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A vast literature strongly suggests that the endocannabinoid (eCB) system and related bioactive lipids (the paracannabinoid system) contribute to numerous physiological processes and are involved in pathological conditions such as obesity, type 2 diabetes, and intestinal inflammation. The gut paracannabinoid system exerts a prominent role in gut physiology as it affects motility, permeability, and inflammatory responses. Another important player in the regulation of host metabolism is the intestinal microbiota, as microorganisms are indispensable to protect the intestine against exogenous pathogens and potentially harmful resident microorganisms. In turn, the composition of the microbiota is regulated by intestinal immune responses. The intestinal microbial community plays a fundamental role in the development of the innate immune system and is essential in shaping adaptive immunity. The active interplay between microbiota and paracannabinoids is beginning to appear as potent regulatory system of the gastrointestinal homeostasis. In this context, oleoylethanolamide (OEA), a key component of the physiological systems involved in the regulation of dietary fat consumption, energy homeostasis, intestinal motility, and a key factor in modulating eating behavior, is a less studied lipid mediator. In the small intestine namely duodenum and jejunum, levels of OEA change according to the nutrient status as they decrease during food deprivation and increase upon refeeding. Recently, we and others showed that OEA treatment in rodents protects against inflammatory events and changes the intestinal microbiota composition. In this review, we briefly define the role of OEA and of the gut microbiota in intestinal homeostasis and recapitulate recent findings suggesting an interplay between OEA and the intestinal microorganisms.
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1 Synthesis and degradation of OEA

The oleic acid derivative OEA belongs to the so-called endocannabinoid-like compounds as it shares with anandamide a similar chemical structure and the enzymes for the biosynthesis and degradation, although it does not bind to either CB1 or CB2 receptors. Hence, it is more appropriate to assign OEA, along with palmitoylethanolamide (PEA) and similar bioactive lipids to the endocannainoidome ensemble. As other N-acylethanolamines (NAEs), OEA is found in various tissues and its synthesis increases or decreases according to the different homeostatic functions that OEA controls. OEA endogenous levels depend on the balance between biosynthesis and deactivation processes; it is involved in the regulation of lipid metabolism, body weight and feeding behavior (1–5).

Presumably, fat digestion in the small intestine triggers the release of free oleic acid, which is internalized by the enterocytes lining the lumen of the proximal gut and is directed to produce either chylomicrons or OEA. Indeed, duodenal infusion of individual nutrients revealed that fat, in particular oleic acid, is a potent stimulator of OEA synthesis, whereas proteins and sugar are not (6, 7). OEA is synthesized via a two-step reaction mechanism catalyzed by the sequential action of N-acyl transferase (NAT) (8–10) and N-acyl-phosphatidylethanolamine-selective phospholipase D (NAPE-PLD) (11–14). NAPE-PLD is widely expressed in animal tissues, including various regions of the rat brain (15), and in the enterocytes of the mouse duodenum, where its activity and expression are enhanced by feeding (16). OEA synthesis is also enabled by an alternative biosynthetic pathway via α/β-hydrolase-4 (ABHD4) and glycerophosphodiesterase1 (GDE1) (17, 18).

OEA released from small-intestinal enterocytes of various species indirectly signals satiety to hypothalamic nuclei, in particular to histaminergic neurons in the tuberomamillary nucleus. Indeed, we demonstrated that OEA requires a functioning brain histaminergic system to fully exert its satiating effect (19).

Newly formed OEA binds to peroxisome proliferator-activated receptors-α (PPAR-α), which activate sensory fibres of the vagus nerve through an ill-defined mechanism, promoting satiety (4). OEA signaling takes place also via the transient receptor potential vanilloid 1 (TRPV1), which presumably mediates intestinal hyperpermeability (20) and visceral pain (21).

Other key elements that bind OEA are the membrane glycoprotein fatty-acid transporter CD36 which plays an obligatory role in food-stimulated OEA production, and the Gαs-coupled receptor GPR119. CD36 binds long-chain fatty acids and translocate them through cell membranes (22); presumably it acts as a biosensor for food derived oleic acid, as its deletion abrogates food-stimulated production of OEA (23). The GPR119 activation is thought to mediate OEA regulation of glucose homeostasis [reviewed in (24)].

OEA is hydrolyzed into oleic acid and ethanolamine, the primary mechanism through which its biological actions are terminated. The structurally unrelated enzymes involved in this transformation are the fatty acid amide hydrolase (FAAH) and N-acylethanolamine acid amidase (NAAA). FAAH is highly expresses in the central nervous system (CNS), liver and small intestine (25), whereas NAAH is distributed in the liver, brain, kidney (26) as well as well as in epithelial and lamina propria cells of the mouse jejunum (16).




2 Dietary regulation of OEA production in different organs and tissues



2.1 Regulation of OEA levels in the intestine

Not only food composition is a key element that regulates the complex processes of OEA metabolism, but also its availability; animal studies have shown that food deprivation for 24h decreases OEA biosynthesis in the mucosal layer of rat duodenum and jejunum, whereas OEA levels increase upon refeeding (16). On the other hand, excessive high-fat exposure suppresses intestinal OEA synthesis and renders the homeostatic processes controlled by this NAE dysfunctional (27). This suggests that a diet too rich in fat promotes overeating, at least in part, by suppressing the satiating effects of gut derived OEA.

Overconsumption of dietary fats also dampens the activity of a brain reward circuit involving dopamine release, which leads to compensatory intake of even more high-fat foods to restore reward sensitivity (28). An elegant work by (27) showed that infusion of OEA via intraperitoneal catheters to mice that had been accustomed to a high-fat diet, restored the brain dopaminergic response, and these animals began to eat more low-fat foods. In this regard, another study demonstrated that in a rat model of bariatric surgery, the ultimate treatment strategy for long-lasting weight loss in patients with morbid obesity, ingested fat mobilizes OEA production, which is associated with vagus nerve-dependent increase in dopamine D1 receptor expression and striatal dopamine release (29).

Furthermore, a high fat-high sucrose (HFHSD) diet fed to male mice induced early and persistent weight gain, hyperinsulinemia and glucose intolerance, along with alteration in the endocannabinoidome. In particular, the HFHS diet elevated AEA levels, decreased OEA and PEA in the plasma and changed, in a segment-specific fashion, the relative abundance of several intestinal microbiota genera (30). Hence, the authors demonstrate the existence of an interaction between the endocannabinoidome and intestinal microbiota during a maladaptive response that leads to diet-induced obesity and metabolic complications.

All these observations indicate that the intestinal regulation of OEA production may have fundamental consequences on eating misbehavior of human patients. Indeed, the clinical implications of these findings are beginning to emerge; for instance, a couple of studies demonstrated the beneficial effects of OEA in morbid obese patients (31) and in obese patients diagnosed with non-alcoholic fatty liver disease (NAFLD) (32). Furthermore, animal data indicate a cholesterol lowering effect of OEA treatment (33) and a clinical investigation showed a positive correlation between serum OEA levels and high-density lipoproteins (HDL), and a negative correlation with BMI and anthropometric measurements in hemodialysis patients (34). However, discordant results were obtained in subjects fed a high-protein diet, as OEA was found to be positively associated with cardiometabolic risk markers, such as total and LDL serum cholesterol (35). As suggested by the authors, establishing whether OEA provides a compensatory/regulatory factor in these human experimental settings require further research.




