

  nutrients-13-00632




nutrients-13-00632







Nutrients 2021, 13(2), 632; doi:10.3390/nu13020632




Review



A Review on the Role of Food-Derived Bioactive Molecules and the Microbiota–Gut–Brain Axis in Satiety Regulation



Nuria A. Pizarroso, Pablo Fuciños[image: Orcid], Catarina Gonçalves[image: Orcid], Lorenzo Pastrana[image: Orcid] and Isabel R. Amado *[image: Orcid]





International Iberian Nanotechnology Laboratory, Av. Mestre José Veiga s/ n, 4715-330 Braga, Portugal









*



Correspondence: isabel.rodriguez@inl.int; Tel.: +351-253-140-112; Fax: +351-253-140-119







Academic Editor: Montserrat Pinent Armengol



Received: 1 December 2020 / Accepted: 10 February 2021 / Published: 16 February 2021



Abstract

:

Obesity is a chronic disease resulting from an imbalance between energy intake and expenditure. The growing relevance of this metabolic disease lies in its association with other comorbidities. Obesity is a multifaceted disease where intestinal hormones such as cholecystokinin (CCK), glucagon-like peptide 1 (GLP-1), and peptide YY (PYY), produced by enteroendocrine cells (EECs), have a pivotal role as signaling systems. Receptors for these hormones have been identified in the gut and different brain regions, highlighting the interconnection between gut and brain in satiation mechanisms. The intestinal microbiota (IM), directly interacting with EECs, can be modulated by the diet by providing specific nutrients that induce environmental changes in the gut ecosystem. Therefore, macronutrients may trigger the microbiota–gut–brain axis (MGBA) through mechanisms including specific nutrient-sensing receptors in EECs, inducing the secretion of specific hormones that lead to decreased appetite or increased energy expenditure. Designing drugs/functional foods based in bioactive compounds exploiting these nutrient-sensing mechanisms may offer an alternative treatment for obesity and/or associated metabolic diseases. Organ-on-a-chip technology represents a suitable approach to model multi-organ communication that can provide a robust platform for studying the potential of these compounds as modulators of the MGBA.
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1. Introduction


Physiologically, there is an energetic balance between caloric intake, controlled by satiety and hunger, and caloric expenditure. The current lifestyle promotes sedentary and abusive consumption of fast food and alcohol, leading to energy accumulation, as well as to increased risk of developing obesity and overweight [1]. According to the WHO, both diseases affected almost 3 billion people in 2016 [2]. Obesity is intimately related to the development of non-communicable chronic diseases (NCDs), such as type 2 diabetes (T2DM) and insulin resistance, dyslipidaemia, hypertension, and cancer. Common comorbidities also include hepatic, neurodegenerative and inflammatory diseases, and depression [3,4]. As a consequence of the development of these concomitant diseases, obesity-related morbidity and mortality have increased significantly in the last years.



The impact of an imbalanced diet includes a series of physiological changes in obese and overweight individuals, including modifications in the profile of gut hormone secretion that produce alterations in the endogenous satiating pathways. Moreover, the loss of beneficial microorganisms replaced by pathogenic intestinal flora, known as dysbiosis, is caused mainly by imbalanced diets [4,5,6] and the administration of antibiotics [7]. The role of the microbiota–gut–brain axis (MGBA) in the regulation of appetite has become a central topic in recent years since gut hormones are known as mediators of satiation signals. The satiating mechanisms involve orexigenic hormones (appetite stimulators) and anorexigenic hormones (appetite inhibitors) that regulate food intake, stimulating the release of other hormones and neuropeptides [8]. These appetite inhibitors or satiety stimulators have attracted considerable interest in addressing new treatments for obesity and overweight. In particular, food-derived compounds are regarded in the literature as interesting molecules to take advantage of their own natural and innate effects on food intake regulation.



This review aims to gather relevant existing knowledge on the MGBA regulation, including intestinal hormone release and receptors involved, and the pathways implicated in generating satiety feelings in the brain including the role of microbiota. Moreover, to pull together a critical review of food-derived bioactive molecules showing in vitro and/or in vivo endocrine modulatory activity, along with the future challenges of in vitro models to study the MGBA regulation.




2. Gut–Brain Axis: Endogenous Mechanism of Food Intake Regulation


The gastrointestinal tract (GIT) and the brain interact in a complex and bidirectional way, using blood circulation and cranial nerves as communication channels. In this process, hormones released by the enteroendocrine cells (EECs) stimulate the brain through the humoral or the neural pathway (Figure 1).



The EECs act as sensors of the luminal content, releasing different combinations of intestinal hormones, which act synergistically to stop food intake and produce satiety through endocrine and nervous signaling (Figure 2). The intestinal hormones, including cholecystokinin (CCK), glucagon-like peptide 1 (GLP-1), peptide YY (PYY), oxyntomodulin (OXM), and gluten immunogenic peptides (GIP) arrive at the brain (afferent pathway) and generate central signals (afferent pathway) that transmit impulses to the peripheral organs causing an effect (efferent pathway). CCK is involved in different physiological processes, such as intestinal motility, gastric emptying, gallbladder contraction, and pancreatic secretion, but also food intake regulation and energy homeostasis. CCK negatively regulates the secretion of Ghrelin, the unique orexigenic hormone. GLP-1, the product of pre-proglucagon gene cleavage, has anorexigenic and hypoglycaemic activity [8,9], inhibits glucagon secretion, and stimulates insulin synthesis and release. This incretin also inhibits food-induced gastric acid secretion, promotes gastric distention, and delays gastric emptying, generating satiety feelings. GLP-1 has a half-life of around two minutes in the plasma because the plasmatic enzyme dipeptidyl peptidase IV (DPP-IV) hydrolyses the peptide [10]. PYY promotes the absorption of nutrients by delaying gastric emptying (“ileal brake”) and inhibits fluid and electrolyte secretion in the small intestine. PYY also has vasoconstrictor activity and participates in postprandial natriuresis, reducing the speed of glomerular filtration [11].



In the humoral pathway, intestinal hormones released into the bloodstream have an endocrine effect on the hypothalamus and brainstem, both involved in satiation mechanisms. The access to both brain regions occurs by specific receptors CCK-2R, GLP-1R, and Y2 through the highly vascularized areas—median eminence and postrema. The arcuate nucleus (ARC), as the most significant hypothalamic nucleus in satiety response, contains two types of neurons. One of the neuron populations contains neuropeptides (central signals) such as pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART), having agonist effects on melanocortin 3 (MC3) and 4 (MC4), inducing satiety. The other population is rich in neuropeptide Y (NPY) and agouti-related peptide (AgRP), which produce food intake stimulation. In the brainstem, there are also neuronal populations such as POMC neurons at the nucleus tractus solitarius (NTS). In the neural pathway, hormonal release has a paracrine effect on the vagal nerves that connect the GIT bidirectionally to the NTS in the dorsal vagal complex (DVC) of the brainstem, where, as summarized above, satiety feelings appear. Recently, the discovery of the complete morphology of EECs revealed a more intimate and complex interaction between EECs and vagal afferent neurons, as suggested initially through an axon-like process, known as neuropods [11,12,13]. The presence of intestinal hormone receptors in the vagal afferent nerves, such as CCK-1R, GLP-1R, and Y2 receptor, was also reported [11,12,13]. The recent report of the transport of specific metabolites from the luminal content through the EECs to the lamina propria must also be highlighted, wherein they can directly stimulate the nerve endings of the vagal afferent nerves [11].



The luminal digestive content is the major stimuli of intestinal hormone secretion although the predominant mechanism by which it generates satiety signals in the brain is under debate—the short half-life of some hormones, such as GLP-1, challenges the humoral pathway as a primary mechanism. Nevertheless, only 30–50% of EECs appear to have neuropods (neural pathway), which suggests a combination of both mechanisms. Namely, there is a rapid vagal response due to neurotransmitters release, while intestinal hormonal stimulation contributes to a lengthy response [11,14].



EECs are histologically classified in different subtypes, being I and L cells responsible for CCK release, and GLP-1 and PYY release, respectively. The G-protein-coupled receptors (GPCRs) are activated by macronutrients, acting as secretagogues of peripherical signals but also as transcriptional activators of gut hormone genes [15]. The GPCR expression occurs throughout the GIT in the apical and basolateral cellular membrane, the latter occurring by paracellular transport [16,17]. Different GPCRs respond to specific food-derived metabolites, as summarized in Table 1. Most receptors sensitive to food luminal contents act through coupling to intracellular G-proteins, such as Gαi, Gαq, and Gαs, through activation of second messengers [18]. The intracellular signaling pathways involved in the transcriptional activation of intestinal hormone genes and their release from different receptors is still unclear. What it is known is that hormone secretion occurs from the basolateral side of the EECs to the lamina propria, where they have a paracrine and/or endocrine effect [13].



The intracellular signaling cascade implicates both secondary messengers, such as cAMP, Ca2+, or IP3, and intracellular proteins, such as MEK, PKA, or CaMK [15,34]. Nonetheless, intracellular Ca2+ mobilization has a critical role not only in the secretion of satiating hormones to the lamina propria but also in the transcriptional activation of hormone genes [34,35].



The dysregulation of intestinal hormone secretion arises not only in obese and overweight patients but also in people suffering from T2DM. For instance, plasmatic GLP-1 and PYY are lower in those people, due to their reduced secretion in the gut [36]. Recently, DPP-IV was identified as an adipokine with high production in the adipose tissue of obese people, inducing increased hydrolysis of GLP-1 and OXM, reducing their half-life and producing a lower satiating effect [37]. The CCK plasmatic level is higher in obese people, even though these patients do not experience more evident satiety feelings, due to receptor desensitization present in brain areas involved in satiation [38]. These physiological modifications affecting the mechanisms of satiation in patients who suffer from obesity and overweight are challenging to understand, hindering the search for new treatment targets.




