabolite production 

during sauerkraut fermentation. Sauerkraut water improved immune response of a Caco-2-

peripheral blood mononuclear cell (PBMC) in vitro model of the gut associated immune system upon 

inflammatory LPS challenge. Finally, since sustainable diets rely on sustainable and nutritious foods, 

I analyzed the role of the GM in improving the sustainability of farmed trout.  Novel sustainable 

feeds containing poultry by-products (P) or insect protein (Hermetia illucens (H) meal), were 

investigated for their potential impact on fish growth performance, GM composition and 

inflammatory biomarkers. P increased the relative abundance of protein-degraders Paeniclostridium 
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and Bacteroidales, while H increased chitin-degraders Actinomyces and Bacillus. This study also 

provided evidence of feed-chain microbiome transmission of Actinomyces from insect H feed to trout 

GM. The analysis of gut microbiomes therefore represents an innovative strategy to define healthy 

reference diets, to characterize the potential health effects of local and traditionally produced foods, 

to identify new sustainable and nutritious crops, and to drive the urgently needed transformation 

of the global food system. In order to obtain more sustainable, healthy and nutritious food 

production systems a better understanding and management of microbiomes along the food chain 

has never been more important. 
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Chapter 1: Introduction 

Giulia Gaudioso1,2,  

1 Nutrition and Nutrigenomics Unit, Department of Food Quality and Nutrition, Research and 

Innovation Center, Fondazione Edmund Mach, 38098 Trento, Italy 

2 CIBIO – Department of Cellular, Computational and Integrative Biology, University of Trento, 

38123 Trento, Italy 

 

1. Diet, sustainability and health: starting from the EAT Lancet guidelines 

In 2019, EAT-Lancet Commission defined the concept of a healthy diet and sustainable food 

systems (1). With more than 800 million people with currently insufficient food, 39% of adults being 

overweight or obese, 30% of food being wasted and pressing environmental challenges (2,3), 

sustainability and health concepts must be considered together. Global food production constitutes 

one of the largest environmental footprints caused by humans on the planet. Agriculture accounts 

for the 70% of global freshwater withdrawals (4), for 78% of ocean and freshwater eutrophication (5) 

and for using half the world’s habitable land (4). Moreover, data from agricultural activity, food 

processing, packaging and retail revealed that food accounts for 26% of global greenhouse gas 

emissions (5). For these reasons, a sustainable diet cannot be separated from sustainable food 

production. Sustainable food production consists mainly in providing solutions to contain chemical 

pollution, reducing greenhouse gas emissions, freshwater use and over-exploitation of food sources.  

As will be discussed later in detail, diet has a crucial role in determining human health. A 

nutritious and well balanced diet contains all the necessary elements for maintaining homeostasis, 

including substrates for energy production, essential amino acids, fatty acids, minerals and vitamins 

(1). Although healthy dietary guidelines have been known for several years and research is ongoing 

to further support healthy dietary models, such as the Mediterranean diet, global malnutrition 

persists, accounting for all people not receiving proper nutrition as a consequence of a lack or an 

excess of nutrients and energy (6). Alongside undernutrition, over-nutrition represents half of this 

so-called ‘double burden of malnutrition’, referring to chronic food intake in excess of dietary energy 

requirements, thus leading to overweight and/or obesity (6). Several studies reported a reduction in 

life expectancy associated to obesity, resulting from the wide spectrum of related-comorbidities, 

including diabetes, metabolic syndrome and cardiovascular disease (CVD) (7). Data resulting from 

the Framingham Heart observational cohort study suggested that obesity increases the risk of heart 
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failure (HF) (8). Framingham investigators analyzed 5881 participants during 14 years of follow-up, 

collecting data from physical examination (including anthropometric measurements and blood 

pressure data), from electrocardiogram and from questionnaires assessing risk factors for 

cardiovascular disease. A panel of physicians reviewed suspected cardiovascular events by 

examining hospital records, determining that obese subjects had double the risk of HF when 

compared with subjects with normal body-mass index (BMI 18.5-25 kg/m2). The excess of body fat 

mass plays a central role in determining obesity-induced HF. In particular, visceral fat mass can 

stimulate production of pro-inflammatory cytokines (i.e. adipocytokines), thus driving chronic low-

grade systemic inflammation observed in obese subjects (9). High levels of adipocytokines and the 

resulting chronic low-grade systemic inflammation have been associated with increased risk of 

developing insulin resistance and type 2 diabetes (T2DM), thus connecting obesity and T2DM. 

Boden and colleagues (2015) (10) observed that oxidative stress caused by over-nutrition results in 

the inactivation of the insulin-facilitated glucose transporter GLUT4, thus leading to insulin 

resistance which is a major cause of T2DM. On the other hand, weight loss usually improves these 

disorders. The Swedish Obese Subjects (SOS) prospective intervention study provided information 

about the effects of bariatric surgery on the incidence of obesity-related diseases. 2010 obese subjects 

underwent bariatric surgery were compared to 2037 obese control subjects. After 20 years of follow-

up, bariatric surgery was associated with a long-term reduction in overall mortality and decreased 

incidences of diabetes, cardiovascular diseases and cancer, further confirming the role of weight in 

triggering obesity-related pathologies (11–15). Obesity itself, and these obesity associated diseases 

have chronic low-grade systemic inflammation as a defining characteristic, which in turn increases 

the risk of certain cancers (16). Considering direct and indirect factors, the burden of obesity and 

related diseases has a number of socio-economic implications and therefore represents one of the 

largest global public health challenges. A cohort study from Hiilamo and colleagues (2017) (17) 

observed a significant association between obesity and poverty, low household net income and low 

personal income in 5400 subjects of the Helsinki Health Study cohort. These socioeconomic 

disadvantages persisted during 12 years of follow-up. Previous studies reported higher healthcare 

costs due to treatment of obesity and comorbidities (18–20). In 2003, annual U.S. obesity-attributable 

medical expenditure were estimated at $75 billion dollars, with one-half of these expenditures being 

financed by Medicare and Medicaid services (20). Dick and colleagues (2021) (18) employed a 

Mendelian Randomization to estimate the impact of obesity on annual inpatient healthcare costs in 

the UK. Linking data from the UK Biobank and Hospital Episode Statistics (HES), the authors 
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predicted that obese subjects incurred from £201.58 to £205.53 greater costs than non-obese. 

Recently, Czernichow and colleagues (2020) (21) also revealed higher total costs of secondary care 

of COVID-19 associated with overweight and obesity in Europe. The authors applied a healthcare 

cost model screening pertinent and peer-reviewed papers published from January to June 2020. The 

excess costs were determined by higher probability of being hospitalized due to COVID-19, 

prolonged stay in the hospital and higher risk of severe outcomes. Risk of hospitalization was 1.88-

2.77 times higher for people with BMI ≥ 40 when compared to normal weight people (BMI < 25). 

The prevalence of obesity in elderly subjects is growing dramatically. The National Health and 

Nutrition Examination Surveys reported that obesity rates in adults aged ≥ 60 years reached 37.5% 

in males and 39.4% in females (22). Peralta and colleagues (2018) analyzed data from the Survey of 

Health, Ageing and Retirement in Europe, reporting that obesity prevalence increased in European 

subjects aged 60-79 years between 2005 and 2013 (23). Obese older adults are more likely to have a 

decreased quality of life, since the association between obesity and co-morbidities and mortality risk 

increases with age (24). On the other hand, lines of evidence from different studies predicted that 

obesity itself may accelerate the ageing process, because of the onset of metabolic imbalances and 

inflammation characterizing obese subjects (25). A significant correlation has been observed 

between higher BMI and ageing of human liver when considering epigenetic biomarker of ageing 

(26) and data from the Fels Longitudinal Study showed that high total and abdominal adiposity are 

directly related to decreased telomere length, reinforcing the idea that obesity may accelerate the 

ageing process (27).  

A healthy and balanced diet is the first target to prevent obesity and related diseases, promoting 

healthy aging and improving health span. Considering the socio-economic impact of obesity 

epidemic, together with a rapidly aging population (28), a sustainable food production system 

cannot be separated from a nutritious food system. 

One innovative approach to achieve all-round agri-food sustainability could be the modulation 

of environmental microbiomes along the food chain. The term ‘microbiome’ refers to all microbial 

communities and their genomes, including Bacteria, Archaea, viruses and some Eukarya (29). 

Microbial communities colonize the disparate habitats, from water sources, soil, food and several of 

human body surfaces (i.e. gastrointestinal and urinary tracts, skin, mouth and airways). Microbes 

are also implicated in food transformation, being involved in foods and beverages fermentation 

processes, and thus becoming a very promising tool in the food industries because they are a natural 

way of flavor enhancer and preservation (30). Moreover, microorganisms play a key role in food 
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spoilage, defined as the food deterioration process that ‘renders a product unacceptable or 

undesirable for consumption’ deriving from the ‘biochemical activity of microbial populations that 

predominate the product’ (31). The composition of these core ecosystems occupies a central role in 

determining food safety, final product quality and, in the case of mutualistic relationship with their 

host, in modulating health and bodily functions (32).  

Changing our dietary habits and food wasting by retailers, providers and consumers, reaching a 

healthy and sustainable diet, is one of the biggest challenges, but still the only possibility to ensure 

a secure future for next generations. In line with this, the present introduction aim to discuss the 

existing relationship between diet, microbes along the food chain and human health, describing how 

sustainable, health-promoting and nutritious diets could be obtained through food chain 

microbiome modulation, with special attention to animal and human gastrointestinal microbiomes. 

2. Diet 

2.1 Healthy dietary guidelines: what is a healthy diet? 

A healthy diet could be defined as a diet rich in fruit and vegetables, whole grains, legumes, 

unsaturated oils, with low levels of red meat, simple sugars, saturated fats, alcoholic beverages and 

highly processed food (33). Also, a healthy diet is related to lower incidence of metabolic and 

inflammatory diseases, with a protective role against obesity, diabetes, cardiovascular diseases and 

some types of cancer (1).  

Early evidence for healthy dietary patterns derived from the ‘Seven Countries Study’, conducted 

in Finland, Holland, Italy, Greece, United States, Japan and Yugoslavia by the American scientist 

Ancel Keys, who decided to study the relationship between diet, lifestyle and cardiovascular disease 

between different populations over an extended period of time (34). This investigation proved that 

populations with high dietary intake of vegetables, herbs, olive oil and bread compared to a rather 

moderate use of meat presented a reduced or lower incidence of coronary heart disease (35). The 

Seven Country Studies was the pioneer in demonstrating correlation between heart diseases and 

traditional eating patterns including the Mediterranean diet (MD). This longitudinal study enrolled 

a total of 12,763 middle aged men (40-59 years old) divided in 16 cohorts from seven countries. 

Statistical analysis of the food records of the dietary surveys from the 1960s showed that dietary 

patterns in the Mediterranean basin were associated with lower incidence and mortality from 

coronary heart disease and lower all-cause mortality. In particular, low dietary saturated and trans 
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fatty acids and dietary cholesterol, typical of MD, were significant determinants of lower coronary 

heart disease death rates (36). 

 MD is one of the healthiest dietary patterns, originally followed by poor rural societies around 

the Mediterranean basin (37). Foods typically consumed in the Mediterranean area were first 

described in the 1950s by Keys, who defined MD as a diet rich in fresh vegetables and legumes, low 

in meat and sweets (38). To date, other details have been integrated to MD definition, in particular 

the high content of fats and proteins deriving from vegetable sources (such as extra virgin olive oil 

and nuts); dairy products, fish and poultry consumed in low to moderate amount and the low 

content of sweets (38–40). Traditional MD is therefore characterized by a reduced consumption of 

animal fats and cholesterol and a high intake of fresh foods rich in fiber, antioxidants and 

unsaturated fats, including the long-chain omega-3 polyunsaturated fatty acids from fish (41). 

Traditional MD was further described and delineated in 1995 by Willett and colleagues (40), who 

introduced the Mediterranean diet pyramid. This simplified representation graphically divided 

foods according to their recommended frequency of consumption. During the same year, 

Trichopoulos and colleagues introduced a score to evaluate MD adherence, thus facilitating the 

evaluation of epidemiological associations between MD consumption and healthy outcomes (42). 

Several large scale cohort observational studies demonstrated the association between daily 

adherence to MD and preventive effects on obesity, diabetes, CVD and cancer (34,39,43,44). 

Moreover, high Mediterranean Adequacy Index (MAI), a score developed in 2004 to assess how 

close a diet is to the Healthy Reference National Mediterranean Diet (HRNMD) was inversely 

correlated with 50-year coronary heart disease mortality rates (45). The Nurses’ health study also 

contributed significantly to current healthy eating guidelines around the world. This prospective 

follow-up study was initially designed by Dr. Frank Speizer in 1976 to examine relations between 

contraception and breast cancer. 121,700 nurses aged 30 to 55 in 1976 were enrolled for the study 

and follow-up questionnaires about diseases and health-related topics were collected every two 

years (46). Since investigators recognized the key role of diet in determining chronic diseases’ 

development, food-frequency questionnaires were also introduced in 1980 for all participants. From 

1982, blood, urine and saliva samples were collected to further explore the relationship between 

diverse biological markers and disease risk. Nurses’ Health Study II (NHS II) and NHS III were 

created respectively in 1989 and 2010, expanding data collection in terms of biological samples and 

questionnaires, thus generating a large volume of highly relevant and multidimensional data about 

lifestyle, nutrition and human health relationship. In particular, many correlations were observed 
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between diet and risk for certain diseases. Data from 76,690 women from NHS and 93,295 from NHS 

II showed that adherence to a plant-based diet may reduce the risk of breast cancer (47). Moreover, 

trans fatty acids intake was significantly associated with higher risks of coronary heart disease when 

analyzing dietary data from 85,095 women enrolled in the NHS (48).  

Observational studies involving large cohorts constitute a powerful tool to examine the effects of 

dietary choices in the long-term. However, the strongest scientific support for the health effects of 

MD comes from dietary interventions designed to provide cause and effect evidence of long term 

intake of MD and reduced risk of chronic diseases. 

The preventive effects of MD on diabetes and CVD risk were reported by the PREDIMED 

(Prevención con Dieta Mediterránea) multicenter trial (39). This dietary intervention explored the 

efficacy of two Mediterranean diets supplemented with nuts or extra virgin olive oil over a control 

diet, in a cohort of nondiabetic subjects with heart risk factors. Both MD significantly reduced the 

rates of death from stroke by 28% and the risk of type 2 diabetes by 52% (39), without any caloric 

restriction. The 18-month Dietary Intervention Randomized Controlled Trial Polyphenols 

Unprocessed (DIRECT PLUS) randomized clinical trial evaluated the effects of MD enriched in 

green polyphenols from Mankai (a Wolffia globosa aquatic plant strain), green tea and walnuts on 

non-alcoholic fatty liver disease (NAFLD) (49) and cardiometabolic risk (50). Investigators assigned 

294 participants with abdominal obesity or dyslipidaemia into healthy dietary guidelines (HDG), 

MD and green-MD groups, all accompanied by physical activity. Within 6 months of intervention, 

the green-MD resulted in significant decrease of low-density lipoprotein cholesterol and diastolic 

blood pressure, thus reducing cardiovascular risk (50). After 18 months of dietary induction, NAFLD 

prevalence declined in all experimental groups and especially in the green-MD group. Moreover, 

both MD groups showed moderate weight-loss, with almost double intrahepatic fat (IHF) % loss in 

green-MD as compared with MD and HDG (49). IHF% reduction was also associated with beneficial 

changes in cardiometabolic and inflammatory parameters, thus supporting existing evidences on 

the positive association between MD and cardiometabolic health. Moreover, this study introduced 

new healthy outcomes associated with Mediterranean dietary pattern (and in particular MD further 

enriched with green polyphenols) when compared with other healthy nutritional strategies, thus 

suggesting MD as an effective nutritional tool for the treatment of NAFLD. 

These results on the protective role of MD have been further explored by Li and collaborators 

(2020) (51), who combined metabolomics workflow and statistical modeling analysis. The authors 

pooled data from PREDIMED trial, US Nurses’ Health Studies Land II and Health Professionals 
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Follow-up Study (NHS/HPFS) (presented at the end of this section) to investigate whether a 

distinctive metabolic signature exists for MD adherence and whether this signature could be 

associated with CVD risk. The authors identified a panel of 67 metabolites most significantly 

associated with MD adherence, according to Mediterranean Diet Adherence Score (MEDAS). This 

signature was primarily composed of metabolites involved in polyunsaturated fatty acid or lipid 

metabolic pathways, thus reflecting the high intake of unsaturated fats, typical of MD. All these 

findings emphasized the role of healthy unsaturated fats in determining the protective role of MD 

against inflammatory diseases, even partially.  

In 2019, the EAT Lancet Commission defined the MD as an example of reference diet, based on 

health considerations (1). Due to the low intake of red meat, high intake of vegetables and healthy 

fats, MD should be considered as template for a universal healthy reference diet, able to ensure both 

human health and environmental sustainability.  

Traditional MD is now progressively eroding because of a change in eating habits, which have 

become increasingly closer to a modern Western-style diet, which will be discussed in detail in 

section 2.2. For this reason, a new revised MD and food lifestyle pyramid have been proposed by 

scientific experts of the Mediterranean Diet Foundation’s International Scientific Committee and 

from members that met in 2009 during the III CIISCAM Conference ‘The Mediterranean Diet today, 

a model of sustainable diet’ in Parma, Italy. The new revised MD was conceived to be adapted to 

contemporary lifestyles, also taking into account the environmental sustainability. Revised MD 

dietary choices not only include specific set of foods, but represent a cultural and socio-economic 

model focused on the whole food chain. Since MD is traditionally a plant-centered diet, founded on 

the reduction of animal products consumption, this implies a lower demand for environmental 

resources and a lower overall impact on the ecosystem when compared to current Western dietary 

patterns (52–54). Based on existing evidence supporting the MD contribution to human health and 

general well-being, together with environmental sustainability, the updated MD pyramid 

summarizes key dietary guidelines for a healthy diet and may allow a higher compliance among the 

population.   

2.2 Modern Western style diet 

Economic progress and history shaped our dietary habits over centuries. Cooking trends changed 

over the ages and shifts in dietary pattern are still moving quickly, being manipulated by 

industrialization and globalization. This shift, otherwise called ‘nutrition transition’ (55), has been 

characterized by changes in nutritional intake associated with economic development and 
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agricultural transformation in the 18th ,19th and above all, the 20th centuries. The ‘nutrition transition’ 

process refers to a decrease in fresh and plant-based food consumption towards ultra-processed, 

hypercaloric diets, high in sugar, saturated and modified fats, and red meat (56). The resultant 

modern Western style diet (MWD) is a model of diet (57) characterized by an overavailability of 

food, high sugar and saturated fats intakes, as well as high intakes of red meat, refined grains and 

salt, with minimal intake of fruit, vegetables, fish and legumes (58,59). The MWD is displacing 

dietary patterns based on meals prepared using unprocessed ingredients by those that are based on 

high- and ultra-processed food (60). Food processing was originally developed to make foods safe, 

storable and transportable through cooking, smoking or fermentation techniques (61). In the 20th 

century, food processing evolved, starting to include new operations and technologies aimed to 

increase palatability and production of products marketed to satisfy the consumer’s desires (61). A 

global classification system known as NOVA has been created in Brazil by the Centre for 

Epidemiological Studies in Health and Nutrition at the School of Public Health, University of São 

Paulo in order to classify foods based on the degree of processing (62). Currently, foods and products 

are classified in four main groups, according to their nature and purpose of industrial food 

processing. Group 1 include unprocessed or minimally processed foods, such as dried fruits and 

legumes, frozen meats and seafood and mineral water. Group 2 is of processed culinary ingredients 

(i.e. plant oils, starches and flours, uncooked pastas and salt). Group 3 and 4 are of ready-to-consume 

products including respectively processed food and what NOVA terms ultra-processed products 

(UPFs) (i.e. chips, snacks, breakfast cereals and many other pre-prepared dishes) (62). Unlike 

minimal processed food, UPFs are designed to be ready-to-eat, and specifically for a consumer who 

may not have the time to devote to home-food preparation. Based on the description provided by 

Martínez Steele and colleagues (2016) (63), UPFs typically include hydrolyzed protein, modified 

starches, hydrogenated oils and additives, whose purpose is to improve the sensorial qualities of the 

final product. Processed foods consumption increased worldwide because of their low cost and the 

aggressive marketing by large food companies (64,65). In 2016, Martínez Steele and colleagues 

(63) analyzed dietary data (i.e. 24 h recalls interviews) from the 2009-2010 NHANES 

(National Health and Nutrition Examination Survey), a continuous, nationally 

representative, cross-sectional survey of the civilian US residents in order to study the 

contribution of UPFs to the national diet. Surveys from 9317 participants revealed that UPFs 

comprised 57.9% of energy intake and contributed 89.7% of the energy intake from added sugars in 



16 

 

the USA. Because of this sharp rise in consumption, their effects on human health must be urgently 

devised. 

Research done on high- and ultra-processed food over the last few years has shown an alarming 

correlation between overconsumption in modern Western dietary pattern (WDP), metabolic 

diseases risk (66) and all-cause mortality (67,68). A recent human randomized study of Hall and 

collaborators (2019) (69) suggested the role of UPFs in determining obesity and related diseases. The 

authors selected 20 weight-stable adults to receive an unprocessed diet and an ultra-processed diet 

for 2 weeks each, in a random order. Despite the two diets being isocaloric, participants gained or 

lost weight during the ultra-processed or unprocessed diet, respectively. Similar conclusions were 

drawn by Rauber and collaborators (2020) (70) who analyzed data from the National Diet and 

Nutrition Survey Rolling Programme (NDSD), a 8-year continuous cross-sectional survey of dietary 

habits and nutrient intakes in the UK. The highest consumption of UPFs was associated with higher 

Body Mass Index (BMI) and waist circumference in both males and females participants. These 

results stress the importance of limiting or avoiding consumption of UPFs, whatever dietary habits 

are followed. 

In addition to the effects of excessive UPFs consumption, many studies revealed the association 

between macronutrients imbalance typical of modern WDP and increased risk of chronic diseases. 

High consumption of refined sugar, and especially of fructose corn syrup, are key factors promoting 

insulin resistance and hyperinsulinemia. Feeding studies in rats showed that fructose 

supplementation to regular chow caused fatty liver and impaired insulin signaling in liver, white 

adipose tissue and skeletal muscle (71). Similar results were previously reported by Stanhope and 

colleagues (2009), who reported that consumption of 25% of daily energy requirement from fructose-

sweetened (but not glucose-sweetened) beverages for 10 weeks impaired insulin metabolism and 

promoted dyslipidemia in 17 obese and overweight subjects (72). Moreover, evidence from a cohort 

study involving 188 symptomatic stable patients with coronary artery disease (CAD), demonstrated 

that WDP is positively associated with the severity of CAD lesions (73). These findings highlight the 

role of unhealthy dietary patterns and in particular of a modern WDP in determining chronic 

diseases both in animal models and in humans.  

Harmful effects of modern Western style diet also spill over into environmental sustainability. 

Due to its massive consumption of high- and ultra-processed foods and animal products, WDP is 

usually associated with intensive land-use and livestock, as well as water and energy consumption 

and higher greenhouse gas (GHG) emissions when compared to the Mediterranean diet (53,74). 



17 

 

Sáez-Almendros and colleagues (2013) (53) analyzed the sustainability of WDP, exemplified using 

FAOSTAT database in 2008, compared to the Spanish dietary pattern and to the new MD, estimated 

from the FAO food balance sheets for 2007. A progressive shift of the Spanish population towards 

WDP would increase GHG emissions, agricultural land use, energy and water consumption of 

between 12% and 72% when compared to the MD. Unfortunately, due to speed at which ultra-

processed foods have become mainstream in recent decades, there is still a lack of in-depth data on 

their environmental impact in the long term. Moreover, assessing their links with alteration of food 

system sustainability could be tricky, because of the variety and complexity of factors involved. 

However, these first evidences solicit the importance to move on from dietary choices which only 

consider nutrients and health to one taking into account environmental footprint. 

3. Food chain microbiomes 

Besides the clear link between gut microbiome and human health, microbiomes have a crucial 

role in maintaining life on Earth and are indispensable for several food production processes. Soil 

microbiome is essential to provide essential nutrients to plants or animals (75), marine microbiome 

has a critical role in oxygen production, nutrient cycling and organic matter degradation (76,77) and 

microbiomes are also essential for biogeochemical cycles (77).  

Figure 1. A schematic representation of the food chain microbiome, connecting human, animals and 

environmental health with production and waste valorization. 
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The interconnection between different microbiomes in the environment and in particular in the 

food system suggests the great potential of the microbiota to improve food production, nutrition 

security, health, waste management and overall sustainability of the agri-food production system 

(Figure 1). 

Microbiomes can be exploited to valorize waste material, in order to produce biogas, biofuels 

(methane, CH4) or useful chemicals (i.e. plastics, fatty acids, alcohols) starting from organic material 

or CO2 (78–81). According to the last FAO report on food waste and losses, global food waste 

generates 4.4 gigatons CO2/year, which is equivalent to approximately 8-10% of the total 

anthropogenic GHG emissions and cost about 1 trillion USD2012 per year (82). Hence, the 

application of innovative technologies able to exploit microbiome metabolism are essential to face 

this challenge. The analysis of the microbiota associated with food waste could teach us how to 

improve the functionality of the entire community, and in turn the efficiency of the bioprocess.  

Microbial resilience and resistance are two critical aspects to evaluate microbiomes’ response to 

pollutants or toxic compounds. Moreover, the study of microbes along the food chain could provide 

intervention strategies against foodborne infections, which represent a global public health and 

economic challenge. Centers for Disease Control and Prevention (CDC) estimates that each year 48 

million people get sick from foodborne illness, with 31 major pathogen causing 9.4 million episodes 

in the United States (83). Improved knowledge of food chain microbiomes could protect us from 

foodborne pathogens. All these aspects are joined together through the “one health” concept, linking 

environment, food and animal and human health.  

Two of the most important food chain microbiomes, capable of impacting on human health, 

nutrition and disease risk, are represented by fermented foods and by the gut microbiota in both 

humans and production animals. As it will be discussed in detail in the next paragraph, microbiomes 

associated with foods, including microbiomes present on raw ingredients and isolated strains of 

fermentative bacteria and yeast, are employed in the production and preservation of fermented 

foods and beverages (84), which consumption is related to beneficial effects for human health (85,86). 

Fermented foods are an example of how food chain microbiomes are employed traditionally to 

preserve raw foods, improving their organoleptic quality (i.e. by producing vitamins, amino acids, 

or by degrading recalcitrant plant macromolecules during the fermentation process) and improving 

their safety through the inhibition of putative food poisoning strains (30,85). Research on food 

microbes could also supply additional details about food microbial spoilage, which is one of the 

biggest threats to food production sector. Understanding which microbes are fully or partially 
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responsible for food deterioration would prevent food losses due to spoilage, reducing food 

production footprint. Animal and human gut microbiomes represent the last essential brick of food 

chain microbiomes. Because of the impact that the gut microbiomes have in modulating gut health, 

inflammation and immune system activity (87), there is much interesting in learning how gut 

microbiomes could be exploited to improve welfare of production animals, nutritional quality of our 

animal foods,  and to reduce environmental footprint of animal derived food products. 

4. The gut microbiota (GM)  

The term “gut microbiota” comprises all microorganisms (Archaea, Bacteria, Eukarya and 

viruses) colonizing the gastrointestinal tract of humans and any animal with an organized intestine. 

This consortium of microbes co-evolved with the host, reaching a mutualistic relationship with a 

fundamental interaction with the host, both for metabolic homeostasis maintenance, and during 

disease state. The host provides a stable environment and nutrients through diet while GM provides 

microbial metabolites and protection against invading pathogens (87).  

Bacterial load gradually increases along the human gastrointestinal (g.i.) tract, going from about 

102-4 bacteria/gram of content in the stomach to 103-5 bacteria/gram in the duodenum and jejunum, 

108/gram in the ileum and 1011-12/gram in the colon (87–89). This density gradient is mainly 

influenced by pH, luminal oxygen concentration, immune and digestive secretions and the flow rate 

of digesta in the anatomical portion considered (89). Together with bacterial load, also the gut 

microbiota composition is shaped by microbial habitat (i.e. g.i. portion studied, pH and oxygen 

levels) (89). However, the diversity of the human gut microbiota, defined as ‘the number and 

abundance distribution of distinct types of organisms within a given body habitat’ (90) is unique to 

each individual (89,90). To evaluate gut microbiota diversity, two levels of diversity measurements 

are typically employed, first introduced by Whittaker in 1960 (91). These levels include α-diversity, 

which summarizes species richness and evenness within a given community (sample), and beta-

diversity, which measures dissimilarities between communities. In this PhD thesis, three different 

indices were used to analyze changes in bacterial α-diversity, namely the observed number of OTUs, 

the Chao1 index and the Shannon entropy index. OTUs number is the simplest measure of α-

diversity. It is based on sequencing data and represents the count of OTUs actually observed in 

samples, thus giving a measure of bacterial richness (92). Chao1 is a non-parametric, abundance-

based index used to estimate richness, i.e. to estimate the number of expected OTUs given all the 

bacterial taxa identified in samples (93). Chao1 index assumes that rare species can provide the most 
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information regarding missing species and uses singletons and doubletons to estimate the number 

of missing species (93). Chao1 index is suitable for data sets skewed toward the low-abundance 

species (94). Compared to OTUs number and Chao1 index, Shannon’s diversity index depends on 

both species richness and the evenness with which bacteria are distributed among different taxa (95). 

Since evenness represents a measure of the relative abundance of the different taxa in a community, 

Shannon index is frequently used to measure the diversity of a bacterial community (95). On the 

other hand, to evaluate bacterial β-diversity we employed three different measures, including Bray-

Curtis dissimilarity index, weighted and unweighted UniFrac. Bray Curtis dissimilarity index 

measures the difference in OTUs diversity, thus quantifying the compositional dissimilarity between 

samples (96). UniFrac β-diversity measures incorporate phylogenetic information in the 

computation, thus accounting for the degree of divergence between sequences. UniFrac method 

measures the phylogenetic distance between taxa, as the fraction of the branch length of the 

phylogenetic tree that leads to descendants from only one of a pair of environments (97). 

Unweighted and weighted represent the qualitative and quantitative variants of UniFrac distance, 

respectively (98). Unweighted UniFrac only considers presence or absence of each taxon, while 

weighted UniFrac considers the relative taxon abundance, thus being particularly useful to reveal 

community differences that are caused by changes in the relative abundance of a particular taxon 

(97,98). 

From near sterility at birth, GM taxonomic diversity increases with growth of the host, reaching 

a stable and complex community about 3 years of age (99). After that period, Bacteroides, Firmicutes, 

Actinobacteria, Proteobacteria and Verrucomicrobia can be identified as the five predominant phyla, 

with Fusobacteria, Tenericutes, Spirochaetes and TM7 in  lower abundance (89,90,100). Anaerobic 

conditions strongly influence bacterial populations inhabiting the human colon. The dominant 

colonic microbiota comprises mainly strict anaerobes including Bacteroides, Clostridium, 

Fusobacterium, Ruminococcus, Butryvibrio and Bifidobacterium spp., all able to derive energy through 

fermentation processes and thus considered as beneficial bacteria related to health status (101,102). 

Variations in the relative abundance of these main phyla composition take place continuously 

also in the same individual, due to age transition and to environmental factors such as diet and 

antibiotic use (103). The age-related GM remodeling was reported in a Japanese cross-sectional study 

conducted by Odamaki and colleagues (2016) (104). Fecal samples from 367 healthy subjects between 

the ages of 0 and 104 years were analyzed by 16S rRNA gene sequencing, highlighting differences 

in GM composition from infants to the elderly. Although existing differences among individuals, a 
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significant decrease in the relative abundance of Actinobacteria and especially in Bifidobacterium 

genus was observed during the aging process, together with an increase in Proteobacteria and 

Clostridium genus. The same shift has been recently observed in a cross-sectional European study 

performed on 230 healthy subjects (105). Participants were assigned to two groups based on their 

age: 20 to 50 years (n=85) and more than 60 years (n=145). Fresh fecal samples were collected and 

processed for fluorescence in situ hybridization coupled with flow cytometry. Beneficial bacteria 

Bifidobacterium and Faecalibacterium prausnitzii significantly decreased in elderly subjects, while an 

opposite trend was observed for facultative anaerobes Streptococcus and Enterococcus. These age-

associated changes reflect the gut microbiota maturation during lifespan and might be partially 

related to malnutrition and rising need for anti-inflammatory drugs or antibiotics which accompany 

the aging process (106). 

Diet plays a major role in shaping gut microbiota composition and also its metabolic output in 

terms of the metabolites it produces. Carbohydrate or saccharolytic fermentation is the predominant 

form of energy metabolism within the anaerobic colonic microbiota and carbohydrate in the colon 

comes from dietary fiber, resistant starch and other dietary components and also from mucin, the 

high molecular weight, heavily glycosylated proteins which comprise the mucus layer covering the 

alimentary tract from mouth to anus (107). Dietary fiber fermentation leads to the formation of 

beneficial metabolites with in vivo activity, such as short-chain fatty acids (SCFA). SCFA are fatty 

acids with less than six carbon atoms, mainly represented by acetate, propionate and butyrate (108) 

with a molar ratio of 60:20:20 (109).  

The primary source of endogenous SCFA is the indigested dietary fibre fermented by the colonic 

microbiota (110). Under anaerobic conditions, three different pathways are used by bacteria to 

ferment those complex carbohydrates, producing SCFA energy as ATP (Figure 2) (111,112). SCFA 

production through colonic GM fermentation is described by the following equation (113): 

59 C6H12O6 + 38 H2O → 60 acetate + 22 propionate + 18 butyrate + 96 CO2 + 256 H+ 

Several in vitro and in vivo studies contributed to identify and characterize bacteria responsible 

for SCFA production. After 16S rRNA gene sequencing analysis on human feaces, Faecalibacterium 

prausnitzii, Eubacterium rectale, Roseburia intestinalis and Ruminococcus bromii appear to be the main 

taxa responsible for butyrate production (114–116). Propionate production is attributable to different 

Bifidobacterium and Bacteroides species (117–119). The intestinal mucus layer could also be used as a 

carbohydrate source for SCFA production. Akkermansia muciniphila and Bifidobacterium bifidum utilise 

mucin proteins as a growth substrate, thus producing both acetate and propionate (120–122).  
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Figure 2. Summary of indigested fibre fermentation by colonic microbiota. Three different pathways lead 

acetate, propionate and butyrate production starting from glycolysis end-product phosphoenolpyruvate 

(PEP). Reduced nicotinamide adenine dinucleotide (NADH) coenzyme, methane (CH4), molecular hydrogen 

(H2) carbon dioxide (CO2) are also produced as by-products. Adapted from den Besten et al. (111). 

 

Once they are produced, acetate is primarily used for cholesterol synthesis and de novo lipogenesis 

(123), propionate is shunted to the liver where it is converted into glucose through gluconeogenesis, 

but can also inhibit cholesterol biosynthesis from acetate, and butyrate serves as a local fuel for 

enterocytes (124). Acetate is the only SCFA that can be found in considerable amounts in peripheral 

blood, since it’s rapidly absorbed in the proximal colon and transported to the liver via the portal 

vein (125). Here, it becomes a substrate of acyl-CoA short-chain synthetase-2 (ACCS2) enzyme 

which expends ATP to generate acetyl coenzyme A (acetyl-CoA), the universal energy and carbon 

currency (123). Acetate also has a role in adipogenesis together with propionate. Hong et al. (2005) 

(126) demonstrated that acetate and propionate both stimulate fat accumulation through binding 

the free fatty acid receptor-2 (FFA2) on differentiated 3T3-L1 adipocytes. Recently, Jiao et al. (2021) 

(127) demonstrated the ability of all these three main SCFA in suppressing appetite and attenuating 

fat deposition in C57BL/6J mice under high-fat diet, via regulating glucagon-like peptide 1 (GLP-1), 

peptide YY (PYY) and leptin hormones. Despite its physiologic effects outside the intestine, butyrate 

is principally used in the gut where it is produced. This has been hypothesized after measuring its 

concentrations in intestinal content and portal blood obtained soon after death from sudden death 

victims: butyrate molar proportion of total SCFA fell from 21% in the gut lumen to 8% in the portal 

blood (109). Monocarboxylate transporters MCT1 and SMCT1 (Sodium-coupled monocarboxylate 

transporter 1) transfer butyrate from the gut lumen to colonocytes cytoplasm, where it could be 
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oxidized for energy production (128). Zhou and colleagues (2018) (129) confirmed the role of 

butyrate produced by F. prausnitzii in ameliorating colorectal colitis through T cell regulation in 

Sprague-Dawley rat model. Recently, alleviation of visceral hypersensitivity in irritable bowel 

syndrome (IBS) was observed in both HT-29 cells and mouse model after butyrate treatment (130).  

Other than serve as metabolic substrates, these microbial metabolites have been shown to 

modulate host physiology through multiple pathways including the interaction with G-protein 

coupled receptors GPCRs (131), improving gut barrier function (132) and modulating the production 

of several hormones (133,134). SCFA can also influence a broad spectrum of inflammatory and 

immunitary responses. GPCRs are the largest family of transmembrane receptors in Eukaryotes, 

transducing extracellular signals across the plasma membrane and activating intracellular response 

through a number of secondary messangers such as cyclic AMP (cAMP) - dependent patwhays (131). 

Two of these receptors, FFAR2 and FFAR3 (previously designated as GPR43 and GPR41) are 

activated by SCFA (135). Research done on FFA2- and FFA3-mediated effects has elucidated the role 

of SCFA (and thus of the resident microbiota) in immune regulation with implications in metabolic 

conditions and inflammatory disorders such as type 2 diabetes mellitus (T2DM). Murine knockout 

models of FFAR2 have shown altered metabolic parameters including reduced SCFA-triggered 

GLP-1 secretion and impaired glucose tolerance, resembling what happens in diabetic subjects (136). 

GLP-1 is an anorexigenic gut hormone with a key role in maintaining glucose homeostasis through 

regulation of insulin and glucagon secretion (137). Suzuki and Aoe (2021) (138) further investigated 

the interaction of SCFA derived from barley beta-glucan fermentation and GLP-1 levels. An early 

study from Liu et al. (2021) (139) demonstrated the extensiveness of SCFA interactions, reporting the 

presence of SCFA receptors in both mice and human lung macrophages. These findings supported 

the hypothesis that gut-originating SCFA regulate inflammatory and injury responses not only in 

the gut, but also in other tissues and organs, thus connecting diet, gut and host health. SCFA are 

involved in the reduction of intestinal inflammation through the suppression of pro-inflammatory 

mediators and the induction of anti-inflammatory cytokines (140,141). In particular, different studies 

described the ability of butyrate in decreasing immune cells activation, proliferation and 

inflammatory cytokines production through the modulation of histone deacetylases (HDAC), thus 

ameliorating mucosal inflammation and reducing the risk of colon cancer (142–146). Taken together, 

these results confirm the fundamental role of SCFA in connecting diet, the gut microbiota and host 

metabolic and immune function, in both healthy physiological and pathological states. 
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4.1 The gut microbiota in obesity 

In 2004, Bäckhed and colleagues observed that conventionalization of adult germ-free mice with 

a normal microbiota increased total body fat by 57% despite diminished food intake (147). This 

generated a substantial interest around the role of the gut microbiota in obesity. Afterwards, many 

studies compared gut microbial profiles of obese and lean mice, observing that the 

Firmicutes/Bacteroidetes (F/B) ratio significantly increased in obese animals and thus suggesting this 

ratio as an obesity-related physiological indicator (148,149). In particular, Ley and colleagues (2005) 

(148) suggested that increased F/B ratio in a mouse model of obesity may increase energy uptake 

and storage, thus promoting adiposity and affecting energy homeostasis. However, the reliability of 

this parameter has become increasingly questioned, since some other studies did not observe any 

modifications of F/B ratio in obesity or even reported opposite results (150–152). Nevertheless, 

obesity has been associated with decreased bacterial diversity and richness, thus suggesting the 

existence of other compositional modifications both in animal models and human subjects which 

might be more relevant than the F/B ratio alone (153). In particular, some specific bacteria appear to 

have causal relationship with obesity or at least have strong correlations with body weight. As an 

example, obesity is associated with lower abundance of Akkermansia muciniphila (Verrucomicrobia 

phylum) a mucin degrading bacterium typically correlated with a healthier metabolic status and 

with weight loss (154,155). Depommier and colleagues (2019) evaluated the effects of A. muciniphila 

supplementation in obese subjects during a randomized, double-blind, placebo-controlled study. 

Compared to placebo, A. muciniphila improved insulin sensitivity, while reduced insulinemia, 

plasma total cholesterol and relevant blood markers for liver dysfunction and inflammation (156). 

Together with Akkermansia muciniphila, also Bifidobacterium genus, Faecalibacterium prausnitzii and 

Bacteroides thetaiotaomicon were observed significantly reduced in obesity both in animal and human 

studies (157–159). These findings suggest the existance of an ‘obesity-gut microbial phenotype’ in 

which putative resident beneficial bacteria are significantly decreased.  

Several microbial metabolites exert beneficial activities against obesity and associated conditions. 

Secondary and tertiary bile acids (BAs) are generated by gut bacteria through the enzymatic 

modification of primary BAs, formed in the liver from cholesterol and then released into the intestine 

to afford dietary lipids and vitamins absorption (160). Circulating BAs can regulate whole-body 

glucose and lipid metabolism through the stimulation of nuclear hormone receptor farnesoid X 

receptor (FXR), Vitamin D receptor, Pregnane-activated Receptor (PXR), as well as the membrane 

receptor G-protein-coupled bile acid receptor (TGR5) (161). Since gut bacteria have the potential to 
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regulate host metabolism and physiology through modifying the pool of circulating BAs, BAs 

represent one of the most important metabolic mediators between GM and obesity associated 

diseases (161). Vincent et al. (2013) reported higher circulating levels of BAs in obese patients with 

type 2 diabetes (162), whereas in another study impaired levels of 12α-hydroxylated secondary BA 

were associated with lower insulin sensitivity and higher plasma triglycerides (163), highlighting 

the role of BAs in several metabolic disorders. In a human controlled-feeding, randomized crossover 

study, 42 g/day of walnuts consumption for 2-3 weeks decreased fecal secondary BAs pool and 

lowered serum LDL cholesterol by modulating the gut microbiota composition, thus suggesting that 

GM may contribute to the beneficial health effects of walnut consumption, even through BA 

metabolism (164). Phenolic compounds deriving from GM metabolism of dietary polyphenols can 

also exert their beneficial effects protecting against obesity related diseases. As well as BAs, 

polyphenols are involved in the regulation of energy metabolism. Many different polyphenol 

extracts and plant foods, especially berries, have been shown to reduce obesity and markers of 

metabolic disease in animal models (165). Some studies have gone further, and demonstrated viable 

mechanisms of effect involving alterations in microbially produced bile acid profiles known to 

regulate host metabolis, through FXR for example, and inflammation via TGR5 regulated pathways 

(166,167). Dietary supplementation with the polyphenol rich berry camu camu (Myrciaria dubia) 

significantly modulated gut microbiota composition in high-fat/high-sucrose fed obese mice, 

increasing relative abundances of A. muciniphila (168). Moreover, camu camu extract upregulated 

the mRNA expression of genes involved in brown adipose tissue thermogenesis, thus preventing 

obesity associated conditions including weight gain, fat accumulation and metabolic inflammation. 

Similarly, supplementation of a polyphenol-rich rhubarb extract in mice prevented high-fat diet-

induced obesity, diabetes, visceral adiposity and adipose tissue inflammation without any 

modification in food intake (169). A. muciniphila in particular, was positively associated with all these 

beneficial effect, supporting a reciprocal interaction between dietary polyphenols and microbial 

metabolism.  

5. GM and immune system 

5.1 The immune system: structure and function 

The immune system (IS) is defined as the network of cells, tissues and molecules that recognizes 

a number of antigens and that defends the body against infections and other diseases. The IS 

includes white blood cells together with primary and secondary lymphoid organs, such as the 
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thymus, spleen, tonsils, lymph nodes, lymph vessels and the bone marrow (170). The IS defense 

mechanisms can be divided into innate (general) and adaptive (specialized) responses, which closely 

cooperate to provide adequate resistance against pathogens and diseases. The innate IS represents 

the first line of defense against foreign molecules, which it recognizes as pathogen associated 

molecular patterns (PAMPs). It includes physical or anatomical barriers (i.e. mucous membranes, 

skin and tight junctions), phagocytic cells like the macrophages, and the complement system, a 

cascade of more than 30 proteins acting in concert against pathogens (171). The innate immune 

response is not specific to a particular pathogen and responds in the same way to all microorganisms 

and alien substances, acting quickly and widely (171). In vertebrates, the epithelial surfaces, 

including those of the gastrointestinal tract, are the first anatomical barrier separating the outside 

from the inside of the body. In particular, the permeability of the gut epithelium is controlled by 

tight junctions (TJ), intercellular junctional complexes forming semi-permeable connections between 

neighboring cells and preventing entry by potential pathogens (171). TJ consist in the assembly of 

integral transmembrane proteins and peripheral membrane proteins, which interact with actin 

cytoskeleton to maintain intestinal barrier function (172). Actin and signalling proteins are 

connected to TJ proteins by peripheral membrane adaptor proteins known as zonula occludens (ZO) 

(172). TJ proteins are finely regulated by different signalling pathways, including mitogen-activated 

protein kinase (MAPK) signaling and phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) 

pathway (173,174). These signal transduction pathways determine phosphorylation, distribution 

and expression levels of TJ proteins, thus dynamically regulating TJ integrity (172). Occludin and 

claudins represent the most abundant classes of integral transmembrane TJ proteins and animal 

studies indicated their importance in maintaining the integrity of TJ (172,175,176). As the other 

interior epithelial surfaces, the gut epithelium is also covered with a mucus layer, which protects 

cells against mechanical insults and dehydration, and prevents pathogen translocation into 

underlying tissues (177,178). Specialized goblet cells constitutively produce the mucus covering the 

intestinal epithelial surface, secreting up to 10 liters of mucus/day (179). The mucus is mainly 

composed by water (approximately 90–95%), electrolytes (1% w/v), lipids (1-2%) and proteins. 

Mucin glycoproteins represent the major functional components of mucus, and confer it elasticity 

and viscosity and act as substrates for specific gut bacteria (177,178). Bacterial fermentation products 

are key players in mucoprotection. In mono- and co-cultures of epithelial cells and myofibroblasts, 

all three main SCFA acetate, propionate and butyrate stimulated mucin-2 (MUC2) protein 

expression in intestinal epithelial cells (180). Burger-van Paassen and colleagues (2009) observed that 
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incubation of human goblet cell-like OLS174T cells with 1 mM butyrate or 1-15 mM propionate 

increased MUC2 expression, thereby influencing epithelial protection (181).  Despite being 

influenced by gut bacteria metabolites, intestinal mucus requires the presence of GM  to develop 

and to maintain its thickness and structure (182). Mucus–GM interaction will be discussed in detail 

in section 5.2.  

The induction of the adaptive immune response begins when the innate immune response fails 

to eliminate the infectious organism. Any substance capable of stimulating the adaptive immune 

system is referred to as an antigen (171). The adaptive response is delivered by B and T lymphocytes, 

which provide humoral and cell-mediated immunity, respectively. In the humoral response, B cells 

secrete appropriate antibodies, blood glycoproteins able to neutralize the antigen (183). On the other 

hand, T-cell mediated immunity does not involve antibodies production, but rather involves the 

activation of phagocytes and specific cytotoxic T lymphocytes (183). Due to its destructive potential, 

the adaptive immunity is finely regulated by the innate immune cells according to the ‘three-signal 

paradigm’ (184). This model has been inspired by an intuition of Charles Janeway Jr., who proposed 

that innate cells should use specific pattern recognition receptors (PRRs) to recognize PAMPs (185). 

This binding triggers a signal cascade, where 1) the innate cells (i.e. dendritic cells) present the 

associated antigen to lymphocytes, along with 2) co-stimulation and 3) innate cytokines production 

to activate and differentiate naïve T lymphocytes. Adaptive immunity generates immunological 

memory, which ensure a faster and enhanced response when a specific pathogen is encountered a 

second time (185), thus providing the rationale for vaccines development (186). 

5.2 How the host recognizes gut microbiota  

The immune system has co-evolved with gut microbiota, developing tolerance mechanisms 

towards GM and common foods components thus permitting its colonization without triggering 

undue inflammation (187). How the host recognizes different microbial species, discriminating 

between commensal and pathogens, is still a matter of investigation. A primary detection level 

occurs through the mucus overlaying intestinal surface, which constitutes a physical barrier limiting 

bacterial access to the epithelium (188), but also provide an ideal habitat for the gut microbiota. The 

O-glycans of the MUC2 constitute attachment sites used by bacterial adhesins and serve as an energy 

source for the commensal bacteria, so-called ‘mucolytic bacteria’ (178). Mucolytic bacteria mainly 

include Akkermansia muciniphila, Bifidobacterium bifidum, Bacteroides fragilis, Bacteroides 

thetaiotaomicron, Ruminococcus gravus and Ruminococcus torques (178). In support of this hypothesis, 

supplementation of mucin-derived O-glycans to diet significantly improve gut microbiota recovery 
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after antibiotic treatment, increasing the relative abundance of the mucolytic A. muciniphila in mouse 

(189). Defects in mucus layer thickness and structure could also interrupt host:microbiota cross-talk 

and thus leading to microbial penetration across the intestinal barrier. In 2008, Johansson and 

colleagues (190) observed that mice deficient in glycoprotein MUC2 displayed alarming bacterial 

penetration in the colonic epithelium, and developed colitis. These results confirm that the mucus 

layer helps to maintain sequestration of the GM to the intestinal lumen, thus limiting the immune 

system from over-reacting to beneficial microbes.  

The immune system is able to distinguish between self and non-self through pattern recognition 

receptors (PRRs). PRRs recognize bacterial components and are responsible for innate immune 

response in the host (141). They are expressed on all human innate immune cells, including 

macrophages, granulocytes, dendritic cells (DCs) and natural killer cells (191). Several classes of 

PRRs have been identified, depending on their structure, location and function. Among them, cell 

surface or intracellular Toll-like receptors (TLRs) and cytoplasmic NOD-like receptors (NLRs) are 

broadly expressed in human immune cells (Table 3), where they regulate the inflammatory response 

and immune homeostasis through gene expression of cytokines and other immune mediators (141). 

TLRs and NLRs are the two major classes of innate immune sensors, which provide a quick and 

generic response against a huge number of antigens (Table 1, 2). The capacity of a small number of 

TLRs or NLRs to detect a broad range of pathogens and other foreign substances depends on their 

ability to recognise molecules shared by different microorganism, such as components of microbial 

cell walls and membranes (192–194). Nucleotide-binding oligomerization domain-containing 

protein 2 (NOD2) mutation has been linked to several inflammatory diseases including Crohn’s 

disease (CD). This was first observed in 2001, when 2 independent groups identified the gene NOD2 

as the first susceptibility gene for CD (195,196). A large cohort study recently provided new insights 

into the genetics of CD (197). Whole-exome sequencing on 1183 pediatric and early onset 

inflammatory bowel disease (IBD) patients (ages 0–18.5 years) demonstrated that recessive 

inheritance of one of three NOD2 loss-of-function alleles is responsible for loss of NOD2 protein 

function, thus representing a mechanistic driver of early onset IBD and accounting for 7-10% of CD 

cases. On the other hand, over activation of PRR can also lead to the disruption of immune 

homeostasis, increasing the risk for several inflammatory diseases. Overexpression of TLR2 has been 

observed in a rat model of colon cancer when compared with normal gut epithelial tissues (198). 

Moreover, Meng and colleagues (2020) (199) recently observed that the use of TLR2 agonists 

significantly enhances the proliferation and invasion capabilities of colon cancer cells in a colitis-
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associated cancer (CAC) mouse model. These results point out the critical role of PRRs regulation 

and expression as determinants of host health and disease. 

 

Table 1. List of common bacterial Toll-like receptors (TLRs), their localization in human cells, their bacterial 

ligands and activated pathways. Intracellular TLRs (also known as ‘nucleic acid sensors’) are localized to 

endoplasmic reticulum, endosomes and lysosomes (200). PG: peptidoglycan, LAM: lipoarabinomannan, LPS: 

lipopolysaccharide, LTA: lipoteichoic acid, MyD88: Myeloid differentiation primary response 88, TRIF: TIR-

domain-containing adapter-inducing interferon-β, AP-1: Activator protein-1, NF-kB: Nuclear factor-kB, IRF: 

Interferon-regulatory factor, TNF-α: Tumor necrosis factor-α, IL: interleukin, IFN-I: Interferon-1. 

TLR  Localization Ligands  Signaling 
adaptor 

Activated 
target 

Released 
cytokines  

References 

TLR1 Cell surface Triacyl 
lipopeptides 

MyD88 AP-1 
NF-kB 

TNF-α 
IL-1 
IL-6 

(201–203) 

TLR2 Cell surface Lipoprotein 
PG 
LTA 
LAM 

MyD88 AP-1 
NF-kB 

TNF-α 
IL-1 
IL-6 

(202–206) 

TLR4 Cell surface LPS MyD88 
TRIF 

NF-Kb 
IRF-3 

IFN-I (202,203,207,208) 

TLR5 Cell surface Flagellin MyD88 AP-1 
NF-kB 

TNF-α 
IL-1 
IL-6 

(202,203,209) 

TLR6 Cell surface LTA MyD88 AP-1 
NF-kB 

TNF-α 
IL-1 
IL-6 

(202,203,210) 

TLR9 Intracellular CpG DNA MyD88 AP-1 
NF-kB 
IRF-7 

TNF-α 
IL-1 
IL-6 
IFN-I 

(202,203,211) 

 

 

Table 2. List of common bacterial NOD-like receptors (NLRs), their localization in human cells, their 

bacterial ligands and activated pathways. PG: peptidoglycan, LPS: lipopolysaccharide, NF-kB: Nuclear factor-

kB, MAPK: mitogen-activated protein kinase, TNF: Tumor necrosis factor, IL: interleukin. 

NLR  Synonyms Localization Ligands  Activated 
target 

Released cytokines  References 

NOD1 CARD4 
NLRC1 

Cytosolic PG motifs 
LPS 

NF-kB 
MAPK 

TNF 
IL-1β 

(212–217) 

       

NOD2 CARD15 
NLRC2 

Cytosolic PG motifs 
LPS 

NF-kB 
MAPK  
caspase 9 

TNF 
IL-1β 

(196,215–218) 

IPAF CARD12 
NLRC4 
CLAN 

Cytosolic  Flagellin Nf-kB  
caspase-1 

TNF 
IL-1β 

(219–221) 



30 

 

NLRP1 CARD7 
CLR17.1 
DEFCAP 

Cytosolic Bacillus 
anthracis toxin 
PG 

caspase-1 IL-1β 
IL-8 

(222–225) 

 

Table 3. Common TLRs and NLRs expressed by immune cells. 

Cells TLRs References NLRs  References 

Granulocytes TLR 1, 2, 4, 5, 6, 9 (209) NOD2, IPAF (226,227) 

Monocytes/macrophages TLR 1, 2, 4, 5, 6 (192,228) NOD1, NOD2, IPAF (196,226,229) 

Dendritic cells TLR 1, 2, 4, 5, 6, 9 (228,230) NOD1, NOD2 (196,227) 

B lymphocytes TLR 1, 6, 9 (231) NOD1, NOD2 (193) 

T lymphocytes TLR 2, 5, 9 (232) NOD1, NOD2, IPAF, NLRP1 (233,234) 

 

However, these classes of PPRs are not exclusive to pathogenic or disease mechanisms and 

represent a key factor in GM recognition by the host (187). In fact, PRRs maintain the homeostatic 

and mutualistic relationship between our immune system and our microbes, allowing a controlled 

tolerance towards the presence of commensal or mutualistic gut microbes. This is achieved by 

differentially expressing multiple types of PRRs. In the human colon, TLR3 and TLR5 are 

constitutively expressed, whereas TLR2 and TLR4 can be induced by the time of need (235). This 

strategy avoid a constant over-activation of PRR signaling pathways and is essential for the gut 

barrier function. Price and colleagues (2018) (236) mapped the localization of distinct TLRs in mice 

intestinal epithelium, revealing a diversified pattern of expression depending on the region of the 

gastrointestinal tract. These results confirm the existence of a specific correspondence between 

autochthonous microbes and certain classes of receptors. Furthermore, the immune system controls 

and regulates the composition of commensal inhabitants, producing antimicrobial peptides (AMPs). 

Intestinal AMPs are mainly produced by Paneth cells and enterocytes, and represent a primitive and 

generic innate defense mechanism (237). Their critical role in the GM equilibrium maintenance is 

widely demonstrated, since impaired AMP responses can increase host susceptibility to 

gastrointestinal infections (238,239) and has been associated with IBD condition (240). PRRs 

stimulation induce a rapid response, including the release of AMPs and the activation of Myd88 and 

NF-κB mediated inflammatory signalling (241) (Table 1,2). Frantz and colleagues investigated the 

role of MyD88-dependent TLRs signalling in mice not expressing MyD88 gene (242). Loss of 

epithelial MyD88 pathway was associated with a dramatic increase in mucus-associated bacteria 

and bacterial translocation, together with impaired gut barrier function. These results confirmed 

MyD88 and specifically PRRs response as key mediators of microbial-host cross-talk.  
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5.3 Diet and immune system  

Diet deeply influence the immune system activity. Secondary metabolites deriving from colonic 

gut microbiota saccharolytic fermentation, together with polyphenols and other phytochemicals 

directly present in food can interact with immune cells, enhancing or disrupting their differentiation 

and activity. Microbial metabolites, especially SCFA and small phenolic compounds derived from 

plant polyphenols are often involved in the regulation of host defense mechanisms, protecting 

against pathogens or preventing inflammatory states. Pre-administration of certain Bifidobacterium 

strains prevents colonic epithelial cell death in gnotobiotic mice infected with enterohemorrhagic 

Escherichia coli O157:H7 (243). The protective effect of those selected Bifidobacteria have been 

addressed to their different metabolic activity and especially to acetate, which was detected at 

significantly higher concentration in the feces from mice colonized by the ‘protective’ strains 

compared with the ‘non-protective’ strains. Moreover, Furusawa and colleagues (2013) (244) 

demonstrated that butyrate stimulates the differentiation of colonic regulatory T-cells (Treg), which 

modulate the immune response, thereby maintain self-tolerance and avoid chronic inflammatory 

autoimmune diseases (245). Stimulation of splenic naïve CD4+ T cells with butyrate in vitro 

significantly increased the frequency of Foxp3+ Treg cells, which are normally generated to maintain 

immune tolerance and homeostasis of the immune system (246).  To confirm these results, pathogen-

free C57BL/6 mice were fed modified diets containing acetylated, propionylated or butyrylated 

high-amylose maize starches. Consistent with in vitro observations, the diet containing high level of 

butyrate significantly stimulated colonic Treg cells proliferation. SCFA can also mediate their effects 

through the activation of GPCRs which are expressed variously in several immune cells (135). Singh 

and colleagues (2014) (247) demonstrated that butyrate promoted Treg cells differentiation and anti-

inflammatory pathways in macrophages and DCs cells in mice colon, through binding G-protein 

coupled receptor GPR109A. GPCR-deficient mice exhibited severe inflammation in models of colitis 

(248) and immunohistochemical analysis of intestinal biopsies from Crohn’s disease patients 

revealed a reduction in the expression of FFAR2 when compared to healthy subjects (249), 

suggesting that GPCRs stimulation by SCFA is necessary for the resolution of certain inflammatory 

responses.  The interplay among microbial metabolites and the immune system is critically 

influenced by environmental factors, and especially diet. In 2016, Agus and colleagues (249) 

analyzed the effects of a high-fat high-sugar (HF/HS) diet on invasive E.coli infection and intestinal 

inflammation in C57BL/6 mice. When compared to mice fed a conventional chow, quantification of 

immune-histochemical staining and Western blot analysis showed a reduced FFAR2 expression in 
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HF/HS mice. As well as SCFA, small phenolic compounds derived from gut microbiota metabolism 

could also influence the immune system activity. Polyphenols are bioactive compounds with 

immunomodulatory activity (250). These micronutrients naturally occur in plants as secondary 

metabolites involved in plant defense mechanisms or in signaling pathways and other growth 

processes (251). Current evidence strongly suggests that dietary polyphenols interact with both the 

innate and adaptive immune systems, thus contributing to the prevention of several diseases. In 

particular, polyphenols act as anti-inflammatory mediators, regulating immune cell activities and 

decreasing pro-inflammatory cytokine production. A study on pomegranate peel polyphenols 

(PPPs) and their main components punicalagin (PC) and ellagic acid (EA) demonstrated their potent 

anti-inflammatory activity in RAW264.7 macrophages stimulated with LPS (252). The molecular 

mechanism of PPPs, PC and EA consists in the inhibition of mRNA and protein expression of TLR4, 

which is normally induced by LPS. The decreased expression of TLR4 could explain the inhibition 

of inflammatory signaling pathways, and therefore of related mediators and transcription factors, 

including NF-kB. It has also been shown that polyphenols can influence DCs differentiation and 

activity, thus modulating the immune activation. As an example, a polyphenols rich extract from 

blackberry suppressed the release of the pro-inflammatory cytokine IL-12 by bone marrow-derived 

DCs from mouse in vitro (253). Another study from Ahn and colleagues demonstrated the role of 

epigallocatechin gallate (EGCG) in decreasing LPS-induced maturation of mouse DCs in vitro, acting 

thorugh the inhibition of NF-kB inflammatory pathway (254). Moreover, polyphenols have been 

associated with the modulation of enzymatic signaling pathways related to T cell proliferation. A 

study on mice demonstrated that green tea EGCG supplementation increased the frequency of Treg 

cells in spleen and mesenteric lymph nodes, thus suppressing the activity of cytotoxic T cells and 

the production of pro-inflammatory interferon-γ (IFN-γ) (255). These results confirm the protective 

role of dietary polyphenols in intestinal and systemic inflammation, acting both on the production 

of inflammatory mediators and on the activity of receptors involved in bacterial components 

sensing. Figure 3 summarizes the main immune and inflammatory pathways regulated by 

polyphenols.  
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Figure 3. Effects of dietary polyphenols on immune cells activity and differentiation. Created with 

BioRender.com. 

 

Both SCFA and phenolic acids are examples of metabolites normally produced by the gut 

microbiota when exposed to a healthy diet, rich in fruits and vegetables and thus in fermentable 

carbohydrates. However, certain compounds present at high concentration in unhealthy diets can 

also interact with the immune system promoting inflammatory pathways and thus leading to the 

pathogenesis of many degenerative diseases. Advanced glycation end-products (AGE), which 

structure and function will be described in Chapter 6, are adducts deriving from the glycation of 

proteins with reducing sugars, which typically occurs in highly-processed foods (256). Van der Lugt 

and colleagues (2018) (257) demonstrated the role of AGE in stimulating the innate immune response 

in human differentiated macrophages, inducing pro-inflammatory cytokine Tumor necrosis factor-

α (TNF-α) secretion through binding to their receptors (RAGE) and activating NF-kB. Price and 

colleagues (2004) (258) studied the interaction of AGE with innate immune cells in vitro, isolating 

dendritic cells from human peripheral blood. Exposure of cells to different concentration of glycated 

products lead DCs to remain immature, thus failing in the maturation and migration processes and 

compromising their role as immune sentinels. This process has been suggested as a potential 

mechanism causing vascular complications in diabetes. Immature DCs accumulate in the vascular 

epithelium, thus predisposing to local inflammation and to vascular damage.  
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These findings illustrate how diet can influence the immune system establishing and maintaining 

immunological homeostasis in the gut and protecting the host against inflammation or on the other 

hand, inducing disease pathogenesis.  

5.4 Leaky gut and inflammation  

The intestinal epithelium allows the absorption of nutrients and water and constitute a physical 

barrier separating the gut lumen from the bloodstream, thus providing protection against pathogens 

(259,260). This barrier is considered as part of the immune system and comprises the mucus layer, 

the intestinal epithelium itself, and the mucosal immune system. The intestinal epithelium consists 

of a polarized monolayer of enterocytes joined together by TJ and alternated with various other cell 

types (261). Among them, mucus-producing goblet cells, enteroendocrine cells and only in the small 

intestine, Paneth cells, promote the physiological role of the gut barrier (262). Moreover, numerous 

immune cells proliferate underneath the epithelium, inside the lamina propria (262) (Figure 4).  

Figure 4. Gut barrier organization. The intestinal epithelium is composed of a monolayer of enterocytes, 

covered by a mucus layer (which structure and function are described in sections 5.1 and 5.2) and alternated 

with several other cell types. Numerous immune cells inhabit the lamina propria, regulating the intestinal 

immune function and the microbial tolerance. The impact of different dietary habits is illustrated: compared 

to a healthy diet, modern Western diet leads to mucus narrowing, increased intestinal permeability and higher 

LPS translocation across the gut barrier. 

 

The cross talk between these main components, together with the ability of the single layer 

enterocytes to attach to one another ensures the proper functioning of the intestinal barrier. 

Alterations of this equilibrium or abnormalities in TJ’s function lead to augmented gut permeability 

(i.e. ‘leaky gut’) with a concomitant absorption of bacterial lipopolysaccharide A (LPS) into the 
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bloodstream. LPS is a component of gram-negative bacteria outer membrane, known to promote 

local or systemic inflammatory response through the TLR4 activated pathway. Sustained, high 

plasma LPS concentrations causes inflammation as a consequence of pro-inflammatory cytokines 

release and this determines the so-called metabolic endotoxemia (262,263). The term ‘metabolic 

endotoxemia’ was first introduced in 2007 by Cani and colleagues (263), who demonstrated that 

mice under a high-fat diet resulted in adipose tissue inflammation, insulin resistance and non-

alcoholic fatty liver disease (NAFLD) in response to increased plasma LPS upon loss of intestinal 

barrier function. This inflammatory status was proposed to be at the root of several chronic diseases, 

including obesity and diabetes. 

Diet strongly influences gut barrier function and maintenance, being one of the major factors 

inducing (or protecting against) the leaky gut condition. Specifically, GM and metabolites deriving 

from microbial biotransformation of fibre, polyphenols and other phytochemicals provided by diet 

regulate intestinal permeability through the modulation of TJ proteins. As an example, urolithin A, 

one of the main colonic metabolites deriving from GM transformation of ellagitannins, has been 

shown to upregulate epithelial TJ proteins through activation of nuclear factor erythroid 2-related 

factor 2 (Nrf2) signaling pathway (264). The role of polyphenols in reducing metabolic endotoxemia 

through GM modulation has been recently demonstrated by Chen and colleagues (2020) (265), who 

showed that resveratrol administration in high fat diet-fed mice significantly ameliorated 

endotoxemia and intestinal barrier defects, with a concomitant increase in Akkermansia relative 

abundances. Also short-chain fatty acids could strengthen TJ, thus maintaining gut barrier function 

(266). GM contribution towards the pathophysiological regulation of metabolic endotoxemia has 

been further investigated through the use of a prebiotic oligofructose in high fat diet-fed mice (267). 

The authors demonstrated that oligofructose supplementation normalized endotoxemia to control 

levels and totally restored quantities of bifidobacteria, revealing a significant negative correlation 

between endotoxemia and Bifidobacterium spp. Plasma LPS levels have been investigated in 

association with some features typical of modern Western style diet. A high consumption of 

noncaloric sweeteners in presence or absence of a high-fat diet has been associated with both 

metabolic endotoxemia and gut microbiota dysregulation in mice (268). In particular, sucralose and 

steviol consumption significantly depleted commensal genera Lactococcus and Bifidobacterium, while 

increased the number of genes involved in LPS synthesis (268), thus supporting the idea that GM 

has a key role in preventing low-grade and chronic inflammation.  
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Circulating LPS levels have also been proposed as an inflammation stressor in human obesity. 

When considering 33 obese patients recruited pre-surgery, higher LPS blood concentrations were 

responsible for higher inflammatory genes expression in visceral and subcutaneous adipose tissue 

(269). Loss of intestinal barrier function in obesity has also been correlated to defective inner colonic 

mucus layer and dysregulated gut microbiota community in mice (177). Nevertheless, LPS-induced 

inflammation has been observed in type 2 diabetes (T2DM) (270). When compared to healthy control 

subjects, T2DM patients had circulating LPS levels 76% higher. This alarming result also correlated 

with increased inflammatory pathways activation and pro-inflammatory cytokines secretion. In 

summary, existing evidence suggests that diet influences gut microbial composition, thus 

modulating gut barrier function and, finally, the inflammatory state of the host.  

6. AGE-enriched diets: an example of negative GM modulation 

Advanced glycation end-products (AGE) represent a wide class of reactive molecules normally 

present at elevated concentration in highly processed food. AGE are formed in non-enzymatic 

reactions of reducing sugars with free amino acids groups through the Maillard reaction and some 

of the resultant molecules are toxic (271). High sugar concentration and high-temperature cooking, 

typical features of highly processed food are both responsible for higher AGE generation (256). AGE 

can enhance palatability and flavor of thermally processed foods. Excessive intake of dietary AGE 

has been recently linked to the development of obesity, diabetes related complications, CVD and 

cancer (256,272). A randomized crossover dietary intervention in healthy volunteers tested the 

effects of a habitual diet containing high-heat-treated foods, compared to a steamed diet low in 

Maillard reaction products. Although both diets had comparable nutritional composition, a 10% 

higher caloric intake was observed in volunteers following the thermally processed foods enriched 

diet, as a result of a higher overall food consumption and higher energy density (273). Interestingly, 

participants following the processed diet showed significantly higher levels of Nε-carboxymethyl 

lysine (CML) in urinary excretion and fasting plasma when compared to the control dietary group. 

CML is an advanced glycation end-product previously reported to activate both nuclear factor-

kappa B (NF-κB) and MAP kinase inflammatory pathways by binding to receptor for AGE (RAGE) 

in vitro (274–276). It is plausible that the heterogeneous spectrum of dietary AGE related diseases 

reflects their capacity to bind a wide range of RAGE, thus triggering different inflammatory 

pathways (272). AGE-RAGE binding complex works as a positive feedback, leading to a prolonged 

period of expression and to a redundant downstream molecular activation, thus causing a prolonged 
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inflammation (277,278). This mechanism may explain why RAGE-dependent pathways are 

frequently involved in the pathogenesis of several inflammatory chronic diseases. AGE-RAGE axis 

is implicated in the growth and progression of human colon cancer cell lines in several in vitro 

studies. Kuniyasu et al. (2003) (279) first showed that RAGE was expressed in 4 colorectal carcinoma 

(CRC) cell lines, including Colo320, DLD1, WiDr and TCO and that its expression was positively 

correlated with cancer cell migration and invasion in vitro. In another study, Zill and colleagues 

(2001) observed RAGE expression in Caco-2 human colon carcinoma cell line, demonstrating that 

AGE treatment resulted in inflammatory p44/42 (ERK1/2) MAP kinases activation in a time- and 

dose-dependent manner (274). Furthermore, binding of AGE to RAGE has been suggested to have 

a role during early and late stages of colorectal carcinogenesis, since it seems to be directly associated 

with tumor grade (280).  

Besides cancer, dietary AGE are involved in the pathogenesis of several other chronic diseases, 

where inflammation is a common pathological feature.. A human study detected the importance of 

reducing dietary AGE to improve insulin resistance in type 2 diabetic subjects (281). The investigator 

randomly assigned 18 type 2 diabetic patients and 18 healthy subjects to a standard diet (containing 

> AGE equivalents (eq)/day) or an isocaloric AGE-restricted diet (<10 AGE Eq/day) for 4 months. 

Plasma insulin, together with several inflammatory markers such as TNF-α and NF-κB significantly 

decreased in type 2 diabetic patients following the AGE-restricted diet, suggesting the critical role 

of AGE in contributing to insulin resistance and to inflammation state in clinical type 2 diabetes. 

Effects of reducing dietary intake of AGE on obesity-associated complications have also been 

investigated. In a randomized, crossover clinical trial, the effects of a low-AGE-containing diet were 

assessed in overweight and obese individuals (282). The dietary intervention consisted of 2 weeks 

each of low- and high-AGE diet separated by a 4 weeks wash-out period. Low-AGE diet significantly 

improved renal function, calculated using both urinary albumin/creatinine ratios and plasma 

cystatin C levels; and ameliorated inflammatory profile, reducing plasma chemoattractant protein-

1 (MCP-1).  

6.1 AGE and GM modulation  

Since many dietary AGE have high molecular weight, they are not readily absorbed in the small 

intestine, and instead reach the colon, thus becoming available for gut microbiota metabolism 

(283,284). Here, AGE can impact both GM community composition, and their production of 

microbial metabolites. Alterations in colonic microbiota composition due to dietary glycated protein 

has been reported by Mills and colleagues (2008) who investigated the effect of native, heated and 
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glycated bovine serum albumin (BSA) on the ulcerative colitis (UC) and non-UC colonic microbiota 

in vitro (285). Compared to native BSA, glycated BSA significantly altered gut microbiota 

composition of UC patients in vitro, increasing sulphate-reducing bacteria clostridia and bacteroides 

and decreasing putatively beneficial lactobacilli, eubacteria and bifidobacteria. However, glycated 

BSA incubation in non-UC controls also increased the abundance of sulphate-reducing bacteria, but 

was not associated with changes in other bacterial groups, thus suggesting that microbial 

composition at baseline strongly influence the interaction of the whole community with glycated 

proteins. Fermentation of glycated fish protein using an in vitro batch culture model of human distal 

colon was associated with higher Firmicutes/Bacteroidetes (F/B) ratio, together with specific changes 

in some proteolytic and potentially harmful bacteria genera, including Bacteroides, Dialister and 

Parabacteroides (286). Several other in vitro studies analyzed the effects of glycated protein incubation 

with faecal samples from healthy volunteers, employing fluorescent in situ hybridization (FISH) 

with genus-specific 16S rRNA-targeted oligonucleotide probes, observing large inter-individual 

differences with regard to bifidobacteria and lactobacilli (287–289). Interestingly, some of these in 

vitro studies investigated the effects of AGE-s enriched diet on SCFA production, and showed 

variable results. Fermentation of faeces from UC-patients with glycated BSA did not affect SCFA 

production when compared to non-UC controls (285), whereas faecal batch cultures with glycated 

fish protein observed an increase in acetate concentrations (286). 

In parallel with in vitro studies, several studies used animal models to assess the impact of AGE-

enriched diet on caecal or faecal microbiome. Qu and colleagues (2017) (290) characterized the effect 

of dietary AGE on the alterations in the gut microbial ecology and on colon permeability of Sprague-

Dawley rats fed a heat-treated AIN-93G diet high in AGE. AGE-enriched diet negatively affected 

diversity and richness of the microbiota when compared to a low-AGE diet, reducing saccharolytic 

SCFA-producing bacteria such as Ruminococcaceae and Alloprevotella and increasing some putatively 

harmful bacteria such as Desulfovibrio (the main SRB within the human gut microbiota) and 

Bacteroides. Moreover, this was associated with a decreased expression of TJ proteins in colon, thus 

suggesting the detrimental role of AGE in increasing gut permeability and dysregulating gut 

microbial community composition. Similarly to the in vitro findings, several animal studies showed 

that high-AGE diet were associated with higher F/B ratio in mice and catfishes (291,292).  

To date, data coming from human in vivo studies focusing on AGE:GM interaction are scarce. In 

a pilot randomized open label controlled trial from Yacoub and colleagues (2017), the effects of 

dietary AGE on the GM of patients undergoing peritoneal dialysis (PD) was investigated. Twenty 
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PD subjects habitually consuming a high-AGE diet were recruited and randomly allocated into a 

group continuing the same diet (HAGE) or in a group with AGE restriction (LAGE) for one month. 

Dietary AGE restriction significantly altered GM composition, increasing relative abundances of 

different Clostridium spp. and Ruminococcus gauvreauii and decreasing Prevotella copri and 

Bifidobacterium animalis. In a previous crossover trial, the effects of AGE enriched diet was assessed 

on the gut microbiota of adolescent males following a high-AGE diet for two weeks (293). AGE 

intake was associated with a decrease in Lactobacilli together with an increase in Enterobacteria, 

while no significant changes were observed in Bifidobacterium or Clostridium spp. Given the 

inconsistent and insufficient evidence about the response of gut microbial populations to glycated 

products in vivo, further studies are required to assess the impact of different AGE on the 

composition and metabolism of the gut microbiota. A deeper understanding of AGE:GM 

interactions may also provide new insights regarding the AGE-related negative healthy outcomes, 

their role in inflammation, which are of great interest considering the dramatic abundance of these 

molecules in the modern Western processed diet. 

7. Benefits of vegetable foods 

Whole plant foods include fruits, vegetables, whole grains and legumes. Healthy benefits 

connected to whole plant food consumption are related to their high content in fibre and 

phytochemicals. Phytochemicals represent a powerful class of non-nutrient secondary metabolites 

normally present in plant-based foods, including polyphenols, isothiocyanates, alkaloids and 

vitamins (294). These compounds are produced as defense molecules, protecting the plant from 

herbivores, pests, pathogens, UV light and oxidative stress (295). They also contribute to 

organoleptic characteristics of foods, imparting them qualities such as aroma, flavor or color (294). 

Moreover, dietary phytochemicals have been widely investigated for their anti-inflammatory and 

anti-cancer properties, thanks to their ability to modulate and alter several antioxidant and signaling 

pathways (296,297). In this context the gut microbiota represents the major driver in whole plant 

foodstuff digestion, thanks to its capability to ferment fibre and metabolize polyphenols, which both 

arrive almost indigested in the colonic compartment and results in the production of a range of 

biologically active small molecules, including the SCFA and small phenolic acids (298).  

7.1 Gut microbiota role in determining beneficial effects of vegetable foods  

The application of the metabolomics approach allowed us to realize that several benefits 

attributed to phytochemical depend on their interaction with human gut microbiota. Because of their 
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chemical structure, phytochemicals are poorly absorbed by the human intestine and they are prone 

to be retained in the gut lumen. Here they can positively affect GM community composition, either 

supporting the growth and relative abundance of certain gut microbiota members (299,300) or 

having antimicrobial or bacteriostatic effects on others (299,301) . As an example, different 

polyphenols have been shown to inhibit the growth of different human intestinal microbiota 

representatives (301). Enterococcus caccae, Bifidobacterium catenulatum, E. coli, Ruminococcus gauvreauii 

and Lactobacillus sp. were grown in liquid medium to give a final concentration of 1.5 x 108 colony 

forming unit/ml and polyphenols were added to liquid medium at different final concentration of 

20, 100 or 250 µg/ml in order to assess the minimal inhibitory concentration (MIC) for each 

polyphenolic compound. High concentration of naringenin and hesperetin (MIC ≥ 250) inhibited 

growth of almost all analyzed bacteria, thus acting as bacteriostats. Hidalgo and colleagues (2012) 

observed a positive modulation of intestinal bacterial modulation testing different anthocyanins in 

a pH-controlled, stirred, batch-culture in vitro fermentation reflecting the distal region of the human 

large 

intestine (299). Malvidin-3-glucoside caused a significant increase in the growth of beneficial 

bacteria including Bifidobacterium spp. and Lactobacillus spp. when compared to the control. An in 

vivo animal study from Gu and colleagues (2019) (REF) defined the effects of black raspberry (BRB) 

anthocyanins on the mice colon microbiota by feeding mice 10% w/w freeze-dried BRB powder for 

6 weeks. 16S rRNA gene sequencing revealed that BRB anthocyanins significantly altered luminal 

abundances of Firmicutes (Clostridium spp.) and Bacteroidetes (Barnesiella spp.).  

A polyphenol-rich diet has been related to increased abundance of beneficial bacteria like 

Bifidobacterium, Lactobacillus, Akkermansia muciniphila and Faecalibacterium prausnitzii (302). A. 

municiphila is an obligate anaerobe bacterium with the capacity to restore mucus layer thickness and 

gut barrier function (303). A study in C57BL/6J mice fed a high-fat diet (HFD) supplemented with 

grape polyphenols, reported an intestinal bloom of A. muciniphila. This polyphenols-enriched diet 

also prevented HFD-induced metabolic dysfunctions, lowering systemic inflammation and 

improving gut barrier integrity (304). In 2016, Moreno-Indias (305) and colleagues investigate the 

effects of red wine polyphenols on the modulation of gut microbial populations and reduction of 

markers related to metabolic syndrome. The authors involved 10 patients with metabolic syndrome 

(MS) and 10 healthy volunteers in a randomized, crossover intervention study, with subjects 

consuming red or de-alcoholized red wine over a 30 day period. In MS-patients, red wine 

polyphenols enhance the growth of Lactobacillus and butyrate-producing bacterium F. prausnitzii. 
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Similarly, an increase in urinary concentrations of syringic-acid, p-coumaric acid, 4-hydroxybenzoic 

acid and homovanillic acid was observed alongside a significant increase of Bifidobacterium, after red 

wine or dealcoholized red wine consumption for 20 days (306). It was not established whether these 

compounds derived from gut microbial metabolism, but previous studies observed that syringic, p-

coumaric and homovanillic acids may all come from malvidin and delphinidin degradation from 

different strains of Bifidobacterium and Lactobacillus genera. In a double-blind randomized controlled 

trial involving 66 men, a significant increase in Anaerostipes was observed after consumption of a 

polyphenol-rich extract from the fruit Aronia melanocarpa, thus suggesting the role of some 

flavonoids (mainly quercetin) in modulating the growth of this butyrate-producing bacterial genus 

(307). Interestingly, Most et al. (2017) (308) highlighted some differences between overweight men 

and women response to 12-week EGCG and resveratrol supplementation, thus suggesting the role 

of sex in modulating differences in gut microbiota composition. All these results stress the attention 

on the complex cross-talk involving both human and microbial metabolism, including some 

interactions with the host’s endocrine function.  

On the other hand, gut microbes are able to metabolize phytochemicals, influencing their 

bioavailability and thus generating several bioactive compounds with in vivo activity (309). For 

example, urolithin A, a microbial metabolite of ellagitannins, increased muscle function in both 

young and old C57BL/6 mice, assessed by a measurement of exercise capacity before and after 

treatment (310). Microbial polyphenols metabolites may also exert their beneficial effects within the 

intestinal tract. Urolithin A has been reported to inhibit metastasis of in human sw620 colorectal 

cancer cell lines (311). Moreover, beneficial effects of polyphenol microbial metabolites were 

observed by incubating human adenoma cells LT97 with dihydroxyphenylacetic acid (ES) and 3-

(3,4-dihydroxyphenyl)-propionic acid (PS), microbial metabolites of quercetin and chlorogenic acid, 

respectively (312). Polyphenol metabolites significantly upregulate glutathione S-transferase T2 

(GSTT2) expression and decreased cyclooxygenase-2 (COX-2), thus confirming their anti-

inflammatory and chemopreventive potential. 

Plant polyphenols are reported to modulate several inflammation-associated cellular pathways. 

NF-κB is a group of transcription factors involved in immune function control, which mediates the 

expression of COX-2 and the synthesis of numerous pro-inflammatory cytokines (313). During 

chronic and low-grade systemic inflammation, typical of obese and diabetic subjects, immune cells 

produce excessive amount of reactive oxygen species (ROS), which can also reinforce the 

inflammatory response mediated by NF-κB (314,315). As well documented in several studies, many 
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polyphenols exert their anti-inflammatory effect by negative regulation of NF-κB. In an 

osteoarthritic mouse model, mesenchymal stem cells treated with curcumin mediated a therapeutic 

effects on animals, downregulating NF-κB in chondrocytes and slowing OA progression (316). 

Another study from Ghasemi et al. (2019) (317) reported an anti-proliferative effect of curcumin in 

Hella human cervical cancer monolayers cell cultures and spheroids models. Curcumin exerted its 

anti-cancer and anti-inflammatory effects through the impairment of NF-κB pathways, suggesting 

its potential role in cancer therapy. Modulation of NF-κB has also been documented in relation to 

EGCG. Its role in inhibition of NF-κB inflammatory responses has been demonstrated in human 

bronchial epithelial cells (318) and in colon cancer cells (319). EGCG likewise exhibited anti-

hypertensive and anti-thrombogenic properties by suppressing NF-κB pathway. Reddy and 

colleagues (2020) (320) recently demonstrated EGCG’s ability in regulating endothelial function, 

suppressing inflammatory responses in human coronary artery endothelial cells (HCAECs). This 

underpins several epidemiological and cohort studies that found associations between CVD and 

EGCG supplementation (321,322). 

Among gut microbiota fermentation products, SCFA have been widely studied in association 

with host health and immune function. As discussed in Chapter 3, acetate, propionate and butyrate 

are the most abundant SCFA in human colon (109). Their production can be modulated by dietary 

phytochemicals. Parkar and colleagues (2013) (323) employed an in vitro batch fermentation model 

to analyze gut microbial interactions with polyphenols chlorogenic acid, caffeic acid, rutin and 

quercetin. Fresh human fecal slurry was mixed with a sterile broth and then incubated with each of 

the polyphenols or inulin as control, under anaerobiosis, with shaking for 72 h. An overall increase 

in bacterial relative abundances was observed in all fermenta generated from microbial breakdown 

of polyphenols, and this was accompanied by increased generation of SCFA. In particular, an 

increase in propionate was noted with the substrate rutin, thus confirming previous studies 

observing that the propionate-producers Bacteroides constitutively generate glucosidases enzymes 

required for rutin breakdown (324,325). Moreover, several studies observed that different bacteria 

from rats and human intestine, including Eubacterium ramulus and Clostridium orbiscidens, were 

associated with quercetin fermentation, leading to the formation of both acetate and butyrate 

(326,327).  

7.2 Brassica vegetables and their health effects 

Cruciferous or Brassica vegetables include a large number of edible varieties and they are widely 

distributed around the world. In recent years, a strong interest in Brassicaceae health promoting 
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properties has emerged, due to scientific evidence demonstrating their anti-inflammatory and anti-

oxidant properties (328). Different case-control studies demonstrated that regular consumption of 

cruciferous vegetable is inversely associated with stomach (329), ovarian (330), bladder (331) cancer 

risk, thus motivating further studies on the underlying mechanisms of action and ultimately, 

randomized control trials t prove cause and effect between ingestion of Brassicaceae and reduction 

in biomarkers of disease risk.  

The unique characteristic of this plant family is its content of glucosinolates, sulfur-containing 

metabolites serving as defense compounds in the plant (332). Most of beneficial properties related 

to Brassica consumption have been supposed to be due to glucosinolates and to their metabolites. 

Glucosinolates (GLS) can be hydrolyzed by myrosinase enzymes, generating isothiocyanates, 

thiocyanates and other molecules that exert an in vivo activity. Myrosinases are physically separated 

from glucosinolates in intact plant cells, but they can come into contact after chopping during food 

preparation (333). On the other hand, the cooking process completely inactivates myrosinase, thus 

inhibiting the formation of glucosinolate derivatives (334). Several studies considered the role of 

GLS and metabolites in preventing the risk associated with inflammatory diseases. Lohning and 

colleagues (2021) (335) recently employed an array of in vivo and in vitro techniques to investigate 

the role of 6-(methylsulfinyl)hexyl isothiocyanates in the alleviation of inflammatory bowel disease 

(IBD) in mice. The immune response in IBD results from the activation of several signaling 

pathways, including NF-κB (336). Since glycogen synthase kinase 3 beta (GSK-3β) is a potent driver 

of inflammation which regulates the nuclear factor-kappa B (337), the authors investigated a 

potential role for 6-MITC as a GSK-3β inhibitor for the alleviation of IBD. Combining results from a 

murine macrophage cell line and from a murine model of colitis, they demonstrated the role of 6-

MITC in alleviating inflammation through competitive inhibition of GSK-3β/ NF-κB pathway. 

Another study from Zeng et al. (2021) (338) demonstrated that the isothiocyanate sulforaphane was 

able to exert its anti-inflammatory activity  through the modulation of TLR pathway in monocyte-

derived macrophages after stimulation with LPS.  

Several of Brassica related benefits are mediated by human gut microbiota. Different bacteria 

isolated from the mammalian gut, including Enterobacteriaceae (339), Bifidobacterium spp. (340), 

Bacteroides spp. (341) and Lactobacillus spp. (342), appear to have myrosinase-like glycoside 

hydrolases able to cleave GLS. Hence, once GLS reach the colon, they undergo microbial myrosinase 

hydrolysis generating isothiocyanates (ITCs) and nitriles (343). Glucoraphanin (GRP) is the major 

GSL found in broccoli (344). Upon hydrolysis, GRP produces the bioactive ITC sulforaphane (SFN), 



44 

 

which has anti-inflammatory and chemopreventive properties. As an example, sulforaphane 

ameliorated the clinical picture in a mouse model of alcoholic liver fibrosis, by acting as a suppressor 

of LPS/TLR-4 inflammation pathway (163). In another study (164), sulforaphane was able to reverse 

LPS/IFN-γ-mediated inflammation in vitro. Another mechanism through which GLS metabolites 

exert their beneficial effects involves aryl hydrocarbon receptor (AhR). AhR constitutes one of the 

most studied pathway involved in anti-cancer properties of Cruciferous vegetables, inhibiting NF-

κB-mediated inflammation and increasing Nrf2 signaling pathway (166–168). Microbial myrosinase 

present in the human intestine is able to convert GLS into AhR ligands (169). Taken together, these 

findings suggest that SFN, commonly found as a result of Brassica microbial fermentation, is able to 

counteract different inflammation, states including metabolic endotoxemia. 

Several studies also reported changes in GM composition and metabolism driven by Brassica 

consumption. C57BL/6 mice fed a high-fat diet supplemented with kale (B. oleracea var acephala) 

resulted in lower F/B ratio and increased Bacteroides thetaiotaomicron abundances in faeces when 

compared to the control high-fat diet. Moreover, mice fed kale showed reduced inflammatory 

parameters in adipose tissue and enhanced GM metabolic functions, including glycan degradation 

and xenobiotic metabolism (345). In a human controlled feeding, randomized, crossover study, daily 

consumption of cooked broccoli prepared with raw daikon to provide a source of myrosinase, 

significantly modulated GM composition, lowering F/B ratio and increasing Bacteroides by 8% 

relative to a control diet containing no Brassica (346). Broccoli consumption also seemed to increase 

different endocrine and metabolic pathways as a result of a functional analysis performed using the 

predictive tool PICRUSt. These evidences support the hypothesis that Brassica strongly influence 

the gut microbiota composition, modulating the community structure and thus its metabolic 

function. The reciprocal interaction between gut microbes and Cruciferous vegetables underlies 

many of the beneficial effects of these plants. 

8. Fermented foods  

In 2017, Marco and colleagues defined food fermentation as ‘a controlled microbial growth and 

enzymatic conversions of major and minor food components’ (30). Fermentation has been used since 

ancient times to preserve a wide variety foods, whether of vegetable or animal origin and fermented 

foods and beverages still account for a major part of human diets. Traditional fermented foods 

principally include milk derivatives (e.g. chesse and yoghurt), cereal-based foods, fruits, vegetables,  

bier and wine. Food fermentation is a transformative process. Starting raw materials are 
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progressively modified (i.e. fermented) by starter cultures or spontaneous microorganisms (i.e. 

naturally present in the raw food or processing environment), thus acquiring new properties, 

including flavor and aroma, preservation or texture (30,347–350). Moreover, as the fermentative 

process can result in reduction in anti-nutrients and toxic compound removal, fermentation can 

contribute to extend food shelf-life and food safety (85).  

Depending on which food category is considered, several taxa of fermenting microorganisms 

could be spontaneously involved or selectively employed to produce fermented foods. Lactic acid 

bacteria (LAB) belonging to Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and Streptococcus 

genera have been identified as the most important bacteria involved in food fermentations and some 

strains wihtin these genera have potential probiotic properties (30,349,351). Probiotics are defined 

by FAO/WHO as ‘live microorganisms which when administered in adequate amounts confer a 

health benefit on the host’(352). Each LAB strain has unique genetic traits that may lead to the 

expression of different phenotypes and, to date, the genetic basis for the probiotic properties is still  

not well defined. As an example, Escherichia coli species comprehends significant pathogenic strains, 

including enterohaemorragic E. coli O157:H7 and uropathogenic E.coli, but also the probiotic strain 

Nissle 1917, which probiotic activity involved competition with pathogens (353), protection of 

mucosal integrity and modulation of gut barrier function (354,355). Nissle is phylogenetically 

closely-related to enterohaemorragic and uropatogenic E. coli (356). However, slight (and still 

incompletely characterized) differences in its macromolecular structures may drive its distinct and 

beneficial interactions with host tissues, thus highlighting the unicity of strain-related probiotic traits 

(357,358).  

 For this reason, not all LAB belonging to the same genera or to the same species could drive the 

same beneficial effect when ingested in fermented foods or in probiotics. These differences have 

been clearly demonstrated by Berger and colleagues in 2007, who analyzed a set of Lactobacillus 

acidophilus by multilocus sequence analysis, DNA typing, microarray analysis and in silico whole-

genome alignments. This polyphasic analysis demonstrated a stepwise decrease in similarity 

between members of the L. acidophilus group, thus suggesting a vertical evolution of bacteria 

belonging to this species (359). In a previous study, whole-genome transcriptional profiling of L. 

acidophilus revealed the key role of environmental and growing conditions (pH, nutrients 

concentrations) in impacting the expression of genes involved in the probiotic or beneficial activity 

(360).  
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LAB contained in fermented foods have been widely investigated, since they are supposed to 

exert beneficial effects in human health and disease. Some of the microorganisms present in 

fermented foods survive transit through the gastrointestinal tract and reach the colon, even though 

their presence appears to be transient. Milani et al. (2019) reported the transient colonization of 

human gut by Parmesan cheese bacteria during a pilot study involving 20 healthy individuals (361). 

Enrolled subjects were requested to eat 45 g/day of fresh Parmesan cheese for 14 days. Among them, 

and a subgroup of 10 individuals drank 200 ml of pasteurized cow’s milk containing Bifidobacterium 

mongoliense BMONG18, each day during and after the seven days of Parmesan cheese consumption 

(Milk group). Data from 16S rRNA gene microbial profiling from feces revealed that BMONG18 

successfully colonized gut in individuals of the Milk group, even if a decrease in its abundance was 

observed 1 week after removal of Parmesan cheese from the daily diet. Zhang and colleagues (2016) 

investigated the permissivity (i.e. colonization resistance) of resident gut microbiota for transient 

foodborne bacteria (362). Following fermented milk product containing five different LAB strains to 

both conventional and gnotobiotic (i.e. with a defined gut microbiota) rats, 16S rRNA analysis 

revealed inter-individual variability in resistance and resilience mechanism in response to 

foodborne bacteria. Different probiotic strains belonging to the same species can mediate different 

physiological effects in the gut. Mujagic and colleagues (2017) (363) investigated the effects on three 

Lactobacillus plantarum strains on small intestinal barrier function and gut mucosal gene transcription 

in a randomized controlled trial. Ten healthy subjects partecipated in four intervention periods, each 

consisting of 7-day oral intake of either L. plantarum WCFS1, CIP104448, TIFN101 or placebo, 

followed by a 4 weeks wash-out. At the end of the intervention, TIFN101 strains showed the most 

pronounced probiotic activity with specific gut barrier protection effect, while these effect was less 

pronunced in the other strains, thus confirming that the probiotic activity is highly strain dependent 

and could considerably differ within the same species. Nonetheless, foodborne microorganisms may 

still exert beneficial effects during their period of stay in the gut, through competition with 

pathogenic bacteria or by producing fermentation-derived metabolites with health benefits 

(351,364). A recent study from Kaur and colleagues (2021) (365) reported potential protective effects 

of Lactobacillus rhamnosus MTCC-5897 on gut health in a murine ulcerative colitis model. 

Consumption of whey fermented with probiotic L. rhamnosus MTCC-5897 significantly improved 

intestinal barrier integrity and immune homeostasis in mice. 

As already mentioned above, some fermented foods could be considered as probiotics because of 

their content of certain Lactobacillus strains and other fermentative bacteria, which directly pass from 
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food to gut. Consumption of black barley fermented with Lactobacillus plantarum JCM15041 partially 

restored diet-induced fatty liver in rats under high fat diet (366). Twenty-eight SPF Sprague Dawley 

rats were randomly divided into a normal control group receiving standard diet (NC), a high fat 

diet (HF), a group receiving high fat diet and L. plantarum (HL) and one receiving the high fat diet 

supplemented with fermented black barley (HB). After 12 weeks rats fed HB diet showed significant 

inhibition in body weight increase and decreased fat accumulation in liver and abdominal adipose 

tissue when compared with the other groups, without differences in feed intake. Moreover, common 

indicators of liver function (i.e. serum levels of alanine aminotransferase and aspartate 

aminotransferase) where significantly restored in HB group. These findings suggest the role of 

fermented foods in preventing chronic diseases associated with modern Western style diets. Also, 

several studies described health benefits of fermented black tea (Kombucha) in mice (367,368), which 

antidiabetic and antioxidant effects were found to be more effective than non-fermented black tea. 

Alleviation in diabetic symptoms and comorbidities were observed in association with consumption 

of kefir, ‘a natural complex fermented milk product containing more than 50 species of probiotic 

bacteria and yeast’ (369). Bourrie et al. (2018) (370) observed an improvement in plasma and liver 

lipid profile in mice fed high-fat diet supplemented with kefir, suggesting that kefir is able to counter 

high-fat diet metabolic unbalances. A correlation between kefir healthy properties and gut 

microbiota modulation was recently reported from Gao and colleagues, who investigated the role 

of kefir milk (KM) consumption in human microbiota-associated rats under high-fat diet conditions. 

The association between adiposity gene expression and regulation of intestinal bacteria populations 

raised the idea of using fermented foods as a potential functional foods to reduce fat deposition. All 

of these findings further support the role of fermented foods and their microbiota in modulating 

host  health.  

8.1 Brassica as an example of traditional fermented food  

Fermented Brassicaceae vegetables represent an example of ubiquitous and traditionally 

fermented foods. Some of the most famous examples include ‘Kimchi’, a Korean food prepared 

seasoning Chinese cabbage (Brassica rapa) with a mixture of spices, and Sauerkraut (349). Sauerkraut 

is the most important European fermented vegetable, deriving from spontaneous malolactic 

fermentation of fresh white cabbage (Brassica oleracea L. var. capitata) salted with 2-3% (w/w) sodium 

chloride (371,372). Among microorganisms driving the Sauerkraut production, Lactobacillus brevis, 

L. plantarum, Leuconostoc mesenteroides, Pediococcus spp. and Weissella spp. are of special importance 

(372). Recently, Tanaka and colleagues (2021) (373) evaluated the effects of dietary supplementation 
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of Nozawana, a fermented Japanese Brassica rapa on gut microbiota composition and concurrent 

health-promoting effects. The authors coupled a pilot intervention study in healthy human 

volunteers to an in vivo animal study. Both in humans and mice, fermented B. rapa ingestion 

improved bowel function as assessed using defecation frequency scores. Interestingly, feeding mice 

with this fermented vegetable significantly increased interferon-γ (INF-γ) and Tumor necrosis 

factor-α (TNF-α) production in spleen cells under LPS stimulation, suggesting an improved immune 

response. In another study, the utilization of L. mesenteroides as starter culture for sauerkraut 

production significantly improved cabbage antioxidant activity in LPS-induced macrophages (374). 

A detailed study was recently performed to evaluate therapeutic potential of exopolysaccharides by 

L. paracaserei isolated from sauerkraut, whose antioxidant properties have been assessed (375). 

Similarly, the supplementation of L. plantarum Shinshu N-07 isolated from fermented Brassica rapa 

to diet-induced obese mice, significantly decreased epididymal adipose tissue weight and adipocyte 

size when compared with those fed the unsupplemented high-fat diet (376).  

Nielsen and colleagues (2018) investigated the effect of daily sauerkraut supplementation in 

irritable bowel syndrome (IBS) patients through a randomized double-blinded intervention study 

(377). Thirty-four Norwegian patients with IBS diagnosed using Rome III criteria, were consuming 

either pasteurized (control; PS) or unpasteurized sauerkraut (intervention; UPS) as a supplement to 

their daily diet for 6 weeks and IBS symptoms were assessed using the questionnaire IBS-Symptom 

Severity Score (IBS-SSS). In both group, a significant reduction on IBS-SSS score was observed 

between the baseline and end of trial, thus suggesting that the factors responsible for sauerkraut 

health benefits go beyond the sole presence of viable LAB. However, a limitation of this study was 

the absence of a control group consuming raw cabbage, thus making it impossible to determine 

whether the amelioration in IBS-SSS score was related to fermentation metabolites or to the cabbage 

itself. Besides their content in probiotic strains, fermented Brassicaceae are differentiated from all 

other fermented foods because of their content in phytochemicals. During the fermentation process, 

bacterial metabolism convert certain compounds to biologically active metabolites (378,379). For 

example, during Sauerkraut production, glucosinolates undergo complete hydrolysis forming 

several secondary metabolites such as ascorbigen, indol-3-carbinol (I3C), sulforaphane and allyl 

isothiocyanate (374,380), all bioactive metabolites which could contribute to the beneficial health 

effects of sauerkraut (381).  

Understanding the importance of Brassica fermented foods could help in discovery of novel 

therapies for gut inflammation and related diseases. Moreover, including fermented foods in our 
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diets would improve overall health, acting as a protective factor against low-grade inflammation 

typical of modern Western lifestyle (30).  

9. The potential of food chain microbiomes to improve sustainability, 

productivity and food quality 

Population growth, dramatic changes in demography, increased food demand and 

environmental vulnerability all represent current and pressing societal challenges for the near 

future. The world’s population is expected to increase from 7.7 billion currently to 9.7 billion in 2050, 

according to the World Population Prospects from United Nations (382). As the population grows, 

so do its demands for food, water sources and health care. The global food production represents 

one of the largest footprint caused by humans on the whole planet and constitutes the factor on 

which we can operate most immediately to reverse the trend (1,2). The adoption of healthy and 

sustainable dietary habits and food systems has been recognised as a key strategy to prevent all 

forms of malnutrition and environmental damage from food production and consumption practices 

(383). As an example, the choice of vegetable proteins cause fewer adverse environmental effects 

than does animal source proteins and this is true across different environmental indicators such as 

land and water use, greenhouse emission and eutrophication potential (1). In 2018, Hilborn and 

colleagues (384) examinated the environmental impact of different sources of animal protein 

production, including livestock, aquaculture and capture fisheries. Compared to terrestrial animal 

production, fish and seafood are considered to have a lower environmental impact, although with 

many differences between specific products or depending on the production/capture method being 

used. The EAT Lancet Commission on Healthy Diets from Sustainable Food Systems recommended 

fish consumption into the healthy reference diet (1). Fish (used in the broadest meaning to include 

all aquatic animals) has a wide range of nutritional benefits. It is rich in omega-3 fatty acids, which 

regular consumption is associated to reduced risk of cardiovascular disease (385,386) and is 

considered to be essential in supporting child neurodevelopment during pregnancy (387,388). Fish 

also provides highly bioavailable micronutrients, including vitamins A and D, calcium, iron, iodine 

and zinc (389). 

Global food fish consumption increased by 122% from 1990 to 2018  and fish production is 

growing at a constant average annual rate of 3.2% (2). However, this is largely due to an increase in 

aquaculture production rates, while supply from capture fisheries is relatively stable since 90s (2).  
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This trends are mainly attributable to several environmental issues hindering fishing practices, 

primarily the excessive exploitation and potential collapse of wild fish stocks, overfishing and 

bycatch (2). In this scenario, future supply of seafood should be provided by aquaculture, which 

currently confirmed its record as the fastest growing food production sector in terms of global 

annual production (2). The total European production of fish by aquaculture was 2,570,242 tons in 

2019, with salmon, trout, seabream, seabass and carp species representing 95% of the total European 

production (390). However, feeds for aquacultured species have historically relied on the use of fish 

meal and fish oil derived from wild fisheries, as main protein and fat sources.  Inclusion of wild 

derived fish products in aquafeeds is no longer tenable due to cost and impact on wild fish stocks 

(391). For this reason, more cost effective and innovative ingredients are now being studied as 

sustainable alternatives. Vegetable protein-rich feeds (VM) have been proposed as replacements for 

fishmeal in aquafeeds because of their cost-effectivenness (392,393). However, when compared to 

fishmeal or to other alternative ingredients, such as animal by-products, VM showed higher 

environmental impact in terms of carbon footprint (394). Moreover, VM contain anti-nutritional 

factors and complex indigestible carbohydrates, are poor in essential amino acids and omega-3 (395) 

and their use in feeds for carnivorous species often lead to adverse effects on fish health, including 

intestinal enteritis, and thus on fish growth performance (395). For these reasons, new feed 

ingredients, including insect meals and animal-by product meals are being investigated as 

innovative protein sources for aquafeeds. Both these alternatives have a nutritional composition 

comparable to feeds containing FM, but with a lower carbon footprint (394). The analysis of these 

novel ingredients is now focused on their effects on animals’ health, which determine growth rates. 

Animal wellbeing is strongly influenced by gut health. As in the case of humans, fish gut health 

is essential for nutrient absorption, for immune system activity and to prevent inflammation 

(396,397). The gut microbiota and its metabolites play a key role in maintaining gut health, protecting 

intestinal integrity and thus supporting fish growth performances (398,399). It is crucial to evaluate 

GM:fish health relationship in the search for more sustainable and efficient feeds, since the GM 

composition is strictly influenced by aquafeeds ingredients (400). As an example, insect meal 

inclusion in rainbow trout feed has been shown to promote the growth of putative beneficial genera 

Mycoplasma, Actinomyces, Corynebacterium and Lactobacillus (401). Moreover, a stable microbial 

community is essential to protect towards pathogens invasion. Irianto and Austin (2002) 

demonstrated that feeding rainbow trout with probiotics containing Aeromonas hydrophila, Vibrio 

fluvialis, Carnobacterium sp. and Micrococcus luteus for 2 weeks, significantly stimulated humoral and 
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cellular immunity, thus enhancing fish immune function (402). Similar results were obtained by 

Panigrahi (2004) and Balcázar (2007) who observed enhanced innate immune response in trout after 

administration of probiotic Lactobacillus, Lactococcus or Leuconostoc strains (403,404). For this reason, 

supporting the growth of beneficial microbial communities in fish gut through innovative feed 

ingredients may be the future strategy to improve fish health and aquaculture productivity.  

A deeper analysis of food chain microbiomes would be useful in finding new sustainable 

ingredients for aquafeeds. In recent years, some studies begun to suggest the use of microorganisms, 

particularly fungi, to to convert agro-industrial wastes to obtain products with high nutritive value 

and increased digestibility. Utilization of human food waste as non conventional resource for animal 

feed is achieved by a solid-state fermentation (SSF) (405). During this process, waste material is 

progressively fermented by microorganism, thus producing biomass with high protein, fat, vitamins 

and amino acids profile (406). Rajesh and colleagues investigated the application of fungi Aspergillus 

niger to enhance vegetable waste through SSF. After approximately 1 week of fermentation, the 

nutritional value of the vegetable waste was significantly improved, therefore becoming an ideal 

candidate for use in aquafeed industry (407). Interestingly, also aquafeed-associated microbiome 

could play a key role in determining fish health, being transferred from feed ingredients to the host 

and thus fortifying the fish immune function. Hamid et al. (2021) (408) recently evaluated the effects 

of probiotic Enterococcus hirae isolated from vegetable waste on hybrid catfish (Clarias gariepinus × 

Clarias macrocephalus) immune response, growth and disease resistance. Both short- and long-term 

supplementation of E. hirae in feeds significantly improved fish growth performances, gut health 

and immune protection against the Aeromonas hydrophyla infection. Food chain microbiomes and in 

particular microbiomes associated with fish gastrointestinal tract and with the aquafeeds production 

therefore pose considerable thus far untapped potential to improve cost effectiveness, production 

yields, animal welfare and nutritional quality of farmed fish. 

10. Conclusive remarks 

Several aspects should be taken into account when talking about healthy dietary patterns. Due to 

constant population growth, to the spreading of under- and over-nutrition and to pressing 

environmental challenges, a universal healthy reference diet should be designed in order to be 

nutricious, sustainable and health-promoting (1). Scientific knowledge provide a basis to design the 

reference healthy diet, which should be rich in fruits and vegetables, whole grains, nuts and 

unsaturated oils, while low in red meat, processed foods and simple sugars (1). Data from several 
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large scale cohort observational studies offered robust evidence regarding the correlation between 

different dietary patterns and healthy outcomes (34,39,44,49). Together with a reduction in red meat 

intake, healthy reference diet should be based on an increased fish consumption, about two servings 

per week according to the EAT-Lancet Commission (1). Regular fish intake has been associated with 

reduced risk of cardiovascular, hepatic, neurodegenerative and inflammatory diseases (386,409,410). 

Fish is rich in omega-3 fatty acids, which are well-known regulators of various inflammatory 

pathways, including those mediated by NF-kB and TLR (411,412). These observations pose fish as 

one of the most important component of healthy eating patterns. Fermented foods, especially 

fermented plant foods should also be introduced into our modern healthy diets. Fermented 

vegetables have a unique fiber and polyphenols profile associated with their health potential 

(378,379). Different studies reported anti-inflammatory and gut health protective properties of 

vegetable fermented foods, thus justifying their introduction in our diets (373,377,381). The 

Mediterranean diet constitute an example of healthy diet. Its consumption has been associated with 

decrease risk of obesity, diabetes, cardiovascular disease and cancer (1,35,49,413), together with 

lower environmental impact when compared to our modern Western dietary pattern (WDP) (52–

54). The Industrial and green Revolutions, together with modern mas production of cheap 

ultraprocessed foods, has brought with it a drastic change in our eating habits, which today are 

characterized by high simple sugar and saturated fats intakes, as well as high intakes of red meat 

(58,59). The macronutrient imbalance, together with high levels of glycated metabolites (i.e. AGE) 

coming from excessive consumption of ultraprocessed foods, correlate modern WDP to chronic low-

grade inflammation, thus linking to obesity, metabolic syndrome, insulin resistance, dyslipidemia 

and all cause mortality (67,68).  

Together with the definition of a reference healthy diet, a transformation of the global food system 

is urgently needed. The modulation of environmental microbiomes along the food chain could 

represent a concrete and innovative approach to reach agri-food sustainability. Microbes are 

involved in many and disparate processes, from biogeochemical cycles, organic matter degradation, 

animal and humans health to food processing. A complete understanding of their metabolic 

potential along the food chain is essential to reach overall health and sustainability. By 

understanding which bacteria are responsible for food spoilage we could reduce food waste and 

losses while increasing food safety and valorizing food wastes into new innovative ingredients, 

including feeds for aquaculture (414).  
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A microbial interaction of great interest is the one connecting diet, the human gut microbiota and 

health. Diet strongly influences the gut microbiota composition and its metabolic activity (103,249). 

Several dietary components interact with the intestinal bacteria community, which is known to 

impact metabolic functions as well as immune responses in the host (141,187). GM is essential to 

assimilate complex dietary nutrients, as well as maintaining gut barrier function and immune 

system homeostasis (178). The beneficial activity of the GM starts from the fermentation of complex 

carbohydrates and other dietary components, which leads to the production of several microbial 

metabolites including SCFA, phenolic derivatives and many other bioactive compounds (109,309). 

All these molecules interact with different host cell signaling receptors, acting as anti-inflammatory, 

antioxidant, anti-cancer mediators and regulators of host energy metabolism and storage 

(111,252,415). For this reason, dysregulation of GM composition related to pathologic conditions 

(including diabetes, obesity and other chronic inflammatory diseases), or caused by a Western style 

diet affects not only gastrointestinal tract, but also influence overall health of the host. 

Aquaculture is one of the most important food production sectors, but more sustainable feeds 

replacing fish meals and fish oils are required in order to preserve the marine environment and to 

reduce costs (2). In the search of innovative feed, the impact of alternative ingredients on fish GM 

composition should be taken into account. In fact, alterations in gut microbial communities have 

been associated with adverse effects on fish health, including impaired immune system activity, 

reduced nutrients absorption and reduced growth performances (395,396). 

Although the role of microbiomes in health and sustainability has been widely studied and 

investigated, we still know very little about microbial communities and their flux along the food 

chain. More studies are needed to fully characterize food chain microbiomes, to link diet:microbes 

interaction in the gut with the host health. Recognizing the role of gut microbiomes in supporting 

sustainable, nutricious and health-promoting diet is essential to move towards a positive, 

sustainable and healthy future. A better manipulation of these interactions could improve both 

nutritional and environmental sustainability of the food chain connecting humans, animals and 

environment into the ‘One health’ concept. 
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Aim of this PhD thesis  

The overall aim of my PhD thesis is to investigate how sustainable, health-promoting and 

nutritious diets could be achieved by exploiting and modulating the food chain microbiomes with a 

particular focus on diet:microbe interactions in the gut. This was achieved through the following 

objectives: 

• To investigate the impact of the modern Western-style diet on the mammalian gut 

microbiota and specifically investigate whether dietary advanced glycation end products 

(AGE) common in ultra-processed foods, could induce changes in the gut microbiome 

similar to those reported for metabolic disease and investigate whether these microbiota 

changes might be linked to the observed detrimental impact of AGE on host systemic 

inflammation.  

• To investigate whether whole plant foods, in this case two species important for the local 

food production system, can mediate a beneficial modulation of the gut microbiota, 

increasing abundance of health promoting bacteria, production of biologically active 

beneficial metabolites and improving markers of gut health using an in vitro fermentation 

system and models of intestinal mucosal integrity and immune function. 

• To characterize the successional development of a locally produced fermented food, 

create a biobank of lactic acid bacteria of putative biotechnological and health (probiotic) 

importance, and investigate whether sauerkraut water can impact on markers of gut 

health using preclinical in vitro models of intestinal integrity and immune function.  

• To investigate how novel, sustainable and environmentally friendly animal feeds impact 

on the composition and immune effects of the intestinal microbiota of farmed trout and 

evaluate the potential of the fish intestinal microbiome as a modifiable target to improve 

trout health and production yields.  

 

The thesis is organized into 6 chapters. The first chapter is a descriptive literature review 

discussing the evolution of healthy human dietary habits, the composition and health effect of the 

human gut microbiota, how the foods known to make up healthy dietary patterns appear to work 

through the gut microbiota, and how food chain microbiomes and in particular, gut associated 

microbiomes, might be harnessed to improve dietary sustainability and nutritional quality.  Chapter 

2 describes how the gut microbiota (GM) could mediate some of the harmful metabolic effects of 
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AGE-enriched diets in mice, identifying the GM as a possible modifiable risk factor in metabolic and 

inflammatory diseases associated with the modern Western-style diet (MWD). Chapter 3 and 4 

report respectively in vitro experiments investigating whether two locally important brassica crops, 

Broccolo of Torbole and Moringa oleifera, through their glucosinolates and polyphenols compositions 

and their interactions with the GM, might improve markers of gut health. Chapter 5 reports a multi-

disciplinary characterization of organic, locally produced sauerkraut, in which culture based 

microbiology,  metagenomics, NMR based metabolomics and in vitro intestinal epithelium models 

were employed to characterize both the associated food chain microbiome and investigate whether 

sauerkraut water could improve markers of gut health. Finally, Chapter 6 investigates how the 

intestinal microbiome of farmed trout may be modulated by novel, environmentally friendly and 

sustainable diets, to improve the gut health, immune function and production of farmed trout, an 

important source of nutritious fats and non-red meat derived protein for a sustainable and healthy 

human diet. 
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1. Introduction 

The ageing of world population and the rapid changes in lifestyle which have occurred in recent 

decades have contributed to a growing epidemic of chronic metabolic and inflammatory diseases 

(1). In particular, nutrition is now considered one of the main modifiable risk factors for metabolic 

inflammation (known as “metaflammation”), which is a pathological feature characterizing many 

chronic diseases. Our modern Western-style diet (MWD) is characterized by high intake of sugar 

and saturated fats, and a concomitant low intake of fresh plant-based food (2). Moreover, MWD 

accounts for overconsumption of ultra-processed foods which contain high levels of advanced 

glycation end-products (AGEs) (3). These highly reactive compounds are derived from a first 

reaction between a reducing sugar and the amino group of proteins and give rise, through a 

sequence of dehydration, cyclization, fragmentation, and oxidation reactions, to final AGE-modified 

proteins, which are non-degradable by human digestive enzymes and are functionally compromised 

(4). A growing body of evidence is demonstrating the pivotal role of AGEs play in several pathogenic 

mechanisms underpinning oxidative stress, unresolved inflammation and endothelial dysfunction, 

all of which contribute to onset chronic diseases such as type 2 diabetes, atherosclerosis, 

cardiovascular diseases, and renal dysfunction (5). AGEs can be endogenously formed in conditions 

of hyperglycemia and dyslipidemia (6). However, AGEs can also be formed in foods during  cooking 

or food processing. Indeed, particular conditions of cooking (high temperatures for long time, low 

level of hydration and high pH) generate large amounts of different classes of AGEs (7). Several 

databases reporting AGEs  content of common ingredients and foods have been published, however, 

data are often  contradictory and chemical characterization of AGEs is limited (8,9). Very recently, 

the Senate Commission on Food Safety of the German Research Foundation has published quality 

criteria for studies dealing with dietary glycation compounds and human health (10). Accordingly, 

the best methods available for quantification of AGEs rely on chromatographic analyses, and by 

using these methods, a daily intake of AGEs between 25 and 75 mg  has been estimated (9). Even 

though dietary interventions  which reduce AGEs intake have been demonstrated to be effective in 

reducing markers of oxidative stress, inflammation, and endothelial dysfunction in patients with 

diabetes or cardiometabolic diseases (11), many questions remain unanswered. We still do not know 

to what extent dietary AGEs contribute to the physiological pool of AGEs. Similarly, we still do not 

fully understand how AGEs can modify systemic and tissue proteins, including their post-

translational modification such as glycosylation, and affect overall metabolism even in the absence 
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of pre-existing cardiometabolic disorders. It has been estimated that a fraction of ingested AGEs, 

that are not absorbed and not defecated, may be metabolized intraluminally by the mammalian gut 

microbiota (GM) (12). It has been recently shown that AGEs such as N-"-carboxymethyllysine (CML) 

can be metabolized by the human microbiota (13) and that E. coli is able to convert CML to mainly 

one metabolite, the biogenic amine N-carboxymethylcadaverine (14). Moreover, Mills and 

colleagues (2008) investigated the effect of glycated bovine serum albumin on  the GM of ulcerative 

colitis (UC) subjects, highlighting the role of dietary glycated protein in driving dramatic alterations 

in colonic microbiota composition in vitro (15). More recently, Qu and collaborators (2017) 

demonstrated that dietary AGEs significantly impacted on gut microbial ecology of Sprague-

Dawley rats, by negatively affecting diversity and richness, reducing saccharolytic SCFA-producing 

bacteria and increasing harmful bacteria such as Desulfovibrio (16). Hence, the present study, aimed 

to investigate the effects of an AGE-enriched diet (AGE-D) on gut microbiota composition and 

function, as well as on the development of metabolic inflammation, focusing on the molecular 

pathways activated by AGEs chronic exposure at organ and tissue levels. My personal contribution 

to this work, which is part of a larger collaboration with the University of Torino, measuring the 

impact of AGEs  on the GM and to assess whether a diet enriched in AGEs may mediate its putative 

pro-inflammatory role at least in part, by reshaping the gut community structure. I performed the 

DNA extraction from murine faecal samples and 16S rRNA microbiota analysis by Illumina MiSeq 

high-throughput sequencing, followed by microbial community analysis using QIIME2.0 pipeline. 

Moreover, I made use of different statistical tests in R studio to analyze 16S rRNA sequencing results 

and to perform correlation analysis between GM composition, systemic metabolites and 

inflammatory markers. Finally, I contributed to the overall preparation of the manuscript, which is 

presented here as supplementary material. 
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2. Materials and methods 

2.1 Animals, experimental design and feces collection 

The in vivo experimental procedures here described were performed at the University of Torino. 

All experimental procedures were approved by the local Animal Use and Care Committee and the 

Ministry of Health (approval n° 42/2017-PR) and are in keeping with the European Directive 

2010/63/EU on the protection of animals used for scientific purposes as well as the Guide for the 

Care and Use of Laboratory Animals. This study was carried out using 4-weeks old C57BL/6 male 

mice, housed in a controlled environment at 25 ± 2°C. Mice were randomly allocated to two 

experimental groups (n = 15 per group): mice fed with a control not-irradiated standard isocaloric 

diet (CD) and mice fed with an AGE-enriched diet (AGE-D) for 22 weeks. AGE-D was prepared 

replacing casein in the CD (200 g/kg of diet) by an equal amount of modified casein where 80.5% of 

arginine and 41.5% of lysine were modified. The diet contained 15 µmol of MG-H1 (methylglyoxal-

derived 5-hydro-5-methylimidazolone) per g of diet. All groups received water and food ad libitum. 

Body weight and food/water intake were recorded weekly, whereas fasting glucose was recorded 

monthly. After 22 weeks of dietary manipulation, one day before the end of the experiment, feces 

were collected using metabolic cages (18 h starving) from CD (n = 8) and AGE-D (n = 10) mice. 

2.2 Fecal Microbiota Analysis 

Total genomic DNA extraction from frozen feces was carried out using QIAamp® PowerFecal® 

DNA Isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) and then subjected to PCR 

amplification by targeting 16S rRNA V3-V4 variable regions with specific bacterial primer set 341F 

(5’ CCTACGGGNGGCWGCAG 3’) and 806R (5’ GACTACNVGGGTWTCTAATCC 3’), as 

previously reported (17). PCR products were checked by gel electrophoresis and cleaned using 

Agencourt AMPure XP system (Beckman Coulter, Brea, CA, USA), following manufacturer’s 

instructions. After 7 PCR cycles, (16S Metagenomic Sequencing Library Preparation, Illumina), 

Illumina adaptors were attached (Illumina Nextera XT Index Primer). Libraries were purified using 

Agencourt AMPure XP (Beckman) and then sequenced on an Illumina® MiSeq (PE300) platform 

(MiSeq Control Software 2.0.5 and Real-Time Analysis software 1.16.18). Sequences obtained from 

Illumina sequencing were analyzed using Quantitative Insights Into Microbial Ecology (QIIME) 2.0 

pipeline (18). Percentage relative abundance of taxa from different dietary groups were compared 

using non parametric Wilcoxon statistical test. α and β-diversity estimates were determined using 

phyloseq R Package (19). Correlation between bacterial genera and systemic parameters in CD and 
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AGE-D groups was performed by Spearman correlation analysis. Unidentified genera include those 

whose percentage sequence homology with Greengenes database was below 95% 

(http://greengenes.lbl.gov) (20).  

2.3 Statistical Analysis 

All statistical analysis was performed using R studio version 3.6.2. Normal distribution of data 

was assessed by Shapiro–Wilk’s test. Percentage relative abundance of taxa from different dietary 

groups was compared using nonparametric Wilcoxon test. Pairwise comparison among groups in 

terms of α-diversity was performed by Kruskal–Wallis test. Differences in the β-diversity were 

checked using the non-parametric Permutational Multivariate Analysis of Variance 

(PERMANOVA) and adonis tests with 999 permutations, via the vegan R Package (21). Correlation 

between bacterial taxa and immune and inflammatory measurements was performed by 

Spearman’s correlation analysis. All p-values were adjusted using Benjamini-Hochberg false 

discovery rate (FDR) correction. After FDR correction, a p value < 0.05 was considered statistically 

significant. All data are expressed as the mean ± standard deviation, SD.  

3. Results 

3.1 Chronic AGEs Exposure Altered Microbial Community Profile 

Illumina® MiSeq (PE300) sequencing of gut microbial 16S rRNA gene amplicons produced a total 

of 6,196,215 reads, with 126,453.37 ± 29,464.55 raw reads per sample. After QIIME 2.0 analysis, we 

removed chimeras, low quality sequences, and sequences that were identified as Cyanobacteria, and 

the total number of reads was 4,408,552, with 89,970.45 ± 21,973.12 raw reads per sample. Three 

different indices were used to analyzed changes in bacterial α-diversity, namely the observed 

number of OTUs, the Chao1 index and the Shannon entropy index (Figure 1). No differences were 

observed in gut microbial α-diversity at T0 (baseline) among the two groups. Compared to CD and 

to baseline, AGE enriched diet did not significantly affect bacterial α-diversity after 22 weeks of 

dietary treatment (Figure 1). In order to highlight differences in bacterial composition, we plotted 

β-diversity using Bray-Curtis dissimilarity index, weighted and unweighted UniFrac distances 

(Figure 2A, B, C). All the three β-diversity indices showed a clear separation of AGE-D mice from 

CD in fecal microbial composition at T22 weeks (p < 0.001) (Figure 2). 
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Figure 1. Bacterial α-diversity using observed OTUs, Chao1 and Shannon index, at baseline (T0) and after 

22 weeks of dietary treatments: control diet (CD) or AGE-enriched diet (AGE-D). Different colors indicate 

different dietary treatments. Line inside the box represents the median (CD, n=8; AGE-D, n=10), whiskers from 

either side of the box represent the first and the third quartiles, respectively. 

 

 

 

  



98 

 

Figure 2. Principal Component Analysis (PCoA) representing the bacterial β-diversity according to Bray-

Curtis dissimilarity index (A), unweighted (B) and weighted UniFrac analysis (C). Different colors indicate 

different dietary treatments (CD, control diet; AGE-D, AGE enriched diet) and different shapes indicate 

different timepoints, as shown in the legend.  
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The statistically significant results of GM analysis in relative abundance of taxa are illustrated in 

Figure 3. At T0 there were no significant differences between the treatments in bacterial taxa 

abundance at every taxonomic level, from phylum to genus. After 22 weeks of dietary treatment, at 

family level, AGE-D mice had significantly lower S24-7 bacteria (Muribaculaceae, within the 

Bacteroidetes phylum, p < 0.05) and double the abundance of Lachnospiraceae (p < 0.01), in 

comparison to CD mice; while at the genus level, AGE-D mice had lower Lactobacillus (p < 0.001), 

Prevotella (p < 0.01), Anaerostipes (p < 0.01), and Candidatus Arthromitus (p < 0.01) and higher 

Parabacteroides (p < 0.001), Ruminococcus (Lachnospiraceae family, p < 0.001) and Lawsonia (p = 0.01) 

(Figure 3). There was a trend towards a decrease in Bacteroides/Firmicutes (F/B) ratio in the AGE-D 

group at T22, compared to CD, although not statistically significant (p > 0.05). 
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Figure 3. Boxplots of percentage relative abundance of fecal microbial genera in CD (n = 8) and AGE-D (n 

= 10) mice at 22 weeks (T22) of dietary intervention after 16SrRNA sequencing using V3-V4 targeted primers. 

“Unidentified genus 1”: a genus within the Family S 24-7 which could not be assigned at a percentage sequence 

homology of at least 95% to any existing genera within the reference database (http://greengenes.lbl.gov). 
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Figure 1. Continues from previous page. 

 

 

 

3.2 Correlation analysis between microbial genera and inflammatory and immune 

measurements 

The heatmap of Spearman’s rank correlation coefficients in Figure 4 indicate significant correlation 

between relative abundance of bacterial families/genera and systemic inflammatory profiles and 

lipid/glucose related parameters  which were measured by our collaborators at the University of 

Torino (Table 1). Indeed, the overall results obtained in CD and AGE-D groups showed that 

Lachnospiraceae, Parabacteroides, Lawsonia and Ruminococcus (Lachnospiraceae family) are all 

positively correlated to PAI-1, IL-1β, and IL-17 levels and negatively correlated to GIP and GLP-1. 

Furthermore, Prevotella, Lactobacillus, Anaerostipes, and Candidatus Arthromitus have a significant 

positive correlation with GIP and GLP-1, and a negative correlation with systemic inflammatory 

blood parameters PAI-1, IL-1β, and IL-17. 
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Table 1. Systemic inflammatory and lipid/glucose profile parameters at 22 weeks of the AGE-enriched diet 

(AGE-D) in comparison to the control diet (CD), measured by our collaborators at the University of Torino. 

GIP, gastric inhibitory peptide; GLP-1, glucagon-like peptide 1; PAI-1, plasminogen activator inhibitor-1; IL, 

interleukin. Data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01 vs CD. 

 
CD AGE-D 

Blood glucose (mg/dL) 85,38 ± 6,19 92,70 ± 14,06 

Insulin (pg/mL) 2.579,23 ± 691,16 3.883,65 ± 1.333,54* 

GIP (pg/mL) 628,49 ± 73,84 462,62 ± 72,62* 

GLP-1 (pg/mL) 642,45 ± 82,83 472,62 ± 79,31* 

PAI-1 (pg/mL) 1.188,70 ± 373,13 2.320,14 ± 276,82** 

IL-1β (pg/mL) 1,32 ± 1,02 8,79 ± 5,90** 

IL-17 (pg/mL) 7,07 ± 3,53 18,57 ± 2,29* 

Serum creatinine (mg/dL) 0,22 ± 0,03 0,32 ± 0,09 
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Figure 4. Heatmap of Spearman’s correlation between the fecal bacteria genera and systemic measurements 

in CD and AGE-D groups. Dark red indicates positive correlation, while dark blue represents negative 

correlation. Stars indicate statistical significance after FDR correction (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Genera and families were reported as “Unidentified” when they could not be assigned to any genera/family 

within a given family/order at a percentage sequence homology of 95% and 90%, respectively, to existing 

genera and families in the reference database (https://www.arb-silva.de/download/archive/, accessed on 13 

July 2020). 
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4. Discussion 

Dietary AGEs represent an example of pro-inflammatory compounds present at significant 

concentrations in our modern Western style diet and have been implicated in the development of 

metabolic inflammation (2). In the present study we reported for the first time that the enrichment 

of a standard diet with MG-H1, a common dietary AGE found in highly processed foods (22), is 

sufficient to evoke alterations in microbiota homeostasis. A non-irradiated standard diet enriched in 

only MG-H1 was used to investigate the effective causal contribution of a well-characterized AGE 

in metabolic derangements, excluding the effect of other factors such as food processing products or 

alternative sources of AGEs. Maillard reaction, commonly known as protein glycation, normally 

occurs in vivo but it also occurs during the preparation of foods at high temperatures. Here, the AGEs 

diet was enriched in MG-H1, which is one of the most important Maillard reaction products 

identified and quantified in food and biological matrices (22), and the most abundant in body fluids 

of diabetes patients (23,24). The AGE-D differed from the control diet only for the presence of MG-

H1 instead of a part of the arginine residues in the casein; thus, indicating that all the systemic and 

tissue alterations recorded in this investigation have to be related to this dietary modification.  

Several cross-sectional and intervention studies have shown positive correlations between AGEs 

intake and their circulating levels, as measured by food databases (4,8,25). Isocaloric restrictions of 

dietary AGEs have been shown to decrease circulating AGEs levels and inflammatory biomarkers, 

and to improve endothelial dysfunction (26). However, the mechanisms linking dietary AGEs 

exposure to their absorption and their effective bioavailability, are still largely unknown. 

Interestingly, it has been recently  suggested that some of the ingested AGEs are neither absorbed 

nor defecated and could be metabolized intraluminally by the GM (27). The intestinal AGEs 

processing is due to specific microorganisms and local AGEs accumulation may affect gut 

microbiota through negative selection for direct toxic effects, or positive selection favoring bacterial 

species that use AGEs as source of energy (28). AGEs have been previously shown to alter colonic 

microbiota composition in vitro, promoting the growth of sulphate-reducing bacteria, clostridia and 

Bacteroidetes and decreasing putatively beneficial lactobacilli and bifidobacteria (15). Here, for the 

first time, we demonstrated that a diet enrichment with a single AGE is sufficient to induce 

significant changes in the microbiota composition. Notably, the MG-H1 enriched diet used here was 

neither heated nor irradiated; thus, offering an appropriate experimental tool  to detect the impact 

of AGEs on gut microbiota. Indeed, many contradictory data have been reported on the effect of 
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heated foods on microbiota due to the heterogeneity of compounds that are formed during thermal 

treatment (29–31). Our results showed marked differences in gut microbiota population of AGE-D 

mice, characterized by a depletion of commensal bacteria such as S24-7, Candidatus Arthromitus and 

Anaerostipes. Among them, Candidatus Arthromitus plays a key role in mouse intestinal immune 

function control and its downregulation may be associated with intestinal inflammatory imbalance 

(32). In addition, AGE-D mice showed a decrease of a butyrate-producing bacterial genus, 

Anaerostipes, that is inversely related to inflammation and insulin resistance, since butyrate is 

reported as one of the most important short-chain fatty acids (SCFAs) in the maintenance of colonic 

health (33). Moreover, we also found an increase of Parabacteroides, Ruminococcus (Lachnospiraceae 

family) and Lawsonia in the AGE-D group. An abnormal increase in Lachnospiraceae has been 

recently proposed as one of the factors involved in metabolic diseases such as diabetes and obesity 

(33), but the mechanism through which these bacteria affect these conditions is still unclear. It has 

been proposed that members of Lachnospiraceae may be involved in intestinal lipopolysaccharide 

translocation in blood, thus becoming one of the causes of the inflammatory processes which 

characterize these metabolic diseases (34). Our results support previous studies where Lactobacillus 

spp. ameliorate Type 2 diabetes by acting on GLP-1 incretin mechanism (35). Prevotella is a dietary 

fiber fermenter bacterium, known to increase after a high fiber intake (36) and to produce SCFAs 

(37), which affect satiety regulation and glucose metabolism by increasing GLP-1 and other gut 

hormones production (38). This mechanism may provide a link between Prevotella reduction in AGE-

D mice and incretin production. Diet induced shifts in gut microbial population by modulating 

SCFAs production: we can speculate that AGE-enriched diet may affect incretin production by a 

microbiota-driven mechanism, in which Prevotella and other fiber-fermenting and SCFAs-producing 

bacteria are decreased. The rise of Lawsonia abundance was previously observed in diabetic mice fed 

with high-fat chow and was seen to decrease after metformin treatment, which normally acts by 

increasing GLP-1 production and glucose utilization (39–41). Furthermore, since results from our 

collaborators highlighted the role of AGEs in reducing GLP-1 levels, we speculated that the Lawsonia 

increase in AGE-D mice may be caused by incretins imbalance and systemic changes induced by 

MG-H1. Many of the microbial alterations observed in AGE-D group were significantly related to 

incretins and inflammatory markers levels and have been associated in previous studies with 

obesogenic and/or diabetogenic environments. In this study, we demonstrated that GM profile of 

AGE-D mice correlated with impaired systemic measures of metabolic disease markers, including 

plasma IL-1β, IL-17 and PAI-1 levels and negatively correlated to circulating incretins GIP and GLP-
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1. In AGE-D mice, the increase in blood concentrations of pro-inflammatory cytokines IL-1β and IL-

17, and of PAI-1, a key regulator of vascular remodeling involved in various thrombotic diseases 

(42), highlighted the role of dietary AGEs in inducing inflammation and vascular integrity 

impairment. Moreover, the reduction in incretins levels following AGE-D linked dietary AGEs with 

the development of metabolic disorders, since both GIP and GLP-1 are the two primary gut 

hormones involved in the modulation of glucose metabolism and have a protective role against 

metabolic disease in laboratory animals and in humans (43). Here, we performed a Spearman’s 

correlation analysis to understand which bacteria could have a role in mediating AGE-D metabolic 

and inflammatory impairments. In particular, we found that Lachnospiraceae, Parabacteroides, 

Lawsonia and Ruminococcus (Lachnospiraceae family) showed a strong positive correlation with PAI-

1, IL-1β, and IL-17 levels, while they showed a strong negative correlation with GIP and GLP-1. 

Furthermore, Prevotella, Lactobacillus, Anaerostipes, and Candidatus Arthromitus had a significant 

positive correlation with GIP and GLP-1, and a negative correlation with systemic inflammatory 

blood parameters PAI-1, IL-1β, and IL-17. These results suggest that a modern AGE-enriched diet, 

even if isocaloric, could induce detrimental changes in the host inflammatory state and metabolism. 

Interestingly, compared to CD, the AGE-D was not characterized by a higher body fat content, and 

mice fed with AGE-D did not show an increase in body weight gain and feeding behavior. This 

suggests that the simple enrichment of MG-H1 in the diet caused a reshaping of the microbiota 

towards a profile normally observed in high-fat diets or in the presence of inflammatory conditions 

such as diabetes. Our results showed that systemic imbalance caused by AGEs enrichment in diet, 

mainly in the pro-inflammatory profile, incretins axis, and glucose control, induced significant 

changes in gut microbial populations. Furthermore, these shifts resemble what has previously been 

seen in obesity, diabetes, and metabolic disorders (17). 

Our findings support recent evidence describing the deleterious effects of high- and ultra-processed 

food consumption on the risk of chronic metabolic and inflammatory diseases in both animal and 

human studies (44–46), thus highlighting the importance of limiting their consumption whatever 

dietary habits are followed. Moreover, we provide new findings linking diet, inflammation and gut 

microbiota, demonstrating that some of the physiological effects of dietary AGE chronic exposure 

can be mediated by through the GM. 

Our study has several limitations. First, the dietary content of MG-H1, which is far more than the 

amount that may normally be ingested. In addition, no significant changes in systemic lipid and 

glucose profile were recorded, despite the significant changes in the blood levels of key master 
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hormonal regulators of metabolism; thus, suggesting that longer kinetics of dietary manipulation 

and/or more severe dietary insult are required to obtain clinically relevant metabolic derangements. 

However, our findings help to elucidate the pivotal role of AGEs as a link between modern diet and 

health or disease risk, moving from correlation toward causation. Further experimental and clinical 

studies are needed to highlight the importance of specific AGEs in human metabolism and disease 

and to investigate how different AGEs impact on microbiota composition or are modified 

themselves by the gut microbiota. Further studies should also determine how AGEs can elicit 

specific signaling functions in the perspective of preventing the progression of diet-related metabolic 

derangements. 
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Abstract:  

Brassica vegetables constitute a rich source of polyphenols, glucosinolates and fiber. A major 

proportion of these compounds escape absorption in the small intestine, and instead reach the colon, 

becoming available for gut microbiota (GM) metabolism. Here, fiber and phytochemicals are 

supposed to modulate GM composition and activity, thus producing bioactive compounds 

considered to be responsible for anti-inflammatory and anti-cancer properties of Brassica. Here, a 

local variety of broccoli (Brassica oleracea var. botrytis, BR) was digested and fermented in vitro using 

a pH-controlled anaerobic fecal fermentation model. The effects on GM composition were measured 

by 16S rRNA gene Illumina MiSeq sequencing (V3-V4 region) and QIIME2 pipeline analysis. 

Variation in polyphenols and glucosinolates during fermentations was assessed through Liquid 

Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS), while short chain fatty acids 

(SCFA) were determined through gas chromatography-mass spectrometry (GC-MS/MS) analysis. 

To assess the role of BR microbial metabolites in modulating gut permeability, we employed an in 

vitro model of intestinal epithelium formed by human colorectal adenocarcinoma cells (Caco-2). BR 

significantly reduced bacterial α-diversity, decreasing Alistipes and Ruminococcus 1 relative 

abundances and increasing Escherichia-Shigella. In terms of metabolic outputs, quercetin 3,4’-

diglucoside, caffeic acid, ferulic acid and sinapic acid significantly decreased after 24 h of BR 

fermentation, thus confirming the role of GM in driving the metabolism of Brassica phytochemicals. 

24 h incubation of BR faecal supernatants on Caco-2 monolayers did not improve nor decrease trans 

epithelial electric resistance (TEER), thus suggesting mechanisms other than barrier strengthening 

may account for the anti-inflammatory effects of  broccoli.   
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1. Introduction 

The EAT-Lancet Commission recently summarized the evidence describing healthy dietary 

patterns, confirming that 5-portions daily consumption of fruit and vegetables is essential to reduce 

risk of major chronic diseases, including cardiovascular disease, cancer and diabetes, and to promote 

overall wellbeing (1). Brassicaceae represent a family of vegetables broadly recognized for their 

potential health benefits. Their regular consumption has been associated with a decreased risk in 

developing various type of cancers via the induction of anti-inflammatory and antioxidant enzymes 

(2). Brassica-related benefits have been addressed to their unique phytochemical composition (3). In 

fact, besides being high in micronutrients and soluble fiber, Brassica vegetables constitute a rich 

source of polyphenols and glucosinolates, secondary metabolites produced by the plant as part of 

the defense system or acting as attractans for pollination and seed dispersion (4–7). Some of these 

molecules have been investigated during in vitro and animal in vivo studies for their potential 

beneficial effects on human health, including protection against obesity related diseases and weight 

gain (8,9), prevention of inflammatory states (10) and antioxidant capacity (11–13). The human gut 

microbiota (GM) may play a crucial role in mediating several of Brassica health effects, since it 

influences the bioavailability and the absorption of both glucosinolates and polyphenols (14–16). 

Colonic microbial metabolism of Brassica phytochemicals generates a broad spectrum of bioactive 

breakdown compounds, such as isothiocyanates and small phenolics (17–19). On the other hand, 

fiber and phytochemicals interact with human GM by regulating its composition and metabolism. 

A diet rich in polyphenols has been related to increased abundance of beneficial bacteria such as 

Lactobacillus, Bifidobacterium and Akkermansia muciniphila (20). Similarly, dietary fiber constitutes an 

important source of carbohydrate substrates for microbial fermentation, providing the energy and 

carbon source to support the gut microbiota. Fermentation of dietary fibers depends on their 

chemical composition and structure, with individual fibers favoring those bacteria which possess 

the necessary enzymes to degrade particular carbohydrates. Dominant and prevalent 

microorganisms involved in fiber fermentation include Faecalibacterium, Roseburia, Bacteroides, 

Ruminococcus, Bifidobacterium and Prevotella (21,22). The intestinal epithelium plays a crucial role in 

the absorption of nutrients and bioactive compounds deriving from microbial metabolism. The 

intestinal epithelial cells, together with the surrounding mucus layer and the mucosal immune 

system, constitute a physical barrier which protects against uncontrolled bacterial translocation 

through the epithelial mucosa to blood stream (23). Alterations of the gut barrier integrity lead to 
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augmented gut permeability (i.e. ‘leaky gut’) with a concomitant absorption of bacterial 

lipopolysaccharide A (LPS), a component of outer membrane in gram-negative bacteria known to 

promote local or systemic inflammation (24,25). Trans epithelial electric resistance (TEER) 

measurement is a reference technique used to measure gut barrier integrity in cell culture models of 

epithelial monolayers, thus representing a useful tool to understand how different compounds could 

influence the intestinal barrier function (26). There is evidence that daily consumption of a diet 

containing 10% to 15% (w/w) broccoli for 2 or 3 weeks can inhibit barrier dysfunction in chemically 

induced colitis mice model, thus reducing gut permeability and preventing undue inflammation 

(27,28). 

The aim of this study was to investigate changes in gut microbiota composition and metabolism 

after in vitro anaerobic pH-controlled fecal fermentation of steam cooked Broccolo of Torbole 

(Brassica oleracea var. botrytis), a winter crop of broccoli ecotype selected because of its frequency of 

consumption in Trentino region. For this ecotype, both the florets and the broad outer leaves that 

surround a head of broccoli are normally consumed, while for other broccoli the main edible parts 

are the florets (and eventually the stalk). We investigated microbial metabolites production 

performing Liquid Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS) analysis 

and we measured short chain fatty acids (SCFA) production over the fermentation process through 

gas chromatography-mass spectrometry (GC-MS/MS). Moreover, an in vitro model of intestinal 

epithelium formed by human colorectal adenocarcinoma cells (Caco-2) was employed to investigate 

a potential protective role of Broccolo of Torbole consumption on gut barrier integrity. Since 

intestinal permeability may trigger inflammatory cascades in other district of the organism in vivo, 

the in vitro intestinal model used in our study may elucidate the role of GM and its Brassica 

metabolites in maintaining gut barrier function. 

2. Materials and methods 

2.1 Broccoli collection and cooking 

Broccolo of Torbole (Brassica oleracea var. botrytis) was obtained from a local farm in Linfano di 

Arco, Italy, in January 2020 and washed with tap water. Broccoli florets and leaves were cut into 

pieces of approximately 5 x 5 x 5 cm and then steamed for 30 minutes in a steam oven. Steamed 

broccoli were drained of water, portioned (leaves and florets in equal proportions), vacuum-packed 

and stored at –80 °C until further analysis were performed.  
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2.2 In vitro digestion 

To simulate human digestion in the stomach and small intestine, the in vitro digestion protocol of 

Minekus et al. (2014) was used with some modifications (29). The same protocol was used to digest 

Broccolo of Torbole leaves and florets (BR), and the control substrates cellulose (CL) as a poorly 

fermented fiber, or as a readily fermented fiber inulin (IN). 30 g of sample was added to 30 mL of 

simulated salivary fluid (21 mL saline solution, 5.85 mL milliQ H2O, 150 µL 0.3 M CaCl2(H2O)2, 3 mL 

1500 U mL-1 α-amylase, Sigma-Aldrich) and incubated for 2 min at 37°C while rotating at 150 rpm. 

Subsequently, the oral bolus was mixed to 100 mL of simulated gastric fluid (45 mL saline solution 

containing 10mg/mL lipid vescicles, Sigma Aldrich, 4.17 mL milliQ H2O, 30 µL 0.3 M CaCl2(H2O)2 

and 9.6 mL 25000 U mL-1 pepsin, Sigma Aldrich) to simulate the gastric phase and pH was decreased 

to pH 3 with 5 M HCl. This mixture was incubated for 2 hours at 37 °C while rotating at 150 rpm. 

Finally, the food bolus passed to the intestinal phase, where it was mixed with 200 mL of simulated 

intestinal fluid (66 mL saline solution, 7.86 mL milliQ H2O, 240 µL 0.3 M CaCl2(H2O)2, 4.8 g porcine 

bile extract and 30 mL 800 U mL-1 pancreatin) and where the pH was increased to pH 7 using 5 M 

NaOH. This mixture was incubated for 2 hours at 37 °C while rotating at 150 rpm. To simulate 

passive intestinal absorption of water and hydrolytic products from digestion in the small intestine, 

in vitro dialysis was performed using Spectra/Por® Dialysis Membrane MWCO 1000 KDa (Repligen, 

Waltham, MA, USA). Samples were collected inside dialysis membranes and sealed at both ends. 

They were incubated overnight at 4 °C while rotating, inside tanks with a volume 100 times higher 

than the sample volume and filled with a 10 mM NaCl solution. After incubation, samples were 

frozen at – 80°C overnight and, subsequently, freeze-dried. Freeze-dried samples were milled using 

a sterile pestle, divided into portions of 2 g/each and then stored at –80 °C until further analysis. 

2.3 Faecal batch cultures 

Glass water-jacketed vessels (300 mL) were sterilized and filled aseptically with 180 mL of pre-

sterilized basal nutrient medium according to Sanchez-Patan et al. 2012 (30). Fecal samples were 

collected from three healthy volunteers in total (age between 20 and 50 years, no antibiotic treatment 

in the 3 months preceding the experiment). 10% (wt/vol) faecal slurry was prepared by diluting 

freshly collected feces with anaerobic 1X PBS (pH 7.2). For each volunteer, four batch fermenters 

were run in parallel (corresponding to four different fermentation substrates, as described below), 

filled with sterile medium and inoculated with 20 mL of 10% (wt/vol) faecal slurry up to a total 

volume of 200 mL. Fermenters were assembled and autoclaved the day before the experiment. 180 
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mL of sterile boiling anaerobic medium were added and anaerobic conditions were maintained by 

O2-free N2 (15 mL/min) flow until the end of the experiment. Temperature was held at 37 °C using a 

circulating water bath (Thermo Fisher Scientific, Waltham, MA, USA), and pH was controlled 

between 5.5 and 5.9 using an automated pH FerMac 260 controller (Gloucester, England-GL208JH, 

UK) which added 0.5 M HCl or 0.5 M NaOH as required. An image of fementation vessels is shown 

in Figure 1.  

Figure 1. Schematic representation of the faecal batch culture experiment.  

 

On the day of the experiment, fresh fecal sample was collected and slurries were prepared by 

homogenizing faeces in anoxic 1X PBS (pH 7.2) in  Stomacher® 400 Circulator (Seward Ltd., UK). 

After inoculation with faecal slurry, 2 g of freeze-dried in vitro digested substrate were added in each 

fermenter. This amount of substrate was estimated in order to reflect colonic proportion of digested 

food and faecal slurry. Also, this considers that a total amount of approximately 200 g of material 

(including food particles, water, bacteria and mucus) could be measured at any given time in the 

large intestine (31). The experimental conditions were as follows: vessel 1, contained only faecal 

inoculum and no substrate (blank, BK); vessel 2, 1% (w/v) digested desugared inulin (IN, positive 

control), vessel 3, 1% (w/v) digested methylcellulose (CL, negative control) and vessel 4, 1% (w/v) 

steamed-cooked digested Broccolo of Torbole (BR). Batch cultures were carried out over 24 hours 
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and samples were obtained from each vessel at time 0 (baseline, after faecal inoculum), 5, 10, 24 

hours. The chosen sampling time points were selected in order to comprise the lag (0 h), exponential 

(5 h), stationary (10 h) and death (24 h) phases of bacterial growth, thus having a comprehensive 

overview of the batch culture process. Samples were immediately centrifuged at 13000 g for 5 min. 

Pellets and supernatants were stored at –80 °C for microbiota and metabolite analysis respectively. 

2.4 Gut microbiota analysis 

Total DNA extraction from frozen pellets (10-20 mg) was performed using  MP Biomedicals™ 

FastDNA™ SPIN DNA Isolation Kit for Feces (Thermo Fisher Scientific, Waltham, MA, USA), 

following manufacturer’s instructions. DNA quality and concentration were measured using a 

NanoDrop® 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). PCR 

amplification was performed by targeting 16S rRNA gene V3-V4 variable regions with the bacterial 

primer set 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-

GACTACNVGGGTWTCTAATCC-3′), as previously reported (32). PCR amplification of each 

samples was carried out using 25 µL reactions, with 12.5 µL of 2X KAPA Hifi HotStart Ready Mix 

(Kapa Biosystems Ltd., UK), 0.5 µL of each primer, 2.5 µL DNA (5 ng/µL) and 9 µL. All PCR reactions 

were carried out using the Verity™ 96-well Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, 

USA), according to the following protocol: 5 min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 55 °C, and 

30 s at 72 °C, followed by a final extension of 5 min at 72 °C. PCR products were checked by gel 

electrophoresis and cleaned using an Agencourt AMPure XP system (Beckman Coulter, Brea, CA, 

USA), following the manufacturer’s instructions. After seven PCR cycles (16S Metagenomic 

Sequencing Library Preparation, Illumina), Illumina adaptors were attached (Illumina Nextera XT 

Index Primer). Libraries were purified using Agencourt AMPure XP (Beckman) and then sequenced 

on an Illumina® MiSeq (PE300) platform (MiSeq Control Software 2.0.5 and Real-Time Analysis 

software 1.16.18, Illumina, San Diego, CA, USA). Sequences obtained from Illumina sequencing 

were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) 2.0 pipeline (33). 

Unidentified taxa include those whose percentage sequence homology with Silva database was less 

than 95% (34). α- (within-sample richness) and β-diversity (between-sample dissimilarity) estimates 

were determined using the phyloseq R Package (35).  
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2.5 Metabolomic analysis 

2.5.1 Supernatant preparation 

Supernatants were thawed on ice and sterile-filtered using sterile Sartorius 0.22 µm filters 

(Thermo Fisher Scientific, Waltham, MA, USA). Filtered supernatant were used for metabolomics 

analysis of polyphenols, glucosinolates, isothiocyanates and indoles, performed through Liquid 

Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS), while for short chain fatty 

acids (SCFA) analysis, performed through gas chromatography-mass spectrometry (GC-MS/MS). 

2.5.2 LC-MS/MS 

Analysis on glucosinolates and polyphenols were performed on a Sciex Triple Quad 6500+ (Sciex, 

USA) LC-MS/MS system. A protocol was developed to separate 45 compounds divided between 

polyphenols, glucosinolates, isothiocyanates and indoles through a single chromatographic run of 

17 minutes. A complete list of the quantified compounds is provided in the Results section (Table 3), 

together with the range of concentration used for the calibration curve. Each compound was 

identified and quantified in multiple reaction monitoring (MRM) and dosed with its own calibration 

curve. Concentrations in BR supernatants quantified by LC-MS/MS were normalized according to 

the fermentation volume. Glucosinolates concentration were given as µmol/100g (Table S3), while 

polyphenol and indole-3-carbinol concentrations were reported as mg/kg (Table S4). 

2.5.3 GC-MS/MS analysis of short chain fatty acids (SCFA) 

Analysis of SCFAs was performed by the Metabolomics Unit at FEM-CRI, as previously 

described by Lotti  et al. (2017) (36). Briefly, 10 μL of acidified water (15 % phosphoric acid), 20 μL 

of internal standard (IS) (acetic d4 45 mM; propionic d6 and butyric d7 10 mM; 2-ethyl butyric and 

decanoic acid-d19 2 mM) and 100 μL of fecal suspension, previously filtered, were mixed in a 2 mL 

tubes. A liquid–liquid extraction (LLE) was then performed using 980 μL of metil-t-butil ether 

(MTBE). The extraction was assisted by an orbital shaker (Multi RS-60; BioSan, Latvia) for 5 min with 

the following cycle program: 90 rpm of orbital rotation for 5 s followed by reciprocal motion at 20◦ 

(from the vertical plane) for 15 s. At this point, tubes were centrifuged at 25,314g at 5 °C for 5 min. 

Finally, the organic phase aliquot was transferred into 2 mL glass vial and subjected to GC–MS 

analysis in a split ratio 10:1 (total run-time of 6,5min). SCFA concentrations in faecal batch cultures 

were given as mmol/L (Table 4). 
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2.6 In vitro model of intestinal epithelium 

2.6.1 Cell culture 

Human epithelial colorectal adenocarcinoma Caco-2 cell line (ATCC® HTB-37™, number of 

passage between 50 and 60) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose (4.5g/L) (Lonza, Switzerland) supplemented with 20% decomplemented (56°C, 60 minutes) 

fetal bovine serum (Lonza, Switzerland), 100 units/ml penicillin (Biological Industries, Israel), 100 

μg/ml streptomycin (Biological Industries, Israel), 1% non-essential amino acids (Euroclone, Milan), 

2 mM glutamine and 0,25 ug/ml Amphotericin B (Biological Industries, Israel). Before and during 

treatments, cell cultures were maintained in humidified atmosphere of 5% CO2 in air at 37 °C.  Before 

the experiment, Caco-2 cells were maintained in T-75 cm2 flasks (Sarstedt, Nümbrecht, Germany) 

and passaged when they reached 70% confluence using 0.05% trypsin–0.5 mM EDTA (Lonza, 

Switzerland). Medium was refreshed every second day. Prior to seeding, transwell inserts were 

coated with rat tail collagen Type I (Sigma Aldrich), according to the manufacturer’s instruction. For 

the experiment, Caco-2 cells were harvested to obtain a cell suspension of 1 X 105 cells/cm2. 2.5 mL 

of cell suspension were added in transwell inserts with membrane filters (0.1 µm pore size; Falcon, 

Sacco s.r.l, Cadorago, Como, Italy) and grown for 13 days until a tight monolayer was formed (TEER 

measurements stable for two consecutive days). 1.5 mL of medium was added to the basolateral 

chamber. BR supernatants collected after 24 hours of faecal fermentation were thawed on ice and 

filter-sterilized using Sartorius 0.22 µm filters (Thermo Fisher Scientific, Waltham, MA, USA). Sterile 

supernatants from different donors were pooled and used as a single treatment for cell culture 

experiments. All control and test treatments were prepared on the day of the assay. 10 mM propionic 

acid and 7% ethanol were used as positive and negative controls, respectively. All treatments were 

diluted in culture medium and added at 10% of the total apical volume (2.5 mL).  

2.6.2 Trans epithelial electrical resistance (TEER) measurement 

TEER was measured using an epithelial volt-ohm-meter (EVOM, World Precision Instruments 

Inc., Sarasota, FL, USA). Plates were left at room temperature for exactly 25 minutes prior to TEER 

measurements. The integrity of cell monolayers was assessed just before the addition of testing 

substrates (resistanceT0). The media was then removed from basolateral and apical chambers and the 

control or test treatments added to the apical layer. Resistance was measured after 24 h 

(resistanceT24). The TEER was calculated using the following equation, as described in previous 

works (26,37,38):  
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 TEER(Ω cm2) = resistance(Ω)  × membrane area(cm2)        

Where area of the semipermeable membrane was 9.6 cm2. The change in TEER for each insert was 

calculated using the following formula: 

Change in TEER (%) = TEERT24 (Ω cm2)/ TEERT0 (Ω cm2) × 100% 

Where TEERT24 and TEERT0 represent TEER after 24 hours treatment and TEER at baseline, 

respectively. This experiment was repeated three times. 

2.7 Statistical analysis 

All statistical analysis was performed using R studio version 3.6.2. Normal distribution of data 

was assessed by Shapiro–Wilk’s test. Percentage relative abundance of taxa from different dietary 

groups was compared using nonparametric Wilcoxon test. Pairwise comparison among groups in 

terms of α-diversity was performed by Kruskal–Wallis test. Differences in the β-diversity were 

checked using the non-parametric Permutational Multivariate Analysis of Variance 

(PERMANOVA) and adonis tests with 999 permutations, via the vegan R Package (39). Correlation 

between bacterial taxa and microbial metabolites was performed by Spearman’s correlation analysis. 

All p-values were adjusted using Benjamini-Hochberg false discovery rate (FDR) correction. After 

FDR correction, a p value < 0.05 was considered statistically significant. Statistical significance 

between TEER results was performed by unpaired t-test. All data are expressed as the mean ± 

standard deviation, SD.  

3. Results 

3.1 Gut microbial ecology 

Illumina® MiSeq (PE300) sequencing of gut microbial 16S rRNA gene amplicons produced a total 

of 6,354,870 reads, with 119,903 ± 31,135.2 raw reads per sample. After QIIME 2.0 analysis, we 

removed chimeras, low quality sequences, and sequences that were identified as Cyanobacteria, and 

the total number of reads was 5,049,738, with 97,110.35 ± 23,062.02 raw reads per sample.  

Three different indices were used to analyze changes in bacterial α-diversity, namely the 

observed number of OTUs, the Chao1 index and the Shannon entropy index (Figure 2). Tested 

substrates (Cellulose, CL; Inulin, IN; Broccolo of Torbole, BR) had different impacts on bacterial α-

diversity, when compared to control (Blank, BK) at baseline (T0) and after 24 hours of anaerobic 

fermentation (T24). No significant differences were observed between the different treatments at 

time of inoculation (T0). After 24 hours of fermentation bacterial richness decreased for all 

substrates, except blank (Figure 2 and Table 1). At T24 α-diversity of both IN and BR was lower 
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than BK, although for BR these differences were stronger were considering the Shannon index, while 

they did not quite reach statistical significance for OTUs and Chao1 (Table 1). In order to highlight 

differences in bacterial composition following fermentation of different substrates, we plotted β-

diversity using Bray-Curtis dissimilarity matrix, weighted and unweighted UniFrac distances 

(Figure 3, 4 and 5). Bray-Curtis and also weighted UniFrac PCoA plots show a clear separation of 

Donor3 from the other two donors, which was less evident when using unweighted UniFrac, thus 

highlighting a correspondence in results from these two quantitative measures, which both take into 

account sequence abundance, compared to the qualitative measure unweighted UniFrac, as 

previously suggested (40). Clustering of samples accorind to time was also observed and a good 

separation between substrates can be appreciated, especially whan using Bray-Curtis dissimilarity 

PCoA plot.  Statistically significant comparisons among different treatments or different timepoints 

within the same treatment are reported in Table 2. 

Figure 2. Bacterial α-diversity using observed OTUs, Chao1 and Shannon index, at baseline (T0) and after 

24 hours of fermentation (T24) of four fermentation substrates: Blank (BK), Broccolo of Torbole (BR), Inulin 

(IN) or Cellulose (CL). Different colors indicate different substrates. Line inside the box represents the median 

(n=3), whiskers from either side of the box represent the first and the third quartiles, respectively. 

*=significantly different from BK; ••=significantly different from T0 within the same substrate.  
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Table 1. Measure of bacterial diversity.  α-diversity  calculated  on  the  number  of  observed OTUs,  the  

Chao1  index  and  the  Shannon  entropy  index at  four  different  time  points:  at  time  of  inoculation (T0)  

and  after  5  (T5),  10  (T10)  and  24  hours  (T24) (A). p value calculated after comparing α-diversity indices 

between fermentation substrates at T24 (B) or after comparing T0 to 24 values within the same substrate (C) 

calculated using  Kruskal-Wallis post-hoc Dunn’s test and FDR correction (B). BK, blank; BR, Broccolo; IN, 

inulin; CL, cellulose.  

A. 
 

Observed OTUs Chao1 Shannon 

Treatment Timepoint mean ± SD mean ± SD mean ± SD 

BK T0 369.3 53.0 376.7 55.0 4.5 0.2 

BR T0 367.3 31.1 372.3 30.4 4.5 0.2 

IN T0 352.3 27.8 356.5 25.8 4.5 0.2 

CL T0 353.7 44.0 358.8 44.3 4.4 0.3 

BK T24 327.3 7.5 344.2 14.0 4.1 0.3 

BR T24 170.7 45.1 191.9 33.3 2.7 0.3 

IN T24 125.7 47.6 135.2 43.4 2.4 0.6 

CL T24 195.3 36.5 199.9 32.6 3.2 0.5 

 

 

 

 

 

 

C. p value 

Comparison  Observed Chao1 Shannon 

T0BK vs T24BK 1 0.976 0.420 

T0BRvs T24BR 0.032 0.038 0.028 

T0IN vs T24IN 0.028 0.013 0.028 

T0CL vs T24CL 0.028 0.019 0.104 

 

  

B. p value 

Comparison at T24 Observed Chao1 Shannon 

BK vs BR 0.076 0.076 0.034 

BK vs IN 0.040 0.028 0.055 

BK vs CL 0.110 0.110 0.320 

BR vs IN 0.514 0.370 0.734 

BR vs CL 0.651 0.734 0.370 

CL vs IN 0.319 0.261 0.348 
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Figure 3. Principal Component Analysis (PCoA) representing the bacterial β-diversity according to Bray-

Curtis dissimilarity index (n = 3 for each fermentation substrate at each time point). Different colors indicate 

different fecal donors (D1, D2, D3) and different shapes indicate T0 and T24 time points (A). Different colors 

highlight different time points (B). Different colors indicate different substrates and different shapes highlight 

T0 and T24 time points (C).  

  

  

A. 

B. 

C. 
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Figure 4. Principal Component Analysis (PCoA) representing the bacterial β-diversity according to 

unweighted UniFrac distance (n = 3 for each fermentation substrate at each time point). Different colors 

indicate different fecal donors (D1,2,3) and different shapes highlight T0 and T24 time points (A). Different 

colors highlight different time points (B). Different colors indicate different substrates and different shapes 

highlight T0 and T24 time points (C). 

A. 

B. 

C. 
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Figure 5. Principal Component Analysis (PCoA) representing the bacterial β-diversity according to weighted 

UniFrac distance (n = 3 for each fermentation substrate at each time point). Different colors indicate different 

fecal donors (D1,2,3) and different shapes highlight T0 and T24 time points (A). Different colors highlight 

different time points (B). Different colors indicate different substrates and different shapes highlight T0 and 

T24 time points (C). 
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Table 2. p values of statistically significant differences after pairwise comparisons of bacterial β-diversity 

indices(permanova with 999 permutations) at specific fermentation timepoints. n.s., not significant. 

 
p value 

Comparison Bray-Curtis weighted UniFrac unweighted UniFrac 

T0 BR vs T10 BR 0.046 0.029 n.s. 

T0 BR vs T24 BR 0.031 0.028 n.s. 

T5 BR vs T24 BR 0.049 n.s. n.s. 

T24 BR vs T24 BK n.s. 0.025 n.s. 

 

The results of gut microbiota analysis in relative abundance of taxa are illustrated in Figure 6 and 

in supplementary material (Table S1 and S2). Firmicutes, Bacteroidetes, Actinobacteria and 

Proteobacteria were the most represented phyla in all samples, regardless of fermentation substrate, 

timepoint and donor, covering between 96% and 99% of all identified phyla (Figure 6A, Table S1). 

At T0 there were no significant differences between the treatments in bacterial taxa abundance at 

every taxonomic level, from phylum to genus. Relative abundance of Escherichia-Shigella were 

significantly higher (p = 0.0403) after 24 hours of BR fermentation when compared to T0, while 

Alistipes (p = 0.0489) and Ruminococcus 1 (p = 0.0379) genera decreased over time after BR 

administration.  A significant decrease between baseline (T0) and the end of fermentation (T24) was 

also observed in the relative abundance of Coprococcus (p = 0.0448), and Ruminiclostridium 9 (p = 0392) 

genera when IN was used as fermentation substrate. The relative abundance of Lachnospiraceae 

UCG004 was significantly higher (p = 0.0397) after 24 hours of BR fermentation compared to IN. 

There was a trend towards an increase in Actinobacteria in IN samples over time, and an increase in 

Bacteroides/Firmicutes (F/B) ratio in BR at T24, although not statistically significant (p > 0.05). 

Significant changes in the relative abundance of specific taxa after 24 hours of fermentation and 

compared to baseline samples from the same substrate were observed, however, these were not 

significant after FDR correction. 
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Figure 6. Percentage bacterial relative abundance of phyla (A) and genera (B) at time of feces inoculation (T0) 

and after 5 (T5), 10 (T10) and 24 (T24) hours of in vitro batch culture fermentation (n=3 healthy donors). 

Fermenters were administrated with IN, CL, BR as the substrates (treatments). Values are mean percentage 

relative abundance, n=3. Less abundant phyla include bacteria with a relative abundance less than 0.01% in 

fewer than 25% of samples; less abundant genera include bacteria with a relative abundance less than 0.1% in 

fewer than 25% of samples. 
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g_Dorea
g_Ruminococcaceae UCG-005
g_Fusicatenibacter
g_Megasphaera
g_Lachnospiraceae ND3007 group
g_Prevotella 9
g_Lachnospiraceae NK4A136 group
g_[Eubacterium] eligens group
g_Collinsella
g_Sutterella
g_Ruminococcus 1
g_Phascolarctobacterium
g_Akkermansia
g_Coprococcus 2
g_Ruminococcus 2
g_Subdoligranulum
g_Christensenellaceae R-7 group
g_Ruminococcaceae UCG-002
g_Roseburia
g_Bifidobacterium
g_Dialister
g_Blautia
f_Lachnospiraceae;g_Unassigned genus 2
g_Parabacteroides
g_Alistipes
g_Faecalibacterium
g_Bacteroides

B. 
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3.2 Microbial metabolite analysis through LC-MS/MS 

Targeted LC-MS/MS was performed by the Metabolomics Unit at Fondazione Edmund Mach to 

quantify a set of polyphenols and glucosinolates and their derivatives (summarized in Table 3) in 

BR supernatants. 

Table 3. List of polyphenols, glucosinolates and their derivatives analyzed in BR supernatant through LC-

MS/MS. For each compound it has been specified if it was present in the plant or if it derived from microbial 

breakdown (▪) (41–46). 

Glucosinolates Origin 

4- methoxyglucobrassicin Plant 

4-Hydroxyglucobrassicin Plant 

Glucoalyssin Plant 

Glucobrassicanapin Plant 

Glucobrassicin Plant 

Glucocheirolin Plant 

Glucoerucin Plant 

Glucoiberin Plant 

Glucoiberverin Plant 

Gluconapin Plant 

Gluconasturtin Plant 

Glucoraphanin Plant 

Glucotropaeolin Plant 

Glucomoringin Plant 

Neoglucobrassicin Plant 

Progoitrin Plant 

Sinalbin Plant 

Sinigrin Plant 

Moringin▪ Microbial derivative of glucomoringin 

Sulforaphane▪ Microbial derivative of glucoraphanin 

Polyphenols and indoles  

4-aminobenzoic acid Plant 

Caffeic acid Plant 

Catechin Plant 

Cinnamic acid Plant 

p-coumaric acid Plant 

Ferulic acid Plant 

Isorhamnetin-3-glucoside Plant 

Quercetin-3-glucoside Plant 

Quercetin-3,4-diglucoside Plant 

Sinapic acid Plant 

Synapyl alcohol Plant 

Syringaldehyde Plant 

Syringic acid Plant 

Chlorogenic acid Plant 

Neochlorogenic acid Plant 

Cryptochlorogenic acid Plant 

Indole-3-acetonitrile▪ Microbial derivative of glucobrassicin 
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Indole-3-carbinol▪ Microbial derivative of glucobrassicin 

The results of metabolite quantification are shown in Figure 7 and 8. Metabolites that were below 

the detection limit in ≥ 70% of total samples were excluded from further analysis. Statistical analysis 

showed that a number of polyphenol metabolites were significantly lower after 24 hours of faecal 

fermentation of BR, when compared to baseline (T0). In particular, caffeic acid (T0: 35.42 ± 13.61 

mg/L; T24: 0.00 ± 0.00 mg/L, mean ± SD, p = 0.0481), ferulic acid (T0: 30.96 ± 7.52 mg/L; T24: 5.51 ± 

2.49 mg/L, mean ± SD, p = 0.0395), quercetin 3,4’-diglucoside (T0: 167.55 ± 45.17 mg/L; T24: 9.85 ± 

3.83 mg/L, mean ± SD, p = 0.0134) and sinapic acid (T0: 300.40 ± 81.29 mg/L; T24: 36.34 ± 37.63 mg/L, 

mean ± SD, p = 0.0279), as reported in Figure 8A. Changes in glucosinolate profiles were observed 

during BR fermentation, although these observations did not reach statistical significance. 

Glucosinolates and polyphenols concentrations are reported in Table S3 and S4. 

Figure 7. Individual line plots of glucosinolates identified by LC-MS/MS during BR fermentation. The plots 

show the changes in concentration (µmol/100g) between experimental timepoints, starting from T0 

(inoculation time) and after 5 (T5), 10 (T10) and 24 (T24) hours of fecal fermentation, with compounds splitted 

represented in different panels according to their concentrations. The error bars correspond to the positive 

standard deviation (n=3 donors). No significant differences were observed. Catechin, cinnamic acid, p-

coumaric acid, isorhamnetin-3-glucoside and cryptochlorogenic acid are not shown, since the levels fell below 

the limit of quantification. Sinigrin, gluconapin, glucocheirolin, protogoitrin, sinalbin, gluconasturtin, 

glucoalyssin and glucomoringin are not shown, since the levels fell below the limit of quantification.  
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Figure 8. Individual line plots of polyphenols identified by LC-MS/MS during BR fermentation. The plots 

compare the concentration (mg/kg) changes between all experimental timepoints, starting from T0 

(inoculation time) and after 5 (T5), 10 (T10) and 24 (T24) hours of fecal fermentation. The error bars correspond 

to the positive standard deviation (n=3 donors). Stars (*) indicate statistical significance between T0 and T24 

after Kruskal–Wallis test, followed by the post-hoc Dunn’s test with FDR p value correction, within the same 

compound (* colors correspond to the color of the relative compound) (p values are described in the text). 

Catechin, cinnamic acid, p-coumaric acid, isorhamnetin-3-glucoside and cryptochlorogenic acid are not 

shown, since they were not detected in > 70% of the samples.  

 

 

 

3.3 Correlation analysis between microbial genera and metabolites  

Spearman’s correlation analysis was performed to correlate microbial relative abundances with 

polyphenols and glucosinolates concentrations in fermentation supernatants. Statistically significant 

correlations were observed between relative abundance of GM genera and concentration of the 

quantified compounds (Figure 9 and 10).  
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Figure 9. Spearman’s correlation between the relative abundance of gut microbial genera and target 

glucosinolates identified by LC-MS/MS in BR supernatants. A positive correlation is indicated by dark 

red, a negative correlation by dark blue. Stars indicate statistical significance after FDR correction (* p < 

0.05, ** p < 0.01, *** p < 0.001). Genera were reported as “Uncultured” when they could not be assigned to 

any genus (g) within the reference  database (https://www.arb-silva.de/download/archive/, accessed on 

13 July 2020), at a percentage sequence homology of 95% for genus. 
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Figure 10. Spearman’s  correlation between the relative abundance of gut microbial genera and target 

polyphenols identified by LC-MS/MS in BR supernatants. A positive correlation is indicated by dark red, a 

negative correlation by dark blue. Stars indicate statistical significance after FDR correction (* p < 0.05, ** p < 

0.01, *** p < 0.001). Genera were reported as “Uncultured” when they could not be assigned to any genus (g) 

within the reference database (https://www.arb-silva.de/download/archive/, accessed on 13 July 2020), at a 

percentage sequence homology of 95% for genus. 
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3.4 SCFA production 

Changes in SCFA concentrations at the baseline and after 24-hours batch culture fermentation 

with the different treatments are shown in Table 4. Acetic, propionic  and  butyric  acids,  the  main  

SCFAs  produced  by gut microbiota fermentation, all showed a marked increase between T0 and 

T24, although these results did not reach statistical significance. Fermentation of  IN gave the  highest  

production of butyric acid (p > 0.05), followed by BR, BK and CL. BR resulted in the highest 

production of propionate, although this was not statistically significant compared to the other 

treatments.  

Table 4. SCFA concentrations (mmol/L) in fecal batch cultures at T24 with respect to the baseline (T0) of 

BK, BR, IN and CL. Values are mean ± SD. No significant differences where observed. 

 
BK BR IN CL 

 
T0 T24 T0 T24 T0 T24 T0 T24 

acetic acid 1,88 ± 1,00 10,79 ± 2,73 1,26 ± 0,37 10,42 ± 0,15 1,26 ± 0,14 10,06 ± 2,32 1,01 ± 0,03 8,10 ± 2,03 

propionic acid 0,39 ± 0,09 2,20 ± 0,58 0,32 ± 0,07 3,81 ± 1,08 0,30 ± 0,02 0,84 ± 0,69 0,28 ± 0,01 1,67 ± 0,07 

isobutyric acid 0,03 ± 0,00 1,06 ± 0,01 0,04 ± 0,01 1,19 ± 0,14 0,03 ± 0,00 0,40 ± 0,03 0,03 ± 0,00 1,00 ± 0,09 

butyric acid 0,38 ± 0,29 5,81 ± 0,13 0,29 ± 0,09 6,25 ± 1,23 0,23 ± 0,03 25,06 ± 2,40 0,28 ± 0,04 3,95 ± 1,25 

isovaleric acid 0,03 ± 0,01 1,16 ± 0,04 0,03 ± 0,01 1,00 ± 0,18 0,02 ± 0,00 0,42 ± 0,02 0,02 ± 0,00 0,85 ± 0,14 

2-methylbutyric acid 0,02 ± 0,00 0,72 ± 0,00 0,02 ± 0,00 0,84 ± 0,11 0,02 ± 0,00 0,21 ± 0,01 0,02 ± 0,00 0,73 ± 0,07 

valeric acid 0,06 ± 0,01 2,72 ± 0,66 0,07 ± 0,02 3,69 ± 0,42 0,05 ± 0,01 4,94 ± 1,96 0,04 ± 0,00 1,72 ± 0,63 

hexanoic acid 0,05 ± 0,01 0,56 ± 0,02 0,04 ± 0,01 0,74 ± 0,33 0,04 ± 0,02 8,19 ± 1,68 0,04 ± 0,00 0,26 ± 0,19 

 

3.5 Effects of Broccolo supernatants on TEER measurements 

TEER (Ωcm2) was calculated as described in Section 2.6.2. Figure 11 reports changes in TEER 

expressed as % of increase or decrease after 24 hours incubation with test substrates, compared to 

baseline TEER. Compared to control medium , the results obtained showed a clear-cut reduction of 

TEER after 24 hours exposure to ethanol (medium: 114.11 ± 168.71, EtOH: -1176.54 ± 147.65; p = 

0.0002), as well as a clear TEER improvement after 24 hours exposure to propionic acid (propionic 

acid: 637.86 ± 252.88; p < 0.0001). However, exposure to 10% BR fermentation supernatants did not 

improve nor decreased epithelial barrier function. 
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Figure 11. Changes in trans-epithelial electrical resistance (TEER) across differentiated Caco-2 monolayers 

in presence/absence of test substrates. The change in TEER is the percentage (%) change compared to the initial 

TEER for each monolayer. The values plotted are the means for three experimental replicates ± the error bars 

show the standard deviation (SD). Stars indicate statistical significance when compared to control medium. 

BR, Broccolo of Torbole; EtOH; ethanol.  

 

 

4. Discussion 

In this study we evaluated the modulatory effect of a local variety of broccoli (Brassica oleracea 

var. botrytis) on the human gut microbiota composition and metabolic activity, combining anaerobic 

pH controlled in vitro batch cultures of faecal microbiota from healthy donors, 16S rRNA sequencing,  

and hyphenated tandem mass spectroscopy (LC-MS/MS and GC-MS/MS). We used an in vitro model 

of intestinal epithelium consisting of Caco-2 cell line to investigate if faecal supernatants of Broccolo 

of Torbole were able to improve gut barrier function. Brassica vegetables are a good source of dietary 

fiber and phytonutrients, both considered to be responsible for most of beneficial properties related 

to Brassica consumption (3). It has been proposed that some of Brassica related health benefits could 

be mediated by GM, since different bacteria isolated from the mammalian gut, including 

Enterobacteriaceae, Bifidobacterium spp., Bacteroides spp. and Lactobacillus spp. have myrosinase-like 

glycoside enzymes able to hydrolyze glucosinolates, producing bioactive isothiocyanates (14,15,47). 

On the other hand, Brassica consumption has been reported to modulate GM composition and 

metabolism. However, the majority of studies focused on the role of individual phytochemicals in 

affecting GM, while there is far less knowledge on the impact of whole Brassica consumption on the 

human gastrointestinal microbiota. In our study, the β-diversity analysis unveiled a significant shift 

in GM composition over 24 hours of BR fermentation and showed a partitioning by different donors, 

thus confirming the existence of inter-individual variation in the intestinal microbiota (48,49). 

Interestingly, bacterial α-diversity after 24 hours fermentation was significantly lower in IN and BR 



137 

 

when compared to BK, both for Chao1 and Shannon indices. The presence of a single source of 

fermentable material in BR and IN fermenters may have selected for specific taxa capable of using 

available nutrients as growth substrates, thus prevailing over those species that were unable to use 

BR or IN as energy or carbon sources. In one human placebo-controlled randomized, crossover 

feeding study in healthy adults, consisting of two 18-day treatment periods separated by a 24-day 

washout, daily consumption of 200 g of cooked broccoli prepared with 20 g of raw daikon radish in 

order to provide a source of myrosinase, significantly increased Bacteroidetes/Firmicutes (B/F) ratio 

when compared to a control diet with no Brassica (50). In the same study, no changes were observed 

in bacterial α-diversity as a results of broccoli consumption, while, similarly to our results, β-

diversity significantly changed over time, being primarily related to the increase in B/F ratio.  Here, 

we also observed an increase in B/F over 24 h of BR fermentation, although this result did not reach 

statistical significance after FDR correction. Another randomized, crossover study by Kellingray and 

colleagues in 2017 (51) demonstrated that a diet rich in Brassica vegetable was associated with an 

increase in lactobacilli and with a decrease in sulphate-reducing bacteria relative abundances, 

identified through 16S rRNA next generation sequencing techniques. These results support the 

hypothesis that Brassica consumption may modulate the composition of human GM, thus promoting 

certain bacterial species capable of utilizing phytochemicals and fibers contained in broccoli and 

thus driving some of the beneficial effects related to their consumption. When looking at percentage 

relative abundances after 24 hours of BR fermentation, we observed a decrease in Alistipes genus 

relative abundance, within Bacteroidetes phylum. Alistipes is a genus typically isolated from patients 

suffering from appendicitis and rectal abscess (52). Several studies reported an increase in Alistipes 

abundance related to high-fat diet consumption. Alistipes spp. were previously identified as 

‘lipophilic’ microbes by Agans and colleagues (2018) (53), due to their ability to utilize fats for in 

vitro growth, also matching the majority of the findings from previous high-fat intervention animal 

studies (22,54,55). Notably, Alistipes has also been associated with adherence to the Western style 

diet, since its abundance typically increased in animal-based diets and decreased when consuming 

a fiber-rich diet (21,56). In line with these observations, our results suggested that the presence of 

complex carbohydrates and fiber in BR fermentation decreased Alistipes over time. Within the 

Firmicutes phylum, Ruminococcus 1 relative abundances significantly decreased throughout 24 

hours of BR fermentation. In support to our results, Ruminococcus abundance was previously shown 

to decrease after dietary administration of epigallocatechin-3-gallate (EGCG) or black raspberry 

phenolic extract to mice under a high-fat diet (57,58), suggesting a putative role of BR polyphenols 



138 

 

in lowering Ruminococcus 1 relative abundance during fecal fermentation. However, to our 

knowledge no previous study investigated the role of Ruminococcus 1 in determining beneficial or 

detrimental effects for human health. A significant increase of the enterobacteria Escherichia-Shigella 

(Proteobacteria phylum) relative abundances was also observed after 24 hours of BR fermentation. 

This resembles CL fermentation, where also a strong increase in Escherichia-Shigella was observed at 

T24, although it was not statistically significant. The dosage of dietary cellulose and fiber appears to 

strongly promote Escherichia-Shigella abundance, since previous studies reported a boost in 

Escherichia-Shigella abundances when feeding rabbits with high fiber diet (59) or when using 

carboxymethilcellulose as fiber substrate during in vitro fecal fermentation (60). Since different 

strains belonging to Escherichia-Shigella genus also showed the ability of degrading glucosinolates 

from broccoli (61), we speculate that high complex-fiber and high-glucosinolates content in BR 

supernatant may have created a more favorable environment for Escherichia-Shigella colonization, as 

previously suggested (61,62). GM composition variations observed by fermenting the other 

substrates are also in agreement with previous findings. In our study, Ruminiclostridium 9 relative 

abundances significantly decreased after 24 hours of IN fermentation, resembling what recently 

observed in vivo by Ferrario and colleagues (2017) (63) after supplementing with inulin the normal 

chow diet to adult male rats.  IN fermentation was also associated with a decrease in Coprococcus 2 

relative abundance. This is consistent with previous studies where inulin supplementation caused a 

reduction in Coprococcus relative abundances during a randomized, cross-over, human intervention 

study (64) and during an animal dietary intervention study (65). Since both Ruminiclostridium 9 and 

Coprococcus 2 are reported as typical human gut commensal (66,67), we speculate that their decrease 

during IN fermentation should be addressed to their inability in our in vitro system to compete with 

bacteria that are better adapted in using IN as unique food source, such as Megasphaera. We observed 

a dramatic increase in Megasphaera relative abundance after 24 hours of IN fermentation, although 

this result did not reach statistically significance, probably due to the high interindividual variability 

between donors. Previous studies reported Megasphaera as an efficient butyrate and hexanoic acid 

producer (68,69), which is consistent with our results on SCFA using GC-MS/MS, thus suggesting 

that both butyrate and hexanoic acid might have been produced by Megasphaera during IN 

fermentation. These data suggest the role of inulin in shaping gut microbial populations by 

promoting the growth of specific taxa and therefore exerting a selective pressure on certain 

taxonomic groups, thus significantly affecting α-diversity, as we observed  after 24 hours of inulin 

fermentation. 
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In terms of metabolic output, LC-MS/MS targeted metabolomics on BR supernatants confirmed 

that bacterial fermentation plays an important role in the metabolism of polyphenols, as previously 

suggested (20,70). Understanding how polyphenols and glucosinolates are absorbed and 

metabolized in the human intestine is matter of great interest. During in vivo gastrointestinal 

digestion, several factors including pH, enzymes and microbiota composition strongly influence the 

fate of plant-derived compounds (71). In this work, we employed an in vitro model of digestion, 

selected and modified from Minekus et al. (2014) (29). To date, numerous digestion models exist that 

can be used to mimic in vivo situation, characterized by small variations in acidity, mineral 

composition and enzymes origin. Certainly, all these factors may be responsible for slight changes 

in polyphenols and GLS absorption, thus affecting their bioavailability. However, we adapted our 

protocol to be as far as possible similar to the conditions that might have occurred in vivo. This 

allowed us to reach a compromise between accuracy, feasibility and reproducibility.In this study, a 

total of twelve glucosinolates and twelve polyphenols were identified. Caffeic acid, ferulic acid, 

sinapic acid and quercetin 3-4’-diglucoside significantly decreased over time during BR 

fermentation. These polyphenolic compounds are commonly found in Brassica crops, being involved 

in processes like UV protection, defense mechanisms and pigmentation (72,73). Boiling process 

significantly decreases their amounts, however they are still identifiable after cooking (73). In our 

study, the BR were steamed, since this is the way of cooking which better preserve these hydrophilic 

compounds. Since previous studies confirmed the role of GM in bio-transforming caffeic, ferulic, 

sinapic acid and quercetin 3-4’-diglucoside in their metabolites (74–77) it was not surprising to 

observe their progressive decrease over 24 hours of fecal fermentation. Few studies reported 

correlation analysis between bacterial taxa and broccoli polyphenols metabolism. Here, we 

performed a Spearman’s correlation analysis to understand which bacteria could have a role in 

Broccolo of Torbole phytochemicals biotransformation. In particular, we found that certain 

compounds increased together with the increase of certain microbes and vice versa. As an example, 

syringaldehyde, syringic acid, chlorogenic acid and cryptochlorogenic acid showed a strong positive 

correlation with Prevotella, Lactobacillus, Streptococcus, Negativibacillus, Acidaminococcus, Dialister, 

Allisonella, Megasphaera, Parasutterella and Akkermansia, while 4-aminobenzoic acid showed a strong 

negative correlation with the same genera. On the other hand, Roseburia, Veillonella, Turicibacter, 

Olsenella, different genera belonging to Lachnospiraceae, Ruminococcaceae and Erysipelotrichaceae 

were positively correlated with 4-aminobenzoic acid while showed a strong negative correlation 

with syringaldehyde, syringic acid, chlorogenic acid and cryptochlorogenic acid. However, since 
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small significant changes were shown both in the gut microbiota composition and in target 

glucosinolates or polyphenols concentrations over time, it is difficult to delineate clear metabolic 

pathways between specific bacterial taxa and target compounds.  

Results from GC-MS/MS analysis showed that SCFA concentrations increased after 24 h of 

fermentation, regardless of the fermentation substrate, although no statistical significance was 

observed. BR and IN showed a higher amount of total SCFA production when compared to CL and 

BK fermentation, suggesting a high fermentable fiber content in both BR and IN substrates. Since 

soluble fibers like inulin are preferentially used as fermentation substrate by human GM to produce 

SCFA, it was not surprising to observe that IN fermentation produced more SCFA than BR. 

Endogenous SCFA primarily derive from indigested fiber fermentation by the colonic microbiota 

(78). Besides serving as energy fuel for colonocytes (79), SCFA, and in particular butyrate, improve 

the gut health by strengthening the gut barrier function and thus preventing or decreasing gut 

permeability (79). Lewis and colleagues demonstrated the role of butyrate in reducing bacterial 

translocation across T84 cell monolayers in vitro, thus reducing NF-kB and related inflammatory 

pathway activation (80). Previous studies also considered the role of glucosinolates and polyphenols 

in preventing inflammatory diseases by maintaining epithelial barrier integrity. As an example, 

sulforaphane repaired physiological destruction of the gut barrier induced by bladder cancer in 

C57BL/6 mice, inducing the upregulation of tight junction proteins (81). Another study from 

Riemschneider et al. (2021) (82) demonstrated that quercetin and indol-3-carbinol gavage 

administration significantly restored epithelial integrity by induction of tight junction proteins in a 

mouse model of chronic colitis. Since glucosinolates, polyphenols and SCFA are typically found in 

cruciferous vegetables or as end-products of bacterial fermentation, as well as in our BR 

supernatants as demonstrated by LC-MS/MS and GC-MS/MS; and since animal feeding studies 

highlighted that dietary broccoli can inhibit barrier dysfunction in chemically induced colitis mice 

model (27,28), we decided to investigate whether BR fecal supernatants could improve gut barrier 

function, thus being responsible for Brassica anti-inflammatory properties. To this end, an in vitro 

model of human intestinal epithelium was used, testing filtered BR supernatants on Caco-2 cell line 

monolayers. However, TEER measurements showed no big effect when compared to control 

medium. We observed that sulforaphane, as well as quercetin and indol-3-carbinol, previously 

proven to be highly effective in improving gut barrier function (81,82), slowly decreased over the 

fermentation process, reaching their lowest concentration at T24. It is a question of future research 

to investigate whether metabolites produced at earlier time than T24 may mediate significant 
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physiological effect on the intestinal barrier integrity. On the other hand, the failure of BR 

supernatant to improve gut barrier function may be due to the fact that the anti-inflammatory and 

gut-health promoting effects of Brassica consumption are not tied to strengthening of the barrier 

integrity, but to some other modulatory effects on inflammation pathways, which were not matter 

of investigation in this thesis. 

In conclusion, we demonstrated that in vitro anaerobic faecal fermentation of Broccolo of Torbole 

ecotype caused significant changes in human gut microbiota composition, not all of which are 

considered as health promoting. Moreover, we observed changes in some polyphenols, thus 

confirming the role of bacteria in driving the metabolism of different Brassica phytochemicals. 

Finally, we highlight several putative correlations between specific taxa and metabolites. We 

suggested that the lack of statistical significance may be related to the low number of experimental 

replicates and to intestinal microbiota variation among volunteers. For this reason, further in vitro 

and in vivo analysis are required to explore the network existing between GM, their metabolites and 

Brassica-related benefits. 
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Supplementary material 

Table S1. Mean relative abundance (%) ± standard deviations (SD) of bacterial OTUs at phylum level upon 

no substrate (BK, A), Broccolo of Torbole (BR, B), inulin (IN, C) and cellulose (CL, D) treatment. Data are 

reported at time of inoculum (T0) and after 5 (T5), 10 (T10) and 24 (T24) hours of fecal fermentation. 