2.2 Regulation of OEA content in the liver and fat mass

An interesting aspect of OEA metabolism is that its levels change according to the nutrient status with different modalities in different tissues and organs; for instance, contrary to what happens in the intestine, fasting increases the content of OEA in the white adipose tissue and liver and return to basal levels upon refeeding (16, 36). The differential regulation of OEA biosynthesis substantiates its regulatory role in distinct aspects of energy balance, not only on energy intake (1, 37), but also in fat utilization (38) and ketone bodies synthesis (39). This regulation is relevant for the synthesis of hepatic ketone bodies as source of energy during food scarcity. Ketogenesis is a crucial metabolic response to prolonged periods of food paucity and is initiated by the stimulation of PPAR-α which control transcription of many genes involved in ketogenesis and fatty acid oxidation in response to fasting (40).

The newly formed OEA during fasting together with lipolysis-derived free fatty acids activate PPAR-α in the hepatic tissue. This mechanism is presumably based on extrahepatic mast cells secretion of histamine into the portal circulation. We recently demonstrated that histamine acts as a paracrine signaling system which enhances ketogenesis during fasting, as demonstrated with pharmacological and genetic treatments which inactivate the histaminergic signaling and consequently diminish both ketogenesis and hepatic OEA synthesis (39). Long exposure to a high fat diet disrupts this homeostatic process as it suppresses both fasting-dependent histamine release in the portal blood and OEA production in the liver. When OEA is administered exogenously, though, all fat-induced markers of liver steatosis such as fibrosis, lipid accumulation and several parameters associated with oxidative stress, are reduced (41, 42). Furthermore, OEA differently regulates the expression of nuclear factor erythroid-derived 2-related factor 1 (Nrf1) and Nrf2, two transcription factors involved in the control of lipid metabolism and antioxidant genes (41) and reduces inflammation and fat accumulation in a rat model of non-alcoholic fatty liver (NAFLD) (43). These fundamental results suggest new targets of the protective effect of OEA in the liver.

In white adipose tissue, β-adrenergic receptor activation and cold exposure stimulate OEA production (44), which is responsible for stimulating glycerol and fatty acid release, and lipolysis (45). Short-term cold exposure and acute β3-adrenoceptor activation elevate OEA levels also in the brown adipose tissue, suggesting a role for this NAE in the control of thermogenesis (17).

OEA regulates lipid transport into the adipose tissue of High Fat Diet-fed mice, contributing to lower adiposity (46), and controls lipid metabolism in genetically obese rats and Diet-Induced Obesity (DIO) mice (33, 38). In a clinical context, it is interesting that OEA contributes to the reduction of inflammation associated with gastric bypass surgery of morbidly obese subjects (31). These authors designed a translational project including clinical and in vitro studies with morbid obese patients submitted to gastric bypass surgery (GBS) and found an inverse correlation independent of body mass index between palmitoylethanolamide (PEA) and OEA levels, and inflammatory molecules in the adipose tissue.

The potential clinical utility of OEA in the treatment of obesity has been addressed in clinical and preclinical studies with overall positive results. As examples, the administration of OEA in synergy with a β-adrenergic receptor agonists caused a significant fat mass reduction and enhanced energy expenditure in rats, along with decreased plasma levels of leptin and TNFα (47). More recent clinical trials in obese subjects and patients with NAFLD demonstrated that OEA supplementation decreased anthropometric measures including body mass index and waist circumference (32, 48).





3 OEA is a predominant player in intestinal physiology

Many bioactive lipids regulate several physiological processes that maintain the gut-barrier integrity, control inflammation, pain and energy metabolism (see (49) for a comprehensive review). OEA in particular exerts prominent roles in intestinal physiology; it reduces intestinal motility together with other lipid mediators such as PEA and oleamide, suggesting a potential target for the development of efficient drugs to reduce intestinal motility (50); OEA presumably partakes in the maintenance of normal glucose homeostasis as it increases the secretion of Glucagon-like Peptide-1 (GLP-1, an intestinal hormone with potent insulinotropic effects) by binding to GPR119 expressed on enteroendocrine L-cells (51). Experiments in vitro demonstrated that OEA decreased intestinal epithelial cells permeability (20), and we recently reported that OEA affects the polarization of TH lymphocytes in intestinal Peyer’s patches (52). Peyer’s patches, together with small intestine epithelial cells, are in the optimal position to discriminate between commensal bacteria and pathogens. Several cytokines and chemokines released by lymphocytes are modulated by OEA, as it decreases release of proinflammatory IFNγ, IL6, IL17, IL4, and chemokines CXCL1 and CXCL2, which are necessary to recruit neutrophils in inflammation. Immunohistochemical studies demonstrated that the expression of PPAR-α, for which OEA has a high affinity, was decreased in biopsies of the colonic epithelium taken from patients with active colitis compared to healthy subjects (53). We therefore evaluated the protective effects of OEA administration in a mouse model of ulcerative colitis, by exposing mice to dextran sodium sulphate (DSS). It was found that a sub-chronic treatment with OEA ameliorated the inflammatory profile of DSS-treated mice by decreasing systemic and colonic expression of pro-inflammatory cytokines as well as the expression of inflammatory cytokines in mesenteric lymph nodes of diseased mice (54). Furthermore, OEA exerted a protective action on the gut barrier by restoring mRNA transcription of tight junctions and other factors such as mucin that maintain colon integrity (54). Altogether these findings are of relevance in the context of intestinal pathologies and prompted the question of whether OEA and the intestinal microbiota somehow cooperate to maintain the gastrointestinal functional integrity and physiology.