3. Intestinal Microbiota: A Significant Player in Satiety


The intestinal microbiota (IM) provides the host with numerous benefits, such as an effective immune system and essential vitamins, and is also critical for the digestion of some fats, proteins, carbohydrates, and fibers of the diet. Bacterial metabolites can also have protective effects against various diseases, such as colorectal cancer, inflammatory bowel diseases, and obesity. Contrarily, microbial metabolic products of pathogenic strains could contribute to the pathogenesis and/or progression of diseases [39].



Numerous studies report the relationship of the IM to multiple metabolic disorders [40]. In obesity, this condition links to alterations in the relative proportion of different microbial groups, an overall reduction of microbial diversity, and altered representation of genes and bacterial metabolic pathways [41,42]. Different studies reported elevated levels of Firmicutes and reduction of Bacteroidetes, increased Archaea counts, reduction in Bifidobacterium, and increased Halomonas and Sphingomonas in animal models of obesity (rat and mice) [43]. Similar alterations occur in the microbiota of obese humans, i.e. increased Firmicutes/Bacteroidetes ratio [44], a higher proportion of Actinobacteria [41], and reduced numbers of Bifidobacteria [45]. On the other hand, trials combining a restriction of caloric intake with physical activity showed an increase in Bacteroides/Prevotella levels and a decrease in Clostridium coupled to weight loss [46]. The role of IM in obesity is extremely multifaceted, playing an essential role in digestion and energy storage. The IM provides the host with key enzymes for different metabolic processes, including complex polysaccharide catabolism, vitamin and amino acid biosynthesis, and bile acid deconjugation and dehydroxylation, which control lipid solubilization and absorption [43]. For this reason, as a whole, it is assumed that IM increases host ability to extract energy from food and promotes fat storage [47,48,49]. The IM also participates in the regulation of the energy balance through the interaction with the central nervous system, acting on the synthesis and activity of hormones and neuropeptides [43].



Diet is the primary factor in the modulation of the composition of the IM by providing specific nutrient sources and inducing environmental changes in the gut ecosystem (Figure 3). A high-fat diet reduces diversity, the total number of microbes, but increases commensal and pathogenic Gram-negative bacteria, associated with obesity, such as Proteobacteria and Deferribacteres [6]. The increase of these detrimental bacteria leads to higher amounts of lipopolysaccharide (LPS), which are a triggering factor for low-grade inflammation in obesity [5,6]. Bacterial-induced inflammation is derived from LPS increase but also intestinal barrier-enhanced permeability, producing chain reactions with adverse effects [50]. LPS, along with flagellin or peptidoglycans, are translocated from the intestinal lumen to the lamina propria through the intestinal epithelium in obesity disease. LPS can desensitize the vagal afferent nerves in the lamina propria. Moreover, LPS leads to attenuated CCK-induced satiation and dysregulation of anorexigenic and orexigenic hormones expressed in vagal afferent neurons, concomitant with hyperphagia and obesity development [51].



The type and number of microbial metabolic products depend on the quality and quantity of the IM, also determining their effects on the host. Several bacterial metabolites have an essential impact on the host central nervous system, including satiety, suggesting they might be neuroactive compounds. For instance, short-chain fatty acids (SCFA) are bacterial metabolites produced from indigestible protein and carbohydrate fermentation. The most common SCFA are butyrate, propionate, and acetate, associated with anti-inflammatory responses in the colon, and they reduce food intake by triggering intracellular signaling to release anorexigenic peptides. Butyrate and propionate have been demonstrated to have a protective role against diet-induced obesity and insulin resistance [31]. Receptors for SCFA are found in neurons, suggesting a direct stimulation on the vagal afferent nerves [5].



Moreover, bacterial proteins have been linked to satiety signaling. Recent reports found that the Escherichia coli caseinolytic protease B (ClpB), identified as a conformational mimetic of the anorexigenic neuropeptide α-melanocyte-stimulating hormone (α-MSH), stimulates the secretion of PYY in primary cell cultures of rat intestinal mucosa at nanomolar concentrations [52]. These results were not found in ClpB-deficient E. coli strains suggesting a link between ClpB and satiety signaling in the gut. Further studies revealed that the commensal bacteria Hafnia alvei, synthetizing the ClpB protein with an α-MSH-like motif, reduced food intake, body weight gain, and fat mass in mice obesity models when administered by oral gavage for 18 and 46 days [53]. These results are a preclinical validation of the use of the strain Hafnia alvei as a probiotic in the management of obesity and overweight.



Diet intervention is a useful strategy to manipulate microbial diversity, composition, and stability to maintain a balanced IM, providing the host with the beneficial effects described above. Nonetheless, fiber-rich diets (prebiotics) solely cannot restore microbial diversity, but further fiber-fermenting bacteria, such as probiotics, are needed. Indeed, the administration of pre- and probiotics is the standard dysbiosis treatment to enhance the growth of beneficial bacteria.



In summary, in pathological situations, such as obesity, beneficial bacteria and satiety-inducing metabolites decrease together with an increase of pathological bacteria and inflammatory metabolites worsen the disease. Both alterations in hormonal secretion and desensitization of afferent vagal nerves are responsible for the altered satiation mechanisms in obesity. Therefore, the implantation of beneficial microorganisms (probiotics) and their substrates (prebiotics) could be harnessed as a coadjuvant treatment of obesity, as other authors suggest, for gastrointestinal diseases, such as inflammatory bowel disease and ulcerative colitis [54,55,56]. Nevertheless, there is some debate about the actual efficacy of this strategy for modulating the gut microbiota in obese/overweight individuals. Indeed, a recent systematic review of 24 randomized controlled trials (1587 participants) concludes probiotics have minimal effects on appetite-related hormones [57]. However, the increasing number of reports supporting the functionality of pre- and probiotics in modulating IM composition might contribute to stablishing the benefits of probiotics for this purpose in obese and overweight people. A more detailed description of the role of IM in obesity and some examples of dietary interventions with pre- and probiotics are given in Section 4.2.




4. Food-Derived Bioactive Molecules as New Active Compounds Stimulating Hormone Secretion


Understanding the mechanisms that interconnect food digestion, microbiota, nutrient sensing at the gastrointestinal tract, and satiety signaling is essential to design novel treatments targeting obesity. In this section, we review some of the existing knowledge regarding how dietary interventions with different macronutrients (proteins/peptides, carbohydrates, and fats) affect the gastrointestinal hormone secretion involved in satiety signaling, as well as their effects in obesity control.



4.1. Proteins and Peptides


Proteins, both ingested in the diet and endogenous, are digested in the small intestine by pancreatic enzymes and peptidases [5]. Then, transporters present in the brush borders and basolateral membranes of the enterocytes carry a significant amount of oligopeptides and amino acids from the lumen to the portal bloodstream [58]. Once absorbed, they can serve as the building blocks for protein synthesis, but they can also act as precursors of different metabolites in reactions involving the intestinal mucosa and microbiota [59]. Amino acid transporters expressed in the intestine can be found from the duodenum to the ileum, with the highest density in the jejunum [60]. Minute absorption occurs in the colon since colonocytes do not absorb significant amounts of amino acids, and, thus, residual quantities are fermented by resident bacteria to different metabolic end-products [61]. Some intestinal bacteria can also synthesize specific amino acids, implying that there could be a bidirectional exchange of amino acids between the host and the intestinal microbiota [59]. There is, therefore, a complex communication/interaction between protein intake (diet), host, and intestinal microbiota whose mechanisms are still under study.



In this context, the role of dietary proteins in the mechanisms involved in satiation is the focus of a large number of studies. There is evidence that diets with high protein content reduce food intake, induce satiety, and increase energy expenditure compared to lower protein-containing diets [62,63]. Satiating properties of proteins are due to several physiological effects, including the stimulation of gut hormone secretion and the indirect stimulation of gluconeogenesis through the interaction of food-derived peptides with peripheral opioid receptors [64]. However, the mechanisms leading to the release of peripheral signals mediating in the short-term regulation of food intake are still unclear. Although whole proteins are known for their satiating effects, there is also a consensus that gastrointestinal digestion is necessary for proteins to exert or enhance this activity. Protein degradation that occurs during digestion produces the release of bioactive peptides that might have significant physiological effects on energy homeostasis [64]. However, quantifying this activity is complex and makes it challenging to identify which proteins have a greater or less satiating effect. There is also debate about whether the satiating effect of proteins also depends on the protein source, and there is more and more research trying to elucidate this aspect of food protein satiation.



Amongst the most studied food proteins with observed effects in satiety and food control are dairy products, in particular, whey. This dairy protein has generated interest in different fields of research due to it being an inexpensive source of high nutritional quality protein. Whey protein affects satiation through the action of either intact whey protein fractions, bioactive peptides derived from whey, amino acid products of its digestion, and the combined action of whey protein or its products with other milk constituents [65]. Bioactive peptides from whey released during food processing (by enzymatic hydrolysis or fermentation) or during gastrointestinal digestion have received particular interest due to their anti-hypertensive and opioid activity [66,67,68]. Casein is another abundant milk protein known for its beneficial role in the regulation of food intake, postprandial glycaemia, and enteroendocrine hormone secretion. A recent study evaluated casein and whey protein gastrointestinal digests as inducers of CCK and GLP-1 secretion in STC-1 cells [69]. The findings revealed intestinal digestion products of both proteins, containing small-sized peptides and free amino acids, to be more potent CCK inducers than digests from the gastric phase. They also found GLP-1 release was higher with casein gastric digests and whey protein intestinal digests.