A. BK T0 T5 T10 T24 
 

mean ± sd mean ± sd mean ± sd mean ± sd 

p_Euryarchaeota 0.07 0.11 0.07 0.11 0.07 0.12 0.06 0.10 

p_Actinobacteria 3.28 1.66 3.04 2.06 2.80 1.95 2.75 1.96 

p_Bacteroidetes 31.30 5.55 31.09 3.91 23.04 4.37 19.93 2.16 

p_Epsilonbacteraeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Firmicutes 62.01 4.36 52.79 6.24 55.01 0.80 56.14 4.97 

p_Fusobacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Lentisphaerae 0.03 0.04 0.02 0.01 0.01 0.01 0.03 0.01 

p_Patescibacteria 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

p_Proteobacteria 2.16 0.13 11.31 3.95 17.71 3.06 19.47 5.85 

p_Synergistetes 0.05 0.09 0.05 0.08 0.05 0.08 0.20 0.34 

p_Tenericutes 0.05 0.05 0.02 0.04 0.02 0.04 0.02 0.03 

p_Verrucomicrobia 1.04 1.20 1.61 1.70 1.29 1.12 1.39 1.41 

B. BR T0 T5 T10 T24 

 mean ± sd mean ± sd mean ± sd mean ± sd 

p_Euryarchaeota 0.14 0.14 0.10 0.18 0.03 0.04 0.03 0.03 

p_Actinobacteria 4.69 1.68 5.18 3.85 2.61 2.99 1.75 2.06 

p_Bacteroidetes 35.79 1.44 31.23 10.92 28.05 11.20 28.21 6.08 

p_Epsilonbacteraeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Firmicutes 54.78 2.32 39.47 7.57 35.94 5.94 27.37 9.08 

p_Fusobacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Lentisphaerae 0.06 0.02 0.04 0.03 0.02 0.01 0.03 0.01 

p_Patescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Proteobacteria 2.63 0.32 20.81 10.45 32.44 7.18 41.89 11.86 

p_Synergistetes 0.08 0.07 0.05 0.09 0.03 0.05 0.12 0.13 

p_Tenericutes 0.04 0.04 0.01 0.02 0.01 0.01 0.01 0.01 

p_Verrucomicrobia 1.79 2.72 3.10 3.16 0.87 0.76 0.59 0.55 

C. IN T0 T5 T10 T24 

 mean ± sd mean ± sd mean ± sd mean ± sd 

p_Euryarchaeota 0.06 0.11 0.06 0.10 0.02 0.04 0.00 0.01 

p_Actinobacteria 3.63 1.49 6.10 2.71 4.58 4.72 5.73 7.72 

p_Bacteroidetes 33.31 3.63 29.61 9.43 20.83 14.58 18.89 16.19 

p_Epsilonbacteraeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Firmicutes 58.82 4.17 47.48 7.86 59.07 28.19 64.54 32.93 

p_Fusobacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Lentisphaerae 0.03 0.03 0.04 0.02 0.01 0.00 0.00 0.00 

p_Patescibacteria 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

p_Proteobacteria 2.18 0.34 13.89 4.07 14.81 9.43 10.70 10.10 

p_Synergistetes 0.05 0.08 0.04 0.08 0.02 0.04 0.02 0.03 
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p_Tenericutes 0.02 0.04 0.01 0.02 0.00 0.01 0.00 0.00 

p_Verrucomicrobia 1.90 2.02 2.76 3.19 0.63 0.70 0.10 0.04 

D. CL T0 T5 T10 T24 

 mean ± sd mean ± sd mean ± sd mean ± sd 

p_Euryarchaeota 0.07 0.12 0.08 0.14 0.06 0.11 0.06 0.11 

p_Actinobacteria 3.11 1.77 4.35 2.95 2.65 1.96 5.43 5.11 

p_Bacteroidetes 32.96 5.43 30.75 5.37 19.53 3.08 10.67 3.48 

p_Epsilonbacteraeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Firmicutes 60.64 3.46 39.54 10.62 37.39 7.92 38.37 17.83 

p_Fusobacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

p_Lentisphaerae 0.03 0.03 0.02 0.00 0.02 0.01 0.04 0.04 

p_Patescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

p_Proteobacteria 1.80 0.55 22.57 13.57 38.71 9.34 42.38 17.62 

p_Synergistetes 0.06 0.10 0.05 0.08 0.04 0.07 0.32 0.56 

p_Tenericutes 0.03 0.05 0.02 0.03 0.01 0.02 0.00 0.01 

p_Verrucomicrobia 1.29 1.81 2.62 2.70 1.58 1.39 2.71 2.49 
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Table S2. Mean relative abundance (%) ± standard deviations (SD) of bacterial OTUs at genus level upon 

no substrate (BK, A), Broccolo of Torbole (BR, B), inulin (IN, C) and cellulose (CL, D) treatment. Data are 

reported at time of inoculum (T0) and after 5 (T5), 10 (T10) and 24 (T24) hours of fecal fermentation. 

A. BK T0 T5 T10 T24  
mean ± sd mean ± sd mean ± sd mean ± sd 

g_[Eubacterium] coprostanoligenes group 2.10 1.04 0.07 0.03 0.02 0.00 0.02 0.01 

g_[Eubacterium] eligens group 1.46 0.09 0.67 0.30 0.37 0.29 0.27 0.31 

g_[Eubacterium] hallii group 0.75 0.54 0.52 0.43 0.47 0.50 0.33 0.30 

g_[Ruminococcus] torques group 0.23 0.11 0.17 0.13 0.09 0.06 0.06 0.02 

g_Acidaminococcus 0.76 0.68 5.38 5.05 11.12 10.53 9.40 8.88 

g_Akkermansia 1.04 1.21 1.61 1.70 1.29 1.12 1.39 1.41 

g_Alistipes 3.01 1.71 3.14 0.54 2.24 0.88 2.06 0.89 

g_Allisonella 0.02 0.01 1.18 1.08 1.08 0.94 0.75 0.66 

g_Anaerostipes 0.73 0.26 0.53 0.12 0.33 0.04 0.14 0.04 

g_Bacteroides 18.81 2.32 20.41 3.25 15.27 3.54 13.39 1.91 

g_Bifidobacterium 2.15 0.77 1.68 0.69 1.46 0.54 1.59 0.90 

g_Bilophila 0.37 0.18 0.62 0.32 0.54 0.22 0.59 0.26 

g_Blautia 2.54 1.93 2.53 2.58 1.74 1.97 0.95 0.71 

g_Butyricicoccus 0.43 0.35 0.71 0.90 0.37 0.42 0.56 0.82 

g_Catenibacterium 0.49 0.85 0.32 0.56 0.28 0.48 0.25 0.43 

g_Catenisphaera 0.27 0.46 0.25 0.43 0.23 0.41 0.15 0.25 

g_Christensenellaceae R-7 group 2.39 0.27 2.32 0.59 1.64 0.52 1.58 0.84 

g_Citrobacter 0.00 0.00 0.03 0.05 0.13 0.20 0.16 0.25 

g_Clostridium sensu stricto 1 0.10 0.01 0.06 0.01 0.06 0.02 0.04 0.02 

g_Collinsella 0.86 0.67 0.91 0.78 0.88 0.78 0.68 0.42 

g_Coprococcus 1 0.12 0.09 0.30 0.43 0.31 0.47 0.24 0.35 

g_Coprococcus 2 2.90 1.59 0.31 0.20 0.07 0.05 0.02 0.01 

g_Coprococcus 3 0.14 0.17 0.29 0.44 0.98 1.56 0.92 1.23 

g_Dialister 3.79 3.32 2.48 2.17 2.14 1.86 1.29 1.19 

g_Dorea 0.75 0.48 0.58 0.31 0.80 0.46 0.76 0.39 

g_Erysipelotrichaceae UCG-003 0.18 0.03 0.13 0.05 0.10 0.04 0.06 0.01 

g_Escherichia-Shigella 0.10 0.07 2.77 2.13 7.74 5.22 9.44 6.60 

g_Faecalibacterium 11.29 1.74 7.57 2.72 7.59 2.90 5.86 3.14 

g_Fusicatenibacter 1.03 0.87 0.70 0.76 0.50 0.56 0.35 0.24 

g_Haemophilus 0.13 0.22 0.32 0.55 0.48 0.84 0.21 0.36 

g_Lachnoclostridium 0.42 0.09 0.66 0.35 1.97 1.18 2.55 0.96 

g_Lachnospira 1.39 1.12 0.82 0.62 0.45 0.25 0.29 0.19 

g_Lachnospiraceae FCS020 group 0.17 0.07 0.14 0.08 0.08 0.05 0.08 0.00 

g_Lachnospiraceae ND3007 group 1.03 1.11 0.79 0.89 0.60 0.80 0.38 0.55 

g_Lachnospiraceae NK4A136 group 1.90 0.74 0.45 0.15 0.18 0.11 0.07 0.04 

g_Lachnospiraceae UCG-004 0.32 0.29 1.52 0.95 3.55 3.14 3.01 3.43 

g_Lactobacillus 0.05 0.06 0.40 0.55 0.34 0.45 0.26 0.34 

g_Megasphaera 1.00 0.94 2.37 2.89 2.50 2.56 10.37 9.09 

g_Negativibacillus 0.29 0.24 0.33 0.32 0.51 0.66 1.12 1.37 

g_Odoribacter 0.64 0.11 0.52 0.07 0.50 0.26 0.50 0.34 

g_Olsenella 0.04 0.07 0.08 0.14 0.10 0.18 0.14 0.24 

g_Oscillibacter 0.73 0.41 0.67 0.30 0.64 0.41 0.62 0.33 

g_Parabacteroides 2.79 0.72 4.23 0.96 3.99 0.24 3.49 0.63 

g_Paraprevotella 0.14 0.24 0.10 0.17 0.01 0.02 0.02 0.03 
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g_Parasutterella 0.37 0.29 2.27 1.92 2.08 1.73 1.95 1.65 

g_Phascolarctobacterium 0.73 1.26 1.31 2.28 1.35 2.33 1.25 2.16 

g_Prevotella 9 5.61 6.77 2.43 2.66 0.90 0.81 0.37 0.36 

g_Romboutsia 0.31 0.27 0.25 0.25 0.20 0.18 0.21 0.22 

g_Roseburia 2.61 2.66 0.76 0.82 0.48 0.60 0.26 0.22 

g_Ruminiclostridium 6 0.26 0.14 0.10 0.10 0.05 0.06 0.03 0.03 

g_Ruminiclostridium 9 0.20 0.01 0.17 0.04 0.13 0.06 0.09 0.05 

g_Ruminococcaceae NK4A214 group 0.26 0.25 0.15 0.16 0.12 0.12 0.11 0.12 

g_Ruminococcaceae UCG-002 3.34 2.29 3.51 2.33 3.21 2.40 2.82 1.42 

g_Ruminococcaceae UCG-003 0.28 0.15 0.29 0.05 0.43 0.23 0.56 0.35 

g_Ruminococcaceae UCG-005 1.37 0.95 0.99 0.60 0.73 0.47 0.58 0.38 

g_Ruminococcaceae UCG-013 0.40 0.23 0.30 0.30 0.21 0.21 0.15 0.14 

g_Ruminococcaceae UCG-014 0.90 0.96 0.70 0.53 0.53 0.38 0.51 0.40 

g_Ruminococcus 1 0.85 0.35 0.25 0.27 0.07 0.05 0.07 0.06 

g_Ruminococcus 2 1.65 0.41 1.91 0.82 0.99 0.42 1.94 0.21 

g_Streptococcus 0.45 0.31 0.22 0.16 0.14 0.10 0.11 0.08 

g_Subdoligranulum 2.06 0.59 1.84 1.03 1.37 0.94 1.34 1.02 

g_Sutterella 1.19 0.34 5.25 2.96 6.63 1.55 6.98 0.51 

g_Turicibacter 0.14 0.21 0.10 0.15 0.09 0.14 0.09 0.14 

g_uncultured bacterium 0.21 0.37 0.19 0.32 0.08 0.13 0.04 0.08 

g_Veillonella 0.21 0.24 0.11 0.17 0.12 0.19 0.05 0.07 

f_Lachnospiraceae;g_uncultured genus 1 0.56 0.23 0.83 0.91 0.82 0.66 0.49 0.29 

f_Lachnospiraceae;g_uncultured genus 2 3.21 3.11 2.22 2.11 1.52 1.46 1.05 0.61 

f_Ruminococcaceae;g_uncultured 0.56 0.20 0.48 0.05 0.45 0.11 0.73 0.31 

 

B. BR T0 T5 T10 T24  
mean ± sd mean ± sd mean ± sd mean ± sd 

g_[Eubacterium] coprostanoligenes group 0.77 0.07 0.11 0.06 0.01 0.01 0.01 0.02 

g_[Eubacterium] eligens group 1.21 0.10 0.29 0.49 0.11 0.20 0.09 0.13 

g_[Eubacterium] hallii group 0.60 0.15 0.36 0.18 0.11 0.14 0.05 0.04 

g_[Ruminococcus] torques group 0.34 0.12 0.12 0.06 0.05 0.05 0.01 0.00 

g_Acidaminococcus 0.31 0.54 4.06 3.55 11.39 9.87 10.41 9.15 

g_Akkermansia 1.78 2.73 3.10 3.16 0.87 0.76 0.59 0.55 

g_Alistipes 3.75 1.53 0.83 0.65 0.34 0.39 0.16 0.04 

g_Allisonella 0.00 0.00 1.30 1.37 1.25 1.09 1.03 1.12 

g_Anaerostipes 0.61 0.15 0.57 0.15 0.18 0.09 0.09 0.01 

g_Bacteroides 25.44 2.10 24.97 10.12 23.79 10.93 24.26 6.81 

g_Bifidobacterium 3.02 0.73 3.04 1.86 1.45 1.56 1.12 1.32 

g_Bilophila 0.42 0.38 1.94 0.88 1.18 0.17 1.79 0.54 

g_Blautia 3.29 1.73 1.66 1.50 0.41 0.43 0.12 0.03 

g_Butyricicoccus 0.48 0.31 0.22 0.37 0.17 0.29 0.08 0.14 

g_Catenibacterium 0.86 0.75 0.41 0.71 0.19 0.32 0.17 0.26 

g_Catenisphaera 0.55 0.51 0.39 0.67 0.27 0.47 0.14 0.24 

g_Christensenellaceae R-7 group 2.54 0.14 1.56 1.55 0.67 1.00 0.53 0.45 

g_Citrobacter 0.00 0.00 0.14 0.18 0.26 0.37 1.33 1.34 

g_Clostridium sensu stricto 1 0.12 0.01 0.13 0.02 0.05 0.03 0.22 0.30 

g_Collinsella 1.21 0.71 1.45 1.61 0.80 1.12 0.41 0.48 

g_Coprococcus 1 0.17 0.09 0.15 0.17 0.04 0.05 0.01 0.02 

g_Coprococcus 2 1.82 0.12 0.03 0.02 0.00 0.00 0.00 0.00 
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g_Coprococcus 3 0.18 0.10 0.14 0.21 0.08 0.13 0.02 0.04 

g_Dialister 3.24 5.61 2.94 2.56 1.23 1.08 0.54 0.49 

g_Dorea 0.86 0.31 0.39 0.03 0.09 0.04 0.05 0.02 

g_Erysipelotrichaceae UCG-003 0.13 0.03 0.14 0.06 0.05 0.02 0.03 0.01 

g_Escherichia-Shigella 0.06 0.03 7.91 8.47 22.18 7.40 31.96 9.78 

g_Faecalibacterium 6.55 3.62 0.86 1.31 0.18 0.28 0.07 0.08 

g_Fusicatenibacter 0.92 0.40 0.28 0.30 0.07 0.10 0.01 0.01 

g_Haemophilus 0.30 0.27 0.06 0.11 0.02 0.04 0.01 0.01 

g_Lachnoclostridium 0.28 0.06 0.30 0.22 0.42 0.69 1.34 2.27 

g_Lachnospira 0.37 0.30 0.04 0.03 0.00 0.00 0.00 0.01 

g_Lachnospiraceae FCS020 group 0.15 0.01 0.06 0.03 0.01 0.01 0.00 0.00 

g_Lachnospiraceae ND3007 group 1.06 0.91 0.24 0.41 0.05 0.08 0.00 0.00 

g_Lachnospiraceae NK4A136 group 1.14 0.16 0.18 0.12 0.03 0.06 0.11 0.18 

g_Lachnospiraceae UCG-004 0.25 0.10 0.22 0.29 0.11 0.18 0.09 0.13 

g_Lactobacillus 0.02 0.03 0.89 1.08 0.17 0.20 0.14 0.20 

g_Megasphaera 0.96 1.62 9.29 8.97 9.94 10.00 7.07 7.80 

g_Negativibacillus 0.22 0.36 0.02 0.02 0.00 0.00 0.00 0.00 

g_Odoribacter 0.63 0.10 0.22 0.25 0.08 0.05 0.05 0.03 

g_Olsenella 0.11 0.09 0.18 0.30 0.12 0.20 0.14 0.24 

g_Oscillibacter 0.56 0.65 0.34 0.13 0.08 0.01 0.01 0.00 

g_Parabacteroides 3.59 0.21 4.90 0.96 3.76 0.46 3.67 1.39 

g_Paraprevotella 0.64 0.56 0.00 0.00 0.00 0.00 0.00 0.00 

g_Parasutterella 0.38 0.46 3.28 2.61 1.67 1.27 1.29 1.12 

g_Phascolarctobacterium 1.77 1.54 2.45 4.24 1.38 2.39 0.71 0.61 

g_Prevotella 9 1.10 1.90 0.02 0.03 0.01 0.01 0.01 0.01 

g_Romboutsia 0.54 0.20 0.42 0.37 0.18 0.20 0.18 0.22 

g_Roseburia 2.99 2.08 1.46 2.27 0.63 1.06 0.08 0.13 

g_Ruminiclostridium 6 0.30 0.20 0.01 0.02 0.00 0.00 0.01 0.01 

g_Ruminiclostridium 9 0.17 0.00 0.10 0.08 0.03 0.05 0.01 0.01 

g_Ruminococcaceae NK4A214 group 0.17 0.27 0.03 0.03 0.00 0.00 0.00 0.00 

g_Ruminococcaceae UCG-002 2.90 3.87 0.72 0.37 0.06 0.03 0.08 0.12 

g_Ruminococcaceae UCG-003 0.21 0.26 0.04 0.05 0.01 0.01 0.00 0.01 

g_Ruminococcaceae UCG-005 0.87 1.06 0.04 0.01 0.01 0.01 0.01 0.02 

g_Ruminococcaceae UCG-013 0.40 0.21 0.28 0.29 0.11 0.16 0.06 0.08 

g_Ruminococcaceae UCG-014 0.81 0.90 0.40 0.19 0.10 0.06 0.20 0.29 

g_Ruminococcus 1 1.58 0.76 0.03 0.05 0.00 0.01 0.00 0.00 

g_Ruminococcus 2 2.20 0.90 0.46 0.49 0.04 0.02 0.01 0.02 

g_Streptococcus 0.31 0.31 0.22 0.15 0.07 0.05 0.04 0.04 

g_Subdoligranulum 2.47 0.45 2.15 2.03 0.88 1.13 0.49 0.61 

g_Sutterella 1.35 0.42 7.37 1.51 6.79 1.06 4.81 3.05 

g_Turicibacter 0.33 0.28 0.20 0.32 0.09 0.15 0.08 0.11 

g_uncultured bacterium 0.45 0.39 0.28 0.48 0.06 0.11 0.06 0.08 

g_Veillonella 0.28 0.20 0.45 0.76 4.26 7.37 2.63 4.56 

f_Lachnospiraceae;g_uncultured genus 1 0.41 0.10 0.23 0.26 0.09 0.15 0.04 0.04 

f_Lachnospiraceae;g_uncultured genus 2 3.42 2.29 1.44 1.78 0.36 0.51 0.10 0.08 

f_Ruminococcaceae;g_uncultured 0.42 0.19 0.16 0.01 0.03 0.01 0.02 0.03 

 

C. IN T0 T5 T10 T24 



147 

 

 
mean ± sd mean ± sd mean ± sd mean ± sd 

g_[Eubacterium] coprostanoligenes group 1.39 0.46 0.08 0.03 0.00 0.00 0.00 0.00 

g_[Eubacterium] eligens group 1.37 0.34 0.47 0.22 0.05 0.08 0.00 0.00 

g_[Eubacterium] hallii group 0.73 0.38 0.25 0.16 0.09 0.14 0.03 0.05 

g_[Ruminococcus] torques group 0.27 0.13 0.14 0.07 0.06 0.07 0.01 0.01 

g_Acidaminococcus 0.63 0.54 4.02 3.50 7.41 7.90 4.26 3.77 

g_Akkermansia 1.90 2.03 2.76 3.19 0.63 0.70 0.10 0.05 

g_Alistipes 3.33 1.57 1.36 0.44 0.29 0.14 0.08 0.04 

g_Allisonella 0.01 0.02 2.00 2.20 0.47 0.56 0.06 0.06 

g_Anaerostipes 0.66 0.26 0.41 0.12 0.12 0.11 0.02 0.01 

g_Bacteroides 21.13 2.04 22.88 8.96 17.01 12.04 16.76 15.05 

g_Bifidobacterium 2.47 0.63 4.11 1.53 3.56 3.69 4.38 5.64 

g_Bilophila 0.42 0.26 1.37 0.84 0.63 0.31 0.36 0.09 

g_Blautia 2.64 2.40 1.80 1.33 0.48 0.58 0.08 0.09 

g_Butyricicoccus 0.42 0.46 0.24 0.33 0.15 0.26 0.02 0.03 

g_Catenibacterium 0.51 0.89 0.42 0.72 0.25 0.44 0.06 0.11 

g_Catenisphaera 0.32 0.56 0.30 0.52 0.22 0.39 0.06 0.11 

g_Christensenellaceae R-7 group 2.75 0.77 1.72 0.34 0.52 0.50 0.07 0.07 

g_Citrobacter 0.00 0.00 0.05 0.08 0.14 0.23 0.06 0.11 

g_Clostridium sensu stricto 1 0.10 0.04 0.11 0.06 0.04 0.03 1.50 2.58 

g_Collinsella 0.88 0.66 1.40 0.95 0.70 0.71 0.97 1.43 

g_Coprococcus 1 0.12 0.11 0.11 0.12 0.03 0.05 0.00 0.00 

g_Coprococcus 2 2.71 0.69 0.06 0.04 0.00 0.00 0.00 0.00 

g_Coprococcus 3 0.13 0.17 0.15 0.21 0.10 0.18 0.05 0.09 

g_Dialister 5.09 4.44 3.09 2.81 1.09 1.17 0.33 0.30 

g_Dorea 0.68 0.38 0.34 0.21 0.07 0.08 0.04 0.06 

g_Erysipelotrichaceae UCG-003 0.17 0.04 0.15 0.02 0.04 0.03 0.01 0.01 

g_Escherichia-Shigella 0.18 0.22 2.98 2.08 9.11 8.92 8.03 10.05 

g_Faecalibacterium 6.50 2.54 2.22 2.84 0.41 0.60 0.02 0.01 

g_Fusicatenibacter 0.80 0.55 0.32 0.13 0.08 0.08 0.00 0.00 

g_Haemophilus 0.09 0.16 0.23 0.40 0.15 0.25 0.03 0.05 

g_Lachnoclostridium 0.35 0.12 0.37 0.21 0.97 1.61 3.14 5.38 

g_Lachnospira 1.11 0.96 0.45 0.51 0.03 0.02 0.00 0.00 

g_Lachnospiraceae FCS020 group 0.16 0.03 0.07 0.04 0.01 0.01 0.00 0.00 

g_Lachnospiraceae ND3007 group 0.75 1.03 0.28 0.48 0.08 0.14 0.00 0.00 

g_Lachnospiraceae NK4A136 group 1.70 0.63 0.19 0.14 0.02 0.04 0.01 0.01 

g_Lachnospiraceae UCG-004 0.26 0.18 0.24 0.21 0.10 0.15 0.02 0.03 

g_Lactobacillus 0.06 0.06 2.88 3.30 0.93 0.91 0.27 0.37 

g_Megasphaera 2.16 2.06 11.15 12.84 38.49 36.96 50.21 43.77 

g_Negativibacillus 0.39 0.33 0.25 0.27 0.03 0.03 0.00 0.00 

g_Odoribacter 0.60 0.17 0.28 0.17 0.10 0.13 0.03 0.03 

g_Olsenella 0.05 0.08 0.12 0.20 0.13 0.22 0.34 0.59 

g_Oscillibacter 0.81 0.54 0.44 0.28 0.05 0.04 0.00 0.01 

g_Parabacteroides 2.91 0.49 4.50 0.72 3.20 2.06 2.00 1.11 

g_Paraprevotella 0.25 0.44 0.11 0.20 0.11 0.18 0.01 0.01 

g_Parasutterella 0.42 0.35 1.84 1.61 0.62 0.66 0.08 0.05 

g_Phascolarctobacterium 0.60 1.04 2.16 3.74 1.89 3.28 0.68 1.17 

g_Prevotella 9 4.79 5.44 0.29 0.47 0.02 0.02 0.01 0.01 

g_Romboutsia 0.30 0.22 0.39 0.26 0.14 0.12 0.06 0.07 
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g_Roseburia 2.20 2.59 1.02 1.44 0.41 0.68 0.02 0.03 

g_Ruminiclostridium 6 0.18 0.25 0.02 0.03 0.00 0.00 0.00 0.00 

g_Ruminiclostridium 9 0.21 0.02 0.16 0.09 0.02 0.02 0.00 0.00 

g_Ruminococcaceae NK4A214 group 0.36 0.33 0.22 0.24 0.00 0.00 0.00 0.00 

g_Ruminococcaceae UCG-002 4.11 3.07 1.03 0.65 0.06 0.03 0.00 0.00 

g_Ruminococcaceae UCG-003 0.22 0.13 0.12 0.02 0.02 0.02 0.00 0.00 

g_Ruminococcaceae UCG-005 1.50 1.10 0.36 0.33 0.01 0.01 0.00 0.00 

g_Ruminococcaceae UCG-013 0.32 0.20 0.24 0.19 0.09 0.12 0.02 0.04 

g_Ruminococcaceae UCG-014 0.89 1.00 0.89 0.89 0.12 0.07 0.01 0.00 

g_Ruminococcus 1 0.89 0.77 0.07 0.11 0.02 0.03 0.00 0.00 

g_Ruminococcus 2 2.60 1.13 0.54 0.41 0.15 0.19 0.02 0.01 

g_Streptococcus 0.42 0.30 0.37 0.32 0.08 0.07 0.02 0.02 

g_Subdoligranulum 2.29 0.61 2.38 1.75 0.90 1.17 0.23 0.26 

g_Sutterella 1.04 0.15 7.36 2.70 4.04 0.70 2.08 1.02 

g_Turicibacter 0.12 0.18 0.11 0.16 0.06 0.11 0.03 0.05 

g_uncultured bacterium 0.20 0.34 0.15 0.26 0.09 0.15 0.01 0.02 

g_Veillonella 0.20 0.20 0.18 0.26 1.92 3.33 2.76 4.77 

f_Lachnospiraceae;g_uncultured genus 1 0.41 0.17 0.24 0.31 0.14 0.22 0.24 0.42 

f_Lachnospiraceae;g_uncultured genus 2 3.02 3.46 1.43 1.60 0.37 0.58 0.03 0.06 

f_Ruminococcaceae;g_uncultured 0.54 0.21 0.23 0.09 0.03 0.02 0.00 0.00 

 

D. CL T0 T5 T10 T24  
mean ± sd mean ± sd mean ± sd mean ± sd 

g_[Eubacterium] coprostanoligenes group 1.69 0.73 0.10 0.12 0.03 0.02 0.04 0.05 

g_[Eubacterium] eligens group 1.56 0.23 0.32 0.43 0.09 0.15 0.01 0.02 

g_[Eubacterium] hallii group 0.55 0.60 0.33 0.26 0.17 0.20 0.24 0.25 

g_[Ruminococcus] torques group 0.24 0.13 0.12 0.06 0.08 0.06 0.18 0.26 

g_Acidaminococcus 0.61 0.56 5.37 4.68 12.90 11.17 10.18 17.41 

g_Akkermansia 1.29 1.82 2.62 2.70 1.58 1.39 2.71 2.49 

g_Alistipes 3.06 1.20 1.61 0.15 0.76 0.16 0.43 0.21 

g_Allisonella 0.01 0.01 0.91 0.93 0.89 0.80 0.64 0.58 

g_Anaerostipes 0.48 0.37 0.45 0.17 0.26 0.17 0.60 0.67 

g_Bacteroides 20.95 0.42 22.80 4.61 14.26 2.23 7.74 3.36 

g_Bifidobacterium 2.15 0.93 2.32 1.08 1.37 0.73 3.13 2.97 

g_Bilophila 0.29 0.21 1.04 0.45 1.02 0.32 4.93 6.28 

g_Blautia 2.36 1.46 2.04 2.15 0.79 0.91 0.41 0.33 

g_Butyricicoccus 0.40 0.40 0.28 0.34 0.20 0.26 0.21 0.18 

g_Catenibacterium 0.57 0.98 0.65 1.13 0.49 0.86 0.48 0.82 

g_Catenisphaera 0.21 0.36 0.32 0.55 0.17 0.30 0.19 0.32 

g_Christensenellaceae R-7 group 2.62 0.63 2.38 0.84 1.13 0.92 1.07 0.93 

g_Citrobacter 0.00 0.00 0.13 0.18 0.45 0.72 0.55 0.57 

g_Clostridium sensu stricto 1 0.07 0.06 0.09 0.04 0.49 0.79 0.18 0.21 

g_Collinsella 0.71 0.65 1.57 1.50 0.95 0.93 1.76 1.72 

g_Coprococcus 1 0.12 0.11 0.14 0.20 0.06 0.09 0.03 0.03 

g_Coprococcus 2 2.77 0.47 0.14 0.17 0.03 0.05 0.03 0.06 

g_Coprococcus 3 0.11 0.15 0.17 0.26 0.15 0.25 0.09 0.11 

g_Dialister 4.00 3.46 3.76 3.29 1.66 1.53 2.50 2.89 

g_Dorea 0.74 0.38 0.32 0.18 0.32 0.22 2.19 3.61 

g_Erysipelotrichaceae UCG-003 0.18 0.03 0.13 0.05 0.07 0.02 0.19 0.25 

g_Escherichia-Shigella 0.06 0.02 9.98 10.67 25.94 9.54 21.91 22.72 
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g_Faecalibacterium 10.45 0.77 2.84 3.48 0.95 0.88 0.12 0.06 

g_Fusicatenibacter 0.82 0.84 0.45 0.51 0.16 0.23 0.04 0.05 

g_Haemophilus 0.12 0.21 0.44 0.76 0.36 0.62 0.03 0.05 

g_Lachnoclostridium 0.29 0.09 0.37 0.15 0.56 0.34 1.65 0.69 

g_Lachnospira 1.25 0.82 0.14 0.09 0.02 0.02 0.01 0.01 

g_Lachnospiraceae FCS020 group 0.19 0.04 0.09 0.07 0.01 0.01 0.01 0.01 

g_Lachnospiraceae ND3007 group 1.07 0.85 0.45 0.77 0.15 0.26 0.00 0.00 

g_Lachnospiraceae NK4A136 group 1.73 0.57 0.26 0.27 0.05 0.05 0.02 0.03 

g_Lachnospiraceae UCG-004 0.25 0.24 0.39 0.39 0.41 0.31 0.56 0.47 

g_Lactobacillus 0.02 0.02 0.30 0.33 0.17 0.20 1.31 2.12 

g_Megasphaera 1.04 0.93 3.97 3.49 8.65 7.51 6.63 8.51 

g_Negativibacillus 0.28 0.30 0.29 0.35 0.15 0.13 0.05 0.07 

g_Odoribacter 0.61 0.19 0.49 0.31 0.41 0.35 0.33 0.39 

g_Olsenella 0.04 0.07 0.10 0.18 0.08 0.14 0.05 0.09 

g_Oscillibacter 0.78 0.48 0.56 0.38 0.30 0.15 0.79 1.15 

g_Parabacteroides 3.00 0.42 5.26 1.91 4.00 1.39 2.16 0.19 

g_Paraprevotella 0.21 0.36 0.00 0.00 0.00 0.00 0.00 0.00 

g_Parasutterella 0.43 0.32 2.99 2.23 2.22 1.66 7.68 10.46 

g_Phascolarctobacterium 0.57 0.99 1.90 3.30 1.44 2.49 1.43 2.48 

g_Prevotella 9 4.81 5.49 0.31 0.33 0.03 0.03 0.00 0.01 

g_Romboutsia 0.25 0.24 0.34 0.31 0.24 0.26 0.36 0.26 

g_Roseburia 2.22 2.56 1.23 1.89 0.74 1.22 0.16 0.21 

g_Ruminiclostridium 6 0.25 0.18 0.02 0.04 0.00 0.00 0.00 0.00 

g_Ruminiclostridium 9 0.17 0.06 0.12 0.07 0.05 0.04 0.03 0.05 

g_Ruminococcaceae NK4A214 group 0.29 0.27 0.06 0.06 0.01 0.01 0.10 0.17 

g_Ruminococcaceae UCG-002 4.34 3.08 0.62 0.40 0.22 0.12 0.84 1.39 

g_Ruminococcaceae UCG-003 0.20 0.10 0.13 0.03 0.09 0.10 0.32 0.56 

g_Ruminococcaceae UCG-005 1.41 1.06 0.15 0.19 0.01 0.01 0.00 0.00 

g_Ruminococcaceae UCG-013 0.38 0.28 0.28 0.38 0.16 0.24 0.16 0.15 

g_Ruminococcaceae UCG-014 0.82 0.86 0.59 0.70 0.20 0.15 0.12 0.10 

g_Ruminococcus 1 0.88 0.72 0.03 0.04 0.01 0.01 0.01 0.01 

g_Ruminococcus 2 2.75 1.22 0.59 0.76 0.07 0.05 0.07 0.08 

g_Streptococcus 0.29 0.29 0.28 0.19 0.12 0.09 0.48 0.67 

g_Subdoligranulum 2.42 0.72 2.01 1.47 1.02 0.91 2.28 2.18 

g_Sutterella 0.88 0.50 7.87 3.59 8.41 0.87 6.79 6.47 

g_Turicibacter 0.13 0.21 0.16 0.25 0.11 0.18 0.15 0.18 

g_uncultured bacterium 0.22 0.38 0.20 0.35 0.05 0.08 0.00 0.00 

g_Veillonella 0.17 0.21 0.16 0.27 0.23 0.39 0.04 0.08 

f_Lachnospiraceae;g_uncultured genus 1 0.42 0.23 0.33 0.43 0.19 0.21 0.21 0.25 

f_Lachnospiraceae;g_uncultured genus 2 3.07 3.31 1.57 1.90 0.48 0.63 0.23 0.19 

f_Ruminococcaceae;g_uncultured 0.53 0.23 0.29 0.16 0.12 0.02 0.16 0.19 
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Table S3. Glucosinolates concentration (µmol/100g) in BR supernatant quantified by LC-MS/MS and 

normalized according to fermentation volume. Data represent the mean and standard deviation (SD) at  time  

of  inoculation (T0)  and  after  5  (T5),  10  (T10)  and  24  hours  (T24) of Broccolo fecal fermentation (n=3 

donors). Sinigrin, gluconapin, glucocheirolin, protogoitrin, sinalbin, gluconasturtin, glucoalyssin and 

glucomoringin are not shown, since the levels fell below the limit of quantification. 

 
BR  

T0 T5 T10 T24 

Glucoraphanin     

   Mean 217.46 95.88 39.86 2.75 

   SD 187.69 100.31 44.19 2.83 

Glucobrassicin 
    

   Mean 158.70 83.72 46.01 2.24 

   SD 88.14 72.73 41.98 1.94 

Glucoerucin 
    

   Mean 66.41 318.87 338.58 34.23 

   SD 57.72 310.56 297.95 59.28 

Glucoiberin 
    

   Mean 921.85 345.59 166.48 2.73 

   SD 158.02 312.28 158.84 2.84 

Glucotropaeolin 
    

   Mean 2.04 1.44 0.83 0.06 

   SD 1.27 1.25 0.72 0.10 

Glucobrassicanapin 
    

   Mean 0.29 0.23 0.10 0.04 

   SD 0.22 0.27 0.07 0.01 

Glucoiberverin 
    

   Mean 1.28 15.50 25.79 4.28 

   SD 0.70 14.82 23.74 7.15 

4-Hydroxyglucobrassicin 
    

   Mean 2.54 0.70 0.31 0.00 

   SD 0.74 0.61 0.29 0.00 

4-Methoxyglucobrassicin 
    

   Mean 44.22 16.91 5.95 0.20 

   SD 8.18 5.49 4.18 0.34 

Neoglucobrassicin 
    

   Mean 346.91 119.94 47.43 0.92 

   SD 128.79 104.07 42.89 0.87 

Sulforaphane 
    

   Mean 28.58 13.21 15.21 2.96 

   SD 40.83 19.20 21.87 3.81 

Moringin 
    

   Mean 94.16 75.57 112.49 119.31 

   SD 158.93 125.80 190.84 204.31 
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Table S4. Polyphenol and indole-3-carbinol concentrations (mg/kg) in BR supernatant quantified by LC-

MS/MS and normalized according to fermentation volume. Data represent the mean and standard deviation 

(SD) at  time  of  inoculation (T0)  and  after  5  (T5),  10  (T10)  and  24  hours  (T24) of Broccolo fecal fermentation 

(n=3 donors). Catechin, cinnamic acid, p-coumaric acid, isorhamnetin-3-glucoside and cryptochlorogenic acid 

are not shown, since the levels fell below the limit of quantification. 

 
BR  

T0 T5 T10 T24 

4-Aminobenzoic acid     

   Mean 73.22 79.90 91.05 94.16 

   SD 13.62 10.78 12.39 22.57 

Caffeic acid 
    

   Mean 35.42 2.21 1.74 0.00 

   SD 21.00 3.83 3.02 0.00 

Ferulic acid 
    

   Mean 30.96 9.31 8.13 5.51 

   SD 7.52 2.28 2.90 2.49 

Quercetin-3-glucoside 
    

   Mean 6.10 0.98 1.05 1.01 

   SD 3.71 0.29 0.35 0.70 

Quercetin 3,4'-diglucoside 
    

   Mean 167.55 33.57 25.95 9.35 

   SD 45.17 2.10 9.12 3.83 

Sinapic acid 
    

   Mean 300.41 130.60 73.36 36.34 

   SD 81.29 61.81 51.49 37.63 

Synapyl alcohol 
    

   Mean 3.32 4.97 8.56 4.12 

   SD 3.23 4.37 3.67 5.40 

Syringaldehyde 
    

   Mean 5.68 5.69 3.72 1.88 

   SD 2.22 1.52 1.08 0.72 

Syringic acid 
    

   Mean 12.79 12.92 17.84 15.88 

   SD 3.38 3.59 6.04 6.01 

Chlorogenic acid 
    

   Mean 0.56 0.60 0.68 0.65 

   SD 0.23 0.04 0.17 0.14 

Neochlorogenic acid 
    

   Mean 12.82 4.07 2.79 0.74 

   SD 10.60 5.56 4.83 1.29 

Indole-3-carbinol 
    

   Mean 251.06 129.70 64.85 4.35 

   SD 134.14 112.41 56.55 7.53 
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Abstract: Moringa oleifera is a plant native to India and an interesting candidate as a sustainable 

food crop for human health. Moringa oleifera leaves are a rich source of polyphenols and 

glucosinolates (GLS), both widely recognized for their anti-cancer, antioxidant and anti-

inflammatory properties. Due to the crucial role of human gut microbiota (GM) in breaking down 

plant phytochemicals into their bioactive form, we investigated whether and to which extent the 

human GM metabolizes polyphenols and GLS in Moringa, examining which bacterial taxa might be 

involved in these biotransformations. We made use of a small volume in vitro anaerobic faecal 

fermentation to determine the ability of faecal bacteria to breakdown Moringa phytochemicals, 

using as fermentation substrate an in vitro-digested Moringa oleifera leaf powder (MOR) or 

glucomoringin (GMG), the main GLS in Moringa. Illumina 16S rRNA gene sequencing was used to 

analyze GM composition of different faecal donors (n=7) and targeted Liquid Chromatography 

Triple Quadrupole Mass Spectrometry (LC-MS/MS) metabolomics approach was employed to 

quantify polyphenols and GLS concentrations over 8 hours of faecal fermentation. Finally, we made 

use of an in vitro trans-epithelial electric resistance (TEER) model with human colorectal 

adenocarcinoma cells (Caco-2) to investigate the potential of MOR or GMG fermentation 

supernatants in improving gut epithelial barrier integrity. As expected, GM composition was unique 

to each faecal donor, showing differences in terms of bacterial richness and composition among 

volunteers and thus suggesting a personalized response to Moringa metabolites, as highlighted by 

Spearman’s correlation analysis. While no significant TEER improvement was observed after 

incubation of Caco-2 monolayers with MOR supernatant, GMG supernatants significantly increased 

TEER, thus suggesting the role of glucomoringin GLS or of the derived glucotropaeolin and sinalbin 

in stimulating gut barrier function. Our results provide novel insights on the fate of target plant 

phytochemicals during faecal microbial fermentation and on their potential beneficial activity on 

gut health.  
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1. Introduction 

Moringa oleifera is one of the thirteen species of plants belonging to the Moringaceae family (1). 

M. oleifera, also known as ‘ben tree oil’ or ‘drumstick tree’ (2,3) was originally distributed in South 

Asia, West, East and South Africa, but it is now broadly dispersed in Europe, Americas and Oceania 

(4). All parts of this plant – leaves, flowers, nuts, seeds and tubers – are edible and utilized for human 

consumption (4). In particular, M. oleifera leaves are rich in essential amino acids, vitamin C and A, 

calcium, iron and potassium (5,6) thus supporting the growing interest in the use of this plant as an 

alternative nutritious food source to fight malnourishment in children and as a functional food to 

fight chronic diet associated diseases in other age groups (7–9). Several in vitro and animal studies 

reported the anti-inflammatory (10,11), anti-diabetic (12), anti-cancer (13,14) and antimicrobial (15) 

effects of M. oleifera leaves and seeds extracts, thus encouraging further human studies to fully 

establish the health potential of this plant. Many of the purported health effects of M. oleifera have 

been attributed to its bioactive chemical constituents (16,17). M. oleifera leaves are reported to contain 

huge amounts of glucosinolates and polyphenols (18), both widely recognized for their health 

promoting activities, including anti-cancer and anti-inflammatory properties (19–22). 

Glucosinolates (GLS) are secondary metabolites serving as defense compounds in plants (23), and 

glucosinolate hydrolysis by both plant and gut microbiota myrosinase enzymes generates various 

derivatives, including isothiocyanates (ITC). The 4(α-L-rhamnosyloxy)-benzyl ITC, also called 

moringin, has been recently characterized as one of the main bioactive compounds being responsible 

for M. oleifera health properties. Moringin is produced by myrosinase-catalyzed hydrolysis of 4(α-

L-rhamnosyloxy)-benzyl GLS or glucomoringin, the main GLS in moringa (24) as described in 

Figure 1. 

Figure 1. Moringin production from glucomoringin hydrolysis. Adapted from Borgonovo et al. (2020) (25). 
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In 2017, Jaja-Chimedza and colleagues (26) demonstrated that moringin at 5 or 10 µM 

concentration modulated NF-kB and Nrf2 inflammatory pathways in vitro when incubated with 

lipopolysaccharide (LPS)-stimulated murine macrophages, thus significantly reducing the synthesis 

of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α.  

These results confirmed what previously observed by Rajan et al. in 2016 (27) and were further 

supported by an in vivo study, where feeding C57Bl/GJ obese mice with a high-fat diet supplemented 

with 0.25% moringin significantly modulated NADPH quinone oxidoreductase (NQO1) and 

inducible nitric oxide synthase (iNOS) pathways, both associated with chronic inflammation (28). 

Youjin and colleagues (2017) investigated wheter the anti-inflammatory activity of moringin derive 

from its protective action on the intestinal barrier, since it is known that increased intestinal 

permeability can trigger local and systemic inflammation due to the uncontrolled translocation of 

potentially pathogenic bacteria (29). The authors employed a mouse model of chronic ulcerative 

colitis (UC) to investigate the anti-inflammatory activity of M. oleifera seed extract enriched in 

moringin (29). Chronic UC was induced in mice by dextran sulphate sodium (DSS) treatment, a 

chemical colitogen able to distrupt the integrity of the mucosal barrier, thus increasing gut 

permeability and resulting in intestinal inflammation (30). Following UC induction, mice were orally 

administered for 2 weeks with 150 mg/kg moringa seed extract containing 47% (w/w) moringin. 

Moringa seed extract + moringin supplementation significantly alleviated chronic ulcerative colitis 

symptoms and increased tigh-junction proteins expression in UC mice (29), thus suggesting a 

potential effect of Moringa metabolites in treating gut barrier dysfunction and gut permeability in 

UC. Moreover, dietary supplementation of Moringa leaves powder significantly reduced 

inflammatory cytokines IL-1β, IL-6, TNF-α and INF-γ production in a colitis-associated colorectal 

cancer mouse model (31). These effects were attributed to chlorogenic acid, p-coumaric acid and 

other phenolic compounds found at high concentration in Moringa leaves (31,32).  

In vivo biotransformation of polyphenols and glucosinolates strongly involves colonic microbiota. 

Up to 90%-95% of dietary polyphenols are not absorbed in the small intestine, thus they reach the 

colon almost intact (33). Here, they interact with the gut microbiota (GM) through a reciprocal 

interplay whereby microorganisms transform the complex phytochemicals into biologically 

available and bioactive moieties, and the phytochemicals have the potential to change the relative 

abundance of GM (34). Both polyphenols and glucosinolates undergo microbial biotransformation, 

producing several metabolites that exert in vivo beneficial activities, both locally in the intestine and 

systemically, through the bloodstream (35,36). As an example, plant glucosinolates glucomoringin 
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and glucoraphanin can be hydrolyzed by microbial myrosinases to bioactive isothiocyanates 

moringin and sulforaphane, respectively (25,35). Liou and colleagues (2020) (37) identified an 

operon required for glucosinolate metabolism in Bacteroides thetaiotaomicron, a prominent human gut 

symbiont. Moreover, previous in vivo and in vitro work has demonstrated the myrosinase-like 

activity of different GM members, such as Bifidobacterium spp., Enterococcus spp. and Lactobacillus 

spp. (38–41). These results are of a great importance since they provide insight into the mechanism 

by which GM could process Brassica phytochemicals, generating their bioactive metabolites.  

To date, there are no in vitro studies investigating the fate of M. oleifera phytochemical 

components using mixed cultures of faecal bacteria. The aim of this work was to measure the extent 

of gut microbiota biotransformation of target polyphenols and glucosinolates in M. oleifera, upon 

fermentation of digested M. oleifera leaves and glucomoringin (GMG), making use of a small volume 

in vitro anaerobic fecal fermentation, analytical chemistry and next generation sequencing to 

investigate the compounds that are produced as a result of bacterial conversion of original plant 

metabolites, and which bacteria might be involved in this conversion. Illumina 16S rRNA gene 

sequencing was used to analyze gut microbiota composition of different faecal donors (n=7). A 

targeted Liquid Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS) 

metabolomics approach was used to quantify glucosinolates and polyphenols concentrations over 8 

hours of faecal fermentation. We performed a Spearman’s correlation analysis between GM 

composition and glucosinolates and polyphenols concentration over the fermentation process, in 

order to understand how individual  GM profile drives a personalized  biotransformation of plant 

metabolites, thus generating a unique metabolite signature. 

Considering previous studies which highlighted the potential of Moringa and moringin to restore 

gut barrier function through an increasing of tight-junction proteins expression (29), we employed  

an in vitro moldel of intestinal barrier to investigate whether Moringa and GMG faecal supernatants 

modulate gut permeability.   

 

2. Materials and methods 

2.1 Moringa in vitro digestion 

Moringa (Moringa oleifera) leaf powder was obtained from Impresa Moringa Salento s.r.l, 

Nociglia, Italy, in January 2021. To simulate human digestion in the stomach and small intestine, the 

in vitro digestion protocol of Minekus et al. (2014) was used with some modifications (42). The same 
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protocol was used to digest M. oleifera (MOR) leaf powder, and the control substrates cellulose (CL), 

a lowly fermented fiber, and inulin (IN),  a readily fermented fiber. Both controls did not contain 

plant polyphenols. 30 g of sample was added to 30 mL of simulated salivary fluid (21 mL saline 

solution, 5.85 mL milliQ H2O, 150 µL 0.3 M CaCl2(H2O)2, 3 mL 1500 U mL-1 α-amylase, Sigma-

Aldrich) and incubated for 2 min at 37°C while rotating at 150 rpm. Subsequently, the oral bolus was 

mixed to 100 mL of simulated gastric fluid (45 mL saline solution containing 10mg/mL lipid 

vescicles, Sigma Aldrich, 4.17 mL milliQ H2O, 30 µL 0.3 M CaCl2(H2O)2 and 9.6 mL 25000 U mL-1 

pepsin, Sigma Aldrich) to simulate the gastric phase and pH was decreased to pH 3 with 5 M HCl. 

This mixture was incubated for 2 hours at 37 °C while rotating at 150 rpm. Finally, the food bolus 

passed to the intestinal phase, where it was mixed with 200 mL of simulated intestinal fluid (66 mL 

saline solution, 7.86 mL milliQ H2O, 240 µL 0.3 M CaCl2(H2O)2, 4.8 g porcine bile extract and 30 mL 

800 U mL-1 pancreatin) and where the pH was increased to pH 7 using 5 M NaOH. This mixture was 

incubated for 2 hours at 37 °C while rotating at 150 rpm. To simulate passive intestinal absorption 

of water and hydrolytic products from digestion in the small intestine, in vitro dialysis was 

performed using Spectra/Por® Dialysis Membrane MWCO 1000 KDa (Repligen, Waltham, MA, 

USA). Samples were collected inside dialysis membranes and sealed at both ends. They were 

incubated overnight at 4 °C while rotating, inside tanks with a volume 100 times higher than the 

sample volume and filled with a 10 mM NaCl solution. After incubation, samples were frozen at -

80 °C overnight, then freeze-dried. Freeze dried samples were milled using a sterile pestle, divided 

into portions of 2 g/each and then stored at –80 °C until further analysis. 

2.2 Small volumes faecal batch cultures 

Fecal samples were collected from seven healthy volunteers (age between 20 and 55 years, no 

antibiotic treatment in the 3 months preceeding the experiment) and kept anaerobic until 

inoculation. For each volunteer, five batch fermentations were run in parallel, filling tubes with 

sterile anaerobic medium and inoculating with 4 mL of 10% (w/v) faecal slurry up to a total volume 

of 40 mL. All the experiments were carried out in an anaerobic cabinet at 37°C, without pH-control. 

50 mL sterile tubes (Sarstedt, Nümbrecht, Germany) were prepared in the anaerobic cabinet the day 

before the experiment and filled with 36 mL of sterile hot basal nutrient medium according to 

Sanchez-Patan et al. 2012 (43). On the day of the experiment, fresh fecal samples were collected and 

slurries were prepared by homogenizing faeces in anoxic 1X PBS (pH 7.2) by using a Stomacher® 

400 Circulator (Seward Ltd., UK). After inoculation with faecal slurry, 0.4 g of freeze-dried in vitro 
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digested substrate or 19 mg of glucomoringin (GMG) pure compound were added in each tube as 

follows: tube 1, contained only faecal inoculum and no substrate (blank, BK); tube 2, 1% (w/v) inulin 

(IN, positive control), tube 3, 1% (w/v) cellulose (CL, negative control), tube 4, 1% (w/v) Moringa 

(MOR), tube 5 19 mg of GMG. Hydroalcholoic extraction was performed by the Metabolomics Unit 

in FEM to quantify the content of GMG in Moringa leaf powder. GMG content ranged between 35 

and 45 mg/g of Moringa leaf powder. Considering that 0.4 g of in vitro digested-Moringa leaf powder 

corresponded to 0.544 g of Moringa leaf powder pre-digestion, we expected to have a minimum of 

19 mg of GMG in 0.4g of in vitro digested Moringa leaf powder. Thus, the amount of GMG used in 

the faecal fermentations was equivalent to the amount of GMG present in 0.4 g of digested Moringa 

leaves. The amount of digested IN, CL and MOR was estimated in order to reflect colonic proportion 

of digested food and faecal slurry. Also, this considers that a total amount of approximately 200 g of 

material (including food particles, water, bacteria and mucus) could be measured at any given time 

in the large intestine (44). Batch cultures were carried out over 8 hours and samples obtained from 

each tube at 0 (baseline, after faecal inoculum, T0), 30 minutes (T0.5), 1 (T1), 2 (T2), 5 (T5) and 8 (T8) 

hours. Selected timepoints were chosen in order to include all phases of microbial metabolism of 

targeted polyphenols and glucosinolates, thus considering the lag (T0, T0.5 and T1), exponential (T2 

and T5) and stationary (T8) phases of bacterial growth. Samples were immediately centrifuged at 

18000 g for 5 min. Pellets and supernatants were stored at –80 °C for metagenomics and 

metabolomics analysis respectively. 

2.3 Gut microbiota analysis 

Total DNA extraction from frozen pellets (10-20 mg) collected at T0 was performed using  MP 

Biomedicals™ FastDNA™ SPIN DNA Isolation Kit for Feces (Thermo Fisher Scientific, Waltham, 

MA, USA), following manufacturer’s instructions. DNA quality and concentration were measured 

using a NanoDrop® 8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). PCR 

amplification was performed by targeting 16S rRNA gene V3-V4 variable regions with the bacterial 

primer set 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′-

GACTACNVGGGTWTCTAATCC-3′), as previously reported (45). PCR amplification of each 

samples was carried out using 25 µL reactions, with 12.5 µL of 2X KAPA Hifi HotStart Ready Mix 

(Kapa Biosystems Ltd., UK), 0.5 µL of each primer, 2.5 µL DNA (5 ng/µL) and 9 µL. All PCR reactions 

were carried out using the Verity™ 96-well Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, 

USA), according to the following protocol: 5 min at 95 °C, 30 cycles of 30 s at 95 °C, 30 s at 55 °C, and 
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30 s at 72 °C, followed by a final extension of 5 min at 72 °C. PCR products were checked by gel 

electrophoresis and cleaned using an Agencourt AMPure XP system (Beckman Coulter, Brea, CA, 

USA), following the manufacturer’s instructions. After seven PCR cycles (16S Metagenomic 

Sequencing Library Preparation, Illumina), Illumina adaptors were attached (Illumina Nextera XT 

Index Primer). Libraries were purified using Agencourt AMPure XP (Beckman) and then sequenced 

on an Illumina® MiSeq (PE300) platform (MiSeq Control Software 2.0.5 and Real-Time Analysis 

software 1.16.18, Illumina, San Diego, CA, USA). Sequences obtained from Illumina sequencing 

were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) 2.0 pipeline (46). 

Unidentified taxa include those whose percentage sequence homology with Silva database (SILVA 

138 06-RS202 release) was less than 95% (47). α- diversity (within-sample richness) and β-diversity 

(between-sample dissimilarity) estimates were determined using the phyloseq R Package (48).  

2.4 Supernatants preparation for metabolomic analysis and cell culture experiments 

All supernatants were thawed on ice and sterile-filtered using sterile Sartorius 0.22 µm filters 

(Thermo Fisher Scientific, Waltham, MA, USA). Filtered supernatant were used for metabolomics 

analysis, performed through Liquid Chromatography Triple Quadrupole Mass Spectrometry (LC-

MS/MS) and for TEER experiments. 

2.5 LC-MS/MS 

Analysis on glucosinolates and polyphenols were performed on a Sciex Triple Quad 6500+ (Sciex, 

USA) LC-MS/MS system. A protocol was developed to separate 45 compounds divided between 

polyphenols, glucosinolates, isothiocyanates and indoles through a single chromatographic run of 

17 minutes. A complete list of the quantified compounds is provided in the Results section (Table 1), 

together with the range of concentration used for the calibration curve. Each compound was 

identified and quantified in multiple reaction monitoring (MRM) and dosed with its own calibration 

curve. 

2.6 Cell cultures and experimental treatments 

Human epithelial colorectal adenocarcinoma Caco-2 cell line (ATCC® HTB-37™, number of 

passage between 50 and 60) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose (4.5g/L) (Lonza, Switzerland) supplemented with 20% decomplemented (56°C, 60 minutes) 

fetal bovine serum (Lonza, Switzerland), 100 units/ml penicillin (Biological Industries, Israel), 100 

μg/ml streptomycin (Biological Industries, Israel), 1% non-essential amino acids (Euroclone, Milan), 

2 mM glutamine and 0,25 ug/ml Amphotericin B (Biological Industries, Israel). Before and during 



167 

 

treatments, cell cultures were maintained in humidified atmosphere of 5% CO2 in air at 37 °C. Before 

the experiment, Caco-2 cells were maintained in T-75 cm2 flasks (Sarstedt, Nümbrecht, Germany) 

and passaged when they reached 70% confluence using 0.05% trypsin–0.5 mM EDTA (Lonza, 

Switzerland). Medium was refreshed every second day. Prior to seeding, transwell inserts were 

coated with rat tail collagen Type I (Sigma Aldrich), according to the manufacturer’s instruction. For 

the experiment, Caco-2 cells were harvested to obtain a cell suspension of 1 X 105 cells/cm2. 2.5 mL 

of cell suspension were added in transwell inserts with membrane filters (0.1 µm pore size; Falcon, 

Sacco s.r.l, Cadorago, Como, Italy) and grown for 13 days until a tight monolayer was formed (TEER 

measurements stable for two consecutive days). 1.5 mL of medium was added to the basolateral 

chamber. MOR and GMG supernatants collected after 1 hour of faecal fermentation were thawed on 

ice and sterile-filtered using Sartorius 0.22 µm filters (Thermo Fisher Scientific, Waltham, MA, USA). 

Sterile supernatants from different donors were pooled and used as a single treatment for cell culture 

experiments. All control and test treatments were prepared on the day of the assay. 10 mM propionic 

acid and 7% ethanol were used as positive and negative controls, respectively. All treatments were 

added to the culture medium at 10% of the total apical volume (2.5 mL).  

2.7 Transepithelial electrical resistance (TEER) measurement 

TEER was measured using an epithelial volt-ohm-meter (EVOM, World Precision Instruments 

Inc., Sarasota, FL, USA). Plates were left at room temperature for exactly 25 minutes prior to TEER 

measurements. The integrity of cell monolayers was assessed just before the addition of testing 

substrates (resistanceT0). The media was then removed from basolateral and apical chambers and the 

control or test treatments added to the apical layer. Resistance was measured after 24 h 

(resistanceT24). The TEER was calculated using the following equation, as described in previous 

works (49–51):  

 TEER(Ω cm2) = resistance(Ω)  × membrane area(cm2)        

Where area of the semipermeable membrane was 9.6 cm2. The change in TEER for each insert was 

calculated using the following formula: 

Change in TEER (%) = TEERT24 (Ω cm2)/ TEERT0 (Ω cm2) × 100% 

Where TEERT24 and TEERT0 represent TEER after 24 hours treatment and TEER at baseline, 

respectively. This experiment was repeated three times. 
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2.8 Statistical analysis 

All statistical analysis was performed using R studio version 3.6.2. Normal distribution of data 

was assessed by Shapiro–Wilk’s test. Percentage relative abundance of taxa from different dietary 

groups was compared using nonparametric Wilcoxon test. Pairwise comparison among groups in 

terms of α-diversity was performed by Kruskal–Wallis test. Differences in the β-diversity were 

checked using the non-parametric Permutational Multivariate Analysis of Variance 

(PERMANOVA) and adonis tests with 999 permutations, via the vegan R Package (52). Correlation 

between bacterial taxa and microbial metabolites was performed by Spearman’s correlation analysis. 

All p-values were adjusted using Benjamini-Hochberg false discovery rate (FDR) correction. After 

FDR correction, a p value < 0.05 was considered statistically significant. Statistical significance 

between TEER results was performed by unpaired t-test. All data are expressed as the mean ± 

standard deviation, SD.  

3. Results 

3.1 Gut microbial ecology of different donors at baseline 

Illumina MiSeq sequencing of gut microbial 16S rRNA gene amplicons produced a total of 

5,857,720 reads, with 167,363 ± 26,873.66 raw reads per sample. After QIIME 2.0 analysis, we 

removed chimeras, low quality sequences, and sequences that were identified as Cyanobacteria, and 

the total number of reads was 3,630,828, with 103,737.9 ± 16,306.04 raw reads per sample.  

Bacterial α-diversity showed significant differences among donors (n=7). Three different α-

diversity estimators were used, namely the observed number of operational taxonomic units 

(OTUs), the Chao1 index and the Shannon entropy index (Figure 2). No significant differences were 

observed among different samples coming from the same donor at time of inoculation with different 

fermentation substrates (T0).  
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Figure 2. Bacterial α-diversity using Observed OTUs, Chao1 and Shannon index, at baseline (T0). Different 

boxplot colors indicate different faecal donors (n=7). Line inside the box represents the median, whiskers from 

either side of the box represent the first and the third quartiles, respectively. Different superscript letters 

indicate statistical significance among gut microbial richness of different donors. 

 

To identify differences between bacterial composition of different faecal donors at T0, we 

calculated β-diversity using Bray-Curtis dissimilarity, weighted and unweighted UniFrac distances 

(Figure 3A, B and C). As expected, PERMANOVA analysis showed that different donors 

significantly separated from each other when considering Bray-Curtis dissimilarity, weighted and 

unweighted UniFrac indexes (p < 0.05). 
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Figure 3. Bacterial β-diversity at time of inoculation (T0) analyzed using Bray-Curtis dissimilarity index (A), 

Unweighted Unifrac (B) or Weighted Unifrac distance (C). Different colors indicate different fecal donors (D) 

(n=7). 
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The results of gut microbiota analysis in relative abundance of taxa are illustrated in Figure 4 and 

Table S1 and S2. Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria were the most 

represented phyla in all samples, regardless of fermentation substrate and donor, covering between 

96% and 99% of all identified phyla (Figure 4A, Table S1). Differences in bacterial relative 

abundances among the fecal donors are presented as supplementary information in Table S1 and 

S2. 

Figure 4. Percentage bacterial relative abundance of phyla (A) and genera (B) at time of feces inoculation 

(T0) (n=7 healthy donors). Fermenters were administrated with inulin (IN), cellulose (CL), Moringa (MOR) or 

glucomoringin (GMG) as substrates (treatments). Control is represented by fermenters with no substrate 

inoculum (BK). Values are mean % relative abundance. Less abundant phyla include bacteria with a relative 

abundance less than 0.01% in fewer than 25% of samples; less abundant genera include bacteria with a relative 

abundance less than 0.1% in fewer than 25% of samples. 
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3.2 Microbial metabolites analysis 

Table 1 summarizes the target glucosinolates and polyphenols quantified in faecal supernatants 

by LC-MS/MS. . 

Table 1. List of polyphenols, glucosinolates and their derivatives analyzed in faecal supernatant through 

LC-MS/MS. For each compound  the column “Origin” specifies if the compound was present in the plant or if 

it derived from microbial breakdown (▪) (53). 
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Less abundant genera f__Lachnospiraceae;g__Lachnoclostridium

f__Ruminococcaceae;g__Ruminococcaceae NK4A214 group f__Lachnospiraceae;g__Coprococcus 3

f__Lachnospiraceae;g__Lachnospiraceae NK4A136 group f__Ruminococcaceae;g__Ruminiclostridium 9

f__Ruminococcaceae;g__[Eubacterium] coprostanoligenes group f__Ruminococcaceae;g__Ruminococcus 1

f__Lachnospiraceae;g__[Ruminococcus] torques group f__Burkholderiaceae;g__Sutterella

f__Tannerellaceae;g__Parabacteroides f__Ruminococcaceae;g__Ruminococcaceae UCG-010

f__Ruminococcaceae;g__unassigned genus 2 f__Veillonellaceae;g__Dialister

f__Lachnospiraceae;g__unassigned genus 2 f__Acidaminococcaceae;g__Phascolarctobacterium

f__Ruminococcaceae;g__Ruminococcaceae UCG-005 f__Ruminococcaceae;g__unassigned genus 1

f__Clostridiaceae 1;g__Clostridium sensu stricto 1 f__Lachnospiraceae;g__Lachnospira

f__Ruminococcaceae;g__Butyricicoccus f__Ruminococcaceae;g__Ruminococcaceae UCG-014

f__Lachnospiraceae;g__Dorea f__Ruminococcaceae;g__Ruminococcaceae UCG-002

f__Lachnospiraceae;g__[Eubacterium] hallii group f__Lachnospiraceae;g__Roseburia

f__Bifidobacteriaceae;g__Bifidobacterium f__Lachnospiraceae;g__Anaerostipes

f__Christensenellaceae;g__Christensenellaceae R-7 group f__Ruminococcaceae;g__Ruminococcus 2

f__Rikenellaceae;g__Alistipes f__Lachnospiraceae;g__Fusicatenibacter

f__Ruminococcaceae;g__Subdoligranulum f__Lachnospiraceae;g__unassigned genus 1

f__Lachnospiraceae;g__Blautia f__Ruminococcaceae;g__Faecalibacterium

f__Bacteroidaceae;g__Bacteroides

B. 
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4- methoxyglucobrassicin Plant 

4-Hydroxyglucobrassicin Plant 

Glucoalyssin Plant 

Glucobrassicanapin Plant 

Glucobrassicin Plant 

Glucocheirolin Plant 

Glucoerucin Plant 

Glucoiberin Plant 

Glucoiberverin Plant 

Gluconapin Plant 

Gluconasturtin Plant 

Glucoraphanin Plant 

Glucotropaeolin Plant 

Glucomoringin Plant 

Neoglucobrassicin Plant 

Progoitrin Plant 

Sinalbin Plant 

Sinigrin Plant 

Moringin▪ Microbial derivative of glucomoringin 

Sulforaphane▪ Microbial derivative of glucoraphanin 

Polyphenols and indoles  

4-aminobenzoic acid Plant 

Caffeic acid Plant 

Catechin Plant 

Cinnamic acid Plant 

p-coumaric acid Plant 

Ferulic acid Plant 

Isorhamnetin-3-glucoside Plant 

Quercetin-3-glucoside Plant 

Quercetin-3,4-diglucoside Plant 

Sinapic acid Plant 

Synapyl alcohol Plant 

Syringaldehyde Plant 

Syringic acid Plant 

Chlorogenic acid Plant 

Neochlorogenic acid Plant 

Cryptochlorogenic acid Plant 

Indole-3-acetonitrile▪ Microbial derivative of glucobrassicin 

Indole-3-carbinol▪ Microbial derivative of glucobrassicin 

 

The results of targeted metabolites are shown in Figure 5 and 6 and in Table S4 and 5. Metabolites 

that were not detected in ≥ 70% of the samples were excluded from further analysis. Statistical 

analysis (Kruskal–Wallis test, followed by the post-hoc Dunn’s test with FDR p value correction) 

showed significant differences in glucomoringin concentrations, which significantly decreased 
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between T1 and T2 when MOR was used as fermentation substrate (T1: 0.029 ± 0.02, T2: 0.002 ± 0.004, 

mean ± SD, p = 0.0311) (Table S3). Significant differences were observed when comparing 

glucosinolate concentrations between different fermentation substrates at different timepoints. 

Sinalbin, glucotropaeolin and glucomoringin concentrations were significantly higher in GMG 

samples when compared to MOR and to BK at T0, after substrate inoculation, and over the 8 h of 

fermentation (Table S3). Changes in glucosinolate concentrations are reported in Figure 5. Among 

target polyphenols, isorhamnetin-3-glucoside concentrations in MOR supernatant significantly 

decreased after 5 (T5: 0.092 ± 0.238, mean ± SD, p = 0.0325) and after 8 hours of fermentation (T8: 

0.054 ± 0.141, mean ± SD, p = 0.0197) when compared to baseline (T0: 1.295 ± 1.099, mean ± SD) 

(Figure 6, Table S4). At baseline, immediately after substrate inoculation, both isorhamnetin-3-

glucoside and quercetin-3-glucoside were significantly higher in MOR samples compared to all the 

other substrates (Figure 6, Table S4). After 1 hour of fermentation (T1), isorhamnetin-3-glucoside 

was still significantly higher in MOR samples when compared to BK and GMG (Table S4). No other 

statistically significant changes in metabolites measured during MOR or GMG fermentations were 

observed.  
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Figure 5. Line plots of glucosinolates concentrations in Moringa (MOR), glucomoringin (GMG) and blank 

(BK) supernatants at T0 (inoculation time) and after 30 min (T0.5), 1 (T1), 2 (T2), 5 (T5) and 8 (T8) hours of fecal 

fermentation. Error bars correspond to the positive standard deviation (n=7 faecal donors). Symbols indicate 

statistical significance between substrates within the same timepoint, as follows:□ BK vs MOR; ◊ BK vs GMG; 

▪ GMG and MOR.  
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Figure 6. Line plots of polyphenols concentrations in Moringa (MOR), glucomoringin (GMG) and blank 

(BK) supernatants at T0 (inoculation time) and after 30 min (T0.5), 1 (T1), 2 (T2), 5 (T5) and 8 (T8) hours of fecal 

fermentation. Error bars correspond to the positive standard deviation (n=7 donors). Symbols indicate 

statistical significance within the same timepoint, as follows: □ BK vs MOR; ◊ BK vs GMG; ▪ GMG and MOR. 

Stars * indicate statistical significance when comparing different timepoints with T0 within the same substrate. 
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Figure 6. Continues from previous page. 

 

 

3.3 Correlation analysis between GM and metabolites identified through LC/MS-MS 

Spearman’s correlation analysis was performed to correlate microbial relative abundances of 

different donors at baseline with polyphenols and glucosinolates identified in fermentation 

supernatants using LC/MS-MS. Statistically significant differences were observed between GM taxa 

at genus level and target compounds (Figure 7 and 8). When considering the variation in 

glucosinolates concentration between T5 and T8 (ΔT8-T5), glucobrassicanapin showed statistically 

significant negative correlation with Blautia and Fusicatenibacter, while moringin was negative 

correlated with Alistipes, Eubacterium hallii and Coprococcus 3 (Figure 7). Among polyphenols, 

syringaldehyde showed statistically significant positive correlation with Eubacterium hallii and 

Coprococcus 3 (Figure 8). 
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Figure 7. Spearman’s correlation between the relative abundance of gut microbial genera and target 

glucosinolates identified by LC/MS-MS. Changes in glucosinolates concentrations are reported as differences 

(delta, Δ) between two consecutive timepoints and between T8 and baseline. A positive correlation is indicated 

by dark green, a negative correlation by dark pink. Stars indicate statistical significance after FDR correction 

(* p < 0.05, ** p < 0.01, *** p < 0.001). Genera were reported as “Unassigned” when they could not be assigned 

to any genus (g) within the reference database (https://www.arb-silva.de/download/archive/, accessed on 13 

July 2020), at a percentage sequence homology of 95% for genus. 
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Figure 8. Spearman’s correlation between the relative abundance of gut microbial genera and target polyphenols identified by LC/MS-MS. Changes in 

glucosinolates concentrations are reported as differences (delta, Δ) between two consecutive timepoints and between T8 and baseline. A positive correlation is 

indicated by dark green, a negative correlation by dark pink. Stars indicate statistical significance after FDR correction (* p < 0.05, ** p < 0.01, *** p < 0.001). Genera 

were reported as “Unassigned” when they could not be assigned to any genus (g) within the reference database (https://www.arb-silva.de/download/archive/, 

accessed on 13 July 2020), at a percentage sequence homology of 95% for genus.  
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3.4 Effects of MOR and GMG supernatants on TEER measurements 

TEER (Ωcm2) was calculated as described in Section 2.7. Figure 9 reports changes in TEER 

expressed as % of increase or decrease after 24 hours incubation with MOR and GMG supernatants, 

compared to baseline TEER. Compared with monolayers incubated with medium as control, the 

results showed a clear-cut reduction of TEER after 24 hours exposure to ethanol (medium: 102.94 ± 

4.38%, EtOH: 69.93 ± 14.88%, mean ± SD; p < 0.001), as well as a clear TEER improvement after 24 

hours exposure to propionic acid (propionic acid: 117.00 ± 7.30 %, mean ± SD; p < 0.0001). When 

compared to control medium, monolayer resistance significantly increased after 24 hours of 

incubation with GMG supernatant (GMG: 108.19 ± 2.77 %, mean ± SD; p = 0.0035). Incubation with 

MOR supernatant showed a small increase of TEER at T24 (MOR: 104.74  ± 3.68 %, mean ± SD), 

although this result did not reach statistical significance (p = 0.2599). 24 h incubation with MOR 

supernatants did not induce gut permeability, since MOR TEER was significantly higher when 

compared to ethanol (p < 0.001). 

Figure 9. Changes in trans-epithelial electrical resistance (TEER) across differentiated Caco-2 monolayers 

in presence/absence of test substrates. The change in TEER is the percentage (%) change compared to the initial 

TEER for each monolayer. The values plotted are the means for three experimental replicates + the error bars 

show the standard deviation (SD). Different superscript letters indicate statistical significance when 

comparing different substrates. MOR, Moringa supernatants; GMG, glucomoringin supernatants.  

 

4. Discussion 

Moringa is a rich source of protein, vitamins and phytochemicals, making this plant a very 

interesting candidate as an under-utilised sustainable food crop for human health (7,54,55). Since 

the human gut microbiota (GM) has a crucial role in breaking down plant phytochemicals into their 

biologically available and possibly biologically active form (38,39), we investigated whether and to 

which extent the human GM metabolizes the main phytochemicals in Moringa. We also analyzed 

which bacteria might be involved in Moringa glucosinolates and polyphenols metabolism and 
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examined whether fermentation supernatants of Moringa or glucomoringin could improve 

intestinal barrier function in vitro. Anaerobic faecal batch cultures from healthy donors were used to 

determine the ability of faecal bacteria to breakdown Moringa oleifera polyphenols and 

glucosinolates. We evaluated whether glucomoringin alone, the main glucosinolate in moringa, was 

able to modulate the GM, by adding glucomoringin pure standard as fermentation substrate.  

As expected, the GM from different faecal donors was significantly different in terms of bacterial 

richness and composition (56,57). Isorhamnetin-3-glucoside, one of the major flavonoid glycosides 

found in M. oleifera leaves (58,59), significantly decreased after 5 hours of Moringa leaf powder 

fermentation. Previous in vitro studies reported the ability of human GM  to  metabolise  

isorhamnetin-3-glucoside (60), thus producing its aglycon isorhamnetin, which was previously 

reported to have anti-inflammatory and antioxidant properties(61). 

Glucomoringin was selected and used as single fermentation substrate as it represents the most 

abundant glucosinolate in Moringa (24). The  quantity of glucomoringin per gram of dried moringa 

was 35-45 mg, and the quantity of moringin per gram of dried moringa was 3.2-3.6 mg, as measured 

upon hydroalcoholic extraction. However, we found very low concentrations of glucomoringin in 

MOR supernatants after in vitro digestion and under the acquaeous physiological concentrations of 

the colon model (T0: 0.009 ± 0.016, mean ± SD). On the other hand, moringin concentrations detected 

in MOR supernatants at T0 were higher than expected. We thereby speculate that in vitro digestion 

may have activated thermal-, enzymatic/endogenous myrosinases-mediated breakdown (62,63), 

thus stimulating the conversion of glucomoringin to its stable isothiocyanate moringin, widely 

studied for its putative anti-inflammatory and anti-cancer activities (26,27,64). Notably, we observed 

a significant decrease in glucomoringin concentrations after 2 hours of faecal fermentation in GMG 

samples. In parallel, we observed an increase in moringin concentrations in the same samples over 

time, but this result did not reach statistical significance after FDR correction. However, the opposite 

trend was observed between the two compounds over 8 hours of faecal fermentation, which is 

consistent with the literature, since moringin represents the most frequent isothiocyanate produced 

by glucomoringin metabolism (25). 

From baseline, GMG supernatants showed higher concentration of glucomoringin, sinalbin and 

glucotropaeolin compared to MOR, BK and to the other fermentation substrates. Although we 

expected to find high concentrations of glucomoringin in GMG samples, it was unexpected to find 

also sinalbin and glucotropaeolin. Excluding that these two compounds were originally present in 

the fermentation medium or in the faecal samples, since they were not detected in BK, CL, IN and 
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MOR supernatants, we have instead assumed that sinalbin and glucotropaeolin might have been 

present in the GMG extract. Moreover, while glucomoringin and glucotropaeolin concentrations 

showed a decreasing trend over time in GMG samples, sinalbin increased from T0 (18.15 ± 18.34) to 

T8 (55.90 ± 85.36), although these results did not reach statistical significance. As shown in Figure 

10, sinalbin structure differs from that of glucomoringin only by the absence of a rhamnosyl moiety 

(65). Interestingly, a human anaerobic gut bacterium, Bacteroides JY-6 has been found to metabolize 

different rhamnoglucosides in vitro, including rutin and hesperidin (66). It is therefore possible that 

faecal bacteria cleave off the rhamnose moiety from glucomoringin, thus producing sinalbin. Also 

glucotropaeolin is a derivative of sinalbin which can be obtained by anaerobic bacteria via ‘Birch-

like’ reduction (dihydroxylation), catalyzed by the enzyme hydroxybenzoyl-CoA reductase (67). 

Figure 10. Glucomoringin, sinalbin and glucotropaeolin structures. Adapted from Jaafaru et al. (2018) (65) 

 

 

When comparing polyphenols concentrations between different substrates at the same timepoint, 

some differences were observed. As expected, quercetin-3-glucoside and isorhamnetin-3-glucoside 

were significantly higher in MOR samples compared to GMG, and to all the other fermentation 

substrates. Our results are in line with previous studies reporting these compounds as the most 

abundant in M. oleifera leaves (16,25,59,68). Differences in gut microbiota composition between the 

faecal donors could result in differences in glucosinolate and polyphenol metabolism during faecal 

fermentations. For this reason, we speculate that the host exposure to these bioactive compounds 

and to their microbial metabolites strongly depends on the quantity of Moringa consumed and on 

its processing, but also on the composition of the intestinal microbiota. We also observed a large 

variability in the concentrations of target metabolites for the same donor at different timepoints. This 

explains the large standard deviation of the measurements and the lack of statistically significant 

results. We suppose that these observations could be related to the strong pH fluctuations occurring 
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during the faecal fermentations. Myrosinase activity on GLS leads to glucosyl moiety cleavage, with 

the concomitant release of an unstable aglycone (69). Hydrolysis conditions, including pH, strongly 

influence the fate of these unstable intermediates, which could be converted into different classes of 

degradation products such as isothiocyanates, thiocyanates, indoles or other related compounds 

(69). In our study, pH variations due to the microbial fermentative activity, pH differences existing 

between faecal samples from different donors (70) and the potential hydrolytic activity of the 

different faecal microbiota themselves, may have contributed to the observed fluctuations 

concentration of the target metabolites. For these reasons, future in vitro studies should be performed 

using larger fermentation volumes, to facilitate pH control over the fermentation process. In this 

experiment the fermentation volume was determined by the limited amount of pure GMG substrate 

available. 

We correlated donors’ GM composition with metabolite concentrations using Spearman’s 

correlation. Our results highlighted some significant associations between GM composition at genus 

level at T0 and changes in target metabolites. Among glucosinolates, variations in 

glucobrassicanapin levels between T5 and T8 showed a significant negative correlation with Blautia 

genus, while moringin concentrations were inversely correlated to Alistipes, Eubacterium hallii and 

Coprococcus 3 within the same timepoints. To our knowledge, no studies evaluated the role of these 

bacterial genera in metabolizing glucobrassicanapin or moringin. However, besides significant 

correlations observed in our work, metabolism of target compounds did not appear to depend on 

specific bacterial genera. Since β-diversity analysis showed a substantial difference in GM 

composition among different faecal donors, it is likely that different bacteria have similar metabolic 

functions associated with glucosinolates and polyphenols biotransformation, as already suggested 

(71). For this reason, if each faecal donor harbors a unique GM community with its own myrosinase-

like activity, it is possible that glucosinolates and polyphenols ingestion could drive a personalized 

response depending on GM composition, thus partially explaining the different pattern of response 

observed in Spearman’s correlation heatmaps and the standard deviation we observed when 

looking at metabolite concentration over time. To date, in vitro incubation of glucosinolates or 

polyphenols have confirmed that certain bacterial taxa are able to metabolize these compounds in 

pure culture, including Enterococcus spp., Bifidobacterium spp. (40) and Lactobacillus spp. (72). 

However, to our knowledge, no studies have evaluated the impact of human GM composition on 

the metabolism of Moringa metabolites during mixed culture using in vitro faecal fermentations. 
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Since previous studies have shown that Moringa extracts improve symptoms of ulcerative colitis 

by improving barrier function, we assessed if MOR or GMG fermentation supernatants improved 

gut epithelial barrier integrity, using an in vitro trans-epithelial electric resistance (TEER) model. The 

gut epithelium represents a critical barrier limiting microbial translocation, thus protecting the host 

against chronic  systemic inflammation, caused by bacterial endotoxemia (73,74). Our study shows 

that GMG supernatants collected at T1 (i.e. 1 hour from beginning of fermentation), improved gut 

barrier function, by significantly changing TEER. On the other hand, no significant TEER 

improvement was observed after incubation with MOR supernatants. We therefore speculated that 

the stimulation of TEER may have been brought about by glucomoringin or by the derived 

glucotropaeolin or sinalbin, which reached the highest concentration at T1.  

Although further studies are required to clarify the existing relationship between GM metabolism 

and Moringa oleifera health beneficial effects, our results provide novel insights on the fate of target 

polyphenols and glucosinolates during faecal fermentation and on their potential biological activity 

at the intestinal level. 
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Supplementary material 

Table S1. Percentage relative abundance (%) of bacterial OTUs, at phylum level, at T0 in different faecal donors 

(n=7). Columns names indicate the substrate added at the beginning of faecal fermentations. BK, blank; CL, 

cellulose; GMG, glucomoringin; IN, inulin; MOR, Moringa. 

Donor 1 BK CL GMG IN MOR 

p__Firmicutes 70.64 71.04 72.84 71.71 73.60 

p__Bacteroidetes 23.43 22.77 21.18 21.54 19.82 

p__Actinobacteria 3.93 4.17 4.18 4.46 4.77 

p__Proteobacteria 1.30 1.40 1.21 1.30 1.18 

p__Verrucomicrobia 0.38 0.39 0.37 0.72 0.42 

p__Tenericutes 0.14 0.11 0.11 0.15 0.08 

p__Lentisphaerae 0.10 0.06 0.06 0.07 0.09 

Donor 2 BK CL GMG IN MOR 

p__Firmicutes 67.15 67.42 67.51 67.61 66.79 

p__Bacteroidetes 24.96 23.11 23.02 22.51 23.79 

p__Actinobacteria 5.81 7.18 7.38 7.62 7.00 

p__Proteobacteria 1.52 1.69 1.52 1.72 1.79 

p__Verrucomicrobia 0.26 0.29 0.24 0.24 0.29 

p__Tenericutes 0.07 0.08 0.09 0.07 0.10 

p__Lentisphaerae 0.01 0.01 0.01 0.01 0.00 

Donor 3 BK CL GMG IN MOR 

p__Firmicutes 62.61 67.14 61.94 70.04 63.13 

p__Bacteroidetes 27.05 23.04 26.93 19.95 26.28 

p__Actinobacteria 7.99 7.82 8.67 8.35 8.19 

p__Proteobacteria 1.77 1.54 1.89 1.36 1.78 

p__Verrucomicrobia 0.42 0.36 0.42 0.25 0.42 

p__Tenericutes 0.16 0.10 0.13 0.05 0.19 

p__Lentisphaerae 0.00 0.00 0.00 0.00 0.00 

Donor 4 BK CL GMG IN MOR 

p__Firmicutes 81.71 83.13 82.90 85.77 80.73 

p__Bacteroidetes 8.59 7.05 8.91 5.10 9.25 

p__Actinobacteria 7.69 7.88 6.17 7.65 7.71 

p__Proteobacteria 1.00 1.00 0.97 0.78 1.07 

p__Verrucomicrobia 0.10 0.13 0.10 0.11 0.09 

p__Tenericutes 0.06 0.08 0.09 0.09 0.08 

p__Lentisphaerae 0.09 0.09 0.09 0.09 0.08 

Donor 5 BK CL GMG IN MOR 

p__Firmicutes 58.63 60.38 57.26 60.43 56.30 

p__Bacteroidetes 33.86 31.23 34.82 31.04 36.16 

p__Actinobacteria 5.68 6.52 6.10 6.95 5.47 

p__Proteobacteria 1.68 1.74 1.64 1.39 1.88 

p__Verrucomicrobia 0.00 0.00 0.00 0.00 0.00 

p__Tenericutes 0.04 0.05 0.05 0.03 0.03 

p__Lentisphaerae 0.00 0.00 0.00 0.00 0.00 
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Donor 6 BK CL GMG IN MOR 

p__Firmicutes 57.96 61.74 58.60 61.77 63.66 

p__Bacteroidetes 29.14 26.98 28.83 25.85 25.48 

p__Actinobacteria 11.02 9.52 10.67 10.74 9.41 

p__Proteobacteria 1.88 1.76 1.87 1.65 1.45 

p__Verrucomicrobia 0.00 0.00 0.00 0.00 0.00 

p__Tenericutes 0.00 0.00 0.00 0.00 0.00 

p__Lentisphaerae 0.00 0.00 0.00 0.00 0.00 

Donor 7 BK CL GMG IN MOR 

p__Firmicutes 53.84 55.17 58.94 52.42 47.82 

p__Bacteroidetes 8.47 8.87 8.76 10.12 7.79 

p__Actinobacteria 36.12 34.08 30.60 35.80 42.61 

p__Proteobacteria 1.57 1.88 1.69 1.66 1.79 

p__Verrucomicrobia 0.00 0.00 0.00 0.00 0.00 

p__Tenericutes 0.00 0.00 0.00 0.00 0.00 

p__Lentisphaerae 0.00 0.00 0.00 0.00 0.00 
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Table S2. Percentage relative abundance (%) of bacterial OTUs, at genus level, at T0 in different faecal 

donors (n=7). Columns names indicate the substrate added at the beginning of faecal fermentations. BK, blank; 

CL, cellulose; GMG, glucomoringin; IN, inulin; MOR, Moringa. 

Donor 1 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 0.65 0.77 0.77 0.76 0.99 

g__[Eubacterium] hallii group 2.22 2.45 2.30 2.45 2.51 

g__[Ruminococcus] torques group 0.74 0.66 0.69 0.69 0.74 

g__Alistipes 3.28 3.00 2.91 2.65 2.43 

g__Anaerostipes 2.77 2.68 2.78 2.44 2.79 

g__Bacteroides 17.52 17.39 16.07 16.79 15.45 

g__Bifidobacterium 2.66 2.84 2.90 3.04 3.45 

g__Blautia 5.14 5.37 6.02 5.40 4.96 

g__Butyricicoccus 1.26 1.34 1.37 1.25 1.23 

g__Christensenellaceae R-7 group 2.82 2.87 2.46 2.64 3.00 

g__Clostridium sensu stricto 1 1.14 1.04 1.25 1.10 1.37 

g__Coprococcus 3 0.55 0.59 0.64 0.57 0.66 

g__Dialister 0.88 0.98 0.81 1.09 0.65 

g__Dorea 1.96 2.00 2.31 2.00 2.19 

g__Faecalibacterium 8.81 8.49 8.84 8.75 9.57 

g__Fusicatenibacter 4.06 4.10 4.05 3.79 3.89 

g__Lachnoclostridium 0.50 0.55 0.51 0.53 0.49 

g__Lachnospira 1.24 1.26 1.20 1.15 1.25 

g__Lachnospiraceae NK4A136 group 0.59 0.53 0.57 0.50 0.58 

g__Parabacteroides 0.76 0.77 0.64 0.61 0.57 

g__Phascolarctobacterium 0.95 0.90 0.98 1.68 0.58 

g__Roseburia 2.29 2.44 2.41 2.51 2.66 

g__Ruminiclostridium 9 0.63 0.62 0.63 0.66 0.57 

g__Ruminococcaceae NK4A214 group 0.53 0.57 0.52 0.58 0.48 

g__Ruminococcaceae UCG-002 2.16 2.07 2.28 2.13 1.89 

g__Ruminococcaceae UCG-005 0.99 1.02 0.95 1.00 0.95 

g__Ruminococcaceae UCG-010 0.81 0.69 0.61 0.46 0.51 

g__Ruminococcaceae UCG-014 1.94 1.48 1.65 1.34 1.46 

g__Ruminococcus 1 0.73 0.70 0.41 0.48 1.11 

g__Ruminococcus 2 3.24 3.07 3.28 3.47 3.12 

g__Subdoligranulum 4.82 5.02 5.31 5.89 5.57 

g__Sutterella 0.75 0.98 0.78 0.74 0.71 

f__Lachnospiraceae;g__unassigned genus 1 5.05 5.44 5.79 5.15 6.04 

f__Lachnospiraceae;g__unassigned genus 2 0.95 0.97 0.96 0.89 0.95 

f__Ruminococcaceae;g__unassigned genus 1 1.07 0.90 1.05 0.86 0.83 

f__Ruminococcaceae;g__unassigned genus 2 0.83 0.83 0.78 0.78 0.85 

Donor 2 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 0.62 0.56 0.63 0.50 0.55 

g__[Eubacterium] hallii group 1.32 1.35 1.34 1.38 1.24 

g__[Ruminococcus] torques group 0.85 0.76 0.78 0.81 0.72 

g__Alistipes 1.84 1.91 1.74 1.58 2.04 

g__Anaerostipes 1.15 1.12 1.19 1.05 1.15 

g__Bacteroides 18.42 16.69 16.86 16.44 17.21 

g__Bifidobacterium 4.65 5.62 5.75 5.80 5.36 
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g__Blautia 5.49 5.95 4.46 5.86 4.02 

g__Butyricicoccus 0.50 0.57 0.51 0.58 0.44 

g__Christensenellaceae R-7 group 3.01 2.99 2.96 2.80 3.14 

g__Clostridium sensu stricto 1 0.31 0.31 0.34 0.34 0.36 

g__Coprococcus 3 0.43 0.45 0.46 0.53 0.50 

g__Dialister 0.00 0.00 0.00 0.00 0.00 

g__Dorea 1.45 1.39 1.66 1.42 1.60 

g__Faecalibacterium 11.93 10.51 11.86 11.40 11.13 

g__Fusicatenibacter 1.89 2.11 2.15 2.09 1.83 

g__Lachnoclostridium 0.53 0.53 0.53 0.48 0.38 

g__Lachnospira 0.52 0.55 0.51 0.50 0.49 

g__Lachnospiraceae NK4A136 group 1.08 1.14 1.06 1.07 1.01 

g__Parabacteroides 2.28 2.30 2.17 2.26 1.90 

g__Phascolarctobacterium 0.92 0.84 0.92 0.93 0.89 

g__Roseburia 4.42 5.15 5.61 4.99 5.58 

g__Ruminiclostridium 9 0.19 0.14 0.16 0.18 0.16 

g__Ruminococcaceae NK4A214 group 0.07 0.06 0.05 0.04 0.07 

g__Ruminococcaceae UCG-002 0.84 0.92 1.18 0.86 1.03 

g__Ruminococcaceae UCG-005 0.41 0.41 0.46 0.41 0.38 

g__Ruminococcaceae UCG-010 0.35 0.26 0.32 0.27 0.28 

g__Ruminococcaceae UCG-014 0.54 0.42 0.42 0.41 0.37 

g__Ruminococcus 1 0.49 0.36 0.41 0.25 0.57 

g__Ruminococcus 2 4.70 4.90 4.02 4.59 5.23 

g__Subdoligranulum 3.77 4.17 4.21 4.53 3.71 

g__Sutterella 0.69 0.77 0.69 0.64 0.60 

f__Lachnospiraceae;g__unassigned genus 1 7.00 6.94 6.87 6.87 6.78 

f__Lachnospiraceae;g__unassigned genus 2 0.63 0.62 0.63 0.61 0.54 

f__Ruminococcaceae;g__unassigned genus 1 0.35 0.37 0.34 0.35 0.36 

f__Ruminococcaceae;g__unassigned genus 2 0.07 0.04 0.06 0.04 0.07 

Donor 3 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 1.20 1.17 1.17 1.35 1.05 

g__[Eubacterium] hallii group 2.07 2.37 1.91 2.49 1.91 

g__[Ruminococcus] torques group 1.58 1.88 1.58 2.05 1.36 

g__Alistipes 2.11 1.50 2.13 1.29 1.70 

g__Anaerostipes 3.90 4.28 3.41 4.19 3.52 

g__Bacteroides 24.52 21.25 24.29 18.44 23.93 

g__Bifidobacterium 7.58 7.47 8.28 8.05 7.85 

g__Blautia 5.08 5.46 3.99 7.70 3.49 

g__Butyricicoccus 0.43 0.43 0.40 0.39 0.33 

g__Christensenellaceae R-7 group 0.90 0.93 1.03 0.81 0.97 

g__Clostridium sensu stricto 1 0.01 0.00 0.00 0.00 0.00 

g__Coprococcus 3 0.53 0.61 0.56 0.84 0.56 

g__Dialister 1.25 1.38 1.48 1.43 0.96 

g__Dorea 1.76 2.17 1.77 2.51 1.74 

g__Faecalibacterium 8.85 8.22 8.83 8.64 9.00 

g__Fusicatenibacter 2.65 2.84 2.39 3.46 2.40 

g__Lachnoclostridium 0.29 0.29 0.30 0.34 0.29 

g__Lachnospira 0.46 0.49 0.46 0.48 0.46 
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g__Lachnospiraceae NK4A136 group 0.44 0.60 0.49 0.60 0.46 

g__Parabacteroides 0.00 0.00 0.00 0.00 0.00 

g__Phascolarctobacterium 0.00 0.00 0.00 0.00 0.00 

g__Roseburia 0.67 0.74 0.67 0.75 0.76 

g__Ruminiclostridium 9 0.26 0.28 0.29 0.23 0.25 

g__Ruminococcaceae NK4A214 group 0.33 0.38 0.36 0.34 0.33 

g__Ruminococcaceae UCG-002 1.65 1.28 1.63 1.15 1.43 

g__Ruminococcaceae UCG-005 0.43 0.36 0.34 0.37 0.43 

g__Ruminococcaceae UCG-010 0.04 0.04 0.07 0.03 0.05 

g__Ruminococcaceae UCG-014 0.00 0.00 0.00 0.00 0.00 

g__Ruminococcus 1 0.91 0.70 0.93 0.79 0.89 

g__Ruminococcus 2 3.45 4.15 3.55 2.55 4.75 

g__Subdoligranulum 2.60 2.29 2.37 2.27 2.21 

g__Sutterella 0.00 0.00 0.00 0.00 0.00 

f__Lachnospiraceae;g__unassigned genus 1 8.28 10.51 8.38 10.78 9.57 

f__Lachnospiraceae;g__unassigned genus 2 0.28 0.29 0.28 0.39 0.27 

f__Ruminococcaceae;g__unassigned genus 1 0.53 0.59 0.58 0.67 0.52 

f__Ruminococcaceae;g__unassigned genus 2 0.05 0.06 0.09 0.04 0.05 

Donor 4 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 1.27 1.30 1.33 1.62 1.21 

g__[Eubacterium] hallii group 1.16 1.24 1.00 1.12 1.07 

g__[Ruminococcus] torques group 0.50 0.59 0.57 0.53 0.52 

g__Alistipes 0.66 0.57 0.81 0.45 0.84 

g__Anaerostipes 0.26 0.32 0.30 0.26 0.25 

g__Bacteroides 2.69 2.53 3.08 1.83 3.26 

g__Bifidobacterium 2.55 2.20 2.15 1.97 2.51 

g__Blautia 1.17 1.25 1.34 1.13 1.21 

g__Butyricicoccus 0.41 0.42 0.40 0.45 0.40 

g__Christensenellaceae R-7 group 2.84 2.90 2.75 3.07 3.10 

g__Clostridium sensu stricto 1 0.92 0.84 0.79 0.90 0.90 

g__Coprococcus 3 0.16 0.15 0.17 0.16 0.16 

g__Dialister 2.47 2.29 2.20 2.12 2.49 

g__Dorea 1.32 1.45 1.35 1.58 1.32 

g__Faecalibacterium 7.98 7.95 8.91 8.13 8.35 

g__Fusicatenibacter 0.78 0.71 0.77 0.76 0.68 

g__Lachnoclostridium 0.17 0.16 0.17 0.21 0.17 

g__Lachnospira 1.44 1.35 1.47 1.33 1.34 

g__Lachnospiraceae NK4A136 group 7.93 7.58 8.96 9.22 7.35 

g__Parabacteroides 0.19 0.14 0.20 0.10 0.18 

g__Phascolarctobacterium 0.00 0.00 0.00 0.00 0.00 

g__Roseburia 1.90 2.02 2.10 2.10 1.79 

g__Ruminiclostridium 9 0.34 0.34 0.30 0.34 0.35 

g__Ruminococcaceae NK4A214 group 1.39 1.58 1.47 1.67 1.56 

g__Ruminococcaceae UCG-002 2.10 1.94 2.21 2.06 2.14 

g__Ruminococcaceae UCG-005 1.38 1.43 1.27 1.58 1.45 

g__Ruminococcaceae UCG-010 0.37 0.32 0.32 0.25 0.30 

g__Ruminococcaceae UCG-014 3.76 3.38 3.67 3.26 3.56 

g__Ruminococcus 1 0.55 0.50 0.67 0.39 0.39 
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g__Ruminococcus 2 1.64 1.71 1.66 1.69 1.78 

g__Subdoligranulum 2.85 3.26 2.67 3.16 3.16 

g__Sutterella 0.35 0.27 0.29 0.21 0.28 

f__Lachnospiraceae;g__unassigned genus 1 3.82 4.25 4.08 4.61 3.89 

f__Lachnospiraceae;g__unassigned genus 2 0.50 0.47 0.48 0.59 0.52 

f__Ruminococcaceae;g__unassigned genus 1 0.84 0.76 0.84 0.77 0.86 

f__Ruminococcaceae;g__unassigned genus 2 0.24 0.22 0.22 0.16 0.20 

Donor 5 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 0.70 0.94 0.73 0.98 0.93 

g__[Eubacterium] hallii group 1.06 1.45 1.30 1.66 1.12 

g__[Ruminococcus] torques group 0.98 1.02 0.83 1.09 0.96 

g__Alistipes 1.23 1.33 1.60 1.50 1.42 

g__Anaerostipes 1.22 1.91 1.20 1.71 1.22 

g__Bacteroides 6.87 7.96 7.08 6.88 7.51 

g__Bifidobacterium 2.93 3.07 2.88 3.33 2.94 

g__Blautia 2.72 2.78 2.06 3.12 2.45 

g__Butyricicoccus 0.33 0.36 0.44 0.40 0.34 

g__Christensenellaceae R-7 group 1.56 1.01 1.27 1.03 1.05 

g__Clostridium sensu stricto 1 0.94 0.98 0.77 1.08 0.61 

g__Coprococcus 3 0.27 0.38 0.19 0.38 0.33 

g__Dialister 4.85 4.37 6.03 4.83 4.60 

g__Dorea 4.55 5.71 2.98 6.00 4.38 

g__Faecalibacterium 10.14 9.65 10.11 8.70 9.93 

g__Fusicatenibacter 2.02 2.48 1.29 2.62 1.86 

g__Lachnoclostridium 0.34 0.41 0.30 0.36 0.35 

g__Lachnospira 0.88 0.94 0.79 0.97 1.04 

g__Lachnospiraceae NK4A136 group 0.78 0.74 0.47 0.54 0.72 

g__Parabacteroides 1.87 1.94 2.03 2.22 1.95 

g__Phascolarctobacterium 0.03 0.05 0.05 0.04 0.04 

g__Roseburia 2.48 2.41 2.46 2.34 2.47 

g__Ruminiclostridium 9 0.20 0.21 0.21 0.20 0.22 

g__Ruminococcaceae NK4A214 group 0.13 0.09 0.13 0.12 0.11 

g__Ruminococcaceae UCG-002 2.40 2.47 2.77 2.32 2.46 

g__Ruminococcaceae UCG-005 0.68 0.66 0.74 0.63 0.70 

g__Ruminococcaceae UCG-010 0.12 0.08 0.20 0.08 0.20 

g__Ruminococcaceae UCG-014 1.71 1.90 2.05 1.63 1.68 

g__Ruminococcus 1 0.96 0.41 0.55 0.35 0.39 

g__Ruminococcus 2 2.26 2.42 3.00 2.77 2.32 

g__Subdoligranulum 1.71 1.60 1.95 1.72 1.73 

g__Sutterella 1.20 1.14 1.00 0.79 1.29 

f__Lachnospiraceae;g__unassigned genus 1 1.68 1.33 1.53 1.50 1.45 

f__Lachnospiraceae;g__unassigned genus 2 0.39 0.43 0.24 0.47 0.41 

f__Ruminococcaceae;g__unassigned genus 1 0.55 0.66 0.63 0.52 0.55 

f__Ruminococcaceae;g__unassigned genus 2 0.03 0.06 0.04 0.04 0.05 

Donor 6 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 0.75 0.69 0.70 0.60 0.69 

g__[Eubacterium] hallii group 3.03 3.17 3.13 3.34 2.46 

g__[Ruminococcus] torques group 0.94 1.01 0.89 1.03 1.22 
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g__Alistipes 3.94 3.95 4.04 3.58 3.66 

g__Anaerostipes 1.43 1.58 1.59 1.62 1.37 

g__Bacteroides 22.73 20.90 22.36 20.43 20.16 

g__Bifidobacterium 7.70 7.34 7.67 7.92 7.59 

g__Blautia 3.26 3.20 2.88 3.56 3.90 

g__Butyricicoccus 0.90 1.00 0.98 1.00 0.87 

g__Christensenellaceae R-7 group 0.26 0.25 0.24 0.26 0.24 

g__Clostridium sensu stricto 1 0.06 0.09 0.08 0.08 0.06 

g__Coprococcus 3 0.70 0.59 0.66 0.67 0.68 

g__Dialister 2.35 2.41 2.40 2.65 1.76 

g__Dorea 0.88 0.93 0.94 1.03 0.99 

g__Faecalibacterium 12.81 13.71 12.17 13.50 14.45 

g__Fusicatenibacter 2.79 3.12 2.74 2.91 3.46 

g__Lachnoclostridium 0.49 0.55 0.59 0.60 0.66 

g__Lachnospira 1.30 1.54 1.30 1.50 1.69 

g__Lachnospiraceae NK4A136 group 0.08 0.05 0.07 0.07 0.09 

g__Parabacteroides 1.30 1.10 1.12 0.93 0.78 

g__Phascolarctobacterium 0.00 0.00 0.00 0.00 0.00 

g__Roseburia 1.75 1.79 1.50 1.96 1.93 

g__Ruminiclostridium 9 0.05 0.05 0.04 0.04 0.06 

g__Ruminococcaceae NK4A214 group 0.58 0.63 0.67 0.68 0.68 

g__Ruminococcaceae UCG-002 0.99 0.94 1.09 0.89 1.04 

g__Ruminococcaceae UCG-005 0.05 0.04 0.05 0.05 0.04 

g__Ruminococcaceae UCG-010 0.00 0.00 0.01 0.00 0.00 

g__Ruminococcaceae UCG-014 0.00 0.00 0.00 0.00 0.00 

g__Ruminococcus 1 2.56 3.34 3.03 2.50 3.35 

g__Ruminococcus 2 1.72 1.66 1.76 1.56 1.78 

g__Subdoligranulum 5.54 5.84 5.59 5.74 6.02 

g__Sutterella 1.49 1.33 1.44 1.23 1.13 

f__Lachnospiraceae;g__unassigned genus 1 3.77 4.23 4.17 4.18 5.07 

f__Lachnospiraceae;g__unassigned genus 2 0.53 0.65 0.60 0.63 0.65 

f__Ruminococcaceae;g__unassigned genus 1 0.45 0.51 0.44 0.50 0.45 

f__Ruminococcaceae;g__unassigned genus 2 0.00 0.01 0.06 0.01 0.01 

Donor 7 BK CL GMG IN MOR 

g__[Eubacterium] coprostanoligenes group 0.00 0.00 0.00 0.03 0.00 

g__[Eubacterium] hallii group 0.99 1.13 1.13 1.38 0.94 

g__[Ruminococcus] torques group 0.79 0.57 0.87 0.41 0.68 

g__Alistipes 0.29 0.24 0.28 0.38 0.28 

g__Anaerostipes 2.49 3.33 3.66 2.78 2.83 

g__Bacteroides 6.11 6.52 6.39 7.50 5.72 

g__Bifidobacterium 33.75 31.64 28.23 33.46 40.48 

g__Blautia 9.44 7.01 10.46 5.01 6.08 

g__Butyricicoccus 2.39 3.06 2.62 2.93 2.07 

g__Christensenellaceae R-7 group 0.10 0.14 0.13 0.16 0.08 

g__Clostridium sensu stricto 1 1.78 0.97 0.86 2.03 2.35 

g__Coprococcus 3 0.50 0.29 0.52 0.32 0.43 

g__Dialister 0.84 0.86 1.23 0.89 0.50 

g__Dorea 1.12 0.87 1.43 0.63 0.80 
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g__Faecalibacterium 7.61 9.09 7.76 8.81 7.43 

g__Fusicatenibacter 4.09 3.45 4.24 2.95 3.53 

g__Lachnoclostridium 0.76 0.81 0.94 0.63 0.71 

g__Lachnospira 2.02 2.32 2.09 2.55 2.13 

g__Lachnospiraceae NK4A136 group 0.25 0.18 0.28 0.23 0.30 

g__Parabacteroides 1.71 1.70 1.69 1.82 1.45 

g__Phascolarctobacterium 0.00 0.00 0.00 0.00 0.00 

g__Roseburia 2.07 2.56 2.21 2.42 2.44 

g__Ruminiclostridium 9 0.00 0.01 0.01 0.01 0.01 

g__Ruminococcaceae NK4A214 group 0.02 0.01 0.03 0.06 0.03 

g__Ruminococcaceae UCG-002 0.03 0.03 0.03 0.07 0.03 

g__Ruminococcaceae UCG-005 0.01 0.01 0.02 0.02 0.02 

g__Ruminococcaceae UCG-010 0.00 0.00 0.00 0.00 0.00 

g__Ruminococcaceae UCG-014 0.95 1.14 1.04 0.91 0.75 

g__Ruminococcus 1 0.00 0.00 0.00 0.13 0.00 

g__Ruminococcus 2 0.00 0.00 0.00 0.08 0.00 

g__Subdoligranulum 3.31 3.49 3.61 4.00 3.11 

g__Sutterella 0.96 1.16 1.06 0.94 0.68 

f__Lachnospiraceae;g__unassigned genus 1 8.16 9.66 9.66 8.25 6.75 

f__Lachnospiraceae;g__unassigned genus 2 0.26 0.25 0.36 0.17 0.20 

f__Ruminococcaceae;g__unassigned genus 1 0.02 0.01 0.03 0.02 0.02 

f__Ruminococcaceae;g__unassigned genus 2 0.00 0.00 0.00 0.00 0.00 
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Table S3. Glucosinolates concentration (mg/L) in Moringa (MOR, A), glucomoringin (GMG, B), blank (BK, 

C), cellulose (CL, D) and inulin (IN, E) supernatants quantified by LC-MS/MS and normalized according to 

fermentation volume. Data represent the mean and standard deviation (SD) starting from T0 (inoculation time) 

and after 30 min (T0.5), 1 (T1), 2 (T2), 5 (T5) and 8 (T8) hours of fecal fermentation. Glucoraphanin, sinigrin, 

gluconapin, glucobrassicin, glucoiberin, glucocherolin, progoitrin, gluconasturtin, glucoiberverin, glucoalysis, 

4-hydroxyglucobrassicin, 4-methoxyglucobrassicin, neoglucobrassicin and sulforaphane are not shown, since 

they were not detected in ≥ 70% of the samples. 

A. MOR fermentation  
T0 T0.5 T1 T2 T5 T8 

Sinalbin       

mean 0.000 0.000 0.000 0.000 0.000 0.000 

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Glucotropaeolin       

mean 0.000 0.000 0.000 0.000 0.000 0.000 

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Glucobrassicanapin       

mean 0.005 0.006 0.003 0.011 0.005 0.012 

SD 0.008 0.008 0.005 0.008 0.009 0.016 

Moringin 
    

  

mean 13.094 13.668 3.740 15.853 5.469 16.424 

SD 13.293 14.869 5.452 11.859 8.534 17.322 

Glucomoringin 
    

  

mean 0.009 0.013 0.029 0.002 0.012 0.007 

SD 0.016 0.023 0.020 0.004 0.012 0.009 

B. GMG fermentation 

 T0 T0.5 T1 T2 T5 T8 

Sinalbin       

mean 18.146 41.083 36.852 35.647 22.744 55.896 

SD 18.338 26.908 35.960 30.743 39.060 85.356 

Glucotropaeolin       

mean 1.417 1.800 0.582 0.755 0.601 0.555 

SD 1.347 0.893 0.816 0.772 1.013 0.702 

Glucobrassicanapin       

mean 0.004 0.037 0.005 0.012 0.044 0.027 

SD 0.005 0.074 0.007 0.024 0.106 0.056 

Moringin       

mean 0.188 0.475 0.831 14.398 41.021 1.728 

SD 0.194 0.277 1.288 31.530 69.409 2.028 

Glucomoringin       

mean 429.160 531.636 367.713 354.105 159.400 295.433 

SD 419.654 245.438 346.867 235.973 241.639 377.222 

C. BK fermentation 

 T0 T0.5 T1 T2 T5 T8 

Sinalbin       

mean 0.000 0.000 0.002 0.000 0.000 0.000 

SD 0.000 0.000 0.005 0.000 0.000 0.000 

Glucotropaeolin       
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mean 0.000 0.000 0.000 0.000 0.000 0.000 

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Glucobrassicanapin       

mean 0.012 0.018 0.010 0.007 0.003 0.007 

SD 0.009 0.020 0.011 0.016 0.003 0.014 

Moringin       

mean 0.387 0.430 0.354 0.182 0.310 0.429 

SD 0.613 0.632 0.608 0.276 0.481 0.695 

Glucomoringin       

mean 0.054 0.052 0.026 0.012 0.019 0.005 

SD 0.063 0.056 0.040 0.018 0.021 0.008 

D. CL fermentation 

 T0 T0.5 T1 T2 T5 T8 

Sinalbin       

mean 0.000 0.000 0.004 0.008 0.000 0.000 

SD 0.000 0.000 0.011 0.014 0.000 0.000 

Glucotropaeolin       

mean 0.000 0.000 0.000 0.000 0.000 0.000 

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Glucobrassicanapin       

mean 0.005 0.007 0.002 0.003 0.002 0.002 

SD 0.006 0.007 0.003 0.005 0.004 0.004 

Moringin       

mean 0.122 0.155 0.187 0.134 0.002 0.085 

SD 0.179 0.212 0.245 0.246 0.006 0.211 

Glucomoringin       

mean 0.087 0.069 0.091 0.116 0.012 0.020 

SD 0.066 0.069 0.085 0.219 0.012 0.011 

E. IN fermentation 

 T0 T0.5 T1 T2 T5 T8 

Sinalbin       

mean 0.006 0.007 0.009 0.014 0.022 0.000 

SD 0.010 0.018 0.024 0.025 0.042 0.000 

Glucotropaeolin       

mean 0.000 0.000 0.000 0.000 0.000 0.000 

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Glucobrassicanapin       

mean 0.017 0.012 0.008 0.008 0.010 0.002 

SD 0.027 0.016 0.013 0.010 0.018 0.005 

Moringin       

mean 0.326 0.301 0.169 0.247 0.195 0.010 

SD 0.519 0.483 0.250 0.654 0.368 0.025 

Glucomoringin       

mean 0.160 0.105 0.086 0.064 0.066 0.021 

SD 0.151 0.151 0.098 0.097 0.104 0.009 
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Table S4. Polyphenols concentration (mg/L) in Moringa (MOR, A), glucomoringin (GMG, B), blank (BK, 

C), cellulose (CL, D) and inulin (IN, E) supernatants quantified by LC-MS/MS and normalized according to 

fermentation volume. Data represent the mean and standard deviation (SD) starting from T0 (inoculation time) 

and after 30 min (T0.5), 1 (T1), 2 (T2), 5 (T5) and 8 (T8) hours of fecal fermentation. Caffeic acid, catechin, 

cinnamic acid, p-coumaric acid, synapyl alcohol, syringaldehyde and indole-3-carbinol are not shown, since 

they were not detected in ≥ 70% of the samples. 

A. MOR fermentation  
T0 T0.5 T1 T2 T5 T8 

4-aminobenzoic acid       

mean 0.573 0.544 0.240 0.677 0.167 0.591 

SD 0.434 0.572 0.325 0.169 0.298 0.469 

Ferulic acid 
    

  

mean 0.099 0.044 0.019 0.024 0.013 0.018 

SD 0.099 0.071 0.036 0.030 0.029 0.028 

Isorhamnetin-3-glucoside 
    

  

mean 1.295 0.898 0.305 0.289 0.092 0.054 

SD 1.099 1.178 0.731 0.654 0.238 0.141 

Quercetin-3-glucoside 
    

  

mean 17.591 12.131 4.023 4.076 1.624 0.790 

SD 14.885 14.775 9.705 8.913 4.279 1.977 

Quercetin-3,4'-diglucoside 
    

  

mean 0.548 0.303 0.179 0.184 0.034 0.039 

SD 0.574 0.451 0.399 0.376 0.025 0.021 

Sinapic acid 
    

  

mean 0.013 0.013 0.005 0.013 0.004 0.009 

SD 0.013 0.014 0.007 0.011 0.008 0.011 

Syringic acid 
    

  

mean 0.066 0.069 0.030 0.088 0.019 0.062 

SD 0.049 0.071 0.036 0.066 0.034 0.106 

Chlorogenic acid 
    

  

mean 0.076 0.029 0.057 0.042 0.040 0.005 

SD 0.183 0.064 0.111 0.099 0.094 0.002 

Neochlorogenic acid 
    

  

mean 0.250 0.292 0.176 0.479 0.379 0.157 

SD 0.223 0.421 0.240 0.296 0.974 0.152 

Cryptochlorogenic acid 
    

  

mean 0.044 0.036 0.030 0.039 0.075 0.007 

SD 0.044 0.060 0.042 0.067 0.195 0.010 

B. GMG fermentation 

 T0 T0.5 T1 T2 T5 T8 

4-aminobenzoic acid       

mean 0.457 0.889 0.389 0.496 0.674 0.498 

SD 0.436 0.461 0.408 0.289 0.310 0.544 

Ferulic acid       

mean 0.006 0.011 0.004 0.005 0.006 0.006 

SD 0.007 0.012 0.005 0.003 0.007 0.005 

Isorhamnetin-3-glucoside        
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mean 0.000 0.000 0.000 0.000 0.000 0.000  

SD 0.000 0.000 0.000 0.000 0.000 0.000 

Quercetin-3-glucoside       

mean 0.002 0.005 0.002 0.002 0.003 0.002 

SD 0.002 0.004 0.001 0.001 0.001 0.000 

Quercetin-3,4'-diglucoside       

mean 0.030 0.033 0.025 0.028 0.032 0.029 

SD 0.004 0.006 0.012 0.003 0.005 0.006 

Sinapic acid       

mean 0.005 0.014 0.003 0.004 0.008 0.003 

SD 0.007 0.016 0.003 0.004 0.012 0.004 

Syringic acid       

mean 0.066 0.119 0.028 0.047 0.070 0.034 

SD 0.070 0.096 0.024 0.046 0.081 0.057 

Chlorogenic acid       

mean 0.006 0.250 0.006 0.014 0.010 0.006 

SD 0.002 0.646 0.002 0.019 0.009 0.002 

Neochlorogenic acid       

mean 0.003 0.029 0.004 0.004 0.008 0.003 

SD 0.003 0.067 0.003 0.004 0.011 0.005 

Cryptochlorogenic acid       

mean 0.002 0.021 0.002 0.004 0.006 0.002 

SD 0.001 0.048 0.002 0.003 0.008 0.002 

C.  BK fermentation 

 T0 T0.5 T1 T2 T5 T8 

4-aminobenzoic acid       

mean 0.880 0.756 0.852 0.317 0.733 0.681 

SD 0.482 0.407 0.173 0.298 0.643 0.641 

Ferulic acid       

mean 0.006 0.008 0.006 0.004 0.007 0.005 

SD 0.004 0.007 0.005 0.005 0.005 0.004 

Isorhamnetin-3-glucoside       

mean 0.000 0.000 0.000 0.001 0.001 0.001 

SD 0.001 0.001 0.000 0.001 0.001 0.001 

Quercetin-3-glucoside       

mean 0.005 0.007 0.005 0.003 0.004 0.003 

SD 0.003 0.004 0.004 0.003 0.001 0.001 

Quercetin-3,4'-diglucoside       

mean 0.033 0.033 0.036 0.028 0.028 0.029 

SD 0.004 0.004 0.002 0.005 0.013 0.005 

Sinapic acid       

mean 0.005 0.007 0.007 0.003 0.006 0.004 

SD 0.005 0.007 0.005 0.006 0.009 0.004 

Syringic acid       

mean 0.114 0.089 0.089 0.032 0.041 0.066 

SD 0.090 0.058 0.053 0.026 0.045 0.148 

Chlorogenic acid       
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mean 0.005 0.140 0.086 0.027 0.007 0.006 

SD 0.002 0.358 0.205 0.056 0.003 0.002 

Neochlorogenic acid       

mean 0.000 0.012 0.013 0.009 0.005 0.004 

SD 0.000 0.026 0.021 0.017 0.010 0.004 

Cryptochlorogenic acid       

mean 0.003 0.014 0.011 0.008 0.004 0.002 

SD 0.001 0.033 0.019 0.017 0.003 0.001 

D. CL fermentation 

 T0 T0.5 T1 T2 T5 T8 

4-aminobenzoic acid       

mean 0.565 0.554 0.242 0.363 0.137 0.165 

SD 0.402 0.250 0.294 0.343 0.264 0.250 

Ferulic acid       

mean 0.005 0.005 0.002 0.003 0.002 0.003 

SD 0.005 0.004 0.002 0.003 0.004 0.003 

Isorhamnetin-3-glucoside       

mean 0.001 0.000 0.002 0.001 0.002 0.001 

SD 0.001 0.001 0.001 0.001 0.001 0.001 

Quercetin-3-glucoside       

mean 0.003 0.003 0.003 0.002 0.003 0.002 

SD 0.002 0.001 0.001 0.001 0.001 0.001 

Quercetin-3,4'-diglucoside       

mean 0.031 0.030 0.028 0.028 0.026 0.026 

SD 0.006 0.004 0.003 0.004 0.005 0.003 

Sinapic acid       

mean 0.004 0.004 0.002 0.002 0.003 0.003 

SD 0.004 0.004 0.003 0.003 0.008 0.005 

Syringic acid       

mean 0.069 0.056 0.024 0.027 0.017 0.013 

SD 0.054 0.024 0.023 0.024 0.028 0.016 

Chlorogenic acid       

mean 0.198 0.135 0.031 0.006 0.011 0.005 

SD 0.508 0.334 0.067 0.003 0.016 0.002 

Neochlorogenic acid       

mean 0.010 0.012 0.004 0.003 0.005 0.003 

SD 0.021 0.018 0.006 0.004 0.011 0.005 

Cryptochlorogenic acid       

mean 0.010 0.012 0.004 0.002 0.005 0.002 

SD 0.022 0.023 0.006 0.002 0.009 0.002 

E. IN fermentation 

 T0 T0.5 T1 T2 T5 T8 

4-aminobenzoic acid       

mean 0.705 0.495 0.438 0.466 0.429 0.038 

SD 0.275 0.403 0.347 0.323 0.396 0.091 

Ferulic acid       

mean 0.009 0.005 0.006 0.007 0.011 0.002 
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SD 0.011 0.006 0.007 0.012 0.020 0.002 

Isorhamnetin-3-glucoside       

mean 0.001 0.001 0.001 0.001 0.001 0.002 

SD 0.002 0.001 0.001 0.001 0.001 0.001 

Quercetin-3-glucoside       

mean 0.003 0.003 0.004 0.003 0.003 0.002 

SD 0.001 0.001 0.002 0.001 0.001 0.001 

Quercetin-3,4'-diglucoside       

mean 0.036 0.033 0.032 0.030 0.033 0.028 

SD 0.006 0.007 0.006 0.007 0.010 0.008 

Sinapic acid       

mean 0.008 0.005 0.005 0.008 0.013 0.001 

SD 0.010 0.006 0.008 0.014 0.032 0.003 

Syringic acid       

mean 0.085 0.053 0.038 0.043 0.021 0.006 

SD 0.035 0.039 0.029 0.037 0.031 0.008 

Chlorogenic acid       

mean 0.441 0.483 0.484 0.544 0.129 0.115 

SD 1.149 1.264 1.268 1.425 0.329 0.293 

Neochlorogenic acid       

mean 0.023 0.023 0.022 0.031 0.041 0.023 

SD 0.051 0.058 0.050 0.080 0.103 0.062 

Cryptochlorogenic acid       

mean 0.028 0.031 0.033 0.038 0.044 0.038 

SD 0.067 0.076 0.083 0.095 0.112 0.097 
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Abstract 

Sauerkraut is a traditionally fermented Brassica and recent evidence suggests it has  beneficial 

properties for human health. In this work, we employed a multi-disciplinary approach to first 

characterize the fermentation process of locally produced, artisanal sauerkraut and then to measure 

the potential of sauerkraut water to improve gut health. Physicochemical measurements showed 

that temperature and pH were both dependent on microbial metabolism over the fermentation 

process. NMR analysis revealed significant changes in microbial metabolite profiles overall the 

fermentation process, with acetic and lactic acid being the dominant end-products of microbial 

fermentation. Viable bacterial count (CFU/mL) showed increased abundance of lactic acid bacteria 

(LAB) and 16S rRNA metagenomics results showed that bacterial diversity gradually decreased as 

the fermentation progressed, with microbial communities being shaped by the acidic and salty 

environmental conditions. A biobank of 88 different LAB isolates representing different biotypes 

was created for future evaluation of their biotechnological and probiotic potential. Moreover, we 

made use of an in vitro preclinical model of the intestinal mucosa to investigate the potential anti-

inflammatory role of sauerkraut water and its ability to influence intestinal permeability. Although 

no differences were observed in gut barrier function as measured by trans-epithelial electrical 

potential of Caco-2 cell monolayers, sauerkraut water significantly modulated the inflammatory 

response in PBMCs cells under LPS stimulation. Sauerkraut water supported a robust inflammatory 

response to LPS, increasing TNF-α and IL-6 production while also stimulating the anti-inflammatory 

IL-10, thereby resolving the inflammatory response after 24 hours. This work suggests that 

sauerkraut water therefore may have potential to regulate intestinal immune function, supporting 

appropriate response to LPS/pathogen challenge but also contributing to switching off inflammation 

once mounted.   This in vitro finding should be confirmed in human intervention trials in target 

populations at risk of intestinal inflammation, in order to get a better understanding of the role of 

sauerkraut water in vivo. 

 

Authors contributions: Pavel Solovyev: NMR analysis, Tobias Weil: DNA extraction, sequencing 

and joint analysis with Giulia Gaudioso.  
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1. Introduction 

Fermented foods and beverages are now estimated to account for 1/3 of human foods , regardless 

of culture and lifestyle and have been used for millennia as a means of food preservation and to 

improve the digestibility and nutritional content of foods (1,2). Food fermentation is a 

transformative process whereby starting raw materials are progressively modified by microbial 

consortia during their fermentative growth, producing organic acids, gasses (carbon dioxide, CO2, 

and hydrogen) and resulting in energy production for the microorganisms involved.  The organisms 

responsible for food fermentations can be spontaneously present in the starting raw materials or 

added as starter cultures for a more controlled food transformation (1–4). Fermentation of raw foods 

can lead to an enrichment of their nutritional properties by degrading anti-nutrients like phytates or 

breaking down recalcitrant food macromolecules. The end products of fermentation and other 

microbial metabolic reactions can enhance flavor and aroma in foods, and acid production during 

fermentation can  inhibit acid sensitive spoilage or pathogenic microorganisms, thus increasing food 

safety and extending shelf-life (4). Amongst fermentative bacteria, lactic acid bacteria (LAB) 

especially Lactobacillus, Leuconostoc, Pediococcus and Streptococcus genera have been identified as the 

most important bacteria involved in food fermentations (5,6). Notably, some strains of these bacteria 

are potential probiotics as they fulfill the definition established by the Food and Agriculture 

Organization (FAO) and by the World Health Organization (WHO) as ‘live microorganisms which 

when administered in adequate amounts confer a health benefit on the host’ (7).  

Although human clinical trials are still scarce, consumption of fermented foods has been linked 

to improved immune and metabolic function, protection against inflammation and decrease of 

fasting glycaemia in people with type 2 diabetes mellitus (8,9) in ways not always attributable to the 

starting food material. In fact, during food fermentation, bacterial metabolism converts fermentable 

substrates, mainly carbohydrates and proteins, into biologically active metabolites, including 

secondary metabolites generated by the fermentation process, such as short chain fatty acids 

(SCFAs) and biogenic amines. Microorganisms can also convert other macromolecules present in 

the raw food into more biologically available or biologically active moieties, for example releasing 

small phenolic acids from polyphenols. Microbial growth can also result in production of vitamins 

and other bioactive compounds like bacteriocins, which can act as human nutrients or regulate the 

microbiota associated with the fermented food inhibiting spoilage and pathogenic bacteria (10). 

Besides affecting organoleptic properties, some of these molecules demonstrate antioxidant, anti-
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inflammatory and anti-cancer effects (1,6,11,12), thus resulting in modification of health-related 

properties of the final food product. This is especially true for fermented fruits and vegetables, which 

as raw materials, are rich in bioactive phytochemicals and micronutrients.  

Sauerkraut represents the most important European fermented vegetable, deriving from malolactic 

fermentation of fresh white cabbage (Brassica oleracea L. var. capitata) salted with 2-3% (w/w) sodium 

chloride (13,14). While large-scale industrial production of sauerkraut is supported by the use of 

bacterial starter cultures, homemade and small-scale artisanal products are traditionally obtained 

by spontaneous fermentation by bacteria naturally present on the fresh cabbage or in the food 

processing environment (14). Weissella spp., Leuconostoc mesenteroides, Lactobacillus brevis, 

Lactobacillus plantarum and Pediococcus pentosaceus have been identified as the main hetero- and 

homo-fermentative LAB involved in sauerkraut spontaneous fermentation and in the production of 

lactic acid, SCFA and several amino acids found at high concentrations in sauerkraut (14–16).  

Ingestion of certain probiotics, including those present in fermented foods, has been shown to 

induce significant positive improvements in gut barrier function (17–19). The gut barrier forms a 

tight barrier preventing bacteria from translocating the gut wall and being absorbed into the blood 

stream where they can induce inflammation (20). An unbalanced diet, including our modern 

Western diet, low in fiber and high in sugar, saturated fats and ultra-processed foods, could alter 

gut barrier function, thus leading to augmented gut permeability (often referred to as ‘leaky gut’). 

Increased permeability of the intestinal mucosa leads to uncontrolled microbial translocation from 

the intestinal lumen across the gut wall. Translocation of microorganisms or their inflammatory cell 

wall components, such as lipopolysaccharides (LPS) leads to an inflammatory response, and where 

this translocation persists unchecked, it can lead to chronic systemic low-grade inflammation (20,21). 

This condition, which has been described by Cani and colleagues (2007) (21) as ‘metabolic 

endotoxemia’, has frequently been reported in patients with inflammatory bowel disease (IBD) 

(22,23), irritable bowel syndrome (IBS) (24), diabetes, obesity and other chronic diseases (25). 

Chronic systemic low-grade inflammation differs from a physiologic inflammatory response in its 

chronicity and magnitude, being characterized by sustained elevation of circulating inflammatory 

mediators, including IL-6 and C-reactive protein (CRP) which render this condition a powerful risk 

factor for cardiovascular diseases, type 2 diabetes mellitus, cancer and other chronic conditions (26). 

Gut barrier represents a complex multilayer system including a surrounding mucus layer, a 

monolayer of epithelial cells connected by tight junctions (TJ) and a basal lamina propria rich in 

immune cells regulating microbial tolerance and immune function (20,27). Abnormalities in this 
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complex barrier, and especially in TJ function lead to increased gut permeability, with a concomitant 

absorption of inflammatory bacterial lipopolysaccharide (LPS) (20). Since diet is one of the major 

factors influencing gut barrier integrity, several studies investigated the role of microbial metabolites 

provided by diet in regulating intestinal permeability. Some evidence suggest that lactic acid and 

other organic acids in fermented products might positively affect gut barrier integrity, thus lowering 

inflammation. For example, SCFAs significantly improved epithelial barrier function in several in 

vitro and animal studies, by increasing the levels of colonic mucus proteins (28) and/or by 

upregulating TJ proteins expression (29,30). Butyrate has been shown to recover the gut barrier 

function by modulating claudin-1 and occludin expression in Caco-2 cells, thus increasing TEER 

(29,31). SCFAs have also been reported to regulate immune response by binding to G protein-

coupled receptors (GPCRs), thus regulating the activity of inflammatory cells, including neutrophils 

and macrophages. Acetate GPR43 activation suppresses colonic inflammation in ulcerative colitis 

mouse models (32). Moreover, acetate binding to GPR43 suppressed LPS-induced TNF-α secretion 

in mouse PBMCs, confirming the role of SCFA in mediating anti-inflammatory effects through 

GPCRs (33). Recently, different bioactive capacities have also been addressed to lactic acid, including 

immunomodulation (34). Interestingly, Okada et al. (2013) demonstrated that luminal lactic acid 

stimulated enterocytes proliferation in a murine model, thus maintaining intestinal barrier function 

(35).  

Hence, the inclusion of fermented foods in diet has potential to improve gut health, preventing 

intestinal permeability and thus improving intestinal immune function. Recently, sauerkraut juice 

increased its commercial popularity as a potential functional food, although it has received little 

scientific attention (36). This beverage consists of the liquid in which sauerkraut is cured, and is 

made up of the mixture of pickling brine and cabbage juice itself. Early studies are supporting an 

anti-cancer potential of sauerkraut water (37). Considering the nutritional and health potential of 

this beverage and the lack of scientific evidences related to its consumption, we decided to focus our 

study on the analysis of sauerkraut juice.  