4 Intestinal microbiota: A real metabolizing organ



4.1 Diet composition affects the microbiota profile

The intestinal microbiota, a complex microbial community residing in the gastrointestinal tract, has a major role in maintaining the health of the host organism, providing essential metabolic capabilities, such as the availability of nutrients, vitamins, energy, as well as contributing to the detoxification and resistance towards infectious diseases (55). The intestinal microbiota is also capable of metabolizing biologically active molecules from food, which would otherwise be discarded from the intestinal tract, recovering energy, producing “microbiota-derived metabolites” that orchestrate and support physiological responses in the host, including metabolism, immune response, inflammation, and defense against infections (56). The intestinal microbiota is also capable of influencing the host energy balance, as demonstrated by several studies on germ-free animals. These require 30% more energy in the normal diet to maintain the ideal weight (57). Indeed, intestinal bacteria draw the necessary energy from sugars and proteins metabolism, through the process of fermentation. The transformation of non-digestible polysaccharides of the diet (cellulose, hemicellulose, pectin, non-digestible starch) takes place thanks to bacterial enzymes, such as glycoside hydrolase which converts glycans into useable sugars (>81 different glycoside hydrolase families) and transform food-derived components into volatile substances (carbon dioxide, hydrogen sulphide) and short-chain fatty acids (SCFAs) such as acetic, butyric and propionic acid, derived from the fermentation of the fibers which represent the main source of nourishment of the colonic mucosa (58). The composition of the human intestinal microbiota is extremely variable between healthy people as well as between individuals with different BMI (lean and obese) (59). The microbiota is very sensitive to variations in the diet, producing relevant changes in host metabolism such as absorption, storage, and metabolism of dietary lipids, which are tightly regulated by the intestinal microbiota. Understanding the interactions between diet and intestinal microbiota is a topic of great interest to cure and prevent many diseases when gut microorganisms seem to be involved. The elegant work by David and collaborators (60) carried out on ten volunteers who agreed to follow a strictly vegetarian diet for 5 days and then switched to a strictly carnivorous diet in the following 5 days, demonstrated that the intestinal microbial communities react very quickly. Within 24-48 hours the composition of the intestinal microbiota changed significantly: during the vegetarian diet, bacterial species digesting complex carbohydrates prevailed, whereas during the animal proteins-based diet, Bilophila wadsworthia was selected, a bacterial species that metabolizes proteins and toxic compounds derived from the combustion of meat, with a strong proinflammatory potential.




4.2 Intestinal homeostasis and short chain fatty acids

SCFAs are volatile fatty acids produced by intestinal bacteria with fewer than six carbons and are the most important metabolites in host-microbiota interactions. Bacteria express glycoside hydrolase which converts glycans into usable sugars. In the human genome no enzyme is capable of digesting glycans; indeed, many carbohydrates are digestible only by bacteria and produce SCFAs, the primary fuel for colonocytes. The most common SCFAs are acetic, propionic and butyric acid (in a molar ratio of 3:1:1), and they constitute 90%-95% of all SCFA present in the human colon.

In addition to being the main source of energy for the colonocytes, butyric acid is involved in maintaining the intestinal mucosa health state. Numerous effects have been highlighted both at the intestinal and extraintestinal level. Butyrate has been shown to inhibit inflammation, promote colonic healing in colitis (61) and reduce carcinogenesis (62) with mechanisms that include stimulation of apoptosis (63). Interestingly, acetic acid appears to play a central role in appetite suppression; in mice it has been demonstrated that acetic acid produced during colonic fermentation crosses blood-brain barrier and act through central hypothalamic mechanisms (64).

As previously stated, SCFAs may be used as energy source by the colonocytes, which can oxidize fatty acids to carbon dioxide and ketone bodies. Leftover SCFAs reach the liver through the portal circle where acetate is used as a precursor for the synthesis of cholesterol and long-chain fatty acids (65). Layden and collaborators (66) demonstrated that obese women who follow a Western diet rich in sugars, fatty acids, refined carbohydrates and low in fiber, have reduced levels of cholic acetate, which are negatively associated with visceral fat and fasting insulin levels. Propionic acid is the second most abundant SCFA and is largely taken up by the liver; it has a potential role in the reduction of lipogenesis, in the inhibition of cholesterol synthesis, in the increase of the sense of satiety, and has anti-inflammatory properties (67).




4.3 Microbiota and obesity

Many experimental and clinical studies have highlighted the complex role played by the intestinal microorganisms and their influence on multiple functions including the regulation of the neuro-immuno-endocrine system. As demonstrated by Buffington et al. (68), a change in the “core microbiome’’ can lead to the onset of obesity, as observed in twin pairs with reduced bacterial diversity and an enrichment of obesity-associated genes, 75% of which belong to Actinobacteria.

Other studies conducted in 2004 by the group of Gordon (57) and collaborators demonstrated a potential relationship between the intestinal microbiome and the development of an obese phenotype. An abundance of Firmicutes and a relative decrease of Bacteroidetes were found in the microbiota of obese mice. Colonization of adult germ-free mice using strains of bacteria taken from the distal intestine of conventional adult mice determined a dramatic increase in body fat within 10-14 days, despite a reduction in food consumption. The cause of these changes can be attributed to numerous mechanisms including the microbial fermentation of some food polysaccharides indigestible for the host, the consequent intestinal absorption of monosaccharides and SCFAs and their conversion in the liver into more complex lipids. Backed and collaborators have also demonstrated how germ-free mice are resistant to the typical Western diet rich in fats and sugars (69). Other studies using genetically obese mice (ob/ob) or Zucker obese rats (fa/fa) revealed differences in their “metabotypes” attributable in part to the presence of Bacteroidetes, Firmicutes, Actinobacteria in different proportions (70). Of note, faecal microbiota transplantation (FMT) from obese mice into lean germ-free recipient mice modifies body weight (71), as germ-free mice that received faecal microbiota of obese mice increased their body weight, whereas mice receiving a faecal microbiota from lean mice remained lean. The study also demonstrated that genes coding for enzymes involved in the degradation of food polysaccharides were enriched with a consequent increase in energy extraction. A study conducted on volunteers subjected to a body weight reduction program by using a low-calorie diet, demonstrated that the weight loss of obese individuals with a BMI>30 was accompanied by a significant increased number of Bacteroidetes, from 3% to 15%, which contributes to a better intestinal energy extraction (72). However, based on many studies on obese subjects, the relationship between Bacteroidetes and Firmicutes remains debated as differences in genotype and lifestyle are unresolved contributing factors. A recent review on the role of the gut microbiota in obesity analyzed 60 studies reporting that the phylum Proteobacteria is most frequently associated with obesity (73). Many Proteobacteria species are proinflammatory and have been associated with chronic inflammatory conditions such as Crohn’s disease and ulcerative colitis (74).

The complex interactions between environmental, genetic and behavioral factors are actually responsible for the etiology of obesity and its metabolic complications, including low-grade inflammation, hyperlipidemia, hypertension and diabetes. The metabolic activities of the gut microbiota facilitate the extraction of calories from ingested foods and help store calories in host adipose tissue for later use, providing energy and nutrients for microbial proliferation and growth. In turn, differences in calorie extraction may be due to the different compositions of the intestinal microbiota. Gut microorganisms favour fat storage in adipocytes through the inhibition of Fasting Induced Adipocyte Factor (FIAF), an inhibitor of lipoprotein lipase (LPL), consequently causing an increase in LPL activity, and thus promoting increased fatty acid uptake and the accumulation of triglycerides in adipocytes (69). This phenomenon occurs exclusively at the level of the intestinal epithelium, and not at the level of other areas, such as the liver, which continue to synthesize FIAF.





5 Intestinal microbiota interactions with the endocannabinoidome

There is no doubt that the microbiota affects gut physiology and its role in the gut brain-axis has been convincingly established (75). Many physiological roles of intestinal microorganisms are associated to the regulation of the intestinal endocannabinoid tone [the so called endocannabinoidome (49) as extensively described in recent exhaustive reviews (76–78). There is increasing evidence that both selected intestinal microorganisms and bioactive lipids covary in pathological conditions such as obesity, type 2 diabetes and inflammation (76). eCB and associated bioactive lipids are now considered to be putative ‘gate-keepers’ that contribute to securing the intestinal barrier and to reducing inflammation.



