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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
(NAESs) 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 NAESs 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 ¢ 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 € 1 metaboliti microbici. L'obiettivo specifico ¢ stato quello di svelare

1 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 caffe 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 ¢ stato eseguito per valutare '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.

I 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 ¢ 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 lintroito 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 l'assunzione giornaliera di
energia del 26% e ha abbassato il picco di glucosio nel sangue, l'insulina, l'ormone
melanotropo-a, I'orexina-A, la B-endorfina e la risposta di tre N-acetilanolamine (NAE) rispetto
al BM. I 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) ¢



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 ¢ stato chiesto di consumare 50 mL di
latte vaccino, sono stati raccolti campioni di sangue, urine e feci. I 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) ¢ 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 € macronutrienti (n=43) o a mantenere la
loro dieta abituale (n=39). ECs e NAEs, marcatori metabolici, inflammatori 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'inflammazione. 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 NAEs sono presenti in misura diversa negli alimenti,
ed ¢ stato stimato che potrebbero essere sufficienti per suscitare una risposta fisiologica lungo
il GIT. In questo scenario ¢ 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. I fluidi ileali e 1 campioni di sangue di 35 soggetti con ileostomia sono stati
analizzati per il loro contenuto in ECs e NAEs. I dati hanno mostrato che la dieta influenza 1
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 'appetito. Questi risultati sono ancora preliminari

per l'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 Effect on gut microbiota Effect on host health Reference
supplements
High-fiber
High production of SCFAs with high-
Normal diet supplemented resistant-starch diet Increase in butyrate
with 25 g nonstarch 1 Abundance of Rominococcus production (22%) R. bromii facilitates (Abell et al.,
polysaccharide and 22 g bromii fermentation of carbohydrates (cellulose, 2008)

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

Artificial 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 Production of SCFAs and 1
bacterial proliferation

1 Bifidobacteria
1 Production of SCFAs

1 Bacteroides and | Firmicutes |
Enterobacteriaceae T 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

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-0-3 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-a)

Increased intestinal permeability and
inflammatory biomarkers (TNF-o, IL-B, 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

(Weitkunat et
al., 2015)

(Drzikova et
al., 2005)

(De Filippo et
al., 2010)

(Canietal.,
2008)

(Kim et al.,
2012)

(Martinez-
Medina et al.,
2014)

(Liu et al.,
2014)

(Russell et al.,
2011)

(Beards et al.,
2010)

Rajkumar et
al., 2014

Tzounis et al.,
2011

FASN, 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; FFAR1/2/3/4, 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/HCO;3 -, 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 TIR2+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 TIR2-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 (LPASR 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 TSIR1+TSIR3 (Steensel & Depoortere 2018). It has been reported that protein
hydrolysates (peptone), induce CCK release via GPR93 (GPR92 or LPARS) (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 TIR1 + 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-Lopez
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
Son etal., 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
et al., 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 (NAEs) 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 (lysoPI) (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-a 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 (Izoo 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
CB1 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)
(Canti 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 NAEs
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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 Vagal efferent induce ECs and NAEs 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 NAESs. 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
NAESs 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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Abstract

Melanoidins are Maillard reaction products similar to dietary fiber but their effect on food
intake was under-investigated. A randomized, crossover study of 14 healthy subjects
investigated whether melanoidins modulated energy intake and affected the postprandial
dynamics of 21 gut-brain modulators of appetite including gastrointestinal peptides,
endocannabinoids, N-acylethanolamines and neuropeptides. At breakfast the subjects
consumed a bread enriched with either 3 g coffee melanoidins (CM), 3 g bread melanoidins
(BM), or a conventional bread (CT). Energy intakes at lunch and throughout the day were
measured, while appetite sensations and blood samples were collected before and 30, 60, 120,
and 180 min after breakfast. Compared to CT, CM significantly reduced daily energy intake by
26%. CM lowered blood glucose peak, insulin, a-melanocyte stimulating hormone, orexin-A,
B-endorphin, and blunted the response of three N-acylethanolamines versus BM. Coffee
melanoidins at breakfast reduces daily energy intake and modulates postprandial glycemia and

other biomarkers.

Keywords: obesity; dietary fibre; diabetes; processed foods; clinical trial; Maillard reaction
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1. Introduction

Heat-treated and highly-processed foods including bakery products, coffee, milk, beer, cocoa,
soy sauce and vinegar are dietary sources of high molecular weight compounds named
melanoidins (Borrelli et al., 2003; Borrelli, Visconti, Mennella, Anese, & Fogliano, 2002;
Fogliano & Morales, 2011; Moreira, Nunes, Domingues, & Coimbra, 2012). They are the final
heterogeneous polymers formed by the Maillard reaction between amino acids and reducing
carbohydrates in food. Maillard reaction products have been attributed a nutritional quality
lowering effect due to reduced protein digestibility and, particularly, the advanced glycation
end-products, which have been linked with health conditions and diseases such as aging,
diabetes and atherosclerosis (ALjahdali & Carbonero, 2019). In contrast, Maillard reaction
products have also been the subject of many research studies because of the potential health
benefits mediated by the interplay between these non-digestible dietary elements and the gut
microbiota. Since a common diet can provide around 10 g/day of melanoidins (Fogliano &
Morales, 2011; Pastoriza & Rufian-Henares, 2014), melanoidins are good contributors to the
digestion-resistant polymers that reach the colon and are fermented by the local microbiota
(Fogliano & Morales, 2011; Morales, Somoza, & Fogliano, 2012). In addition, melanoidins
possess antioxidative (Borrelli et al., 2002) and anti-inflammatory properties (De Marco,
Fischer, & Henle, 2011) shown in vitro and in mice (Choi, Jung, & Ko, 2018) as well as a
hepatoprotective effect shown in a rat model of liver disease (Vitaglione et al., 2010). Since
these molecules are formed in food products upon heating, their structure and composition vary
depending on the availability of precursors and the presence of other food components that may
be involved in the reaction. Therefore, melanoidins from coffee and bread, which are the most
abundant melanoidins in the Western diet (Fogliano & Morales, 2011), are chemically different.
In coffee, melanoidins are formed mainly by polysaccharides and polyphenols due to the
presence of arabinogalactans and chlorogenic acids in green coffee beans (Morales et al., 2012)
and have a limited ability to form gel structures in the stomach and the intestine (Nunes &
Coimbra, 2007). In contrast, bread melanoidins derive mainly from gluten proteins and starch
(Morales et al., 2012). Bread melanoidins are only partially digested by digestive enzymes in
the stomach and remain insoluble throughout the gastrointestinal tract (Helou et al., 2017;
Helou et al., 2015). Although melanoidins share physicochemical, biochemical and biological
properties with dietary fibers (Fogliano & Morales, 2011), the effect of melanoidins on satiety

and biochemical pathways underpinning appetite sensations in humans is unknown.
Humans have an innate tendency to overeat, which is an important component of the current
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obesity epidemic. An elegant study recently demonstrated that ultra-processed diets cause
excess calorie intake by affecting appetite cues (Hall et al., 2019). Food intake results in a
systemic modulation of hormones, peptides, signaling molecules, and hedonic feelings leading
to satiety (Berthoud, 2011; Keesey & Powley, 2008) through feedback mechanisms that enable
the gut-brain axis to monitor changes in the nutrient status within the body (Camilleri, 2015).
The body’s response to food ingestion results in an increase of plasma glucose, insulin, PYY,
and GLP-1, which elicits satiety and limits food intake through the down-regulation of activity
in the hypothalamus (Zanchi et al., 2017), while the orexigenic peptides ghrelin and orexin-A
(So et al.,, 2018) along with the endocannabinoids (ECs), anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), can stimulate hypothalamus activity (Di Marzo, Ligresti, &
Cristino, 2009; Zanchi et al., 2017). In addition, endocannabinoid-like molecules, including N-
acylethanolamines (NAEs) such as oleoylethanolamide (OEA), linoleoylethanolamide (LEA),
and palmitoylethanolamide (PEA), have a pleiotropic activity in the body and affect energy
metabolism leading to appetite reduction through a wide range of receptors located in the central
nervous system and along the gastrointestinal tract (Mennella et al., 2016; Mennella, Savarese,

Ferracane, Sacchi, & Vitaglione, 2015; Witkamp, 2018).

The primary aim of this study was to evaluate whether coffee and bread melanoidins influence
appetite sensations and energy intake in humans. Secondarily, we aimed to assess the
postprandial responses of blood glucose and 21 biomarkers of the gut-brain axis involved in
appetite cues and to display relationships between appetite sensations, metabolic biomarkers

and energy intake.

2. Subjects and Methods

2.1.  Isolation of coffee melanoidins

Prepackaged Lavazza Suerte ground coffee (Lavazza), a medium roast coffee, was purchased
from a local market. The coffee powder was diluted with water (1:4 wt:vol) and cooked at 90
°C with a stirring rate of 2,000 rpm for 30 min in a BIMBY cooker (Vorwerk). The coffee mix
was allowed to settle for 10 min and was poured into a French press (Brazil model, Bodum).
The French press coffee was filtered through unbleached filter paper (Melitta), collected, and
transferred to dialysis tubing with a molecular weight cut-off of 12-14 kDa (Spectra/Por,
Spectrum Laboratories). The filtered coffee was dialyzed against tap water at 4 °C until the

water remained clear. The dialyzed coffee was collected and the weight of the coffee
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melanoidins was determined by freeze-drying the dialyzed coffee melanoidins solution. The
freeze-dried powder was stored at -20 °C until use in the preparation of the coffee melanoidins-

enriched bread.
2.2.  Isolation of bread melanoidins

Bread melanoidins were prepared following the protocol of Fogliano and Morales with a few
modifications (Fogliano & Morales, 2011). Bread crisps dough was prepared with wheat flour
(tipo 00) and water at a ratio of 1.8:1 (wt:vol). The dough was spread to a thickness of 0.3 cm,
cut into circular disks with a diameter of 6 cm, and holes were made using a fork to minimize
the formation of air pockets during baking. Crisps were baked for 60 min at 200 °C in a
convective oven (Electrolux Rex). The baked crisps were finely ground at 4,000 rpm for 30 sec
followed by 10,000 rpm for 5 sec using the BIMBY mixer. The ground crisps were sifted
through a 300 um sieve and stored at -20 °C until needed.

The melanoidins content in the bread crisps powder were determined (Fogliano & Morales,
2011). A 500 mg sample of bread crisp powder was incubated in 6 mL of 20 mM Tris pH 8.0
along with 0.1 mg/mL protease Pronase E from Streptomyces griseus (Sigma-Aldrich) for 40 h
at 37 °C. The supernatant was cleared at 2,800 g for 10 min. Three mL of supernatant were
incubated with 3 mL of 40% trichloroacetic acid for two h at room temperature. The precipitated
bread crust was concentrated in a Centricon YM-10 (Merck-Millipore). The retentate was

freeze-dried and the melanoidins present in the bread crisps were calculated.
2.3.  Preparation of the foods for the randomized, controlled, crossover study

Three breads were formulated and prepared. They were a conventional 100% refined wheat
flour bread (control bread, CT) and two breads enriched with 3% coffee-melanoidins (CM) or
bread melanoidins (BM). To design the melanoidins-enriched breads we took into account the
reported daily intakes of coffee and bread melanoidins (which are 0.5-2 g/d and 1.8-15 g/d,
respectively) (Fogliano & Morales, 2011) and we estimated that the addition of an extra 3 g of
coffee or bread melanoidins would represent a large intake for both types of melanoidins at one
meal. Coffee melanoidins or bread melanoidins were incorporated into the dough by replacing
wheat flour in the recipe of the conventional bread in order to have a final amount of 3 g
melanoidins per 100 g bread. The doughs were colored with a 0.3% (w:w) brown food coloring
(Wilton Industries) to mask the color differences arising from melanoidins enrichment. The

composition of the three breads is summarized in Table S1. The doughs were baked for 25 min
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at 200 °C in a convective oven (Electrolux Rex). The prepared breads were all weighed, placed

in freezer bags, and frozen until the study session.

A study day breakfast consisted of 100 g of one of the breads and 125 mL of 1% lactose-free
milk (Parmalat). The nutritional composition of the three breakfasts is reported in Table S2.
The experimental day ad libitum lunch provided pre-weighed portions of typical Italian dishes
in a buffet style including pasta with tomato sauce, meat, fish, green salad, French fries, bread,
and fruit. The food was prepared by a local restaurant following fixed recipes on each
experimental day. The selected dishes were based on the subjects’ preferences as determined
from their written responses in a food preference questionnaire that each subject completed
during the enrollment visit. After lunch, the dishes were weighed again and the food consumed
was measured to the nearest 1 g. The energy intake and nutrient intake were then calculated
based on the food analysis from the Italian research center for food and nutrition (CREA -

Centro di ricerca per gli alimenti e la nutrizione, Italy).
2.4.  Subjects

Recruitment was conducted at the University of Naples among people working or studying in
the Department of Agricultural Sciences and informed of the study by public announcements
on social media. The participant flow and their general characteristics were reported in Figure
1 and Table 1, respectively. Twenty subjects were screened and fourteen subjects were selected
based on the data obtained from a questionnaire of their medical status, their food preferences
and their subjective eating habits. The selected subjects were healthy. They were not taking any
medications (birth control pill was allowed) or drugs. The subjects had to be habitual consumers
of breakfast and could not be in a restrictive diet regimen. The subjects signed an informed

consent form to be enrolled in the study.
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[ 20 subjects interviewed and completeted food questionnaire |

—p (6 subjects not meeting inclusion criteria
v
14 subjects selected for study with crossover design |

[14 subjects randomized to eat one of three breads|

First Visit =P [Samples collected |
v
| One week washout period |

|14 subjects randomized to eat one of two breads|

Second Visit v—P |Samples collected |

|One week washout period |

(14 subjects eat last bread |
Third Visit  [===p[Samples collected]

v
| Collected samples analyzed from all visits]

Figure 1: Participant flow diagram. The participant flow through the entire study is shown.

Table 1: Characteristics of the study participants. Data shown as means £ SE.

Units Values Range
Subjects 14
Female/Male n/n 7/7
Age y 26.4 +0.57 19-49
Body mass index kg/m? 22.2+0.14 19-25

2.5.  Study design

This study was registered at clinicaltrials.gov as NCT01851304. It was conducted following
the guidelines laid down by the Code of Ethics of the World Medical Association (Declaration
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of Helsinki) and all procedures involving human subjects were approved by the Ethics
Committee of the University of Naples (Protocol number: 235/13). Written informed consent
was obtained from all subjects and the privacy rights of all subjects were observed. The study

started in September 2014 and finished in July 2015.

A randomized, controlled, crossover, and single blind designed study was performed. The
sample size was calculated on the study primary outcome: appetite feelings and energy intake
at the subsequent lunch. It was calculated that an a = 0.05 with a power of 80%, 12 subjects
would be needed to detect a 19% difference in energy intake at the ad [libitum lunch.
Considering the postprandial hormonal responses as secondary outcomes, it was also calculated
that 8 subjects would allow for the detection of a 23% and 16% difference in AUCo-1s0 of ghrelin
and PY'Y, respectively. Each blinded subject participated in three study days that were separated
by a 1-week washout period. The order of treatments was randomized for each subject via
computer-generated randomization tables (Microsoft Excel) that were provided by an
experimenter to the nutritionist in charge of the meal planning over the study days. The

experimental design for each study day is depicted in Figure S1.

The consumption of either the CM or the BM was well tolerated and there were no reported

side effects during the study.

The subjects were advised to eat a dinner in the evening prior to each study day, which
minimized the consumption of dietary fiber and avoided the second-meal effect (Wolever,
Jenkins, Ocana, Rao, & Collier, 1988). They were also instructed to consume white rice and
animal protein-containing foods; to avoid alcoholic and soft drinks; to always consume the
same foods at dinner before each study day; to finish eating by 22:00 h; and to fast overnight
with ad libitum access to water. Before beginning a study day, subjects completed a
questionnaire about their current health. Subjects experiencing any physiological or
psychological discomfort were excluded from the current visit and asked to come to the next

experimental day.

The fasted subjects arrived at 08:30 h at the laboratory of Food and Health of the Department
of Agricultural Sciences of the University of Naples. The appetite sensations of hunger, desire
to eat, fullness, and satiety were measured at time points 0 (just prior to breakfast), 30 min, 60
min, 120 min and 180 min after breakfast using a 100 mm Visual Analog Scale (VAS) anchored
by specific questions (Green, Delargy, Joanes, & Blundell, 1997). The questions were ‘How
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hungry do you feel?” “‘How much could you eat at this moment?” ‘How full do you feel?’ ‘How
satiated do you feel?” and the recorded mark indicated the strength of each sensation (Green et

al., 1997).

Immediately after the recording of baseline appetite sensations, blood glucose was measured
with a skin prick test using a One Touch meter (LifeScan). Then a cannula was placed into an
arm vein of each subject and blood was collected at that time and at 30 min, 60 min, 120 min
and 180 min after breakfast. Fifteen milliliters of blood were drawn into three EDTA-coated
vacutainer tubes (Becton Dickinson). The protease inhibitors dipeptidyl peptidase IV (DPPIV,
EMD Millipore) and phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich) were added
immediately after blood collection to inhibit the degradation of acylated ghrelin and PYY. The
tubes were centrifuged at 2,400 g for 10 min at 4 °C. The supernatant was collected and stored

at -40 °C until sample measurement.

After the collection of the last blood sample (180 min) subjects were offered an ad /ibitum lunch
as described above (Par. 2.3.). Before leaving the laboratory, subjects were instructed on how
to compile a weighted food diary throughout the rest of the day until the following morning.
They received a food diary entry scheme with four columns: one to report the time, one for the
food or the beverage consumed, one for the weight/volume of the food, and one for the notes.
Subjects were instructed to write everything they consumed in the food diary. When subjects
consumed a commercial food, they were required to report the commercial product and brand
into the notes. For food prepared at home, they were required to report in the notes the weight
of added fats or sugars, as well as indicate the percentage of ingredients in the dish in order to
allow a proper calculation of the nutritional composition of the related food item. On the day
after an experimental day, the weighed food diary was sent by e-mail from each subject to the
nutritionist collaborating with the study. The nutritionist called each subject by phone to
confirm the contents of their food diary and to avoid any mistakes possibly occurring due to the
subject’s forgetfulness. The weighed food diaries were then analysed by the nutritionist to
calculate the energy intake using the same food nutritional composition database that was used

for assessing the energy intake at the ad libitum lunch (Par. 2.3.).
2.6.  Gastrointestinal hormones

Insulin, ghrelin, leptin, peptide YY (PYY), glucagon peptide 1 (GLP-1), glucose-dependent
insulinotropic polypeptide (GIP), pancreatic polypeptide (PP) and glucagon were measured in
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plasma samples prepared with protease inhibitors using the EMD Millipore human metabolic
hormone magnetic bead panel following the manufacturer’s instructions. The plate was read in
a Bio-Plex 200 System with Luminex Technology (Bio-Rad) and the values calculated with a
logistic 5-parameter or 4-parameter regression line equation using the Bio-Plex Manager 5.0

software (Bio-Rad).
2.7.  Postprandial insulin sensitivity

Postprandial oral glucose insulin sensitivity (OGIS) was calculated by the meal glucose
tolerance test (MGTT) over 3 h according to Mari ef al. using an Excel spreadsheet for 3 h
OGTT (Mari, Schmitz, et al., 2002; Mari, Tura, Gastaldelli, & Ferrannini, 2002).

2.8.  Neuropeptides

Cortisol, B-endorphin, a-melanocyte stimulating hormone (a-MSH), oxytocin, orexin-A,
neurotensin, and substance P were simultaneously measured using the EMD Millipore human
neuropeptide magnetic bead panel; read with a Bio-Plex 200 system using Luminex
Technologies; and the measurements calculated with the Bio-Plex Manager 5.0 software.
Melatonin was measured by ELISA following the manufacturer’s protocol (IBL International).
Each plate was scanned on a dual-wavelength plate reader (Thermo Scientific Multiscan FC,
Thermo Scientific) at 405 nm with reference wavelength of 620 nm and data collected with the
Scanit Software version 2.5.1 (Thermo Scientific). The melatonin concentration was

determined using a logistic 4-parameter regression line.
2.9.  Plasma endocannabinoids (ECs) and N-acylethanolamines (NAEs)

Plasma samples were spiked with an internal standard and two ECs, anandamide (AEA) and 2-
arachidonoylglycerol (2-AG), along with three NAEs, linoleoylethanolamide (LEA),
palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) were extracted from the plasma
samples and analyzed by LC/MS/MS (Mennella, Ferracane, Zucco, Fogliano, & Vitaglione,
2015).

2.10.  Statistical analysis

The statistical differences between time points and bread treatments were calculated using
SPSS 16.0 and SigmaPlot 11.0. For all the measured markers, the mean + standard error mean

(SE) for each time point was determined. The area under the curve (AUC) for each marker was
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calculated using the linear trapezoidal rule. All measured markers including the energy intake
data and the area under the curves were normalized using LN transformation. The transformed
data were subjected to repeated measures analysis of variance (ANOVA) over time for each
bread and to one-way ANOVA between breads at each time point and AUC interval.
Statistically significant differences (p < 0.05) were further investigated by the Bonferroni post-
hoc test. Paired ¢-tests with a significant difference of p < 0.05 were done between CM and BM

at all time points and AUC intervals for each marker.

The AUC of each variable calculated over all treatments by all participants was subjected to a
pairwise Pearson’s correlation test. The heatmap correlation matrix was visualized using the
Hmisc package and the function heatmap.2 of R software, version 3.6.2 (https://www.r-

project.org).

3. Results

3.1.  Short-term appetite sensations

Participants perceived similar hunger, fullness, satiety and prospective food consumption over
the three hours after breakfast with all three types of bread (Table S3). Compared to baseline,
however, both CM and CT consumption reduced hunger after 30 min and it remained low at 60
min after CT (Figure 2A). That profile paralleled a decreased prospective consumption at 30
min (Figure 2B) and an increased satiety and fullness at 30, 60 and 120 min vs baseline only
after CT (p <0.05) (Figure 2C-D). Participant sensations did not vary over time when BM was

consumed.
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Figure 2: Subjective appetite response (A-D). The subjective appetite response
measurements are shown as means + SE, n=14. *p <0.05 for the measured time point compared
with baseline within each bread treatment (repeated-measures ANOV A, Bonferroni post-hoc

test).

3.2.  Daily energy intake

In accordance with the similar appetite sensations recorded over the three hours after the three
breakfasts, participants did not vary their energy intake at the subsequent lunch offered 180 min
after breakfast (Figure 3). However, energy intake over the period following lunch was
significantly reduced by 26% when participants consumed CM bread at breakfast compared
with CT bread (901 + 102 kcal, 3,770 £ 427 kJ, vs 1,216 = 97.1 kcal, 5,088 = 406 kJ; p = 0.04).
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A similar trend was observed with BM but the 18% decrease was not enough to achieve a
statistically significant difference (967 + 114 kcal (4,046 =477 kJ) vs 1,216 = 97.1 kcal (5,088
+ 406 kJ); p = 0.08).