In this study, we conduct an in-depth and multi-disciplinary analysis to first characterize the 

fermentation of locally produced, artisanal sauerkraut and to measure the potential of sauerkraut 

juice to improve gut health. Specifically, we used both culture dependent and culture independent 

microbiological methodologies to characterize sauerkraut fermentation, we used untargeted NMR 

based metabolomics to characterize metabolite production during fermentation and pre-clinical 

models to examine the ability of sauerkraut water to improve gut permeability and immune 
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function.  Five replicate fermentations were characterized from two artisanal organic producers in 

Val di Gresta, Trento, Northern Italy. Samples for microbiological and metabolomics analysis were 

taken at day 1, 2, 3, 7, 14, 21, 28 and 35 to characterize the microbiological succession of the 

sauerkraut microbiota and their associated metabolites. Finally, sauerkraut juice was collected at the 

end of the fermentative process (35 days) to investigate whether sauerkraut fermentation water was 

capable of enhancing gut barrier function as determined by trans-epithelial electrical resistance 

(TEER) of human colorectal adenocarcinoma (Caco-2) cell monolayers and immune function using 

a co-culture of Caco-2 differentiated as intestinal monolayer and peripheral blood mononuclear cells 

(PBMCs) as a model of the gut immune system. The overall experimental layout is presented in 

Figure 1. 

Figure 1. Summary of the experimental layout.  

 

2. Materials and methods 

2.1 Sauerkraut fermentation and water sampling 

Sauerkraut fermentation were studied in two organic producers (SK1 and SK2) in Val di Gresta, 

Trentino (Northern East Italy), between October and November 2019. The sauerkraut fermentation 

was performed using fresh white cabbage (Brassica oleracea L. var. capitata) chopped, shredded and 

layered in five separated 500 kg tanks with approximately 3% sodium chloride. The top of each tank 

was covered with nylon coating, covered with a layer of water to keep pressure on the head of the 

fermenter and maintain it anaerobic. Fermentation water samples for the analysis were collected 
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from the lower part of the tank using a tap every 24 hours for the first 3 days of fermentation (day 

1, day 2, day 3) and then after 7 (day 7), 14 (day 14), 21 (day 21), 28 (day 28) and 35 (day 35) days of 

fermentation. The samples were taken each time from five different tanks using aseptic technique. 

Temperature was measured each day using a probe inside each tank and an external probe to 

monitor the temperature of the room where the tanks were stored. pH of fermentation water was 

measured for each sample using laboratory pH-meter. 

2.2 Microbiological analysis 

2.2.1 Viable count of lactic acid bacteria and collection of bacterial isolates 

Sauerkraut water samples were decimally diluted in sterile peptone water and plated onto de 

Man, Rogosa and Sharpe (MRS), for viable count of lactic acid bacteria and isolation of putative 

lactobacilli. Bacteria were incubated under anaerobic conditions (using jars with AnaeroGen™ 

anaerobic system) and in aerobic conditions at 30°C for 48 h. All culture media and anaerobic 

systems were purchased from Oxoid (Milan, Italy). Viable cells count (CFU/mL) were determined 

by colony formation on MRS agar using the standard spread plate method. For each different colony 

morphology, one to three colonies were randomly picked up from countable MRS agar plates for 

bacterial isolation and purified by subsequent culturing and Gram staining. Each purified isolate 

was subsequently cultured in MRS and stored at –80°C in 40% glycerol stocks. 

2.2.2 DNA extraction and genotypic identification of sauerkraut water bacteria 

1 mL of bacterial culture from putative LAB isolates grown overnight in MRS broth was 

centrifuged at 13.000 g for 3 min, supernatant was discarded and pellet was used to prepare bacterial 

DNA using by Instagene Matrix (Bio-Rad, Hercules, CA, USA) extraction, following the 

manufacturer's instruction. RAPD–PCRs were carried out using the primer M13 (38). PCR 

amplification of each samples was carried out using 25 µL reactions, with 2.5 µL of Buffer 10X, 1.5 

µL MgCl2 50 mM, 2 µL dNTPs 10 mM, 0.1 µL primer M13 100 µM, 0.2 µL Taq (5 U/mL) and 13.7 µL 

H2O and 5 µL DNA. All PCR reagents were purchased from Invitrogen (Thermo Fisher Scientific, 

Waltham, MA, USA). PCR reactions were carried out using the Verity™ 96-well Thermal Cycler 

(Thermo Fisher Scientific, Waltham, MA, USA), according to the following protocol: 2 min at 94 °C, 

40 cycles of 1 min at 94 °C, 30 s at 42 °C, and 2 min at 72 °C, followed by a final extension of 10 min 

at 72 °C (39). PCR products were separated by electrophoresis on 2 % (w/v) agarose gel (Gibco BRL, 

Cergy Pontoise, France) and stained with ethidium bromide (0.5 μg/L). DNA patterns were analysed 

through the Unweighted Pair Group Method Arithmetic averages (UPGMA) using the GelCompar 
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II-BioNumerics® software (package version 6.0; Applied Maths, Belgium). Calculation of similarity 

of the PCR fingerprinting profiles was based on the Pearson product–moment correlation coefficient. 

Isolates with a similarity coefficient higher than 90% were considered belonging to the same biotype, 

as described by Gatti et al. (2008) (40). 

2.3 Metagenomic analysis of sauerkraut water microbiota 

Total DNA extraction from frozen sauerkraut water was performed using the DNA Blood and 

tissue kit (Qiagen, Hilden, Germany) according to manufacturer’s recommendations following the 

protocol ‘Pretreatment for Gram-Positive Bacteria’. DNA quality was assessed by gel-

electrophoresis and UV/Vis spectrophotometry. PCR amplification was performed by targeting 16S 

rRNA gene V3-V4 variable regions with the bacterial primer set 341F (5′-

CCTACGGGNGGCWGCAG-3′) and 806R (5′-GACTACNVGGGTWTCTAATCC-3′), as previously 

reported (25). PCR amplification of each samples was carried out using 25 µL reactions, with 12.5 

µL of 2X KAPA Hifi HotStart Ready Mix (Kapa Biosystems Ltd., UK), 0.5 µL of each primer, 2 µL 

DNA (10 ng/µL) and 9.5 μL. All PCR reactions were carried out using the Verity™ 96-well Thermal 

Cycler (Thermo Fisher Scientific, Waltham, MA, USA), according to the following protocol: 95°C for 

5 min and 25 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 40 s, with a final elongation step of 72°C 

for 5 min. PCR products were checked by gel electrophoresis and cleaned using an Agencourt 

AMPure XP system (Beckman Coulter, Brea, CA, USA), following the manufacturer’s instructions. 

After seven PCR cycles (16S Metagenomic Sequencing Library Preparation, Illumina), Illumina 

adaptors were attached (Illumina Nextera XT Index Primer). Libraries were purified using 

Agencourt AMPure XP (Beckman) and then sequenced on an Illumina® MiSeq (PE300) platform 

(MiSeq Control Software 2.0.5 and Real-Time Analysis software 1.16.18, Illumina, San Diego, CA, 

USA). Sequences obtained from Illumina sequencing were imported, filtered, denoised, merged, and 

chimaeras removed using the DADA2 package (version 1.16) in R at different sequence lengths 

according to the quality results observed for reads 1 and 2 (41). Taxonomy was assigned to amplicon 

sequence variants (ASVs) using the Silva reference database (version 138.1). Multiple sequence 

alignment (MSA) was created using the DECIPHER package (v2.16.1) (42) and the phylogenetic tree 

was inferred using the packages ape (version 5.4) (43) and phangorn (version 2.5.5) (44). The 

phylogenetic tree, read count data, assigned ASVs and sample metadata were imported into the 

phyloseq package (v1.32) (45) for downstream analysis. 
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2.4 NMR analysis of sauerkraut water metabolites 

900 µL of the each sauerkraut water sample was mixed with 100 µL of deuterium oxide and 

vortexed for 15 sec, then filtered using sterile Sartorius 0.22 µm PVDF syringe filters (Thermo Fisher 

Scientific, Waltham, MA, USA) and transferred to the 5 mm NMR tube. NMR spectra were recorded 

on Bruker Avance Neo 600 (base frequency 600 MHz for 1H nuclei), equipped with a broadband Z-

gradient probe (5 mm sample tubes) and SampleCase 24-position autosampler. The spectra were 

acquired and processed using Topspin 4.1.1 software in the automation mode with Icon NMR 5.2.1. 

The deuterium lock signal was optimised for the 9:1 mixture of H2O and D2O (v/v). All proton NMR 

spectra were recorded using the noesygppr1d pulse sequence with automatic adjustment of water 

signal suppression frequency (o1p) and power level utilized for pulse was 47.10 dB (25 hZ 

suppression window). The size of the spectrum (sweep width, SW) was 20.8 ppm, time domain (TD) 

consisted of 65536 (64K) data points, number of scans (NS) was 64 and the number of dummy scans 

(DS) was 4, the time for relaxation delay (D1) was 10 sec, receiver gain (RG) for all spectra was fixed 

at 101, and baseopt digitization mode was used. Acquisition of each spectrum was preceded by 

automatic adjustment of the probe (ATMA routine) and automatic shimming (TOPSHIM). Spectra 

were processed in the TopSpin software with the size of real spectrum (SI) set to 131072 (128K, 2xTD) 

data points, and apk0.noe phase correction au program was applied automatically to each spectrum. 

Quantitative analysis were performed using AssureNMR software with the external standard 

technique (ERETIC or Electronic REference To access In vivo Concentrations) (46), with the 2 mmol 

sucrose reference solution in 9:1 mixture of H2O and D2O (v/v) used as the external standard. 

2.5 In vitro model of intestinal epithelium 

2.5.1 Cell culture  

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coat blood sample from 

healthy donors (n=3), donated by the Transfusion Unit of Santa Chiara Hospital, Trento, Italy, by 

Lymphoprep™ density gradient centrifugation (Thermo Fisher Scientific, Waltham, MA, USA). The 

experimental plan was approved by the local Ethical Committee of Azienda Provinciale dei Servizi 

Sanitari (APSS, Santa Chiara Hospital, Italy; approval document n. 401/2015). The study was 

designed in conformity with the international recommendation (Dir. EU 2001/20/EC) and its Italian 

counterpart (DM 15 Luglio 1997; D.Lvo 211/2003; D.L.vo 200/2007) for clinical trial and following 

the Declaration of Helsinki, to assure protection and care of subjects involved. Briefly, fresh human 

blood was diluted 1:1 in PBS 1X and then gently aliquoted in sterile 50 mL tubes (Sarstedt, Germany) 
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containing Lymphoprep™ in 2:1 proportion (Thermo Fisher Scientific, Waltham, MA, USA).  

Samples were centrifuged at 400 x g without break at room temperature for 20 min. PBMCs were 

collected from the ring surrounding the Lymphoprep™ layer and then washed twice in RPMI 1640 

and once in PBS 1X. Human PBMCs were collected on the day before the experiment and 1.5 mL (2 

x 106 cells/mL) were put in the basolateral compartment of the co-culture (see Section 2.5.3). RPMI 

1640 Dutch modification (RPMI; Sigma-Aldrich), supplemented with 10% decomplemented (56°C, 

60 minutes) fetal bovine serum (Lonza, Switzerland), 1% penicillin (100 U)-streptomycin (100 

µg)/mL, 1% 200 mM L-glutamine, and 1% 100 mM sodium pyruvate (Biological Industries, Israel) 

was used as culture medium. Cells were maintained in humidified atmosphere of 5% CO2 in air at 

37 °C for one night before using them in Caco2 co-culture assays upon LPS exposure. 

Human epithelial colorectal adenocarcinoma Caco-2 cell line (ATCC® HTB-37™, number of 

passage between 50 and 60) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with high 

glucose (4.5g/L) (Lonza, Switzerland) supplemented with 20% decomplemented (56°C, 60 minutes) 

fetal bovine serum (Lonza, Switzerland), 1% penicillin (100 U)-streptomycin (100 µg)/mL (Biological 

Industries, Israel), 1% 10 mM non-essential amino acids (Euroclone, Milan), 1% 200 mM of L-

glutamine and 0.1% amphotericin 0.25 µg/mL (Biological Industries, Israel). Before and during 

treatments, cell cultures were maintained in humidified atmosphere of 5% CO2 in air at 37 °C. Before 

the experiment, Caco-2 cells were maintained in T-75 cm2 flasks (Sarstedt, Nümbrecht, Germany) 

and passaged when they reached 70% confluence using 0.05% trypsin–0.5 mM EDTA (Lonza, 

Switzerland). Medium was refreshed every second day. Prior to seeding, transwell inserts were 

coated with rat tail collagen Type I (Sigma Aldrich), according to the manufacturer’s instruction. For 

both the experiments (Figure 2), Caco-2 cells were harvested to obtain a cell suspension of 1 X 105 

cells/cm2. 2.5 mL of cell suspension were added to transwell inserts with membrane filters (0.1 µm 

pore size; Falcon, Sacco s.r.l, Cadorago, Como, Italy) and grown for 13 days until a tight monolayer 

was formed (TEER measurements stable for two consecutive days). 1.5 mL of medium was added 

to the basolateral chamber. Sauerkraut water samples from both producers (SK1 and SK2) collected 

from tank 1 at 35 days of fermentation were thawed on ice and filter-sterilized using Sartorius 0.22 

µm filters (Thermo Fisher Scientific, Waltham, MA, USA). All control and test treatments were 

prepared on the day of the assay. 10 mM propionic acid and 7% ethanol were used as positive and 

negative controls, respectively. All treatments were diluted in culture medium and added at 10% of 

the total apical volume (2.5 mL). All investigated experimental conditions are schematically 

illustrated in Figure 2. 
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Figure 2. Schematic illustration of investigated experimental conditions. Human adenocarcinoma cells 

(Caco-2) were grown to confluence to mimic the intestinal epithelial barrier. Trans epithelial electric resistance 

(TEER) results were obtained from Caco-2 alone incubated with sauerkraut fermentation water from both 

producers (SK1 and SK2), in order to assess the effects of sauerkraut water in modulating gut barrier function 

(A). To evaluate anti-inflammatory effects of sauerkraut water, Caco-2 were further co-incubated with 

peripheral blood mononuclear cells (PBMCs) isolated from human blood upon lipopolysaccharide (LPS) 

exposure (B). 

 

2.5.2 Trans epithelial electrical resistance (TEER) measurement on Caco-2 monolayer 

TEER was measured using an epithelial volt-ohm-meter (EVOM, World Precision Instruments 

Inc., Sarasota, FL, USA). Plates were left at room temperature for exactly 25 minutes prior to TEER 

measurements. The integrity of cell monolayers was assessed just before the addition of testing 

substrates (resistance0h). The media was then removed from basolateral and apical chambers and the 

control or test treatments added to the apical layer. Resistance was measured after 24 h 

(resistance24h). The TEER was calculated using the following equation, as described in previous 

works (47–49):  

 TEER(Ω cm2) = resistance(Ω)  × membrane area(cm2)        

Where area of the semipermeable membrane was 9.6 cm2. The change in TEER for each insert was 

then calculated using the following formula: 

Change in TEER (%) = TEER24h (Ω cm2)/ TEER0h (Ω cm2) × 100% 
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Where TEER24h and TEER0h represent TEER after 24 hours treatment and TEER at baseline, 

respectively. This experiment was repeated three times. 

2.5.3 Co-culture system 

To evaluate anti-inflammatory effects of sauerkraut fermentation water, an in vitro assay using a 

Caco-2/PBMCs co-culture model was performed (Figure 2B), according to previous studies (50–52). 

Briefly, Caco-2 cells were harvested to obtain a cell suspension of 1 X 105 cells/cm2. 2.5 mL of cell 

suspension were added to the apical side of transwell inserts with membrane filters (0.1 µm pore 

size; Falcon, Sacco s.r.l, Cadorago, Como, Italy) and grown for 13 days until a tight monolayer was 

formed (TEER measurements stable for two consecutive days). 2 x 106 PBMCs/mL were then seeded 

in the basolateral compartment of the co-culture in 1.5 mL and ensured complete adherence to the 

well over night before being used. On the day of the experiment, basolateral medium was refreshed 

and apical medium was replaced with complete RMPI 1640 in the presence or absence of test 

compounds. Transwell inserts containing Caco-2 were added to the multiple plate wells preloaded 

with PBMCs. This co-culture system was incubated for 2 h. 10 ng/mL of lipopolysaccharide (LPS) 

was then added to the basolateral side of this co-culture model. Sauerkraut water samples from both 

producers (SK1 and SK2) collected from tank 1 at 35 days of fermentation were thawed on ice and 

filter-sterilized using Sartorius 0.22 µm filters (Thermo Fisher Scientific, Waltham, MA, USA). All 

control and test treatments were prepared on the day of the assay. 10 mM propionic acid and 7% 

ethanol were used as positive and negative controls, respectively. All treatments were diluted in 

culture medium and added at 10% of the total apical volume (2.5 mL). This experiment was repeated 

three times with three different PBMCs donors. 

2.5.4 Cytokines quantification using Magpix® 

For the analysis, both the apical and basolateral supernatants were collected after 0 and 24 h of 

co-culture. Supernatants were then centrifuged for 5 min at 18,000 x g to pellet cell debris and stored 

at –80 °C. The release of IL-1β, IL-6, IL-10 and TNF-α was quantified in apical and basolateral 

chambers supernatants using a cytokine magnetic bead-based panel (Milliplex MAP kit, Millipore 

Corp., Billerica, MA, USA) and measured by a Magpix® instrument (Luminex, Texas, USA) and 

xponent software (version 4.2, Luminex Corp, Austin, Texas, US) according to manufacturer’s 

instruction. Blanks and standard curves were included on each plate. The overall intra- and inter- 

assay precision is reported by the manufacturer as 2–19%, and accuracy as 87–107% over the 

calibration range of 3.2–10’000 pg/mL cytokine concentration (53). 
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2.5.5 RNA isolation and gene expression analysis 

Caco-2 and PBMCs cells were collected from the co-culture system after 0, 3 and 6 hours of co-

culture. Briefly, medium was removed from both apical and basolateral chambers, then covered 

with 500 µL of TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). Samples were 

collected in Eppendorf tubes and stored at –80 °C. Total RNA was isolated from cultured cells 

according to the manufacturer’s recommendations (Thermo Fisher Scientific, Waltham, MA, USA). 

Extracted total RNA was quantified using a Nanodrop 8000 Spectrophotometer (Thermo Fisher 

Scientific, Waltham, MA, USA) and RNA quality was assessed using a 2200 TapeStation (Agilent 

Technologies, Santa Clara, CA, USA). mRNA samples with high quality (RNA Integrity Number, 

RIN > 8) were used for retrotranscription. Reverse transcription was performed with a High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher Scientific, 

Waltham, MA, USA) in a 20 μL reaction volume containing 10 μL template RNA (5 ng/μL), 2.0 μL 

of 10X RT Buffer, 0.8 μL of 25X dNTP Mix (100 mM), 2.0 μL of 10X RT Random Primers, 1.0 μL of 

MultiScribe™ Reverse Transcriptase, and 4.2 μL of DEPC-treated water. After transcription, cDNA 

was stored at −20 °C until quantitative Real-Time PCR (RT-PCR). 

The expression level of inflammatory genes was determined by RT-PCR using ViiA™ 7 System 

(Thermo Fisher Scientific, Waltham, MA, USA ). Pairs of primers and TaqMan probes were obtained 

from Applied Biosystems (TaqMan® Gene Expression Assays). RT-PCR was carried out in 20 µL 

reactions prepared following the manufacturer’s instruction and containing 10 μL of KAPA PROBE 

FAST qPCR Master Mix 2x Universal (Kapa Biosystems, Sigma-Aldrich, Germany), 0.4 μL 50x Rox 

Low (10 ng/μL), 1 μL TaqMan Assay, 2 μL of cDNA (10 ng/µL) and 6.6 µL H2O. Reactions were 

carried out in triplicate under the following conditions: 95 °C for 1 min, followed by 40 cycles at 95 

°C for 1 s, 60 °C for 20 s. Ct values for each sample were normalized against the geometric mean Ct 

values obtained for two housekeeping genes, 18S and GAPDH. Gene expression was therefore 

expressed as the relative fold change 2−ΔΔCt, where ΔCt was obtained by subtracting the geometric 

mean Ct for the two reference housekeeping genes 18S and GAPDH from the Ct of the tested gene, 

and ΔΔCt represented the difference between ΔCt of cells incubated with sauerkraut water 

compared to the ΔCt of control samples (medium with no treatment, Ctrl).  

2.5.6 Western blot quantification of tight junction proteins 

The analyses were performed on the Caco-2 cells from the co-culture system, following the 

method described by Bianchi et al. (2019) (54) with some modifications. Briefly, the monolayers were 
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rinsed two times with ice-cold PBS and then covered with 350 μL of Lysis buffer (20 mM Tris–HCl, 

pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM 

β-glycerophosphate, 1 mM Na3VO4, 1 mM NaF, 2 mM imidazole) supplemented with a protease 

inhibitor cocktail (Complete, Mini, EDTA-free, Roche, Monza, Italy). Total cell lysates were collected 

in Eppendorf tubes, sonicated and centrifuged at 14,000 x g for 10 min at 4 °C to eliminate cell debris. 

Protein concentration was determined by performing a Bicinchoninic Acid (BCA) protein assay 

using Pierce™ BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA).  

Before using samples for Western blot (WB) analysis, acetone protein precipitation was 

performed. Four volumes of cold acetone (Sigma-Aldrich, Germany) were added to each samples 

and samples were incubated overnight at 4 °C. Samples were centrifuged at 18,000 x g for 10 minutes 

and supernatant was removed. Dry pellets were finally resuspended in 15 µL of Loading buffer 1X 

(63 mM Tris–HCl, pH 6.8, 2% SDS, 10% glycerol, 0.1% 2-mercapto-ethanol and 0.005% Bromophenol 

blue) to a final concentration of 35 µg protein/15µL. This mixture was boiled at 85 °C for 15 min for 

soluble protein or at 70 °C for 5-10 min for multi-pass membrane proteins. Samples were then loaded 

on 12% SDS-polyacrylamide gel (35 µg proteins/well), and proteins were separated for 1.30 h at 100 

V. Proteins were then blotted on PVDF membrane (Immobilon-P, Millipore, Millipore Merck 

Corporation, Burlington, MA, USA) for 1 h at 100 V, at 4 °C. After transfer, PVDF membrane was 

rinsed using TRIS-Buffered Saline (TBS) and then incubated in TBS 0.05%Tween (TBS-T) with 5% 

skim milk powder (Oxoid, Milan, Italy) solution for 1 h at room temperature (RT). Membrane was 

washed three times in TBS-T an then  exposed overnight at 4 °C to primary monoclonal antibodies 

(Santa Cruz Biotechnology, Texas, USA) (initial concentration 200 µg/ml) diluted 1:1000 in TBS-T 

with a 1% skim milk powder solution. After three washes of 10 min each in TBS-T, membranes were 

exposed to the HRP-conjugated secondary antibodies in TBS-T with 0.5% skim milk powder solution 

for 1 hour at RT. After three washes of 10 min each in TBS-T and one wash in PBS-T, visualization 

of protein bands was performed combining 10X CN/DAB Concentrate with the Stable Peroxide 

Substrate (1:10 proportion). Development reaction was stopped by rinsing the membrane with H2O. 

Quantification of band intensity was done by employing the ImageJ Software (designed at the 

National Institutes of Health, https://imagej.nih.gov/ij), as previously described by Gallo-Oller et al. 

(2018) (55). Each band was individually selected and circumscribed with the Region of Interest (ROI) 

selection under ‘Gels’ function, followed by quantification of the acquired data. Pixel density was 

inverted for all data and background noise was removed, following the manufacturer’s instructions 

(https://imagej.nih.gov/ij/docs/guide/user-guide.pdf). Data were expressed as normalized ratio 
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(fold-changes) to β-actin and to control samples (cells incubated with complete DMEM medium as 

control). 

2.6 Statistical analysis 

All statistical analysis was performed using R studio version 3.6.2. Normal distribution of data 

was assessed by Shapiro–Wilk’s test. Differences in microbial metabolites over fermentation time 

within the same producer were checked by Kruskal–Wallis test, followed by the post-hoc Dunn’s 

test with Benjamini–Hochberg false discovery rate (FDR) p value correction. 16S rRNA metagenomic 

data were analyzed as detailed in the relative method section. Statistical significance between TEER 

measures, Magpix® citokine quantification, gene expression and Western blot data was performed 

by unpaired t-test. After FDR correction, a p value < 0.05 was considered statistically significant. All 

data are expressed as the mean ± standard deviation, SD.   

3. Results 

3.1 Temperature, pH and viable count of lactic acid bacteria (LAB) variation over 35 days of 

fermentation 

Changes in temperature, pH and viable counts of LAB are reported in Figure 3 and 4. 

Temperature inside all tanks changed over the fermentation process, ranging from 18.5 °C to 22.5 °C 

for SK1 and from 13.5 °C to 16 °C for SK2 (Figure 3). As expected, temperature increased rapidly 

during the first week of fermentation and gradually decreased after day 18 in both producers. 

Notably, temperature recorded in the room where tanks were stored underwent many more shifts 

both daily and weekly, without affecting the temperature inside fermentation tanks. 

For both producers, the viable counts of LAB increased rapidly after the first days of fermentation 

and reached the maximum density by day 3 (108 CFU/mL), when inside-tank temperature was 19.44 

°C for SK1 and 14 °C for SK2. On day 35, the LAB counts were around 106 for SK1 and around 108 

for SK2 (Figure 4). The decline in viable LAB count observed after day 3 might be due to the high 

acidity (Figure 4). The huge drop down observed in SK2 viable LAB count was due to the effect of 

two tanks, which explains the large SD. Acid production was rapid during the first 7 days of 

fermentation (day 7) in all tanks, dropping from 5.7 at day 1 in both producers to 3.82 and 3.99 at 

day 7 for SK1 and SK2, respectively (Figure 4). Thereafter, pH reduced at a slower rate and remained 

unchanged after day 21. Similar pH profiles were obtained for samples from both producers. 
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Figure 3. Temperature changes inside (Tank mean) and outside (out) fermentation tanks over 35 days. The 

values plotted for internal temperature are the means between tanks (n=5 tanks/each producer) ± the error 

bars showing the standard deviation (SD).  

 

Figure 4. Changes of pH and viable LAB count (expressed in Log10(CFU/mL) over 35 days of sauerkraut 

fermentation. The values plotted are the means of viable counts from each tank (n=5 tanks/producer) ± the 

error bars showing the standard deviation (SD). 

 

3.2 RAPD PCR and biotyping 

Two hundred and fifty one colonies were isolated from sauerkraut water samples after 35 days 

of fermentation from both producers. The RAPD-PCR analysis through M13 primer successfully 
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generated 220 fingerprints, observed using agarose gel electrophoresis. The Bionumerics® analysis 

clustered the isolates into 133 biotypes having 90% of similarity index. Of these, 88 biotypes in total 

from both producers were selected for Sanger sequencing, in order to characterize the main species 

driving sauerkraut fermentation. Strain taxonomic identification and characterization for 

biotechnological and probiotic potential is ongoing and not presented in this thesis. 

3.3 Gut microbial ecology 

Observed OTUs, Chao1 and Shannon index were used to analyze changes in bacterial α-diversity 

(Figure 5A). In SK1, bacterial richness significantly decreased over 35 days of fermentation, 

according to Observed OTUs and Chao1 index (Observed OTUs: day 1 vs day 7, p = 0.018; day 1 vs 

day 21, p = 0.003; day 1 vs day 35, p = 0.001; Chao1: day 1 vs day 7, p = 0.019; day 1 vs day 21, p = 

0.003; day 1 vs day 35, p = 0.001). In SK2, bacterial richness significantly increased between day 1 

and day 2 (Observed OTUs: p = 0.047; Chao1: p = 0.048) and then significantly decreased until day 

35 (day 2 vs day 35; Observed OTUs: p = 0.0195; Chao1: p = 0.0199). Shannon index significantly 

decreased during the first 3 and 7 days of fermentation in SK1 (day 1 vs day 3, p = 0.0079) and SK2 

(day 1 vs day 7, p = 0.0079), respectively. After day 3, a slight increase in α-diversity was observed 

for SK1, but this result did not reach statistical significance. Similarly, an increase in bacterial 

evenness was observed for SK2 after day 7, being significantly higher at day 14 when compared to 

day 7 (p = 0.0079). These results also coincided with a drop in viable LAB count observed for SK2 at 

day 7. In order to highlight differences in bacterial composition following sauerkraut fermentation 

over time, β-diversity was plotted using Bray-Curtis dissimilarity matrix (Figure 5B). We observed 

significant changes in sauerkraut water microbiota composition with a significant shift from day 1 

to day 35 (p < 0.01). The same trend was observed for both producers. Genera % relative abundance 

in sauerkraut water is shown in Figure 6. We observed that the number of identified genera 

dramatically decreased from day 1 to day 2, and then slowly decreased until day 35, when the lowest 

number of genera was observed for both producers. As expected, Lactiplantibacillus (SK1: 56.19 ± 

15.21%; SK2: 47.75 ± 12.68%; mean ± SD), Leuconostoc (SK1: 29.00 ± 12.61 %; SK2: 8. 05 ± 2.85%; mean 

± SD), Pediococcus (SK2: 24.16 ± 8.12%; mean ± SD), Levilactobacillus (SK2: 8.67 ± 5.86%; mean ± SD), 

Paucilactobacillus (SK1: 11.66 ± 5.04%; mean ± SD) and Secundilactobacillus (SK2: 4.95 ± 2.18%; mean ± 

SD) represent the dominant genera at day 35. In SK1, LAB become predominant at day 7 as shown  

by the relative abundance results (Figure 6), thus explaining the separation between day 3 and day 
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7 observed in Bray-Curtis analysis (Figure 5B). These results confirm LAB intrinsically resistance to 

acid environments and the main drivers of the sauerkraut fermentation. 
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Figure 5. Bacterial α-diversity using Observed OTUs, Chao1 and Shannon index from day 1 to day 35 of 

sauerkraut fermentation from both producers (SK1 and SK2). Line inside the box represents the median, 

whiskers from either side of the box represent the first and the third quartiles, respectively. °=outliers. Different 

superscript letters indicate statistical significance within the same producer (A). Principal Component 

Analysis (PCoA) representing the bacterial β-diversity according to Bray-Curtis dissimilarity index. Different 

colors indicate different timepoints and different shapes indicate different producers, as described in the 

legend (B).  

 

B. 

A. 



225 

 

 

 

 3.4 Microbial metabolite analysis 

NMR was performed by the Traceability Unit at Fondazione Edmund Mach to quantify microbial 

metabolites in sauerkraut water samples from both producers (SK1 and SK2). The results of 

metabolites quantifications are shown in Figure 7 and Table S1. Metabolites that were below the 

detection limit in 70% of total samples were excluded from further analysis.  

After the NMR analysis, a total of 29 compounds, including organic acids, amino acids and 

sugars, were identified in sauerkraut water samples over 35 days of fermentation (Table S1). Seven 

organic acids were identified, including lactic acid, acetic acid, malic acid, propionic acid, butyric 

acid and formic acid (TableS1, Figure 7A) and their amount significantly varied over time. Among 

SCFA, acetic acid significantly increased over sauerkraut fermentation, reaching its maximum 

concentration at day 28 for SK2 (2340.99 ± 297.64 mg/L, mean ± SD) and at day 35 for SK1 (1923.64 ± 

298.16 mg/L). Similarly, lactic acid significantly increased overall the fermentation process, both in 

SK1 and SK2, reaching its maximum concentration at day 35 (SK1: 9418.22 ± 953.14 mg/L; SK2: 

6121.66 ± 3554.43 mg/L). A total of 5 amino acids, including alanine (Ala), leucine (Leu), 

phenylalanine (Phe), tyrosine (Tyr) and valine (Val) were identified (Table S1, Figure 7B). Aromatic 

Figure 6.  Percentage bacterial relative abundance of genera after 1, 2, 3, 7, 14, 21, 28 and 35 days of 

fermentation. Low abundance genera (< 2%) have been filtered. Values are mean percentage relative abundance 

between different tanks (n=5 for each producer).  
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amino acids Phe and Tyr significantly increased during sauerkraut fermentation (SK1: day 1 vs day 

35, Phe p < 0.001; Tyr p < 0.001; SK2: day 1 vs day 28, Phe p = 0.0047; Tyr p = 0.006) reaching their 

maximum concentration at day 28 for SK2 (Phe = 39.98 ± 2.15 mg/L, Tyr = 47.47 ± 4.51 mg/L ) and at 

day 35 for SK1 (Phe = 56.83 ± 7.16 mg/L, Tyr 56.53 ± 5.19 mg/L). On the other hand, most of the 

sugars, including D-fructose, alpha-D-glucose and beta-D-glucose showed decreasing 

concentrations over time (Table S1, Figure 7C). However, only D-fructose changes over time were 

statistically significant after FDR correction. In samples from both producers, we observed a 

significant increase in D-mannitol levels after 7 days of fermentation. Another  13 compounds were 

found in sauerkraut water samples, including acetaldehyde, dimethyl sulfoxide (DMSO), 

deoxyuridine monophosphate, ethanol, 2,3-butanediol, gamma-aminobutyric acid (GABA), D-

mannose, methanol, putrescine, succinamide, succinimide, trimethylamine N-oxide (TMAO) and 

uracil (Table S1, Figure 7D). We observed several diversified patterns for these compounds. 

Ethanol, 2,3’-butanediol, methanol, putrescine and uracil significantly increased over time, in both 

producers. GABA levels strongly decreased after 3 or 7 days of fermentation in both producers (SK1, 

day 1: 52.80 ± 7.23, day 3: 0.00 ± 0.00; SK2, day1: 74.25 ± 14.27, day 7: 0.00 ± 0.00).  
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Figure 7. Individual line plots of microbial metabolites identified by NMR analysis, divided in organic 

acids (A), amino acids (B), sugars (C) and other compounds (D). The plots compare the concentration (mg/L) 

changes between all experimental timepoints, after 1, 2, 3, 7, 14, 21, 28 and 35 days of fermentation. Different 

colors and line shapes indicate different producers: ----•---- SK1; - -•- - SK2. The error bars correspond to the 

standard deviation. Different superscript letters indicate statistical significance among different timepoints, 

within the same producer (p < 0.05) and capital letters indicate a p value < 0.001. Grey-colored letters refer to 

SK1, black underlined letters refer to SK2. No letter indicates the absence of statistical significance after FDR 

correction. 

 

[A] 
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Figure 7B. Continues form Figure 7.  

 

 

[B] 
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Figure 7C. Continues from Figure 7.  

 

 

  

[C] 
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Figure 7D. Continues from Figure 7. 

 

 

 

[D] 
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Figure 7D. Continues from previous page. 

 

3.5 Effects of sauerkraut water supernatants on TEER measurements 

TEER (Ωcm2) was calculated as described in Section 2.5.2. Figure 8 reports changes in TEER 

expressed as percentage (%) of increase or decrease after 24 hours incubation with test substrates, 

compared to baseline TEER for each monolayer. The threshold (100%) indicates no changes after 24 

h treatment, while higher or lower percentages indicate an increase or a decrease in TEER, 

respectively. Ethanol is known to decrease TEER inducing tight junction dysfunction (56), while 

propionic acid plays a crucial role in maintenance and protection of intestinal gut barrier (57), thus 

they were selected as negative and positive control, respectively. As expected, compared with 

monolayers incubated with complete DMEM medium as control, the results obtained showed a 
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clear-cut reduction of TEER after 24 hours exposure to ethanol, as well as a clear TEER improvement 

after 24 hours exposure to propionic acid (Ctrl: 105.52 ± 10.38 %; ethanol: 57.36 ± 32.76 % ; propionic 

acid: 122.35 ± 9.64%; p = 0.0274 Ctrl vs ethanol; p = 0.0126 Ctrl vs propionic acid). 24 h exposure to 

SK1 and SK2 supernatants (SK1: 109.34 ± 9.50 %, SK2: 108.44 ± 7.25 %) did not significantly improve 

TEER. However, sauerkraut treatment also did not decrease epithelial barrier function when 

compared to control medium (p > 0.05). Both SK1 and SK2 showed significantly lower TEER values 

when compared to positive control (SK1 vs propionic acid: p = 0.0466; SK2 vs propionic acid: p = 

0.0291), and significantly higher values when compared to negative control (SK1 vs ethanol: p = 

0.0218; SK2 vs ethanol: p = 0.0239). This does not support the hypothesis that sauerkraut water 

improves gut barrier function, but showed that SK1 and SK2 did not disrupt barrier integrity. 

Figure 8. Changes in trans-epithelial electrical resistance (TEER) across differentiated Caco-2 monolayers 

in presence/absence of test substrates (TEER24h (Ω cm2)/ TEER0h (Ω cm2) × 100%). The change in TEER is the 

percentage (%) change after 24 h incubation compared to the initial TEER (0h) for each monolayer. The 

threshold (100%) indicate no change between baseline and 24 h. The values plotted are the means for three 

experimental replicates ± the error bars showing the standard deviation (SD). Stars indicate statistical 

significance when comparing different treatments to control medium, within the same timepoint. SK1, 

producer 1; SK2, producer 2.  

 

3.6 Cytokine quantification in co-culture supernatants using Magpix® 

Both apical and basolateral supernatants from co-culture experiments were analyzed at baseline 

and after 24 hours of incubation with sauerkraut fermentation water. The median values for the 

production of each cytokine on either side of the co-culture model (n= 3) are presented in Figure 9. 

In general, the data show high variability of the concentration of each of the cytokines quantified by 

the assay. This large variability has been previously observed in in vitro cell culture experiments that 

employ PBMCs from different healthy donors, as already suggested by Katial and colleagues (1998) 

(58). The median values (Median Fluorescent Intensity, MFI) demonstrated no significant 
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differences in cytokine secretion both from PBMCs and from Caco-2 cells at baseline. As expected, 

LPS stimulus induced a dramatic increase in all cytokines levels, both in the apical side and in the 

basolateral, as shown in 24 h panels (Figure 10). However, no differences were observed between 

cytokine concentrations in the apical side when comparing Caco-2 cells incubated with control 

(CTRL) or with sauerkraut water. Statistically significant changes were observed when considering 

the basolateral side. Sauerkraut water from both producers stimulated IL-6 (SK1: 40,190.10 ± 1,170.24 

MFI; SK2: 40,136.50 ± 2,001.52 MFI; Ctrl: 26,971.2 ± 3,660.37 MFI; mean ± SD; SK1 vs Ctrl, p = 0.0002; 

SK2 vs Ctrl, p < 0.0001) production, while IL-10 (SK2: 12,115.3 ± 2,525.93; Ctrl: 8,656.67 ± 1,357.85 

MFI, SK2 vs Ctrl, p = 0.0192) and TNF-α levels significantly increased after SK2 treatment (SK2: 

16,092.90 ± 5,173.35 MFI; Ctrl: 8,338.58 ± 2,328.42 MFI; SK2 vs Ctrl, p = 0.0124). 

Figure 9. IL-10, IL-1β, IL-6 and TNF-α production by co-cultured Caco-2 (apical side) and PBMCs 

(basolateral side) under LPS stimulation at baseline (0h) and after 24 h of incubation with sauerkraut water. 

CTRL is cell culture medium without treatment. Bar plots represent median values of Median Fluorescent 

Intensity (MFI) and the error bars represent standard deviation. Note the different scales on the y-axis. 

Different superscript letters indicate statistical significant differences within each cytokine. 

 

3.7 Effect of sauerkraut water incubation on inflammatory and tight junction (TJ) genes 

expression 

To support the quantification of pro- and anti-inflammatory cytokines in PBMCs supernatants 

after 24 h incubation with sauerkraut water, gene expression was investigated by RT-PCR. As shown 

in Figure 10A, no significant changes were observed in IL-10 and IL-6 expression after 3 h and 6 h 
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of incubation with sauerkraut water. To support the results obtained from TEER measurements, 

expression of tight junction (TJ) genes was investigated in Caco-2 cells before and after incubation 

with SK1, SK2 and Ctrl. Occludin showed increased expression from 0h to 6h, although not 

statistically significant. No significant changes were observed in claudin-1 and claudin-4 after 

incubation with the different treatments (Figure 10B). 

A. 

B. 

Figure 10. Gene expression of inflammatory cytokines IL-6 and IL-10 in PBMCs cells (A) and of TJ proteins 

occludin, claudin-1 and claudin-4 in Caco-2 cells (B) (n=3 co-culture experiments). Bar plots show mean 

relative fold change (2-ΔΔCt) compared to Ctrl medium. Error bars represent the standard deviation.  
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3.8 Effect of sauerkraut water on cytokines and TJ proteins in Caco-2 cells. 

To further confirm the effect of sauerkraut water on gut barrier function, the quantity of TJ 

proteins in Caco-2 cells was analyzed by western blot (Figure 11). We found no significant 

enhancement of occludin and claudin-1 protein expression after 24 h incubation with SK1 or SK2. A 

slight increase in claudin-4 protein, although not statistically significant, was observed 24 h after 

incubation with SK1 and SK2 in all experimental replicates (n=3).  

Figure 11. Western blot in co-cultured Caco-2 cells at baseline (0h) and after 24 h incubation with sauerkraut 

water from both producers (SK1 and SK2) (n=3). Molecular weight of each protein is described on the left side 

of the image. β-actin was used as control protein (A). Densitometric analysis was performed with ImageJ 

software. Values are expressed as fold change normalized to medium control (Ctrl) samples (B). No significant 

differences were observed between different treatments and between different timepoints. 
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4. Discussion 

The aim of this study was to characterize the sauerkraut-associated microbiome, its successional 

development over the course of the fermentation and its metabolic output. Further, we aimed to 

evaluate the protective role of sauerkraut water on gut permeability and inflammation using a 

preclinical in vitro model of the intestinal barrier and immune function. 

Our current study characterized the sauerkraut fermentation process in two local organic 

sauerkraut products. Temperature, pH and the succession of fermentative microbiota were assessed 

over 35 days of fermentation. Temperature increased over the first week of fermentation, reaching 

the maximum value around day 10 (SK1: 22.42 °C ± 0.27, SK2: 16.15 °C ± 0.30, mean ± SD) and then 

decreasing until approaching room temperature. This is consistent with previous reports with 

similar fermented foods (59). The increase in temperature levels occurred at the same time as rapid 

acid production, thus reducing the pH, between the beginning of fermentation and day 14. In this 

period pH dropped from 5.7 at day 1 in both products, to 3.82 and 3.99 at day 14. The increase in 

acidity levels over time is attributable to organic acids production by fermentative bacteria. This was 

confirmed by NMR results, since pH drop-down went hand in hand with the increase in organic 

acids production, mainly lactic and acetic acid. We measured changes in viable bacterial counts 

(CFU/mL) in each tank during the sauerkraut fermentation. From our results, it appears that changes 
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in acidity and temperature proceeded in parallel with bacterial counts variation. As the fermentation 

proceeded, the microbial diversity gradually decreased and LAB became the dominant bacteria, as 

confirmed by the 16S rRNA amplicon-based microbiota profiling. This change was analogous to pH 

variation over time, thus suggesting that organic acids accumulation inhibited the growth of bacteria 

which were not tolerant to a higher acidic environment, as previously observed (16). The microbial 

composition on day 1 included microorganisms from cabbage itself, but also from the environment, 

including the materials used, the operator and the floor of the storage room, such as Enterobacter, 

Serratia, Pseudomonas, Pectobacterium, Pantoea, Lelliottia, Buttiauxella and Acinetobacter. While both 

observed OTUs and Chao1 index significantly decreased over the fermentation process, thus 

indicating lower bacterial richness with LAB becoming the predominant taxa, the Shannon diversity 

index showed a successive increase in α-diversity from day 7 (SK1) or day 14 (SK2) until day 35. As 

previously suggested by Zabat and colleagues (15), and in agreement with the reduction in bacterial 

genera observed for the same timepoints through 16S rRNA sequencing, we believe that increased 

Shannon index  reflects increased evenness amongst LAB actively involved in the fermentation 

while also reflecting a reduced richness of less dominant, rare phylotypes as the fermentation 

progressed. Results from 16S rRNA analysis showed a clear separation in sauerkraut water 

microbiota at different fermentation timepoints. After 35 days of fermentation, LAB 

Lactiplantibacillus, Leuconostoc, Pediococcus, Levilactobacillus, Paucilactobacillus and Secundilactobacillus 

were the predominant genera. Our findings are in line with previous descriptions of sauerkraut 

microbiota, which used both culture-based (60) and culture-independent methods (15,16,61) and 

identified Leuconostoc, Lactobacillus and Pediococcus as the primary microorganisms in sauerkraut. 

Our 16S rRNA results were also consistent with pH and NMR results, confirming that acidity levels, 

lactic acid concentration and LAB abundances are strictly correlated showing an increasing trend 

until the end of the fermentation. Other than being the most important bacteria involved in the 

fermentation process, some of these LAB are known for their potential probiotic properties (5,6,62). 

However, since only specific LAB strains are able to act as probiotic, it is difficult to speculate 

without knowing these details. For this reason, bacterial biotypes isolated from sauerkraut water 

and then analyzed using RAPD PCR and Bionumerics® will be characterized using Sanger 

sequencing. These strains will form the basis of a sauerkraut biobank at FEM of LAB of potential 

biotechnological and probiotic interest. Future analysis will allow a better understanding of the 

bacterial strains responsible for the fermentation process, the metabolites they produce, and their 
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potential to drive vegetable fermentations and/or express probiotic traits such as anti-pathogen, anti-

inflammatory or anti-cancer activities. 

In the present study, NMR analysis was used for high-throughput and highly-reproducible (63) 

characterization of metabolites in sauerkraut water samples. An accumulation of organic acids was 

observed over the fermentation process, with a significant production of acetic and lactic acid. 

Butyric and propionic acid significantly increased only in SK2 producer reaching the highest levels 

at day 35, while their concentration did not vary in SK1. The increase in organic acids was paralleled 

pH variations. Together with acidification, proteolysis is considered a key feature of food 

fermentation, since it influences the production of flavor compounds, but also increases 

polypeptides digestibility (64,65). In this study, we observed a significant increase in the 

concentration of aromatic amino acids Phe and Tyr, which may have contributed to the typical 

aroma and flavor of fermented cabbage, as previously suggested (66,67). During the fermentation 

process we also observed a significant increase of the hydrophobic amino acid Leu, which has been 

suggested to be responsible for bitter taste in different fermented foods (68). γ-aminobutyric acid 

(GABA), a non-protein amino acid serving as the major inhibitory neurotransmitter in the brain and 

in the spinal cord (69), showed a pattern of decrease with the fermentation period. This is consistent 

with previous studies, where GABA was converted to other metabolites, such as succinate, during 

fermentation (68,70). Over 35 days of fermentation, we observed a significant increase in uracil 

concentration in sauerkraut water from both producers. Uracil has been previously identified as a 

metabolic product of LAB fermentation and especially of Lactobacillus plantarum metabolism (71).  

Changes in metabolites are also key indicators reflecting the activity of bacteria during sauerkraut 

fermentation. For example, the consumption of D-fructose we observed during the fermentation 

process, together with the increase in mannitol concentrations which may be attributed to 

Leuconostoc.  Leuconostoc have been shown to utilize fructose as alternative electron acceptor to 

produce mannitol by Harth and colleagues (2016) (67). 

By employing a Caco-2 cell monolayer grown in a trans-well system, we demonstrated that 

sauerkraut water did not significantly improve barrier function, as measured by TEER. However, 

we also confirmed that sauerkraut water did not cause intestinal permeability, since TEER values 

after 24 h incubation were significantly higher in both SK1 and SK2 compared to ethanol. Gene and 

protein expression of TJ did not reveal significant changes after Caco-2 monolayer incubation with 

sauerkraut water. TJ proteins claudin-1, claudin-4 and occludin were selected to assess gut barrier 

function, since they have been demonstrated to play a key role in maintaining intestinal barrier 
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integrity (72,73). Moreover, downregulation of claudin-1 and occludin has been observed after LPS-

stimulation in Caco-2 cells, together with an increase in gut permeability (72). Downregulation of 

claudin-4 has been observed after TNF-α inflammatory stimulus in T84 cells monolayers, together 

with increased paracellular permeability (74). These studies further support the role of these TJ 

proteins in gut barrier function maintenance, which is disrupted during inflammation. In our work, 

no changes were observed in claudin-1, claudin-4, occludin mRNA or protein expression in Caco-2 

To further investigate possible immune modulatory effects of sauerkraut water we employed an in 

vitro co-culture model, based on Caco-2 cells differentiated as a monolayer and PBMC under LPS 

stimulus. We found no significant changes in inflammatory interleukin IL-6 and anti-inflammatory 

IL-10 mRNA expression in PBMCs after 3 and 6 hours incubation with sauerkraut water. However, 

cytokine quantification in basolateral supernatants revealed a significant increase in IL-6, IL-10 and 

TNF-α levels after 24 hours incubation with sauerkraut water. IL-6 and TNF-α are pro-inflammatory 

cytokines typically released by various cell types, including intestinal mucosal immune cells, during 

LPS stimulation (75–77), while IL-10 is an anti-inflammatory mediator crucial in maintaining an 

adequate balance of the inflammatory response and is involved in resolving inflammation after an 

inflammatory trigger (78). The results from the present study indicated that sauerkraut water has 

the potential to improve immune function, supporting an appropriate immune response to LPS 

challenge (increased IL-6 and TNF-α) and importantly, modulating the inflammatory response 

through IL-10 production. The fact that sauerkraut water induced IL-10 production suggests that 

sauerkraut water might promote a resolution of inflammation and re-establishment of normal 

inflammatory status after an inflammatory challenge. This is important in chronic inflammatory 

diseases both within the gastrointestinal tract and at extra-gastrointestinal sites, since unresolved 

inflammation has been identified as a risk factor for metabolic derangement associated with 

cardiovascular disease and type 2 diabetes, and may also play an aetiological role in autoimmune 

diseases. In the present study, the anti-inflammatory role of sauerkraut water may be driven by 

acetic acid and lactic acid, both present at high concentrations after 35 days of fermentation and both 

identified as immune response mediators due to their ability to bind GPCRs (35,79). Latham and 

colleagues highlighted the role of lactic acid in inhibiting the histone deacetylases HDAC11, a 

suppressor of IL-10 expression, thus suggesting that lactic acid may act as a transcriptional regulator, 

linking microbial metabolism to immunomodulation (80). In our experiments we did not observe a 

change in IL-10 gene expression at 3 h and at 6 h after incubation with sauerkraut water, but we did 
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detect higher concentrations of IL-10 in PBMCs supernatants after 24 h incubation with SK water in 

presence of an inflammatory stimulus. 

In this study, we characterized spontaneous fermentation of white cabbage by the autochthonous 

microbiota of the plant and we measured the production of different microbial metabolites, 

including organic acids, amino acids, amines and sugars, as a result of this fermentation. 

Physicochemical measurements showed that temperature and pH were indicative of the heterolactic 

fermentation carried out by LAB (59). In line with outcomes from similar studies (16,59) viable 

bacterial count (CFU/mL) and 16S rRNA amplicon based profiling showed that bacterial diversity 

gradually decreased as the fermentation progressed, with microbial communities being shaped by 

the acidic, salty, anaerobic, LAB-dominated environmental conditions. We then investigated how 

sauerkraut water might impact on gut health, by using an in vitro Caco-2 intestinal epithelial cells-

PBMCs co-culture model. Although no differences were observed in gut barrier function, sauerkraut 

water significantly modulated the inflammatory response in PBMCs under LPS stimulation, by 

resolving inflammation via IL-10 production after an initial LPS-induced inflammatory trigger. 

Findings from this in vitro study regarding the potential role of sauerkraut water in resolving LPS-

induced inflammation should be confirmed in human intervention trials, in order to investigate 

whether daily consumption of sauerkraut water may reduce chronic systemic inflammation in 

diabetic or obese subjects or intestinal inflammation in patients with irritable bowel syndrome or 

inflammatory bowel disease.  

  



241 

 

Supplementary material 

Table S1. Metabolites concentration (mg/L) in sauerkraut water quantified by NMR. Data represent the 

mean and standard deviation (SD) after 1, 2, 3, 7, 14, 21, 28 and 35 days of fermentation. Producer 1 (SK1) (A), 

producer 2 (SK2) (B). DMSO, dimethyl sulfoxide; dUMP, deoxyuridine monophosphate; GABA, gamma-

aminobutyric acid. 

A. SK1 Day 1 Day 2 Day 3 Day 7 Day 14 Day 21 Day 28 Day 35 

Organic acids         

Acetic acid         

mean 0.00 441.25 944.35 1281.35 1568.03 1767.27 1610.06 1923.64 

SD 0.00 339.46 472.53 784.27 287.08 562.87 546.43 298.16 

Butyric acid         

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Formic acid         

mean 3.87 4.88 11.88 1.93 1.84 3.50 3.04 3.77 

SD 2.17 3.97 12.65 1.40 0.46 1.40 2.02 0.60 

Lactic acid         

mean 17.66 650.02 1397.50 3634.37 7148.75 8713.62 4228.90 9418.22 

SD 3.16 348.11 579.28 1994.91 1018.56 2193.76 3939.70 953.14 

Malic acid         

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Propionic acid         

mean 7.62 8.75 10.73 11.86 14.97 14.68 12.14 13.84 

SD 1.61 2.32 3.54 5.79 1.61 2.14 8.02 8.01 

Succinic acid         

mean 15.12 32.83 54.32 24.80 15.12 17.71 18.66 25.27 

SD 8.20 25.78 25.68 7.70 0.99 3.23 3.95 3.19 

Amino acids         

Alanine         

mean 95.33 122.41 156.09 170.16 189.05 154.48 86.42 155.19 

SD 15.50 55.83 65.80 97.64 20.88 83.80 118.79 142.26 

Leucine         

mean 20.99 26.23 34.37 46.96 62.96 80.01 82.64 109.92 

SD 2.78 11.05 14.35 25.96 11.09 30.25 33.34 14.71 

Phenylalanine         

mean 5.62 13.88 19.16 23.79 30.06 40.97 41.63 56.83 

SD 3.98 7.07 7.80 13.45 6.11 15.90 16.16 7.16 

Tyrosine         

mean 0.00 19.21 28.99 25.37 34.79 46.02 42.76 56.53 

SD 0.00 12.66 15.16 16.56 8.82 13.47 15.03 5.19 

Valine         

mean 32.80 40.77 57.87 61.39 65.37 79.19 83.41 102.15 

SD 4.76 21.37 25.26 38.47 7.24 21.34 23.23 6.80 

Sugars         

alpha-D-Glucose         

mean 2201.56 2584.58 3093.71 2288.03 1474.43 1409.93 1398.76 1799.80 

SD 301.24 1567.87 1452.38 1307.72 93.40 293.67 504.74 151.32 

beta-D-Glucose         

mean 3214.05 3800.30 4635.16 3616.89 2385.68 2343.88 2149.31 2869.59 
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SD 448.57 2512.57 2289.34 2004.13 132.50 578.54 786.52 227.60 

D-Fructose         

mean 1122.40 688.21 398.15 141.61 176.56 191.69 172.59 265.56 

SD 154.91 339.92 108.01 71.13 32.97 59.68 74.62 111.22 

D-Mannose         

mean 0.00 0.00 0.00 19.10 0.00 0.00 16.21 0.00 

SD 0.00 0.00 0.00 14.39 0.00 0.00 22.28 0.00 

Other compounds         

2,3-Butanediol         

mean 0.00 53.53 157.35 213.94 262.97 337.41 329.12 380.85 

SD 0.00 92.18 190.09 238.50 179.05 241.85 232.92 178.00 

Acetaldehyde         

mean 0.00 0.00 0.00 0.00 2.82 3.52 3.17 2.20 

SD 0.00 0.00 0.00 0.00 2.67 0.93 0.48 1.28 

DMSO         

mean 0.00 8.28 11.88 4.69 3.91 5.16 4.84 6.56 

SD 0.00 3.34 8.18 3.62 0.78 1.31 1.40 0.89 

D-Mannitol         

mean 0.00 2418.49 4712.37 5516.47 6587.63 7293.36 6359.92 7734.94 

SD 0.00 1672.67 2531.59 3430.65 1341.11 2287.44 2078.10 1393.15 

dUMP         

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ethanol         

mean 607.21 768.34 927.90 1023.51 1275.55 1385.11 1308.00 1541.07 

SD 123.49 243.38 339.28 465.98 155.13 333.47 404.74 150.73 

GABA         

mean 52.80 25.16 0.00 0.00 0.00 0.00 0.00 0.00 

SD 7.23 34.46 0.00 0.00 0.00 0.00 0.00 0.00 

Methanol         

mean 29.86 35.12 42.29 52.23 79.65 131.94 136.30 172.95 

SD 3.67 14.79 19.12 30.50 16.73 68.09 68.99 33.22 

Putrescine         

mean 0.00 0.00 0.00 30.32 64.35 87.44 81.45 98.73 

SD 0.00 0.00 0.00 23.94 46.21 69.12 65.41 42.75 

Succinamide         

mean 0.00 83.90 96.45 12.78 20.68 19.52 16.97 26.73 

SD 0.00 76.90 65.27 11.82 8.36 7.59 7.91 9.00 

Succinimide         

mean 4.16 12.29 12.09 2.58 2.38 3.57 3.57 3.37 

SD 0.83 7.82 9.67 1.13 0.54 2.49 2.58 0.54 

Trimethylamine N-oxide         

mean 26.89 32.74 40.85 36.80 41.61 47.76 44.46 54.67 

SD 2.98 15.33 17.54 18.56 5.22 12.80 14.08 3.92 

Uracil         

mean 0.00 4.26 5.38 3.36 4.48 6.95 7.17 8.74 

SD 0.00 2.01 2.56 2.63 1.37 3.49 3.60 2.79 

B. SK2 Day 1 Day 2 Day 3 Day 7 Day 14 Day 21 Day 28 Day 35 

Organic acids         

Acetic acid         

mean 0.00 75.66 522.56 1873.56 1643.09 2037.38 2480.19 2340.99 

SD 0.00 62.99 477.37 148.62 551.08 522.57 214.00 297.64 
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Butyric acid         

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 99.04 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 57.79 

Formic acid         

mean 1.66 1.20 5.89 4.42 10.59 2.30 2.58 1.66 

SD 1.06 0.77 7.66 6.94 8.67 0.65 1.51 0.95 

Lactic acid         

mean 9.91 29.91 904.58 3003.45 2388.74 5211.31 7255.58 6121.66 

SD 13.02 33.95 838.63 220.67 1777.28 1778.69 1229.59 3554.43 

Malic acid         

mean 108.07 85.81 40.76 56.05 75.35 270.57 893.51 1370.30 

SD 55.81 20.38 17.75 8.91 62.10 464.02 1542.25 1720.16 

Propionic acid         

mean 3.67 2.54 9.04 8.19 10.73 22.87 45.18 42.92 

SD 2.75 3.52 2.57 7.56 3.54 11.49 34.25 30.00 

Succinic acid         

mean 38.50 38.26 49.36 78.65 56.21 34.95 14.64 13.46 

SD 22.83 18.79 42.46 7.63 18.44 10.25 3.88 2.72 

Amino acids         

Alanine         

mean 124.73 130.07 144.86 209.18 138.27 225.22 343.71 264.60 

SD 29.33 20.64 38.73 18.91 98.29 85.14 72.22 150.65 

Leucine         

mean 35.94 39.35 44.86 63.49 60.86 76.87 98.90 87.36 

SD 8.63 8.55 11.71 4.60 18.82 24.50 12.33 8.01 

Phenylalanine         

mean 8.92 8.92 15.86 31.06 30.06 36.01 43.61 39.98 

SD 9.95 10.22 7.44 3.39 10.86 10.21 4.76 2.15 

Tyrosine         

mean 9.42 13.05 18.84 31.16 32.61 44.57 48.56 47.47 

SD 7.06 4.69 3.97 11.13 9.84 12.98 7.73 4.51 

Valine         

mean 49.44 55.06 58.34 85.75 70.52 87.16 94.19 92.31 

SD 14.80 10.99 17.62 7.38 26.03 27.42 10.40 13.39 

Sugars         

alpha-D-Glucose         

mean 4493.91 4266.55 4317.35 4447.79 3446.10 3279.27 2401.89 1891.32 

SD 685.64 694.80 1302.40 421.22 1087.34 997.68 1979.30 1664.51 

beta-D-Glucose         

mean 6993.09 6465.58 6266.69 6626.28 5203.02 4897.11 3645.00 2733.75 

SD 1143.96 948.68 1723.83 590.56 1604.05 1514.98 3113.00 2540.08 

D-Fructose         

mean 2469.99 2287.31 1776.74 361.76 315.64 183.04 158.18 143.41 

SD 451.93 390.67 499.02 82.74 118.43 59.35 16.28 14.78 

D-Mannose         

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Other compounds         

2,3-Butanediol         

mean 0.00 4.51 12.62 88.50 91.74 122.56 134.46 114.27 

SD 0.00 2.55 9.45 22.59 21.83 52.88 39.78 25.97 

Acetaldehyde         



244 

 

mean 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

DMSO         

mean 18.13 17.81 12.66 14.38 6.09 4.69 5.78 5.16 

SD 1.02 7.11 7.66 3.93 2.43 1.46 0.70 0.89 

D-Mannitol         

mean 0.00 0.00 0.00 9009.76 7162.92 8279.26 9361.35 8179.80 

SD 0.00 0.00 0.00 865.01 2292.56 2182.12 668.02 1006.09 

dUMP         

mean 0.00 374.13 449.95 217.58 191.69 235.45 281.06 255.79 

SD 0.00 88.21 95.26 20.16 64.11 64.37 37.58 34.59 

Ethanol         

mean 385.42 627.27 761.60 1103.45 980.41 2057.37 4534.17 4209.72 

SD 107.59 170.53 226.04 126.81 308.06 1107.45 3808.75 3389.78 

GABA         

mean 74.25 83.32 43.31 0.00 0.00 0.00 0.00 0.00 

SD 14.27 25.47 43.24 0.00 0.00 0.00 0.00 0.00 

Methanol         

mean 29.28 30.69 36.65 56.84 56.13 72.47 95.54 91.95 

SD 3.78 7.22 11.81 4.65 17.88 20.05 9.07 8.00 

Putrescine         

mean 0.00 0.00 0.00 0.00 0.00 83.57 110.36 65.58 

SD 0.00 0.00 0.00 0.00 0.00 52.52 68.11 51.70 

Succinamide         

mean 23.70 15.80 64.61 36.72 44.62 16.50 19.52 22.31 

SD 21.20 3.45 49.88 73.66 56.60 10.69 4.89 7.77 

Succinimide         

mean 5.15 5.15 6.94 16.65 7.13 4.16 4.76 4.36 

SD 1.29 3.01 4.32 3.60 1.63 1.91 0.83 0.89 

Trimethylamine N-oxide         

mean 47.31 44.46 49.42 60.38 47.46 47.91 54.37 46.86 

SD 9.33 8.88 14.15 5.64 15.78 13.94 5.66 4.33 

Uracil         

mean 1.35 3.81 10.09 14.57 12.78 13.67 16.59 14.35 

SD 1.46 1.28 3.07 2.10 4.53 3.49 0.94 2.43 
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A sustainable diet can only be achieved by eating sustainable and nutritious food. The healthy 

and sustainable reference diet from EAT Lancet Commission suggests to consume 2 portions of fish 

per week, thanks to its omega-3 fatty acids and protein content (1). The global demand for fish and 

seafood is predicted to double by 2050, due to the dramatic increase in the world population (2). 