5.1 Endocannabinoids and intestinal microbiota regulate gut homeostasis

In this paragraph we report a few significative examples of the crosstalk between intestinal microbiota and eCB, whereas the following paragraph will be dedicated to the crosstalk between the paracannabinoids and intestinal microorganisms.

The gut microbiota and the eCB system are fundamental modulators of energy homeostasis and obesity, which is characterized by massive expansion of adipose tissue and is associated with inflammation (79). Obesity is also characterized by a relevant increase of endocannabinoids levels in both plasma and adipose tissue, decreased expression of FAAH, and altered expression of cannabinoid receptor 1 (CB1) (80). Whether the upregulated peripheral eCB system offers a protecting mechanism in obesity, remains to be established. The eCB system also regulates the intestinal barrier function: in obese ob/ob mice with metabolic endotoxemia and disturbed intestinal barrier, blocking the CB1 receptor, reduced food intake, markedly reduced intestinal permeability and plasma LPS levels (81). An interesting hypothesis of these authors holds that the eCB system links the development of intestinal permeability to higher LPS plasma levels associated with obesity. The same authors reported that in obese mice fed with prebiotics, CB1 receptor expression as well as anandamide contents in the colon were normalized, whereas FAAH expression was increased (81). LPS controls eCB synthesis both in vivo and in vitro through mechanisms that depend on LPS receptor signaling. It was suggested that LPS acts as a master switch that controls adipose tissue metabolism by blocking cannabinoid-mediated adipogenesis (81). Kuipers and collaborators (2019) demonstrated in mice that a High Fat Diet (HFD) rapidly activates the adipose tissue increasing endocannabinoids synthesis with aggravation of HFD-induced obesity. Elevated systemic LPS levels predispose to increased gut permeability by reduced expression of tight junction proteins which predisposes to LPS translocation resulting in endotoxemia and relative high level of pro-inflammatory cytokines (82–84).

The intestinal microbiota, therefore, determines the physiology of adipose tissue through the regulatory loops of the LPS-eCB system and could have critical functions in adipose tissue plasticity during obesity. The microbiota also modulates intestinal eCB tone; as an example, Rousseaux et al. (85) showed that the expression of intestinal epithelial CB2 receptor increases when mice or rats are orally administered the bacterium Lactobacillus acidophilus. More recently it was found that the bacterium Akkermansia muciniphila is a prominent regulator of the gut eCB tone, gut permeability, and secretion of gut peptides (86); see also (78) for a comprehensive review. The role of A. muciniphila in pathological conditions has also been investigated. For instance, Akkermansia spp. has been inversely related to the severity of irritable bowel disease, appendicitis and obesity, suggesting a protective or anti-inflammatory activity (reviewed by (87).




5.2 Paracannabinoids and intestinal microbiota regulate gut homeostasis

Much less is known about the interplay between the PEA, OEA and other biogenic lipids and the microbiota in the context of intestinal homeostasis. As an example, A. muciniphila regulates intestine levels of various fatty acid amides (FAA), among which 2-oleoyl glycerol, (a lipid mediator associated with protection against inflammation, as well as gut permeability), and the secretion of glucagon-like-peptide 1 (GLP-1) (86), a gut peptide with broad pharmacological potentials [see also (78) for a comprehensive review]. Recently some studies (88) questioned the beneficial effects of A. muciniphila, as plasma analyses of obese and overweight subjects treated for three months with daily ingestion of either alive or pasteurized A. muciniphila were not linked to an overall modification of the endocannabinoidome.

As mentioned in the previous paragraph, diet composition has a great impact on microbiota profile. It was recently shown that switching from Western diet to isocaloric Mediterranean diet decreases plasma levels of the FAA 2-arachidonoyl glycerol (2-AG), increases plasma PEA and OEA levels, and increases faecal A. muciniphila abundance (89, 90). These observations have clinical translational values, as the abundance of A. muciniphila is decreased in obese and type 2 diabetic mice, and the presence of this bacterium inversely correlates with body weight in both humans and rodents. A clinical trial conducted in obese people showed that the supplementation with OEA reduced body weight, energy intake and fat mass along with the significant increase in the abundance of A. muciniphila (91). Overall, these observations suggest a direct link between gut microbiota and intestinal endocannabinoidome which may constitute one of the pathways involved in the crosstalk between gut microbes and enteroendocrine host cells.

We recently described a previously unexplored modulatory effect of OEA on the intestinal microbiota profile, as well as on intestinal immune responses (52). OEA administered sub-chronically to mice fed a normal chow pellet diet changed the faecal microbiota composition, shifting the Firmicutes: Bacteroidetes ratio in favour of Bacteroidetes mostly of the Bacteroides genus. Further analysis indicated that the predominant Bacteroides in the microbiota of OEA-treated mice were attributable to B. acidifaciens. On the other hand, OEA treatment reduced significantly Firmicutes, especially the genus Lactobacillus, especially L. reuteri and L. gasseri. Prediction analysis of how the observed differences in microbiota profiles reflected enriched functional pathways in OEA-treated mice, showed, among others, enrichment of metabolic pathways associated with amino acids metabolism, (e.g., tryptophan and phenylalanine metabolism), lipoic acid metabolism, glycan and glycosaminoglycan degradation and reduced biosynthesis of unsaturated fatty acids. Overall, the consequences of OEA on the microbiota profile are comparable to those afforded by a fibre-rich diet which promotes the survival of saccharolytic bacteria, such as Bacteroides, which use glycans as energy sources. Therefore, it appears that the homeostatic and metabolic effects of OEA may change the intestinal environment and the ecological fitness of bacterial community.

OEA has also profound effects on the polarization of TH lymphocytes in the Peyer’s patches, which are considered the immune sensors of the intestine, towards an anti-inflammatory profile (52). The observation that OEA changes the microbiota profile concomitantly with Peyer’s patches environment suggests a double, possibly related, effect of OEA in the intestine that may be exploited to counteract obesity-induced, local and systemic inflammation. In this regard, there are other controversial studies regarding the direct interaction between intestinal microbiota and OEA levels. In mice, microbiota disruption with a cocktail of antibiotics did not modify OEA levels in the intestine (92), whereas a more recent study showed that OEA levels in mice caecum were significantly decreased after antibiotic treatment (93), suggesting that the intestinal microbiota is responsible in part for the production of OEA.

In a very elegant study using GF mice, Manca et al. (94) demonstrated relevant changes in eCBome signalling that are partially reversed by faecal microbiota transplant (FMT). GF mice were characterized by global changes in eCBome gene expression, and colonization by intestinal microbiota following FMT partially reversed this effect. Hence, these results provide a cause-effect relationship between the presence or absence of gut microbiota and endocannabinoidome signalling. As mentioned previously, OEA controls the secretion and efficacy of GLP-1, suggesting a synergistic actions of this FAA with intestinal microorganisms in the regulation of several homeostatic functions, as GLP-1 has numerous metabolic actions among which decrease gastric emptying, inhibition of food intake, glucose-dependent stimulation of insulin secretion (95).