Interestingly, these authors also concluded that whey and casein hydrolysates increased CCK and GLP-1 gene expression in STC-1 cell line. Several other reports have agreed that dairy proteins stimulate peripheral hormone secretion in cell cultures and in vivo [70,71,72]. Recently, increased levels of specific amino acids (isoleucine, leucine, lysine, methionine, phenylalanine, proline, tyrosine, and valine) have been positively correlated with higher GLP-1 levels and satiety, and negatively with hunger after ingestion of an isocaloric drink containing whey proteins, in a study in obese female subjects [72]. Dietary amino acids, such as tryptophan, glutamine, methionine, and branched-chain amino acids, have a function on the improvement of gut microbiota and intestinal mucosa immunity, giving rise to new dietary/clinical interventions with a positive impact in the gut–microbiome–immune axis [59].



Fish proteins, in particular, blue whiting hydrolysates, have shown CCK- and GLP-1-enhancing activity in STC-1 cell line [73,74]. These peptide mixtures demonstrate in vivo activity when administered to rats, increasing plasmatic levels of both hormones, reducing short-term food intake, and decreasing body weight gain [74]. A randomized clinical study reported that supplementation with fish protein hydrolysates (FPH) of a mildly hypocaloric diet improved body weight composition and increased blood concentration of CCK and GLP-1 in subjects treated with the FPH Slimpro [75]. Other hydrolysates from animal-derived proteins such as egg, pork, chicken, and beef have shown increased CCK release in STC-1 in vitro models [71,76,77]. Moreover, pork peptones produced the suppression of appetite in animal models [76]. However, there is still a lack of knowledge on the action mechanisms of these peptides in terms of their interaction with cellular and molecular targets involved in insulin and glucose metabolism [78]. Further studies need to confirm whether food supplementation with these types of food-derived ingredients could have a real impact on the obesity treatment.



Vegetable-derived peptides, and among them, soy peptides, have been studied due to promising results on their satiating effects. A β-conglycinin peptone produced by pepsin proteolysis suppressed food intake in male Sprague-Dawley rats and inhibited gastric emptying associated with CCK-increased plasma levels [79]. In this paper, the authors also concluded that β-conglycinin peptone interacts directly with the intestinal mucosal cells in the lumen to stimulate CCK release. A later study confirmed this hypothesis after identifying the fragment (residues 51 to 63 of the β-conglycinin β-subunit) with the most potent binding activity to rat intestinal brush border membrane components in vitro, and correlated these results with reduced food intake and significantly increased CCK concentration after intraduodenal infusion of this peptidic fragment in rats [80]. The mechanism underlying CCK stimulation of this soybean ß-conglycinin peptide involves calcium-sensing receptor (CaSR), which acts as a peptide sensor in enteroendocrine STC-1 cells [77,81]. When further exploring this mechanism, the authors did not find correlation between the molecular weight of ß-conglycinin hydrolysates and CaSR- or CCK-releasing activity, suggesting this receptor senses various dietary peptides independently of their molecular weight [77]. The involvement of Gαq-coupled receptor in β-conglycinin peptide sensing in enteroendocrine cells was also suggested [82].



Trypsin inhibitors are another group of vegetable-derived molecules studied for their anti-obesity activity. For instance, a peptide partially purified from tamarind evidenced the reduction of food intake and weight gain in eutrophic Wistar rats, with the satiating effect being associated with increased CCK serum levels [83]. This peptide promotes the reduction of food consumption, as well as serum tumor necrosis factor alpha (TNF-α) and leptin levels, regardless of weight loss when administered to animals with obesity and metabolic syndrome induced by diet [84], together with a decrease in very-low-density lipoprotein (VLDL) and triglycerides (TG) [85]. Moreover, a potato extract (Potain) consisting of concentrated potato juice (a by-product of potato starch processing) containing 20% protein with trypsin-inhibitory activity suppressed food intake through CCK secretion. The authors suggest a direct stimulation of enteroendocrine cells and by luminal trypsin inhibition, although the active components responsible for this stimulation and the mechanism whereby they act have not yet been elucidated [86,87].




4.2. Carbohydrates


As outlined in previous sections, the IM plays an important role in the digestion and energy storage of host’s nutrients. Carbohydrates are a group of nutrients where bacterial digestion is key to provide metabolites with relevant activities in satiety signaling. An example of these compounds is SCFA (such as acetate, propionate, butyrate, and lactate), produced mainly by bacterial fermentation of dietary fiber and acting as ligands of G-protein-coupled receptors GPR41 and GPR43. These receptors, once activated, induce the expression of peptide hormones (such as leptin and PYY) that regulate appetite and energy metabolism and may promote nutrient absorption and the development of adipose tissue [40,88]. Some studies also suggest that IM could produce analogues of these neuropeptides, and thus it could have a much more direct role in regulating food intake [43]. There is also evidence that certain metabolic disorders associated with dysbiosis can be reversed. For instance, the transplantation of microbiota from lean or obese mice demonstrated that it could transfer their characteristics to a germ-free host [89]. Moreover, in Helicobacter pylori-infected mice that showed altered feeding patterns, delayed gastric emptying, and enhanced perception of satiety (coupled to increased release of postprandial cholecystokinin and increased expression of TNF-α), the eradication of H. pylori did not reverse the symptoms; however, subsequent administration of a Lactobacillus strain normalized the gastric function and feeding patterns [90].



Accumulated scientific evidence suggests that dietary interventions with molecules, such as certain prebiotic carbohydrates, capable of modulating the IM may be a valuable tool in the control of obesity and associated metabolic disorders [40,43]. Although it is possible to find multiple definitions for prebiotics, probably the most accepted is that of Gibson and Roberfroid, “nondigestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon, and thus improves host health” [91]. While this definition includes different chemical compounds, the largest group is composed of plant-derived oligosaccharides. Fructooligosaccharides (FOS), galactooligosaccharides (GOS), arabinoxylan oligosaccharides (AXOS), or inulin-type fructans (ITFs) are amongst the best known and characterized. There is increasing evidence that these compounds, and hence oligosaccharide-rich diets, can exert a modulating effect on appetite and energy metabolism. For example, ITFs promoted the production of GLP-1 [40], which is involved in the reduction of appetite, fat mass, and hepatic insulin resistance [92]. Moreover, this prebiotic counteracts GPR43 overexpression in the adipose tissue, which is associated with a reduced number and size of adipocytes [93].



Furthermore, the administration of chicory root FOS improved metabolic disorders such as dyslipidemia, impaired intestinal permeability, metabolic endotoxemia, and diabetes in mice given high-fat diets through the regulation of the production and activity of peptides such as GLP-1 [42], and other gastrointestinal peptides such as PYY and ghrelin [86]. Indeed, the administration of this type of oligosaccharide reduced food intake and the development of fat mass and hepatic steatosis, both in normal rats and mice and in obese animals [94,95]. Treatments with wheat bran AXOS increased the level of circulating satietogenic peptides (PYY and GLP-1) and counteracted body weight gain and fat storage, in addition to reducing insulin resistance and improving the intestinal barrier [42]. Moreover, feeding GOS combined with Lactobacillus rhamnosus NCC4007 to mice colonized with microbiota from human infants reduced lipogenesis, the incorporation of triglycerides in lipoproteins, and triglyceride concentration in the liver and kidney [88]. Similar effects have been observed in human trials with healthy individuals. For example, in one trial with subjects fed a high-carbohydrate, low-fat diet, inulin administration led to reduced plasma triacylglycerol concentrations and reduced liver lipogenesis [96]. In other trial, treatment with FOS increased satiety and reduced food consumption [97], having a positive effect on reducing body mass index and total fat mass [98].



Oligofructose supplementation in overweight and obese adults showed the promotion of weight loss and improvement in glucose regulation in a randomized, double-blind, placebo-controlled trial. Suppressed ghrelin and enhanced PYY secretion were also observed, suggesting oligofructose may contribute to a reduction in energy intake compared to the placebo (maltodextrin) [99]. A treatment with inulin/oligofructose (50:50) in 30 obese women produced an increase in Bifidobacterium and Faecalibacterium prausnitzii, reducing serum LPS levels, while the prebiotics decreased Bacteroides intestinalis, Bacteroides vulgatus, and Propionibacterium, together with a slight decrease in fat mass [100]. The ability of prebiotics to modify the microbiota in children with overweight/obesity has been investigated, with results revealing that consumption of oligofructose-enriched inulin decreased body weight and body fat, significantly increasing Bifidobacterium spp. in fecal samples compared with children given placebo [101].



Other carbohydrates not considered as prebiotics have also shown the ability to influence the production of neuropeptides related to the gut–brain axis, modulating the feeling of satiety and food intake. In rats fed slow-digesting starch (SDS), expression of hypothalamic neuropeptide Y (NPY) and AgRP showed a significant reduction, and the anorexigenic corticotropin-releasing hormone (CRH) was increased, with a reduction in daily food intake [102]. Although further research is needed, these findings suggest that certain carbohydrates, especially some oligosaccharides, may have potential for the development of functional foods as a strategy for obesity control through modulation of the microbiota–gut–brain axis.