However, captured wild fish is no longer able to support fish demands, due to excessive exploitation 

of wild fish stocks (2). To date, fish supply is largely provided by aquaculture, which surpassed wild 

caught fish in terms of global annual production (1,2). In order to decrease the environmental 

footprint of aquaculture, we investigated the use of more sustainable ingredients for rainbow trout 

(Oncorhynchus mykiss), their impact on the fish GM, links between gut microbiota modulation and 

fish health, especially regulation of inflammation, and aquaculture productivity. The work 

presented in the next chapter was focused on analyzing the role of microbiota in sustainable food 

production, connecting animal health and environmental sustainability. Experiments were carried 

out inside the AGER SUSHIN project, investigating farmed rainbow trout (Oncorhynchus mykiss) 

response to innovative feeds containing poultry by-products and insect meal (Hermetia illucens 

larvae) as protein sources to replace the unsustainable fishmeal and to improve vegetable base fish-

feed formulations. The effects of alternative fish meal-free formulations were evaluated by 

determining fish growth performance, changes in GM composition and inflammatory and immune 

biomarkers. My personal contribution to this work concerned methods validation, data curation, 

data analysis and paper writing. I participated in animal sampling and in the collection of biological 

samples (intestinal content, blood and tissue biopsies). I validated the primers used to investigate 

gene expression in midgut and head kidney biopsies, I optimized and performed RNA extractions, 

RT-PCR and results analysis. I examined high-throughput 16S rRNA sequencing data from Illumina 

MiSeq by applying QIIME2.0 pipeline, both on fish GM and on feed microbiota. Moreover, I made 

use of different statistical tests in R studio (version 3.6.2) to analyze metagenomic results and to 

perform Spearman’s correlation analysis between GM composition and ingredients of experimental 

diets. Finally, I wrote and reviewed the original manuscript.   
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Abstract: Sustainability of aquaculture is tied to the origin of feed ingredients. In search of sustain-
able fish meal-free formulations for rainbow trout, we evaluated the effect of Hermetia illucens meal
(H) and poultry by-product meal (P), singly (10, 30, and 60% of either H or P) or in combination
(10% H + 50% P, H10P50), as partial replacement of vegetable protein (VM) on gut microbiota (GM),
inflammatory, and immune biomarkers. Fish fed the mixture H10P50 had the best growth perfor-
mance. H, P, and especially the combination H10P50 partially restored α-diversity that was negatively
affected by VM. Diets did not differ in the Firmicutes:Proteobacteria ratio, although the relative abun-
dance of Gammaproteobacteria was reduced in H and was higher in P and in the fishmeal control. H
had higher relative abundance of chitin-degrading Actinomyces and Bacillus, Dorea, and Enterococcus.
Actinomyces was also higher in H feed, suggesting feed-chain microbiome transmission. P increased
the relative abundance of protein degraders Paeniclostridium and Bacteroidales. IL-1β, IL-10, TGF-β,
COX-2, and TCR-β gene expression in the midgut and head kidney and plasma lipopolysaccharide
(LPS) revealed that the diets did not compromise the gut barrier function or induce inflammation. H,
P, and H10P50 therefore appear valid protein sources in fishmeal-free aquafeeds.

Keywords: rainbow trout; aquaculture; sustainability; gut microbiota; inflammation; Hermetia illucens;
poultry by-products; feed-borne microbiota

1. Introduction

Fish is recommended as a nutritious source of dietary protein for human health, and
farmed fish have great potential for environmental sustainability according to the EAT
Lancet Commission on Healthy Diets from Sustainable Food Systems [1]. Aquaculture
is also currently the fastest growing food production sector, surpassing wild caught fish
in terms of global annual production [1,2]. In order to decrease the future environmental
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footprint of aquaculture, several studies are evaluating alternative and more sustainable
sources of feed protein-rich ingredients, able to ensure fish health while retaining nutritional
and organoleptic quality for the consumer.

In the past, searching for high-performance fishmeal (FM)-free formulations led to
the development of innovative aquafeeds comprising new sustainable alternative ingre-
dients. Vegetable protein-rich feeds (VM) have been used as sustainable alternatives to
high-performance fishmeal (FM) [3], although VM often suffer from inferior growth perfor-
mance [4] and changes in immune function [5]. Endogenous anti-nutritional factors and
complex indigestible carbohydrates present in VM, together with low levels of essential
amino acids and insufficient n-3 PUFA, lead to adverse effects on fish health and the nutri-
tional quality of the final product. Moreover, intestinal barrier integrity as a consequence of
VM diets leads to impaired nutrient absorption, alterations in the gut-associated immune
system, and changes in resident gut microbiota composition [5]. Alternative animal-based
protein sources therefore may offer considerable advantages over plant-derived protein.
Poultry by-product meal (P) is a candidate animal-sourced alternative protein source that
was re-authorized for use by the European Union in 2013 [6]. P is obtained from rendered
and clean by-products of the poultry processing industry; it has an energy content similar
to that of FM, with a well-balanced amino acid profile and good palatability, which are
key attributes for carnivorous fish diets [7]. In addition, animal by-products have a lower
carbon footprint compared to FM or vegetable alternatives [3,8]. Previous studies showed
that replacement of high amounts of dietary proteins from FM or VM with P gave good
results in terms of growth performance in salmonids [9–11]. However few studies have
examined the growth performance and animal health effects of increasing percentages of P
in FM-free, VM-based feeds in rainbow trout (Oncorhynchus mykiss) [12]. Insect meal (IM)
also represents a valid alternative protein source to VM and possibly FM for aquaculture
formulations. Compared to poultry by-products, insects have high/medium protein levels.
In addition, certain insect meals have been shown to contain biologically active compounds,
such as chitin, antimicrobial peptides, and short–medium fatty acids (FAs) [13], which have
been associated with improved fish innate immune function (promoting immunomod-
ulatory effects) and modulation of gut microbiome composition [14–16]. Interestingly,
employment of Hermetia illucens meal (H) at a low percentage in fish feed resulted in im-
munostimulation (up-regulation of genes encoding for IL-1β, IL-17F, and TNF- α), probably
due to its chitin, antimicrobial peptides, and fatty acids content. Immunomodulatory and
antimicrobial effects of H seem to be dependent on both the insect species and the diet of
the insect [17]. Insects also have the advantage of growing on a wide range of substrates,
and it is possible to improve their nutritional profile simply by changing their growth
substrate. They have also a low-environmental impact since insects can grow on waste
derived from the vegetable food industry [18].

Fish health deeply influences growth performance, and, in turn, fish wellbeing is
influenced by gut health. Absorption of nutrients, immune function, and the inflammatory
state are strongly linked to gut health and the composition of the resident gut microbiota.
Previous studies highlighted how the gut microbiota (GM) and the diet are strictly intercon-
nected and influence the inflammatory, immune, and nutritional status of fish [19,20]. GM
could mediate the host immune response by stimulating the production of several soluble
mediators of inflammation and immune cell recruitment. Fish GM plays a crucial role in
gut-associated lymphoid tissue (GALT) maturation and development, also protecting the
fish from infection [21–23]. The gut microbiota and its metabolites (such as short-chain
fatty acids, SCFAs) are directly involved in maintaining intestinal barrier function and
integrity, thus supporting fish growth rates [24]. The composition of the gut microbiota and
relative abundances of different members of the gut microbiota respond to the nutritional
composition and ingredients used in aquafeeds [25].

Rainbow trout is the most commonly farmed teleost fish species in Italy, with 36.800 tons
produced in 2019 [26]. Its gut microbial community is mainly dominated by Actinobacte-
ria, Firmicutes, and Proteobacteria, whose proportions are strongly influenced by dietary
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proteins. A higher Firmicutes:Proteobacteria ratio seems to be promoted by vegetable
ingredients, particularly soybean proteins but also pea and canola proteins [27]. The effect
of partial replacement of FM with a mixture of animal by-products and plant proteins on
gut microbial populations of rainbow trout has been recently studied [28]. However, while
Rimoldi and colleagues employed a mixture of P, animal proteins, including swine blood,
and vegetable proteins to substitute part of FM, and soybean oil to replace fish oil, in this
current study, we examine the effect of adding different percentages of P to a VM-based FM-
free diet. Replacement of fish proteins with alternative animal and vegetable proteins was
previously shown to significantly change the abundance of Fusobacteriaceae, Bacteroidetes
phyla, and several families and genera within the Proteobacteria and Firmicutes phyla,
with variability between diets [28]. However, there is lack of knowledge on the impact
of P in sustainable, FM-free, vegetable formulations on the gut microbiota. Insect meal
inclusion (up to 30%) in rainbow trout feed was also shown to significantly affect dominant
gut bacterial phyla such as Firmicutes, Tenericutes, Actinobacteria, and Proteobacteria and
to promote the growth of Mycoplasma and Actinomycetales genera, specifically Actinomyces
and Corynebacterium, as well as Enterococcus, Lactobacillus, and Staphylococcus, whilst de-
creasing Bacillaceae, especially Bacillus and Oceanobacillus genera [16]. The magnitude of
differences in bacterial abundance reflected the percentage of insect proteins in the diet [15].
Insect-derived ingredients also increased the abundance of lactic acid bacteria within the
Firmicutes phylum in trout intestinal contents [14]. There is some evidence from other fish
species that a combination of H and P might promote fish growth and immune defense
against pathogens, although no studies in trout have investigated the mixture H + P in
rainbow trout microbiota in an FM-free vegetable aquafeed [29].

In this study, which is part of a larger investigation [30], we studied the effects of
including a commercial insect meal (H) from Hermetia illucens, poultry by-product meal
(P), and their combination (H + P) on the gut microbiota composition and biomarkers of
inflammation and gut barrier integrity in rainbow trout fed a fish meal-free plant-based diet.

2. Results
2.1. Growth Parameters

The fish readily accepted the experimental diets, and all feeds were consumed without
rejection or loss. In all dietary treatments, the average body weight of fish fed over three
months (69 meals) more than tripled at the end of the feeding trials, and the survival rate of
the fish was 100% for all the experimental groups. Fish fed the diet coined H10P50 showed
a higher final body weight than fish fed either CV or CF (p < 0.001), and their weight did
not differ (p > 0.05) from the other dietary treatments (Table 1). In addition, fish fed H10P50
showed a higher total length compared to fish fed CF or CV diets. The corresponding
Fulton’s condition factor (K) was found to indicate well-proportioned growth under all
experimental conditions. CV showed higher K values than CF and comparable K to all
H groups. Insect meal groups had significantly higher K than P groups, while the mixed
H + P meal had a significantly higher K factor than both P groups (Table 1). All other
zootechnical parameters, such as the specific growth rate (SGR), feed intake (FI), and feed
conversion ratio (FCR), were already reported and discussed elsewhere by Randazzo and
colleagues [30].
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Table 1. Final body weight, total length, and Fulton’s condition factor, K = Weight (g) × 100/Total
Length (cm3) of rainbow trout fed the test diets. Within each column, means with different superscript
letters are significantly different (p < 0.05).

Diet Final Weight (g) Total Length (cm) K (g/cm3)

CF 231.18 ± 32.11 b 25.53 ± 1.35 d 1.39 ± 0.11 cd

CV 227.92 ± 35.22 b 25.01 ± 1.30 e 1.45 ± 0.11 a

H10 235.02 ± 30.41 ab 25.46 ±1.24 d 1.42 ± 0.11 abc

H30 239.1 ± 36.26 ab 25.48 ± 1.42 d 1.44 ± 0.11 ab

H60 241.07 ± 35.58 ab 25.78 ± 1.31 c 1.40 ± 0.10 bcd

P30 240.03 ± 37.82 ab 25.81 ± 1.45 bc 1.39 ± 0.10 cd

P60 244.06 ± 36.02 ab 26.02 ± 1.25 ab 1.38 ± 0.09 d

H10P50 254.81 ± 36.82 a 26.13 ± 1.14 a 1.42 ± 0.12 abc

2.2. Gut Microbial Ecology

Illumina MiSeq sequencing of gut microbial 16S rRNA gene amplicons produced a to-
tal of 8,798,863 reads, with 129,395 ± 28,897.18 raw reads per sample. Raw sequences were
submitted to the European Nucleotide Archive (PRJEB43152). After QIIME2 analysis, we re-
moved sequences that were identified as Cyanobacteria, and the total number of reads was
2,023,741, with an average of 29,760.89 ± 30,730.25 reads per sample. Fish feed was also se-
quenced and generated a total of 3,960,358.98 raw reads, with 141,441.39 ± 38,974.52 reads
per sample. After QIIME2 quality filtering and removal of reads identified as Cyanobacte-
ria, the total number of reads of fish feeds was 2,018,291, with 29,680.75 ± 30,762.37 reads
per sample.

The fish feed composition had a strong impact on the microbial composition in terms
of α-diversity indexes, particularly showing that vegetable-based diets drastically reduced
microbiota complexity. CF had the highest bacterial richness in terms of observed features
and the Chao1 index of all the experimental groups (Figure 1A,B). On the other hand,
CV showed the lowest values for both indexes (observed OTUs 73.67 ± 28.97 and Chao1
77 ± 32.30). When insect and poultry meal ingredients were introduced in the feed, α-
diversity was partially restored, and the difference with CF tapered. Amongst tested feeds,
dietary inclusion of 23% and 45% of Hermetia illucens (H30 and H60, respectively) did
not differ in bacterial α-diversity compared to CF (p = 0.565 and p = 0.585, H30 vs. CF;
p = 0.511 and p = 0.503, H60 vs. CF, Chao1, and number of features, respectively). In
addition, the community evenness of the feed containing insect meal was similar to that of
fishmeal, although the difference in the Shannon index did not reach statistical significance
(Figure 1C). β-diversity (Bray Curtis dissimilarity, weighted and unweighted Unifrac
analysis) showed a clear separation between diets, with H diets and P diets clustering
together (Figure 1D).

The results of gut microbiota analysis and the significant differences in relative abun-
dance of taxa are illustrated in Figure 2 and Table 2.
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Figure 1. Intestinal bacterial α-diversity (Observed features (A), Chao1 (B) and Shannon index (C)),
and β-diversity (Unweighted Unifrac PCoA plot (D)) in rainbow trout fed fish-meal (CF), vegetable
meal (CV), increasing percentage of Hermetia illucens insect meal (H10, H30, H60), increasing percent-
age of poultry by-product meal (P30, P60), and a combination of insect meal and poultry by product
meal (H10P50) (n = nine fish per group). Within each panel, identical superscript letters indicate
statistically significant differences (FDR p < 0.05).
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Figure 2. Percentage relative abundance of phyla (A) and genera (B) in the intestinal contents. Less abundant phyla or
genera include bacteria with a relative abundance less than 0.01% in fewer than 25% of samples.
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Table 2. (A–B) Bacterial relative abundances (mean ± SD) of taxonomic groups that were significantly different between diet groups. Identical superscript letters indicate significant
differences among treatments according to Benjamini-Hochberg FDR correction. Individual p values are reported in the text and in Table S2.

[A] Diet

CF CV H10 H30 H60 P30 P60 H10P50

Phylum

Actinobacteria 0.51 ± 0.67 0.52 ± 0.46 2.62 ± 4.26 4.89 ± 4.23 6.29 ± 5.49 a 0.48 ± 0.53 0.23 ± 0.32 a 0.87 ± 0.65

Bacteroidetes 1.00 ± 1.22 0.41 ± 0.69 0.03 ± 0.06 0.72 ± 1.11 0.09 ± 0.09 a 1.35 ± 1.26 a 0.75 ± 0.82 0.77 ± 0.91

Fusobacteria 13.50 ± 29.88 a–g <0.0001a <0.0001 b <0.0001c <0.0001 d <0.0001 e <0.0001 f 0.002 ± 0.01 g

Class
Erysipelotrichi 0.04 ± 0.06 0.002 ± 0.01 ab 0.34 ± 0.37 0.91 ± 0.80 a 1.11 ± 1.07 b 0.58 ± 0.17 0.04 ± 0.10 0.18 ± 0.31

Fusobacteriia 13.50 ± 29.88 a <0.0001 <0.0001 a <0.0001 <0.0001 <0.0001 <0.0001 0.002 ± 0.01

Gammaproteobacteria 7.72 ± 7.05 14.02 ± 14.53a 10.76 ± 10.82 6.47 ± 6.36 2.61 ± 2.74 a 17.20 ± 15.41 8.52 ± 5.00 7.59 ± 6.12

Order

Actinomycetales 0.49 ± 0.66 0.31 ± 0.29 2.50 ± 4.29 a 4.83 ± 4.14 b 6.25 ± 5.46 0.45 ± 0.52 0.20 ± 0.33 ab 0.85 ± 0.65

Bacteroidales 1.00 ± 1.22 0.25 ± 0.55 0.03 ± 0.06 0.69 ± 1.13 0.04 ± 0.05 a 1.14 ± 1.05 a 0.69 ± 0.83 0.47 ± 0.52

Erysipelotrichales 0.04 ± 0.06 0.002 ± 0.001 abc 0.34 ± 0.37 a 0.91 ± 0.80 bde 1.11 ± 1.07 cf 0.06 ± 0.17 df 0.04 ± 0.10 e 0.18 ± 0.31

Fusobacteriales 13.50 ± 29.88 abc <0.0001 <0.0001 a <0.0001 b <0.0001 <0.0001 c <0.0001 d 0.002 ± 0.01

Pseudomonadales 3.61 ± 2.94 10.08 ± 11.47a 7.17 ± 7.51 3.56 ± 3.40 1.54 ± 1.88 a 9.40 ± 8.19 5.06 ± 3.65 4.72 ± 3.73

Family

Actinomycetaceae 0.10 ± 0.19 0.05 ± 0.16abcd 1.57 ± 2.70 aef 3.16 ± 2.86 bgh 4.66 ± 3.93 cil 0.02 ± 0.06 egim <0.0001 fhln 0.52 ± 0.40 dmn

Corynebacteriaceae 0.10 ± 0.20 0.002 ± 0.007 0.32 ± 0.40 a 0.41 ± 0.53 0.47 ± 0.63 <0.0001 a 0.004 ± 0.01 0.09 ± 0.12

Bacillaceae 0.31 ± 0.33 0.35 ± 0.70 1.79 ± 2.73 a 3.83 ± 3.28 6.59 ± 5.60 0.30 ± 0.35 0.18 ± 0.26 a 0.94 ± 0.74

Paenibacillaceae <0.0001 <0.0001 a 0.06 ± 0.11 0.21 ± 0.26 0.20 ± 0.28 a 0.02 ± 0.07 <0.0001 0.02 ± 0.06

Clostridiaceae 0.16 ± 0.18 <0.0001 a 0.09 ± 0.23 0.31 ± 0.29 0.24 ± 0.28 a 0.22 ± 0.42 0.26 ± 0.49 0.34 ± 0.62

Eubacteriaceae <0.0001 <0.0001 a 0.16 ± 0.31 0.12 ± 0.18 bc 0.19 ± 0.22 a <0.0001 b <0.0001 c 0.02 ± 0.05

Erysipelotrichaceae 0.04 ± 0.06 0.002 ± 0.01 ab 0.34 ± 0.37 a 0.91 ± 0.81 cd 1.11 ± 1.07 b 0.06 ± 0.17 c 0.04 ± 0.10 d 0.18 ± 0.31

Fusobacteriaceae 13.49 ± 29.88 a <0.0001 <0.0001 a <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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Table 2. Cont.

[B] Diet

CF CV H10 H30 H60 P30 P60 H10P50

Genus
Actinomyces 0.10 ± 0.18 0.05 ± 0.16 abcd 1.58 ± 2.70 aef 3.16 ± 2.86 bgh 4.66 ± 3.98cil 0.02 ± 0.06 egi <0.0001 fhlm 0.52 ± 0.39 dm

Oceanobacillus 0.06 ± 0.14 0.04 ± 0.11 ab 0.63 ± 1.03 cd 1.75 ± 1.54 aef 2.94 ± 2.58 bgh <0.0001 ceg <0.0001 dfh 0.35 ± 0.37

Bacillus 0.16 ± 0.14 0.07 ± 0.14 a 1.16 ± 1.75 2.08 ± 1.96 3.60 ± 3.09 a 0.25 ± 0.27 0.18 ± 0.26 0.51 ± 0.44

Pseudoramibacter
Eubacterium <0.0001 <0.0001 a 0.16 ± 0.31 0.12 ± 0.18 0.19 ± 0.22 bc <0.0001b <0.0001 ac 0.02 ± 0.05

Dorea 0.03 ± 0.04 <0.0001 abcd 1.05 ± 1.72 ae 2.26 ± 1.89 bf 1.99 ± 1.71 cg 0.08 ± 0.25 0.09 ± 0.26 efgh 0.71 ± 0.79 dh

Paeniclostridium 0.05 ± 0.05 <0.0001 a 0.05 ± 0.13 0.04 ± 0.08 0.02 ± 0.07 0.05 ± 0.10 0.36 ± 0.39 0.77 ± 1.35 a

Erysipelothrix 0.04 ± 0.06 <0.0001 ab 0.21 ± 0.41 0.80 ± 0.63 acd 0.89 ± 0.79 bef <0.0001 ce 0.01 ± 0.03 df 0.13 ± 0.30

Enterococcus 0.06 ± 0.09 0.15 ± 0.27 ab 3.09 ± 4.70 bfg 6.48 ± 5.12 cdf 6.68 ± 5.45 eg 0.10 ± 0.21 c 0.17 ± 0.20 ade 0.62 ± 0.81

Cetobacterium 13.44 ± 29.91 a <0.0001 <0.0001 a <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Pseudomonas 3.48 ± 2.85 9.80 ± 11.06 a 6.36 ± 6.69 3.38 ± 3.10 1.53 ± 1.89 a 8.94 ± 7.85 4.99 ± 3.67 4.56 ± 3.65
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Proteobacteria, Firmicutes, and Tenericutes were the most represented phyla in all the
fish, regardless of diet, covering between 84% and 98% of all identified phyla (Figure 2A).
No significant differences were observed in the relative abundances of Proteobacteria,
Firmicutes or Tenericutes between diets. In addition, no differences (p > 0.05) were observed
in the Firmicutes:Proteobacteria ratio between the dietary groups. We observed fewer
Gammaproteobacteria in all diets including the insect meal (H) compared to CV, with
lower abundance in those diet groups with a high percentage of Hermetia in the feed.
Gammaproteobacteria abundance in the P30 and P60 dietary groups was not different
(p > 0.05) from that of CF (Table 2A). Actinobacteria were a less dominant member of the
gut microbiota of all trout, mainly colonizing Hermetia-fed animals, where they constituted
3–6% of all phyla. The Actinobacteria phylum was affected by the concentration of the
Hermetia meal in a dose-dependent manner, with significantly higher abundance in H60
compared to P60 (Figure 2A and Table 2, p = 0.037). Bacteroidetes were less prevalent,
with an average relative abundance of 0.6 ± 0.4% across all samples. Bacteroidetes were
significantly higher in the P30 group compared to H60 (1.35 ± 1.26% vs. 0.09 ± 0.09%, P30
vs. H60 relative abundance respectively; p = 0.016, Table 2 and Table S2). Fusobacteria were
only observed in CF, with a noteworthy percentage of relative abundance, but also with
high inter-individual variability (13.5 ± 29.91%; p < 0.05). This was due exclusively to the
presence of the Cetobacterium genus, which was a dominant member of the microbiota in
three specimens fed CF (13.44 ± 29.91%). Weissella, Enterococcus, Lactobacillus, Leuconostoc,
Streptococcus, and Lactococcus of the Lactobacillales order were the most represented genera
within the Firmicutes phylum, regardless of diet. The Weissella genus was present in all
animals, with the highest relative abundance in the CF and H10P50 group and the lowest
in CV (Figure 2B). Within Lactobacillales, the Enterococcus genus was found at significantly
higher relative abundance in Hermetia diets (Table 2). In addition, Dorea was mainly present
in H-fed trout, with significantly higher relative abundance in H10, H30, H60, and H10P50
compared to CV and to P60 (Figure 2B, Table 2; p < 0.05, Table S2). All insect-fed trout
had higher intestinal relative abundance of the Actinomyces genus compared to CV and to
both P groups (Figure 2B, Table 2; p < 0.05, Table S2). In addition, the group fed the insect
and poultry protein mixture (H10P50) had higher intestinal levels of Actinomyces than
CV animals (Figure 2B; p = 0.04). Trout fed increasing percentages of Hermetia meal had
progressively lower relative abundance of Pseudomonas, and this was statistically significant
for H60 compared to CV (H60: 1.53± 1.89%, CV: 9.80± 11.06%; p = 0.04, Figure 2B, Table 2).
An opposite trend was observed for the Bacillus genus, which was significantly higher in
H60 compared to CV (H60: 3.60± 3.09%, CV: 0.07± 0.14%, relative abundance mean ± SD;
p = 0.036). Similarly, Oceanobacillus was mainly recovered from intestinal contents of H-fed
trout, and its relative abundance was significantly higher than that in CV and P, but not
compared to CF (Table 2).

The Erysipelothrix genus was almost absent in animals fed CV or P, while its relative
abundance increasing with an increasing percentage of Hermetia meal in the diet. A similar
trend was observed for Pseudoramibacter Eubacterium, a member of the Eubacteriaceae family,
within the Firmicutes phylum, which was present in Hermetia groups but not in Ps and CV
(Figure 2A,B, Table S2).

2.3. Microbiota Composition of Fish Feed

β-diversity showed a good separation of microbiota isolated from feed pellets (p < 0.001;
Figure 3C), but no statistically significant differences were observed in relative abundances,
probably due to the fact that only three replicates of feed pellet for each diet were sequenced.
However, 16S rRNA sequencing of fish feed pellets revealed that Bacteroidetes, Firmicutes,
and Proteobacteria were the dominant phyla in all the experimental feeds (Figure 3C). The
relative abundance of Actinobacteria increased with increasing percentage of insect meal
from 2.27 ± 0.44% in H10 feed to 3.38% ± 0.81% in H30 and 5.94 ± 1.14% in H60. Within
the Actinobacteria, the Actinomyces genus was mainly present in insect meal-enriched
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feeds (H10: 1.12 ± 0.26%; H30: 2.03 ± 0.57%; H60: 3.50 ± 0.72%) (Figure 3C). The relative
abundance of Bacteroidetes in the feed increased proportionally with the insect meal
content (3.36 ± 0.27% in H10, 6.04 ± 0.93% in H30, 9.77 ± 1.22% in H60, 3.16 ± 0.29%
in H10P50), while it was present at a much lower relative abundance in the other feeds
(0.38 ± 0.27% in CF, 1.16 ± 1.00% in CV, 0.61 ± 0.31% in P30, 1.45% ± 1.18% in P60)
(Figure 3A). This was mainly due to a higher presence of genera Bacteroides (1.43 ± 0.18%
in H10, 2.28 ± 0.19% in H30, 4.05 ± 0.37% in H60) and Dysgonomonas (0.47 ± 0.31% in
H10, 1.83 ± 0.43% in H30, 2.64 ± 0.24% in H60) (Figure 3C). An opposite trend was
observed for the Proteobacteria phylum, which decreased both with increasing percentage
of Hermetia meal (65.45 ± 1.08% in H10, 61.06 ± 1.57% in H30, 52.33 ± 1.55% in H60)
and of the poultry by-product meal (70.65 ± 1.49% in P30, 68.62 ± 1.76% in P60, and
64.12 ± 0.60% in H10P50). Within Firmicutes, Lactobacillus and Weissella represented the
genera at the highest relative abundance in H and P feeds (Figure 3C). Weissella relative
abundance decreased with increasing quantity of insect meal in the feed (9.90 ± 2.21% in
H30, 7.25 ± 0.69% in H60), and it was also higher in CF compared to CV (12.91 ± 2.63% vs.
10.66 ± 3.52%, respectively). The highest relative abundance of Lactobacillus was found in
CF (11.43 ± 0.95%), while the lowest in H60 (5.78 ± 0.69%). Proteobacteria was the most
abundant phylum in CF feed, mainly represented by the Rickettsiales order (62.08± 3.09%).
Within Proteobacteria, CF had the highest relative abundance of the Photobacterium genus
(4.07 ± 1.19%). Conversely, this genus decreased in concomitance with a higher content of
Hermetia in feeds (0.84 ± 1.29% in H10, 0.56 ± 0.85% in H30 and 0.30 ± 0.49% in H60).

Figure 3. Cont.
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Figure 3. (A) PCoA representing the β-diversity of microbial populations in fish feed, according to Bray–Curtis dissimilarity
(p < 0.001). Percentage relative abundance of phyla (B) and genera (C) in fish feed. Unassigned phyla or genera include
those with percentage sequence homology less than 95% with the Greengenes database. Less abundant phyla or genera
include bacteria with a relative abundance less than 0.01% in fewer than 25% of samples.
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2.4. Correlation Analysis between GM and Ingredients

Spearman’s correlation analysis was performed to correlate microbial relative abun-
dances with dietary ingredients. Statistically significant differences were observed between
GM taxa and dietary ingredients (Figure 4). Hermetia meal showed a strong positive
correlation with Actinomyces, Bacillus, Corynebacterium, Dorea, Enterococcus, Erysipelothrix,
Oceanobacillus, Paenibacillus, and Pseudoramibacter Eubacterium (p < 0.001 for all correla-
tions). An opposite trend was observed between the L-Tryptophan concentration and
the same genera (p < 0.01). The presence of poultry by-product meal showed a signifi-
cant (p < 0.05) negative correlation with Actinomyces, Erysipelothrix, Enterococcus, Pseudo-
ramibacter Eubacterium and with Oceanobacillus. P was positively correlated with Paeni-
clostridium within the Peptostreptococcaceae family (p < 0.01), while genus Peptostreptococcus
showed a significant positive correlation with fish meal (p < 0.05). No other statisti-
cally significant differences were observed when correlating bacterial taxa with growth
parameters, gene expression or plasma lipopolysaccharide (LPS) concentration results
(Supplementary Information Figures S1–S8.)

Figure 4. Spearman’s correlation between the relative abundance of gut microbial genera and ingredient composition. A
positive correlation is indicated by dark red, a negative correlation by dark blue. Stars indicate statistical significance after
FDR correction (* p < 0.05, ** p < 0.01, *** p < 0.001). Families and genera were reported as “Unassigned” when they could
not be assigned to any genus (g) or family (f) within the reference database (http://greengenes.lbl.gov, accessed on 13 July
2020), at a percentage sequence homology of 95% or 90% for genus and family, respectively.

http://greengenes.lbl.gov
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2.5. Gene Expression in the Midgut and Head Kidney

The midgut and head kidney showed different expression patterns of selected markers.
Significantly higher levels of the pro-inflammatory cytokine IL-1β were observed in head
kidney biopsies of fish fed with H10, H30, H60, and P30 compared with CV (H10 vs. CV,
p = 0.016; H30 vs. CV, p = 0.016; H60 vs. CV, p = 0.016; P30 vs. CV, p = 0.016) (Figure 5B).
An opposite trend was observed in midgut biopsies, with lower IL-1β in Hermetia diets
compared to CV, although not statistically significant (Figure 5A). A similar pattern for TGF-
β was found in both midgut and head kidney biopsies, with higher levels of expression
in H60, P30, and H10P50 than in CV, even if not statistically significant (Figure 5E,F). No
significant changes were observed in IL-10 (Figure 5C,D), COX-2 (Figure 5G,H), and TCR-β
(Figure 5I,J) among dietary groups.

Figure 5. Cont.
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Figure 5. (A–J). Gene expression of IL-1β, IL-10, TGF-β, COX-2m and TCR-β in midgut and head kidney biopsies (n = 6 per
diet) expressed as relative fold change 2−∆∆Ct (CV = reference diet). The confidence interval box shows the 95% confidence
interval for the median. ◦ = outliers. * p < 0.05 when compared with CV. Note the different scales on the y-axis.

2.6. Plasma LPS as an Intestinal Permeability Marker

No significant differences in LPS were observed between experimental groups (Table 3).

Table 3. Plasma LPS concentration (ng/µL), mean ± standard deviation (SD).

Diet LPS Concentration (ng/µL)

CF 240.13 ± 150.13
CV 130.22 ± 111.60
H10 160.23 ± 163.10
H30 117.72 ± 175.90
H60 297.22 ± 347.59
P30 139.84 ± 130.44
P60 176.33 ± 215.96

H10P50 210.21 ± 178.07

3. Discussion

Replacement of fishmeal with vegetable plant protein meal was previously shown
to affect the growth and general wellbeing of carnivorous fish [27]. The gut microbiota
is strongly involved in digestion and absorption of nutrients and is markedly modulated
by dietary composition [31,32]. In the search for sustainable protein sources to improve
VM-based FM-free formulations, this study investigated the effect of including different
percentages of Hermetia illucens meal (H) and poultry by-product meal (P) on gut microbial
composition, as well as gut and systemic biomarkers of inflammation.



Int. J. Mol. Sci. 2021, 22, 5454 15 of 26

Overall, at the end of the feeding trial, fish showed a good performance in response
to the test diets containing H or P meal, both singly and in combination, when compared
to the vegetable or fish meal control formulations, as already reported and discussed
elsewhere by Randazzo and colleagues (2021) [30]. The lower growth rate observed in
trout fed the CV diet is in line with a previous study performed on the same fish species
with similar size [33], where the FM substitution that ranged from 75% to 100% with the
vegetable counterpart negatively affected the fish growth performance by up-regulating
the gene involved in the white muscle lysosomal proteolysis, thus affecting its growth.
In the present study, the observed improvements in the growth and feed efficiency (data
not shown) of trout fed the FM-free diet combining H and P (H10P50) compared to both
controls diets (CV and CF) are not easily comparable to other studies on different or the
same fish species. In fact, in previous studies, Hermetia illucens or poultry by-product meals
were mainly evaluated as FM substitutes in diets containing variable, but low levels of
vegetable proteins [10,34,35]; while in the present study, the alternative ingredients were
used to replace vegetable protein meals from the CV diet preparation lacking fish meal.
Since all diets have been formulated to fit the rainbow trout nutrient requirements, the
better final body weight and feed conversion efficiency observed mostly in all FM-free diets
could possibly result from either a better overall digestible amino acid balance or improved
gut health and nutrient digestibility, or even both. Fulton’s condition factor is an easy key
performance index used to compare the condition, fatness, or wellbeing of fish, based on
the assumption that heavier fish of a given length are in better condition [36]; K values less
than 1 imply that fish are not in good state of well-being within their habitat, while values
greater than 1 imply that fish are in good physiological state of well-being. The Fulton’s K
values reported in the present study, independently from the dietary treatments, were all
greater than 1 and were similar to those recorded in rainbow trout with a comparable final
size fed a plant protein mixture diet [37].

The detrimental effect of high VM diets in salmonids has been widely demonstrat-
ed [27,38,39]. Anti-nutritional factors (ANF) are thought to be the main culprits inducing
mucosal inflammation, disruption of the intestinal barrier, inhibition of digestive enzymes,
and/or reduced nutrient uptake [38]. Few studies in rainbow trout have employed exclu-
sively vegetable diets and also monitored changes in GM. Modulation of the gut microbiota
may be exploited to potentially taper the observed undesirable effects of VM. Inclusion of
ingredients such as P and H might potentially act in synergy with gut bacteria to stimulate
gut functions and reduce inflammation. In fact recent studies have highlighted increased
feed efficiency parameters when poultry by-product meal or insect meal were used to
partially replace FM [28,40], but fewer studies have investigated the impact of P or H in a
totally FM-free vegetable formulation. Here, we analyzed the specific impact of P and/or
H as sole sources of animal protein replacing vegetable protein with increasing doses in a
FM-free diet (CV).

Gut microbiota analysis through 16S rRNA sequencing revealed that the test diets
induced significant differences in intestinal bacterial profiles. A marked reduction of gut
microbiota α-diversity in terms of species richness and evenness was observed for all the
vegetable-based diets compared to the fishmeal diet (CF). High gut microbial richness
and biodiversity were previously suggested as gut health indicators since low-diversity or
alterations of gut microbial ecosystems have often been related to acute bacterial infections
in rainbow trout [41]. The analysis of α-diversity showed that the GM of trout fed CV
had the lowest bacterial richness, both in terms of observed features and the Chao1 index,
while animals fed CF had the highest bacterial richness (Figure 1A,B). Interestingly, the
inclusion of different percentages of Hermetia meal positively influenced the alpha diversity
and partly restored the loss of bacterial diversity in fishmeal-free diets, thus reaching
values close to those obtained with CF. Insect meal also influenced community evenness,
even if no significant differences were observed using the Shannon index (Figure 1C).
Notably, these results are in agreement with recent studies where bacterial richness and
evenness increased with increasing percentages of Hermetia meal in the diet [14,40,42].
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Chitin was previously suggested as the major driver of this increase of alpha-diversity.
Chitin is a structural polysaccharide and a primary component of the insect exoskeleton
that behaves as an insoluble fiber since it reaches the distal part of the intestine almost
undigested. Fermentation of chitin and its derivative chitosan leads to the production
of several beneficial compounds, such as short-chain fatty acids (SCFAs), in particular
acetate, a precursor of the synthesis of butyrate, which exerts a well-known positive effect
on gut and overall fish health, nutrient utilization, and disease resistance [43–48]. Several
species of Lactobacillus and other non-lactic bacteria such as Bacillus have been used as
chitin fermenters [49], and this suggests that they may have a similar role in the fish gut.
In our study, the chitinase producer Bacillus genus was found at high concentration in
trout fed the highest H feed, as discussed later. Chitin may therefore act as a prebiotic by
supporting the growth of beneficial chitin degraders, thus increasing gut bacterial richness
and biodiversity and possibly stimulating intestinal fermentation.

The gut microbial community of all experimental groups was dominated by Teneri-
cutes, Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Fusobacteria phyla,
regardless of diet. These results are in line with previous analysis of rainbow trout
GM [28,41]. Tenericutes represented the most abundant phylum in trout microbiota,
followed by Proteobacteria and Firmicutes. Previous analysis of trout GM in response to
FM substitution with vegetable proteins or with Hermetia meal highlighted a shift in the Fir-
micutes:Proteobacteria ratio due to lower Proteobacteria in the presence of high VM or high
H in the feed [27]. However, in our feeding trial we did not observe significant differences
in the overall abundance of Firmicutes or Proteobacteria or the Firmicutes:Proteobacteria
ratio between the diets. Our results might be explained by the high quality of the vegetable
protein used in our diets (Table S1). As already suggested, purified and processed plant
proteins might induce smaller impairments of gut microbiota, probably due to lower ANF
and increased protein availability [27]. An increase in Firmicutes was previously observed
after feeding fish with diets including insect meal [14], and we also found slightly higher
Firmicutes in H groups, although this was not significant compared to other diets (Table 3).
The aundance of Proteobacteria in Hermetia-fed animals was slightly lower than that in CF
and CV, while in poultry by-product meal, the dietary abundance of Proteobacteria was
more similar to both CF and CV (Figure 2A). In particular, Gammaproteobacteria of trout
fed the highest Hermetia concentration were significantly lower than in CV, while all the
other diets had comparable levels of Gammaproteobacteria between each other and similar
to CF (Table 3, Table S2). Within Gammaproteobacteria we did not detect any potential
pathogens, such as Vibrionales or Aeromonadales, different from previous reports [28].
Within Gammaproteobacteria, the Pseudomonas genus was a dominant member. Pseu-
domonas was significantly lower in H60 compared to CV. The highest relative abundance
of Pseudomonas was found in CV, while H30- and all P-fed animals harboured similar
levels to CF. Pseudomonas, together with Bacillus, Serratia, Cetobacterium, and Lactobacillus
are common dominant members of the gut microbiota of healthy farmed trout [41]. High
abundance of Rickettsiales within Alphaproteobacteria was also found in all the samples,
ranging between 17% and 43% of all identified orders and apparently not affected by diet.
This intracellular bacterium has been seen to have both a symbiotic as well as a pathogenic
relationship with its host and it appears not to be necessarily linked to disease, similar to
what we observed in this study [50].

Fish fed H10, H30, and H60 showed an increase in the relative abundance of bac-
teria belonging to the Mycoplasma genus, within the Tenericutes phylum, although not
significant after FDR. This observation agrees with previous studies, where Mycoplasma
was found as one of the most abundant genera in rainbow trout and Atlantic salmon
intestines [40,42,51]. Mycoplasma uses dietary substrates to produce lactic acid and acetic
acid as the main fermentation end-products [52]. Moreover, a decrease in Mycoplasma
abundance in rainbow trout intestine has recently been related to a higher susceptibility
to disease and inflammation [53]. Mycoplasma was previously seen to colonize the GM of
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farmed salmonids and to be less affected by diet. Nevertheless, it has an essential role in
maintaining gut homeostasis in rainbow trout.

We observed a significant increase of Actinobacteria in the GM of animals fed different
percentages of Hermetia meal in the diet. The abundance of Actinobacteria ranged from
about 3% in H10 to 5% in H30 and reached 6% in H60, while the same animals showed
a proportional decrease in Proteobacteria, with 55% in H10, 24% in H30, and 20% in H60
(Figure 2A). This is consistent with other studies where a similar shift in these two domi-
nant phyla was observed with a partial substitution of fish meal with insect meal [16,42].
Our results showed that all insect meal-including diets had significantly higher relative
abundances of the Actinomyces genus, within the Actinobacteria phylum, compared to
CV (H10: 1.58%, H30: 3.16%, H60: 4.66%, H10P50: 0.52%, CV: 0.05%; Table 3). Bacteria
belonging to this genus were previously identified as active chitin degraders, which were
seen to increase fish growth and efficiency proportionally to the quantity of chitin in the
diet [43]. The chitinolytic activity of Actinomyces leads to the production of chitosan, a
partial-deacetylated derivative of chitin [54]. In support of this hypothesis, a positive
Spearman’s correlation was observed between Actinomyces and insect meal (Figure 4).
Another chitinase-producing genus, Bacillus, within the Firmicutes phylum, was signif-
icantly increased in relative abundance in H-fed trout. Bacillus is commonly used as a
probiotic in aquaculture industries and is reported as one of the core taxa in the fish gut
microbiome [55–57]. Several recent studies reported an increase in Bacillus in the GM of
fish fed insect meal [14,40,42] and its increased relative abundance in the current study is
probably related to the chitin content of the H diets (Table S1). In support of this, we ob-
served a strong positive Spearman correlation between Bacillus and insect meal. Microbiota
analysis of feed pellets revealed that feed formulations containing Hermetia illucens carry
both Actinomyces sequences and Bacillus sequences (Figure 3). These results suggest that
on the one hand, the H diet may promote the growth of specific autochthonous bacteria
that constitute the natural gut microbial community, and on the other, that such diets may
also contribute to enrich allochthonous bacteria via microbiota transfer from insect feed to
the fish gut, possibly impacting feed conversion and animal health. Microbiota transfer
from feed has been previously reported. Li et al. (2021) [42] suggested that the increased
Actinomyces relative abundance in rainbow trout fed black soldier fly may be explained by
feed-borne microbiota. Similarly, in our study, Photobacterium had the highest abundance
in CF-fed trout, while it was nearly absent in all the other experimental groups. A similar
distribution was observed in the microbial composition of the feed, with Photobacterium
being higher in CF than in all the other feeds. In accordance with a previous study [58], it
appears that both Actinomyces and Photobacterium may transit from feed to the gut. The fish
gut microbiota therefore behaves as a dynamic ecosystem which appears to be modelled
by feed-associated bacteria and nutrient composition providing the host with acquired
digestive functions [59]. Microbial transfer from feed to fish could therefore be exploited as
a strategy to enhance fish capability to absorb nutrients.

Fish fed H10, H30, and H60 showed higher relative abundance of the Erysipelothrix
genus. Moreover, Spearman’s correlation analysis showed a positive correlation be-
tween Erysipelothrix and the presence of insect meal in the diet. Rimoldi and collabo-
rators (2021) [40] recently observed higher abundance of Erysipelotrichaceae, and especially
Erysipelothrix, in the GM of trout fed an H-enriched diet. High relative abundance of
Erysipelothrix was also previously found in animals fed high poultry by-product proteins
(55%) in addition to FM, together with high abundance of Enterococcaceae, Streptococcaceae,
and Enterobacteriaceae [28]. On the other hand, in our study, Erysipelothrix was almost
absent in trout fed P and CV. Although the role of this genus in the fish intestine is not
fully understood, some species belonging to Erysipelothrix such as E. piscisicarius cause
systemic disease in several fish with necrotizing dermatitis and orofacial ulceration [60].
Further studies are required to fully understand the role of Erysipelothrix in rainbow trout
metabolism and health. In addition, we reported a higher abundance of the Enterococcus
genus, within Enterococcaceae, in H diets compared to the other diet groups. This is in
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contrast with Rimoldi et al. (2018) [28], who reported higher abundance of Enterococcaceae
and, specifically, of the Enterococcus genus, together with high values of Eryspelothrix after
feeding a high poultry by-product and animal protein commercial diet. However, in the
study by Rimoldi et al. (2018) [28], the diet that showed the highest abundance of Entero-
coccus is not comparable to any of our P diets, due to a much higher animal protein content
from various sources (poultry, swine) as well as FM content. In our study, Enterococcus
abundance in H diets was much higher than that observed by Rimoldi and colleagues
(2018) [28], while Erysipelothrix, on the other hand, had a much lower relative abundance.

Dorea genus, within the Lachnospiraceae family, was significantly higher in all H diets,
including H10P50, compared to CV and to P60. The Paeniclostridium genus was signif-
icantly higher in H10P50 compared to CV (Table 3). Interestingly, two different genera
within the Peptostreptococcaceae family correlated positively with fishmeal and with poultry
meal, respectively (Figure 4). Peptostreptococcaceae was reported as one of the dominant
members of the GM after P feeding in salmonids and, specifically, in rainbow trout [28,61].
Peptostreptococcaceae and Lachnospiraceae are fast protein degraders; therefore, distinctive
microbial genera within the same family might be specialized in the digestion of different
protein structures present in FM and P [62]. Both Lachnospiraceae and Peptostreptococcaceae
were previously reported as indicator taxa for fast-growing fish [63]. Considering the good
growth performance we observed when feeding trout with a mixture of insect and poultry
meal, there may be a role for Lachnospiraceae and Peptostreptococcaceae in helping digestion
and promoting animal growth.

In addition to the characterization of the gut microbial community, we performed a
gene expression analysis of immune and inflammatory biomarkers in midgut and head
kidney tissues. Different patterns of expression of the cytokines IL-1β, IL-10, TGF-β, and
the inflammatory markers COX-2 and TCR-β were observed in the analyzed tissue biopsies.
IL-1β is a pro-inflammatory cytokine and plays a central role in generating and controlling
the immune response in rainbow trout during infection and inflammatory processes [64,65].
The early activation of IL-1β stimulates the recruitment of other cytokines and the activation
of lymphocytes and macrophages [66]. Our results showed an overexpression of IL-1β
in the head kidney of fish fed P30 and H10P50 diets compared to CV. An opposite trend
of expression, even if not statistically significant, was reported in midgut biopsies. The
expressions of the others selected biomarkers (i.e., IL-10, TGF-β, COX-2, and TCR-β) were
not affected by dietary treatment. Interestingly, the anti-inflammatory cytokine IL-10
had a pattern of expression resembling that of IL-1β. This was observed in all dietary
treatments, both in midgut and head kidney tissues, even if not statistically significant.
IL-10 has a crucial role in controlling autoimmune and inflammatory reactions in fish [67]
and its expression is commonly induced together with pro-inflammatory cytokines [68].
According to these considerations, we presume that the expression of IL-10 could have a
role in modulating the immune response in trout limiting excessive inflammatory reactions,
as already hypothesized by Heinecke and Buchmann in 2013 [69]. Nevertheless, since
no significant changes were reported in the expression of all the other selected markers
and given that changes in IL-1β expression were only observed in the head kidney of two
dietary groups, we can conclude that none of the experimental diets had a deleterious
impact on the overall immune health of the animals. Plasma LPS analysis supported
this result. Circulating LPS is a marker of intestinal barrier integrity, since increased gut
permeability may induce translocation of inflammatory bacterial LPS from the lumen to
the blood circulation [70]. In this study, no significant differences in LPS concentration
were observed between diets, thus suggesting maintenance of intestinal barrier integrity in
response to the experimental diets.

4. Materials and Methods
4.1. Animal Ethics Statement

All the experiments were performed following directive 2010/63/UE on the protection
of animals used for scientific purposes and in line with Italian legislation and approved
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by the Ethics Committee of the Edmund Mach Foundation (n. 99F6E.0). The study
protocol was authorized by the Italian Ministry of Health (530/2018-PR). In order to avoid
animal suffering, fish were euthanized by immersion in a lethal dose solution of tricaine
methanesulfonate (MS-222, 1 g L−1) before tissue sampling.

4.2. Fish, Experimental Diets, and Culture Conditions

A total number of 1200 juvenile rainbow trout (Oncorhynchus mykiss) with an average
weight of 54.2 g (±9.94) were randomly distributed into 24 square fiberglass tanks (1.6 m3)
and assigned to eight different dietary treatments for three months. The growth trial
was performed at the indoor experimental facility at the Technology Transfer Center
(CTT), Edmund Mach Foundation (FEM), San Michele all’Adige, TN, Italy, as reported
in Randazzo et al., 2021 [30]. Briefly, eight iso-proteic (N × 6.25, 42% dry matter), iso-
lipidic (24% DM) and iso-energetic (approximately 23 MJ/kg) diets were manufactured at
SPAROS Lda. (Olhão, Portugal) by extrusion. A diet rich in vegetable protein derivatives
(control vegetable, CV) was prepared to have a 10:90 and 20:80 fish-to-vegetable protein
and lipid ratios, respectively. By contrast, a fish-based diet (control fish, CF) was formulated
with opposite fish-to-vegetable protein and lipid ratios. Six more diets were obtained by
replacing graded levels of protein (10, 30, and 60%) of diet CV, by protein from partially
defatted Hermetia illucens pre-pupae meal (H10, H30, and H60) or poultry by-product meal
(P30, P60), while maintaining the same vegetable-to-fish lipid ratio as in the CV diet. An
additional diet that replaced 60% vegetable protein with a combination of 10% and 50% of
protein from Hermetia illucens and poultry by-product meal (H10P50) respectively, was also
formulated. The ingredient composition and proximate analysis of the test diets are shown
as supplementary material (Table S1). During the feeding trial, a visual inspection of tanks
was carried out daily to check feeding behavior and mortalities. The rearing conditions
were monitored every week to maintain optimal environment control for rainbow trout
growth. The mean dissolved oxygen (DO), measured after the daily meal in the tank water
outlet, was 9.43 ± 0.42 mg/L, and the water temperature fluctuated close to 13.3 ± 0.23 ◦C.
Fish were fed by hand twice a day, six days a week, at apparent visual satiety over 91 days.
Feed ingested was recorded daily for each tank, recovering and weighing uneaten feed
pellets at the end of each meal. Mortality was also monitored.

4.3. Tissue Sampling and Calculation

After a 3-month feeding trial, all fish were subjected to stage three anaesthesia with
300 mg L−1 of MSS-222 (Finquel®MS-222, Argent Laboratories, Redmont-VI, USA). Biome-
try measurements (total length, cm and body weight, g) were recorded for the subsequent
Fulton’s condition factor calculation [K = fish weight (g) × 100/fish total length (cm)3].
After that, three fish in each tank (nine fish/diet) were sacrificed by a lethal dose of the
same anesthetic (Finquel®MS-222 1 g L−1). Blood samples (2 mL) were collected from the
caudal vein in S-Monovette® heparin-containing tubes (Sarstedt, Nümbrecht, Germany)
and stored in ice and, subsequently, plasma was obtained by blood centrifugation. After
the sacrifice, the ventral side of the animals was opened to remove the gastrointestinal tract
and the head kidney. The intestinal content, obtained by squeezing the gastrointestinal
tract, was collected in sterile cryovials (Eppendorf, USA) and frozen in liquid nitrogen.
Subsequently, tissue biopsies from the midgut and head kidney were collected in sterile
cryogenic vials CryoTubes® (Merck, Darmstadt, Germany), immediately frozen in liquid
nitrogen, and all samples were then stored at −80 ◦C until assays were performed.

4.4. Gut Microbiota Analysis

Total genomic DNA extraction from intestinal contents (90–120 mg) and animal feed
was carried out using the DNeasy® PowerSoil® kit (Qiagen, Milan, Italy) following the
manufacturer’s instructions but adding Proteinase K after C1 solution, incubating at 70 ◦C
for 10 min and lysing samples in a PowerBead Tube using TissueLyser II (Qiagen, Italy) at
maximum power for 10 min. A double elution of the Spin column tube was then made
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with DEPC-treated water to a final volume of 100 µL. DNA quality and concentration were
measured using a NanoDrop 8000 spectrophotometer (Thermo Fisher, Waltham, MA, USA).
High-quality DNA was stored at −20 ◦C.

PCR amplification was performed by targeting 16S rRNA gene V3-V4 variable re-
gions with the bacterial primer set 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R
(5′-GACTACNVGGGTWTCTAATCC-3′), as previously reported [71]. PCR reactions were
carried out using 2X KAPA Hifi HotStart Ready Mix (Kapa Biosystems Ltd., UK) according
to the following protocol: 5 min at 95 ◦C, 30 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, and 30 s at
72 ◦C, followed by a final extension of 5 min at 72 ◦C. PCR products were checked by gel
electrophoresis and cleaned using an Agencourt AMPure XP system (Beckman Coulter,
Brea, CA, USA), following the manufacturer’s instructions. After seven PCR cycles (16S
Metagenomic Sequencing Library Preparation, Illumina), Illumina adaptors were attached
(Illumina Nextera XT Index Primer). Libraries were purified using Agencourt AMPure XP
(Beckman) and then sequenced on an Illumina® MiSeq (PE300) platform (MiSeq Control
Software 2.0.5 and Real-Time Analysis software 1.16.18, Illumina, San Diego, CA, USA). Se-
quences obtained from Illumina sequencing were analyzed using the Quantitative Insights
Into Microbial Ecology (QIIME) 2.0 pipeline [72]. Unidentified taxa include those whose
percentage sequence homology with Greengenes database was less than 95% [73]. α- and
β-diversity estimates were determined using the phyloseq R Package [74].

4.5. Gene Expression in the Midgut and Head Kidney

Total RNA was extracted from 10–30 mg frozen tissue using the TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s recom-
mendations with the following modifications. Briefly, the tissue was first homogenized
in 300 µL Trizol reagent using a sterile plastic pestle, and then 700 µL Trizol reagent was
added to a final volume of 1 mL. After homogenization, all steps (including optional steps)
were performed as suggested but adding 40 µL of 3 M sodium acetate, 5.5 pH, and 1 mL
of cold ethanol 96% to the aqueous phase. Samples were stored overnight at −20 ◦C and
then centrifuged at 13.200× g for 30 min at 4 ◦C. Two washing steps with 500 µL cold 70%
ethanol were performed, each followed by 5 min and 6 min centrifugation at 13.000× g.
Dry pellets were finally resuspended with 50 µL of DEPC-treated water and stored at
−80 ◦C. Extracted total RNA was quantified using a Nanodrop 8000 Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), and RNA quality was assessed using a
2200 TapeStation (Agilent Technologies, Santa Clara, CA, USA). mRNA samples with high
quality (RINe > 8) were used for retrotranscription. Reverse transcription was performed
with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo
Fisher Scientific, Waltham, MA, USA) in a 20 µL reaction volume containing 10 µL template
RNA (5 ng/µL), 2.0 µL of 10X RT Buffer, 0.8 µL of 25X dNTP Mix (100 mM), 2.0 µL of
10X RT Random Primers, 1.0 µL of MultiScribe™ Reverse Transcriptase, and 4.2 µL of
DEPC-treated water. After transcription, cDNA was stored at −20 ◦C until quantitative
Real-Time PCR (RT-PCR).

The expression level of inflammatory genes was determined by RT-PCR using a
LightCycler® 480 SW 1.5.1.62 (Roche). RT-PCR was carried out in 20 µL reactions prepared
following the manufacturer’s instruction and containing 10 µL of 2x qPCRBIO SyGreen
Mix Separate-ROX (PCR BioSystems, UK), 0.4 µL of each primer (10 ng/µL), 5.2 µL of
DEPC-treated water, and 4 µL of cDNA (10 ng). Reactions were carried out in triplicate
under the following conditions: 95 ◦C for 15 s, followed by 45 cycles at 95 ◦C for 15 s, 63 ◦C
for 30 s, 72 ◦C for 10 s, one cycle at 95 ◦C for 10 s, 65 ◦C for 15 s, 97 ◦C continuous and a final
step at 40 ◦C for 30 s. Ct values for each sample were normalized against the geometric
mean Ct values obtained for two housekeeping genes, 18S and EF-1α. Accurate calculation
of primer efficiency was evaluated from the standard curve and since it was between 1.96
and 2.0, it was approximated to 100% efficiency for all the target and reference genes. Gene
expression was therefore expressed as the relative fold change 2−∆∆Ct, where ∆Ct was
obtained by subtracting the geometric mean Ct for the two reference housekeeping genes



Int. J. Mol. Sci. 2021, 22, 5454 21 of 26

18S and EF-1α from the Ct of the tested gene, and ∆∆Ct represented the difference between
∆Ct of the test diet compared to the ∆Ct of CV as the reference diet. Primers and relative
accession numbers are shown in Table 4.

Table 4. Primers used to evaluate gene expression by RT-PCR.

Gene Accession Number Forward Primer (5′-3′) Reverse Primer (5′-3′) References

IL-1β AJ557021 ACATTGCCAACCTCATCATCG TTGAGCAGGTCCTTGTCCTTG [75]

IL-10 NM001246350 CGACTTTAAATCTCCCATCGAC GCATTGGACGATCTCTTTCTT [76]

COX-2 AJ238307 ATCCTTACTCACTACAAAGG GCTGGTCCTTTCATGAAGTCTG [77]

TGF-β X99303 AGATAAATCGGAGAGTTGCTGTG CCTGCTCCACCTTGTGTTGT [78]

TCR-β AF329700 TCACCAGCAGACTGAGAGTCC AAGCTGACAATGCAGGTGAATC [79]

EF-1α AF498320 ACCCTCCTCTTGGTCGTTTC TGATGACACCAACAGCAACA [79]

18S AF308735 GATCCATTGGAGGGCAAGTCT CGAGCTTTTTAACTGCAGCAACTTT [80]

4.6. Plasma LPS Concentration

The quantity of 50 µL of plasma was analysed in duplicate. Detection of LPS was
performed using an ELISA Kit for Lipopolysaccharide (LPS) (Cloud-Clone Corp, CCC,
Katy, TX, USA) according to the manufacturer’s recommendations. Absorbance analysis
was carried out using a PowerWave 340 (BioTek) and Gen5™ software.

4.7. Statistical Analysis

All statistical analysis was performed using R studio. Percentage relative abundance
of taxa from different dietary groups was compared using a nonparametric Wilcoxon
statistical test. Normal distribution of data was assessed by Shapiro–Wilk’s test. Pairwise
comparison among groups in terms of α-diversity was calculated by the Kruskal–Wallis test,
followed by the post-hoc Dunn’s test with Benjamini–Hochberg false discovery rate (FDR)
p value correction. Differences in the β-diversity were checked using the non-parametric
Permutational Multivariate Analysis of Variance (PERMANOVA) and adonis tests with
999 permutations, via the vegan R Package [81]. Correlation between bacterial taxa and
experimental ingredients was performed by Spearman’s correlation analysis. After FDR
correction, a p value < 0.05 was considered statistically significant. All data are expressed
as the mean ± standard deviation, SD.

5. Conclusions

In summary, our findings suggest that none of the experimental diets negatively
affected fish health in terms of growth parameters and inflammatory status. Both poultry
by-product and insect meals could be considered valid alternatives to vegetable protein
ingredients and may be useful for improving FM-free diets. Changes in bacterial α-diversity
after feeding animals with Hermetia clearly indicated that a percentage of insect meal in
fish feed ranging from 8% to 45% positively modifies the fish gut microbiota. Experimental
diets H10, H30, and H60 increased gut bacterial community richness, ameliorating the low
diversity profile induced by the vegetable diet and reaching values close to those obtained
with the fish meal diet. In addition, according to existing data and to our results, we believe
that fermentable chitin should be considered the major driver of positive changes in gut
bacterial populations, acting as a prebiotic in trout. However, uptake of insect meal by the
aquafeed industry faces cost-effectiveness challenges. For this reason, the combination of
insect meal with other alternatives to fish meal such as poultry by-product meal represents a
viable alternative in terms of cost, environmental sustainability, and fish health. P addition
to VM-based formulations sustained the growth of the animals and maintained a microbiota
composition more similar to that of FM-fed animals. In particular, P supported the growth
of Proteobacteria, particularly non-pathogenic Gammaproteobacteria, as demonstrated by
a comparable relative abundance to that observed in trout fed fish meal. Both Hermetia
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and poultry by-products contributed to increase GM α-diversity, thus rendering it more
similar to the GM of fish fed the control fishmeal. GM specifically responded to inclusion of
Hermetia in vegetable feed with an increase in chitin degraders, i.e., Actinomyces and Bacillus
genera, as well as some Lactobacillales. Similarly, the presence of poultry by-products in the
feed promoted the growth of specific proteolytic Peptostreptococcaceae and non-pathogenic
Proteobacteria. Weissella and Actinomyces were directly transferred from Hermetia feed to
trout GM. In other words, the GM of tested animals was able to change dynamically in
response to the diet of the host and may play a key role in nutrient digestion.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22115454/s1, Table S1: Diet formulation and proximate composition of the tested diets
(modified from Randazzo et al., 2021); Table S2: (A-B) p values of statistically significant differences
in percentage relative abundance of gut microbial taxa after pairwise comparisons between diets
with Benjamini–Hochberg FDR correction. Figure S1: Spearman’s correlation between the relative
abundance of gut microbial genera and gene expression in midgut biopsies. Figure S2: Spearman’s
correlation between the relative abundance of gut microbial genera and gene expression in head
kidney biopsies. Figure S3: Spearman’s correlation between the relative abundance of gut microbial
genera and LPS measures. Figure S4: Spearman’s correlation between the relative abundance of
gut microbial genera and growth parameters. Figure S5: Spearman’s correlation between gene
expression in midgut biopsies and growth parameters. Figure S6: Spearman’s correlation between
gene expression in head kidney biopsies and growth parameters. Figure S7: Spearman’s correlation
between gene expression in midgut biopsies and proximate composition of the tested diets. Figure S8:
Spearman’s correlation between gene expression in head kidney biopsies and proximate composition
of the tested diets.
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General discussion 

Providing a definition for a healthy reference diet is a pressing challenge. With dramatic 

coexistence of undernutrition along with overweight and obesity, together with the global burden 

of diet-related non-communicable diseases predicted to increase and global food production still 

representing one of the largest environmental pressures caused by humans on the planet (1–4), it is 

now becoming increasingly evident that unhealthy and unsustainably-produced food endangers 

both people and the stability of Earths ecological system (5). In 2017, the Global Burden of Disease 

Collaborators provided that the shift from current dietary habits to a healthier balanced diet, rich in 

plant-based foods and low in red meat, would likely reduce adult deaths per year by 22.4% (6). Two 

years later, the EAT-Lancet Commission summarized existing evidence describing healthy diets, 

providing quantitative targets to define a healthy and sustainable reference diet (5). According to 

EAT-Lancet guidelines, a healthy diet should mainly consist of vegetables and fruits, whole grains, 

nuts, legumes and unsaturated oils, moderate fish and dairy, together with low quantity of highly 

processed foods, simple sugars, red meat and starchy vegetables (5). In the search for a sustainable 

and healthy food system, one potential emerging modulator of food production and human health 

is the food chain microbiome, a complex network of microbial communities and their genomes 

colonizing soil, food and also the human gastrointestinal tract (7). In this thesis, we adopted an 

interdisciplinary approach, employing both in vitro and in vivo animal models to understand how 

sustainable, health-promoting and nutritious foods and diets could be achieved by exploiting and 

modulating the food chain microbiome, focusing on gut microbiomes.  

Our modern Western-style diet (MWD) lacks in fresh and plant-based foods, while it is enriched 

in simple sugars and saturated fats as well as high intakes of red meat and salt (8,9). Moreover, 

MWD often includes highly processed foods, whose consumption has risen sharply over the last 

decades because of their relatively low cost and  availability across retailers (10). Compared to the 

healthy reference diet (5), MWD is related to higher incidence of metabolic and inflammatory 

diseases (9,11). Moreover, the lack of fiber and the high content of high- and ultra-processed 

ingredients both negatively impact on gut health, dysregulating intestinal barrier function and gut 

microbiota (GM) composition and function and contributing to inflammation both within the gut 

and at other body sites (12). Since microbial metabolism relies on the availability of dietary substrates 

in the colon, GM has been proposed as a mediator through which foods and nutrients can exert their 
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pro- or anti-inflammatory effects (13). Changes to the gut intestinal mucosal equilibrium with 

increased intestinal permeability in response  to MWD and reduced intestinal concentrations of short 

chain fatty acids (SCFA) from fiber fermentation typically corresponds with an altered gut microbial 

environment and has been proposed as a pathological feature of obesity, metabolic syndrome, type 

2 diabetes and dementia (13). On the contrary, high consumption of vegetable foods exert a positive 

effect on gut health, thanks to microbial fermentation of complex undigested polysaccharides 

releasing biologically active SCFA and plant phytochemicals biotransformation releasing 

biologically available and biologically active smaller phenolic acids (14,15). These microbially 

produced metabolites have been shown to reduce intestinal inflammation and induce expression of 

tight junction proteins between mucosal epithelial cells, increasing intestinal integrity and also to 

induce production of mucins, which serve to improve the intestinal barrier and promote the growth 

of commensal microorganisms, including Akkermansia muciniphila, a microorganism depleted within 

the obese type microbiota. 

Studying the effects of both beneficial and detrimental foods on gut microbiota populations could 

be a useful tool in investigating the underlying mechanisms of how diet:microbe interactions may 

determine host metabolic health and risk of inflammatory diseases. For this reason, the first part of 

my PhD was dedicated to investigating how specific foods could modulate host metabolic health 

and inflammatory status through GM metabolism. Advanced glycation end-products (AGE) 

represent an example of pro-inflammatory compounds present at significant concentrations in 

highly processed modern foods. Given that dietary AGE have been implicated in the development 

of metabolic inflammation and since it has been estimated that a consistent fraction of unabsorbed 

dietary AGE may reach the  colon (16), I decided to assess whether AGE exerted some of their effects 

by negatively modulating the gut microbiota. AGE have been previously shown to alter colonic 

microbiota composition in vitro, promoting the growth of sulphate-reducing bacteria clostridia and 

Bacteroidetes and decreasing putatively beneficial lactobacilli and bifidobacteria (17). Thus, the 

effects of an AGE-enriched diet were investigated in mice identifying a possible role for microbial 

populations in determining some of the AGE-related metabolic and inflammatory imbalances 

(Chapter 2). We demonstrated that a single AGE-enrichment in diet was sufficient to induce 

significant shifts in GM composition, resulting in a microbiota community structure similar to that 

previously observed in diabetic and obese mice. Specifically, mice fed the AGE enriched diet (AGE-

D) had lower relative abundance of murine commensal and SCFA-producing bacteria such as S24-
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7, Candidatus Arthromitus and Anaerostipes together with increased abundance of microbial taxa 

typically associated to high-fat or diabetogenic diets in mice, including Parabacteroides, Ruminococcus 

(within Lachnospiraceae family) and Oscillospira. We also demonstrated that GM profile of AGE-D 

mice correlated with impaired systemic measures of metabolic/cardiovascular disease markers, 

including plasma IL-1β, IL-17 and PAI-1 levels and negatively correlated to circulating incretins GIP 

and GLP-1. GIP and GLP-1 are protective against metabolic disease in laboratory animals and in 

humans. In AGE-D mice, the increase in blood concentrations of pro-inflammatory cytokines IL-1β 

and IL-17, and of PAI-1, a key regulator of vascular remodeling involved in various thrombotic 

diseases, highlighted the role of dietary AGE in inducing inflammation and vascular integrity 

impairment. Moreover, the reduction in incretins levels following AGE-D linked dietary AGE with  

the development of metabolic disorders, since both GIP and GLP-1 are the two primary gut 

hormones involved in the modulation of glucose metabolism (18). These results suggest that a 

modern AGE-enriched diet, even if isocaloric, could induce detrimental changes in the host 

inflammatory state and metabolism. Our findings support recent evidence describing the 

deleterious effects of high- and ultra-processed food consumption on waist circumference and risk 

of chronic diseases in both animal and human studies (19–21), thus highlighting the importance of 

limiting their consumption whatever dietary habits are followed. Moreover, we provide new 

findings linking diet, inflammation and gut microbiota, demonstrating that some of the 

physiological effects of dietary AGE chronic exposure can be mediated by reshaping GM community 

structure. 

Diet-GM interactions are also suspected to be involved in some of the health associations of whole 

plant foods. Vegetable foods represent a key element of the healthy reference diet. There is 

considerable evidence supporting the association  between regular fruit and vegetable consumption 

to reduced risk of CVD disease, obesity and all-cause mortality (22–25). The gut microbiota plays a 

major role in the metabolism of whole plant foods. The GM uses complex dietary fibers as their main 

carbon and energy source through fermentation, and metabolize other phytochemicals generating a 

range of bioactive compounds, such as SCFA, small phenolic acids and isothiocyanates (26). 

Brassicaceae is a plant family of particular interest because of its high content of glucosinolates and 

polyphenols, both considered to possess anti-cancer and anti-inflammatory properties (27). Up to 

90% of these phytochemicals is not digested nor absorbed in the small intestine, and thus reach the 

colon where they are biotransformed by GM in their bioavailable and bioactive moieties (28–31). 
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After highlighting the effects that an unhealthy AGE-enriched diet had on host metabolism, 

inflammation and GM in mice (Chapter 2), I aimed to investigate whether and to what extent a 

regional Brassica vegetable could modulate the gut microbiota, its metabolic output and potential to 

influence gut health (Chapter 3).  I selected Broccolo of Torbole (Brassica oleracea var. botrytis), an 

original broccoli ecotype from Trentino and investigated its impact on gut health using a 

combination of in vitro anaerobic fecal fermentation, metabolomic analysis and in vitro model of 

intestinal permeability. Data from the in vitro fermentation batch culture model showed that both 

Broccolo of Torbole (BR) and inulin (IN), used as a readily fermentable fiber and prebiotic, 

significantly affected bacterial evenness and richness across the 24 hours fermentation. Fiber is 

known to be beneficial for gut health, particularly leading to the production of SCFA (acetate, 

propionate and butyrate) upon fermentation by the gut microbiota (32), as confirmed by GC-MS/MS 

analysis, since BR and IN faecal supernatants had the highest concentrations of total SCFA when 

compared to blank (no substrate) and to methylcellulose (CL), a poorly fermentable fiber used as 

negative control in our in vitro colonic fermentation model. Different fibers can be distinguished 

based on their degree of polymerization, monomeric unit composition and the type/strength of 

bonds between monomers which shapes the physicochemical properties of fiber itself and the extent 

of its fermentation by the GM (33). This explains why different fermentable materials, BR, IN and 

CL, may have selected for specific taxa capable of using available nutrients as growth substrates, 

thus prevailing over those species that were unable to use BR, CL or IN as energy or carbon sources, 

and thus explaining the observed reduction in bacterial richness and evenness at the end of the 

fermentation. In this work, I demonstrated that Broccolo of Torbole in vitro faecal fermentation 

affects the composition of human GM, by modulating the growth of specific taxa. Specifically, 

bacterial genera previously shown to be decreased by dietary polyphenols or fiber, including 

Alistipes and Ruminococcus 1 had significantly lower relative abundance after 24 hours of BR 

fermentation, while Escherichia-Shigella, recently associated with high-fiber and high-glucosinolates 

environment (33,34), significantly increased over the fermentation process. The increased 

abundance of Escherichia-Shigella might not necessarily be seen as a beneficial modulation of the GM 

by BR, since this genus includes many potential pathogens (35). However, Escherichia-Shigella also 

comprises common intestinal commensal strains, including the probiotic Escherichia coli Nissle 1917 

(36) and 16S rRNA metagenomic analysis at genus level is not sufficient to tell the difference between 

pathogenic, commensal or health promoting/probiotic strains of any bacterial species. Moreover, 
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targeted LC-MS/MS analysis on BR supernatants confirmed that GM plays a key role in the 

metabolism of Brassica phytochemicals as previously suggested (37,38). In particular, polyphenolic 

compounds commonly found in Brassica crops as defense or pigmentation molecules, including 

caffeic acid, ferulic acid, sinapic acid and quercetin 3-4’-diglucoside decreased over time during 

fermentation, confirming the role of GM in their breakdown. I also performed a Spearman’s 

correlation analysis to understand which taxa might have mediated BR phytochemical 

biotransformation, finding that certain compounds increased together with the increase of certain 

microbes and vice versa. Prevotella, Lactobacillus, Streptococcus, Negativibacillus, Acidaminococcus, 

Dialister, Allisonella, Megasphaera, Parasutterella and Akkermansia showed a strong positive correlation 

with syringaldehyde, syringic acid and chlorogenic acid, and a strong negative correlation with 4-

aminobenzoic acid. On the other hand, Roseburia, Veillonella, Turicibacter, Olsenella, different genera 

belonging to Lachnospiraceae, Ruminococcaceae and Erysipelotrichaceae Family were positively 

correlated with 4-aminobenzoic acid while showed a strong negative correlation with 

syringaldehyde, syringic acid, chlorogenic acid and cryptochlorogenic acid. Due to small significant 

changes observed in both GM composition and in target glucosinolates and polyphenols 

concentrations over 24 hours of BR fermentation, it was difficult to link GM and metabolites into a 

clear metabolic pathway. However, to our knowledge this is one of the few works employing in vitro 

anaerobic faecal fermentation techniques, coupled to metagenomic and metabolomic analysis to 

investigate the role of Brassica in modulating human gut microbiota composition and metabolism. 

We suggested that the lack of statistical significance may be related to GM variation among faecal 

donors, and this is why further in vitro analysis involving higher numbers of faecal donors is 

warranted to further explore the correlation between GM, their metabolites and Brassica-related 

benefits. 

The intestinal epithelium plays a crucial role in the absorption of nutrients and bioactive 

compounds deriving from microbial metabolism. The intestinal epithelial cells, together with the 

sourronding mucus layer and the mucosal immune system, constitute a physical barrier which 

protects against uncontrolled bacterial translocation through the epithelial mucosa to blood stream 

(39). Alterations of the gut barrier integrity lead to augmented gut permeability (i.e. ‘leaky gut’) with 

a concomitant absorption of bacterial lipopolysaccharide A (LPS), a component of outer membrane 

in gram-negative bacteria known to promote local or systemic inflammation, including the chronic 

low-grade systemic inflammation characteristic of obesity and related diseases (40,41). Dietary SCFA 
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and metabolites deriving from microbial breakdown of plant phytochemicals have a key role in 

protecting gut barrier function by supporting the growth of colonocyte, reducing inflammation and 

by upregulating tight-junctions proteins supporting the integrity of the epithelial layer (42,43). Trans 

epithelial electric resistance (TEER) measurement is a reference technique used to measure gut 

barrier integrity in cell culture models of epithelial monolayers. For this reason, I employed TEER 

measurement to assess the role of BR microbial metabolites in modulating gut permeability, using 

an in vitro model of intestinal epithelium formed by human colorectal adenocarcinoma cells (Caco-

2). 24 h incubation of BR faecal supernatants on Caco-2 monolayers did not improve nor decrease 

trans-epithelial electric resistance (TEER), thus suggesting mechanism other than barrier 

strengthening may be involved in the anti-inflammatory effects of Brassica.  

After highlighting the effects of a local variety of broccoli on GM structure and activity, I 

conducted an investigation on Moringa oleifera, an innovative crop with great potential for both 

human health and as an environmentally friendly, high value new crop suitable for improving the 

resilience of the local production chain to the effects of climate change (Chapter 4). In recent years, 

Moringa oleifera has attracted increasing attention because of its high nutritional value (44,45). 

Moringa leaves are a rich source of vitamins, minerals and highly digestible proteins (44), which 

render this plant a potential functional food to be used as dietary supplement to improve nutritional 

status of malnourished children (46), as a source of nutraceutical ingredients or extracts, and as an 

alternative protein source for animal feeds (47,48). Several commercial varieties of Moringa can be 

grown on marginal and degraded lands, with high temperatures (it can survive up to 48°C for a 

limited period of time) and low water availability (49). For these reasons, Moringa could be 

considered a new potential multipurpose, nutritious and sustainable crop, with particular resilience 

to the local effects of climate change in Italy. Moreover, Moringa oleifera is still under studied  for its 

potential benefits for human health (50–53). Preliminary observations in pre-clinical models show 

that anti-cancer, anti-inflammatory and antioxidant properties of this plant might be attributed to 

its content in bioactive phytochemicals, including polyphenols and glucosinolates (GLS) (54,55). Due 

to the crucial role of human gut microbiota (GM) in breaking down plant phytochemicals into their 

bioactive forms, we investigated the role of the human GM in metabolizing polyphenols and GLS in 

Moringa, examining which bacterial taxa might be involved in these biotransformations. I employed 

in vitro anaerobic faecal fermentation to determine the ability of human faecal bacteria to breakdown 

Moringa phytochemicals, using as fermentation substrates an in vitro-digested Moringa oleifera leaf 
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powder (MOR) or glucomoringin (GMG), the main GLS in Moringa. Targeted Liquid 

Chromatography Triple Quadrupole Mass Spectrometry (LC-MS/MS) revealed a significant 

decrease in glucomoringin concentrations after 2 hours of fermentation in GMG samples, 

accompanied by a parallel increase over time in moringin, the most frequent isothiocyanate 

produced by glucomoringin metabolism (56). To our knowledge, this is the one of the few studies 

evaluating the impact of human GM in breaking down Moringa metabolites using an in vitro model 

of colonic fermentation. Hence, this work provides new insights about the fate of glucomoringin in 

the human intestine, highlighting the role of GM in mediating its biotransformation to moringin. 

Illumina 16S rRNA gene sequencing revealed the uniqueness of the GM of each faecal donor 

(supporting what previously observed in Chapter 3), both in terms of richness and composition. 

These differences underpinned the great variability in the metabolism of target polyphenols and 

GLS, thus suggesting a personalized response to Moringa metabolites, as highlighted by Spearman’s 

correlation analysis. Among glucosinolates, glucobrassicanapin variation between 5 and 8 hours of 

fermentation showed strong negative correlation with Blautia genus, while moringin concentrations 

were inversely correlated to Alistipes, Eubacterium hallii and Coprococcus 3 within the same 

timepoints. These are the first results correlating changes in Moringa phytochemicals during in vitro 

colonic fermentation to specific bacterial taxa. Due to recent observations highlighting the effect of 

Moringa extract in improving symptoms of ulcerative colitis by improving barrier function in mouse 

models, we also decided to assess whether MOR or GMG fermentation supernatants improved gut 

epithelial barrier integrity, using in vitro trans-epithelial electric resistance (TEER) model with Caco-

2 monolayers. While no significant TEER improvement was observed after incubation of Caco-2 

monolayers with MOR supernatant, while GMG supernatants significantly increased TEER, thus 

suggesting the role of glucomoringin GLS or of the derived glucotropaeolin and sinalbin in 

stimulating gut barrier function and reducing gut permeability and undue inflammation. Our 

results provide novel insight into the fate of target Moringa phytochemicals during faecal microbial 

fermentation and on their potential beneficial activity on gut health. In order to better explore the 

great potential of this plant, human dietary intervention trials investigating the role of GM in 

mediating anti-inflammatory role of Moringa are needed, including an appropriate sample size as 

well as a well-defined target population to reduce the variation. In order to assess whether Moringa 

consumption could reduce both local and systemic inflammation, subjects affected by chronic low-

grade inflammation should be in the subject of future in vivo investigations. 
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After having investigated the role of GM in driving some of beneficial or detrimental effects 

related to specific dietary habits or foods, I aimed to investigate the role of microbial communities 

in healthy and sustainable food production. Food fermentation has long been used to store foods 

and beverages for long periods, enhancing their taste, safety and nutritional properties (57). In 

Chapter 5 I described an in-depth and multi-disciplinary analysis of artisanal, locally produced 

sauerkraut, from two organic producers (SK1 and SK2). Using both culture-based and culture-

independent methods, I demonstrated how sauerkraut-associated microbiome developed over the 

course of the fermentation, being shaped by salinity, temperature and increasing acidity. We 

confirmed the role of lactic acid bacteria (LAB) Lactobacillus, Leuconostoc, Pediococcus and other 

genera belonging to Lactobacillaceae family as the main microrganisms responsible for the 

fermentation process, as previously described (58,59). In our experiment, the ability of LAB to 

convert fermentable carbohydrates and proteins into a wide range of metabolites was measured by 

an NMR based metabolomics analysis, which gave us high-throughput and highly-reproducible 

measurements of microbial metabolites produced in sauerkraut during fermentation and in the final 

sauerkraut water used to investigate the ability of sauerkraut to improve gut health. We observed 

that the fermentation process significantly increased the levels of aromatic amino acids and of 

organic acids, all responsible for the particular taste and flavor of sauerkraut compared to the fresh 

non fermented cabbage. Besides increasing the organoleptic quality of the fermented food product, 

the organic acids were found at significantly higher levels after 35 days of fermentation, comprising 

mainly acetic acid (SK1: 1923.64 ± 298.16 mg/L; SK2: 2340.99 ± 297.64 mg/L; mean ± SD) and lactic 

acid (SK1: 9418.22 ± 953.14 mg/L; SK2: 6121.66 ± 3554.43 mg/L). These organis acids have long been 

studied for their potential beneficial properties on gut health. In particular, in vitro and animal 

studies demonstrated that both acetic and lactic acid could stimulate enterocyte proliferation and 

suppress secretion of inflammatory mediators (43,60,61). Using two different precinincal models of 

gut health, measurement of TEER upon sauekraut challenge in monolayers of Caco-2 cells as a model 

of intestinal permeability, and cytokine production from co-cultured Caco-2 and peripheral blood 

mononuclear cells (PBMCs) stimulated with LPS, we examined whether SK water could improve 

intestinal barrier function and regulate the inflammatory response. Potential anti-inflammatory and 

anti-cancer effects of sauerkraut consumption have been investigated in vitro (62–64) and a limited 

number of human dietary intervention studies have started to explore the role of sauerkraut in 

ameliorating irritable bowel syndrome (IBS) severity score (65). However, this is the first study 
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evaluating the effects of sauerkraut water on gut barrier function. I demonstrated that sauerkraut 

water did not improve intestinal barrier function, according to TEER measurements, but we could 

also conclude that it did not cause intestinal permeability, since TEER values after 24 hours 

incubation were significantly higher in both SK1 and SK2 when compared to ethanol, the control 

used to induce intestinal permeability. Moreover, although in our experiment sauerkraut water did 

not improve gut barrier function, it appeared to improve immune response to inflammatory 

challenge in our in vitro model of the gut associated lymphoid tissue (GALT). In particular, cytokine 

quantification in basolateral supernatants after 24 hours incubation with sauerkraut water revealed 

a significant increase in pro-inflammatory cytokines IL-6 and TNF-α, typically released by GALT 

cells during LPS stimulation (66–68), together with an increase in the anti-inflammatory interleukin 

IL-10, a crucial mediator involved in resolving inflammation after an inflammatory trigger (69). 

These findings indicated the potential immunomodulatory activity of sauerkraut juice, supporting 

an improved immune response to LPS stimulus by increasing IL-6 and TNF-α mediators, and at the 

same time promoting the resolution or switching off of inflammation and the re-establishment of 

normal inflammatory status through IL-10 production. The capacity of sauerkraut water to 

modulate immune function may be driven by its high concentration in acetic acid and lactic acid,  

known ligands of G-protein coupled receptors (GPCRs), GPR-43 and GPR-41 for acetate and GPR-

81 for lactate (70), all involved in the activation of signaling pathways which lead to the secretion of 

both pro- and anti-inflammatory factors (43,61). These results have to be confirmed in human 

intervention studies, but they provide new insights on how certain fermented foods could improve 

human health at the population level. Fermented foods represent an example of how microbiomes 

and their metabolic end-products contribute to high-quality nutrition, safety and flavors in our diet, 

thus representing a key element in the food chain sustainability and nutritional value (57). Future 

studies should investigate to what  extent the health beneficial properties of these foods can be 

attributed to the microbial communities they host, since fermented food consumption has parallels 

with the ‘One Health concept’, linking humans, environment, foods and microbiota which modifies 

nutritional and physicochemical characteristics of fermented foods as well as our health.  

Together with high intake of fruit and vegetables, the healthy and sustainable reference diet 

should include 2 portions per week of fish (5). Fish is rich in omega-3 fatty acids, proteins and 

micronutrients which make this food of particular interest from a nutritional point of view (71). The 

global demand for fish and seafood increased by 122% from 1990 to 2018, and is projected to double 
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by 2050 due to the dramatic increase in the worlds population (1). However, captured wild fish is 

no longer able to support fish demands due to excessive exploitation and potential collapse of wild 

fish stocks (1). For this reason, future supply of fish should be provided by aquaculture. Since feeds 

for aqua-cultured species have historically relied upon the use of fish meal from wild fisheries, we 

investigated the use of more sustainable ingredients to improve health and yield of rainbow trout 

(Oncorhynchus mykiss), their impact on the fish GM, links between gut microbiota modulation and 

fish immune function (Chapter 6). Our results were encouraging regarding the possible use of waste 

products from the poultry industry and insect meal to replace fish meal, which is no longer 

sustainable. In fact, when compared to vegetable proteins (CV), to date the most studied alternative 

but also the least advantageous from a fish health (productivity) and environmental point of view, 

our test ingredients proved to be more performing. In particular, I demonstrated that a combination 

of poultry by-products and insect meal induced better growth performance in animals compared to 

trout fed CV diet. Nutrient absorption, immune function and inflammatory state strongly depend 

on gut health and on the composition of the resident GM (72). Here, I employed 16S rRNA Illumina 

sequencing to analyze both fish gut microbiota and the microbial composition of the fish feeds. Trout 

gut microbiota community was strongly influenced by diet composition and CV fed animals showed 

the lowest richness in terms of bacterial α-diversity. Since CV fed animals also showed the lowest 

growth performances, while increasing percentages of Hermetia meal in the diet increased both 

bacterial α-diversity and growth parameters, we suggested that certain dietary ingredients and 

especially chitin, may act as prebiotics increasing gut bacterial richness and biodiversity and 

possibly stimulating nutrient utilization and fish overall health. This was also supported by 

differences in GM composition observed in animals fed diet enriched in Hermetia illucens (H) or in 

poultry-by products (P). In particular, fish fed H diets had higher relative abundance of chitin-

degraders Actinomyces and Bacillus. This study also provides new observations regarding feed-chain 

microbiome transmission, since Actinomyces was also found in H feed, with significantly higher 

relative abundance than in the other feeds used for this investigation. On the other hand, P increased 

the relative abundance of protein-degraders Paeniclostridium and Bacteroidales. In summary, these 

data support the hypothesis that alterations in gut microbial ecosystems or bacterial richness could 

be reliable indicators of gut health and, in turn, in this case, of fish growth (73,74). Moreover, 

characterizing the microbiota of the different fish feeds revealed some analogies between trout GM 

and feed microbial composition, thus supporting the idea that some bacteria, such as Actinomyces 
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may transit from feed to gut. Our study provides new insights connecting food chain microbiomes 

to fish production, confirming the potential of both fish and feed microbiomes to improve 

production yields, animal welfare and nutritional quality of farmed fish.  

To conclude, this PhD thesis demonstrates how the exploitation of food chain microbiomes and 

in particular the gut microbiomes of both humans and production animals could have a great 

potential in improving the environmental sustainability of food production chains and for 

improving human (and animal) nutrition related welfare. The analysis of gut microbiomes could 

represent an innovative strategy to define a healthy reference modern diet, to characterize potential 

beneficial effects of local and traditionally consumed foods, to investigate new sustainable and 

nutritious crops and to drive the urgently needed transformation of the global food system. In order 

to obtain more sustainable, healthy and nutritious food production systems a better understanding 

and management of microbiomes along the food chain has never been more important.  
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Abstract: Heat-processed diets contain high amounts of advanced glycation end products (AGEs).
Here we explore the impact of an AGE-enriched diet on markers of metabolic and inflammatory
disorders as well as on gut microbiota composition and plasma proteins glycosylation pattern.
C57BL/6 mice were allocated into control diet (CD, n = 15) and AGE-enriched diet (AGE-D, n = 15)
for 22 weeks. AGE-D was prepared replacing casein by methylglyoxal hydroimidazolone-modified
casein. AGE-D evoked increased insulin and a significant reduction of GIP/GLP-1 incretins and
ghrelin plasma levels, altered glucose tolerance, and impaired insulin signaling transduction in
the skeletal muscle. Moreover, AGE-D modified the systemic glycosylation profile, as analyzed by
lectin microarray, and increased Nε-carboxymethyllysine immunoreactivity and AGEs receptor levels
in ileum and submandibular glands. These effects were associated to increased systemic levels of
cytokines and impaired gut microbial composition and homeostasis. Significant correlations were
recorded between changes in bacterial population and in incretins and inflammatory markers levels.
Overall, our data indicates that chronic exposure to dietary AGEs lead to a significant unbalance in
incretins axis, markers of metabolic inflammation, and a reshape of both the intestinal microbiota
and plasma protein glycosylation profile, suggesting intriguing pathological mechanisms underlying
AGEs-induced metabolic derangements.

Keywords: advanced glycation end products; proteins glycosylation; gut microbiota; metabolic
inflammation; insulin signal pathway
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1. Introduction

The progressive ageing of world population and the rapid changes in the lifestyle occurred in
recent decades have contributed to the rising of chronic metabolic and inflammatory diseases [1].
In particular, nowadays nutrition is considered the main beneficial or harmful tool able to either
prevent or cause metabolic inflammation (known as “metaflammation”), which is strictly related to the
pathogenesis of many chronic diseases, exerting an enormous socioeconomic impact. A widely studied
class of diet-derived substances with possible impact on inflammatory processes is the heterogeneous
group of advanced glycation end products (AGEs). These highly reactive compounds are derived from
a first reaction between a reducing sugar and the amino group of proteins and give rise, through a
sequence of dehydration, cyclization, fragmentation, and oxidation reactions, to final AGE-modified
proteins, which are non-degradable and functionally compromised [2]. A growing body of evidence is
demonstrating the pivotal role of AGEs in several pathogenic mechanisms involving oxidative stress,
inflammatory response and endothelial dysfunction, responsible for chronic diseases onset such as
insulin resistance, diabetes, atherosclerosis, cardiovascular diseases, and renal dysfunction [3].

AGEs can be endogenously formed in conditions of hyperglycemia and dyslipidemia [4]. However,
AGEs can also be contained in foods as a product of cooking or food processing. Indeed, particular
conditions of cooking (high temperatures for long time, low level of hydration and high pH) generate
large amounts of different classes of AGEs [5]. Several databases reporting AGEs quantification in the
most common ingredients and popular prepared foods have been published, however, data are often
contrasting and AGEs chemical characterization is limited [6,7]. Very recently, the Senate Commission
on Food Safety of the German Research Foundation has published quality criteria for studies dealing
with dietary glycation compounds and human health [8]. Accordingly, the best methods available for
quantification of AGEs rely on chromatographic analyses, and by using these methods, a daily intake of
AGEs between 25 and 75 mg was estimated [7]. Even though dietary interventions aimed to reduce AGEs
intake have been demonstrated to be effective in reducing markers of oxidative stress, inflammation,
and endothelial dysfunction in patients with diabetes or cardiometabolic diseases [9], it is still controversial
whether, and in which amount, dietary AGEs contribute to the physiological pool of AGEs; and how
they can modify systemic and tissue proteins, including their post-translational modification such as
glycosylation, and affect the overall metabolism mainly in the absence of pre-existing cardiometabolic
disorders. It has been estimated that a fraction of ingested AGEs, that are not absorbed and not defecated,
may be metabolized intraluminally by the microbiota [10]. We have recently shown that AGEs such as
N-ε-carboxymethyllysine (CML) can be metabolized by the human microbiota [11] and that E. coli is able
to convert CML to mainly one metabolite, the biogenic amine N-carboxymethylcadaverine [12].

Hence, the present study aimed at investigating the effects of an AGE-enriched diet (AGE-D) on
gut microbiota composition and function, as well as on the development of metabolic inflammation,
focusing on the molecular pathways activated by AGEs chronic exposure at organ and tissue levels.

2. Materials and Methods

2.1. Materials

All reagents were of the highest grade of purity available and were obtained from Sigma-Aldrich
(Milan, Italy). Antibodies were from Cell-Signaling Technology (Beverly, MA, USA).

2.2. Animals and Experimental Design

The in vivo experimental procedures here described were approved by the local Animal Use and
Care Committee and the Ministry of Health (approval n◦. 42/2017-PR) and are in keeping with the
European Directive 2010/63/EU on the protection of animals used for scientific purposes as well as the
Guide for the Care and Use of Laboratory Animals. This study was carried out using 4-weeks old
C57BL/6 male mice, housed in a controlled environment at 25 ± 2 ◦C. Mice were randomly allocated
to two experimental groups (n = 15 per group): mice fed with a control not-irradiated standard diet
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(CD) and mice fed with an AGE-enriched diet (AGE-D) for 22 weeks. AGE-D was prepared replacing
casein in the CD (200 g/kg of diet) by an equal amount of modified casein where 80.5% of arginine
and 41.5% of lysine were modified. The diet contained 15 µmol of MG-H1 (methylglyoxal-derived
5-hydro-5-methylimidazolone) per g of diet. MG-H1 was enriched in casein as follows: A 10% solution
of sodium caseinate was mixed with MGO (40% solution, Sigma), heated for 4 h, and then lyophilized
after casein precipitation. Casein and methylglyoxal were left to react in aqueous medium, whereupon
casein was precipitated in order to remove methylglyoxal. Thereby, 80.5% of arginine residues were
modified together with 41.5% of lysine residues, which is an unavoidable side-reaction during reaction
of proteins with MGO. After lyophilization, the MGO-modified casein was used as an ingredient for the
preparation of the AGEs diet (AGE-D). The fraction of arginine and lysine that had been modified was
replaced in the diet by the addition of the respective amounts of free lysine and arginine, so that any
effect elicited by the diet may not be due to a deficiency in these essential amino acids. This preparation
contained 17.4 ± 1.5 g/kg MG-H1 as analyzed by HPLC-MS/MS after enzymatic hydrolysis [13].

All groups received water and food ad libitum. Body weight and food/water intake were recorded
weekly, whereas fasting glucose was recorded monthly. After 22 weeks of dietary manipulation,
one day before the end of the experiment, feces were collected using metabolic cages (18 h starving)
after which oral glucose tolerance test (OGTT) was performed. The day after, mice (fasted for 4 h)
were anesthetized using isoflurane (IsoFlo, Abbott Laboratories) and killed by cardiac exsanguination.
Blood samples were collected and plasma was isolated. Submandibular salivary glands and a portion
of the ileum tract of intestine were fixed in neutral buffered formalin and embedded in paraffin for
histological slides preparation. The gastrocnemius muscle was isolated, frozen in liquid nitrogen and
stored at −80 ◦C.

2.3. Oral Glucose Tolerance Test (OGTT)

OGTT was performed after an overnight fasting period by administering glucose (2 g/kg) by oral
gavage. Once before administration and 15, 30, 60 and 120 min afterward, blood was obtained from the
saphenous vein and glucose concentration was measured with a conventional glucometer (GlucoMen
LX kit, Menarini Diagnostics, Italy).

2.4. Biochemical Analysis

The plasma lipid profile was determined by measuring the content of triglycerides (TGs), total cholesterol,
high-density-lipoprotein (HDL) and low density-lipoprotein (LDL) by standard enzymatic procedures using
reagent kits (Hospitex Diagnostics, Florence, Italy). Plasma insulin, ghrelin, glucose-dependent insulinotropic
polypeptide (GIP), glucagon like peptide (GLP-1), plasminogen activator inhibitor (PAI)-1, IL-1β, TNF-α,
IFN-γ, IL-6, IL-10 and IL-17 levels were measured by using Bio-Plex Multiplex Immunoassay System
(Bio-Rad Laboratories, Hercules, CA, USA). Intestinal alkaline phosphatase (IAP) activity was detected in
plasma with SensoLite pNPP Alkaline Phosphatase colorimetric assay kit (AnaSpec Inc, Fremont, CA, USA)
following manufacturer’s instructions for kinetic reading.

2.5. Fecal Microbiota Analysis

Total genomic DNA extraction from frozen feces was carried out using QIAamp® PowerFecal® DNA
Isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) and then subjected to PCR amplification by targeting
16S rRNA V3-V4 variable regions with specific bacterial primer set 341F (5′ CCTACGGGNGGCWGCAG
3′) and 806R (5′ GACTACNVGGGTWTCTAATCC 3′), as previously reported [14]. PCR products
were checked by gel electrophoresis and cleaned using Agencourt AMPure XP system (Beckman
Coulter, Brea, CA, USA), following manufacturer’s instructions. After 7 PCR cycles, (16S Metagenomic
Sequencing Library Preparation, Illumina), Illumina adaptors were attached (Illumina Nextera XT
Index Primer). Libraries were purified using Agencourt AMPure XP (Beckman) and then sequenced on
an Illumina® MiSeq (PE300) platform (MiSeq Control Software 2.0.5 and Real-Time Analysis software
1.16.18). Sequences obtained from Illumina sequencing were analyzed using Quantitative Insights
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Into Microbial Ecology (QIIME) 2.0 pipeline [15]. Percentage relative abundance of taxa from different
dietary groups were compared using nonparametric Wilcoxon statistical test. Alpha and beta-diversity
estimates were determined using phyloseq R Package [16]. Correlation between bacterial genera and
systemic parameters in CD and AGE-D groups was performed by Spearman correlation analysis.
Unidentified genera include those whose percentage sequence homology with Greengenes database
was below 95% (http://greengenes.lbl.gov) [17].

2.6. Plasma Glycosylation Profile by Lectin Microarray

Sera from 5 mice from the CD and AGE-D were pooled and pre-cleared prior to IgG purification by
centrifugation at 10,000× g for 15 min. IgGs were purified by protein G affinity chromatography using
a protein G chromatography (Biosciences, ThermoFisher, Dublin, Ireland) following manufacturer’s
instructions. Both fractions, IgGs and IgG-depleted blood, were buffered exchanged with PBS and
directly fluorescently labelled with Alexa Fluor® 555 (Biosciences, ThermoFisher, Dublin, Ireland)
following manufacturer’s instructions, in the dark.

Lectin microarray were prepared by dilution of lectins of known specificities in phosphate buffered
saline (PBS), pH 7.4, containing 1 mM concentrations of their respective haptenic sugar to ensure
preservation of their binding site (Supplementary Table S1) and printed on Nexterion® H (Schott,
Mainz, Germany) amine-reactive, N-hydroxysuccinimide ester functionalized, hydrogel-coated glass
slides using a SciFlexArrayer S3 piezoelectric spotter (Scienion, Berlin, Germany) under constant 62%
(+/−2%) humidity at 20 ◦C. Each feature was printed with approximately 1 nL of probe using an
uncoated 90 mm glass piezoelectric dispenser capillary in replicates of 6 features per probe. Eight
replicate subarrays, each consisting of 52 probes in replicates of 6 features, were printed per slide.
Slides were incubated in a humidity chamber overnight after printing to ensure complete conjugation.
The remaining functional groups on the slide surface were then deactivated by incubation with 100 mM
ethanolamine in 50 mM sodium borate, pH 8, for 1 h at room temperature. Slides were washed with PBS,
pH 7.4 with 0.05% Tween-20 (PBS-T) three times for 2 min each wash and once with PBS prior to drying
by centrifugation (470× g, 5 min). The printed lectin microarrays were stored at 4 ◦C with desiccant
until use.as previously described [18]. Labelled IgG and D fractions were incubated on microarray
slides and data extracted as described elsewhere [19]. In brief, raw intensity values were extracted from
the image *.tif files using GenePix Pro v6.1.0.4 (Molecular Devices, Berkshire, UK) and a proprietary
*.gal file (containing feature spot address and identity) using adaptive diameter (70–130%) circular
alignment based on 230 um features and were exported as text to Excel (Version 2007, Microsoft). Local
background-corrected median feature intensity data (F543median-B543) were analyzed. The median of
6 replicate spots per subarray was handled as a single data point for graphical and statistical analysis.
Data were normalized to the median total intensity value of 6 replicate. Unsupervised hierarchical
clustering of sample binding intensity data was performed with Hierarchical Clustering Explorer
v3.0 (http://www.cs.umd.edu/hcil/hce/hce3.html). Mean total intensity, normalized by rescaling lectin
binding data to 65,000 RFU, was clustered with the following parameters: no pre-filtering, complete
linkage, and Euclidean distance. The significance of binding data was evaluated using a standard
Student’s t test (paired, two-tailed).

2.7. Tissue Extracts

Gastrocnemius protein extracts were prepared as previously described [20]. Briefly, tissues were
homogenized and centrifuged at 15,000× g for 40 min at 4 ◦C. Supernatants were collected and the
protein content was determined using a BCA protein assay (Pierce Biotechnology Inc., Rockford, IL,
USA) following manufacturer’s instructions.

http://greengenes.lbl.gov
http://www.cs.umd.edu/hcil/hce/hce3.html
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2.8. Western Blot Analysis

About 60 µg of total proteins were loaded for Western blot experiments. Proteins were separated
by 8% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
a polyvinyldenedifluoride (PVDF) membrane, which was then incubated with primary antibodies
(dilution 1:1000). The antibodies used were: rabbit anti-Ser307 IRS-1 (#2381); mouse anti-total IRS-1
(#3194); rabbit anti-Ser473 Akt (#4060); rabbit anti-total Akt (#9272); rabbit anti-Ser9 GSK–3β (#9332);
and rabbit anti-total GSK–3β (#9315). Blots were then incubated with secondary antibodies conjugated
with horseradish peroxidase (HRP) (dilution 1:20,000) and developed using the ECL detection system.
The immunoreactive bands were analyzed by the Bio-Rad Image Lab SoftwareTM 6.0.1 and results
were normalized to CD.

2.9. Immunohistochemistry

CML and receptor for AGEs (RAGE) immunopositivity was analyzed by immunohistochemistry on
7µm paraffin-embedded sections of ileum and submandibular salivary glands. Slides were deparaffinized,
rehydrated, and antigens were retrieved by 5 min boiling in 10 mM sodium citrate buffer, pH 6.0.
After blocking, sections were incubated overnight with primary antibodies (CML, R&D, #MAB3247,
dilution 1:50; RAGE, Invitrogen, #PA1-075, dilution 1:50) and subsequently for 1 h with HRP-conjugated
secondary antibodies (dilution 1:200) and nuclei were counterstained with hematoxylin.

2.10. Statistical Analysis

All values in both the text and figures are expressed as mean ± S.E.M. for n observations. Statistical
significance between CD and AGE-D values was performed by unpaired t test. OGTTs were analyzed
using the area under the receiver operating characteristic (ROC) curve.

A p value <0.05 was considered to be statistically significant. Statistical analysis was carried out
using GraphPad Prism 5.03 (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. General Parameters

Most commonly, AGEs are ingested by humans in a protein-bound form within a food matrix.
Therefore, we intended to apply AGEs to mice in a protein-bound form and decided to enrich casein,
an important food protein, with MG-H1, which is the predominating derivative of modification of
arginine residues with methylglyoxal (MGO). HPLC-MS/MS analysis revealed that the MGO-modified
casein contained 17.4 ± 1.5 g/kg of MG-H1 which, with a fraction of 20% casein in the diet, corresponds
to a concentration of 3.5 g/kg or 15 µmol/g. The highest concentrations of MG-H1 in food have been
found in cakes and biscuits (up to 360 mg/kg, [6]). Hence, the diet of the present study contains far
more MG-H1 than may normally be ingested.

After 22 weeks of dietary intervention, the mice exposed to AGE-D showed a robust increase in
blood insulin level, associated with decreased levels of GIP and GLP-1, the two primary incretins secreted
from the intestine, and ghrelin, and a significant impairment in OGTT (Figure 1), when compared to
mice fed with CD. However, these effects were not associated with significant changes in body weight
gain, fasting blood glucose, and lipid profile (Table 1).
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Figure 1. (A) Oral glucose tolerance test (OGTT) performed after 22 weeks of dietary manipulation 
on control not-irradiated standard diet (CD) and advanced glycation end products-enriched diet 
(AGE-D) mice. (B) Area under the curve showing altered OGTT in AGE-D mice indicating glucose 
intolerance. (C–F) Plasma levels of insulin, GLP-1, GIP, and ghrelin in CD and AGE-D mice measured 
by luminex suspension bead-based multiplexed Bio-Plex 3D system. Data are means ± S.E.M. (n = 15 
per group). Statistical significance: ** P < 0.01, *P < 0.05 vs. CD. 

Table 1. Effects on mice body weight and systemic lipid/glucose profile at 22 weeks of the AGE-
enriched diet (AGE-D) in comparison to the control diet (CD). 

 CD AGE-D 
Body weight (g) 29.3 ± 2.5 27.5 ± 2.1 

Body weight gain 0.83 ± 2.30 0.62 ± 2.23 
Food intake (g/day) 3.60 ± 0.36 3.30 ± 0.25 

Water intake (mL/day) 4.81 ± 0.15 4.82 ± 0.20 
Caloric intake (cal/day) 13.9 ± 1.4 11.9 ± 1.0 

Triglyceride (mg/dL) 75 ± 5 79 ± 2 
Total cholesterol (mg/dL) 110 ± 6 118 ± 4 
HDL cholesterol (mg/dL) 63 ± 10 60 ± 3 

Glucose (mg/dL) 86 ± 3 89 ± 4 
Data are means ± S.E.M. (n = 15). No statistically significant differences were recorded for the tested marker. 

3.2. Impact of an AGE-Enriched Diet on CML and RAGE Amounts in Salivary Glands and Intestine 

The AGE-enriched diet evoked CML accumulation and increased RAGE expression in both 
submandibular salivary glands and the ileum tract of intestine detected by immunohistochemistry 
analysis. Specifically, in the submandibular salivary glands of AGE-D mice, we detected increased 

Figure 1. (A) Oral glucose tolerance test (OGTT) performed after 22 weeks of dietary manipulation on
control not-irradiated standard diet (CD) and advanced glycation end products-enriched diet (AGE-D)
mice. (B) Area under the curve showing altered OGTT in AGE-D mice indicating glucose intolerance.
(C–F) Plasma levels of insulin, GLP-1, GIP, and ghrelin in CD and AGE-D mice measured by luminex
suspension bead-based multiplexed Bio-Plex 3D system. Data are means ± S.E.M. (n = 15 per group).
Statistical significance: ** p < 0.01, * p < 0.05 vs. CD.

Table 1. Effects on mice body weight and systemic lipid/glucose profile at 22 weeks of the AGE-enriched
diet (AGE-D) in comparison to the control diet (CD).

CD AGE-D

Body weight (g) 29.3 ± 2.5 27.5 ± 2.1

Body weight gain 0.83 ± 2.30 0.62 ± 2.23

Food intake (g/day) 3.60 ± 0.36 3.30 ± 0.25

Water intake (mL/day) 4.81 ± 0.15 4.82 ± 0.20

Caloric intake (cal/day) 13.9 ± 1.4 11.9 ± 1.0

Triglyceride (mg/dL) 75 ± 5 79 ± 2

Total cholesterol (mg/dL) 110 ± 6 118 ± 4

HDL cholesterol (mg/dL) 63 ± 10 60 ± 3

Glucose (mg/dL) 86 ± 3 89 ± 4

Data are means ± S.E.M. (n = 15). No statistically significant differences were recorded for the tested marker.
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3.2. Impact of an AGE-Enriched Diet on CML and RAGE Amounts in Salivary Glands and Intestine

The AGE-enriched diet evoked CML accumulation and increased RAGE expression in both submandibular
salivary glands and the ileum tract of intestine detected by immunohistochemistry analysis. Specifically,
in the submandibular salivary glands of AGE-D mice, we detected increased CML immunopositivity in
the extracellular spaces among serous and mucous acini and in the cytoplasm of duct cells (Figure 2A),
while RAGE was mainly expressed in the ducts of myoepithelial cells and basal lamina (Figure 2B),
compared to the CD mice. Similarly, CML accumulation was higher in the villi epithelium of the ileum
of AGE-D mice when compared to CD mice (Figure 3A) and RAGE expression was maximally expressed
at the basal membrane and muscularis mucosae of AGE-D mice (Figure 3B).
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Figure 2. Immunohistochemistry performed on paraffin-embedded submandibular salivary glands.
(A) Photomicrographs at 20× and 40×magnification for carboxymethyllysine (CML) immunopositivity,
showing increased amounts in acini (#) and ducts (∗), as indicated by arrows, of the AGE-D mice.
(B) Photomicrographs at 20× and 40×magnification for receptor for AGEs (RAGE) immunopositivity,
which was increased in the myoepithelial and basal lamina of ducts as indicated by arrows.
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Figure 3. Immunohistochemistryperformedonparaffin-embeddedileumportionofintestine. (A)Photomicrographs
at 20× and 40×magnification for CML immunopositivity, showing increased amounts in villi epithelium
of the AGE-D mice. (B) Photomicrographs at 20× and 40×magnification for RAGE immunopositivity,
mostly increased in the basal membrane and muscularis mucosae.

3.3. Chronic AGEs Exposure Evokes Changes in Plasma Glycosylation

Glycosylation differences between feeding groups were investigated. Plasma samples were fractionated
into two components, IgG and IgG-depleted fractions (DP), and fluorescently labelled. Glycosylation
profiles of labelled fractions were compared by lectin microarray. Binding to a broad range of lectin was
observed, suggesting the presence of multiple glycosylation structures (Figure 4). Similar structures
were present in both fractions, albeit with diverse distribution, suggesting different glycosylation
profiles between IgG and DP fractions (Figure 4A,B). The profile across CD and AGE-D in both fractions
were closely comparable, with a similar glycosylation profile, despite a different distribution (Figure 4).
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Comparative analysis for individual lectins showed significant differences between CD and AGE-D
groups. Binding on AIA, WGA, and SNA-I with labelled IgG fractions was significantly increased
in the AGE-D group (Figure 4A), suggesting an increase in galactose (AIA binding), presence of
N-acetylglucosamine residues (WGA binding) and sialylation which would most likely be terminal
α-(2,6) linked sialic acid (WGA and SNA-I binding). On the other hand, binding on AIA and PHA-E
was significantly decreased in the AGE-D group in the DP fractions (Figure 4B), implying a decrease in
galactose (AIA binding) and N-linked complex type structures with β-linked Gal or Gal-β-(1,4)GlcNAc
termini, with or without bisecting GlcNAc (PHA-E binding).
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As shown in Figure 5, the local AGEs over-accumulation was paralleled by increased plasma 
levels of the pro-inflammatory cytokines IL-1β, IL-17, and TNFα and reduced levels of anti-
inflammatory factors IL-6 and IL-10, with no significant effects on INF-γ. Interestingly, chronic AGE-
D exposure was associated with a robust increase in blood concentrations of PAI-1, a marker of 
diabetes vascular complications and prothrombotic state [21], as well as with a significant decrease 
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Figure 4. Glycosylation profiles of (A) immunoglobulin fractions, control diet (IgG CD) and control diet
enriched in AGEs (IgG AGE-D) and (B) plasma glycoproteins depleted from IgG fractions, control diet
(DP CD) and control diet enriched in AGEs (DP AGE-D). Bars represent the average binding intensity
of fluorescently labelled samples from three technical replicate experiments and error bars represent
+/− standard deviation. Statistical significance: ** p < 0.01, * p < 0.05 vs. CD, determined by two-tailed,
paired Student’s t-test.

3.4. AGE-Enriched Diet Evoked Systemic Inflammatory Response

As shown in Figure 5, the local AGEs over-accumulation was paralleled by increased plasma levels
of the pro-inflammatory cytokines IL-1β, IL-17, and TNFα and reduced levels of anti-inflammatory
factors IL-6 and IL-10, with no significant effects on INF-γ. Interestingly, chronic AGE-D exposure
was associated with a robust increase in blood concentrations of PAI-1, a marker of diabetes vascular
complications and prothrombotic state [21], as well as with a significant decrease in the levels of IAP,
a sign of impaired intestinal homeostasis and inflammation [22].
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observed in gut microbial composition at T0 (baseline) among the two groups. AGE-D mice differed 
significantly from CD in fecal microbial β-diversity at T22 weeks using Weighted UniFrac analysis 
(Figure 6B), but not in α-diversity (data not shown). Specifically, at family level, AGE-D mice had 
significantly lower S24-7 bacteria (Muribaculaceae, within the Bacteroidetes phylum, P < 0.05) and 
doubled amount of Lachnospiraceae (P < 0.01), in comparison to CD mice; while at the genus level, 
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Figure 5. (A–G) Systemic inflammation markers evaluated in plasma of CD and AGE-D mice by
multiplexed Bio-Plex 3D system, indicating increased pro-inflammatory (IL-1β, IL-17, IFN-γ, TNF-α,
and PAI-1) and decreased IL-6 and IL-10. (H) Activity of intestinal alkaline phosphatase (IAP) evaluated
in plasma by kinetic assay, indicating reduced ability of AGE-D mice to maintain microbiota homeostasis
and loss of detoxifying potential in intestine. Data are means ± S.E.M. (n = 15 per group). Statistical
significance: * p < 0.05, ** p < 0.01 vs. CD.

3.5. Chronic AGEs Exposure Altered Microbial Community Profile

The analysis of microbiota revealed differences in relative abundance of fecal microbial populations
(Figure 6A), with a general decreasing trend of the Bacteroidetes/Firmicutes ratio in the AGE-D group
at T22 (n = 10) compared to CD (n = 8) (0.73 vs. 1.16, p = 0.07). No differences were observed in gut
microbial composition at T0 (baseline) among the two groups. AGE-D mice differed significantly
from CD in fecal microbial β-diversity at T22 weeks using Weighted UniFrac analysis (Figure 6B),
but not in α-diversity (data not shown). Specifically, at family level, AGE-D mice had significantly
lower S24-7 bacteria (Muribaculaceae, within the Bacteroidetes phylum, p < 0.05) and doubled amount
of Lachnospiraceae (p < 0.01), in comparison to CD mice; while at the genus level, AGE-D mice had
lower Lactobacillus (p < 0.001), Prevotella (p < 0.01), Anaerostipes (p < 0.01), and Candidatus Arthromitus
(p < 0.01) and higher Parabacteroides (p < 0.001), Ruminococcus (Lachnospiraceae family, p < 0.001) and
Lawsonia (p = 0.01) (Figure 6A).
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and Ruminococcus (Lachnospiraceae family) are all positively correlated to PAI-1, IL-1β, and IL-17
levels and negatively correlated to GIP and GLP-1. Furthermore, Prevotella, Lactobacillus, Anaerostipes,
and Candidatus Arthromitus have a significant positive correlation with GIP and GLP-1, and a negative
correlation with systemic inflammatory blood parameters.
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3.6. Chronic AGEs Exposure Impaired Insulin Signal Transduction in the Skeletal Muscle

Changes in the activity of the insulin signal transduction pathway were evaluated by immunoblotting
experiments on homogenates from gastrocnemius muscles (Figure 8). The AGE-D did not alter the protein
expression of the insulin receptor substrate-1 (IRS-1), protein kinase B (Akt), or glycogen synthase kinase-3β
(GSK-3β) in muscles, when compared to muscles from CD mice. In contrast, mice fed an AGE-enriched diet
exhibited a significant increase in the degree of phosphorylation of IRS-1 on Ser307 (Figure 8A) in parallel
with a reduction in the phosphorylation of downstream effectors of the insulin signaling pathway, Akt on
Ser473 (Figure 8B) and a significant decrease in the phosphorylation of GSK-3β on Ser9 (Figure 8C).
These alterations in protein phosphorylation, and hence activation status of the respective proteins are
suggestive of an impairment in insulin signaling evoked by the AGE-enriched diet.
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Figure 8. Assessment of insulin signal transduction in the gastrocnemius muscle through the Western
blotting analysis of the phosphorylation rate of (A) IRS-1, (B) Akt, (C) GSK-3β. Histograms report the
densitometric analysis represented as the ratio between phosphorylated-to-total protein amount and
expressed as fold of CD value. Data are means ± S.E.M. (n = 15 per group). Statistical significance:
* p < 0.05 vs. CD.
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4. Discussion

In the present study we reported for the first time that the enrichment of a standard diet with
MG-H1, a common dietary AGEs found in highly processed foods [23], is sufficient to evoke AGEs
tissue accumulation. These effects were associated with a pro-inflammatory state and changes in early
markers of dysmetabolism, more likely through alterations in microbiota homeostasis. We used a
non-irradiated standard diet enriched in only MG-H1 to investigate the effective causal contribution
of a well-characterized AGE in metabolic derangements, excluding the effect of other factors such
as food processing products or alternative sources of AGEs. Interestingly, the significant changes
recorded in the blood levels of key master hormonal regulators of metabolism were associated with
local impairment of the insulin signaling pathway, which is a crucial regulator of glucose transportation,
glycogen synthesis and glycolysis. However, these modifications were not associated with changes in
body weight gain, fasting blood glucose, and lipid profile, suggestive of a condition of early metabolic
derangement. Longer kinetics of dietary manipulation and/or more severe dietary insult would be
requested to confirm the clinical relevance of AGEs exposure in vivo. Our findings are in accordance
with previously in vitro studies demonstrating that cellular exposure to AGEs resulted in impaired
secretion and activity of GIP and GLP-1, the two primary incretin hormones [24,25] and increased
expression of dipeptidyl peptidase-4 (DPP-4), the main enzyme degrading incretins [26,27]. Therefore,
it is conceivable that dietary AGEs impair the effects of incretins, further promoting the development of
metabolic disorders. The AGE-D-induced reduction in incretin levels along with the well-known AGEs
ability to induce activation of inflammatory transcription factors through interaction with RAGE [28],
may account for the here recorded increase in blood concentrations of pro-inflammatory cytokines and
PAI-1. In fact, GLP-1 plays a vital role in modulating cytokines function and their production by CD4+

T cells via GLP-1 receptors [29] and, in keeping with our findings, the GLP-1 analogue exenatide has
been demonstrated to reduce the levels of IL-1β, IL-17 and TNF-α in human islet supernatants [30].
Interestingly, among the panel of cytokines we tested, IL-10 and IL-6 were the ones whose systemic
concentrations were significantly reduced following AGE-D. IL-6 is a pro-inflammatory cytokine.
However, at the local level, it may exert several anti-inflammatory actions, including downregulation of
IFN-γ, IL-1β, and TNF-α [31]. Most notably, GLP-1 secretion is regulated by IL-6 [32]; thus, offering a
further insight on the molecular mechanism linking dietary AGEs exposure to impairment in incretin
levels. Ghrelin signaling is another key mediator linking nutrient-sensing signals with insulin resistance,
and ablation of ghrelin has been reported to worsen diet-induced insulin resistance and adipose
inflammation [33]. As previously documented [34,35], ghrelin may contribute to the physiological
anti-AGEs system, counteracting the deleterious effects exerted by AGEs on vascular endothelium.
The decrease in ghrelin concentration following AGE-D in this study was paralleled by a massive increase
in the plasma levels of PAI-1, a key regulator of vascular remodeling, involved in various thrombotic
diseases such as deep vein thrombosis, ischemic heart disease and diabetic vascular complications.
AGEs may induce a RAGE-mediated functional synthesis of PAI-1 in human microvascular endothelial
cells [36], and blood AGEs levels in either non-diabetic and diabetic populations are one of the most
important independent determinants of PAI-1 [37,38]. We may therefore speculate that the changes in
ghrelin and PAI-1 concentrations induced by AGE-D may contribute to early cellular senescence and
impaired vascular integrity. However, the lack of investigation on the effects of the AGE-D at vascular
level on thrombogenic and anti-fibrinolytic changes, does not allow us to confirm a significant impact
of AGE-D on cardiovascular risk factors in our experimental model.

Our study also offers an interesting insight on the relative contribution of exogenous dietary AGEs
to the impairment of metabolic homeostasis. Maillard reaction, commonly known as protein glycation,
normally occurs in vivo as well as during the preparation of foods at high temperatures. Here, AGEs
diet was enriched in MG-H1, which is one of the most important Maillard reaction product identified
and quantified in food and biological matrices [23], and the most abundant in body fluids of diabetes
patients [39,40]. The AGE-D differed from the control diet only for the presence of MG-H1 instead of a
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part of the arginine residues in the casein; thus, indicating that all the systemic and tissue alterations
here recorded have to be related to this dietary modification.

Several cross-sectional and intervention studies have shown positive correlations between AGEs
intake and their circulating levels, as measured by food databases [2,6,41]. Isocaloric restrictions of
dietary AGEs have been shown to decrease circulating AGEs levels and inflammatory biomarkers,
and to improve endothelial dysfunction [42]. However, the mechanisms linking dietary AGEs exposure
to their absorption and their effective bioavailability, are still largely unknown. Here we recorded an
important local accumulation of AGEs and overexpression of RAGE not only in the ileum tract of
intestine but also in submandibular salivary glands; thus, confirming the potential correlation between
dietary AGEs and periodontal pathology, recently suggested by several studies [43]. Interestingly,
the specific Maillard reaction product we detected was CML, which is a chemical entity different
from MG-H1 and not included in the modified diet. These results imply that AGEs found in salivary
glands originate, at least in part, from blood. This hypothesis has been recently confirmed in an
intervention study on healthy subjects exposed to diets with different amount and quality of AGEs [13].
Nevertheless, the specific mechanisms of transports of AGEs from blood to saliva remains to be
elucidated. Interestingly, CML fecal excretion does not exceed the 50% [44], suggesting that some of
the ingested AGEs are neither absorbed nor defecated and could be metabolized intraluminally by the
microbiota. Thus, it is likely that protein-bound dietary AGEs are processed at the consumption of an
MG-H1-enriched diet, resulting in accumulation of a different class of AGEs, such as CML, in both
proximal (ileum) and distal (salivary glands) organs/tissues. The intestinal AGEs processing is due to
specific microorganisms and local AGEs accumulation may affect gut microbiota through negative
selection for direct toxic effects, or positive selection favoring bacterial species that use AGEs as source
of energy [45]. Here, for the first time, we demonstrated that a diet enrichment with a single AGEs is
sufficient to induce significant changes in the microbiota composition. Notably, the MG-H1 enriched
diet here used was neither heated nor irradiated; thus, offering an appropriate experimental approach
to detect the impact of AGEs on gut microbiota. Indeed, many contradictory data have been reported on
the effect of heated foods on microbiota due to the heterogeneity of compounds that are formed during
thermal treatment [46–48]. Our results showed marked differences in gut microbiota population of
AGE-D mice, characterized by a depletion of commensal bacteria such as S24-7, Candidatus Arthromitus
and Anaerostipes. Among them, Candidatus Arthromitus plays a key role in mouse intestinal immune
function control and its downregulation may be associated with intestinal inflammatory imbalance [49].
In addition, AGE-D mice showed a decrease of a butyrate-producing bacterial genus, Anaerostipes, that
is inversely related to inflammation and insulin resistance, since butyrate is reported as one of the
most important short-chain fatty acids (SCFAs) in the maintenance of colonic health [50]. Moreover,
we also found an increase of Parabacteroides, Ruminococcus (Lachnospiraceae family) and Lawsonia in
the AGE-D group. An abnormal increase in Lachnospiraceae has been recently proposed as one of the
factors involved in metabolic diseases such as diabetes and obesity [50], but the mechanism through
which these bacteria affect these conditions is still unclear. It has been proposed that members of
Lachnospiraceae may be involved in intestinal lipopolysaccharide translocation in blood, thus becoming
one of the causes of the inflammatory processes which characterize these metabolic diseases [51].
Our results support previous studies where Lactobacillus spp. ameliorate Type 2 diabetes by acting on
GLP-1 mechanism [52]. Prevotella is a dietary fiber fermenter bacterium, known to increase after a high
fiber intake [53] and to produce SCFAs [54], which affect satiety regulation and glucose metabolism
by increasing GLP-1 and other gut hormones production [55]. This mechanism may provide a link
between Prevotella reduction in AGE-D mice and incretin production. Diet induced shifts in gut
microbial population by modulating SCFAs production: we can speculate that AGE-enriched diet
may affect incretins production by a microbiota-driven mechanism, in which Prevotella and other
fiber-fermenting and SCFAs-producing bacteria are decreased. The rise of Lawsonia abundance was
previously observed in diabetic mice fed with high-fat chow and was seen to decrease after metformin
treatment, which normally acts by increasing GLP-1 production and glucose utilization [56–58]. Since
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AGEs seem to reduce GLP-1 levels as described above, we speculated that Lawsonia increase in AGE-D
mice may be caused by incretins unbalance and systemic changes induced by MG-H1. Many of the
microbial alterations observed in AGE-D group were significantly related to incretins and inflammatory
markers levels and have been associated in previous studies with obesogenic and/or diabetogenic
environments. Interestingly, compared to CD, the AGE-D was not characterized by a higher fat
content, and mice fed with AGE-D did not show an increase in body weight gain and feeding behavior.
This suggests that the simple enrichment of MG-H1 in the diet caused a reshaping of the microbiota
that is normally observed in high-fat diets or in the presence of inflammatory conditions such as
diabetes. Our results showed that systemic unbalance caused by AGEs enrichment in diet, mainly in
the pro-inflammatory profile, incretins axis, and glucose control, induced significant changes in gut
microbial populations. Furthermore, these shifts resemble what has previously been seen in obesity,
diabetes, and metabolic disorders.

Moreover, our glycomic analysis using lectin microarray indicates for the first time that even one
specific class of AGEs contained in food (i.e., MG-H1) can trigger modification of the post-translational
glycosylation profile of peripheral blood proteins. Alteration in the glycosylation profile of plasma and
blood cell surface proteins, including IgGs, can impact on their conformation and functionality; thus,
interfering with key physiological processes. The observed alteration of blood protein glycosylation is most
likely associated with changes in the plasma level of acute phase proteins, with circulating cytokines and
hormones [59], diet, and lifestyles known to affect glycosylation level [60]. IgG glycosylation is known to be
altered by environmental and in vivo status, and, in turn, to influence the immune response, acting therefore
as a potential dynamic biomarker for disease or therapeutics [61]. Significant increase in galactosylation and
IgG sialylation, most likely α-(2,6)-linked, were observed in mice fed with AGE-enriched diet compared to
the control group. Level of sialylation is known to correlate to level of galactosylation [62]. Our feeding
study showed an increase in circulatory pro-inflammatory cytokines; therefore, suggesting an activation of
inflammation transcription factors. Decrease in sialylation and galactosylation is often associated with
poor metabolic health [63,64] and with chronic inflammatory disease [65]. Whereas the opposite has been
shown to be linked with anti-inflammatory response, with α-(2,6)-linked sialylation playing a key role
in mediating the response [66,67]. However, in agreement with the cytokine profile here evoked by the
AGE-D, it has been reported that the sialylated IgG fraction reduces phagocytosis by monocytes and
induces a switch of the cytokine profile from IL-6/IL-8 to TNF-α/IL-1β [68]. We could thus hypothesize
that in the acute body response to the AGE-D, the IgG glycosylation is altered in an attempt to counteract
or attenuate the effect of the circulatory proinflammatory cytokines.

Our study has several limitations. First, the dietary content of MG-H1, which is far more than the
amount that may normally be ingested. In addition, no significant changes in systemic lipid and glucose
profile were recorded, despite the significant changes in the blood levels of key master hormonal
regulators of metabolism; thus, suggesting that longer kinetics of dietary manipulation and/or more
severe dietary insult are requested to obtain clinically relevant metabolic derangements. Our study
shows that chronic MG-H1 exposure results in local (submandibular glands, ileum, and skeletal
muscle) and systemic toxicity. However further organs and tissues involved in cardiometabolic
derangements, including adipose tissue, liver, and vascular endothelium, should be analyzed to offer a
better elucidation of the MG-H1 on-target toxicity.

5. Conclusions

In conclusion, the present work provides original findings linking the presence of a specific
AGEs in the diet to alterations in the microbiota homeostasis and the related incretins axis that lead
to a systemic pro-inflammatory profile responsible for compromised glucose control and endothelial
dysfunction. Overall, these findings help to elucidate the pivotal role of AGEs as a striking link between
modern diet and health, moving from correlation toward causation. Further experimental and clinical
studies are needed to highlight the importance of specific AGEs in human metabolism and disease,
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as well as data revealing how AGEs can elicit specific signaling functions, in the perspective to prevent
the progression of diet-related metabolic derangements.
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