A recent study conducted in normal subject exposed to 6-week exercise intervention and a validation cohort (96) revealed that at baseline, eCB and paracannabinoid levels were associated with higher microbiome diversity, negatively associated with Escherichia/Shigella and Collinsella, whose increased levels are found in type 2 and gestational diabetes (97), and negatively associated with weight loss and insulin sensitivity (98). Levels of endo- and paracannabinoids were also associated with higher levels of the microbiota-produced SCFA butyrate, along with increases in the anti-inflammatory cytokine IL-10 and decreases in pro-inflammatory cytokines like IL-8 and TNFα (96). These data demonstrate that the anti-inflammatory effects of SCFAs are in part mediated by the endocannabinoidome, suggesting the existence of other pathways used by the gut microbiome for the modulation of the immune system.

The most compelling study that unequivocally causally links OEA to intestinal microbiota was recently published by the group of Christoph Thaiss (99). Their elegant paper shows that physical activity is not strictly regulated by the central nervous system, but is shaped by peripheral factors originating in the intestinal microbial community. The authors discovered that certain gut bacteria enriched in exerting mice contribute to the production of OEA that excites TRPV1+ sensory neurons. These send an exercise-induced afferent signal to the brain, indirectly elevating dopamine levels in the ventral striatum during exercise. The authors suggest that gut-derived interoceptive circuits are in part responsible for the rewarding mechanisms of exercise.





6 Conclusions

The intestinal microbiota is without any doubt one of the key elements contributing to the regulation of host health and it is tightly connected to the bioactive lipids belonging to both the endocannabinoidome systems. Indeed, the fact that both these systems coexist together with gut microorganisms and are maintained through evolution, points to a strict physiological relationship between them to ensure the regulation of dynamic process of the host metabolism.

We may suggest that in this scenario OEA acts as a trait-d’union between gut microbiota and dynamic physiological and homeostatic processes. In this article we reviewed data suggesting that the malfunctioning of the crosstalk between intestinal microorganisms and the endocannabinoidome is responsible for intestinal dysfunctions, enteropathies, and a variety of disorders such as obesity and associated chronic inflammatory state. OEA produced in the gastrointestinal tract is a major component of the gut-brain axis contributing to complex communication between the periphery and the central nervous system, hence linking cognitive and emotional brain center with peripheral functions (100). Many pieces of the puzzle are still missing to fully explain the communication between the host and its gut microbiome. Although environmental factors have a markedly stronger effect on microbiota composition, the host genetics as well may influence the microbiota profile (101), which adds further complication to the whole scenario. Nonetheless, the identification of new signalling pathways connecting the intestinal microbiota with the host physiology is very fascinating and holds great promise for the development of novel therapeutic strategies to cure metabolic, inflammatory, and cognitive disorders, which may represent valuable and safer alternatives to current treatments.





Author contributions

All authors contributed to the writing and agreed on the final version of the manuscript.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer LO declared a past co-authorship with the authors MP and CF to the Handling Editor.





References

1. Rodriguez de Fonseca, F, Navarro, M, Gomez, R, Escuredo, L, Nava, F, Fu, J, et al. An anorexic lipid mediator regulated by feeding. Nature (2001) 414(6860):209–12. doi: 10.1038/35102582

2. Gaetani, S, Oveisi, F, and Piomelli, D. Modulation of meal pattern in the rat by the anorexic lipid mediator oleoylethanolamide. Neuropsychopharmacology (2003) 28(7):1311–6. doi: 10.1038/sj.npp.1300166

3. Oveisi, F, Gaetani, S, Eng, KT, and Piomelli, D. Oleoylethanolamide inhibits food intake in free-feeding rats after oral administration. Pharmacol Res (2004) 49(5):461–6. doi: 10.1016/j.phrs.2003.12.006

4. Piomelli, D. A fatty gut feeling. Trends Endocrinol Metab (2013) 24(7):332–41. doi: 10.1016/j.tem.2013.03.001

5. DiPatrizio, NV, and Piomelli, D. Intestinal lipid-derived signals that sense dietary fat. J Clin Invest (2015) 125(3):891–8. doi: 10.1172/JCI76302

6. Igarashi, M, DiPatrizio, NV, Narayanaswami, V, and Piomelli, D. Feeding-induced oleoylethanolamide mobilization is disrupted in the gut of diet-induced obese rodents. Biochim Biophys Acta (2015) 1851(9):1218–26. doi: 10.1016/j.bbalip.2015.05.006

7. Schwartz, GJ, Fu, J, Astarita, G, Li, X, Gaetani, S, Campolongo, P, et al. The lipid messenger OEA links dietary fat intake to satiety. Cell Metab (2008) 8(4):281–8. doi: 10.1016/j.cmet.2008.08.005

8. Schmid, HH, Schmid, PC, and Natarajan, V. N-acylated glycerophospholipids and their derivatives. Prog Lipid Res (1990) 29(1):1–43. doi: 10.1016/0163-7827(90)90004-5

9. Schmid, HH, Schmid, PC, and Natarajan, V. The n-acylation-phosphodiesterase pathway and cell signalling. Chem Phys Lipids (1996) 80(1-2):133–42. doi: 10.1016/0009-3084(96)02554-6

10. Ogura, Y, Parsons, WH, Kamat, SS, and Cravatt, BF. A calcium-dependent acyltransferase that produces n-acyl phosphatidylethanolamines. Nat Chem Biol (2016) 12(9):669–71. doi: 10.1038/nchembio.2127

11. Okamoto, Y, Morishita, J, Tsuboi, K, Tonai, T, and Ueda, N. Molecular characterization of a phospholipase d generating anandamide and its congeners. J Biol Chem (2004) 279(7):5298–305. doi: 10.1074/jbc.M306642200

12. Sun, YX, Tsuboi, K, Zhao, LY, Okamoto, Y, Lambert, DM, and Ueda, N. Involvement of n-acylethanolamine-hydrolyzing acid amidase in the degradation of anandamide and other n-acylethanolamines in macrophages. Biochim Biophys Acta (2005) 1736(3):211–20. doi: 10.1016/j.bbalip.2005.08.010

13. Leung, D, Saghatelian, A, Simon, GM, and Cravatt, BF. Inactivation of n-acyl phosphatidylethanolamine phospholipase d reveals multiple mechanisms for the biosynthesis of endocannabinoids. Biochemistry (2006) 45(15):4720–6. doi: 10.1021/bi060163l

14. Wang, J, Okamoto, Y, Morishita, J, Tsuboi, K, Miyatake, A, and Ueda, N. Functional analysis of the purified anandamide-generating phospholipase d as a member of the metallo-beta-lactamase family. J Biol Chem (2006) 281(18):12325–35. doi: 10.1074/jbc.M512359200

15. Okamoto, Y, Tsuboi, K, and Ueda, N. Enzymatic formation of anandamide. Vitam Horm (2009) 81:1–24. doi: 10.1016/S0083-6729(09)81001-7