4.3. Lipids


The primary free fatty acid (FFA) sources are LCFA (long-chain FA) and MCFA (medium-chain FA), mainly derived from the hydrolysis of triglycerides by lipase digestion and SCFA produced by IM fermentation of indigestible dietary fiber. The unsaturated LCFA show multiple benefits for humans, with two main types: monounsaturated (MUFA) and polyunsaturated (PUFA). Omega-9 MUFA are non-essential, with oleic acid being one of the most representative. There are two types of PUFA, omega-3 and omega-6, which are essential in the diet and a substrate for intestinal microbiota [5]. The primary omega-3 fatty acids are α-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acids (DHA), while linolenic acid (LA) is an example of omega-6 that metabolizes to arachidonic acid (AA). The recommended ratio of omega-6/omega-3 intake in the diet varies from 1:1 to 4:1, depending on many factors, including genetics and the health condition of the individual [103]. However, changes in nutritional habits that have occurred in recent years in the Western world have led to higher omega-6/omega-3 ratios, which have shown pro-thrombotic and pro-inflammatory effects, increasing the risk of developing obesity, diabetes, and other cardiovascular diseases. Omega-3 fatty acids play an essential role both in anti-inflammatory effects and in the prevention and control of obesity [104]. In terms of inducing satiety hormones secretion, studies indicate that a diet rich in PUFA increases CCK plasma levels in humans compared to a diet rich in MUFA, while both diets increase PYY levels [105,106]. Ligands for GRP40 and GPR120 include ALA, EPA, and DHA. Omega-3 FA, such as AA, activates GRP120 to the same extent as EPA and DHA. The difference between them is the kinetics and intensity of the activation, which are responsible for the different degree of CCK and GLP-1 secretion [104,107]. On the other hand, omega-3 FA strongly activates GPR120 and induces GLP-1 and CCK release in STC-1. ALA, found in green leafy vegetable chloroplasts, flaxseed, hemp, walnut, soybean, and canola oil, could activate GRP40 and induce CCK release. DHA is the most potent GPR40 agonist among the unsaturated FA, mediating in the upregulation of GIP, GLP-1, and CCK. Both DHA and EPA are in fish and fish oil, particularly in bluefish, as well as in shellfish [30]. Intestinal bacteria can ferment LA and ALA into other FAs that have shown to stimulate intestinal hormones secretion [29].



Nuts such as pistachios, walnuts, macadamia nuts, almonds, hazelnuts, pecans, cashew nuts, Brazil nuts, Korean pine nuts, and chestnuts, containing significant amounts of MUFA and PUFA, have shown a weight loss and satiating effect in numerous studies [108,109]. Nonetheless, there is experimental evidence for some of these foods that demonstrates increased stimulation of intestinal hormone release through EECs. Peanuts, with a high MUFA and PUFA content, have also demonstrated stimulation of satiety feelings. The effect of pistachios on weight control and food intake is related to increased GLP-1 and GIP levels [108]. Pieces of evidence report an increase of GLP-1 secretion by walnut oil, whereas there is controversy as to whether it also influences CCK and PYY levels [110]. A randomized cross-over clinical trial with obese women proved the stimulating effect on intestinal hormone release of peanuts, showing an increase of GIP, GLP-1, and CCK levels [111]. Reports on Korean pine nut oil indicate a significant increase of CCK-8 and GLP-1 in humans [109]. Other omega-3 rich foods such as oat oil have shown increased and prolonged PYY, GLP-1, and CCK release in humans. In contrast, although MFCAs suppress food intake [111], their ability to induce intestinal peptide hormone secretion still needs to be further confirmed.



Finally, acetate, propionate, and butyrate, the most abundant SCFAs, have many essential functions in the energetic metabolism and the intestinal immune homeostasis, as well as having protective effects from diet-induced obesity. Particularly propionate and butyrate induce intestinal hormone secretion, decreasing food intake and increasing satiety feelings. On the contrary, increased levels of acetate derivate from dysbiosis activated parasympathetic nervous system increased insulin levels induced by glucose and increased ghrelin levels, which caused hyperphagia and obesity [16,29]. Furthermore, FFAR2 exhibits a higher preference for shorter chains, C2=C3>C4> other SCFA, according to their potency. Even though propionate and butyrate activate FFRA3, the receptor shows a higher response to larger chains [29]. Recently, these receptors were described in vagal afferent neurons, where SCFA can directly activate the neural pathway [112]. Dietary sources of SCFA are not only nondigestible carbohydrates, but also sourdough bread, vinegar and vinegar-based products such as pickles, and some cheeses and other dairy products [113]. Both rich dietary sources of SCFA and physical exercise might play a key role on the prevention and treatment of many disease such as obesity and metabolic syndrome [114].





5. Challenges of In Vitro Models to Study the Microbiota–Gut–Brain Axis Regulation


The complexity of the mechanisms involved in the microbiota–gut–brain axis have been discussed throughout this review. The study of this complex scenario requires reliable in vitro tools to recapitulate the human physiology, allowing the improvement of the scientific knowledge and also the development of new therapeutics.



2D cell models consisting of a single layer of cells (monolayer) growing on a surface (plastic, membrane) represent a simplified tool to study interactions in a controlled manner, providing access to both sides: apical and basolateral. Most of them involve only one type of cell or tissue cultured in isolation. For instance, Caco-2 cell line, derived from human colorectal adenocarcinoma, has been used to study the intestinal absorption of drugs. They are usually cultured on semi-permeable membranes in a transwell format, where they spontaneously differentiate, after 21 days in culture, into cells possessing the morphology and function of enterocytes, the absorptive cells of the intestine [115]. The STC-1 cell line, derived from mouse small intestinal neuroendocrine carcinoma, has been used in numeral screening studies (in vitro) to identify bioactive components in food involved in the regulation of hormones secretion. STC-1 cells present features of native intestinal enteroendocrine cells and secrete a wide range of gut hormones, such as CCK, GIP, PYY, GLP-1, and OXM [116]. Due to limitations associated with cell lines, many studies have focused on the use of primary cells, as a more physiologically relevant cell-based model. A 2D co-culture system of primary intestinal epithelial cells and primary enteric neurons and glia was developed to study the neurointestinal crosstalk. The results demonstrate the importance of enteric populations in the regulation of intestinal barrier function [117]. Co-cultured (2D) monolayers of human intestinal stem cell-derived enteroid and human monocyte-derived macrophages were tested to explore epithelial and macrophage interactions through the evaluation of barrier function, cytokine secretion, and protein expression under basal conditions and following bacterial infection. A coordinated epithelial–immune cell response to pathogens was demonstrated [118]. The use of primary cells is often restricted by limited donors and low viability in culture conditions. Despite the valuable contributions of 2D models to the biomedical research, they often failed the prediction of in vivo responses [119]. The understanding of human physiology and deregulation of cellular behaviors is crucial for disease prevention, diagnostics, and therapeutics.



Higher levels of cell differentiation and tissue organization have been achieved by 3D tissue models, using encapsulation of cells within hydrogels [120] or organoid technology that is based on 3D clusters of primary or stem cells [121]. Despite their capacity to closer emulate the in vivo physiology, the lack of vasculature and the static conditions hampers the continuous transport of soluble factors and the removal of metabolic products from the tissue.



Organ-on-a-chip (OoC) technology represents a suitable approach to model multi-organ communication on the basis of three-dimensional cell cultures and microfluidic channels and chambers able to recreate the microphysiological environment. Multi-chambers are connected, allowing the diffusion of soluble factors and/or metabolites to mimic cross-communication in living organs. The fluid’s flow inside the microfluidic channels creates shear stress suitable to stimulate cell proliferation and differentiation. OoC offers the possibility to apply mechanical forces to mimic the physical microenvironment of living organs, such as peristaltic movements, and also the integration of sensors to monitor and even control of biological and physical parameters, such as pH, transepithelial electrical resistance (TEER), oxygen pressure, metabolite production, and signal transmission [121].



Moreover, the scale-down reduces the number of reagents needed. The technology empowers drug development, safety assessment, disease modelling, and personalized medicine. Moreover, the modular approach allows for the coupling of devices in a sequential mode to evaluate the crosstalk between different organs [122,123]. Although different organs-on-a-chip are already in development in several laboratories around the world, the path to model the whole MGBA through a multiorgan-on-a-chip approach is still long overdue for the in vivo complex mechanisms [124]. The recent European Research Council-funded project named MINERVA, aimed at developing an innovative technological platform to investigate the relationship between the intestinal microflora and brain functionality in healthy and pathological conditions, might represent a significant contribution to the field.




6. Conclusions


Complex mechanisms regulate energy homeostasis and satiety, where intestinal hormones have a central physiological function as signaling systems. Food induces satiety in the intestine through mechanical stimulation and by sensing of the luminal contents by enteroendocrine cells (EECs), which also involves the release of hormones. Scientific evidence also supports the fact that intestinal microbiota interplays in the regulation of food intake and satiety. This modulatory activity is due to the interaction of microbiota with EECs, or through its bioactive metabolites on the intestinal lumen by releasing chemosensing factors. The diet is known to modulate the structure of the gastrointestinal microbiota by providing specific nutrient sources and inducing environmental changes in the gut ecosystem. There is, therefore, an interplay between diet and microbiota–gut–brain axis regulation with a pivotal role in the control of satiety. Owing to current non-invasive treatments lacking efficacy in combating obesity, food-derived bioactive compounds are proposed as endocrine-modulatory molecules stimulating intestinal hormone release to promote satiety feelings and suppress food intake. Dietary interventions based on the intake of certain nutrients or their metabolites is an alternative for developing nutraceuticals or functional foods targeting obesity and other metabolic diseases. For this purpose, we require further research to understand the mechanisms underlying the endocrine modulatory activity of nutrient-derived bioactives and how they can positively modulate the microbiota–gut–brain axis. Organ-on-a-chip technology represents a promising platform for the screening of these compounds through it being a suitable approach to model multi-organ communication such as the microbiota–gut–brain axis.







Author Contributions


Conceptualization, N.A.P. and I.R.A.; writing—original draft preparation, N.A.P., P.F., C.G., and I.R.A.; writing—review and editing, N.A.P., P.F., C.G., L.P., and I.R.A.; supervision, L.P. and I.R.A.; funding acquisition, L.P. All authors have read and agreed to the published version of the manuscript.




Funding


The research leading to these results received funding from the European Union’s H2020 Research and Innovation Programme under the Maria Sklodowska-Curie grant agreement no. 778388 (H2020 MSCA-RISE-2017 project Food for Diabetes and Cognition (FODIAC), and grant agreement no. 713640 (MSCA-2015-COFUND_FP).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Calzada-León, R.; Altamirano-Bustamante, N.; Ruiz-Reyes, M.L. Neuroendocrine and gastrointestinal modulators of appetite and satiety. Med. Bull. Child. Hosp. Mex. 2008, 65, 468–487. [Google Scholar] [CrossRef]

	



World Health Organitation. Obesity and Overweight. Available online: https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight (accessed on 21 March 2020).