O Post lunch
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< 1800 | T I — 17500 _
£ 1500 | 2
<=1 w o | 6000 3
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£ { 4500 E
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Figure 3: Energy intake. Energy intakes at lunch and during the 24 h post lunch period are
expressed as means + SE, n=14. “p = (.04 for CM versus CT bread treatments in the post lunch
period, *p = 0.08 for BM versus CT bread treatments in the post lunch period (ANOVA and

Bonferroni post-hoc test).

3.3.  Influence on glucose and gastrointestinal markers

The blood glucose response was similar over the three hours after all of the breakfasts (Table
S3). Participants experienced blood glucose responses with a peak between 30 min and 60 min
followed by a rebound to baseline values at 180 min (Figure 4A). Interestingly, the blood
glucose peak at 60 min after breakfast was significantly lower with CM than after BM (1.31 £
0.24 mmol/L vs 1.85+0.17 mmol/L, p = 0.04). Moreover, CM elicited a lower late postprandial
response of insulin than CT (Figure 4B and Table S4). After CM ingestion, plasma insulin
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concentration peaked at 30 min, and at 120 min had returned to a value that was similar to
baseline but significantly lower than after CT (0.877 + 0.178 ug/L vs 1.50 £ 0.220 pg/L, p =
0.024); while at 180 min insulin concentration after CM was lower than after BM (0.456 +
0.062 pg/L vs. 0.619 £0.134 pg/L, p=0.017). The OGIS index did not show any difference in
the individual insulin sensitivity over 180 min after breakfasts (Figure S2). On the other hand,
data showed that ghrelin concentration within 60 min after breakfast with CM decreased faster
and deeper than after either BM or CT (Figure 4C). This fall was followed by a rapid increase
within 180 min after CM consumption that resulted in a significantly higher late response of

ghrelin after CM than BM (Table S4).

The counteraction of anorexigenic peptides explained the lack of effect on energy intake at
lunch despite the stronger response of the orexigenic ghrelin following CM consumption
(Figure 4D-I). Although ghrelin, leptin, PP, PYY, glucagon, GIP, and GLP-1 showed similar
responses after all bread consumption, we found differences in time-concentration profiles of
some of them between breads. Particularly, plasma GIP strongly increased in the first hour after
both CM and BM bread ingestion followed by a decrease towards baseline at 180 min after
breakfast. Pancreatic polypeptide showed a strong response to CM bread ingestion 180 min
after breakfast while BM and CT displayed a broader peak over the entire 180 min after

breakfast. Plasma glucagon and leptin levels were affected only after CT ingestion.
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Figure 4: Gastrointestinal markers response (A-I). Measurement of glucose and the
gastrointestinal markers are shown as means + SE, n=14. *p < 0.05 between CM and CT breads
at this time point (one-way ANOV A with Bonferroni post-hoc test). *p < 0.05 for the measured
time point compared with baseline within each bread treatment (repeated-measures ANOVA,

Bonferroni post-hoc test). “p < 0.05 between CM and BM at this time point (paired ¢-test).

3.4.  Influence on endocannabinoids and N-acylethanolamines

We did not find any difference between the entire 180 min postprandial ECs and NAEs response
with any of the breads (Table S3; Figure 5).
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Figure 5: Endocannabinoids and N-acylethanolamines response (A-E). Measurement of the
endocannabinoids and N-acylethanolamines are shown as means = SE, n=14. *p < 0.05 for the
measured time point compared with baseline within each bread treatment (repeated-measures
ANOVA, Bonferroni post-hoc test). “p < 0.05 between CM and BM at this time point (paired
t-test).

In general, 2-AG concentration did not change postprandially after bread ingestion. AEA and
the NAESs, on the other hand, decreased within 120 min and showed some variability at 180
min. At the 180 min time point, BM consumption resulted in AEA and OEA returning to
baseline (p > 0.05), while CM and CT remained significantly lower than baseline. All three
breads maintained a significant reduction in plasmatic LEA and PEA at 180 min. Lower

concentrations of all of the NAEs at 180 min were always observed after CM vs BM (LEA was
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4.96 +£0.527 pg/L vs 6.20 + 0.785 pg/L, OEA was 10.6 £ 1.10 pg/L vs 12.8 £ 1.65 pg/L, PEA
was 6.08 = 0.570 ug/L vs 7.45 + 0.846 ng/L, p < 0.05, respectively).

3.5.  Influence on neuropeptides

For 5 out of 8 neuropeptides monitored, we did not observe any difference in the postprandial
plasma response between breads (Figure 6A-D and Figure S3A-D) while three neuropeptides
showed significant variations. Compared to BM, CM showed a significantly lower plasma
response of a-MSH over 180 min (Table S3), orexin-A over 30-180 min (AUC30-180min Were
44.9 +5.82 pg*min/L vs 52.0 + 5.72 pg*min/L, p = 0.042, respectively) and f-endorphin over
60-180 min (Table S4). Moreover, we found a decrease in cortisol concentration 120 min after
CM bread consumption compared to baseline and a lower plasma B-endorphin concentration

120 min after CM than BM.
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Figure 6: Neuropeptides response (A-D). Measurement the neuropeptides are shown as
means = SE, n=14. *p < 0.05 for the measured time point compared with baseline within each

bread treatment (repeated-measures ANOVA, Bonferroni post-hoc test). “p <0.05 between CM
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and BM at this time point (paired ¢-test).

3.6.  Postprandial interplay between gut and brain biomarkers

In order to evaluate the postprandial interplay between responses of gut and brain biomarkers
with evolution of appetite sensations and the subsequent energy intake, we performed a
correlation analysis between variables monitored within 180 min postprandially. Figure 7
illustrates the strength of the Pearson’s correlations between the postprandial responses for each
pair of biomarkers. We confirmed some relationships between specific appetite sensations and
the response of GLP-1, PP, insulin, leptin, f-endorphin, substance-P and orexin-A. Moreover,
we unraveled novel relationships between a-MSH and neurotensin with hunger, all NAEs and

AEA with satiety neurohormonal response, and 2-AG with energy intake.
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Figure 7: Correlation matrix between markers. Heatmap showing the correlation matrix
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between all tested markers. The color scale represents the magnitude of Pearson’s correlations
between changes in each pair of variables AUC, with red indicating positive and blue indicating
negative correlation. *p < 0.05, **p<0.01, ***p<0.001 indicate significant Pearson’s

correlations.

4. Discussion

In this study, we aimed to assess whether coffee and bread melanoidins modulate energy intake
and how they affect postprandial dynamics of 21 gut-brain modulators of appetite, including 8
gastrointestinal peptides, 2 endocannabinoids, 3 N-acylethanolamines, and 8 neuropeptides in
humans. Participants reported similar appetite sensations over 180 min after the three breakfasts
and energy intake at the subsequent lunch. However, CM significantly decreased energy intake
by 26% over the post lunch period compared to CT, while the 18% reduction recorded with BM

indicated a clear trend although it did not reach statistical significance.

The reduction of energy intake over the day after lunch suggested that melanoidin-enriched
breads mainly targeted physiological mechanisms taking place in the distal gastrointestinal
tract. This is a typical effect of low processed and whole food because of a delayed digestion
compared with highly processed and finely grounded food, as previously demonstrated with a
rye-based product (Isaksson et al., 2011). A similar effect was also observed with
microencapsulated bitter compounds, which were specifically designed to release the bioactive
compounds into the duodenum in order to target the chemosensory receptors on intestinal
mucosa (Mennella et al., 2016). Recalling the evidence that coffee melanoidins lead to intestinal
bacterial growth (Morales et al., 2012), we can hypothesize in this study that coffee melanoidins
are metabolized by the gut microbiota in the colon, thus releasing metabolites that can elicit the
secretion of anorexigenic hormones by enteroendocrine cells (Fetissov, 2017). Therefore, a
concomitant effect of the food structure delaying digestion of macronutrients and delivering
polyphenols from CM or proteins from BM, as well as a satiety response induced by microbial

metabolites likely contributed to the delayed satiety observed in our study.

Looking at postprandial metabolic responses, results showed a generally lower glucose and
insulin concentration following CM consumption. This effect was independent from
postprandial insulin sensitivity as assessed by OGIS and a delayed gastric emptying. Indeed,
we found a stronger response of ghrelin that might indicate an even faster gastric emptying

following CM (Levin et al., 2006). A similar effect on postprandial insulin response in humans
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was also observed in previous studies with a lupin-based bread and a wholegrain bread (Keogh,
Atkinson, Eisenhauer, Inamdar, & Brand-Miller, 2011) as well as with a B-glucan-enriched
bread (Vitaglione, Lumaga, Stanzione, Scalfi, & Fogliano, 2009). Interestingly, rye products
also displayed an improved postprandial glycemic response when served at breakfast (Rosen,
Ostman, & Bjorck, 2011) that was likely due to their content of bioactive phenolic compounds
inhibiting activity of carbohydrate digestive enzymes (Rosen, Ostman, Shewry, et al., 2011).
We hypothesize that high molecular weight coffee melanoidins having chlorogenic acids
incorporated into their structures (Moreira et al., 2012) could elicit a metabolic effect similar to
polyphenol-bound dietary fiber present in cereals (Vitaglione et al., 2015). This idea that the
polyphenol-based and antioxidant structure of CM (Borrelli et al., 2002) might have affected
the postprandial metabolic response was also supported by the observation of a lower a-MSH
response after CM vs BM. That result suggested a lower impact of CM on postprandial
oxidative and inflammatory phenomena along the intestine because a-MSH has been indicated
as an anti-inflammatory peptide secreted by many tissues, including intestinal cells, to
counteract inflammation (Hoggard, Hunter, Duncan, & Rayner, 2004; Singh & Mukhopadhyay,
2014).

Regarding the response of ECs, that 2-AG did not respond to food intake was already found in
previous studies in normal weight subjects (Gatta-Cherifi et al., 2012; Mennella, Savarese, et
al., 2015) while it was in disagreement with one study reporting an increase of 2-AG 60 min

after a meal in overweight subjects (Tischmann et al., 2019).

A previous study demonstrated that plasma OEA could reflect the fatty acid intake (Fu et al.,
2011). It could then be hypothesized that the lower concentration of NAEs at 180 min after CM
vs BM could be caused by a slower digestion of the breakfast containing CM that provided
fewer precursors for LEA, OEA, and PEA synthesis in the intestine and/or a slower spill-over
of NAEs from the gut into the bloodstream (DiPatrizio, Astarita, Schwartz, Li, & Piomelli,
2011; Naughton, Mathai, Hryciw, & McAinch, 2013). Moreover, since plasma NAEs
concentration is dependent on the formation and degradation pathways operated by specific
enzymes such as the NAPE-PLD and FAAH (Ahn, McKinney, & Cravatt, 2008; Hansen, 2014),
it is also likely that the two types of melanoidins differently influenced, by direct or indirect

mechanisms, the activity of these enzymes. Further studies should test these hypotheses.

The lack of a breakfast effect on individual appetite sensations and behavior at lunch was

observed despite different responses after breakfast from several biomarkers including insulin,
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B-endorphin, LEA, OEA and PEA. This supported the evidence that eating episodes result from
the cumulative effects of a number of submaximal hormone responses that may have additive
or opposing effects. In order to shed light on the biochemical modulation of appetite cues and
eating behavior, we displayed the pattern of relationships between the postprandial responses

of the monitored biomarkers.

Our data confirmed the results from previous studies that fullness and satiety increase is
associated with increased responses of the anorexic hormones GLP-1, leptin, and insulin;
hunger reduction is associated with increased insulin and the anorexic hormones PP, PYY,
leptin, and GLP-1 (Murphy & Bloom, 2006; Suzuki, Simpson, Minnion, Shillito, & Bloom,
2010); and hunger increase is associated with an increased orexigenic B-endorphin (Veening &
Barendregt, 2015), substance-P (Karagiannides et al., 2008) and orexin-A (Edwards et al.,
1999). In disagreement with the previous literature, we provided evidence for possible
involvement of the neuropeptides a-MSH and neurotensin in the evolution of hunger (Izaguirre,

Catalan, & Fruhbeck, 2016; Sohn, 2015).

In parallel with expected correlations between the responses of gut peptides and neuropeptides,
new correlations between those responses and the dynamics of NAEs and ECs were displayed.
Three previous studies postprandially evaluated only ECs and gut peptides: one study had
normal weight subjects (Monteleone et al., 2012), one study had obese subjects (Rigamonti et
al., 2015), and one study had patients with Prader-Willi syndrome (Rigamonti et al., 2017). No

previous study focused on NAESs, gut peptides and neuropeptides in humans.

While it is known that circulating OEA elicits satiety (Witkamp, 2018), our data showed that
all three NAEs may contribute to the anorexic effect of gut peptides and neuropeptides. In
contrast with the previous evidence that AEA increases appetite and energy intake (Di Marzo
& Matias, 2005), we found that this endocannabinoid correlates with some gut peptides and
neuropeptides likely eliciting an anorexic effect. We hypothesized that the longer postprandial
period evaluated by us (180 min) compared to the study by Gatta-Cherifi ez.al. (60 min) might
account for this difference (Gatta-Cherifi et al., 2012). Nonetheless, the positive and strong
correlation we found between 2-AG and energy intake is in agreement with all previous
literature indicating the implication of this endocannabinoid in the regulation of food intake

(Witkamp, 2018).

One study limitation involves the consumption of milk at breakfast, as we cannot exclude the
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possibility that milk proteins influenced CM and BM effects. However, providing milk at
breakfast aligned the experimental meal with the usual dietary habits of the participants thus

avoiding a possible bias of laboratory experimental procedures.

5. Conclusions

For the first time, we show in this study that melanoidins, particularly from coffee, affect daily
energy intake in humans by targeting physiological mechanisms taking place in the distal
intestinal tract. Although both types of melanoidins similarly influence appetite and subsequent
energy intake, coffee melanoidins lower the blood glucose peak and insulin response enhancing
ghrelin, and blunt the response of all NAEs, a-MSH, orexin-A and -endorphin. These effects
are likely due to the chemical structure of coffee melanoidins that incorporate chlorogenic acids
and possibly elicit metabolic effects similar to polyphenol-bound dietary fiber of cereals, such
as modulation of digestive enzyme activity, control of oxidative and inflammatory processes in

the gastrointestinal tract and modulation of the gut microbiota composition.

Additionally, we shed light on the interplay between postprandial appetite sensations and
neurohormonal responses in humans. We confirm some relationships between specific appetite
sensations and the response of GLP-1, PP, insulin, leptin, f-endorphin, substance-P and orexin-
A. We unravel novel relationships between a-MSH and neurotensin with hunger, all NAEs and

anandamide with satiety neurohormonal response, and 2-AG with energy intake.

Overall, our findings have impact in both food science and physiology. Thermal treatment of
food can lead to the formation of often disregarded molecules, such as melanoidins, possessing
metabolic properties that can support their isolation and utilization as novel functional
ingredients to control daily energy intake. The validation of food physiological effects by a
multi-system approach integrating human sensations and behaviors with homeostatic and non-
homeostatic postprandial responses, despite being costly and time consuming, is mandatory to
explain the mechanisms underpinning appetite cues and dietary behavior. This approach can
provide a proper scientific foundation for the design of personalized food, which is the stepping

stone to open the era of personalized nutrition.
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Abstract

Objective: To clarify the implication of milk protein digestion and related physiological
responses (primary outcome), gut microbiome, and gut permeability in the occurrence of
gastrointestinal discomforts (GID) after cow’s milk consumption in healthy people.

Design: Thirty-nine lactose tolerant healthy subjects, 19 non-habitual milk consumers with
GID (NHMC) and 20 habitual milk consumers without GID (HMC), participated in a milk load
(250 mL) and a gut permeability test, and provided a faecal sample for gut microbiome analysis.
We measured plasma concentration of milk-derived peptides and amino acids, hormones and
endocannabinoids and glucose and serum dipeptidyl peptidase-IV (DPPIV) activity over 6h
along with indoxyl sulfate urinary excretions and GID over 24h after milk consumption.
Results: Compared to HMC, NHMC showed blunted plasma profiles of 31 peptides and higher
scores of GID, along with unchanged plasma ghrelin and anandamide levels, lower insulin, and
higher blood glucose peak and serum DPPIV activity after milk consumption. The intestinal
permeability was similar between the groups while the habitual diet, lower in dairy products
and higher in dietary fiber to protein ratio in NHMC, shaped the gut microbiome with lower
level of Bifidobacteria, higher level of Prevotella and other differences explaining the lower
gut proteolytic activity along with the postprandial plasma peptides and urinary indoxyl sulfate.
NHMC participants were more anxious than HMC.

Conclusions: A slower and weaker digestion of milk proteins influenced by a lower gut
microbiome proteolytic activity, possibly shaped by diet, explained the occurrence of GID in

healthy subjects independently from the gut permeability.
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1. Introduction

More than 40% of people worldwide suffer from gastrointestinal symptoms including
abdominal pain, diarrhoea, constipation, bloating, fullness, nausea, and vomiting without any
underlying structural abnormality, diagnosed with functional gastrointestinal disorders (FGIDs)
(Sperber et al., 2021). Patients with FGIDs often report reinforced symptoms after consuming
some food, such as milk, wheat, onions, garlic, chili, beans and coffee (Bohn et al., 2013;
Laatikainen et al., 2020; Black et al., 2020; Fikree and Byrne, 2021). However, gastrointestinal
discomforts after consuming cow’s milk occur in general population even in absence of FGIDs
(Pasqui et al. 2015) or lactose intolerance (Suchy et al., 2010; Laatikainen et al., 2020;
Carroccio et al., 2021) leading to a prevalence of self-perception of lactose intolerance that has
been estimated between 8 and 20% (Porzi et al., 2021; Nicklas et al., 2011). Following their
symptoms and self-perception of lactose intolerance these people often exclude cow’s milk and
dairy products from their diet, may get suboptimal intakes of calcium and may increase their
risk of hypertension and diabetes (Nicklas et al., 2011). The reasons why healthy people suffer
from milk-induced gastrointestinal discomforts (GID) have not been clearly ascertained.

Some evidence suggested that the circulating levels of the peptide B-casomorphin-7 (BCM?7),
might explain the higher GID following Al than A2 milk consumption (Jianqin et al, 2015;
Deth et al., 2016; He et al., 2017; Tulipano et al. 2020). Indeed, BCM7 was believed to be
exclusively produced from the genetic variant A1 B-casein at a pH between 2 and 5 (Parashar
et al, 2015), and to cause GID through activation of p-opioid receptors slowing down
gastrointestinal transit time (Aslam et al., 2020). Studies that clearly demonstrate a causal role
of milk containing A1 -casein and BCM7 implications in GID are missing. Two RCTs in self-
reported lactose intolerant subjects consuming for 8 weeks A1/A2 or A2 milk confirmed higher
symptoms with A1/A2 milk (Jianqin et al. 2016; Ho et al., 2014). In one study the symptoms
were associated with increased plasma BCM7 levels in fasting subjects but BCM7 levels were
not assessed postprandially along with GID occurrence (Jiangin et al. 2016). In the other study
the gastrointestinal symptoms were associated with increased gastrointestinal transit time that
was hypothesized because of higher stool consistencies, self-assessed by the participants (Ho
et al. 2014). However, recent in vitro evidence revealed that BCM7 can be formed also from
A2 milk, at lower levels than A1 milk (Lambers et al. 2021). Moreover, many bioactive peptides
(BAPs) are formed during digestion of milk (for a review see Nielsen et al., 2017) and,
according to the activity of the brush border enzymes and gut permeability, they could cross
the intestinal barrier and modulate gastrointestinal motility, digestive processes and

inflammatory responses in vivo (Teschemacher, 2003; Pimentel et al. 2017). For instance,
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dipeptidyl peptidase-IV (DPPIV) is the sole brush-border enzyme capable of breaking down
BCM?7, its expression is up-regulated in the small intestinal mucosa of mice fed with the genetic
Al-variant of B-casein and it influences the BCM7 survival in the gut (Tulipano, 2020).
Intestinal DPPIV can also hydrolyse other dietary peptides in the gut and, interestingly a soluble
form of DPPIV is present in the bloodstream where it cleaves and clips many dietary and
endogenous peptides such as incretins (Hasan and Hocher, 2017), neuropeptides, chemokines
and other chemoattractants thus affecting metabolic, immunity and inflammatory processes in
the body (Trzaskalski et al. 2020). Inhibitors of DPPIV have attracted attention as therapies of
many disease conditions such as type-2 diabetes, immune and inflammatory diseases (Shao et
al., 2020) and many milk-derived BAPs were reported to have DPPIV inhibitory activity
(Tulipano et al., 2020); however, the relationship between DPPIV activity and milk intake is
still underexplored in humans.

Mounting evidence indicates that Endocannabinoids (ECs) and N-acylethanolamines (NAEs)
can be involved in physiological mechanisms underpinning GID (Witkamp, 2018). These lipid
mediators have a pleiotropic activity in the body and modulate several biological pathways
underpinning pain sensation and other phenomena such as appetite, macronutrient metabolism,
inflammation, and immunity (Witkamp, 2018). On the other hand, it is widely accepted that gut
microbiome has a crucial role in nutrient digestion, energy balance and pain regulation through
the bidirectional communication in gut-brain axis (Rowland et al., 2018; Guo et al., 2019)

In this study we explored the implication of milk protein digestion and related physiological
responses (primary outcome), gut permeability and gut microbiome in the occurrence of
gastrointestinal discomforts (GID) after cow’s milk consumption in healthy lactose tolerant

subjects.

2. Materials and methods

2.1. Study design and participants

The study was conducted at the University of Naples Federico II and was approved by the
related Ethics Committee (Protocol number:177/18). Each participant provided written
informed consent and received no financial compensation. The trial was registered at
ClinicalTrials.gov (number NCT04205045). The protocol ended when the last group of
participants completed the protocol (Study Start Date: October 2018; Actual Primary
Completion Date: January 2020; Study Completion Date: January 2020).

The study design and participant flow throughout the study are reported in the Supplementary
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Figure 1. Baseline and post-prandial plasmatic concentrations of milk-derived BAPs,
gastrointestinal hormones (including insulin, glucose-dependent insulinotropic peptide, ghrelin,
C-peptide), ECs, and NAEs were primary outcomes of the study. Gut microbiome, urinary
excretions of lactulose, mannitol and sucralose upon a gut permeability test (GPT), fasting
serum DPPIV concentration, plasmatic baseline and postprandial concentration of amino acids
(AA), glycaemia, and serum DPPIV activity, postprandial GID, and urinary excretions of
indoxyl sulfate and lactose were secondary outcomes.

Potentially eligible adults (n=101) were 18-60 years, with a BMI 18.5-30 kg/m?, non-pregnant
or lactating females, not taking medicines, without relevant organic, systemic and metabolic
diseases, a history of abdominal surgeries, food intolerance or alcohol abuse, habitual
consumption of probiotics or laxatives, or antibiotics. They were further screened on the basis
of weekly consumption of milk (<150 mL/week or >700 mL/week), absence or occurrence of
GID after milk consumption and a lactose breath test (detailed in Supplementary methods).
Participants were diagnosed as lactose intolerants and excluded from the study if H»
concentrations in the breath were >20 ppm over baseline values along with presence of GID,
whereas volunteers with a positive test and no GID during the test (Lactose malabsorbers) and
with a negative test were included into the study. Subjects reporting no milk-related GID and
habitual milk consumption >700 mL/week were recruited in HMC group, whereas those
reporting milk related GID and habitual milk consumption <150 mL/week were recruited in
NHMC group. Frequencies of self-reported GID after milk consumption from NHMC group at
recruitment are displayed in the Supplementary Table 1.

Enrolled subjects participated in three visits to undergo anthropometric, lifestyle and
psychological characterization, a gut permeability test and a milk-load test.

2.2.  Subject characterization

Anthropometric characterization of participants consisted in measuring body weight and height.
Lifestyle characterization included the record of dietary habits through a Food Frequency
Questionnaire (FFQ) (Vitaglione et al., 2015), dietary behaviour through the Three-Factor
Eating Questionnaire (TFEQ) (Stunkard et al., 1985), physical activity level through the
International Physical Activity Questionnaire (IPAQ) (Craig et al., 2003) and frequency and
consistency of faeces through the King’s Stool Chart (KSG) (Whelan et al., 2004; Whelan et
al., 2008). Psychological characterization included assessment of individual psychological
profile through the Depression, Anxiety and Stress Scale (DASS) (Lovibond et al., 1995) and
the health-related quality-of-life questionnaire (SF-12) (Ware et al., 1996).

Before leaving the laboratory, participants were instructed on how to collect a faecal sample
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according to the standard operating procedure (SOP 004) of the International Human
Microbiome Standards (www.microbiome-standards.org) for gut microbiome analysis (Meslier
et al., 2020; Tagliamonte et al., 2021).

24 Gut permeability test

A three probes-based gut permeability test (GPT) was performed to detect small and large
intestinal permeability. A full description of the test and data analysis is reported in the
Supplementary Materials

2.5. Milk load test

After 2-days of milk and dairy product-free diet including a standardised lunch and dinner
(boiled rice and roasted chicken/fish) on the day before the test, following an overnight fast,
participants underwent a blood drawing and measurement of blood glucose on capillary blood,
and collected a urine sample before drinking 250 mL of ultra-high temperature processed
(UHT) semi-skimmed cow’s milk containing A1/A2 B-caseins (provided by Lactalis). Blood
samples were collected by venipuncture into serum separator, EDTA-containing tubes, and
EDTA aprotinin-containing tubes at 0.5, 1, 2, 4, and 6 hours in parallel with measures of blood
glucose, whereas urine samples were collected into urine pot at 1, 2, 4, 6, 8, 12, and 24 hours
after milk consumption from volunteers who also rated the GI symptoms and appetite
sensations by VAS questionnaires. Once prepared, serum and plasma samples were aliquoted
and immediately frozen at —80°C until analysis. Moreover, participants were asked to avoid
milk and dairy products up to 24 hours after milk ingestion and standardized lunch (bread and
lactose-free raw ham) and dinner (bread and tuna) were provided to each volunteer. Compliance
to the protocol was assessed by a 24-hour self-recorded food diary.

2.6 Metabolomics

Blood samples were analysed to assess: the concentration of milk-derived bioactive peptides
(BAPs) and amino acids (AA) by LC-HRMS; the serum DPPIV concentration and activity by
Bio-Plex Pro immunoassay kits; plasma endocannabinoids (ECs) and N-acylethanolamines
(NAEs) by LC-HRMS; gastrointestinal hormones (such as Ghrelin, Insulin, C-peptide, and
GIP) by Bio-Plex Pro immunoassay kits and blood glucose by finger pricking and using a
bedside glucometer (OneTouch Sure Step; Life Scan Inc.). Urine samples were analysed to
assess: the concentration of lactose, glucose and galactose and indoxyl sulphate by LC-MS/MS.
Details are available in the Supplementary Materials and Supplementary Table 2-5.

2.7 Metagenomics

Microbial DNA extraction from faecal samples and metagenomic library preparation were

carried out following the protocol reported by Meslier et a/ (2020), according to the IHMSC
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SOP 07. A full description of the sequencing and data analysis procedures is reported in the
Supplementary Materials.

2.8 Statistical analysis

The sample size was calculated considering as primary endpoints postprandial plasma BAPs,
GI hormones, ECs and NAEs concentration. A sample size of 19 participants per group would
be adequate to detect a 40% change in plasma BAPs, by using data reported in previous studies
(Deth et al., 2016).

Concerning postprandial circulating GI hormones, ECs and NAEs, a sample size of 13
volunteers would be adequate to detect a significant postprandial change in agreement with
Mennella and co-workers (2015; 2016). Therefore 19 participants for each group would be
sufficient to detect significant differences on selected biomarkers with an a error of 0.05, 80%
power and 2-sided testing.

Statistical analysis and visualization were carried out in R environment version 4.0.3

(https://www.r-project.org). After being checked for normality, significantly skewed variables

were transformed in In (x+k) with k values zeroing the skewness. For those that showed a
normal distribution at the Shapiro-Wilk test an independent sample T test was performed to
check differences between groups, whereas for those variables including potential confounding
factors, an ANCOVA analysis was performed including covariates in the analysis. For those
non-parametric variables, Mann-Whitney test was performed to compare between group
differences. The chi-square test of independence was performed using chisg.test function (stats
package) to analyse the frequency table formed by two categorical variables.

Postprandial differences over time within and between the groups, for normally distributed
variables, were tested by one-way ANOV A with repeated measures and Bonferroni adjustment
for multiple comparisons, whereas when normal distribution criterion was not met, Friedman
test and pairwise Wilcoxon as a post hoc was performed.

The postprandial total area under the curves (AUCs) were estimated using the linear trapezoidal
rule, and differences in AUCs between the groups were assessed by proper parametric or non-
parametric analyses including as covariates the potential confounding variables measured at
baseline. Two-tailed P values lower than 0.05 were considered significantly different. Data are
expressed as means=SEM.

In order to explore differences in microbiome profiles, a linear discriminant analysis (LDA)

effect size (LEfSE) was applied (Segata et al., 2011).
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3. Results

A higher anxiety level, a lower consumption of dairy products and a higher intake of
dietary fiber to protein ratio were distinctive characteristics of participants suffering from
milk-induced GID, whereas gut permeability was similar between groups.

Table 1 shows the general, the anthropometric, the lifestyle and psychological characteristics
of the 19 (10F/9M, average BMI 23.5+0.7 kg/m? age 24.2+0.9 years) NMHC and 20
(10F/10M, average BMI 25.6+0.8 kg/m?, age 25+0.7 years) HMC participants.

The two groups were similar for all the characteristics assessed except for anxiety level that
was higher in NHMC and for some aspects of the diet. Compared to HMC, NHMC consumed
a significantly lower amount of conventional milk (selection criterion) but higher amount of
lactose-free milk (about 37 g/day), and lower amounts of dairy products. NHMC also showed
a higher intake of dietary fiber/protein ratio and a trend towards higher intake of plant

protein/animal protein ratio.

Table 1: General, anthropometric, lifestyle, and psychological characteristics of habitual milk

consumers (HMC) and non habitual milk consumers (NHMC).

NHMC (n=19) HMC (n=20) P-value
Gender (M/F) 9/10 10/10
Age 24.16 = 0.90 25.00 +0.65 0.55
Body weight (kg) 66.53 +£2.88 7244 £3.12 0.17
BMI (kg/m?) 23.50 + 0.65 25.56 +0.82 0.06
Total METs ? 2723.89 + 556.86 2590.42 +562.52 0.77
King’s stool chart score 3.74 £0.50 3.82+£0.52 0.84
TFEQ RESTRAINT 10.32 £ 1.42 9.85+1.02 0.79
TFEQ DISINHIBITION 5.89+£0.96 7.35+£0.90 0.27
TFEQ HUNGER 5.05+0.86 525+0.74 0.86
QUALITY OF LIFE-PCS? 56.53 £ 1.06 56.92 +0.73 0.42
QUALITY OF LIFE-MCS ¢ 41.06 +2.33 4551 +£2.12 0.08
Depression
normal/mild, n (%) 16 (84.2%) 15 (75.0%)
moderate/severe/extremely severe, n (%) 3 (15.8%) 5(25.0%) 0.7
Anxiety
normal/mild, n (%) 10 (52.6%) 19 (95%)

0.008*

moderate/severe/extremely severe, n (%) 9 (47.4%) 1 (5%)
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Stress

normal/mild, n (%) 14 (73.7%) 16 (80.0%)

moderate/severe/ extremely severe, n (%) | 5 (26.3%) 4 (20.0%) 093
Habitual diet

Milk intake (mL/week) 80.52 +26.11 1197.75 £ 150.13 <0.001*
Lactose-free milk intake (mL/week) 276.32+77.74 11.17 £ 10.00 0.012*
Dairy products intake (g/week) 1013.00 + 149.54 1995.40 + 136.98 <0.001*
Aged cheese intake (g/week) 123.96 +34.76 234.6 £43.11 0.022*
Daily energy intake (kcal/day) 1942.33 £194.12 2133.56 = 140.80 0.43

% Energy from protein (%) 17.90 £0.52 18.63 £0.61 0.37

% Energy from fats (%) 37.27£1.98 36.39£1.02 0.73

% Energy from carbohydrates (%) 40.93+1.92 41.74 +1.32 0.75

% Energy from fiber (%) 2.74+0.27 221+0.15 0.10

% Energy from alcohol (range/mean) (%) | 1.19+0.30 0.98 £0.23 0.52
Italian Mediterranean Index (range/mean) | 5.68 =0.31 5.75+0.33 0.97
Plant protein/animal protein intake ratio 0.55+0.06 0.43 +£0.04 0.06
Dietary Fiber/Protein intake ratio 0.31+0.03 0.24 +0.02 0.016*

* p<0.05 HMC vs NHMC assessed by Independent sample T test or Mann-Whitney test. Data are
expressed as means = SEM.

# Metabolic equivalent of tasks;
® Physical component summary;
¢Mental component summary.

Gut permeability did not differentiate participants suffering from milk-related GID. Indeed,
NHMC and HMC showed similar 24h urinary excretions of lactulose, mannitol, and sucralose

after the ingestion of sugar solution (Figure 1).
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Figure 1: A) Urinary excretion of lactulose/mannitol and B) Urinary excretion of sucralose in
habitual milk consumers (HMC) and non-habitual milk consumers (NHMC) within 0-5 h and
5-24 h intervals upon the gut permeability test. The box plots show the data distribution based

on first quartile, median and third quartile.

A slower protein digestion in participants with GID was accompanied by weaker
hormonal and endocannabinoid responses

After milk consumption, a slower and lower appearance of overall bioactive peptides (BAPs)
in plasma from NHMC than HMC occurred (Figure 2a). The plasma profile of overall BAPs
did not change until 4h when BAPs concentration weakly peaked to fall to baseline within 6h
after milk consumption in NHMC. Contrarily in HMC, overall plasma BAPs peaked after 30
min, returned to baseline after 4h and peaked again 6h after milk consumption.

The smaller circulating levels of BAPs (Figure 2b) elicited a weaker response of ghrelin,
insulin and endocannabinoids in NHMC. Indeed, NHMC participants exhibited unchanged
plasma levels of ghrelin over time, while in HMC ghrelin concentration fell 30 and 60 min after
milk consumption (Figure 2¢). Moreover, NHMC showed a significantly lower circulating
level of insulin 1 hour after milk consumption compared to HMC (Figure 2¢). The plasma
insulin peak after 30 min in NHMC was likely due to the insulinotropic effect of branched chain
aminoacids, significantly higher in plasma from NHMC vs HMC 30 min after milk
consumption (Figure 2e). However, the insulin response in NHMC was insufficient to control
blood glucose that peaked 30 min after milk consumption (Figure 2f) and to lower AEA that
did not change postprandially contrarily to the reduction in HMC and in accordance with ghrelin
response (Figure 2d). No changes were found in circulating levels of 2-AG in any group;
however, plasma levels of 2-AG were significantly lower 4h and 6h after milk consumption in
NHMC than HMC. Contrarily to AEA a faster reduction of circulating N-acylethanolamines
(NAEs) was found in NHMC than HMC (see Supplementary Figure 2 for the profile of each
NAE).

Despite differences in the profile of some aminoacids, postprandial plasma profile of total
aminoacids did not differ between NHMC and HMC participants (Supplementary Figure 3).
Similarly, the two groups showed a similar plasma response of C-peptide and GIP

(Supplementary Figure 4).
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Figure 2: A) Plasma total milk-derived bioactive peptides (BAPs) in habitual milk consumers
(HMC) and Non-habitual milk consumers (NHMC) upon 250 mL of milk consumption. Data
are shown as means = SEM. * p-value<0.05; ** p —value<0.01 within-group difference versus

baseline assessed by One-way ANOVA repeated measure. # p<0.05 between-group difference
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assessed by One-way ANOVA repeated measure.

B) Area under the curves (AUCs) of overall circulating BAPs in HMC and NHMC upon 250
mL milk consumption. * p-value<0.05 between-group difference HMC vs NHMC assessed by
ANCOVA adjusted for baseline values.

C) Time-concentration curves of plasma ghrelin and insulin in HMC and NHMC upon 250 mL
of milk consumption. Data are shown as means + SEM. * p —value <0.05; ** p —value<0.01;
**% p-value<0.001 within-group difference versus baseline and Bonferroni adjustment for
multiple comparisons; # p<0.05 between-group difference assessed by One-way ANOVA
repeated measure controlling for BMI.

D) Time-concentration curves of plasma branched-chain amino acids (BCAAs) in HMC and
NHMC upon 250 mL of milk consumption. Data are shown as means = SEM. # p<0.05
between-group difference HMC vs NHMC assessed by One-way ANOVA repeated measure.
E) Time-concentration curves of blood glucose in HMC and NHMC upon 250 mL milk
consumption. Data are shown as means = SEM. **p<0.05 for the measured time point
compared with baseline within each group assessed by One-way ANOVA repeated measure

and Bonferroni adjustment for multiple comparisons.

The higher circulating levels of opioid agonists vs antagonists BAPs explained the GID
early after milk consumption.

In an attempt to clarify the relationships between protein digestion and postprandial GID, the
milk-derived BAPs were sub-grouped for their known bioactivity as opioid agonists, opioid
antagonists, DPPIV inhibitors and peptides with other activities including antioxidant, anti-
inflammatory, anti-hypertensive, and anxiolytic. The plasma profiles of the 31 BAPs are
reported in Supplementary Figure 5.

Looking at the BAPs profiles and levels, data showed that opioid antagonist BAPs and those
with other activities, were significantly lower in NHMC vs HMC, whereas the statistical
significance was not reached for the differences in opioid agonists and DPPIV inhibitors BAPs
(Figure 3a and 3b). The lower circulating level of opioid antagonists in NHMC may support a
slower postprandial GI transit time in NHMC vs HMC. Moreover, focusing on the opioid
agonists and antagonists BAPs, the higher relative amount of opioid agonists vs antagonists in
circulation in NHMC than HMC might explain the higher frequency and severity of
uncomfortable fullness only over 1h postprandially (Figure 3¢ and Figure 3d). Indeed, this

symptom was perceived most in NHMC early postprandially and lowered later on, between 2
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and 6h, when gas, abdominal bloating, and more frequent bowel movements increased (Figure

3e).
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Figure 3: A) Plasma time-concentration curves of milk-derived bioactive peptides (BAPs)

subgrouped according to the biological properties, in habitual milk consumers (HMC) and Non-

habitual milk consumers (NHMC) upon 250 mL milk consumption. * p—value <0.05; ** p—

value<0.01 within-group difference versus baseline and Bonferroni adjustment for multiple

comparisons. # p-value<0.05 between-group difference HMC vs NHMC.

B) Areas under the curve (AUCs) of BAPs subgrouped according to the biological properties

in HMC and NHMC upon 250 mL milk consumption. # p-value<0.05 between-group difference
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HMC vs NHMC assessed by ANCOVA adjusted for baseline values.

C) Circulating relative amount of opioid agonists and antagonists BAPs over 0-1h time-period
in HMC and NHMC upon 250 mL milk consumption. # p-value<0.05 between-group difference
HMC vs NHMC assessed by ANCOVA adjusted for baseline values.
D) Circulating relative amount of opioid agonists and antagonists BAPs over 2-6h time-period
in HMC and NHMC upon 250 mL milk consumption.

E) Most reported gastrointestinal discomforts over 0-1h and 2-6h time-periods in HMC and
NHMC upon 250 mL milk consumption. # p-value<0.05 between-group difference HMC vs
NHMC assessed by One-way ANOVA.

A lower proteolytic activity of the gut microbiota explained the GID and the lower hunger
more later after milk consumption.

Compared to HMC, the significantly lower plasma concentration of overall BAPs 6h after milk
consumption in NHMC (Figure 2a) indicated a less efficient digestion of proteins in the distal
gastro-intestinal tract. The presence of undigested proteins in the large intestine was coherent
with the lower urinary excretion of indoxyl sulfate (Figure 4) and explained the lower hunger

recorded between 6-24h after the milk consumption in NHMC vs HMC (Figure 5).
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Figure 4: A) Urinary Indoxyl sulfate excretion in habitual milk consumers (HMC) and Non-
habitual milk consumers (NHMC) at baseline and B) within the interval 0-6 h and 6-24 h (b)
upon milk consumption. * p<0.05; **p<0.01 HMC vs NHMC assessed by Independent
sample T test. The box plots show the data distribution based on first quartile, median and

third quartile.
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Figure 5: Violin plots representing the hunger AUC sensation monitored by visual analog
scales (VAS) in participants from habitual milk consumer group (HMC) and Non-habitual milk
consumer group (NHMC) upon 250 mL milk consumption. ** p—value<0.05 between-group

difference HMC vs NHMC assessed by ANCOVA adjusted for baseline values.

This framework was explained by the lower proteolytic activity of the gut microbiota in NHMC,
according to the lower abundance of proteases’ genes (Figure 6a,b). Interestingly, gut
microbiome in NHMC also showed a lower abundance of glycoside hydrolases genes
(Supplementary Figure 6a), however this feature did not affect lactose digestion as evidenced
by urinary excretion of lactose, glucose and galactose over the milk load test (Supplementary
Figure 6b). Gut microbial diversity and gene richness were similar between the groups (Figure
6¢ and Figure 6d). However, differences in gut microbiome composition between NHMC and
HMC were observed. Compared to HMC, NHMC showed a lower abundance of Actinobacteria
phylum and higher abundance of Paraprevotella and Prevotella, along with higher abundance
of Bacteroides clarus, Coprococcus eutactus and Ruminococcus lactaris. Conversely,

Bifobacterium adolescentis, Bifidobacterium longum, Dialister invisus were higher in HMC
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than NHMC (Figure 6e). Moreover, NHMC showed a lower abundance of KEGG metabolic

pathways (Supplementary Figure 7).
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Figure 6: Linear discriminant analysis effect size (LEfSe) showing proteases families (A) and
genes (B) that were differentially abundant between habitual milk consumers (HMC) in light
violet and Non-habitual milk consumers (NHMC) in yellow. The proteases with statistically
significant change (p < 0.05) and the logarithmic linear discriminant analysis (LDA) score
threshold was set to 2. Proteases families: C, Cysteine; I, inhibitor; M, Metallo; S, Serine; T,
Threonine; U, Unknown. C) Microbial gene richness of habitual milk consumers (HMC) and
Non-habitual milk consumers (NHMC), D) Microbial Shannon and Simpson diversity indices
of habitual milk consumers (HMC) and Non-habitual milk consumers (NHMC). E) Linear
discriminant analysis effect size (LEfSe) showing species that were differentially abundant
between habitual milk consumers (HMC) in light violet and Non-habitual milk consumers
(NHMCO) in yellow. The taxon of bacteria with statistically significant change (p < 0.05) and
the logarithmic linear discriminant analysis (LDA) score threshold was set to 2. The name of

the taxon level is abbreviated as p-phylum; g-genus and s-species.

Plasma concentrations of 10 milk-derived BAPs may be long-term biomarkers of intake
of dairy products and DPPIV-inhibitor BAPs affect serum DPPIV activity.

In participants, fasting from 10h after 2 days of a dairy product-free diet, 10/31 BAPs were
found at significantly lower concentrations in NHMC vs HMC (see Supplementary Figure 5).
Among those BAPs, 3 were opioid agonists, 1 opioid antagonists, 3 DPPIV inhibitors and 3
were other BAPs.

Interestingly, the lower concentration of DPPIV-inhibitor peptides at baseline was accompanied
by a trend towards higher serum DPPIV activity (p=0.058) in NHMC than HMC, that became
significant 6 hours after milk consumption (Figure 7a) and over six hours postprandially
(Figure 7b). That effect was possibly due to the increased postprandial plasma concentration
of BAPs with a DPPIV inhibitor activity only in HMC, as demonstrated by the significant
inverse correlation between plasma DPPIV inhibitors’ concentration and serum DPPIV activity

(r=-0.413, p=0.011).
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Figure 7: A) Serum Dipeptidyl peptidase IV (DPPIV) activity profile and B) areas under the

curve (AUCs) B) in participants from habitual milk consumers (HMC) and Non-habitual milk

consumers (NHMC) upon 250 mL of milk consumption. In A) Data are shown as means +
SEM. **p<0.05 for the measured time point compared with baseline within each group
assessed by One-way ANOVA repeated measure and Bonferroni adjustment for multiple
comparisons. # p<0.05 between-group difference assessed by One-way ANOV A repeated
measure. In B) * p-value<0.05 between-group difference HMC vs NHMC assessed by
ANCOVA adjusted for baseline values. The box plots show the data distribution based on
first quartile, median and third quartile.
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4. Discussion

This study showed that healthy people suffering with GID after cow’s milk consumption
presented a slower and weaker digestion of milk proteins that was proved by the lower plasma
levels of 31 milk-derived peptides and urinary excretion of indoxyl sulfate along with the
occurrence of GID.

While previous studies focused on one casein-derived opioid receptor agonist, BCM7 (Jianquin
et al, 2015; Deth et al., 2016), we quantified eleven milk protein-derived peptides between
opioid agonists (n=7) and opioid antagonists (n=4). By binding of opioid receptors in the enteric
nervous system, opioid peptides control gastrointestinal secretion and motility (Holzer, 2009)
causing inhibition of gastric emptying, constipation, abdominal distention, bloating, abdominal
discomfort and gastroesophageal reflux can occur (Holzer, 2007; Kurz and Sessler, 2003).
Conversely, opioid antagonist peptides contrast those effects (Holzer, 2009). Therefore, the
higher postprandial contribution of opioid agonists vs antagonists over the first hour explained
the uncomfortable fullness and the slower gastrointestinal transit time that was maintained for
6h after milk consumption by the low level of opioid antagonists BAPs in participants with
GID.

The slower protein digestion explained the blunted responses of ghrelin, insulin and
endocannabinoids in the participants with GID.

A prolonged sensing of aminoacids and peptones in the stomach (Vancleef et al., 2015) and/or
the physiological response to anxiety possibly enhanced by milk consumption (Carlini et al.,
2004) in the participants with GID explained the unchanged plasma ghrelin after milk
consumption. This phenomenon, in combination with the lower insulin response, explained the
blood glucose peak. Indeed, ghrelin increases hepatic glucose production and decreases the
glucose disposal rate (Sun et al., 2006; Vestergaard et al., 2008). Conversely, the expected
postprandial reduction of ghrelin, resulting from the protein sensing and/or increased
osmolarity in the small intestinal lumen as well as protein-induced postabsorptive signals,
improved glucose homeostasis in the participants without GID (Dranse et al., 2018; Overduin
et al., 2014).

In accordance to previous evidence, the plasma response of anandamide mirrored plasma
ghrelin and was coherent with insulin response (Hillard, 2017; Gatta-Cherifi et al., 2012, Di
Marzo et al., 2009) while postprandial plasma 2-AG levels did not change after the meal
(Walker et al., 2020; Gatta-Cherifi et al., 2012; Mennella et al., 2015).0On the other hand, the

faster reduction of circulating NAEs in the participants with GID might indicate a slower
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intestinal uptake of fatty acids that are the precursors of NAEs in the enteroendocrine cells
(Joosten et al., 2010).

We hypothesised that undigested proteins in the intestinal lumen determined the GID and
reduced hunger through the wide net of chemo- and mechano-sensors lining on the
gastrointestinal mucosa (Berthoud et al., 2021; Linan-Rico et al., 2016; Van Avesaat et al.,
2015). Having demonstrated a similar gut permeability between the participants, proteolytic
capability of the gut microbiome likely affected the plasma levels of peptides late after
milk consumption. Although milk proteins are highly digestible proteins, a residual amount
escapes human digestion and enters the colon. The extent of colonic protein metabolism results
from the amount of proteins/peptides available in the intestinal lumen and the capability of the
microbiome to break down/ferment them (Peled and Livney, 2021). The lower proteolytic
activity in the gut of the participants with GID was supported by a lower level of protease genes
in the microbiome, along with differences in the levels of species belonging to Streptococcus,
Ruminococcus and Bacteroides, previously associated at different extent with faecal protease
activity (Caroll et al., 2013). Therefore, in people with GID undigested proteins or peptones
that entered the colon were not further hydrolysed by bacterial proteases and could not be
absorbed (Freeman, 2015), contrary to what occurred in participants without GID
experimenting the second plasma peptide peak 6h after milk consumption. The weaker colonic
proteolytic activity could determine a lower availability of tryptophan, explaining the lower
urinary excretion of indoxyl sulfate, the hepatic metabolite of indole, a gut microbial metabolite
of tryptophan (Agus et al., 2018). However, as NHMC exhibited higher intestinal levels of
Bacteroides thetaiotaomicron, capable to produce phenylpropanoid metabolites from
tryptophan fermentation (Russell et al., 2013), we could not exclude that other tryptophan-
metabolizing pathways in the intestine took over and led to the production of tryptophan
metabolites that were not monitored in this study.

Some differences in the microbiome of the two groups of participants were explained by
the differences in the habitual diets. According to the higher intake of milk and dairy
products, the participants without GID had a higher gut level of some potentially probiotic
Bifidobacterium species, namely B. bifidum, B. adolescentis, and B. longum, in agreement with
several studies showing the ability of milk proteins to increase the counts of Lactobacilli and
Bifidobacteria (for a review see Zhang, Zhang, Li, & Liu, 2020). On the other hand, the
tendency to higher intake of plant than animal proteins in participants with GID was coherent
with the higher gut level of the genus Prevotella, traditionally associated with agrarian-type

diet (Gorvitovskaia et al., 2016). Moreover, the higher fiber to protein ratio in the diet of
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participants with GID might shape the lower ability of their gut microbiome to metabolise
dietary proteins. Indeed, dietary fibers can increase bowel motility thus reducing, over a long
period, the selection of microorganisms using dietary proteins to survive (Diether & Willing,
2019; Korpela, 2018). Such a framework (as discussed above) explained the lower levels of
Streptococcus spp. (S. oralis and S. salivarius) and the higher levels of Ruminococcus spp.
(namely R. bacterium D16 and R. lactaris), in agreement with previous associations with faecal
protease activity (Carroll et al., 2013). Contrarily, the higher level of Bacteroides spp. (B. clarus
and B. thetaiotaomicron) in participants with GID was in disagreement with most literature
reporting a high proteolytic capacity of Bacteroides and was in accordance with one study in
Crohn’s disease patients reporting an inverse correlation between Bacteroides and faecal tryptic
activity (Midtvedt et al., 2013).

From a health viewpoint, although we selected healthy participants, participants with GID
showed specific signatures in their gut microbiome typical of gut inflammatory
conditions. The low faecal abundance of Actinobacteria phylum was also found in patients
with functional abdominal bloating/distention (FABD) (Noh and Lee, 2020) and the high
abundance of Paraprevotella and Prevotella genera was a feature positively associated with
irritable bowel syndrome (IBS) and FABD (Wang et al., 2019; Noh and Lee, 2020). Similarly,
high levels of Bacteroides clarus, Coprococcus eutactus and Ruminococcus lactaris were
previously found in patients with IBS/IBD, FABD or Crohn's diseases (El Mouzan et al., 2018;
Rajilic-Stojanovi¢ et al., 2011) whereas low levels of Bifobacterium adolescentis,
Bifidobacterium longum, Dialister invisus were shown in patients with FABD or Crohn's
disease vs healthy subjects (Noh and Lee, 2020; Joossens et al., 2011; Vila et al., 2018).
Interestingly, a significantly higher frequency of anxious subjects was found in the participants
with GID that is in agreement with the co-occurrence of GID and psychosocial symptoms in
patients with intestinal diseases and in those with FGID (Barberio et al., 2021; Mukhtar et al.,
2019).

Another important finding of this study is the possible discovery of ten milk derived
peptides as long-term plasma biomarkers of dairy products intake, while most previous
studies focused on lipids and some cyclic dipeptides (Miinger et al., 2018). Interestingly, three
out of the ten BAPs found significantly lower in fasting plasma from participants who habitually
consumed less dairy products, were DPPIV inhibitors and the plasma levels of this type of
BAPs inversely correlated with serum DPPIV activity over time after milk consumption. This
association may be clinically relevant as a higher DPPIV activity is typical of people suffering

with metabolic diseases (Nargis and Chakrabarti, 2018) due to the involvement of the enzyme
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in the degradation and inactivation of numerous hormones, chemokines, growth factors, and
neuropeptides implicated in the pathophysiological pathways (Mentlein et al., 1999).
Therefore, it cannot be ruled out that the higher DPPIV activity is implicated in the development
of milk-related GID by degrading and inactivating endomorphin and substance-P thus

weakening analgesia pathways in the body and increasing pain perception (Guieu et al., 2006).

This study also presents two limitations. First limitation is that we did not monitor a complete
pattern of microbial metabolites of proteins and amino acids in biological fluids. This would
have clarified the implication of the individual gut microbiome in the metabolic fate of milk
proteins, however our primary objective was to clarify the metabolism in the upper gastro-
intestinal tract. Secondly, we did not assess mediators of pain signalling such as neuropeptides
that could be affected by the DPPIV activity. This would have clarified the implication of the
enzyme in the development of milk-related GID, however this was out of the scopes of this

study.

In conclusion, in this study we demonstrated that the milk-related GID in sensitive people co-
occurred with a slower and less efficient digestion of milk proteins. This finding explained the
blunted hormonal and endocannabinoid responses, whereas the relative circulating levels of the
milk-derived opioid agonist and antagonist BAPs along with the undigested proteins in the GI
lumen supported a longer transit time and the consequent GID. The less efficient digestion was
explained by the lower proteolytic capacity of the gut microbiome, shaped by the small habitual
consumption of dairy products and high intake of dietary fiber vs proteins. Interestingly, healthy
participants with GID showed specific signatures in their gut microbiome typical of gut
inflammatory conditions. The differences in gut microbiome and in the habitual diet affected
plasma levels of milk derived BAPs and serum DPPIV activity in fasting subjects, being not
excluded a role in the anxiety level.

The findings indicate that milk-related GID in sensitive people may be managed by
personalized approaches finalized to optimize milk protein digestion through therapies with
proteolytic enzymes or ad hoc microbiome-targeted intervention (De Filippis et al., 2018).
Moreover, opportunities for new food product development can be revealed. Milk-based food
products containing pre-digested milk proteins may aid to manage GID as recently shown by
Laatikainen and co-workers (2020) in patients with FGID. The addition of probiotics species
exhibiting proteolytic activity in the gut may further aid to mitigate both GID and anxiety in

sensitive people. However, randomized controlled trials in the target population should prove
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the hypothesised effect.
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Abstract

Purpose: To investigate whether a Mediterranean diet (MD) affected the plasma concentrations
of endocannabinoids (ECs), N-acylethanolamines (NAEs) and their specific ratios in subjects
with lifestyle risk factors for metabolic diseases. To identify the relationship between
circulating levels of these compounds and gut microbiome, insulin resistance and systemic
inflammation.

Methods: A parallel 8-week randomised controlled trial was performed involving 82
overweight and obese subjects aged (mean+SEM) 43+1.4 years with a BMI of 31.1£0.5 kg/m?,
habitual Western diet (CT) and sedentary lifestyle. Subjects were randomized to consume an
MD tailored to their habitual energy and macronutrient intake (n=43) or to maintain their
habitual diet (n=39). Endocannabinoids and endocannabinoid-like molecules, metabolic and
inflammatory markers and gut microbiome were monitored over the study period.

Results: The MD intervention lowered plasma arachidonoylethanolamide (AEA, p=0.02),
increased plasma oleoylethanolamide/palmitoylethanolamide (OEA/PEA, p=0.009) and
OEA/AEA (p=0.006), and increased faecal Akkermansia muciniphila (p=0.026) independent of
body weight changes. OEA/PEA positively correlated with abundance of key microbial players
in diet-gut-health interplay and MD adherence. Following an MD, individuals with low plasma
OEA/PEA at baseline decreased homeostatic model assessment of insulin resistance-index
(p=0.01), while individuals with high plasma OEA/PEA decreased serum high sensitive C-
reactive protein (p=0.02).

Conclusions: We demonstrated that a switch from a CT to an isocaloric MD affects the
endocannabinoid system and increases A. muciniphila abundance in the gut independently of
body weight changes. Endocannabinoid tone and microbiome functionality at baseline drives

an individualized response to an MD in ameliorating insulin sensitivity and inflammation.

Clinical Trial Registry number and website: NCT03071718; www.clinicaltrials.gov

Keywords: Obesity, Akkermansia muciniphila, Gut microbiome, Gut barrier, Cardiovascular

disease risk.
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1. Introduction

The Mediterranean diet (MD) is a healthy dietary pattern, while the Western diet is not. This
idea is strongly supported by epidemiological evidence pointing out inverse associations of the
two dietary patterns with the incidence of metabolic diseases, obesity and related health
consequences (Franquesa et al., 2019; Soltani et al., 2019). However, in the context of clinical
practice the health effects that occur over a duration that is reasonable to improve intermediary
clinical outcomes are not obvious. Different responses to similar diets often occur and reflect
the actual status of body systems, the cross-talk ability of the involved systems and their
flexibility to react to environmental (dietary) factors (Van Ommen et al., 2017). Randomized
clinical trials (RCTs) designed to monitor multiple systems, including the gut microbiome, are
mandatory to determine causal relationships between diet and health outcomes with the
potential to unravel physiological mechanisms underpinning the effects and obtain indications
for personalized nutrition and precision medicine (Zeevi et al., 2015; De Filippis et al., 2018;
Kolodziejczyk et al., 2019). Several microbiome-targeted studies showed that MD consumption
boosts fibre-degrading species and anti-inflammatory responses in the human body (Laiola et
al., 2020; Vitale et al., 2020; Meslier et al., 2020; Ghosh et al., 2020).

Evidence indicates that the gut microbiome can affect metabolic inflammation regulating gut
epithelium permeability (Tilg et al., 2020). Specifically, the mucin-degrading bacterium
Akkermansia muciniphila is widely considered a valuable contributor to the maintenance of gut
health and metabolic homoeostasis reducing obesity and related disorders such as glucose
intolerance, insulin resistance, steatosis and gut permeability (Everard et al., 2013; Plovier et
al., 2017; Everard et al., 2019).

The endocannabinoid system has pleiotropic functions in the body and plays a key role in the
development of obesity and its comorbidities being a mediator in the relationship between the
gut microbiota and host metabolism (Cani et al., 2016). Circulating endocannabinoids (ECs)
and their congeners N-acylethanolamines (NAEs) are metabolically connected to diet and are
tightly involved in the regulation of energy homeostasis, appetite cues, pain sensation,
inflammation, immunity, obesity and dysmetabolism (Hillard, 2018; Witkamp, 2018; Silvesti
& Di Marzo, 2013). Indeed, plasma ECs and NAEs concentrations, as well as NAEs ratios, are
considered biomarkers of white adipose tissue distribution reflecting blood cholesterol and
insulin resistance in obesity (Silvesti & Di Marzo, 2013; Fanelli et al., 2018) in addition to being
involved in food liking and intake (Mennella et al., 2015% Mennella et al., 2015°). We have
recently observed several correlations between circulating NAEs, habitual diet and systemic

inflammation in subjects with an ileostomy (Tagliamonte et al., 2020). However, the effect of
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diet on circulating levels of ECs and NAEs in intervention studies in humans is still
underexplored.

The combined high intake of slowly digestible carbohydrates, unsaturated fat, plant proteins
and micronutrients in the MD as opposed to refined (quickly digestible) carbohydrates,
saturated fat and animal proteins in the Western diet is responsible for the different metabolic
and health effects of the two diets (Trichopoulou et al., 2014). We recently performed an 8-
week RCT in 82 overweight and obese subjects with lifestyle risk factors for metabolic disease.
Forty-three subjects consumed an MD individually tailored to each participant’s habitual
energy and macronutrient intake (MD group), and 39 subjects in the control group (CT)
maintained their habitual diet that was very similar to a Western diet. A per-protocol analysis
of data, excluding 18 participants, showed that the MD group diminished plasma cholesterol
and exhibited some changes in the gut microbiome and related metabolome (Meslier et al.,
2020).

In this study, we explore the impact of an isocaloric dietary shift from a Western diet to an MD
on the circulating levels of ECs, NAEs, oleoylethanolamide/arachidonoylethanolamide
(OEA/AEA) and oleoylethanolamide/palmitoylethanolamide (OEA/PEA) ratios. Further, by
performing an intention-to-treat analysis of data, we shed light on the relationships of the

endocannabinoid system with the gut microbiome, clinical data, and adherence to MD.

S. Methods

2.1.  Study design and participants

This study is part of a randomized and controlled eight-week intervention trial whose primary
outcome was to detect changes in fasting plasma lipids and faecal levels of short-chain fatty
acids upon an intervention with MD, as described in a previous paper (Meslier et al., 2020).
That paper also reported the details of the study design and protocol (Meslier et al., 2020). In
this paper for the first time we focused on secondary outcome such as plasma ECs and NAEs,
OEA/AEA and OEA/PEA ratios. Specifically, we analysed their changes in response to the
dietary intervention, concomitant with gut microbiome changes and their correlations with
variables related to diet (food categories, nutritional composition and adherence to the
Mediterranean diet), insulin resistance (Homeostatic Model Assessment for Insulin Resistance,
HOMA-IR (Matthews et al., 1985) and systemic inflammation (serum high sensitive C-reactive
protein, hs-CRP). The study was conducted after the approval of the University of Naples Ethic

Committee (Protocol number: 108/16). The trial was registered at www.clinicaltrials.gov

89



(number NCTO03071718). Recruitment was performed at the Department of Agricultural
Sciences and at the Department of Clinical Medicine and Surgery of the University of Naples,
Naples, Italy.

The 334 potentially eligible adults, interested in study participation, were screened on the basis
of the inclusion/exclusion criteria considering medical and lifestyle conditions (Meslier et al.,
2020). Briefly, subjects were included if they were healthy men or women aged between
20<age<65 years, with BMI>24 kg/m?, consuming a diet characterized by an intake of fruits
and vegetables < 3 servings/day, no consumption of probiotics, functional foods and/or food
supplements, consuming no more than 2 portions a day of whole-grain food and/or enriched
with dietary fibre, having a sedentary lifestyle (MET min/week<700). Informed written consent
was obtained prior to undertaking the study. Eighty-two participants were randomized between
the two intervention arms of the parallel designed study and completed the study protocol. The
characteristics of the participants and variations over the intervention of many clinical outcomes

are reported in the Online supplementary table 1 by Meslier and co-workers.

2.2.  Dietary intervention

MD participants received an isocaloric tailored MD diet based on their habitual energy and
macronutrient intake assessed by a 7-day Food Diary, while CT volunteers were asked not to
change their habitual diet during the 8-week intervention. Every 2 weeks the individual
compliance was assessed through food diaries whereas adherence to the Mediterranean diet was

assessed by Italian Mediterranean Index (IMI) (Meslier et al., 2020).

2.3.  Anthropometric measurement and biochemical analysis

A trained operator measured the waist circumference midway between the lowest rib and the
iliac crest by using an anthropometric tape. Hip circumference was measured around the widest
portion of the buttocks, with the tape parallel to the floor. Weight from subjects wearing light
clothes was measured, after voiding, to the nearest 0.1 kg on a digital scale (Model 703; Seca).
Height of subjects was recorded to the nearest 0.5 cm with a stadiometer (Model 213; Seca).
Body composition including total body water, fat mass, and fat-free mass, was determined at
ambient temperature after voiding and after being in a supine position for at least 20 minutes,
through an electric impedance analysis with a single-frequency 50-kHz bioelectrical impedance
analyzer (BIA 101 RJL; Akern Bioresearch) as described in Meslier and co-workers (Meslier
etal., 2020). Body mass index (BMI) was calculated as weight in kg divided by height in meters
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squared. According to the World Health Organization (WHO) task force and the National
Institutes of Health (NIH) guidelines, people whose BMI is between 18.5 and 24.9 kg/m? are
considered normal weight, between 25 and 29.9 kg/m? are overweight, and >30 kg/m? are obese.
Fasting blood samples were collected by venipuncture into a serum separator, EDTA-
containing tubes and EDTA Aprotinin-containing tubes. All EDTA blood samples were kept
chilled/on ice before processing. Plasma samples were prepared by centrifugation at 3000 rpm
for 15 min at 4 °C and within 15 minutes of collection. All biological samples were rapidly
frozen and stored at -80 °C until analysis. Plasma glucose, insulin, and serum hs-CRP
concentrations as well as HOMA-index were assessed as described previously (Meslier et al.,

2020).

2.4.  Extraction of ECs and NAEs from plasma samples

The analysis of ECs and NAEs was performed in EDTA plasma samples. All samples were
thawed in the fridge at 4°C before extraction and samples were kept chilled on ice during the
specific extraction procedures. A solid-phase extraction (SPE) according to the method
described by Marczylo and colleagues was carried out (Marczylo et al., 2009).

Plasma samples (500 uL) previously diluted 1:2 with distilled water were added with 50 puL of
the internal standard 200 ng/mL solution of Arachidonoylethanolamide d8 (AEA d8) (Cayman
Chemical, Ann Arbor, MI). Then the samples were vortexed and centrifuged 21100 g for 5
minutes at 4 °C.

Oasis HLB cartridges (1 cc / 30 mg Waters) were preconditioned with 1 ml of methanol and
equilibrated using 1 ml of H20. Samples were introduced onto the cartridges and were washed
with 1 ml of aqueous methanol (40%), and the monitored compounds were eluted in 1 ml of
acetonitrile. The eluate was dried under nitrogen flow and reconstituted in 100 pL

acetonitrile/water (50:50) before the LC-MS/MS analysis.

2.5. LC-MS/MS analysis

Chromatographic separation was performed using an HPLC apparatus provided with two
micropumps, Perkin-Elmer Series 200 (Norwalk, CT, USA). The compounds were separated
on a Synergi Max RP 80 column (50x2.1 mm) (Phenomenex, USA) with a setting temperature
of 30 °C and a flow rate of 0.2 mL/min. The injection volume was 10 uL. The monitored
compounds were eluted by a linear gradient of H20 and 0.2% formic acid (solvent A) and

CH3CN (solvent B). According to Mennella and co-workers (Mennella et al., 2015), the eluting
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gradient was set as follows: 50-79% B (10 min), 79-95% B (1 min), constant at 95% B (2 min),
and finally returning to the initial conditions within 2 min. The acquisition was performed in
positive ion mode on an API 3000 triple quadrupole mass spectrometer (Applied Biosystems,
Canada) in MRM (Multiple Reaction Monitoring). All the acquisition parameters are
summarized in Supplementary Table 1.

ECs (2-arachidonoylglycerol, 2-AG; anandamide, AEA; AEAd8) and NAEs
(oleoylethanolamide, OEA; linoleoylethanolamide, LEA; palmitoylethanolamide, PEA)
standards were purchased from Cayman (Cayman Chemical, Ann Arbor, MI).

The limit of detection (LOD) and limit of quantification (LOQ) of the identified molecules are
reported in Supplementary Table 2.

2.6.  Faecal microbiome determination by shotgun metagenomics

A full description of the sampling, sequencing and data analysis procedures is reported in the
online supplementary material by Meslier and colleagues (Meslier et al., 2020). Briefly, faecal
DNA extraction was performed following IHMS SOP P7 V2 and purified DNA fragment
libraries were sequenced using the Ion Proton Sequencer (ThermoFisher Scientific, Waltham,
US) with a minimum of 20 million 150 bp high-quality reads generated per library.
Metagenomic Species Pangenome (MSP) abundance profiles were determined and annotated
as previously described (Plaza Ofiate et al., 2019; Meslier et al., 2020) and the in-house
FAnToMet pipeline was used to assess the functional potential modules of the intestinal gut

microbiome.

2.7.  Quantification of Akkermansia muciniphila

The abundances of 4. muciniphila in each sample were further quantified and analysed through
qPCR as described by Dao et al. (2016). Briefly, extracted DNA was quantified using Qubit
Fluorometric Quantitation (ThermoFisher Scientific, Waltham, US) and amplified using
primers targeting the 16S rRNA for A. muciniphila (forward
CAGCACGTGAAGGTGGGGAC and reverse CCTTGCGGTTGGCTTCAGAT). The total
16S rRNA gene was also quantified and used as reference gene in order to normalise the
abundance of A. muciniphila in all samples tested (bacterial universal primers forward
ACTCCTACGGGAGGCAGCAG and reverse ATTACCGCGGCTGCTGG). Amplifications
were performed using the StepOne Real-Time PCR System (Life Technologies) with the
following thermal cycling profiles: one cycle at 95 °C for 30 s, 40 cycles at 60 °C for 30 s and
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72 °C for 30s and using the SYBR Green PCR Master Mix Reagents Kit (Thermo Fisher
Scientific). Negative controls (H20) were included in each qPCR run and each assay was
performed in triplicate. The results of the amplifications were expressed as threshold cycle (Ct)
values. The relative quantification of 4. muciniphila in all samples was calculated by using the
comparative Ct method (ACt, the difference between the Ct value of A. muciniphila and the Ct
of total 16S rRNA gene for each sample). Lastly, the concentration of 4. muciniphila was
carried out by comparing ACt measures with a standard calibration curve (Y=-3.527 x log10(X)
+17.677, R2=0.97, PCR efficiency=92.11%) and by relating such values to total faecal DNA

concentration.

2.8.  Statistical analysis

A power analysis using the mean plasma concentrations and variations of ECs and NAEs in
previous studies was performed to estimate the sample size needed to detect an effect of diet on
plasma concentrations of ECs and NAEs (Fanelli et al., 2018; Fanelli et al., 2017). We
calculated that 39 participants per group was sufficient to detect a minimum inter-group
difference of 23% and 13% in plasma concentrations of 2-AG and AEA, 10% and 14% in
plasma concentrations of PEA and OEA as well as 10% and 9% in AEA/OEA and OEA/PEA
ratios, respectively, with an a error of 0.05, 80% power, and 2-sided testing. Therefore, 39
participants in CT and 43 in MD would be adequate to test the effect of MD on fasting
circulating levels of ECs and NAEs.

All Statistical analyses were performed in R version 3.6.0. After being checked for normality,
variables showing a significant positive skewness, were transformed in In (x). For those
variables that showed a normal distribution at the Kolmogorov-Smirnov test, Independent-
samples T Test was performed to check differences between CT and MD at baseline. The 2-
way ANOVA with repeated measure was performed to check within group differences over the
study period. For those variables which did not show a normal distribution after logarithmic
transformation, a non-parametric Wilcoxon test was performed. To test the overall correlation
among ECs, NAEs, microbiome and dietary variables, pairwise Spearman's rank correlations
within CT and MD at baseline, 4 week and 8 week were calculated and adjustments were
performed using the Benjamini-Hochberg procedure and Spearman rho values were filtered by
keeping correlations with at least one false discovery rate (FDR) of <0.05. The heatmap of

correlation was visualised using the Hmisc package, and the function heatmap.2. Two-tailed P
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values lower than 0.05 were considered significantly different. Data are expressed as means =+
SEM.

Differently abundant species between MD and CT groups at either 4 or 8 weeks of dietary
intervention were assessed through testRelations function of momr R package (Le Chatelier et
al., 2013), as well as gut microbial modules differences at baseline between quartiles.

The Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was used to
identify differentially abundant species between Q1 and Q4 groups, for a p<0.05 after the
Kruskal-Wallis test. Only discriminative features with an LDA score >2.0 were plotted and
ranked by effect size.

3. Results

3.1. Mediterranean diet decreases plasma anandamide concentrations

The 82 participants (43 F and 39 M, average body mass index (BMI) 31.1+0.5 kg/m?, age
43+1.4 years), of which 43 participants (22 F/21 M, average BMI 30.9+0.6 kg/m?, age 43+1.9
years) were in MD group and the 39 participants (21 F/18 M, average BMI 31.2+2.0 kg/m?, age
42+2.0 years) in CT group, showed high compliance with the intervention.

The intake of the main food categories monitored over the study period is reported in Table 1.
The intakes were homogeneous between the two groups at baseline for all food categories
except eggs which were consumed more by the participants in CT. Participants in MD
decreased refined-grain products, snacks, oils, fats and meat intake over the study period and
increased their intake of vegetables, legumes, whole-grain products and fish products after 4
and 8 weeks, whereas fruit and nuts after 8 week intervention. These changes were coherent
with an increased adherence to the MD as assessed by the Italian Mediterranean Index (IMI).
No significant effect of gender on baseline plasma concentration of OEA, LEA, PEA, AEA, 2-
AG, and OEA/PEA and OEA/AEA ratios in CT and MD group was found.

MD consumption lowered plasma AEA concentrations after 8 weeks compared to the baseline
concentrations (-9.1%; p=0.02), while it did not affect 2-AG, linoleoylethanolamide (LEA),
OEA or PEA (Fig. 1A, B). Interestingly, significant increases in the OEA/PEA ratio (5.9%;
p=0.009) and the OEA/AEA ratio (14.6%; p=0.006) were registered after 4 and 8 weeks of MD
consumption, respectively (Fig. 1C, D). Moreover, negative associations of plasma OEA/AEA
with waist circumference (Spearman’s rho=-0.462, p=<0.001) and hip circumference

(Spearman’s tho =-0.200, p=0.002) were observed.
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Table 1. Daily food intake (g) within each category in the control (CT) and Mediterranean diet group (MD) at baseline (0 wk), 4 weeks (4 wk) and

8 weeks (8 wk).
CT (n=39) MD (n=43) p-values

g/day 0 wk 4 wk 8 wk 0 wk 4 wk 8 wk A4-0 A8-0 A8-4
Fruit ¢ 139.5+£22.0 195.0 £ 33.5 183.9+30.9 1713 +21.8° 275.6+255%  271.7+£222%  0.141 0.014° 0919
Vegetables 1793 £16.7 190.4 +13.5 174.7 £ 16.1 203.9+15.7° 208.0+£22.5%  2844+23.1% 0.010° 0.006°  0.930
Legumes 141+24 20.7 £ 3.4 159+32 142+25° 483 +6.5° 500850 0001 o401 0240
Whole-grain products 5.6+22 4.4+2.0 5.7+3.0 13.9+6.1° 14884215  147.6+21.9° 0001 4001*  0.902
Ilf:fd“lfc‘i'sg”‘“ 143.6 +11.1 1419+19.0  142.9+182 70.7+92° 372+73" 2644500 0001 g 019n 0241
Eggs 10.8 +2.1* 133£5.0 8.2+ 1.8 45+1.1% 1.7+0.8° 2.0+0.7° 0136  o0s23 040
Dairy products 94.3+£14.9° 1089+59°  933+140®  832+139 91.5+14.2 96.2+154 0192 0.673 0452
Fish products 29.1+5.0 30.2+4.8 33.3+5.0 26.1+56° 492 +62° 403+6.0°  0.002° 0.071 0.006"
Meat 753+£92° 63.2+72°% 722 +8.4%® 55.5+£8.2% 11.6+£23° 169 +4.6° 0.003*  0.001" 0.896
Oils & Fats 6.6 +2.1 7.5+2.1 6.7+2.0 2.5+0.7° 0.3+0.2° 1.8+0.9° <0.001 4 621° 0.264
Coffee 53.7+8.4 51.9+7.8 52.5+10.2 445+80° 58.7+83% 50.7+7.2° 0.059 0.215 0.700
Fruit juices 11.8+3.6° 7.7 +5.1° 11.7+£59%® 3.6£1.5 3.7+2.6 4.6+2.7 0.048"  0.046" 0.618
Wine 88+1.8 9.6 +3.1 41+15 245+5.1 18.8+8.2 19.9 +8.3 0.632 0.128 0.477
Snacks 762 +13.9 76.6+11.3 73.7+13.0 448 +69°2 202+52° 242+5.1° 0.011" 0.009" 0.492
Soft drinks 46.9 + 12.4 33.7+12.0 35.1+10.8 31.7+15.9 35.6 +23.3 184+97 0.730 0.507 0.810
IMI © 45+03° 41+03° 3.8+0.2° 52+0.3° 8.0+0.3% 78+0.3% <0001 o001 0.664

Data are expressed as the mean +£ SEM. Different letters on a row indicate significant differences between time points within groups by Wilcoxon
test or 2-way ANOVA repeated measures depending on normal distribution of the data. *p<0.05 pairwise time points (A) between CT and MD by
Mann-Whitney test or independent-sample T test.

% p<0.05 between MD and CT at baseline by Mann-Whitney test adjusted for energy intake.

4 Fruits: sum of fruit and nuts;
¢IMI, Italian Mediterranean Index.



2-AG AEA LEA OEA PEA I
# > 20 10.0
9 1.5 ‘
_| 2 15 7.5
Ee6 1.0 ‘ = o
= 10 wk
S 1 ‘ 5.0 ! % Ak
3 0.5 ‘ i 5 % 2.5 ' 8 wk
0 0.0 0 0 0.0
CT MD CT MD CT MD CT MD CT MD
C
1.5 %o
_# #
) 15
< 1.0 . e °
g 3|
< % 10 ° B 0wk
L w B2 4wk
Oos (o) B 8 wk
5
0.0 ) 0

En MD CT
Fig. 1: Violin plots showing the distribution of plasma endocannabinoids (A), concentrations
of N-acylethanolamines (B), and box plots showing the plasma OEA/PEA ratio (C) and the
OEA/AEA ratio (D) in participants from the control group (CT) and the Mediterranean diet
group (MD) at baseline (0 wk), 4 weeks (4 wk) and 8 weeks (8 wk). # p<0.05 within group by
Wilcoxon test. In C and D, two outliers were removed for simpler visualization.

2-AG, 2-Arachidonoylglicerol; AEA, Arachidonoylethanolamide; LEA, Linoylethanolamide;

OEA, Oleoylethanolamide; PEA, Palmitoylethanolamide.

3.2. Higher Akkermansia muciniphila correlates with plasma AEA concentration after

the MD intervention

Consistently with results reported in our previous paper and obtained by analysing a per
protocol selection of the population, the isocaloric MD dietary intervention led to gut
microbiome changes in the overall population (Meslier et al., 2020). Indeed, we observed some
MSP species such as Roseburia faecis and R. hominis significantly enriched in MD compared
to CT group, after either 4 or 8 weeks, along with a rise in the fibre-degrading Faecalibacterium

prausnitzii and several members of the Lachnospiraceae taxa, while Ruminococcus torques and
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R. gnavus were CT-related species (Supplementary Table 3 and 4). Interestingly, significantly
higher levels of Akkermansia muciniphila occurred in the MD compared to CT group after 8
weeks of MD consumption (p<0.05, Fig. 2), although this was not observed in the previous per
protocol analysis (Meslier et al., 2020).
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Fig. 2: Faecal Akkermansia muciniphila relative abundance calculated from shotgun
metagenomics in participants from the control group (CT) and Mediterranean diet group (MD)
at baseline (0 wk), 4 weeks (4 wk) and 8 weeks (8 wk). § p<0.05 pairwise time points (A)
between CT and MD by the Mann-Whitney test.

Later, we further investigated and confirmed the identification of 4. muciniphila through a
quantitative real-time polymerase chain reaction (qQPCR) (Spearman’s Rho= 0.8, p-value =
2.2e-16, Supplementary Fig. 1). Plasma concentrations of OEA (Spearman’s rho= -0.295,
p=<0.001), PEA (Spearman’s rho= -0.341, p=<0.001), LEA (Spearman’s rho= -0.366,
p=<0.001), and AEA (Spearman’s rho= -0.319, p-value= <0.001) were negatively correlated
with A. muciniphila, which was positively linked to the plasma OEA/PEA (Spearman’s
rho=0.180, p=0.005) and OEA/AEA ratios (Spearman’s tho=0.259, p<0.001) (Fig. 3). Plasma
AEA concentrations were negatively associated with Eggerthella sp. Furthermore, circulating
levels of AEA and the OEA/PEA ratio showed opposite associations with the abundance of
Intestinimonas  butyriciproducens, Bifidobacterium longum, Roseburia hominis and
Faecalibacterium prausnitzii, Prevotella sp. and P. copri. All the correlations found are

detailed in Fig. 3.
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Fig. 3: Heatmap showing hierarchical Ward-linkage clustering of AEA and the OEA/PEA ratio
based on Spearman’s correlation with gut microbiome species. The colour scale represents the
magnitude of Spearman’s rho coefficient, with red indicating negative correlations and blue
indicating positive correlations. Adjustments were performed using the Benjamini-Hochberg
procedure, and Spearman’s rho values were filtered by maintaining correlations with at least
one false discovery rate (FDR) of <0.05.
, FDR=0.05; *, FDR<0.05; ** FDR<0.01; *** FDR<0.001.
AEA, Arachidonoylethanolamide; OEA, Oleoylethanolamide; PEA, Palmitoylethanolamide.
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3.3. Plasma OEA/PEA ratio is associated to MD adherence

OEA/PEA ratio, but not OEA/AEA ratio, was positively correlated with IMI. OEA/PEA ratio
also showed positive correlation with daily intake of vegetables and negative correlation with
soft drinks, snacks, meat and refined-grain products intake (Fig. 4). In addition, OEA/AEA was
correlated negatively with eggs, soft drinks, snacks, meat and refined-grain products, fish, dairy
products and legumes intake. While plasma 2-AG concentrations showed negative correlations
with meat, refined-grain products, fish, dairy products and legumes intake, which conversely,

were positively correlated with plasma AEA and NAEs concentrations.

Color Key
ists

04 02 0 02 04
Value

Legumes

Dairy products

Fish

Refined-grain products

Meat
Snacks
Soft drinks
Oils&Fats
Eggs
. Whole-grain products
IMI
Fruit&Nuts
Vegetables

Fig. 4: Heatmap correlation matrix between plasma ECs, NAEs, OEA/PEA ratio, OEA/AEA
ratio, and food categories and IMI. The colour scale represents the magnitude of Spearman’s
rho coefficient, with blue indicating a positive correlation and red indicating a negative
correlation. *p<0.05; **p<0.01; *** p<0.001 significant Spearman’s correlations and Holm
correction adjusted for Energy intake.

IMI, Italian Mediterranean Index; 2-AG, 2-Arachidonoylglicerol; AEA,
Arachidonoylethanolamide; LEA, Linoylethanolamide; OEA, Oleoylethanolamide; PEA,

Palmitoylethanolamide.
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3.4. Baseline plasma OEA/PEA ratio influences the individual response to the

consumption of an MD

To test the hypothesis of whether the baseline OEA/PEA ratio affected the individual response
to MD consumption, we grouped the population into quartiles of the baseline OEA/PEA ratio.
MD participants in the lowest quartile (Q1) exhibited a significantly increased OEA/PEA ratio
after 4 weeks (26.7%, p=0.04), while those in the highest quartile (Q4) did not exhibit a change
in the OEA/PEA ratio over the study period (Fig. 5A). Interestingly, Q1 participants in the MD
group also exhibited a diminished HOMA-index after 4 (-26.2%, p=0.01) and 8 weeks (-23.9%,
p=0.01) (Fig. SB).

Compared to participants in Q1, those in Q4 displayed lower plasma PEA, LEA and AEA
concentrations at baseline, which remained stable during the study period, and higher plasma
2-AG concentrations; plasma OEA did not differ at baseline between participants in Q1 and Q4
and did not change over the course of the intervention (Supplementary Fig. 2 and Fig. SC,D).
MD participants in Q1 had increased circulating 2-AG levels after 4 weeks (121%; p=0.02)
(Fig. 5D), while those in Q4 had decreased serum hs-CRP (-62.6%; p=0.02) (Fig. SE) and

increased faecal abundance of 4. muciniphila (Fig. 5F).
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Fig. 5: Plasma OEA/PEA ratio (A), HOMA-index (B), plasma AEA concentration (C), plasma
2-AG concentration (D), serum hs-CRP concentration (E) and faecal Akkermansia muciniphila
relative abundance (F) in participants from the control group (CT) and Mediterranean diet group
(MD) in the lowest (Q1) and highest quartile (Q4) for OEA/PEA ratio at baseline (0 wk), 4
weeks (4 wk) and 8 weeks (8 wk). Q1= minimum to 25" percentile of OEA/PEA ratio at
baseline (CT, n=9; MD, n=11), Q4= 75" percentile to maximum of OEA/PEA ratio at baseline
(CT, n=10; MD, n=10). Different letters on the box plots indicate p<0.05 between quartiles
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(MD + CT) at 0 wk by independent-samples T test.

* p<0.05 within-group comparison by 2-way ANOVA with repeated measures; # p<0.05
within-group comparison by Wilcoxon test. Two outliers have been removed from panel E and
1 outlier from panel F for simpler visualization. 2-AG, 2-Arachidonoylglicerol; AEA,
Arachidonoylethanolamide; OEA, Oleoylethanolamide; PEA, Palmitoylethanolamide; hs-
CRP, high-sensitivity C-reactive protein; HOMA-index, Homeostatic model assessment of

insulin resistance-index.

In Fig. 6 are detailed the microbiome species that differed between Q1 and Q4 at baseline. In
particular, compared to Q1 participants, Q4 participants at baseline harboured higher levels of
Roseburia faecis, Bacteroides dorei, Bacteroides intestinalis, Bifidobacterium longum and
Anaerostipes hadrus, Clostridium sp. and lower Blautia, Coprococcus, Alistipes and C.
ramosum in the gut (Fig. 6).

We further explored the functional and metabolic features of microbial communities in Q1 and
Q4 participants at baseline (Supplementary Table 5). Q4 participants showed more abundant
levels of glycocholate (MF0044), glucose (MF0057) and lactose (MF0048) degradation

modules.
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Fig. 6: Linear discriminant analysis effect size (LEfSe) showing species that were differentially
abundant between Q1 (grey) and Q4 (black). Logarithmic linear discriminant analysis (LDA)
score >2, p<0.05. Q1= minimum to 25" percentile of OEA/PEA ratio at baseline (CT, n=9;
MD, n=11), Q4= 75" percentile to maximum of OEA/PEA ratio at baseline (CT, n=10; MD,
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n=10).

3.5. Diet composition influences plasma OEA/PEA ratio at baseline

Q1 and Q4 participants at baseline showed no different intake of energy, dietary fibres, fats,
saturated fatty acids, monounsaturated fatty acids, polyunsaturated fatty acids, carbohydrates,
proteins, sugars and alcohol as well as anthropometric variables and body composition
(Supplementary Table 6). In contrast, Q1 participants at baseline consumed more refined-
grain products, meat, oils and fats, snacks than Q4 participants (Supplementary Table 7).
During the MD intervention, Q1 participants significantly increased their fruit, vegetables,
whole-grain products, legumes, fish intake and decreased the intake of refined-grain products,
oils and fats, meat, and snacks. Q4 participants in the MD group consumed more whole-grain
products and less refined-grain products than those in the CT group and decreased snacks and

eggs intake only after 4 weeks.

4. Discussion

In this study, we showed that an isocaloric dietary shift from a Western diet to an MD lowered
plasma AEA concentration and increased the OEA/PEA and OEA/AEA ratios. The increased
total polyunsaturated fatty acid intake and decreased saturated fatty acid intake caused by
increased consumption of fish products and nuts as isocaloric replacements of meat and dairy
products might explain the changes in the circulating lipid mediators observed in MD
participants (Meslier et al., 2020; Engeli et al., 2014; Jones et al., 2014). No previous evidence
of a food- or diet-induced change in the plasma OEA/PEA or OEA/AEA ratio is available.
Interestingly, the OEA/PEA and OEA/AEA ratios are markers of blood cholesterol and insulin
resistance (Fanelli et al., 2018), and their increase occurred concomitantly with the reduction in
plasma cholesterol in our cohort (Meslier et al., 2020).

On the other hand, mounting evidence in obese subjects and patients with inflammatory bowel
disease (IBD) indicates that circulating AEA is a mediator of the effects of obesity on gut barrier
integrity, intestinal permeability and inflammation (Little et al., 2018; Grill et al., 2019) that
underpin metabolic endotoxaemia (Cani et al., 2007). Therefore, the reduction of AEA in the
MD group suggests that MD may exert metabolic and anti-inflammatory effects through its

action on intestinal permeability and endocannabinoid signalling.

103



This hypothesis was supported by the significant increase of A. muciniphila faecal abundance
after 8 weeks of MD compared to CT. A. muciniphila was not among the microbial species
found to change upon intervention in the subgroup of subjects previously analysed that
excluded 20 participants because of a slight increase of fruit and vegetable consumption over
the run-in period compared with the consumption at the time of enrolment (Meslier et al., 2020).
A. muciniphila is widely considered a valuable contributor to the maintenance of gut health and
metabolic homoeostasis (Cani & de Vos, 2017). Indeed, 4. muciniphila abundance decreases
in several pathological conditions where intestinal dysbiosis, gut barrier functionality and
endotoxaemia play key roles, such as obesity, type 2 diabetes, IBD, and hypertension (Dao et
al., 2016; Yassour et al., 2016; Li et al., 2017). Contrarily, A. muciniphila abundance increases
following pharmacological treatments, bariatric surgery and prebiotic-based interventions that
ameliorate multiple aspects of nutrient metabolism and gut barrier function (Everard et al.,
2013; Dao et al., 2016; Forslund et al., 2015; Greer et al., 2016).

Therefore, we consider the increased abundance of 4. muciniphila independently of body
weight change as an indicator of the alleviation of obesity-related gut barrier dysfunction.

In addition, circulating levels of AEA were negatively and OEA/PEA ratio was positively
correlated with a number of other microorganisms associated with a healthy gut, such as
Intestinimonas  butyriciproducens, Bifidobacterium longum, Roseburia hominis and
Faecalibacterium prausnitzii (Machiels et al.,2014; Wong et al., 2019; Jiang et al., 2015), or
known to metabolise ellagic acid and produce antinflammatory urolitihins such as Eggerthella
(Meslier et al., 2020). Similar findings were recorded for the abundance of Prevotella sp. and
P. copri, which show contradictory association with either health conditions or intestinal and
metabolic diseases (De Filippis et al., 2019; Saltzman et al., 2018), likely due to different
genetic traits of the microrganisms according to strain diversity and dietary patterns (De Filippis
et al., 2019; De Filippis et al., 2016).

Altogether, these findings suggest that plasma AEA concentration may be a putative marker of
altered gut permeability and dysbiosis, as already shown for intestinal AEA concentrations
(Cani et al., 2016). Contrarily, the OEA/PEA ratio may be an indicator of healthy gut barrier
function. Indeed, participants falling in the quartile for the highest plasma levels of OEA/PEA
(Q4) harboured in the gut higher abundances of fibre- or protein-degrading bacteria and species
positively associated with a healthy gut barrier due to the production of short chain fatty acids
such as Bacteroides, Bifidobacterium, Clostridium, and Roseburia (Wong et al., 2019;
Tamanai-Shacoori et al., 2017; Alou et al., 2016). Contrarily, participants with the lowest
plasma concentrations of OEA/PEA (Ql), showed higher abundances of Blautia and
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Coprococcus taxa, C. ramosum and Alistipes previously associated with obesity, inflammation
and animal-based diet rich in fat and proteins (Castaner et al., 2018; Woting et al., 2014; Roager
et al., 2019). Therefore, Q4 participants, harbouring a healthy gut microbiota and displaying
lower plasma AEA and higher plasma 2-AG concentrations, might possess a more functional
intestinal barrier at baseline than Q1 participants. This was further supported by the differences
found in functional and metabolic features of microbial communities between Q1 and Q4. The
more abundant glycocholate degradation module (MF0044) in Q4might lower the intestinal
concentration of glycocholic acid as occurring in healthy individuals vs those with IBD (Das et
al., 2019). Similarly, the glucose (MF0057) and lactose (MF0048) degradation modules might
indicate a better ability to metabolize those nutrients whose transport modules, are increased in
ileal Chron’s disease (Morgan et al., 2012). Interestingly, the participants in Q4 had also a lower
intake of refined-grain products, oils, fats, snacks, and meat than Q1 and, switching to an MD,
ameliorated the inflammatory status. Although Q4 participants in the MD group consumed
more whole-grain products and less meat than those in the CT group, their snacks intake
decreased only after 4 weeks. This may explain why participants in Q4 experienced the greatest

ant-inflammatory benefit from the MD after 4 weeks of intervention.

The finding that Q1 participants at baseline consumed more refined-grain products, oils, fats,
snacks, and meat compared to Q4 may suggest that the consumption of those foods has a role
in shaping the functional and metabolic features of the gut microbiome in humans. Due to the
nature and duration of the study, these results should be interpreted cautiously as a preliminary
indication of the effect of high sugar, high fat, and high energy-dense food consumption on the
gut microbiome.

The macronutrient composition of the diets was not different between quartiles at baseline,
suggesting that other food components in snacks, meat (including processed meat), refined-
grain products,oils and fat might affect the endocannabinoid system and the gut microbiome.
Evidence shows that food emulsifiers affect gut microbiota composition promoting colitis and
metabolic syndrome in mice (Chassaing et al., 2015) while noncaloric artificial sweetener
intake can cause intestinal dysbiosis in humans (Suez et al., 2014).

This study has three main strengths. Firstly, the nutritional intervention applied allowed us to
demonstrate an involvement of the endocannabinoid system in the interplay between MD
consumption, the gut microbiome and health independently of changes in body weight and
composition. Secondly, the influence of the baseline endocannabinoid tone in the physiological

response to MD consumption provides new clinical indications for the nutritional management

105



of subjects at risk of metabolic diseases within the framework of personalized nutrition. Thirdly,
the intention-to-treat analysis of the gut microbiome data evidenced the effect of the MD in
increasing the abundance of A. Muciniphila. This finding suggests that in the present study the
overall aspects of MD, other than the increased intake in fruit and vegetables considered to
select subjects in the per-protocol analysis in Meslier and co-workers (Meslier et al., 2020),
might contribute with the higher sample size in achieving the statistical differences between
MD and CT as regards the diet-induced modulation of A. muciniphila.

On the other hand, since we did not measure gut permeability, we could not establish a causal
role of gut barrier function/homeostasis in the interplay among the endocannabinoid system,
the MD, and health outcomes.

In conclusion, our study demonstrates that a switch from a Western-like diet to an isocaloric
MD affects the endocannabinoid system and increases A. muciniphila abundance in the gut,
independent of body weight changes in subjects with lifestyle risk factors for metabolic disease.
Moreover, individual endocannabinoid tone at baseline drives a personalized response to the
MD ameliorating insulin sensitivity or systemic inflammation. Specifically, individuals with a
low plasma OEA/PEA ratio (high AEA) exhibit an increase of plasma OEA/PEA and 2-AG,
ameliorating insulin sensitivity, while those with a high plasma OEA/PEA ratio (low AEA)
show an increase in intestinal A. muciniphila and a reduction in systemic inflammation.

A high plasma OEA/PEA ratio and low AEA concentration reflect a more functional gut
microbiome characterized by species associated with gut homeostasis and barrier integrity.
Finally, we provide preliminary evidence that the individual endocannabinoid system is shaped
by habitual intake of meat, refined-grain products, oils, fat and snacks affecting gut microbiome
functionality and its responsiveness to dietary changes.

Altogether our findings shed light on endocannabinoid system implication in the interplay
between diet, gut and health, revealing opportunities for clinical practice in the context of
personalized nutrition. Specifically, data suggests that the measure of plasma OEA/PEA ratio
and AEA concentration might mirror individual gut microbiome and intestinal barrier
functionality determining the individual responsiveness towards metabolic and/or anti-

inflammatory changes following a dietary intervention with an MD.
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Abstract

Purpose: To determine the small intestinal concentration of endocannabinoids (ECs), N-
acylethanolamines (NAEs) and their precursors N-acylphosphatidylethanolamines (NAPEs) in
humans. To identify relationships between those concentrations and habitual diet composition as well
as individual inflammatory status.

Methods: An observational study was performed involving 35 participants with an ileostomy
(18W/17M, aged 18-70 y, BMI 17-40 kg/m?). Overnight fasting samples of ileal fluid and plasma
were collected and ECs, NAEs and NAPEs concentrations were determined by LC-HRMS. Dietary
data was estimated from self-reported 4-day food diaries.

Results: Regarding ECs, N-arachidonoylethanolamide (AEA) was not detected in ileal fluids while
2-Arachidonoylglycerol (2-AG) was identified in samples from two participants with a maximum
concentration of 129.3 pg/mL. In contrast, mean plasma concentration of AEA was 2.1 + 0.06 ng/mL
and 2-AG was 4.9 £ 1.05 ng/mL. NAEs concentrations were in the range 0.72-17.6 pg/mL in ileal
fluids and 0.014-0.039 pg/mL in plasma. NAPEs concentrations were in the range 0.3-71.5 pg/mL in
ileal fluids and 0.19-1.24 pg/mL in plasma being more abundant in participants with obesity than
normal weight and overweight. Significant correlations between the concentrations of AEA, OEA
and LEA in biological fluids with habitual energy or fat intakes were identified. Plasma PEA
positively correlated with serum C-reactive protein.

Conclusions: We quantified ECs, NAEs and NAPEs in the intestinal lumen. Fat and energy intake
may influence plasma and intestinal concentrations of these compounds. The luminal concentrations
reported would allow modulation of the homeostatic control of food intake via activation of GPR119

receptors located on the gastro-intestinal mucosa.

Keywords: Lipid mediators; nutrient sensing; ileal fluids; gastrointestinal receptors; N-

acylethanolamines; ileostomists.
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2. Introduction

Endocannabinoids (ECs) and their structural congeners N-acylethanolamines (NAEs), also known as
“endocannabinoid-like molecules”, are endogenous lipid mediators involved in a wide range of
biological pathways regulating appetite, nutrient metabolism, energy balance and inflammation
(Witkamp, 2018; Simon & Cota, 2017). ECs include 2-arachidonoylglycerol (2-AG) and N-
arachidonoylethanolamide (AEA) (Alexander et al., 2017) while the most studied NAEs are N-
oleoylethanolamide (OEA), N-palmitoylethanolamide (PEA), N-linoleoylethanolamide (LEA) and
N-stearoylethanolamide (SEA) (Wang et al., 2017; Witkamp, 2016).

Circulating NAEs and AEA as well as 2-AG are formed from membrane precursors such as N-
acylphosphatidylethanolamines (NAPEs) and diacylglycerol, through the activity of NAPE-specific
phospholipase D (NAPE-PLD) and diacylglycerol lipase (DAGL), respectively. Other enzymes
hydrolyse NAEs and ECs to fatty acids and ethanolamines (Fowler et al., 2017; Bisogno, 2008; Wei
et al., 20006).

EC:s elicit their biological activities through the cannabinoid type 1 (CB1) and type 2 (CB2) receptors
which are located mainly in the brain but also in peripheral tissues, such as the intestine, liver, skeletal
muscle, vascular endothelium, reproductive tissues, and tissues of the immune system (Witkamp,
20016). NAEs regulate food intake, glucose homeostasis and inflammation through activation of G
protein-coupled receptors (GPCRs), peroxisome proliferator-activated receptors (PPAR-a), and
transient receptor potential vanilloid receptors (TRVP) (Izoo & Sharkey, 2010; Overton et al., 2008;
Balvers et al., 2013). Some of these receptors are located on cells lining in the gastro-intestinal tract
(GIT). For example, GPR119 is expressed on cells in the stomach, small intestine and colon (Hansen
& Diep, 2009) and, upon NAEs-mediated activation, it elicits the secretion of the insulin-regulating
peptides, glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP)
(Cheng et al., 2015; Lan et al., 2012). PPAR-a is expressed in the small intestine, kidneys, liver, heart
and brown adipose tissue and increases satiety through its ligand OEA (Fu et al., 2003; Lo Verme et
al., 2005; Piomelli, 2013). In contrast, 2-AG and AEA stimulate food intake through the CB1
receptors (Di Patrizio & Piomelli, 2015).

Mounting evidence in subjects with inflammatory bowel disease and obesity indicates that circulating
ECs are key mediators in the interplay between gut, microbiota and metabolic health (Little et al.,
2018; Grill et al., 2019; Chelakkot et al., 2018; Cani et al., 2007; de La Serre et al., 2010). Moreover,
plasma ECs and NAEs are considered biomarkers of white adipose tissue distribution and insulin
resistance in obesity (Di Marzo et al., 2009; Bliiher et al., 2006; Co6té et al., 2007; Engeli et al., 2005;
Matias et al., 2012; Sipe et al., 2010; Matias et al., 2006; Silvestri & Di Marzo, 2013; Fanelli et al.,
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2018) and, as NAPEs, they are tightly connected with diet, especially dietary fat (Witkamp, 2018)
but also proteins (Tischmann et al., 2019; Drummen et al., 2020).

On the other hand, ECs, NAEs, and NAPEs are present in several foods (De Luca et al., 2019), they
increased in saliva upon food mastication in humans (Kong et al., 2016; Mennella et al., 2018) and
the direct injections of NAPEs in the duodenum reduced food intake in mice (Gillum et al., 2018).
Altogether, this evidence raised the question of whether the luminal content of ECs, NAEs, and
NAPEs may be sufficient to elicit biological effects through the receptors located in the GIT.
Therefore, we determined the concentrations of ECs, NAEs and NAPEs in ileal fluids and plasma
collected during an observational study in participants with ileostomy and investigated their
relationship with habitual macronutrient and energy intake as well as with individual inflammatory

status.

6. Methods
6.1. Study design

This study is part of an observational study (16/N1/0267) whose primary outcome was the assessment
of bone mineral density (by Dual-energy X-ray absorptiometry) in ileostomy patients. Secondary
outcomes included: anthropometric measurements, habitual diet, blood lipid profile, blood
inflammatory marker, blood polyunsaturated fatty acids, blood and ileal endocannabinoids, and
physical activity. The study was conducted with the prior approval of the Office for Research Ethics
Committees Northern Ireland (ORECNI), the University of Ulster Ethical Committee and with the
informed consent of participants and in accordance with the Declaration of Helsinki. The trial was
registered at www.clinicaltrials.gov (NCT04143139). Participants (male and non-pregnant females)
recruited to the study were aged 18-70 years and had previously undergone an ileostomy and were
2+ years post-operative at time of recruitment. Participants were excluded if they were outside the
desired age range or had their surgical procedure <2 years before.

Following an overnight fast, the participants visited the clinic of Ulster University in Coleraine (UK)
and provided ileal fluid sample and blood samples.

All participants provided questionnaires including a 4-day estimated food diary to establish habitual
dietary intake completed within £14 days of sampling, subsequently analysed using Nutritics
Nutrition Analysis Software. A validated Recent Physical Activity Questionnaire (RPAQ) (Besson et
al., 2009) was also completed by each participant to capture self-reported habitual activity levels at
home, work and in leisure-time. The total physical activity energy expenditure (PAEE) was estimated
by summing up the individual energy expenditure due to each activity domain (home, work and

recreational).
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6.2. Preparation of biological samples

In order to avoid handling bias with ileal fluids we used methodologies consistent with precautions
as described in Karu ef al. (2018) for metabolomic analysis in faeces. The ileal fluid samples were
collected and processed within 30 min as described in Mc Dougall et al. (2014). In brief, volumes
and pH values of the ileal fluids were recorded, before dilution with ice-cold distilled water as
required, dependent on the viscosity, and before the fluid was homogenized in a chilled Waring
blender for 30 s.

Fasting blood samples were collected by venipuncture into serum separator and EDTA-containing
tubes. To avoid EDTA blood samples handling bias that may lead to ex vivo biotransformation of
monitored compounds, we used recommendations of Gurke and co-workers (2019). All EDTA blood
samples were kept chilled/on ice before processing. Plasma samples were prepared by centrifugation
at 3000 rpm for 15 min at 4 °C and within 15 minutes of collection. Serum samples were prepared by
allowing blood to clot for 30 min at room temperature then centrifugation at 3000 rpm for 15 min at
4°C.

Once prepared, ileal fluids, serum and plasma samples were aliquoted and immediately frozen at -80
°C. All samples were kept frozen at Ulster University according to Human Tissue Act (HTA)

standards until further analysis.

2.3 Extraction of ECs, NAEs and NAPEs from ileal and plasma samples

Simultaneous extraction of ECs, NAEs and NAPEs from ileal fluids and plasma were performed
using the method by Bligh and Dyer with brief modifications (Bligh & Dyer, 1959). All samples were
thawed in the fridge at 4°C before extraction and samples were kept chilled on ice during the specific
extraction procedures (Gurke et al., 2019). The ileal fluids samples were diluted prior the extraction
to enhance the efficiency of solvent extraction as previously reported in faeces (Karu et al., 2018;
Gregory et al., 2012).

Ileal fluids (100 pL) previously diluted 1:10 with distilled water and plasma samples (500 uL) were
added to 50 pL of the internal standard 200 ng/mL solution of Arachidonoylethanolamide d8 (AEA
d8) (Cayman Chemical, Ann Arbor, MI). A volume of 1.5 mL of CHCI3/CH30H (2:1 v/v) was added
to the sample that was vortexed for 20 seconds and centrifuged at 14800 rpm for 10 minutes at 4 °C.
Then, the supernatant was collected in a glass tube and the pellet was extracted with CHCIls/CH3OH
(2:1) twice. KCI 0.07 M (2 mL) was added to the collected phase and the lower layer (chloroform
phase) was evaporated under nitrogen flow and reconstituted in 100 pL acetonitrile/isopropanol/water

(60:35:5) prior the LC-HRMS analysis.
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The extraction recovery was 86% in ileal fluids and 71% in plasma samples.

2.4 Liquid Chromatography — High Resolution Mass Spectrometry (LC-HRMS) analysis
LC-HRMS analysis was performed by adapting the method by Gregory ef al. (2012). Data were
collected by using an Accela U-HPLC system consisting of a quaternary pump and a thermostated
autosampler (10 °C) coupled to an Exactive Orbitrap MS provided with a heated electrospray
interface (HESI) (Thermo Fisher Scientific, San Jose, CA). The compounds were separated on a
Kinetex 2.6 p Cis 100 A column (100 mm x 2.1 mm) (Phenomenex, Torrance, CA) with setting
temperature at 45 °C and eluted by a linear gradient of a 40:60 water/acetonitrile mixture (5 mM
ammonium formate 0.1% formic acid) (solvent A) and 90:10 isopropanol/acetonitrile (5 mM
ammonium formate and 0.1% formic acid) (solvent B) with a flow rate of 200 pL/min and volume
injection of 10 uL. According to Gregory et al. eluting gradient was set as follows: 32 % B from 0 to
1.5 min, 3245 % B from 1.5 to 4 min, 45-52 % B from 4 to 5 min, 52-58 % B from 5 to 8 min, 58-
66 % B from 8 to 11 min, 66-70 % B from 11 to 14 min, 70-75 % B from 14 to 18 min, 75-97 % B
from 18 to 21 min and kept at 97% B until 25 min (Gregory et al., 2012). MS detection was performed
in positive and negative ion mode in the m/z 120-1200 mass range: spray voltage was 3.5 kV (positive
mode) and 3.0 kV (negative mode), capillary voltage 30V, heater temperature 300 °C, capillary
temperature at 350 °C, sheath gas 35 and auxiliary gas 15 arbitrary units, respectively.

Compounds were identified and quantified against authentic standards by using exact mass value up
to the fifth decimal digit (= 5 ppm mass tolerance). ECs (2-arachidonylglycerol, 2-AG; anandamide,
AEA; AEAdS) and NAEs (OEA: linoleoylethanolamide, LEA; palmitoylethanolamide, PEA)
standards were purchased from Cayman (Cayman Chemical, Ann Arbor, MI). N-
Arachidonoylphosphatidylethanolamine standard was purchased from Santa Cruz Biotechnology
(Santa Cruz Biotechnology, Inc., USA). SEA was expressed as equivalents of PEA. NAPEs were
found in the chromatographic region between 19-23 min and were detected in negative ions mode as
[M-H]". In the chromatographic region between 6-9 min, the NAEs were detected in positive ion
mode as [M+H]'. Supplementary Table 1 reports the molecular formula, theoretical and
experimental mass, the mass accuracy and the retention time of identified compounds. The limit of
detection (LoD) and limit of quantification (LoQ) of the identified molecules are reported in

Supplementary Table 2.

2.5 Biochemical analysis
Circulating lipid profiles (serum triglycerides, total and HDL cholesterol) were quantified on the iLab

650 Clinical Chemistry auto-analyzer (Instrumentation Laboratory, Massachusetts, USA) using a
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commercially available assay. LDL cholesterol was calculated using the Friedewald formula
(Tremblay et al., 2004). Serum C-reactive protein (CRP) was measured at the clinical chemistry
department of St James’ Hospital Dublin.

Total lipid was extracted from serum according to a modified version of Folch et al. (1957) where
chloroform and methanol were used as the extracting solvents in a 2:1 ratio, with 250 pL of plasma
extracted in 5 mL of extracting solvents (Strain et al., 2008), the wash solution was 3:47:48
(chloroform:methanol:water). Fatty acid methyl esters were detected and quantified for six key
polyunsaturated fatty acids (PUFA) — linoleic acid (LA), arachidonic acid (AA), a-linolenic acid
(ALA), eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid
(DHA) using the gold-standard technique of gas chromatography—mass spectrometry (7890A-5975C;
Agilent) using heptadecanoic acid (C17:0) as the internal standard, as previously described (Strain et
al., 2008). In brief, to a 250 pL plasma sample, 18 pL internal standard (heptadecanoic acid (C17:0))
was added and then chloroform:methanol (2:1) to a final volume of 5 mL. The solution was
vigorously mixed, 1 mL DDH20 added, then centrifuged at 2500 g for 5 min. The upper layer was
discarded, the remaining solution washed twice with chloroform:methanol:water (3:48:47) and the
sample filtered, then evaporated to dryness (at 70 °C, under nitrogen). Toluene (100 pL) and
borontrifluoride methanol (500 pL) were added and the solution maintained at 100 °C for 1 hour.
Subsequently, 250 uL of hexane and 800 pL. DDH20 was added to the cooled sample and mixed. The
supernatant was then removed and evaporated to dryness (at 50 °C, under nitrogen). Extractions were
reconstituted in 180 pL ethyl acetate before analysis on GC/MS which was completed in split mode
(split ratio 1:20), with a BPX70 capillary GC column (SGE Analytical Science) (length 30 m, internal
diameter 250 um and film thickness 0.25 um), using helium as the carrier gas (constant flow at 1.0
mL/min). Samples were injected using an automatic liquid sampler (ALS) (injection volume 1 pL) at
a temperature of 130 °C, this was then ramped at 15 °C/min to 200 °C and then at 30° C/min to 250
°C where it was held for 5 min. Mass Spectrometry was operated in positive ion mode using an
electron ionisation (EI) source. The mass range was set to 50-500 Da and acquisition was performed
by Total Ion Chromatogram (TIC). We identified the individual PUFA — LA, AA, ALA, EPA, DPA
and DHA — by their retention time and corresponding qualifier ions with reference to those of
commercially available fatty acid standards (Sigma Aldrich, UK). These were quantified by use of
an internal standard, heptadecanoic acid (C17:0) (Sigma Aldrich, UK) and corresponding PUFA
target ions (quantifiers). For the purpose of this paper we have defined: Total PUFA as the sum of
LA, ALA, AA, EPA, DPA, DHA; n-3 fatty acids as the sum of ALA, EPA, DPA and DHA; n-6 fatty

acids as the sum of LA and AA; n-6:n-3 ratio as the ratio between n-6 and n-3 fatty acids.
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2.6  Anthropometric measurements

Height and weight were measured using standardized procedures to determine Body Mass Index
(BMI, kg/m?). Standing height (cm) was measured to the nearest 0.5 cm using a calibrated stadiometer
(SECA, Model 220, Germany). Body weight (kg) was recorded without footwear or heavy clothing
and was measured to the nearest 0.1 kg using portable scales (Seca; Brosch Direct Ltd, Peterborough,
UK). Participants were considered with normal weight when the BMI was in the range 18.5-24.9
kg/m?, with overweight when the BMI was in the range 25.0-29.9 kg/m? and with obesity when the
BMI was higher than 30 kg/m?.

2.7  Statistical analysis

Statistical analyses were performed in R version 3.6.0. After being checked for normality,
significantly skewed variables were transformed in In (x) with k values. For those that showed a
normal distribution at the Kolmogorov-Smirnov test, Student’s t test was performed to check
differences between sexes. One-way ANOVA and Bonferroni adjustment for multiple comparisons
were performed to check differences between compounds in the overall population. For the variables
which did not show a normal distribution after logarithmic transformation, a non-parametric Mann-
Whitney test was performed. Two-tailed P values lower than 0.05 were considered significantly
different. To test correlations between concentrations of NAPEs, NAEs and ECs in biological fluids
with the dietary intake, all variables were transformed in In(x) and a Pearson correlation test was
performed to check the best model to fit the curve. In all cases logarithmic model was selected and

results obtained were reported. Data are expressed as means + SEM.

3. Results

3.1 Study participants

The participant flow is shown in Fig. 1. Thirty-five participants with ileostomy were recruited and
completed the study. The characteristics of the participants including general information and
anthropometry, serum lipids, PUFA and CRP as well as the mean dosages of each type of medication
taken by 27 subjects, are reported in Table 1. Differences between sexes were found for height and
weight that were higher, as well as serum HDL-cholesterol concentration that were lower, in men
than women. The participants had a mean BMI of 26.9 + 0.9 kg/m?, specifically there was 1 subject
(1 man) who was underweight, 11 subjects (8§ women and 3 men) with normal weight (NW), 12 (7
women and 5 men) with overweight (OW) and 11 (3 women and 8 men) with obesity (OB). Compared
to NW, OB showed higher triglycerides (1.19 +£0.15 mmol/L vs 0.6 £0.06 mmol/L, p=0.002) and

lower HDL-cholesterol concentrations (0.99 + 0.08 mmol/L vs 1.32 £ 0.06 mmol/L, p=0.013). No
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significant difference between BMI classes for general characteristics and CRP was observed.