16. Fu, J, Astarita, G, Gaetani, S, Kim, J, Cravatt, BF, Mackie, K, et al. Food intake regulates oleoylethanolamide formation and degradation in the proximal small intestine. J Biol Chem (2007) 282(2):1518–28. doi: 10.1074/jbc.M607809200

17. Krott, LM, Piscitelli, F, Heine, M, Borrino, S, Scheja, L, Silvestri, C, et al. Endocannabinoid regulation in white and brown adipose tissue following thermogenic activation. J Lipid Res (2016) 57(3):464–73. doi: 10.1194/jlr.M065227

18. Tuo, W, Leleu-Chavain, N, Spencer, J, Sansook, S, Millet, R, and Chavatte, P. Therapeutic potential of fatty acid amide hydrolase, monoacylglycerol lipase, and n-acylethanolamine acid amidase inhibitors. J Med Chem (2017) 60(1):4–46. doi: 10.1021/acs.jmedchem.6b00538

19. Provensi, G, Coccurello, R, Umehara, H, Munari, L, Giacovazzo, G, Galeotti, N, et al. Satiety factor oleoylethanolamide recruits the brain histaminergic system to inhibit food intake. Proc Natl Acad Sci U.S.A. (2014) 111(31):11527–32. doi: 10.1073/pnas.1322016111

20. Karwad, MA, Macpherson, T, Wang, B, Theophilidou, E, Sarmad, S, Barrett, DA, et al. Oleoylethanolamine and palmitoylethanolamine modulate intestinal permeability in vitro via TRPV1 and PPARα. FASEB J (2017) 31(2):469–81. doi: 10.1096/fj.201500132

21. Wang, X, Miyares, RL, and Ahern, GP. Oleoylethanolamide excites vagal sensory neurones, induces visceral pain and reduces short-term food intake in mice via capsaicin receptor TRPV1. J Physiol (2005) 564(Pt 2):541–7. doi: 10.1113/jphysiol.2004.081844

22. Ehehalt, R, Fullekrug, J, Pohl, J, Ring, A, Herrmann, T, and Stremmel, W. Translocation of long chain fatty acids across the plasma membrane–lipid rafts and fatty acid transport proteins. Mol Cell Biochem (2006) 284(1-2):135–40. doi: 10.1007/s11010-005-9034-1

23. Guijarro, A, Fu, J, Astarita, G, and Piomelli, D. CD36 gene deletion decreases oleoylethanolamide levels in small intestine of free-feeding mice. Pharmacol Res (2010) 61(1):27–33. doi: 10.1016/j.phrs.2009.09.003

24. Im, DS. GPR119 and GPR55 as receptors for fatty acid ethanolamides, oleoylethanolamide and palmitoylethanolamide. Int J Mol Sci (2021) 22(3):1034. doi: 10.3390/ijms22031034

25. Katayama, K, Ueda, N, Kurahashi, Y, Suzuki, H, Yamamoto, S, and Kato, I. Distribution of anandamide amidohydrolase in rat tissues with special reference to small intestine. Biochim Biophys Acta (1997) 1347(2-3):212–8. doi: 10.1016/S0005-2760(97)00078-7

26. Ueda, N, Puffenbarger, RA, Yamamoto, S, and Deutsch, DG. The fatty acid amide hydrolase (FAAH). Chem Phys Lipids (2000) 108(1-2):107–21. doi: 10.1016/s0009-3084(00)00190-0

27. Tellez, LA, Medina, S, Han, W, Ferreira, JG, Licona-Limón, P, Ren, X, et al. A gut lipid messenger links excess dietary fat to dopamine deficiency. Science (2013) 341(6147):800–2. doi: 10.1126/science.1239275

28. Volkow, ND, Wang, GJ, and Baler, RD. Reward, dopamine and the control of food intake: implications for obesity. Trends Cognit Sci (2011) 15(1):37–46. doi: 10.1016/j.tics.2010.11.001

29. Hankir, MK, Seyfried, F, Hintschich, CA, Diep, TA, Kleberg, K, Kranz, M, et al. Gastric bypass surgery recruits a gut PPAR-α-Striatal D1R pathway to reduce fat appetite in obese rats. Cell Metab (2017) 25(2):335–44. doi: 10.1016/j.cmet.2016.12.006

30. Lacroix, S, Pechereau, F, Leblanc, N, Boubertakh, B, Houde, A, Martin, C, et al. Rapid and concomitant gut microbiota and endocannabinoidome response to diet-induced obesity in mice. mSystems (2019) 4(6):e00407–19. doi: 10.1128/mSystems.00407-19

31. Montecucco, F, Lenglet, S, Quercioli, A, Burger, F, Thomas, A, Lauer, E, et al. Gastric bypass in morbid obese patients is associated with reduction in adipose tissue inflammation via n-oleoylethanolamide (OEA)-mediated pathways. Thromb Haemost (2015) 113(4):838–50. doi: 10.1160/TH14-06-0506

32. Tutunchi, H, Ostadrahimi, A, Saghafi-Asl, M, Hosseinzadeh-Attar, MJ, Shakeri, A, Asghari-Jafarabadi, M, et al. Oleoylethanolamide supplementation in obese patients newly diagnosed with non-alcoholic fatty liver disease: Effects on metabolic parameters, anthropometric indices, and expression of PPAR-α, UCP1, and UCP2 genes. Pharmacol Res (2020) 156:104770. doi: 10.1016/j.phrs.2020.104770

33. Fu, J, Oveisi, F, Gaetani, S, Lin, E, and Piomelli, D. Oleoylethanolamide, an endogenous PPAR-alpha agonist, lowers body weight and hyperlipidemia in obese rats. Neuropharmacology (2005) 48(8):1147–53. doi: 10.1016/j.neuropharm.2005.02.013

34. Pai, AY, Wenziger, C, Streja, E, Argueta, DA, DiPatrizio, NV, Rhee, CM, et al. Impact of circulating n-acylethanolamine levels with clinical and laboratory end points in hemodialysis patients. Am J Nephrol (2021) 52(1):59–68. doi: 10.1159/000513381

35. Tischmann, L, Drummen, M, Joris, PJ, Gatta-Cherifi, B, Raben, A, Fogelholm, M, et al. Effects of a high-protein diet on cardiometabolic health, vascular function, and endocannabinoids-a PREVIEW study. Nutrients (2020) 12(5):1512. doi: 10.3390/nu12051512

36. Izzo, AA, Piscitelli, F, Capasso, R, Marini, P, Cristino, L, Petrosino, S, et al. Basal and fasting/refeeding-regulated tissue levels of endogenous PPAR-alpha ligands in zucker rats. Obes (Silver Spring) (2010) 18(1):55–62. doi: 10.1038/oby.2009.186

37. Fu, J, Gaetani, S, Oveisi, F, Lo Verme, J, Serrano, A, Rodriguez De Fonseca, F, et al. Oleylethanolamide regulates feeding and body weight through activation of the nuclear receptor PPAR-alpha. Nature (2003) 425(6953):90–3. doi: 10.1038/nature01921