	



Saltiel, A.R.; Olefsky, J.M. Inflammatory mechanisms linking obesity and metabolic disease. J. Clin. Investig. 2017, 127, 1–4. [Google Scholar] [CrossRef]

	



De Palma, G.; Collins, S.M.; Bercik, P.; Verdu, E.F. The microbiota-gut-brain axis in gastrointestinal disorders: Stressed bugs, stressed brain or both? J. Physiol. 2014, 592, 2989–2997. [Google Scholar] [CrossRef]

	



Portune, K.J.; Benítez-Páez, A.; Del Pulgar, E.M.G.; Cerrudo, V.; Sanz, Y. Gut microbiota, diet, and obesity-related disorders—The good, the bad, and the future challenges. Mol. Nutr. Food Res. 2017, 61, 1600252. [Google Scholar] [CrossRef] [PubMed]

	



Hamilton, M.K.; Raybould, H.E. Bugs, guts and brains, and the regulation of food intake and body weight. Int. J. Obes. Suppl. 2016, 6, S8–S14. [Google Scholar] [CrossRef] [PubMed]

	



Francino, M.P. Antibiotics and the human gut microbiome: Dysbioses and accumulation of resistances. Front. Microbiol. 2016, 6, 1–11. [Google Scholar] [CrossRef]

	



Weltens, N.; Iven, J.; Van Oudenhove, L.; Kano, M. The gut–brain axis in health neuroscience: Implications for functional gastrointestinal disorders and appetite regulation. Ann. N. Y. Acad. Sci. 2018, 1428, 129–150. [Google Scholar] [CrossRef]

	



Crespo, M.Á.; González Matías, L.C.; Lozano, M.G.; Paz, S.F.; Pérez, M.R.; Gago, E.V.; Ferrer, F.M. Gastrointestinal hormones in food intake control. Endocrinol. Nutr. 2009, 56, 317–330. [Google Scholar] [CrossRef]

	



Spreckley, E.; Murphy, K.G. The L-Cell in Nutritional Sensing and the Regulation of Appetite. Front. Nutr. 2015, 2, 23. [Google Scholar] [CrossRef]

	



Page, A.J.; Symonds, E.; Peiris, M.; Blackshaw, L.A.; Young, R.L. Peripheral neural targets in obesity. Br. J. Pharmacol. 2012, 166, 1537–1558. [Google Scholar] [CrossRef]

	



Darcel, N.P.; Liou, A.P.; Tomé, D.; Raybould, H.E. Activation of Vagal Afferents in the Rat Duodenum by Protein Digests Requires PepT1. J. Nutr. 2005, 135, 1491–1495. [Google Scholar] [CrossRef] [PubMed]

	



Berthoud, H.R. Vagal and hormonal gut-brain communication: From satiation to satisfaction. Neurogastroenterol. Motil. 2008, 20, 64–72. [Google Scholar] [CrossRef] [PubMed]

	



Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohórquez, D.V. A gut-brain neural circuit for nutrient sensory transduction. Science 2018, 361, e5236. [Google Scholar] [CrossRef]

	



Choi, S.; Lee, M.; Shiu, A.L.; Sek, J.Y.; Halldén, G.; Aponte, G.W. GPR93 activation by protein hydrolysate induces CCK transcription and secretion in STC-1 cells. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 292, 1366–1375. [Google Scholar] [CrossRef]

	



Liddle, R.A. Interactions of gut endocrine cells with epithelium and neurons. Compr. Physiol. 2018, 8, 1019–1030. [Google Scholar] [CrossRef]

	



Psichas, A.; Reimann, F.; Gribble, F.M. Gut chemosensing mechanisms. J. Clin. Investig. 2015, 125, 908–917. [Google Scholar] [CrossRef]

	



Husted, A.S.; Trauelsen, M.; Rudenko, O.; Hjorth, S.A.; Schwartz, T.W. GPCR-Mediated Signaling of Metabolites. Cell Metab. 2017, 25, 777–796. [Google Scholar] [CrossRef]

	



Pi, M.; Nishimoto, S.K.; Quarles, L.D. GPRC6A: Jack of all metabolism (or master of none). Mol. Metab. 2017, 6, 185–193. [Google Scholar] [CrossRef] [PubMed]

	



Daly, K.; Al-Rammahi, M.; Moran, A.; Marcello, M.; Ninomiya, Y.; Shirazi-Beechey, S.P. Sensing of amino acids by the gut-expressed taste receptor T1R1-T1R3 stimulates CCK secretion. Am. J. Physiol. Gastrointest. Liver Physiol. 2013, 304, 271–282. [Google Scholar] [CrossRef] [PubMed]

	



Wauson, E.M.; Lorente-Rodríguez, A.; Cobb, M.H. Minireview: Nutrient sensing by G protein-coupled receptors. Mol. Endocrinol. 2013, 27, 1188–1197. [Google Scholar] [CrossRef]

	



Norton, M.; Murphy, K.G. Targeting gastrointestinal nutrient sensing mechanisms to treat obesity. Curr. Opin. Pharmacol. 2017, 37, 16–23. [Google Scholar] [CrossRef]

	



Covasa, M.; Stephens, R.W.; Toderean, R.; Cobuz, C. Intestinal sensing by gut microbiota: Targeting gut peptides. Front. Endocrinol. 2019, 10, 82. [Google Scholar] [CrossRef] [PubMed]

	



Symonds, E.L.; Peiris, M.; Page, A.J.; Chia, B.; Dogra, H.; Masding, A.; Galanakis, V.; Atiba, M.; Bulmer, D.; Young, R.L.; et al. Mechanisms of activation of mouse and human enteroendocrine cells by nutrients. Gut 2015, 64, 618–626. [Google Scholar] [CrossRef] [PubMed]

	



Santos-Hernández, M.; Tomé, D.; Gaudichon, C.; Recio, I. Stimulation of CCK and GLP-1 secretion and expression in STC-1 cells by human jejunal contents and in vitro gastrointestinal digests from casein and whey proteins. Food Funct. 2018, 9, 4702–4713. [Google Scholar] [CrossRef]

	



Mace, O.J.; Schindler, M.; Patel, S. The regulation of K- and L-cell activity by GLUT2 and the calcium-sensing receptor CasR in rat small intestine. J. Physiol. 2012, 590, 2917–2936. [Google Scholar] [CrossRef]

	



Nguyen, C.A.; Akiba, Y.; Kaunitz, J.D. Recent advances in gut nutrient chemosensing. Curr. Med. Chem. 2012, 19, 28–34. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, T.; Katsuma, S.; Adachi, T.; Koshimizu, T.A.; Hirasawa, A.; Tsujimoto, G. Free fatty acids induce cholecystokinin secretion through GPR120. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2008, 377, 523–527. [Google Scholar] [CrossRef]

	



Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free fatty acid receptors in health and disease. Physiol. Rev. 2020, 100, 171–210. [Google Scholar] [CrossRef] [PubMed]

	



Miyamoto, J.; Hasegawa, S.; Kasubuchi, M.; Ichimura, A.; Nakajima, A.; Kimura, I. Nutritional signaling via free fatty acid receptors. Int. J. Mol. Sci. 2016, 17, 450. [Google Scholar] [CrossRef]

	



Lin, H.V.; Frassetto, A.; Kowalik, E.J.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al. Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent mechanisms. PLoS ONE 2012, 7, e35240. [Google Scholar] [CrossRef]

	



Mandøe, M.J.; Hansen, K.B.; Hartmann, B.; Rehfeld, J.F.; Holst, J.J.; Hansen, H.S. The 2-monoacylglycerol moiety of dietary fat appears to be responsible for the fat-induced release of GLP-1 in humans1. Am. J. Clin. Nutr. 2015, 102, 548–555. [Google Scholar] [CrossRef] [PubMed]

	



Liou, A.P.; Chavez, D.I.; Espero, E.; Hao, S.; Wank, S.A.; Raybould, H.E. Protein hydrolysate-induced cholecystokinin secretion from enteroendocrine cells is indirectly mediated by the intestinal oligopeptide transporter PepT1. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300, 895–902. [Google Scholar] [CrossRef] [PubMed]

	



Gevrey, J.C.; Cordier-Bussat, M.; Némoz-Gaillard, E.; Chayvialle, J.A.; Abello, J. Co-requirement of cyclic AMP- and calcium-dependent protein kinases for transcriptional activation of cholecystokinin gene by protein hydrolysates. J. Biol. Chem. 2002, 277, 22407–22413. [Google Scholar] [CrossRef]

	



Foltz, M.; Ansems, P.; Schwarz, J.; Tasker, M.C.; Lourbakos, A.; Gerhardt, C.C. Protein hydrolysates induce CCK release from enteroendocrine cells and act as partial agonists of the CCK 1 receptor. J. Agric. Food Chem. 2008, 56, 837–843. [Google Scholar] [CrossRef]

	



Le Roux, C.W.; Batterham, R.L.; Aylwin, S.J.B.; Patterson, M.; Borg, C.M.; Wynne, K.J.; Kent, A.; Vincent, R.P.; Gardiner, J.; Ghatei, M.A.; et al. Attenuated peptide YY release in obese subjects is associated with reduced satiety. Endocrinology 2006, 147, 3–8. [Google Scholar] [CrossRef]

	



Barja-Fernandez, S.; Leis, R.; Casanueva, F.F.; Seoane, L.M. Drug development strategies for the treatment of obesity: How to ensure efficacy, safety, and sustainable weight loss. Drug Des. Devel. Ther. 2014, 8, 2391–2400. [Google Scholar] [CrossRef] [PubMed]

	