Ethical approval granted
Office for Research Ethics Committee
Northern Ireland (16/NI1/0267)
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Enrollment ]

Excluded (n=8)
| Notmeeting inclusion criteria (n=1)

Consented (7=35)
M (n=17): W (n=18)

"| Declined to participate (n=5)
Lost to follow-up (n=2)

[ Data Collection ]

Y

v

Biological samples (#=35)
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Given food diary & instructions for
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Fig. 1: Participants flow.
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Table 1. Characteristics of the study participants with ileostomy. *

All Women Men p-value®

General characteristics and anthropometry (n = 35) (n=18) (n=17)

Age (years) 51.1+24 50.8+3.8 514+3.0 0.898
Height (cm) 168.1+1.3 162.7+1.2 1739+ 14 <0.001
Weight (kg) 76.4+3.1 68.3+3.1 85.0+4.9 0.006
BMI (kg/m?) 269+0.9 259+1.2 280+ 1.5 0.266
Ileal fluids pH 6.1 +0.1 6.1+£0.1 6.1+£0.1 0.908
Ileal fluids net weight (g) 234.6 +15.9 229.1+15.4 240.5 +28.9 0.732
PA energy expenditure (MET hours/day)¢ 21.6+3.0 162+ 1.8 273+5.8 0.087
Serum lipids (n=35) (n=18) (n=17)

Triglycerides (mmol/L) 0.92 +0.08 0.92+0.12 0.92+0.12 0.840
Total Cholesterol (TC, mmol/L) 3.52+0.14 3.69+0.19 3.33+£0.19 0.190
LDL-Cholesterol (mmol/L) 1.94 +0.12 2.02+£0.17 1.86 £0.16 0.509
HDL-Cholesterol (mmol/L) 1.16 £ 0.05 1.26 + 0.04 1.05+0.08 0.030
LA (mg/mL) 1.10£0.04 1.16 £ 0.05 1.04+ 0.05 0.131
ALA (mg/mL) 0.01 +£0.00 0.01 £0.00 0.01 £0.00 0.245
AA (mg/mL) 0.28 £0.02 0.28 +0.02 0.27 £0.02 0.815
EPA (mg/mL) 0.01 £0.00 0.02 +0.00 0.01 +£0.00 0.226
DPA (mg/mL) 0.01 +£0.00 0.01 £0.00 0.01 £0.00 0.918
DHA (mg/mL) 0.03 £0.00 0.04 £ 0.01 0.02+0.00 0.093
Total PUFA (mg/mL) ¢ 1.45+0.05 1.52 +0.07 1.37 £ 0.07 0.144
n-6:n-3 ratio ¢ 28.67 £3.15 28.41 £4.62 28.93 +£4.40 0.451
Inflammatory status (n=35) (n=18) (n=17)

CRP (mg/L) 3.30+0.66 3. 71+ 1.18 2.87 +0.57 0.719

Medications (mg/kg b.w./day)

Antihistamine (n=5; 2W, 3M)
Antidiarrheal (n=5; 2W, 3M)
Antihypertensive (n=4; 1W, 3M)
Antacids (n=7; 3W, 4M)
Antidepressant (n=5; 2W, 3M)
Cholesterol lowering (n=6; 2W, 4M)

0.28 (0.15-0.42)
0.22 (0.08-0.39)
1.42 (0.06-3.10)
0.43 (0.19-0.86)
0.49 (0.24-1.07)
0.49 (0.33-0.66)

0.29 (0.15-0.42)
0.17 (0.16-0.17)
1.65

0.51 (0.42-0.66)
0.39 (0.32-0.47)
0.62 (0.58-0.66)

0.27 (0.21-0.35)
0.25 (0.08-0.39)
1.34 (0.06-3.10)
0.38 (0.19-0.86)
0.56 (0.24-1.07)
0.42 (0.33-0.51)

BMI, Body mass index; PA, Physical activity; LA, Linoleic acid; ALA, Alpha-linolenic acid; AA,

122




Arachidonic acid; EPA, FEicosapentaenoic acid; DPA, Docosapentaecnoic acid; DHA,
Docosahexaenoic acid; PUFA, Polyunsaturated fatty acids; CRP, C-reactive protein.

@ Data are expressed as means £ SEM. Medications are expressed as means (range) of dosages (mg/kg
body weight/day) taken by total (n) subjects; n women (W), n men (M).

® p<0.05 in bold indicates significant difference between Women and Men, by Student’s t-test or
Mann-Whithney test depending on data normal distribution.

¢ Self-reported data collected using a validated physical activity (PA) questionnaire (Besson et al.,
2009).

4 Total PUFA: sum of LA, ALA, AA, EPA, DPA, DHA.

¢ n-6:n-3 ratio: (sum of LA and AA)/(sum of ALA, EPA, DPA and DHA).

3.2 Concentration of ECs, NAEs and NAPE:s in ileal fluids

Fig. 2 shows the ileal concentrations of monitored NAEs and NAPEs in overall population and some
significant differences between sexes and BMI classes.

Mean concentration of NAEs and NAPEs were not significantly different (3346.94 + 561.39 ng/mL
vs 4896.99 +£2043.01 ng/mL).

LEA was the most abundant NAE and it was, like OEA, significantly higher in men than women
while PEA concentration was significantly higher in OW than NW.

No difference between sexes in ileal concentrations of PEA, SEA and NAPEs or between BMI classes

in ileal LEA, OEA, SEA and NAPEs concentrations were found (Supplementary Fig. 1).
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Fig. 2: N-acylethanolamines (A) and N-acylphosphatidylethanolamines (B) concentrations in ileal
fluids from the overall population (n=35), LEA (C) and OEA (D) concentrations in ileal fluids from
men (M, empty dots; n=17) and women (W, solid dots; n=18) and PEA(E) concentrations in ileal
fluids from participants with normalweight (NW; n=11), overweight (OW; n=12) and obesity.
Different letters on the box plots indicate p-value<0.05 by One-way ANOVA and Bonferroni
adjustement for multiple comparisons or by Student’s t test. Total NAEs include the sum of LEA,
OEA, PEA and SEA. LEA, Linoylethanolamide; OEA, Oleoylethanolamide; PEA,
Palmitoylethanolamide; SEA, Stearoylethanolamide; NAEs, N-acylethanolammines; NAPEs, N-
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acylphosphatidylethanolamines. The box plots show the data distribution based on first quartile,

median and third quartile.

3.3. Plasma concentration of ECs, NAEs and NAPEs

Fig. 3 shows the plasma concentrations of all monitored compounds in the population. In contrast to
ileal fluids, AEA and 2-AG were frequently detected and in similar concentrations in plasma. PEA
was the most abundant NAE followed by SEA, and similar concentration of OEA and LEA.

No difference in plasma NAEs between sexes and between BMI classes was observed
(Supplementary Fig. 2). Contrarily, circulating levels of plasma NAPEs were higher in OB
compared to NW subjects (Fig. 3).
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Fig. 3: Plasma Endocannabinoids (A), N-acylethanolammines (B) and N-
acylphosphatidylethanolamines (C) concentrations in the overall population (n=35) and N-
acylphosphatidylethanolamines (D) plasma concentrations from participants with normalweight
(NW; n=11), overweight (OW; n=12) and obesity (OB, n=11). Different letters on the box plots
indicate p-value<0.05 by One-way ANOVA and Bonferroni adjustement for multiple comparisons.
Total ECs include the sum of 2-AG and AEA; Total NAEs include the sum of LEA, OEA, PEA and

SEA. 2-AG, 2-Arachidonoylglicerol; AEA, Arachidonoylethanolamide; ECs, Endocannabinoids;
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LEA, Linoylethanolamide; OEA, Oleoylethanolamide; PEA, Palmitoylethanolamide; SEA,
Stearoylethanolamide; NAEs, N-acylethanolammines; NAPEs, N-acylphosphatidylethanolamines.
The box plots show the data distribution based on first quartile, median and third quartile.

Interestingly, positive logarithmic correlations between plasma CRP with PEA (r=0.411, p=0.014)
and BMI (r=0.363, p=0.032) were found (Fig. 4). Although, subjects who took supplements had lower
serum CRP concentrations than those who did not (2.66 £ 0.95 and 3.83+ 0.92, p=0.024)
(Supplementary Fig. 3), supplement consumption did not affect plasma ECs, NAEs and NAPEs
concentration.

No significant association between plasma concentration of the monitored compounds and age with
the exception of a negative association between AEA plasma and age in men (r= -0.522, p=0.032)

independently of BMI, was found.
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Fig. 4: Correlation between individual plasma concentrations of PEA (A), BMI (B) and individual
serum CRP. Men (M, n=17) are indicated with empty dots and women (W, n=18) with solid dots. R
and p-value are assessed by Pearson correlation on In transformed variables. PEA,

Palmitoylethanolamide; CRP, C-reactive protein; BMI, Body Mass Index.

126



3.4 Diet and correlations with plasma and ileal fluids of ECs, NAEs and NAPEs

Table 2 shows daily energy value and macronutrient composition of diets self-reported by the
participants. Women reported significantly lower energy, carbohydrate, protein and fat intakes than
men but a similar repartition of energy among macronutrients; only the % energy from dietary fiber

was higher in women than in men.

Table 2. Nutritional composition of habitual diets of all the study participants and by sexes. *

All (n=34) Women (n=18) Men (n=16) p-value®

Energy, kJ 8292.8+364.2 7176.5+393.7 9548.7+473.4 <0.001
keal 1982.0+87.1 17152+ 94.1 22822 +113.1
Carbohydrates,g 221.9+9.3 195.8£9.9 251.3+13.0 0.002
% Energy 45.3+1.0 46.2+ 1.4 44.3+ 1.4 0.334
Dietary fiber, g 17.8+0.8 177+ 1.2 179+ 1.0 0.914
% Energy 1.9+0.1 2.1+02 1.6 £0.1 0.006
Proteins, g 85.5+4.6 73.0+54 99.5+6.1 0.002
% Energy 17.4+£0.7 17.0+0.8 17.9+1.2 0.519
Fats, g 79.7+5.0 67.2+54 93.7+7.4 0.006
% Energy 354+1.1 34.7+1.6 36.2+14 0.476
SFA, g 302+£2.5 24.6+2.7 36.5+4.0 0.011
MUFA, g 29.0+1.9 23.9+2.0 348+2.6 0.002
PUFA, g 124+ 0.9 11.0+ 1.1 139+ 1.5 0.107
Total n-3 FA, g 1.2+£0.2 1.0+0.2 14+04 0.325
Total n-6 FA, g 5.8+0.7 6.3+1.0 53+1.0 0.458
Trans fats, g 1.1+0.1 1.0 +£0.2 1.1+£0.1 0.584

SFA, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids;
n-3 FA, Omega-3 fatty acids; n-6 FA, Omega-6 fatty acids.
 Data are expressed as mean + SEM, obtained from self-reported 4-day food diaries.

®p<0.05 in bold indicates significant difference between women and men, by Student’s t-test.
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Self-reported dietary intakes and plasma concentrations of PUFAs were similar between sexes (Table
1). Overall dietary intake of n-3 PUFAs was lower (1.2 +0.21 g) compared to the intake of n-6 PUFAs
(5.8 £0.68 g). Reflecting a limited consumption of foods like oily fish in the cohort with only 6 out
of 34 participants reporting intake (group average 55 + 60 g/day) and only 2 consumed canned oily
fish (group average 23.1 + 9.7 g/day). Whereas foods rich in n-6 PUFAs such as chicken (22/34
participants, group average 65.7 = 61.2 g/day) and eggs (20/34 participants, group average 21.8g +
12.1 g/day) were consumed in greater quantities and by more participants. Only 9 participants
consumed nuts and seed (group average 17.6 + 16.0 g/day) a rich source of MUFAs. The relative
amounts (g) of self-reported food consumption for all participants in the study are shown in
Supplementary Table 3.

A logarithmic correlation analysis between ileal and plasma concentrations of ECs, NAEs and NAPEs
with habitual self-reported energy and nutrient intakes, was performed. Results showed that ileal
concentrations of LEA positively correlated with individual energy intake whereas plasma
concentrations of LEA, OEA and AEA inversely correlated with it. Moreover, we found that ileal
concentrations of LEA and OEA positively correlated with fat intake whereas plasma concentrations
of LEA, OEA, AEA were negatively correlated. Specifically, plasma concentrations of LEA and AEA
negatively correlated with saturated fat intake; PEA negatively correlated with n6, n3 series and
PUFA intake; OEA negatively correlated with PUFA and AEA with MUFA intake. Moreover ileal
LEA and OEA were positively associated with saturated fat and trans fat intake. All the correlations

found are detailed in Supplementary Table 4.

3.5 Correlations between serum PUFA and ECs, NAEs and NAPEs

Plasma LEA and 2-AG concentrations were negatively associated with AA while SEA was positively
associated with DHA and n3 fatty acids. Concentrations of NAPEs in ileal fluids were positively
associated with plasma EPA and DPA. All the correlations found are shown in Supplementary Table
5.

4. Discussion

The implications of the endocannabinoid system and its role in human health has become an area of
increasing interest over the last decade (Witkamp, 2016). To date, only a limited number of studies
have actually measured ECs, NAEs and NAPEs in human biological fluids with circulating ECs
reported in the range 0.2-9.4 ng/mL (12 studies), NAEs ranging from 0.5-64.6 ng/mL (10 studies),
and NAPEs ranging from 120.7-800.0 ng/mL (2 studies) (Sipe et al., 2010; Tischmann et al., 2019;
Drummen et al., 2020; Rohrig et al., 2019; Mennella et al., 2014; Mennella et 1., 2015). While ECs
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are acknowledged key mediators in the interplay between gut, microbiota and metabolic health, to
the best of our knowledge their levels and those of NAEs and NAPEs in the gastro-intestinal tract are
largely unknown with only one recent human study reporting fecal concentration for single NAPE
(Santoru et al., 2017). In this study, for the first time the concentration of ECs, NAEs and NAPEs
within the GIT are measured, via ileal fluid, revealing the amount of the compounds that would be
colon-available upon leaving the small intestine. We determined that ileal NAEs and particularly
OEA (383.72 + 88.78 ng/mL), LEA (2360.10 + 454.74 ng/mL) and PEA (377.72 + 26.08 ng/mL)
were on average 1.5-13 times higher than that required to elicit a physiological response through the
intestinal receptors. Indeed, the agonist activity (EC50) of such compounds on GPR119 ranges from
65 ng/mL to 1.0 pg/mL for OEA, 180 ng/mL for LEA and 250 ng/mL for PEA (Hansen et al., 2011;
Overton et al., 2006); OEA also displayed agonist activity on PPAR-a with an EC50 of 39 ng/mL (Fu
et al., 2003).

In the present study, ileal samples were collected from stoma bags filled during the overnight fasting
period and consequently may contain some food residues from the last meal consumed by the
participants prior to the fasting period. Therefore, food eaten in that meal might have directly
influenced the lipid type and amount in ileal fluids whose composition is more susceptible to
individual digestion rate than fasting plasma samples. This may explain the differences in the lipids’
profiles between ileal fluids and plasma and why, for example, LEA is the most abundant NAE in the
ileal samples while it is the less abundant in plasma. Indeed, we hypothesize that dietary NAEs and
NAPEs (De Luca et al., 2019) may result from digestive processes in the proximal GIT following
mastication (Kong et al., 2016; Mennella et al., 2018), being into the alimentary canal postprandially
at concentrations even higher than those found in this study. Such an effect could trigger GLP-1
secretion by enterocytes through activation of intestinal GPR119 thus contributing to the homeostatic
regulation of food intake. Which is consistent with the findings from Chen and co-workers (Chen et
al., 2017) showing that feeding mice with NAPE-synthesizing bacteria increased delivery of
NAEs/NAPE:s in the intestinal lumen and significantly reduced food intake and adiposity induced by
a high fat diet. In the case of intestinal NAPEs, their activity necessitates conversion into NAEs
through the action of intestinal NAPE-hydrolyzing phospholipase D (Chen et al., 2014). NAEs and
NAPESs therefore appear to be more effective in eliciting a leptogenic effect from the intestinal lumen
than in other tissues. Consequently, more robustly designed studies are needed to elucidate the
physiological relevance of diet-induced increases in intestinal NAEs and NAPEs postprandially.

It should be noted, that correlations between ileal and plasma LEA and OEA with energy and fat
intakes concomitant with the sex differences suggested that an individual’s diet may influence NAEs

intestinal and plasma concentrations. Dosoky and co-workers reported that fecal concentrations of
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NAPEs (NAEs precursors) in mice fed with a plant-based diet were significantly higher than in mice
fed a lard-based high fat diet (Dosoky et al., 2017), which is in line with our observations that NAPEs
are more abundant in plant compared to animal foods (De Luca et al., 2019).

In agreement with Balvers and co-workers we found that total plasmatic NAPEs were about 13- to
32-folds higher than NAEs (Balvers et al., 2017) and were more abundant in OB than NW and OW.
Plasma concentrations of ECs and NAEs in the ileostomy cohort (average BMI 26.9 + 0.9) were in
the same order of magnitude to those previously measured in overweight and obese subjects with
intact GI tracts (Little et al., 2018; Matias et al., 2012; Sipe et al., 2010; Fanelli et al., 2018). In
contrast we did not find any association between 2-AG and AEA with BMI and this is consistent with
the reported heterogeneity of observations in the literature whereby plasma 2-AG has been positively
correlated with BMI (Bliiher et al., 2006; Coté et al., 2007) and yet no in other studies (Little et al.,
2018; Jumpertz et al., 2011). Similarly, AEA plasma concentrations were elevated in obese subjects
compared to normal weight subjects (Little et al., 2018; Engeli et al., 2005; Fanelli et al., 2018) yet
other studies report no association with BMI (Bliiher et al., 2006; Cot¢ et al., 2007).

Other characteristics than BMI which are often disregarded in the populations studied such as the
body composition, the number of women in menopause or the use of drugs or dietary supplements,
may be responsible of the different findings between literature studies.

We found sex correlations between the plasma concentrations of AEA, OEA and PEA with individual
age and only our observations in women were in agreement with Fanelli et al. (2018). However,
serum free fatty acids were not positively associated with NAEs and AEA in contrast to a previous
study in healthy women (Joosten et al., 2010). The heterogeneity observed is likely due in part to the
different age and BMI ranges of the study populations used.

Few studies currently in the literature, reported on whether drugs affected plasma ECs and NAEs
other than in relation to treating depression, whereby circulating 2-AG was halved while AEA was
unchanged in patients with major depression compared to healthy subjects (Hill et al., 2009; Hauer
et al., 2013) and antidepressants use did not change plasma EC nor NAE concentrations (Hauer et al.,
2013). In our study, AEA plasma concentrations were about 2- to 4-folds higher than those of
depressed patients (Hill et al., 2009; Hauer et al., 2013), whereas, 2-AG plasma concentrations were
consistent (Hauer et al., 2013) or ~15-folds lower than patients with depression (Hill et al., 2009 ).
Inflammatory status (CRP) was positively correlated with the nutritional status as assessed by BMI
and was consistent with previous studies (Choi et al., 2013). On the other hand, the positive
association we found between plasma concentrations of PEA and CRP, independently of BMI, was
in agreement with animal and human studies showing that circulating and tissue PEA concentrations

increased in subjects suffering from inflammatory diseases such as neuropathic and inflammatory
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pain or ulcerative colitis (Darmani et al., 2005). Furthermore, a recent study reported elevated
concentrations of a NAPE, namely 18:1/16:1/18:0, in the faeces of patients suffering from ulcerative

colitis in comparison to healthy controls (Santoru et al., 2017).

This study has some limitations. Firstly, the habitual diet and physical activity energy expenditure
were estimated by self-reported data from participants using previously validated survey instruments,
which is not as reliable as direct observations. Secondly, since we did not measure total energy
expenditure we could not estimate if participants were in energy balance. If subjects were not in
energy balance, this might alter the implications of our observations. Finally, the possible presence
of residues of the dinner in the ileal fluids makes any attempt to identify the relationships between

ileal and plasma content challenging in this study.

In conclusion, we assessed, for the first time, the concentrations of ECs, NAEs and NAPEs present
in ileal fluids from participants with ileostomy and thus established the amounts likely to be entering
the colon in individuals with an intact GIT. Men had higher ileal concentrations of OEA and LEA
than women which positively correlated with the self-reported dietary higher energy and fat intake.
An ongoing intervention study will address whether the dietary intake of NAPEs and NAEs affect
the concentrations of NAEs in the intestinal lumen postprandially and if they contribute to the

homeostatic control of food intake.
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Diet plays a key role in the development of chronic diseases and obesity (Jayedi et al., 2020)
and in shaping human gut microbiome (Cuevas-Sierra et al., 2019). However, findings from
nutritional RCTs indicates that individuals can have a different response to the same food or
diet. Therefore, in the clinical practice ‘one-size-fits-all’ nutritional approach is inappropriate

and personalized approaches are necessary (Heinzmann et al., 2012, Zeevi et al., 2015).

Findings from human clinical trials, including well characterized categories of subjects and
monitoring multiple systems and outcomes, including dietary habits, gut microbiome and
systemic metabolome, are mandatory to clarify the physiological mechanims and design
personalized nutritional plan tailored to optimize individual nutritional status, prevent disease

and design functional food (De Filippis et al., 2018; Kolodziejczyk et al., 2019).

The experiments carried out in the present thesis unraveled the physiological mechanisms
underpinning satiety and post-prandial wellbeing in healthy subjects, and they clarified the
implications of the endocannabinoid system (ECS) in obesity and metabolic diseases
prevention. A summary of the studies and the major findings and conclusions are showed in

Table 1.
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Table 1. Overview of the experiments performed in the thesis.
Chapter Objectives Methods and Subjects Outcomes Major findings Conclusions
Study: randomized crossover,
) . meal test designed
To investigate the MTaiemase
satiating efficacy of ¢ B1yod biomarkers ¢ ECs(@=2) .
coffee melanoidins- (postprandial, 0-180 min) e NAEs (n=3) e CMand BM | EL Coffee melanoidins at breakfast
enriched bread (CM) : ’ . ’ . . reduces daily energy intake
E takes (EI, 24h = -
2 and bread melanoidins- S (EL,24h) o Gl pept1de§ (n=8) O Culs BM.l M, 1nsul.1n, ¢ modulating postprandial
:  Appetite e  Neuropeptides (n=7) MSH, orexin-A, B-endorphin; . .
enriched bread (BM) Subijects: ; i No off NAE glycemia and gut-brain
compared to a . é it *  Appeite ratings ¢ Noeffecton S modulators.
conventional bread . 1:a 71\}/; P e E
CT)inh )
(CT) in humans o Age, y: 26.4 (19-49)
e BMI kg/m?%: 22.2+0.14
. . NHMC vs HMC:
Study: Observational parallel e  Gut microbiome (GM) e > anxiet v
study and meal study e Dietary habits S yd . J
To investigate the  peasures: e  24h urinary lactulose * intaxe dairy products
implication of cow’s o Gyt microbiome mannitol and sucralose ~ © (i.letary ﬂber./proteln ratio
milk protein digestion , pyictary habits o  GI peptides (n=4); *  <Bifidobacteria,> Prevotella A slower and lower digestion of
and related e Gut permeability (GPT) e  Glycaemia ’ e  <proteolytic activity in GM milk proteins explained the
physiological e Blood biomarkers - harmensts (=20) e  Aspects of GM associated with occurrence of GID in healthy
responses, gut (postprandial, 0-360 min) e  Bioactive peptides (31 intestinal health subjects independently from the
3 microbiome, and gut PO . ve pep gut permeability.
" o Urinary biomarkers BAPS) ] Sen . . ..
permeability in the ( randial) DPPLV & activi Milk consumption in NHMC: A lower proteolytic activity of
occurrence of Gp ostp andia 1 * _conc activity 1 GID the gut microbiome shaped by
gastrointestinal o GekiioriEsnm ]l syntpions - o G (=) e | BAPS the habitual diet likely
discomforts (GID)  * Appetlte ° NAES (n.:4) e blunted ghrelin & AEA contributed to the findings. -
after milk consumption S”}Z;f eitfl - e  Urinary indoxyl sulfate | insulin
in healthy subjects. ® Healthy *  Gastrointestinal i
¢ 39 — 19 NHMC (9M/10F); symptoms ratings : f ﬁlucosefi D.PI,:}IIV(?CUVHY
20 HMC (10M/10F) e Appetite ratings DU S 0 Sy
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o Age, y: NHMC (24.2 +
0.9); HMC (25 +0.7)

e BMI kg/m?: NHMC (23.5
+ 0.7); HMC (25.6 = 0.8)

To investigate whether

a Mediterranean diet
(MD) affected the
plasma concentrations
of ECs, NAEs and

their ratios, in subjects

at risk of CVD.
To evaluate the
relationship between
those levels, gut
microbiome, insulin
resistance and
inflammatory status.

Study: 8-week randomized
controlled trial
Measures:
¢ Blood biomarkers
¢ Gut microbiome
o 7-day food diary
o Anthropometry
Subjects:
o Overweight/obese
e 82 — 43 MD (21M/22F; 39
CT (18M/21F)
e Age, y: MD (43+1.9); CT
(42+2.0)
e BMI kg/m?: MD=30.9
+0.6; CT=31.242.0)

ECs (n=2)
NAEs (n=3)
hs-CRP
Glucose

Insulin

Gut microbiome

MD

| AEA

1T OEA/PEA & OEA/AEA

1 Akkermansia muciniphila
Positive Association between
OEA/PEA, IMI and healthy gut
microbiome.

Subjects with low OEA/PEA
(high AEA) | HOMA-index.
Subjects with high OEA/PEA
(low AEA) 1 A. muciniphila & |
CRP.

Endocannabinoid system is
shaped by MD increasing 4.
muciniphila abundance in the
gut independently of body

weight changes.

EC tone and microbiome

functionality at baseline drives
an individualised response to an
MD ameliorating insulin

sensitivity and inflammation.

To quantify ECs,
NAEs and NAPEs
levels in the small

intestine.

To valuate the
relationship between
those levels, habitual
diet and inflammatory
status in an ileostomy

inflammatory model.

Study: Observational study
Measures:
e Blood biomarkers

e [leal fluids biomarkers

e 4-day food diary
Subjects:

o [leostomists

®35-17M/18F

o Age, y: 51.1 (18-70)
e BMI kg/m?% 26.9+0.9

1leal fluids:

ECs (n=2)
NAEs (n=4)
NAPEs (n=19)
Plasma:
ECs (n=2)
NAEs (n=4)
NAPEs (n=19)
hs-CRP
Lipids (n=8)

lleal fluids:

NAEs=0.72-17.6 pg/mL;
NAPEs= 0.3-71.5 pg/ mL;
Positive association between
LEA, energy and fat intake.
Positive association between
OEA and fat intake

Plasma:
NAEs=0.014-0.039 pg/mL;
NAPEs=0.19-1.24 pg/mL;
Negative association between
LEA, OEA and AEA and energy
and fat intake.

Positive association between PEA

and CRP.

Diet may infuence plasma and

intestinal concentrations of

NAESs and NAPE:s.

The amount of NAEs in the
intestinal lumen may be
physiological relevant to exert
their agonist activity on
GPR119 receptor lining on the
gastro-intestinal mucosa.
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Nutrient digestion: food for satiety and post-prandial wellbeing

Dietary fiber and food-derived bioactive peptides are responsible of many health benefits in
humans acting from the gastrointestinal tract (GIT), shaping and/or interacting with the gut
microbiome and other body systems (Lordan et al., 2020; Sanders et al., 2019; Awika et al.,
2018; Caron et al., 2017; Park et al., 2015). Therefore, they are considered promising
ingredients for functional foods.

Specifically, dietary fibers are well recognized for the satiating effect in humans. They are
categorised into soluble and insoluble fibers. The physiological effects of soluble dietary fibers
can be imputed to its physico-chemical properties, such as viscosity, gel formation or
fermentability in the colon (Salleh et al., 2019). Viscous soluble dietary fibres are more effective
in inducing satiety compared to non-viscous soluble dietary fibres. Indeed, they increase digesta
viscosity delaying gastric emptying, slowing digestion and the absorption of nutrients, and
reducing enzyme diffusion (Salleh et al., 2019). Finally, viscous dietary fibres are fermented in
the colon resulting in the production of short chain fatty acids (SCFAs). SCFAs are known to
increase satiety and reduce food intake by modulating the secretion of various appetite-
regulating peptides (PYY, GLP-1 and CCK) throughout the colon (Delzenne et al., 2005;
Keenan et al., 2006; Salleh et al., 2019).

Interestingly, undigestible compounds can be formed over food processing due to the chemical
interaction and reactions occurring in the food matrix among food components. This
phenomenon is responsible for instance for the increase of resistant starch in starchy foods
subjected to high-pressure treatment in combination with high temperature treatment (Nagy et
al., 2021). Resistant starch pass through the human digestive tract, skips digestion and
absorption, is fermented by the gastrointestinal microbiota that produce SCFAs, well known

modulators of satiety and antiglycemic response through the gut (Nagy et al., 2021).

Besides resistant starch, other types of molecules are formed over heating of specific food
matrices and they behave as dietary fibers upon digestion in human body. This is the case of
melanoidins which are high molecular weight compounds present in heat-treated and highly
processed foods including bakery products, coffee, milk, beer, cocoa, soy sauce and vinegar.
They are formed at the final stages of the Maillard reaction during thermal processing of foods
containing precursors including reducing sugars and amino groups of proteins, polypeptides
and oligopeptides (Troise et al., 2016). From a nutritional viewpoint, the presence of Maillard

reaction products in some foods (like milk) may denote a poor-quality food product due to the
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reduced protein digestibility and the known effect of advanced glycation end-products that
negatively affect health and being implicated in aging, diabetes and atherosclerosis (ALjahdali
& Carbonero, 2019). However, food melanoidins have attracted great attention as a functional
food ingredient being recognized as good contributors to the digestion-resistant polymers that
reach the colon and are fermented by the local microbiota (Fogliano and Morales, 2011).
Indeed, it has been estimated that dietary intake of melanoidins account for 10 g/day and
consumption of bread and coffee majorly contribute to that value (Fogliano and Morales, 2011).
Interestingly, bread and coffee melanoidins are chemically different. Bread crust melanoidins
derive mainly from gluten proteins and starch (Morales et al., 2012) and remain insoluble
throughout the gastrointestinal tract (Helou et al., 2017). On the other hand, coffee melanoidins
are formed mainly by polysaccharides and have a limited ability to form gel structures in the
stomach and the intestine (Nunes & Coimbra, 2007). Coffee melanoidins are known for their
antioxidant, antimicrobial and anticancer properties. Indeed, the chemical structure of coffee
melanoidins has all the features of an “antioxidant dietary fiber”: they can elicit a “radical-
sponge action” accross the GIT and enter the colon where they are partly fermented by colonic
microorganisms (Vitaglione et al., 2012).

Although melanoidins share physicochemical, biochemical and biological properties with
dietary fibers (Fogliano & Morales, 2011), the interaction of melanoidins with the gut-brain
axis underpinning appetite sensations in humans was never explored.

These aspects were investigated in the randomized crossover meal test study described in the
Chapter 2. It explored the satiating efficacy of coffee melanoidins (CM) and bread melanoidins
(BM) used as food ingredients in a conventional bread (CT). Twentyone gut-brain modulators
of appetite including 8 gastrointestinal peptides, 2 endocannabinoids, 3 N-acylethanolamines
and 7 neuropeptides were monitored post-prandially (0-180 min) along with energy intakes and
appetite ratings accross the day. Data showed that bread enriched with CM and BM were
effective in reducing the daily energy intake by 26% and 18%, respectively. However,
differences among melanoidins sources were found. Compared to BM, CM was more effective
in lowering blood glucose peak, insulin, a-melanocyte stimulating hormone, orexin-A, B-
endorphin, while blunting the response of three N-acylethanolamines.

Therefore, in Chapter 2 study, coffee melanoidins were validated as effective functional
food ingrendient to reduce individual food intake and postprandial glycaemia by using a
multi-system approach integrating in vivo homeostatic and non-homeostatic postprandial
responses. These results pave the way to future RCT to study the long-term effect of CM bread

in obese subjects at risk of CVD and insulin resistance to control body weight and to improve
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metabolic responses. In Figure 1 the hypothisised mechanisms according to findings of Chapter

2 and other evidence are schematized.
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Figure 1. Schematic representation of hypothesized intestinal mechanisms underpinning the
effect of coffee melanoidins as functional ingredients for weight management. In small
intestine, coffee melanoidins may inhibit carbohydrate and lipids digestive enzymes decreasing
postprandial glycaemia (Chapter 2) and the upake of lipids as suggested in the animal study by
Vitaglione and co-workers (2019). In the long term, these phenomena could cause improvement
of insulin sensitivity and body weight management, also resulting from the effect occurring in
the large intestine. There, coffee melanoidins are fermented by the gut microbiota producing
short-chain fatty acids (SCFAs) and delivering CM polyphenols. This may determine changes
in the gut microbiome (Iriondo-DeHond et al., 2021) leading to improvement of gut
permeability, through reinforcement of the tight junctions (Vitaglione et al., 2019) that cause
reduced endotoxiemia (Cani, 2016) and ameliorated metabolic responses. SCFAs can stimulate
GLP-1 and PYY secretion, boosting insulin response and satiety by entering to the bloodstream
and/or activating the central nervous system through recepors located on the neural net in the

lamina propria (Delzenne et al., 2005; Salleh et al., 2019).

Briefly, it could be hypothisized that the postprandial inhibition of glycosidases and lipase by

coffee melanoidins in the small intestinal lumen (Walker et al., 2020; Vitaglione et al., 2019)
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may reduce carbohydrate and lipid digestion blunting blood glucose and insulin peak as well as
the intestinal uptake of lipids. These effects may improve insulin sensitivity and reduce liver
fat deposition in the long term in obese people consuming a high fat diet. The undigested
nutrients sensed in the distal small intestine may induce the "ileal brake" increasing the satiety
sensation and leading people to eat less (Willbring et al., 2021). Moreover, coffee melanoidins
fermentation in the large intestine may result in increased levels of SCFAs in the intestinal
lumen (Iriondo-DeHond et al., 2021) which can improve intestinal barrier integrity as well as,
stimulate GLP-1 and PYY production (Delzenne et al., 2005; Salleh et al., 2019) increasing
satiety, insulin sensitivity, fat oxidation and energy expenditure (Delzenne et al., 2005; Salleh

etal., 2019).

The use of coffee melanoidins as functional ingredients is also interesting in the perspective of
food technology as it allows re-utilizing agricultural byproducts, as recently reviewed by
Iriondo-DeHond et al., 2021. The use of coffee melanoidins in food formulation requires
attention to the sensory aspects of food.

The sensory and reward aspects of the food as well as, the individual beliefs on the effects of a
food are crucial in functional food design and development as they affect digestive process
already during food consumption and early after meal through the nervous system (Swiader et
al., 2021; Singer et al., 2016).

Therefore, clarifying the physiological mechanisms occurring in a specific target population
when consuming a food may be helpful in the design of more effective functional food using
that food matrix.

For instance, many people suffering from gastrointestinal discomforts (GID) after consuming
some food, believe that it is “few digestible” and in order to relief from those discomforts, often
reduce or even exclude from the diet that food. This behaviour may generate incorrect dietary
pattern and in turn malnutrition or even chronic disease.

This scenario is quite common for milk. Infact many healthy people suffer with milk-related
GID and avoid its consumption even in absence of lactose-intolerance leading to a prevalence
of self-perception of lactose intolerance that has been estimated between 8 and 20% (Porzi et
al., 2021; Nicklas et al., 2011). Moreover, these people often exclude cow’s milk and dairy
products from their diet missing the opportunity to get from milk important nutrients such as
calcium, vitamin D, some B vitamins and bioactive peptides coming from protein digestion;
such a behaviour increases in these people the risk of developing hypertension and diabetes

(Nicklas et al., 2011). In this respect, growing interest among the scientific community deals
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with the potential implications of food-derived bioactive peptides (BAPs) coming upon dietary
protein digestion on weight loss, glycemia management and, gastrointestinal diseases (Caron et
al., 2017; Ma et al., 2018). In the past few decades, a wide range of food-derived BAPs have
been identified and associated with multiple health benefits (Chakrabarti et al., 2018). However,
the commercial application of those BAPs as nutracetical and functional food requires well-
designed clinical trials to provide the substantial evidence for potential health claims due the
high inter-individual gastro-intestinal digestibility and absorption rate (Chakrabarti et al., 2018,
Virgilio et al., 2019). Indeed, some evidence showed that the amount BAPs in the human
intestinal lumen following casein and whey protein ingestion was characterized by high
standard deviations (above 50%) across all peptide sizes and digestion times, which suggests a
large variability in protein digestion among the subjects (Walther et al., 2019), which may
trigger postprandial GI symptoms in some subjects (Laatikainen et al., 2020). In this context,
the scientific debate on the milk-induced GID in humans is moving toward some BAPs with
opioid properties deriving from the proteolysis of B-casein, in particular B-casomorphin-7
(BCM7) (Jianquin et al, 2015; Deth et al., 2015, He et al., 2017). It is believed that the
circulating levels of the peptide BCM7, might explain the higher GID following Al than A2
milk consumption through activation of p-opioid receptors leading to reduced gastrointestinal
transit time (Jianqin et al, 2015; Deth et al., 2016; He et al., 2017). However, studies that clearly
demonstrate a causal role of milk containing A1 B-casein and BCM7 implications in GID are
missing. Finally, most of the studies focused only on BMC7 neglecting other BAPs formed
during digestion of milk (for a review see Nielsen et al., 2017) which may cross the intestinal
barrier modulating gastrointestinal motility, digestive processes and inflammatory responses in

Vivo.
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In Chapter 3, the fate of milk protein-derived BAPs postprandially was investigated in a meal
test study with 19 participants with GID and non habitual milk consumers (NHMC) and 20
participants without GID and habitual milk consumers (HMC) who drank 250 mL milk in
fasting condition. The participants were lactose tolerant and well characterized for the diet, the
gut permeability, psychological symptoms and the gut microbiome.

Data suggested that a slower and lower digestion of milk proteins occurred in people with milk
related GID. This could be influenced by the habitual diet that was higher in fiber vs protein
and low in animal proteins vs plant proteins. Indeed, diet could shape the gut microbiome
towards a lower proteolytic capability that could retard protein digestion from a food like milk,
independently from the gut permeability. The study mainly clarified the upper gastro-intestinal
digestion of proteins. A more detailed analysis of microbial metabolites of proteins and amino
acids in urine would have clarified the implication of the individual gut microbiome in the
metabolic fate of milk proteins.

Therefore, the findings of this study revealed short-term and long-term opportunities in
the frame of new food development tailored to people with cow’s milk related GID.

It is likely that consumption of milk-based beverages formulated with predigested milk proteins
may be effective to manage GID, as recently shown by Laatikainen and co-workers (2020) in
patients with functional gastrointestinal disorders. On the other hand, restablishing gut
microbiome ability to digest proteins through milk-based products containing probiotics species
known to have proteolytic activity in the gut or using personalized microbiome-targeted
intervention may be an effective long-term strategy for this people. Indeed, it is likely that
habitual consumption of such a milk product could optimize gut microbiome to manage milk

digestion aiding people not to miss the nutritional benefits of consuming milk.
According to the findings in Chapter 3 and previous evidence, a functional milk product may

be designed for people suffering with GID and acting through the mechanisms proposed in the
Figure 2.
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Figure 2. Schematic representation of potential physiological targets of a milk product to
resolve GID in sensitive people. Targets may be stomach emptying, protein digestion in the
small intestine, and protein digestion in the lage intestine. A product containing pre-digested
milk proteins may lead to a faster gastric emptying and peptide sensing in the small intestine
that cause faster bioactive peptide (BAPs) absorption and metabolic responses (Dranse et al.,
2018; Overduin et al., 2014). These include the effects of gastro-intestinal peptides and BAPs
by entering the bloodstream or by activating/blocking p-opioid receptors on the neural circuitry
present on myenteric and submucosal neurons and on immune cells in the lamina
propria (Holzer, 2009). The activity of BAPs through p-opioid receptors result in faster gastric
emptying, lower abdominal distension, bloating, discomfort, and gastroesophageal reflux
(Holzer, 2009; Kurz and Sessler, 2003). A product determining a gut microbiome change that
boost microbial peptidases activity in the large intestine may be also effective in completing
protein digestion of food material that escapes human digestion, thus solving GID occurring

later after milk consumption.
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Dietary nutrients: long-term effects on health through gut-microbiome

Human digestion is not 100% efficient process. Part of nutrients escapes digestion and enter the
colon. The percentage of undigested nutrients reaching the colon may depend on food
processing (as discussed above), individual gut permeability and gastrointestinal transit (Riccio
et al., 2019; Miiller et al., 2018; Teodorowicz et al., 2017). The undigested nutrients shape the
gut microbiome and can affect host’s health through its implication in dietary nutrient digestion
(as discussed above). The microbiota can interact with gut and brain via various routes
including the immune system, tryptophan metabolism, the vagus nerve and the enteric nervous
system, involving microbial metabolites such as SCFAs, branched chain amino acids, and
peptidoglycans affecting gut homeostasis, postprandial response to food, behavioral states and
cognition (Cryan et al., 2019). Mounting evidence suggests that a crosstalk between gut
microbiome and endocannabinoid system exists (Forte et al., 2020). Bidirectional
interconnections exist between diet, ECS and gut microbiome affecting long-term individual
energy balance, gut inflammation, and neuroinflammation (Forte et al., 2020, Witkamp, 2018).
The implication of ECS in metabolic benefits driven by MD through the gut microbiome and
the effect of diet on the levels of ECS mediators entering the colon, were unexplored.

In Chapter 4 the changes of ECS mediators along with gut microbiome in a population at risk
of diseases (with overweight and obesity) who underwent a 2-months dietary shift from a

Western-type diet to a Mediterranean-type diet were studied.

Results showed that the switch from Western diet to MD shaped microbiota composition and
functionality driving a personalized response in ameliorating insulin sensitivity, systemic
inflammation and gut health mediated by the ECS. The concomitant assessment of individual
gut permeability would have clarified wether MD exerted its anti-inflammatory effect through

improving gut permeability.

These findings reveal opportunities for clinical practice in the context of personalized nutrition
paving the way for RCT, specifically designed to build and validate models integrating ECS to
shape gut microbiome. These models may be helpful to drive a personalized response towards
an amelioration in inflammation and insulin sensitivity (Figure 3). Indeed, the ECS is an
important regulator of intestinal functions and the microbiota-gut-brain axis as it is involved in

the physiological modulation of the GI tract (Sharkey et al., 2016; Forte et al., 2020).
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Figure 3. Illustration of important outcomes for future RCT studies finalized to build
integrative ECS-models to predict gut microbiome response to diet for lowering systemic
inflammation and ameliorating insulin sensitivity. After being devised a machine-learning
algorithm that integrates plasma ECs, dietary habits and gut microbiome, the model could be
validated in a blinded randomized controlled dietary intervention based on this algorithm to

predict hs-CRP and HOMA-index response.

In Chapter 5 the effect of diet on the levels of ECS mediators entering the colon and eventually
interacting with the gut microbiome was exlored. To this purpose, human ileostomy model was
used. Participants with ileostomists provided blood and ileal samples and for the first time the
levels of ECs, NAEs and NAPEs in those fluids were measured along with habitual diet and

inflammatory status.

The ileostomy model offers a method for direct, accurate and quantitative determination of
small bowel excretion since rapid changes in response to food can be measured. Therefore,
ileostomy-based bioavailability studies provide a unique insight into events taking place in the
GI tract (Andersson, 1992; Dobani et al., 2021). In Chapter 5 study, ileal samples were
collected from stoma bags filled during the overnight fasting period, which likely contained
some food residues from the last meal consumed. The amount of NAEs in the intestinal lumen
was on average 1.5—13 times higher than that required to elicit a physiological response via the
intestinal receptors GPR119 and PPAR-a. Therefore, it was likely that 1) the amount of NAEs
entering the colon was affected by lipids, NAEs and NAPEs present in food (De Luca et al.,
2018) and, 2) the post-prandial levels may be even higher than those found in fasting subjects.
Specifically designed meal study with ileostomy subjects consuming a meal high or low in
NAEs and NAPEs, providing blood and ileal fluids as well as appetite ratings postprandially,
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may be useful to clarify the effect of dietary ECs, NAEs and NAPEs in modulating appetite and
energy intakes through the receptors lining on GI mucosa. Such a study could reveal
opportunities for new products able to elicit satiety through the activity of NAEs and NAPEs
from the intestinal lumen. A schematic representation of a hypothisised mechanism
underpinning the effect of dietary NAEs and NAPEs on satiety is reported in Figure 4.
Specifically, the working hypothesis is that dietary NAEs and NAPEs are delivered during
digestion in the upper gastro-intestinal tract and modulate appetite and energy metabolism by

binding the receptors located on the intestinal mucosa.
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Figure 4. Schematic representation of hypothisised mechanism underpinning satiety effect of
a high NAEs and NAPEs diet. High NAEs/NAPEs meal designed by using the food database
previously published (De Luca et al., 2019) may deliver NAEs and NAPEs in the small
intestinal lumen. They could trigger GLP-1, CCK and PYY secretion by enterocytes through
activation of intestinal GPR119 and PPAR-a and stimulate satiety (Witkamp et al., 2018).

CONCLUSIONS

The work described and discussed in the present thesis unreveal the following relevant
conclusions in the frame of food innovation and/or human physiology-health/wellbeing-diet

relationships.
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v Coffee melanoidins included in bread, increases satiety and lower post-prandial glycaemia
in healthy people, therefore, CM can be a functional food ingredient for appetite control.
The effects are mainly mediated by the postprandial responses of NAEs, and several
neuropeptides. Findings of this study and previous evidence in animals suggest the use of
CM as food ingredient for the management of body weight and insulin resistance. Digestive
enzyme inhibition in the small intestine and fermentation in the large intestine may be the
key physiological mechanisms.

v' Cow’s milk proteins are digested less and slower in people with milk related GID.
Therefore, milk proteins may not cause GID anymore in sensitive people if they are
included in food in a pre-digested form. Pharmacological therapies with proteolytic
enzymes or personalized dietetic strategies that boost human and gut microbial proteolytic
enzymes may be effective to control milk related GID. A habitual diet high in dietary
fibre/protein ratio may shape gut microbiome towards a low proteolytic capacity that can
affect digestibility of protein-rich meals and trigger discomforts in sensitive people.

v' A switch from a Western-like diet (low in fruits, vegetables, legumes and high in animal
products) to an isocaloric MD (high in fruits, vegetables, legumes and low in animal
products) can affect the ECS and shape the gut microbiome by increasing A. muciniphila
abundance in the gut independently of body weight changes. Changes in ECS are associated
with personalized response to the MD ameliorating insulin sensitivity, systemic
inflammation, and gut health. 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. Such models may be helpful to
drive an individual response towards an amelioration of inflammation and insulin
sensitivity.

v' Dietary fat affects ECS mediators in circulation and intestinal fluids entering the colon and
interacting with the gut microbiome. Moreover, the levels of NAEs in the intestinal lumen
may be physiologically relevant to modulate appetite through the GPR119 receptors lining
on the GI mucosa. These findings are still preliminary for application in food innovation.
Specifically designed study should address whether dietary intake of EC mediators (NAEs
and NAPEs) affect the concentrations of NAEs in the intestinal lumen postprandially

modulating the homeostatic control of food intake.

Altogether results from this thesis using a multi-system approach integrating postprandial and

long-term biological responses to meals or diets and including markers from gut-brain axis and

152



gut microbiome, in different types of people (healthy, with discomforts, at risk of disease, with
ileostomy), revealed evidence and opportunities for designing functional food tailored to

specific consumers categories and personalized dietary strategy.
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