38. Guzman, M, Lo Verme, J, Fu, J, Oveisi, F, Blazquez, C, and Piomelli, D. Oleoylethanolamide stimulates lipolysis by activating the nuclear receptor peroxisome proliferator-activated receptor alpha (PPAR-alpha). J Biol Chem (2004) 279(27):27849–54. doi: 10.1074/jbc.M404087200

39. Misto, A, Provensi, G, Vozella, V, Passani, MB, and Piomelli, D. Mast cell-derived histamine regulates liver ketogenesis via oleoylethanolamide signaling. Cell Metab (2019) 29(1):91–102.e105. doi: 10.1016/j.cmet.2018.09.014

40. Cullingford, TE. The ketogenic diet; fatty acids, fatty acid-activated receptors and neurological disorders. Prostaglandins Leukot Essent Fatty Acids (2004) 70(3):253–64. doi: 10.1016/j.plefa.2003.09.008

41. Giudetti, AM, Vergara, D, Longo, S, Friuli, M, Eramo, B, Tacconi, S, et al. Oleoylethanolamide reduces hepatic oxidative stress and endoplasmic reticulum stress in high-fat diet-fed rats. Antioxid (Basel) (2021) 10(8):1289. doi: 10.3390/antiox10081289

42. Lin, L, Mabou Tagne, A, Squire, EN, Lee, HL, Fotio, Y, Ramirez, J, et al. Diet-induced obesity disrupts histamine-dependent oleoylethanolamide signaling in the mouse liver. Pharmacology (2022) 107(7-8):423–32. doi: 10.1159/000524753

43. Li, L, Li, L, Chen, L, Lin, X, Xu, Y, Ren, J, et al. Effect of oleoylethanolamide on diet-induced nonalcoholic fatty liver in rats. J Pharmacol Sci (2015) 127(3):244–50. doi: 10.1016/j.jphs.2014.12.001

44. LoVerme, J, Guzmán, M, Gaetani, S, and Piomelli, D. Cold exposure stimulates synthesis of the bioactive lipid oleoylethanolamide in rat adipose tissue. J Biol Chem (2006) 281(32):22815–8. doi: 10.1074/jbc.M604751200

45. Jung, KM, Lin, L, and Piomelli, D. The endocannabinoid system in the adipose organ. Rev Endocr Metab Disord (2021) 23(1):51–60. doi: 10.1007/s11154-020-09623-z

46. Thabuis, C, Destaillats, F, Lambert, DM, Muccioli, GG, Maillot, M, Harach, T, et al. Lipid transport function is the main target of oral oleoylethanolamide to reduce adiposity in high-fat-fed mice. J Lipid Res (2011) 52(7):1373–82. doi: 10.1194/jlr.M013391

47. Suárez, J, Rivera, P, Arrabal, S, Crespillo, A, Serrano, A, Baixeras, E, et al. Oleoylethanolamide enhances β-adrenergic-mediated thermogenesis and white-to-brown adipocyte phenotype in epididymal white adipose tissue in rat. Dis Model Mech (2014) 7(1):129–41. doi: 10.1242/dmm.013110

48. Laleh, P, Yaser, K, Abolfazl, B, Shahriar, A, Mohammad, AJ, Nazila, F, et al. Oleoylethanolamide increases the expression of PPAR-A and reduces appetite and body weight in obese people: A clinical trial. Appetite (2018) 128:44–9. doi: 10.1016/j.appet.2018.05.129

49. Schiano Moriello, A, Di Marzo, V, and Petrosino, S. Mutual links between the endocannabinoidome and the gut microbiome, with special reference to companion animals: A nutritional viewpoint. Anim (Basel) (2022) 12(3):348. doi: 10.3390/ani12030348

50. Capasso, R, Matias, I, Lutz, B, Borrelli, F, Capasso, F, Marsicano, G, et al. Fatty acid amide hydrolase controls mouse intestinal motility in vivo. Gastroenterology (2005) 129(3):941–51. doi: 10.1053/j.gastro.2005.06.018

51. Lauffer, LM, Iakoubov, R, and Brubaker, PL. GPR119 is essential for oleoylethanolamide-induced glucagon-like peptide-1 secretion from the intestinal enteroendocrine l-cell. Diabetes (2009) 58(5):1058–66. doi: 10.2337/db08-1237

52. Di Paola, M, Bonechi, E, Provensi, G, Costa, A, Clarke, G, Ballerini, C, et al. Oleoylethanolamide treatment affects gut microbiota composition and the expression of intestinal cytokines in peyer’s patches of mice. Sci Rep (2018) 8(1):14881. doi: 10.1038/s41598-018-32925-x

53. Suárez, J, Romero-Zerbo, Y, Márquez, L, Rivera, P, Iglesias, M, Bermúdez-Silva, FJ, et al. Ulcerative colitis impairs the acylethanolamide-based anti-inflammatory system reversal by 5-aminosalicylic acid and glucocorticoids. PloS One (2012) 7(5):e37729. doi: 10.1371/journal.pone.0037729

54. Lama, A, Provensi, G, Amoriello, R, Pirozzi, C, Rani, B, Mollica, MP, et al. The anti-inflammatory and immune-modulatory effects of OEA limit DSS-induced colitis in mice. BioMed Pharmacother (2020) 129:110368. doi: 10.1016/j.biopha.2020.110368

55. Lynch, SV, and Pedersen, O. The human intestinal microbiome in health and disease. N Engl J Med (2016) 375(24):2369–79. doi: 10.1056/NEJMra1600266

56. Holmes, E, Li, JV, Marchesi, JR, and Nicholson, JK. Gut microbiota composition and activity in relation to host metabolic phenotype and disease risk. Cell Metab (2012) 16(5):559–64. doi: 10.1016/j.cmet.2012.10.007

57. Bäckhed, F, Ding, H, Wang, T, Hooper, LV, Koh, GY, Nagy, A, et al. The gut microbiota as an environmental factor that regulates fat storage. Proc Natl Acad Sci U.S.A. (2004) 101(44):15718–23. doi: 10.1073/pnas.0407076101

58. Makki, K, Deehan, EC, Walter, J, and Bäckhed, F. The impact of dietary fiber on gut microbiota in host health and disease. Cell Host Microbe (2018) 23(6):705–15. doi: 10.1016/j.chom.2018.05.012

59. Turnbaugh, PJ, Hamady, M, Yatsunenko, T, Cantarel, BL, Duncan, A, Ley, RE, et al. A core gut microbiome in obese and lean twins. Nature (2009) 457(7228):480–4. doi: 10.1038/nature07540

60. David, LA, Maurice, CF, Carmody, RN, Gootenberg, DB, Button, JE, Wolfe, BE, et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature (2014) 505(7484):559–63. doi: 10.1038/nature12820

61. Scheppach, W, Sommer, H, Kirchner, T, Paganelli, GM, Bartram, P, Christl, S, et al. Effect of butyrate enemas on the colonic mucosa in distal ulcerative colitis. Gastroenterology (1992) 103(1):51–6. doi: 10.1016/0016-5085(92)91094-k

62. Fung, KY, Cosgrove, L, Lockett, T, Head, R, and Topping, DL. A review of the potential mechanisms for the lowering of colorectal oncogenesis by butyrate. Br J Nutr (2012) 108(5):820–31. doi: 10.1017/S0007114512001948

63. Shao, Y, Gao, Z, Marks, PA, and Jiang, X. Apoptotic and autophagic cell death induced by histone deacetylase inhibitors. Proc Natl Acad Sci U.S.A. (2004) 101(52):18030–5. doi: 10.1073/pnas.0408345102

64. Frost, G, Sleeth, ML, Sahuri-Arisoylu, M, Lizarbe, B, Cerdan, S, Brody, L, et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat Commun (2014) 5:3611. doi: 10.1038/ncomms4611

65. Wong, JM, de Souza, R, Kendall, CW, Emam, A, and Jenkins, DJ. Colonic health: fermentation and short chain fatty acids. J Clin Gastroenterol (2006) 40(3):235–43. doi: 10.1097/00004836-200603000-00015

66. Layden, BT, Yalamanchi, SK, Wolever, TM, Dunaif, A, and Lowe, WL. Negative association of acetate with visceral adipose tissue and insulin levels. Diabetes Metab Syndr Obes (2012) 5:49–55. doi: 10.2147/DMSO.S29244

67. Lin, HV, Frassetto, A, Kowalik, EJ, Nawrocki, AR, Lu, MM, Kosinski, JR, 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(4):e35240. doi: 10.1371/journal.pone.0035240

68. Buffington, SA, Dooling, SW, Sgritta, M, Noecker, C, Murillo, OD, Felice, DF, et al. Dissecting the contribution of host genetics and the microbiome in complex behaviors. Cell (2021) 184(7):1740–1756.e1716. doi: 10.1016/j.cell.2021.02.009

69. Bäckhed, F, Manchester, JK, Semenkovich, CF, and Gordon, JI. Mechanisms underlying the resistance to diet-induced obesity in germ-free mice. Proc Natl Acad Sci U.S.A. (2007) 104(3):979–84. doi: 10.1073/pnas.0605374104

70. Waldram, A, Holmes, E, Wang, Y, Rantalainen, M, Wilson, ID, Tuohy, KM, et al. Top-down systems biology modeling of host metabotype-microbiome associations in obese rodents. J Proteome Res (2009) 8(5):2361–75. doi: 10.1021/pr8009885

71. Turnbaugh, PJ, Ley, RE, Mahowald, MA, Magrini, V, Mardis, ER, and Gordon, JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature (2006) 444(7122):1027–31. doi: 10.1038/nature05414

72. DiBaise, JK, Zhang, H, Crowell, MD, Krajmalnik-Brown, R, Decker, GA, and Rittmann, BE. Gut microbiota and its possible relationship with obesity. Mayo Clin Proc (2008) 83(4):460–9. doi: 10.4065/83.4.460

73. Xu, Z, Jiang, W, Huang, W, Lin, Y, Chan, FKL, and Ng, SC. Gut microbiota in patients with obesity and metabolic disorders - a systematic review. Genes Nutr (2022) 17(1):2. doi: 10.1186/s12263-021-00703-6

74. Rizzatti, G, Lopetuso, LR, Gibiino, G, Binda, C, and Gasbarrini, A. Proteobacteria: A common factor in human diseases. BioMed Res Int (2017) 2017:9351507. doi: 10.1155/2017/9351507

75. Cryan, JF, O’Riordan, KJ, Cowan, CSM, Sandhu, KV, Bastiaanssen, TFS, Boehme, M, et al. The microbiota-Gut-Brain axis. Physiol Rev (2019) 99(4):1877–2013. doi: 10.1152/physrev.00018.2018

76. Cani, PD, Plovier, H, Van Hul, M, Geurts, L, Delzenne, NM, Druart, C, et al. Endocannabinoids–at the crossroads between the gut microbiota and host metabolism. Nat Rev Endocrinol (2016) 12(3):133–43. doi: 10.1038/nrendo.2015.211

77. Coccurello, R, Marrone, MC, and Maccarrone, M. The endocannabinoids-microbiota partnership in gut-brain axis homeostasis: Implications for autism spectrum disorders. Front Pharmacol (2022) 13:869606. doi: 10.3389/fphar.2022.869606

78. Srivastava, RK, Lutz, B, and Ruiz de Azua, I. The microbiome and gut endocannabinoid system in the regulation of stress responses and metabolism. Front Cell Neurosci (2022) 16:867267. doi: 10.3389/fncel.2022.867267

79. Weisberg, SP, McCann, D, Desai, M, Rosenbaum, M, Leibel, RL, and Ferrante, AW Jr.. (2003) Obesity is associated with macrophage accumulation in adipose tissue. J Clin Invest 112(12):1796–808. doi: 10.1172/JCI19246

80. Engeli, S, Böhnke, J, Feldpausch, M, Gorzelniak, K, Janke, J, Bátkai, S, et al. Activation of the peripheral endocannabinoid system in human obesity. Diabetes (2005) 54(10):2838–43. doi: 10.2337/diabetes.54.10.2838

81. Muccioli, GG, Naslain, D, Bäckhed, F, Reigstad, CS, Lambert, DM, Delzenne, NM, et al. The endocannabinoid system links gut microbiota to adipogenesis. Mol Syst Biol (2010) 6:392. doi: 10.1038/msb.2010.46

82. de La Serre, CB, Ellis, CL, Lee, J, Hartman, AL, Rutledge, JC, and Raybould, HE. Propensity to high-fat diet-induced obesity in rats is associated with changes in the gut microbiota and gut inflammation. Am J Physiol Gastrointest Liver Physiol (2010) 299(2):G440–448. doi: 10.1152/ajpgi.00098.2010

83. Saad, MJ, Santos, A, and Prada, PO. Linking gut microbiota and inflammation to obesity and insulin resistance. Physiol (Bethesda) (2016) 31(4):283–93. doi: 10.1152/physiol.00041.2015

84. Cani, PD, Amar, J, Iglesias, MA, Poggi, M, Knauf, C, Bastelica, D, et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes (2007) 56(7):1761–72. doi: 10.2337/db06-1491

85. Rousseaux, C, Thuru, X, Gelot, A, Barnich, N, Neut, C, Dubuquoy, L, et al. Lactobacillus acidophilus modulates intestinal pain and induces opioid and cannabinoid receptors. Nat Med (2007) 13(1):35–7. doi: 10.1038/nm1521

86. Everard, A, Belzer, C, Geurts, L, Ouwerkerk, JP, Druart, C, Bindels, LB, et al. Cross-talk between akkermansia muciniphila and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci U.S.A. (2013) 110(22):9066–71. doi: 10.1073/pnas.1219451110

87. Belzer, C, and de Vos, WM. Microbes inside–from diversity to function: the case of akkermansia. ISME J (2012) 6(8):1449–58. doi: 10.1038/ismej.2012.6

88. Depommier, C, Vitale, RM, Iannotti, FA, Silvestri, C, