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Abstract
In the last decades a worrisome increase in overweight/obesity, related chronic diseases and

gastrointestinal discomforts (GID) prevalence has been observed. Overwhelming evidence
showed that diet and lifestyle are the major drivers of these conditions underlying the lack of
suitability of a ‘one size fits all’ approach. Inter-individual differences in genetics, body system
functioning, gut microbiome and lifestyle drive personalized postprandial response to the same
food/diet affecting health and wellbeing in the long-term. Therefore, developing personalised
dietary advice or functional foods tailored to consumers is a promising strategy to improve
human health. To do that, medicine-based evidence obtained by a multi-system approach in
well characterized people are mandatory in order to identify the physiological
markers/mechanisms of health and wellbeing in body systems that can be modulated by
specific nutrients/foods/diets.

This dissertation takes up that challenge by focusing on microbiome-gut-brain axis and
several molecules known mediators of human health, digestion process and sensations
such as gastrointestinal hormones, neuropeptides, endocannabinoids and endocannabinoid like
molecules and microbial metabolites. The specific objective was to unravel the physiological
mechanisms underpinning satiety and post-prandial/long-term wellbeing in healthy,
overweight/obese, ileostomy subjects by using a multi-system approach to design new
tailored food products. To this purpose three randomized clinical trials (RCTs) and one
observational study were performed. Two RCTs focused on the effect of nutrient digestion
on satiety and wellbeing after consumption of coffee and bread melanoidins enriched-
bread compared to a conventional bread in healthy subjects, and cow’s milk in healthy and
lactose tolerant subjects suffering with milk-related GID. The other two studies focused on the
long-term effect of diet on gut microbiome and/or endocannabinoid system: one RCT
addressed the effect of a Mediterranean diet consumption on gut microbiome and the
circulating levels of endocannabinoids and endocannabinoid like molecules in
overweight/obese subjects, whereas the observational study investigated the effect of
individual habitual diet on ileal fluids levels of endocannabinoids and endocannabinoid like
molecules in subjects with ileostomy.

ECS mediators have a pleiotropic activity in the body being tightly involved with appetite
sensations and obesity development. Indeed, one of the leading causes of obesity is the
overeating which may be attenuated by providing satiating foods high in fiber. Coffee and
bread melanoidins, are formed at the last step of Maillard rection during food processing

and share physiochemical, biochemical and biological properties with dietary fiber.



Moreover, they are well known to enhance flavour of food, which is an important factor
for personalisation of food. Thus, the first RCT (Chapter 2) was performed to answer to
the question of whether melanoidins affect post-prandial appetite sensations and energy
intake and how. A meal study with a three-arms crossover design was performed in 14 healthy
subjects to investigate the satiety effect of coffee melanoidins (CM) or bread melanoidins (BM)
and the postprandial responses of 21 gut-brain appetite modulators. CM significantly reduced
daily energy intake by 26% and lowered blood glucose peak, insulin, a-melanocyte stimulating
hormone, orexin-A, B-endorphin, and blunted the response of three N-acylethanolamines
(NAEs) versus BM. Findings of this study suggest the use of CM as food ingredient for the
management of body weight and insulin resistance.

Besides dietary fibers, proteins and -bioactive peptides (BAPs) may be promising functional
ingredients. However the relationships between protein digestion, hormonal, metabolic and
endocannabinoid responses and individual post-prandial sensations was underexplored.
Therefore in another in vivo study (Chapter 3) the question of whether cow’s milk protein
digestion affect postprandial discomforts and, eventually, the underpinning mechanisms in
healthy and lactose tolerant subjects was investigated. A meal study was performed with, 20
habitual milk consumers (HMC) and 19 non-habitual milk consumers (NHMC) who were
asked to consume 250 mL milk and collect blood, urine and feces. Data showed in NHMC a
lower and slower appearance of milk-derived peptides in plasma (independently of intestinal
permeability) and higher scores of GID. Compared to HMC, NHMC showed a lower
proteolytic capacity of gut microbiome that was likely shaped by the habitual diet and
contributed to the slower protein digestion later after milk consumption.

Since the ECS has been shown to be at the crossroad between gut microbiome and host
metabolism, an 8-week RCT (Chapter 4) was performed to answer to the question of whether
a switch from a western diet (WD) to a mediterranean diet (MD) was effective in modulating
plasma concentration of ECs, NAEs and gut microbiome. To test this hypothesis 82 overweight
and obese subjects were randomised to consume an MD tailored to their habitual energy and
macronutrient intake (n=43) or to maintain their habitual diet (n=39). ECS and NAEs,
metabolic and inflammatory markers and gut microbiome were monitored over the study
period. The results showed that MD affected circulating ECS mediators and increased
Akkermansia muciniphila gut levels. The EC tone at baseline drove an individualized response
to an MD towards an amelioration of insulin sensitivity and inflammation. These findings
reveal opportunities in the context of personalized nutrition laying the foundation for RCT

specifically designed to build and validate integrative ECS-model to shape gut microbiome.



Noteworthy, a recent study showed that ECs and NAEs are also present in food at different
extent, and it has been estimated they may be sufficient to elicit a physiological response along
the GIT. In this scenario an observational study (Chapter 5) was conducted to answer to the
last question of whether the habitual diet affect ECS mediators in the human intestinal lumen.
Ileal fluids and blood samples from 35 subjects with ileostomy were analysed for their content
in ECs and NAEs. Data showed that diet affects ECS mediators in plasma and intestinal lumen.
Moreover, NAEs present in the intestinal lumen at concentrations that may be sufficient to
activate the receptors lining on the gastro-intestinal mucosa and modulating appetite. These
findings are preliminary for application in food innovation.

The last chapter (Chapter 6) is a general discussion of the overall findings as well as future
perspectives based on the generated knowledge.

In conclusion, this thesis provided new evidence in the frame of food innovation and
personalized nutrition by using a multi-system approach monitoring postprandial and long-
term biological responses to meals or diets orchestrated by gut-brain axis and gut microbiome

markers in different target populations.

Abstract

Negli ultimi decenni e stato osservato un preoccupante aumento del sovrappeso/obesita, delle
annesse malattie croniche e dei disturbi gastrointestinali (GID). Evidenze schiaccianti hanno
dimostrato che la dieta e lo stile di vita sono i principali fattori determinanti di queste
condizioni, sottolineando la mancata efficacia di un approccio "universale”. Le differenze
interindividuali nella genetica, nel funzionamento del sistema corporeo, nel microbioma
intestinale e nello stile di vita determinano una risposta postprandiale personalizzata allo stesso
cibo/dieta che incide sulla salute e sul benessere a lungo termine. Pertanto, sviluppare consigli
alimentari personalizzati o alimenti funzionali su misura per i consumatori € una strategia
promettente per migliorare la salute umana. Per fare cio, le evidenze mediche ottenute con un
approccio multi-sistema in persone ben caratterizzate sono fondamentali per identificare i
marcatori/meccanismi fisiologici di salute e benessere nei sistemi corporei che possono essere
modulati da specifici nutrienti/alimenti/diete.

Questa tesi raccoglie questa sfida focalizzandosi sull'asse microbioma-intestino-cervello e su
diverse molecole note come mediatori della salute umana, del processo di digestione e delle
sensazioni come gli ormoni gastrointestinali, i neuropeptidi, gli endocannabinoidi e le molecole
endocannabinoidi-simili e i metaboliti microbici. L'obiettivo specifico e stato quello di svelare

i meccanismi fisiologici alla base della sazieta e del benessere post-prandiale/lungo termine in



soggetti sani, sovrappeso/obesi, ileostomizzati, utilizzando un approccio multi-sistema per
progettare nuovi prodotti alimentari su misura. A questo scopo sono stati eseguiti tre studi
clinici randomizzati (RCT) e uno studio osservazionale. Due RCT si sono concentrati
sull'effetto della digestione dei nutrienti sulla sazieta e il benessere dopo il consumo di caffé e
pane arricchito di melanoidine rispetto a un pane convenzionale in soggetti sani, e di latte
vaccino in soggetti sani e tolleranti al lattosio affetti da GID legata al consumo di latte. Gli altri
due studi si sono concentrati sull'effetto a lungo termine della dieta sul microbioma intestinale
e/o sul sistema endocannabinoide: un RCT é stato eseguito per valutare I'effetto del consumo
di una dieta mediterranea sul microbioma intestinale e sui livelli circolanti di endocannabinoidi
e di molecole endocannabinoidi-simili in soggetti sovrappeso/obesi, mentre lo studio
osservazionale ha studiato I'effetto della dieta abituale individuale sui livelli di fluidi ileali di
endocannabinoidi (ECs) e molecole endocannabinoidi-simili (NAEs) in soggetti con
ileostomia.

| mediatori del sistema endocannabinoide (ECS) svolgono un‘attivita pleiotropica
nell’organismo, essendo strettamente coinvolti nelle sensazioni di appetito e nello sviluppo
dell'obesita. Infatti, una delle cause principali dell'obesita e la sovralimentazione che puo essere
attenuata fornendo alimenti sazianti ad alto contenuto di fibre. Le melanoidine del caffe e del
pane si formano nell'ultima fase della reazione di Maillard durante la lavorazione degli alimenti
e condividono proprieta fisiochimiche, biochimiche e biologiche con la fibra alimentare.
Inoltre, sono ben noti per migliorare il sapore del cibo, che € un fattore importante per la
personalizzazione degli alimenti. Cosi, il primo RCT (Capitolo 2) & stato eseguito per
rispondere alla domanda se le melanoidine influenzano le sensazioni di appetito post-prandiale
e I’introito alimentare e come. Un “pasto test” con un disegno crossover a tre bracci ¢ stato
consumato da 14 soggetti sani per indagare I'effetto saziante di pane con melanoidine del caffe
(CM) o melanoidine del pane (BM) e le risposte postprandiali di 21 modulatori intestinali
dell'appetito e neuropeptidi. Il CM ha ridotto significativamente I'assunzione giornaliera di
energia del 26% e ha abbassato il picco di glucosio nel sangue, I'insulina, I'ormone
melanotropo-a, I'orexina-A, la B-endorfina e la risposta di tre N-acetilanolamine (NAE) rispetto
al BM. | risultati di questo studio suggeriscono l'uso del CM come ingrediente alimentare per
il controllo del peso corporeo e dell’insulino-resistenza.

Oltre alle fibre alimentari, le proteine e i peptidi bioattivi (BAP) sembrano essere ingredienti
promettenti per lo sviluppo di alimenti funzionali. Tuttavia le relazioni tra la digestione delle
proteine, le risposte ormonali, metaboliche, degli endocannabinoidi e le sensazioni post-
prandiali individuali sono state poco esplorate. Pertanto, un altro studio in vivo (Capitolo 3) e



stato eseguito per rispondere alla domanda se la digestione delle proteine del latte influisce sui
GID postprandiali in soggetti sani e tolleranti al lattosio e, eventualmente, investigarne i
meccanismi sottostanti. E stato eseguito un pasto test su 20 consumatori abituali di latte (HMC)
e 19 consumatori non abituali di latte (NHMC) ai quali é stato chiesto di consumare 50 mL di
latte vaccino, sono stati raccolti campioni di sangue, urine e feci. | dati hanno mostrato una piu
bassa e lenta comparsa di peptidi derivati dal latte nel plasma di soggetti NHMC
(indipendentemente dalla permeabilita intestinale) in concomitanza con piu alti punteggi di
GID. Rispetto a HMC, NHMC hanno mostrato una minore capacita proteolitica del
microbioma intestinale probabilmente influenzato dalla dieta abituale e ha contribuito alla
digestione proteica piu lenta dopo il consumo di latte.

Poiché I'ECS ha dimostrato di essere al crocevia tra il microbioma intestinale e il metabolismo
dell'ospitante, un RCT di 8 settimane (Capitolo 4) é stato eseguito per rispondere alla domanda
se un passaggio da una dieta occidentale (WD) a una dieta mediterranea (MD) fosse efficace
nel modulare la concentrazione plasmatica di ECs, NAEs e microbioma intestinale. Per testare
questa ipotesi, 82 soggetti sovrappeso e obesi sono stati randomizzati per il consumo di una
MD adattata alla loro abituale assunzione di energia e macronutrienti (n=43) o a mantenere la
loro dieta abituale (n=39). ECs e NAEs, marcatori metabolici, infiammatori e microbioma
intestinale sono stati monitorati durante il periodo di studio. I risultati hanno mostrato che MD
ha influenzato i mediatori circolanti del ECS e ha aumentato i livelli di Akkermansia
muciniphila nell’intestino. Il tono endocannabinoide al basale ha inoltre guidato una risposta
individualizzata a una dieta mediterranea verso un miglioramento dell’insulino-resistenza e
dell'infiammazione. Questi risultati rivelano opportunita nel contesto della nutrizione
personalizzata che pone le basi per RCT specificamente progettati per costruire e convalidare
un modello che integri ECS e risposta del microbioma intestinale.

Un recente studio ha dimostrato che ECs e NAESs sono presenti in misura diversa negli alimenti,
ed é stato stimato che potrebbero essere sufficienti per suscitare una risposta fisiologica lungo
il GIT. In questo scenario é stato condotto uno studio osservazionale (Capitolo 5) per
rispondere all'ultima domanda se la dieta abituale influenza i mediatori di ECS nel lume
intestinale umano. | fluidi ileali e i campioni di sangue di 35 soggetti con ileostomia sono stati
analizzati per il loro contenuto in ECs e NAEs. | dati hanno mostrato che la dieta influenza i
mediatori di ECS nel plasma e nel lume intestinale. Inoltre, i NAEs sono presenti nel lume
intestinale a concentrazioni che possono essere sufficienti per attivare i recettori localizzati
sulla mucosa gastrointestinale e modulare I'appetito. Questi risultati sono ancora preliminari

per I'applicazione nell'innovazione alimentare.



L'ultimo capitolo (Capitolo 6) € una discussione generale dei risultati complessivi cosi come
le prospettive future basate sulla conoscenza generata.

In conclusione, questa tesi ha fornito nuove prove nel quadro di innovazione alimentare e
nutrizione personalizzata utilizzando un approccio multi-sistema monitorando le risposte
postprandiali e biologiche di lungo termine ai pasti o diete orchestrate da marker dell’asse

intestino-cervello e microbioma intestinale in diverse popolazioni target.
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1.1 Systems’ biology: Personalized nutrition for the future

In 2019, according to the obesity report of the Organisation for Economic Co-operation and
Development (OECD) almost one in four people in OECD countries is currently obese. The
obesity epidemic has far-reaching consequences for individuals and will claim more than 90
million lives in the next 30 years (OECD, 2019). Nutrition plays a pivotal role in the
development of chronic diseases. Indeed, nutritionally unbalanced diets are positively
associated with the risk of coronary heart disease, stroke, type 2 diabetes and obesity (Jayedi
et al., 2020). Noteworthy, the majority of the nutritional research and the corresponding
guidelines reached so far, focus on population averages (EFSA, 2017; Karpyn, 2018).
However, ‘one-size-fits-all’ nutritional approach is inappropriate where the metabolic inter-
individual variability is greater than the variability induced by diet interventions (Heinzmann
et al., 2012). This observation paved the way to personalized approaches by considering the
high inter-person variability in response to foods and weight-loss diets (Zeevi et al., 2015). For
instance, some individuals can have exaggerated glycemic response to a banana but not to a
biscuit, whereas some others may have an opposite response (Zeevi et al., 2015). Therefore,
individual meal-specific responses are generally much more effective than scaling in achieving
a weight loss (Berry et al., 2020).

Comprehensively, tailoring dietary recommendations to specific biological requirements based
on a person’s health status and goals is the key objective for personalized nutrition (Van
Ommen et al., 2017). Since the evolution of biological complexity is an important outcome of
the evolution process the biology behind these recommendations is complex (Werner et al.,
2015) and any recommendation should account for multiple biological processes occurring
simultaneously in various body districts (van Ommen et al., 2017). Therefore, a systems
biology—based approach which cross-examine complex biological systems by combining
several ‘-omics’ disciplines IS necessary to understand how diet may influence health and
disease (Van Ommen et al., 2017; Badimon et al., 2017).

In this scenario, a systems biology—based approach can study how food impacts health status
by differentiating responders from non-responders to nutritional intervention and identifying
the dietary bioactive compounds responsible for the health outcomes (Odriozola et al., 2015;
Kussmann et al., 2006).

1.2 Foodomics for personalized nutrition: how far are we?

In the past decades, human nutrition science has developed greatly by recognizing food not



only as a simple energy source, but also as a key player in maintaining health and in reducing
the risk of diseases (Capozzi and Bordoni, 2013). In this scenario, food science has extended
its boundaries to various “omics” techniques, including nutrigenetics, nutrimetabolomics,
nutritranscriptomics, nutriproteomics and metagenomics (Chaudhary et al., 2021), which
allowed the birth of foodomics. Foodomics is an inter-disciplinary approach accross food
science, human nutrition, the individual, human health, and diseases aiming to optimize human
health and wellbeing (Capozzi and Bordoni, 2013), which has emerged as a key tool to achieve
efficient prevention of non-communicable diseases (NCDs) (Stewart-Knox et al., 2016).
Besides diet, human gut microbiome is a key player in host’s metabolic balance and have to be
considered as an extra-genetic factor in the context of obesity, malnutrition and many chronic
diseases (Cox et al., 2013; Claus et al., 2013). Indeed, gut microbiome is increasingly
recognized to potentially impact human physiology by participating in digestion, the absorption
of nutrients, shaping of the mucosal immune response and the synthesis or modulation of a
plethora of potentially bioactive compounds (Kolodziejczyk et al., 2019). Dietary habits
constitute a major factor shaping human gut microbiome (Cuevas-Sierra et al., 2019).
Therefore, diet-induced microbiota alterations may be harnessed in order to induce changes in
host physiology, including disease development and progression, and have a pivotal role in the
development of personalized nutritional and precision medicine approaches (Kolodziejczyk et
al., 2019; De Filippis et al, 2018).

Diet macronutrient composition, fiber content, the presence of phytochemicals and other
bioactive compounds (i.e., polyphenols) can all affect gut microbiome that, in turn, modulates
one or more physiological pathways and body systems (Table 1).

Hence, there is an increasing interest on functional foods which act on specifics metabolic
pathways, such as polyunsaturated fatty acids (PUFAS) to reduce hypertriglyceridemia,
bioactive peptides as anti-inflammatory, anti-hypertensive and antioxidants, antimicrobial
source, or even probiotics and prebiotics which help to maintain a healthy gut ecosystem (Bersi
et al., 2018; Claus et al., 2014). Thus, there is now increasing interest in the concept of
personalized functional foods, which are formulated to fit to an individual’s ‘hyperbolome’

harnessing the diet-microbiome interaction (Claus et al., 2014; Vimaleswaran et al., 2014).



Table 1. Effects of different diets and fibers on gut microbiota and their impact on host health
(adatapted by Cuevas-Sierra et al., 2019)

Type of diet, diet
composition and
supplements

Effect on gut microbiota

Effect on host health

Reference

High-fiber

Normal diet supplemented
with 25 g nonstarch
polysaccharide and 22 g
resistant starch

High-fat diet supplemented
with 10% inulin

500 g oat products/kg and
130 g wheat starch/kg

10 g fiber/d (2.26%)

High-fat

72% fat

60% fat

Western diet (13.1% protein,
60.6% fat, 26.3%
carbohydrates, mainly
saccharose)

High-protein diet

53% protein

29% protein, 66% fat, 5%
carbohydrates

Atrtificial sweetener

Chocolate with 22.8-45.6 g
MTL, MTL and PDX, or
MTL and resistant starch

Probiotics
B. longum, B. infantis, and B.
breve, L. acidophilus, L.
paracasei, L.
delbrueckii subsp. bulgaricus,
and L. plantarum

Polyphenols

Cocoa flavanol

1 Abundance of Rominococcus
bromii

1 Production of SCFAs and 1
bacterial proliferation

1 Bifidobacteria
1 Production of SCFAs

1 Bacteroides and | Firmicutes |
Enterobacteriaceae 1 Production of
SCFAs | Abundance
of Shigella and Escherichia

| Lactobacillus, Bifidobacterium,
and Prevotella

1 Firmicutes
| Bacteroides 1 Ruminococcus and
Rickenellaceae and | Prevotellaceae

1 Escherichia coli, Bacteroides,
and Prevotella

| Clostridium coccoides, Clostridium
leptum, and Faecalibacterium
prausnitzii

| Roseburia

1 Fecal Bifidobacteria, Lactobacilli,
propionate and butyrate after PDX
treatment

1 Fecal Bifidobacteria, Lactobacilli,
Streptococcus, | total coliforms,
Helicobacter pylori, Escherichia coli

1 Fecal Bifidobacteria, Lactobacilli

High production of SCFAs with high-
resistant-starch diet Increase in butyrate
production (22%) R. bromii facilitates
fermentation of carbohydrates (cellulose,
pectin, and starch) and increases energy
availability
No increase in body fat/weight Increased
expression of genes involved in hepatic
lipogenesis (Fasn, Gpam) and improvement
in the ©-6-to-»-3 ratio

Increase in acetate production

High excretion of bile acids
Decrease in LDL cholesterol
Prevention of some potentially pathogenic
intestinal microbes causing diarrhea (i.e., a
decrease in Enterobacteriaceae such
as Shigella and Escherichia)

Increased intestinal permeability and
association with inflammatory biomarkers
(IL-1, TNF-0)

Increased intestinal permeability and
inflammatory biomarkers (TNF-a, IL-f, and
IL-6)

Increase of gut permeability and alteration
in mucus layer

Increased production of butyrate Increased
substrate availability

Decrease in total fecal SCFAS Increase in
hazardous metabolites (N-nitroso
compounds)

No significant change in bowel habit or
intestinal symptoms

Decrese in fasting glucose, total cholesterol,
tryglicerides, insulin resistance, and
inflammatory biomarker CRP

Decrese in total cholesterol,
tryglicerides, and inflammatory
biomarker CRP

(Abell et al.,
2008)

(Weitkunat et
al., 2015)

(Drzikova et
al., 2005)

(De Filippo et
al., 2010)

(Cani et al.,
2008)

(Kimetal.,
2012)

(Martinez-
Medina et al.,
2014)

(Liuetal.,
2014)

(Russell et al.,
2011)

(Beards et al.,
2010)

Rajkumar et
al., 2014

Tzounis et al.,
2011

IFASN, Fatty Acid Synthase; GPAM, Glycerol-3-Phosphate Acyltransferase; MTL, maltitol;
PDX, polydextrose; TLR, Toll-like receptor; 1, increased; |, decreased.



1.3 Gastrointestinal nutrient sensing: the “gut feeling” for food

Gastrointestinal tract (GIT) is the main endocrine organ in the human body. Various subtle
chemosensory mechanisms along the GIT are constantly monitoring and conveying
information about the concentration of nutrients, digestion products and microbial metabolites
(Steensels and Depoortere, 2008). Chemosensory receptors are expressed in several cell types
of the intestinal epithelium such as Paneth, goblet, tuft and enteroendocrine cells (EECs). Upon
the activation of chemosensory signaling molecules by ligand binding, might initiate a cascade
of events including the release of more than 20 different peptides modulating physiological
pathways underpinning nutrient homeostasis and energy balance including satiety, mechanical
and chemical digestion, as well as nutrient absorption, storage and utilization (McCauley et al.,
2020). This process is known as “nutrient sensing”.

Enterocytes represent 80% of small intestinal epithelial cells and their main function is to select
and absorb nutrients on their apical side that express several transporters and export them
basally (Steensels and Depoortere, 2008). Figure 1a depicts several transporters implicated in

the uptake of nutrient metabolites such as sugars, amino acids, and fatty acids.
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Figure 1: Chemosensing of different nutrients in enterocytes (a) and enteroendocrine cells (b) lining the gastrointestinal
epithelium. Abbreviations: AA, amino acid; CaSR, calcium-sensing receptor; CD36, cluster of differentiation 36; FATP4,
fatty acid transport protein 4; FFARL/2/3/4, free fatty acid receptor 1/2/3/4; GLUT2/5, glucose transporter 2/5; GPR119,
G protein—coupled receptor 119; GPRC6A: G protein—coupled receptor family C group 6 member A; KATP, ATP-sensitive
potassium; MCT, monocarboxylate transporter; OLFR78, olfactory receptor 78; PEPT1/2, peptide transporter 1/2;
SCFA/HCOs -, short-chain fatty acid bicarbonate exchanger; SGLT1/3, sodium-dependent glucose cotransporter 1/3;
TAS1R1/2/3, taste 1 receptor family member 1/2/3. (Steensel & Depoortere 2018)



Enteroendocrine cells (EECs) are specialized cells found within the GIT which secrete >20
different peptides by sensing nutrients and other molecules while they pass through the gut
(McCauley et al., 2020). At least, 12 subtypes of EECs have been described which are
morphologically and biochemically similar to taste cells of the tongue taste bud cells,
expressing similar hormones and receptors. Moreover, they are innervated with gustatory and
vagal afferent nerve fibers and playi a key role in appetite, nutrient metabolism, gastrointestinal
diseases, obesity, diabetes, immune-related diseases as well as food preferences (Depoortere,
2014; Steensel & Depoortere 2018; Berthoud et al., 2021a,b).

Figure 1b illustrates the processes underpinning the GI hormones response induced by the
detection of carbohydrates, proteins and lipids in the GIT through the G-protein coupled
receptors (GPCRs), other receptors like PPARs, and transporters.

Specifically, the ingested carbohydrates are broken down along the GIT into the
monosaccharides, glucose, fructose and galactose thanks to a suite of enzymes. Glucose can be
absorbed via sodium-glucose cotransporter (SGLT-1) present on the apical cell surface which
uses the energy from a downhill sodium gradient to transport one glucose (or galactose)
molecule with two Na* from the lumen into the enterocyte (McCauley et al., 2020). Besides
SGLT-1, sugars non-caloric sweeteners are detected by the heterodimeric TLR2+T1R3 sweet
receptor expressed throughout the GIT from the tongue taste cells to the large intestine (Mace
et al., 2015; Nuemket et al., 2017), which are also known as the umami receptor or the
metabotropic glutamate receptor. Moreover, glucose can also induce hormone secretion in a
metabolism-dependent way as a result of higher ATP levels upon glucose metabolism in the
EECs which in turn can affect ATP-sensitive potassium channels (KATP). Glucose sensing by
the T1R2-T1R3, the glucose transporter SGLT1, and KATP channels mediate GLP-1 and GIP
secretion (Mace et al., 2015; Steensel & Depoortere 2018).

On the other hand, the ingested proteins are broken down along the upper GIT into
polypeptides, di- and tri-peptides, and amino acids (AA) by several proteases and can be sensed
by several receptors depending on their size and AA composition (Mace et al., 2015; Steensel
& Depoortere 2018). Upon digestion also bioactive peptides (BAPs) are formed. They are
protein fragments (from two- up to twenty amino acid long) that exert a measurable biological
effect on body functions and health (Tulipano et al., 2020). The trans-epithelial transport routes
of peptides vary for different peptides. Four major mechanisms for peptide transport have been

identified in the intestine: 1) peptide transporter-1 (PepT1), mediating the transport for di- and



tri-peptides, 2) sodium-coupled oligopeptide transporters 1 and 2 (SOPT1 and SOPT2), 3)
paracellular passive transport, via intercellular junctions and 4) transcytosis (Daniel and Zietek,
2015; Chothe et al., 2011). Thereafter, di- and tri-peptides are sensed via the lysophosphatidic
acid receptor 5 (LPA5SR or GPR92/93), whereas AA are sensed by several taste GPCRs: the
calcium-sensing receptor (CaSR), GPCR family C group 6 member A (GPRC6A), the
heterodimer TS1R1+TS1R3 (Steensel & Depoortere 2018). It has been reported that protein
hydrolysates (peptone), induce CCK release via GPR93 (GPR92 or LPARS5) (Choi et al., 2007).
Conversely, di- and tri-peptides induce CCK secretion via CaSR while most of the AA
stimulate GLP-1 secretion through GPRC6A and CCK through T1R1 + T1R3 and CaSR (Mace
etal., 2015).

Dietary triglycerides are broken down to mono- or di-glycerides and free fatty acids (FFAS)
by lipases. Similarly to peptides, they can be sensed by different receptors depending on their
chain-length. For instance, short-chain FFAs (2-6 C) can be sensed by GPR41 (FFAR3) and
GPR43 (FFAR2) while medium-chain FFAs (6-12 C) and long chain FFAs (>12 C) can be
detected by GPR120 (FFAR4) and GPR40 (FFAR1) (Witkmap et al., 2018). Although all these
receptors have been implicated in gut hormone release, GPR120 is the most extensively
investigated one (Hirasawa et al., 2005; Witkamp, 2018; Iwasaki et al., 2014; Quesada-L6pez
et al., 2016). Monoglycerides and fatty acid metabolites, like 2-oleoyl glycerol, 2-
palmitoylglycerol and 2-linoleoylglycerol, and oleoylethanolamide, are also known to bind
GPR119 resulting in incretins-release such as GLP-1 and GIP (Cheng et al., 2015; Hansen et
al., 2011; Moss et al., 2016). The physiological relevance of these fatty-acid amides will be
further discussed in the next paragraph. Aside from the dietary fatty acids, short-chain FFAs
produced by the gut microbiota can bind GPR41 and GPR43, thereby inducing the GLP-1 and
PYY secretion (Hand et al., 2012; Tolhurst et al., 2012).

Along with macronutrients, chemosensors on EECs can also sense other compounds in the GIT
eliciting gut hormone secretion. For instance, dietary bitter compounds can bind TAS2R bitter
receptors (Steensel & Depoortere 2018). They are GPCRs comprising 25 functional members
which exist as homo- or heterodimers. A large array of bitter compounds can induce GLP-1
and CCK and ghrelin secretion via TAS2R receptors (Mace et al., 2015). EECs can also sense
phytochemicals derived from herbs and spices such as capsaicin found in chili peppers or
cinnamaldehyde (cinnamon) (Holzer et al., 2011). These compounds can bind transient

receptor potassium (TRP) channel consisting of 28 members in mammals (Holzer et al., 2011).



Thus, capsaicin can induce GLP-1 and PYY release through TRPV1 receptor (Smeets and
Westerterp-Plantenga, 2009).

1.4 Microbiota-gut-brain axis: feeding behavior and gastrointestinal diseases

A complex crosstalk exists between intestinal bacteria, the gut and the central nervous system
(CNS), referred to as the microbiota-gut—brain axis. This network includes the bidirectional
communication among CNS, the enteric nervous system (ENS) which also contains intrinsic
sensory neurons (referred to as a “second brain”), and neuroendocrine and neuroimmune
pathways, as well as host metabolism (Gonzalez-Santana and Heijtz, 2020). Sensory neurons
which are intrinsic primary afferent neurons innervate the ENS responding to mechanical and
chemical stimuli via the vagus nerve (Steensel & Depoortere 2018). Moreover, EECs contains
peptide-secreting vesicles within an axon-like basal process, called neuropod, which guide the
secretion of hormones to those neurons innervating the small intestine and colon (Steensel &
Depoortere 2018). Figure 2 depicts the complex crosstalk network between microbiota-gut-
brain axis. (). The working pathways use signals through neuronal circuits (e.g., bidirectional
vagus nerve-to-brain communication, the ENS and neuropods), activation of immune
responses (e.g., cytokine and chemokine release within the gut or elsewhere that subsequently
influence the brain directly throughout the blood-brain barrier or indirectly via the vagus
nerve), ECCs hormone signaling, and the production of microbial metabolites. In this respect,
very relevant are bacterial fermentations leading to formation in the gut of short-chain fatty
acids (SCFAs; propionate, butyrate, and acetate) and tryptophan-derived metabolites
(Gonzalez-Santana and Heijtz, 2020).
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Figure 2: Overview of the potential pathways and molecules involved in the Microbiota—Gut-Brain Axis. There are several
direct and indirect pathways involved in the bidirectional communication among microbiota, gut and brain, including signals
carried by neuronal circuits [e.g., bidirectional vagus nerve-to-brain communication, the ENS, and neuropods (1)], the
production of bacterial metabolites such as the SCFAs propionate, butyrate, and acetate (2), tryptophan metabolites and
neurotransmitters (3), cytokines release by immune cells such as (A) dendritic cell, (B) B cell, (C) mast cell, and (D) T cell
(4), and hormones secreted by EECs (5). Some of these molecules can activate the vagus nerve or reach the brain via the blood
brain barrier and directly affect brain functions. Activation of the hypothalamic—pituitary—adrenal (HPA) axis is characterized
by the release the adrenocorticotrophic hormone (CRH) in the pituitary gland which in turn stimulates the release of
adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. Subsequently, ACTH stimulate the production and
release of glucocorticoids which is corticosterone in mice and cortisol in humans, which play a key role in affecting gut
physiology (e.g., modulating the intestinal epithelial barrier and immune responses) and gut microbiota composition (6). The
gut microbiota has also been implicated in microglial maturation and function, blood-brain barrier formation and integrity,
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myelination, and neurogenesis (7) (Gonzalez-Santana and Heijtz, 2020).

Microbiota-gut-brain axis is gaining growing attention due its involvement in eating behavior
(homeostatic and hedonic), gastrointestinal motility, and inflammatory processes (van Son et
al., 2021). Central regulation of food intake is crucial for energy homeostasis. Several neural
circuits orchestrating feeding behavior overlap with the brain’s reward system both
anatomically and functionally (Rossi & Stuber, 2017). In vertebrates, food intake is regulated

within two systems: the homeostatic and hedonic.

Homeostatic system: Homeostatic feeding is necessary for basic metabolic processes and
modulate energy balance and energy metabolism by mediators such as leptin and ghrelin, on
the other hand, hedonic feeding is driven by sensory perception or pleasure involving the
motivational aspects of food (i.e., pleasure and reward) (Rossi & Stuber, 2017; van Son et al.,
2021). It has been reported an interaction among these pathways as well as the interaction of
the two with the gut microbiota (Lutter and Nestler, 2009; Berthoud et al., 2017). Ghrelin, an
orexigenic hormone plays a key role in modulating the homeostatic eating. It is mainly
produced in the stomach by the EECs, rises before meals and is suppressed after food ingestion
(Williams et al., 2003). Ghrelin exerts physiological effects increasing gastric motility, gastric
acid secretion, simulating food intake, however it is also involved in glucose metabolism, taste,
and reward (Muller et al. 2015). Moreover, ghrelin passes the blood-brain barrier and activates
orexigenic GABAergic neurons that express neuropeptide Y (NPY) and agouti-related protein
(AgRP), which increase food intake and reduce energy expenditure during acute activation
(van Son et al., 2021). Conversely, leptin is an anorexigenic hormone, which is produced by
white adipose tissue and can cross the blood-brain barrier affecting the long-term energy
balance (Jequier et al., 2002). Leptin suppresses hunger signals by inhibiting NPY/AgRP
neurons (Elias et al., 1999). A decrease in plasma leptin concentrations has also been described
as a hunger signal (Mars et al., 2006). Other important anorexigenic peptides which are mainly
produced by the EECs postprandially are peptide YY (PYY), cholecystokinin (CCK), and
glucagon-like peptide 1 (GLP-1). It has been reported a postprandial increase in plasma PYY
which inhibits NPY/AgRP via neuropeptide Y receptor type 2 (Y2R) increasing satiety (van
Sonetal., 2021). GLP-1 plays a key role in modulating glucose by stimulating insulin secretion
and lowering glucagon. Moreover, by binding GLP-1 receptor agonists (GLP-1RAs) GLP-1
can inhibit orexigenic GABAergic neurons reducing food intake and gastric emptying (van Son
etal., 2021). Moreover, GLP-2 modulate CCK secretion from gallbladder, which reduces food
intake activating the vagus nerve by binding the vagal CCK-A receptors (Corp et al., 1993).
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Gut microbiome has been also associated to intestinal hormone secretion thus modulating the
host appetite and metabolism. Indeed, the gut abundances
of Bifidobacterium and Lactobacillus are negatively associated with plasma ghrelin levels and
positively associated with plasma leptin concentrations (Queipo-Ortuno et al., 2013).
Moreover, oral administration of microbial metabolites SCFAs were found to stimulate leptin
production in cultured adipocyte cells via GPR41 receptors also increasing the circulating
leptin concentrations (Xiong et al., 2004). The imidazole propionate, a gut-microbiota
metabolite deriving from dietary histidine impairs glucose metabolism and contribute to type
2 diabetes (Molinaro et al., 2020; Koh et al., 2018).

Hedonic system: Dysfunction of the reward system may lead to hedonic over-eating in
susceptible individuals being one of the obesity leading cause. The mesolimbic pathway
referred to as the reward pathway, is a dopaminergic pathway which involve dopamine and
other neurotransmitters (van Son et al., 2021). Palatable food stimulates dopamine release,
activating the dopamine-reward system that promote feeding behavior (Lenoir et al., 2007).
However, dopamine system modulates feeding behavior not only by the reward-related circuit,
but also by contributing to the homeostatic circuit of food intake (Baik, 2021). Mounting
evidence suggest the central role of the endocannabinoid system (ECS) in the modulation of
the overlapping homeostatic and hedonic mechanisms of appetite and food intake (Jager and
Witkamp, 2014). The physiological relevance of ECS will be further discussed in the next
paragraph. Furthermore, mesolimbic dopaminergic activity can be affected by leptin and
ghrelin (Leinninger et al., 2009; Skibicka et al., 2011). A considerable amount of circulating
dopamine is produced in the gastrointestinal tract, however, whether peripherally produced
dopamine can affect dopaminergic pathways in the brain is still unknown (Eisenhofer et al.,
1997). Interestingly, altered gut microbiota composition has been found in several central
disorders with dysregulated dopaminergic transmission, such as anxiety, depression, and
Parkinson’s disease (Simpson et al., 2020; Yang et al., 2019), hypothesizing a role of pro-
inflammatory processes associated to microbial dysbiosis in contributing to these disorders
(Simpson et al. 2020).

1.5 The Endocannabinoid system

The Endocannabinoid system (ECS) refers to a signally system which has a pleiotropic role in
modulating appetite, food intake, macronutrient metabolism, pain sensation, blood pressure,

mood, cognition, immunity, and gastrointestinal discomforts (Witkamp, 2018; Storr et al.,
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2008; Hillard, 2017). The ECS includes endocannabinoids (ECs), their receptors and enzymes
involved in their synthesis and degradation. The two best-characterized ECs are N-
arachidonoylethanolamide (AEA) and 2-arachidonoylglycerol (2-AG) which can exert their
physiological role in the body by binding CB1 and CB2 receptors located in the CNS, in the
ENS, in the liver and in the adipose tissue. Besides ECs, several structural congeners referred
to as N-acylethanolamines (NAESs) have been characterized. They include oleoylethanolamine
(OEA), linoleyethanolamine (LEA), and palmitoyletahanolamine (PEA), and show similar
mechanisms of action, tissue distribution as well as pathways of formation and breakdown with
ECs. However, differently from ECs, these “endocannabinoid-like molecules” can act through
GPR119, GPR55, peroxisome proliferator-activated receptors (PPARs) and the transient
potential vanilloid subtype 1 (TRPV1). Structurally, also AEA is a fatty acid amide which can
bind CB1 and CB2 (Witkamp, 2018; Di Marzo 2018).

Regarding NAEs and AEA synthesis, it takes place as a multi-step process. First, N-
acylphosphatidylethanolamines (NAPES) are formed through the action of calcium-dependent
N-acyltransferase (NAT). Thereafter, NAPEs are cleaved by NAPE-specific phospholipase D
(NAPE-PLD) to yield NAEs (Figure 3). Conversely, the synthesis of 2-AG is catalysed by two
different enzymes: phospholipase C (PLC) and diacylglycerol lipase (DAGL) starting from
Diacylglycerol (DAG) or 2-arachidonoyl-lysophospolipid (lysoPl) (Figure 3). Further, NAEs
can be hydrolyzed by fatty acid amide hydrolase (FAAH) and N-acyl ethanolamine-
hydrolysing acid amidase (NAAA), whereas 2-AG is degraded by monoacylglycerol lipase
(MGL) (Witkamp, 2018; Simon and Cota, 2017).
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Figure 3: General overview of the pathways for N-acylethanolamine (NAEs) and 2-arachidonoyls synthesis and metabolism
(Simon and Cota, 2017).

1.5.1 The endocannabinoid system and the gut-brain axis

Homeostatic and hedonic hunger: ECs and NAEs play a pivotal role in modulating the
homeostatic and hedonic feeding via different signaling networks in the ENS and CNS. The
activation of CB1 receptor in the hypothalamus, the corticolimbic circuits, including the
nucleus accumbens (NAc) and the ventral tegmental area, and the brainstem modulate the
homeostatic and hedonic feeding (Gatta-Cherifi & Cota, 2015). 2-AG is involved in this
reward-driven feeding through activating the dopaminergic pathway of pleasure playing a key
role in the palatable food “liking” and “wanting” system. Differently, AEA is another
orexigenic compound which is likely involved in homeostatic feeding processes (Hillard,
2017). The activation of CB1 by ECs increases the consumption of foods by decreasing levels
of the anorectic hormone leptin and CCK (Di Marzo et al., 2001; Di Patrizio et al., 2015).
Conversely, NAEs act as anorectic mediators by binding PPAR-a, GPR119, and TRPV1
(Witkmap, 2018). For instance, PEA may indirectly impact appetite through leptin signalling
in the hypothalamus (Raso et al., 2014). OEA is the best-characterized NAE known to increase
satiety both centrally and locally mediated, especially via PPAR-o and GPR119 stimulating
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GLP-1 and GIP secretion (Cheng et al., 2015). SEA may inhibit food intake through the
downregulation of the specific liver enzyme, stearoyl-coenzyme A desaturase-1 (SCD-1),
which may decrease the leptin levels (Terrazzino et al., 2004). Dysregulation of this system in
hunger signalling can have multiple implications as was shown in people with anorexia and
obesity (Monteleone et al., 2015; Hillard, 2017).

Endocannabinoids and gut homeostasis: Endocannabinoid receptors are widely distributed
along the GIT being a key modulator of gastrointestinal physiology, influencing satiety, emesis,
gastric emptying, immune function, mucosal integrity, motility, secretion, and visceral
sensation (Lee et al., 2016). Indeed, it has been shown the efficacy of CB1 receptor antagonists
in increasing motility in mice (1zoo et al., 2001), whereas the use of FAAH blockers resulted
in a slower gastrointestinal motility (Capasso et al., 2005). Further, blocking the degradation
of 2-AG by inhibiting MGL results in reduced gut transit in mice (Duncan et al., 2008). These
results were further supported data from clinical trials involving patients with metabolic
disorders and obesity (Ruilope et al., 2008; Depres et al., 2005; Addy et al., 2008). The use of
CB; antagonists rimonabant and taranabant resulted in higher frequency of diarrhoea and other
gastrointestinal motor side effects like nausea and vomiting (Ruilope et al., 2008; Depres et al.,
2005; Addy et al., 2008). Moreover, the activation of TRPV1 receptors by AEA can exacerbate
pain and nociception (Di Marzo, 2018). In view of this, recent evidence suggested the role of

these compound in pathogenesis of irritable bowel disorders (Di Marzo, 2018).

Endocannabinoid and gut microbiota: The endocannabinoid system modulate gut-barrier
function, gut permeability and metabolic endotoxaemia through CB1 receptors (Cani et al.,
2016). Activating CB1 receptors in mice resulted in higher lipopolysaccharide (LPS) levels
released from gut bacteria, causing increased gut permeability and adipogenesis (Muccioli et
al., 2010). Moreover, Akkermansia muciniphila administration to high-fat diet (HFD)-fed mice
led to an increase in intestinal levels of 2-AG and decreased circulating LPS (Cani et al., 2016).
Intestinal AEA is negatively associated to gut-barrier function, while intestinal 2-AG, OEA
and PEA are considered “gate keepers” due their contribution to lock the barrier and reduce
intestinal inflammation. Indeed, OEA by GPR119 receptors on EECs may elicit the secretion
of GLP-1 and GLP-2 (involved in glucose homeostasis and gut-barrier function, respectively)
(Cani et al., 2016). Further, PEA exhibits anti-inflammatory effects by binding PPAR-a on
EECs (Borrelli et al., 2015).

1.5.2 Effect of food intake in modulating ECs and NAESs
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Diet affects tissue and circulating levels of ECs and NAEs both postprandially and in the long-
term. Figure 4 shows feeding-or fasting-induced changes in endocannabinoid levels in gut,
brain and other tissues. It has been reported a post-prandial increase in circulating 2-AG levels
when individuals are presented with a palatable food compared to a non-palatable food through
the rewarding mediator ghrelin; conversely, AEA and other NAEs levels decline (Monteleone
etal., 2012). NAEs and AEA are acutely suppressed by insulin, whereas low insulin sensitivity
results in glucose mediated NAE elevation (Di Marzo et al., 2009; Gatta-Cherifi et al., 2012;
Fanelli et al., 2018). Furthermore, plasma AEA and NAEs concentrations in blood tend to
mirror those of free fatty acids, both in fasting and in non-fasting condition (Joosten et al.,
2010).
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Figure 4: Overview of the short-term effects of oro-sensory food exposure and consumption on endocannabinoids (ECs) and

N-acylethanolamines (NAES) release. During the cephalic phase, oro-nasal sensing is signaled to the brain, eliciting changes
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in ECs levels. Signaling via VVagal efferent induce ECs and NAESs release in gut tissues. These molecules in turn elicit hormonal
and neuronal signaling to the brain and periphery by binding several receptors along the GIT. Nutrient arriving in the GIT
upon food intake reduce local ECs and NAEs release (Witkamp, 2018).

With regard to NAEs, Mennella and colleagues showed that the oleic acid content in a meal
increased OEA post-prandial levels, while causing a reduction in appetite sensations and
energy intake at subsequent meal (Mennella et al., 2014).

Few evidence showed also the effect of the long-term diet in modulating ECs and NAEs. This
could depend on the local availability of fatty acid precursors stored in the cells (which reflect
the habitual diet). For instance, increasing the intake of n-3 long-chain PUFA lead to a decrease
of AEA and 2-AG both in humans and in mice. Moreover, 24-week dietary supplementation
with krill powder reduced AEA plasma levels in obese subjects. Finally, a 5-day high-fat diet
can lead to an increase of N-acylphosphatidyletholamines (NAPES), which are known to be
NAEs precursors, decreasing food intake in rats (Gillum et al., 2018). Interestingly we recently
found that ECs and NAEs are present in food at different extent, and it has been estimated that
a Mediterranean diet could provide a higher amount of NAEs compared to a Western diet (De
Luca et al., 2019). Notwithstanding, no information exists regarding how these compounds

within foods are absorbed and/or metabolized in vivo.
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