Baranowska, B.; Radzikowska, M.; Wasilewska-Dziubinska, E.; Roguski, K.; Borowiec, M. Disturbed release of gastrointestinal peptides in anorexia nervosa and in obesity. Diabetes Obes. Metab. 2000, 2, 99–103. [Google Scholar] [CrossRef] [PubMed]

	



Kho, Z.Y.; Lal, S.K. The human gut microbiome—A potential controller of wellness and disease. Front. Microbiol. 2018, 9, 1835. [Google Scholar] [CrossRef]

	



Delzenne, N.M.; Neyrinck, A.M.; Bäckhed, F.; Cani, P.D. Targeting gut microbiota in obesity: Effects of prebiotiAt birth, the human colon is rapidly colonized by gut microbes. Owing to their vast number and their capacity to ferment nutrients and secrete bioactive compounds, these gastrointestinal microbes act. Nat. Rev. Endocrinol. 2011, 7, 639–646. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit, J.P.; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480–484. [Google Scholar] [CrossRef]

	



Neyrinck, A.M.; Van Hée, V.F.; Piront, N.; De Backer, F.; Toussaint, O.; Cani, P.D.; Delzenne, N.M. Wheat-derived arabinoxylan oligosaccharides with prebiotic effect increase satietogenic gut peptides and reduce metabolic endotoxemia in diet-induced obese mice. Nutr. Diabetes 2012, 2, e28. [Google Scholar] [CrossRef]

	



Sanz, Y.; Santacruz, A.; Gauffin, P. Gut microbiota in obesity and metabolic disorders. Proc. Nutr. Soc. 2010, 69, 434–441. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023. [Google Scholar] [CrossRef] [PubMed]

	



Schwiertz, A.; Taras, D.; Schäfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight healthy subjects. Obesity 2010, 18, 190–195. [Google Scholar] [CrossRef]

	



Nadal, I.; Santacruz, A.; Marcos, A.; Warnberg, J.; Garagorri, M.; Moreno, L.A.; Martin-Matillas, M.; Campoy, C.; Martí, A.; Moleres, A.; et al. Shifts in clostridia, bacteroides and immunoglobulin-coating fecal bacteria associated with weight loss in obese adolescents. Int. J. Obes. 2009, 33, 758–767. [Google Scholar] [CrossRef]

	



Backhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718–15723. [Google Scholar] [CrossRef] [PubMed]

	



Hooper, L.V.; Wong, M.H.; Thelin, A.; Hansson, L.; Falk, P.G.; Gordon, J.I. Molecular analysis of commensal host-microbial relationships in the intestine. Science 2001, 291, 881–884. [Google Scholar] [CrossRef]

	



Wostmann, B.S.; Larkin, C.; Moriarty, A.; Bruckner-Kardoss, E. Dietary intake, energy metabolism, and excretory losses of adult male germfree Wistar rats. Lab. Anim. Sci. 1983, 33, 46–50. [Google Scholar]

	



Lam, Y.Y.; Ha, C.W.Y.; Campbell, C.R.; Mitchell, A.J.; Dinudom, A.; Oscarsson, J.; Cook, D.I.; Hunt, N.H.; Caterson, I.D.; Holmes, A.J.; et al. Increased gut permeability and microbiota change associate with mesenteric fat inflammation and metabolic dysfunction in diet-induced obese mice. PLoS ONE 2012, 7, e34233. [Google Scholar] [CrossRef] [PubMed]

	



De La Serre, C.B.; de Lartigue, G.; Raybould, H.E. Chronic exposure to Low dose bacterial lipopolysaccharide inhibits leptin signaling in vagal afferent neurons. Physiol. Behav. 2015, 139, 188–194. [Google Scholar] [CrossRef]

	



Dominique, M.; Breton, J.; Guérin, C.; Bole-Feysot, C.; Lambert, G.; Déchelotte, P.; Fetissov, S. Effects of macronutrients on the in vitro production of ClpB, a bacterial mimetic protein of α-MSH and its possible role in satiety signaling. Nutrients 2019, 11, 2115. [Google Scholar] [CrossRef]

	



Legrand, R.; Lucas, N.; Dominique, M.; Azhar, S.; Deroissart, C.; Le Solliec, M.A.; Rondeaux, J.; Nobis, S.; Guérin, C.; Léon, F.; et al. Commensal Hafnia alvei strain reduces food intake and fat mass in obese mice—a new potential probiotic for appetite and body weight management. Int. J. Obes. 2020, 44, 1041–1051. [Google Scholar] [CrossRef]

	



Guandalini, S.; Sansotta, N. Probiotics in the Treatment of Inflammatory Bowel Disease. In Advances in Experimental Medicine Biology; Springer: New York, NY, USA, 2019; Volume 1125, pp. 101–107. ISBN 9783030146351. [Google Scholar]

	



Hills, R.D.; Pontefract, B.A.; Mishcon, H.R.; Black, C.A.; Sutton, S.C.; Theberge, C.R. Gut microbiome: Profound implications for diet and disease. Nutrients 2019, 11, 1613. [Google Scholar] [CrossRef]

	



Roselli, M.; Finamore, A. Use of Synbiotics for Ulcerative Colitis Treatment. Curr. Clin. Pharmacol. 2020, 15, 174–182. [Google Scholar] [CrossRef]

	



Cabral, L.Q.T.; Ximenez, J.A.; Moreno, K.G.T.; Fernandes, R. Probiotics have minimal effects on appetite-related hormones in overweight or obese individuals: A systematic review of randomized controlled trials. Clin. Nutr. 2020. [Google Scholar] [CrossRef] [PubMed]

	



Mailliard, M.E.; Stevens, B.R.; Mann, G.E. Amino acid transport by small intestinal, hepatic, and pancreatic epithelia. Gastroenterology 1995, 108, 888–910. [Google Scholar] [CrossRef]

	



Ma, N.; Ma, X. Dietary Amino Acids and the Gut-Microbiome-Immune Axis: Physiological Metabolism and Therapeutic Prospects. Compr. Rev. Food Sci. Food Saf. 2019, 18, 221–242. [Google Scholar] [CrossRef] [PubMed]

	



Bröer, S. Apical transporters for neutral amino acids: Physiology and pathophysiology. Physiology 2008, 23, 95–103. [Google Scholar] [CrossRef] [PubMed]

	



Davila, A.M.; Blachier, F.; Gotteland, M.; Andriamihaja, M.; Benetti, P.H.; Sanz, Y.; Tomé, D. Intestinal luminal nitrogen metabolism: Role of the gut microbiota and consequences for the host. Pharmacol. Res. 2013, 68, 95–107. [Google Scholar] [CrossRef]

	



Halton, T.L.; Hu, F.B. The effects of high protein diets on thermogenesis, satiety and weight loss: A critical review. J. Am. Coll. Nutr. 2004, 23, 373–385. [Google Scholar] [CrossRef]

	



Paddon-Jones, D.; Westman, E.; Mattes, R.D.; Wolfe, R.R.; Astrup, A.; Westerterp-Plantenga, M. Protein, weight management, and satiety. Am. J. Clin. Nutr. 2008, 87, 1558–1561. [Google Scholar] [CrossRef]

	



Caron, J.; Domenger, D.; Dhulster, P.; Ravallec, R.; Cudennec, B. Protein digestion-derived peptides and the peripheral regulation of food intake. Front. Endocrinol. 2017, 8, 85. [Google Scholar] [CrossRef] [PubMed]

	



Luhovyy, B.L.; Akhavan, T.; Anderson, G.H. Whey proteins in the regulation of food intake and satiety. J. Am. Coll. Nutr. 2007, 26, 704–712. [Google Scholar] [CrossRef] [PubMed]

	



Hernández-Ledesma, B.; Amigo, L.; Ramos, M.; Recio, I. Release of angiotensin converting enzyme-inhibitory peptides by simulated gastrointestinal digestion of infant formulas. Int. Dairy J. 2004, 14, 889–898. [Google Scholar] [CrossRef]

	



Estévez, N.; Fuciños, P.; Sobrosa, A.C.; Pastrana, L.; Pérez, N.; Luisa Rúa, M. Modeling the angiotensin-converting enzyme inhibitory activity of peptide mixtures obtained from cheese whey hydrolysates using concentration-response curves. Biotechnol. Prog. 2012, 28, 1197–1206. [Google Scholar] [CrossRef]

	



Mazorra-Manzano, M.A.; Robles-Porchas, G.R.; González-Velázquez, D.A.; Torres-Llanez, M.J.; Martínez-Porchas, M.; García-Sifuentes, C.O.; González-Córdova, A.F.; Vallejo-Córdoba, B. Cheese whey fermentation by its native microbiota: Proteolysis and bioactive peptides release with ACE-inhibitory activity. Fermentation 2020, 6, 19. [Google Scholar] [CrossRef]

	



Santos-Hernández, M.; Miralles, B.; Amigo, L.; Recio, I. Intestinal Signaling of Proteins and Digestion-Derived Products Relevant to Satiety. J. Agric. Food Chem. 2018, 66, 10123–10131. [Google Scholar] [CrossRef]

	



Napawan, N.; McGraw, N.J.; Tulk, B.; Krul, E.S. The effect of simulated gut digestion (SGD) of various proteins on cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) release in an enteroendocrine cell line (STC-1). FASEB J. 2013, 27, 853.1. [Google Scholar]

	



Geraedts, M.C.P.; Troost, F.J.; Fischer, M.A.J.G.; Edens, L.; Saris, W.H.M. Direct induction of CCK and GLP-1 release from murine endocrine cells by intact dietary proteins. Mol. Nutr. Food Res. 2011, 53, 476–484. [Google Scholar] [CrossRef]

	



Rigamonti, A.E.; Leoncini, R.; De Col, A.; Tamini, S.; Cicolini, S.; Abbruzzese, L.; Cella, S.G.; Sartorio, A. The appetite−suppressant and GLP-1-stimulating effects of whey proteins in obese subjects are associated with increased circulating levels of specific amino acids. Nutrients 2020, 12, 775. [Google Scholar] [CrossRef]

	



Cudennec, B.; Ravallec-Plé, R.; Courois, E.; Fouchereau-Peron, M. Peptides from fish and crustacean by-products hydrolysates stimulate cholecystokinin release in STC-1 cells. Food Chem. 2008, 111, 970–975. [Google Scholar] [CrossRef]

	



Cudennec, B.; Fouchereau-Peron, M.; Ferry, F.; Duclos, E.; Ravallec, R. In Vitro and In Vivo evidence for a satiating effect of fish protein hydrolysate obtained from blue whiting (Micromesistius poutassou) muscle. J. Funct. Foods 2012, 4, 271–277. [Google Scholar] [CrossRef]

	



Nobile, V.; Duclos, E.; Michelotti, A.; Bizzaro, G.; Negro, M.; Soisson, F. Supplementation with a fish protein hydrolysate (Micromesistius poutassou): Effects on body weight, body composition, and CCK/GLP-1 secretion. Food Nutr. Res. 2016, 60, 29857. [Google Scholar] [CrossRef] [PubMed]

	



Sufian, M.K.N.B.; Hira, T.; Miyashita, K.; Nishi, T.; Asano, K.; Hara, H. Pork peptone stimulates cholecystokinin secretion from enteroendocrine cells and suppresses appetite in rats. Biosci. Biotechnol. Biochem. 2006, 70, 1869–1874. [Google Scholar] [CrossRef]

	



Nakajima, S.; Hira, T.; Hara, H. Calcium-sensing receptor mediates dietary peptide-induced CCK secretion in enteroendocrine STC-1 cells. Mol. Nutr. Food Res. 2012, 56, 753–760. [Google Scholar] [CrossRef] [PubMed]

	



De Campos Zani, S.C.; Wu, J.; Chan, C.B. Egg and soy-derived peptides and hydrolysates: A review of their physiological actions against diabetes and obesity. Nutrients 2018, 10, 549. [Google Scholar] [CrossRef]

	



Nishi, T.; Hara, H.; Tomita, F. Soybean β-Conglycinin Peptone Suppresses Food Intake and Gastric Emptying by Increasing Plasma Cholecystokinin Levels in Rats. J. Nutr. 2003, 133, 352–357. [Google Scholar] [CrossRef]

	



Nishi, T.; Hara, H.; Asano, K.; Tomita, F. The Soybean β-Conglycinin β 51–63 Fragment Suppresses Appetite by Stimulating Cholecystokinin Release in Rats. J. Nutr. 2003, 133, 2537–2542. [Google Scholar] [CrossRef]

	



Nakajima, S.; Hira, T.; Eto, Y.; Asano, K.; Hara, H. Soybean β51-63 peptide stimulates cholecystokinin secretion via a calcium-sensing receptor in enteroendocrine STC-1 cells. Regul. Pept. 2010, 159, 148–155. [Google Scholar] [CrossRef]

	



Hira, T.; Maekawa, T.; Asano, K.; Hara, H. Cholecystokinin secretion induced by β-conglycinin peptone depends on Gαq-mediated pathways in enteroendocrine cells. Eur. J. Nutr. 2009, 48, 124–127. [Google Scholar] [CrossRef]

	



Ribeiro, J.A.C.; Serquiz, A.C.; Silva, P.F.S.; Barbosa, P.B.B.M.; Sampaio, T.B.M.; De Araújo, R.F.; de Oliveira, A.S.; Machado, R.J.A.; Maciel, B.L.L.; Uchôa, A.F.; et al. Trypsin inhibitor from tamarindus indica L. Seeds reduces weight gain and food consumption and increases plasmatic cholecystokinin levels. Clinics 2015, 70, 136–143. [Google Scholar] [CrossRef]

	



De Medeiros, A.F.; Costa, I.d.S.; de Carvalho, F.M.C.; Kiyota, S.; de Souza, B.B.P.; Sifuentes, D.N.; Serquiz, R.P.; Maciel, B.L.L.; Uchôa, A.F.; dos Santos, E.A.; et al. Biochemical characterisation of a Kunitz-type inhibitor from Tamarindus indica L. seeds and its efficacy in reducing plasma leptin in an experimental model of obesity. J. Enzyme Inhib. Med. Chem. 2018, 33, 334–348. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, F.M.C.; Lima, V.C.O.; Costa, I.S.; Medeiros, A.F.; Serquiz, A.C.; Lima, M.C.J.S.; Serquiz, R.P.; Maciel, B.L.L.; Uchôa, A.F.; Santos, E.A.; et al. A trypsin inhibitor from tamarind reduces food intake and improves inflammatory status in rats with metabolic syndrome regardless ofweight loss. Nutrients 2016, 8, 544. [Google Scholar] [CrossRef] [PubMed]

	



Nakajima, S.; Hira, T.; Tsubata, M.; Takagaki, K.; Hara, H. Potato extract (Potein) suppresses food intake in rats through inhibition of luminal trypsin activity and direct stimulation of cholecystokinin secretion from enteroendocrine cells. J. Agric. Food Chem. 2011, 59, 9491–9496. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Hira, T.; Nakajima, S.; Tomozawa, H.; Tsubata, M.; Yamaguchi, K.; Hara, H. Suppressive effect on food intake of a potato extract (Potein®) involving cholecystokinin release in rats. Biosci. Biotechnol. Biochem. 2012, 76, 1104–1109. [Google Scholar] [CrossRef] [PubMed]

	



Samuel, B.S.; Shaito, A.; Motoike, T.; Rey, F.E.; Backhed, F.; Manchester, J.K.; Hammer, R.E.; Williams, S.C.; Crowley, J.; Yanagisawa, M.; et al. Effects of the gut microbiota on host adiposity are modulated by the short-chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc. Natl. Acad. Sci. USA 2008, 105, 16767–16772. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Bäckhed, F.; Fulton, L.; Gordon, J.I. Diet-Induced Obesity Is Linked to Marked but Reversible Alterations in the Mouse Distal Gut Microbiome. Cell Host Microbe 2008, 3, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Verdu, E.F.; Bercik, P.; Huang, X.X.; Lu, J.; Al-Mutawaly, N.; Sakai, H.; Tompkins, T.A.; Croitoru, K.; Tsuchida, E.; Perdue, M.; et al. The role of luminal factors in the recovery of gastric function and behavioral changes after chronic Helicobacter pyloriinfection. Am. J. Physiol. Gastrointest. Liver Physiol. 2008, 295, 664–670. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept of prebiotics. J. Nutr. 1995, 125, 1401–1412. [Google Scholar] [CrossRef]

	



Cani, P.D.; Knauf, C.; Iglesias, M.A.; Drucker, D.J.; Delzenne, N.M.; Burcelin, R. Improvement of glucose tolerance and hepatic insulin sensitivity by oligofructose requires a functional glucagon-like peptide 1 receptor. Diabetes 2006, 55, 1484–1490. [Google Scholar] [CrossRef]

	



Dewulf, E.M.; Cani, P.D.; Neyrinck, A.M.; Possemiers, S.; Van Holle, A.; Muccioli, G.G.; Deldicque, L.; Bindels, L.B.; Pachikian, B.D.; Sohet, F.M.; et al. Inulin-type fructans with prebiotic properties counteract GPR43 overexpression and PPARγ-related adipogenesis in the white adipose tissue of high-fat diet-fed mice. J. Nutr. Biochem. 2011, 22, 712–722. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D. Involvement of endogenous glucagon-like peptide-1(7-36) amide on glycaemia-lowering effect of oligofructose in streptozotocin-treated rats. J. Endocrinol. 2005, 185, 457–465. [Google Scholar] [CrossRef] [PubMed]

	



Delmée, E.; Cani, P.D.; Gual, G.; Knauf, C.; Burcelin, R.; Maton, N.; Delzenne, N.M. Relation between colonic proglucagon expression and metabolic response to oligofructose in high fat diet-fed mice. Life Sci. 2006, 79, 1007–1013. [Google Scholar] [CrossRef]

	



Letexier, D.; Diraison, F.; Beylot, M. Addition of inulin to a moderately high-carbohydrate diet reduces hepatic lipogenesis and plasma triacylglycerol concentrations in humans. Am. J. Clin. Nutr. 2003, 77, 559–564. [Google Scholar] [CrossRef]

	



Cani, P.D.; Joly, E.; Horsmans, Y.; Delzenne, N.M. Oligofructose promotes satiety in healthy human: A pilot study. Eur. J. Clin. Nutr. 2006, 60, 567–572. [Google Scholar] [CrossRef]

	



Abrams, S.A.; Griffin, I.J.; Hawthorne, K.M.; Ellis, K.J. Effect of Prebiotic Supplementation and Calcium Intake on Body Mass Index. J. Pediatr. 2007, 151, 293–298. [Google Scholar] [CrossRef]

	



Parnell, J.A.; Reimer, R.A. Weight loss during oligofructose supplementation is associated with decreased ghrelin and increased peptide YY in overweight and obese adults. Am. J. Clin. Nutr. 2009, 89, 1751–1759. [Google Scholar] [CrossRef]

	



Dewulf, E.M.; Cani, P.D.; Claus, S.P.; Fuentes, S.; Puylaert, P.G.B.; Neyrinck, A.M.; Bindels, L.B.; De Vos, W.M.; Gibson, G.R.; Thissen, J.P.; et al. Insight into the prebiotic concept: Lessons from an exploratory, double blind intervention study with inulin-type fructans in obese women. Gut 2013, 62, 1112–1121. [Google Scholar] [CrossRef]

	



Nicolucci, A.C.; Hume, M.P.; Martínez, I.; Mayengbam, S.; Walter, J.; Reimer, R.A. Prebiotics Reduce Body Fat and Alter Intestinal Microbiota in Children Who Are Overweight or With Obesity. Gastroenterology 2017, 153, 711–722. [Google Scholar] [CrossRef] [PubMed]

	



Hasek, L.Y.; Phillips, R.J.; Zhang, G.; Kinzig, K.P.; Kim, C.Y.; Powley, T.L.; Hamaker, B.R. Dietary Slowly Digestible Starch Triggers the Gut–Brain Axis in Obese Rats with Accompanied Reduced Food Intake. Mol. Nutr. Food Res. 2018, 62, 1700117. [Google Scholar] [CrossRef]

	



Patterson, E.; Wall, R.; Fitzgerald, G.F.; Ross, R.P.; Stanton, C. Health implications of high dietary omega-6 polyunsaturated fatty acids. J. Nutr. Metab. 2012, 2012, 539426. [Google Scholar] [CrossRef]

	



Simopoulos, A.P. An increase in the Omega-6/Omega-3 fatty acid ratio increases the risk for obesity. Nutrients 2016, 8, 128. [Google Scholar] [CrossRef]

	



Tucci, S.A. Phytochemicals in the control of human appetite and body weight. Pharmaceuticals 2010, 3, 748–763. [Google Scholar] [CrossRef] [PubMed]

	



Polley, K.R.; Kamal, F.; Paton, C.M.; Cooper, J.A. Appetite responses to high-fat diets rich in mono-unsaturated versus poly-unsaturated fats. Appetite 2019, 134, 172–181. [Google Scholar] [CrossRef]

	



Mobraten, K.; Haug, T.M.; Kleiveland, C.R.; Lea, T. Omega-3 and omega-6 PUFAs induce the same GPR120-mediated signalling events, but with different kinetics and intensity in Caco-2 cells. Lipids Health Dis. 2013, 12, 101. [Google Scholar] [CrossRef] [PubMed]

	



De Souza, R.G.M.; Schincaglia, R.M.; Pimente, G.D.; Mota, J.F. Nuts and human health outcomes: A systematic review. Nutrients 2017, 9, 1311. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.; Keogh, J.B.; Clifton, P.M. Benefits of nut consumption on insulin resistance and cardiovascular risk factors: Multiple potential mechanisms of actions. Nutrients 2017, 9, 1271. [Google Scholar] [CrossRef] [PubMed]

	



Pahlavani, N.; Rostami, D.; Ebrahimi, F.; Azizi-Soleiman, F. Nuts effects in chronic disease and relationship between walnuts and satiety: Review on the available evidence. Obes. Med. 2020, 17, 100173. [Google Scholar] [CrossRef]

	



Reis, C.E.G.; Ribeiro, D.N.; Costa, N.M.B.; Bressan, J.; Alfenas, R.C.G.; Mattes, R.D. Acute and second-meal effects of peanuts on glycaemic response and appetite in obese women with high type 2 diabetes risk: A randomised cross-over clinical trial. Br. J. Nutr. 2013, 109, 2015–2023. [Google Scholar] [CrossRef] [PubMed]

	



Nøhr, M.K.; Egerod, K.L.; Christiansen, S.H.; Gille, A.; Offermanns, S.; Schwartz, T.W.; Møller, M. Expression of the short chain fatty acid receptor GPR41/FFAR3 in autonomic and somatic sensory ganglia. Neuroscience 2015, 290, 126–137. [Google Scholar] [CrossRef]

	



Maher, T.; Clegg, M.E. Dietary lipids with potential to affect satiety: Mechanisms and evidence. Crit. Rev. Food Sci. Nutr. 2018, 59, 1619–1644. [Google Scholar] [CrossRef]

	



Den Besten, G.; Van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [Google Scholar] [CrossRef] [PubMed]

	



Hubatsch, I.; Ragnarsson, E.G.E.; Artursson, P. Determination of drug permeability and prediction of drug absorption in Caco-2 monolayers. Nat. Protoc. 2007, 2, 2111–2119. [Google Scholar] [CrossRef] [PubMed]

	



McCarthy, T.; Green, B.D.; Calderwood, D.; Gillespie, A.; Cryan, J.F.; Giblin, L. STC-1 Cells. In The Impact of Food Bioactives on Health: In Vitro and Ex Vivo Models; Verhoeckx, K., Cotter, P., López-Expósito, I., Kleiveland, C., Lea, T., Mackie, A., Requena, T., Swiatecka, D., Wichers, H., Eds.; Springer: Cham, Switzerland, 2015; pp. 211–220. [Google Scholar]

	



Puzan, M.; Hosic, S.; Ghio, C.; Koppes, A. Enteric Nervous System Regulation of Intestinal Stem Cell Differentiation and Epithelial Monolayer Function. Sci. Rep. 2018, 8, 6313. [Google Scholar] [CrossRef]

	



Noel, G.; Baetz, N.W.; Staab, J.F.; Donowitz, M.; Kovbasnjuk, O.; Pasetti, M.F.; Zachos, N.C. A primary human macrophage-enteroid co-culture model to investigate mucosal gut physiology and host-pathogen interactions. Sci. Rep. 2017, 7, 45270. [Google Scholar] [CrossRef] [PubMed]

	



Breslin, S.; O’Driscoll, L. Three-dimensional cell culture: The missing link in drug discovery. Drug Discov. Today 2013, 18, 240–249. [Google Scholar] [CrossRef]

	



Tibbitt, M.W.; Anseth, K.S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng. 2009, 103, 4. [Google Scholar] [CrossRef]

	



Kim, H.J.; Li, H.; Collins, J.J.; Ingber, D.E. Contributions of microbiome and mechanical deformation to intestinal bacterial overgrowth and inflammation in a human gut-on-a-chip. Proc. Natl. Acad. Sci. USA 2016, 113, 7–15. [Google Scholar] [CrossRef]

	



Vernetti, L.; Gough, A.; Baetz, N.; Blutt, S.; Broughman, J.R.; Brown, J.A.; Foulke-Abel, J.; Hasan, N.; In, J.; Kelly, E.; et al. Functional Coupling of Human Microphysiology Systems: Intestine, Liver, Kidney Proximal Tubule, Blood-Brain Barrier and Skeletal Muscle. Sci. Rep. 2017, 7, 42296. [Google Scholar] [CrossRef]

	



Maschmeyer, I.; Lorenz, A.K.; Schimek, K.; Hasenberg, T.; Ramme, A.P.; Hübner, J.; Lindner, M.; Drewell, C.; Bauer, S.; Thomas, A.; et al. A four-organ-chip for interconnected long-term co-culture of human intestine, liver, skin and kidney equivalents. Lab Chip 2015, 15, 2688–2699. [Google Scholar] [CrossRef]

	



Raimondi, I.; Izzo, L.; Tunesi, M.; Comar, M.; Albani, D.; Giordano, C. Organ-On-A-Chip in vitro Models of the Brain and the Blood-Brain Barrier and Their Value to Study the Microbiota-Gut-Brain Axis in Neurodegeneration. Front. Bioenginnering Biotechnol. 2020, 7, 435. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 13 00632 g001 550] 





Figure 1. Scheme of the humoral and neural pathways connecting gut hormone secretion by enteroendocrine cells (EECs) and the different brain regions. 
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Figure 2. Scheme of EECs as sensors of the luminal intestinal content through G-protein-coupled receptors (GPCRs). 
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Figure 3. Scheme illustrating the mechanism through which the gut microbiota affects the host. 
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Table 1. Summary of the main G-protein-coupled receptors (GPCRs).
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	Receptors
	Cell Expression
	Intestinal Location
	Luminal

Ligands
	Coupled

G-Proteins
	Outcome
	Reference





	GPRC6A
	L cells
	Widely expressed in GIT
	Basic L-amino acids (L-Lys, L-Arg, and L-Orn), sulfur-containing L-amino acids, and divalent cations
	Gαs, Gαi, and Gαq
	GLP-1 exocytosis
	[10,19]



	T1R1/

T1R3
	I cells
	Duodenum
	Natural sugar, artificial sweeteners, L-amino acids, and monosodium glutamate (potential by IMP and GMP)
	Gαi (α- gustducin and α-transducin)
	GLP-1 and CCK exocytosis
	[20,21]



	GPR142
	K and L cells 1
	Small intestine
	Aromatic amino acids such as L-Phe and L-Trp
	Gαq
	GLP-1 and GIP exocytosis
	[22,23]



	GRP93 (GPR92/

LPARS)
	I and L cells
	Duodenum
	Peptones (luminal protein hydrolysate)
	Gαq and Gαi
	Amplifies CCK expression and CCK exocytosis
	[24,25]



	PepT1
	L cells
	Small intestine to the colon
	Oligopeptides, and di- and tripeptides
	-
	GLP-1 and CCK 2 exocytosis
	[17]



	CaSR
	L and K cells
	Caecum
	Peptides, oligopeptides, and L-amino acids, preferably aromatic and aliphatic; ion calcium and polyamines
	Gαq and Gαi
	CCK and, in vitro, also GLP-1, GIP, and PYY exocytosis
	[17,21,26]



	FFAR1/

FFAR4
	I, K, and L cells
	Ileum and large intestine
	MCFA and LCFA
	Gαi and Gαs/Gαs, Gαi, and Gαq
	GLP-1, CCK, and GIP exocytosis
	[24,27,28,29]



	FFAR2/

FFAR3
	L cells
	Ileum and large intestine
	SCFA
	Gαi and Gαq/Gαi
	GPL-1 and PYY exocytosis
	[5,28,30,31]



	GPR119
	K and L cells
	Ileum
	Oleoyl ethanolamide
	Gαs
	GLP-1 and GIP exocytosis
	[10,22,32]







1 Suggested by preliminary studies [23]; 2 previous studies support that the activation of PepT1 leads to CCK1 receptor-sensitive vagal afferent activation by a paracrine stimulus that indirectly mediates CCK secretion in I cells [12,33].
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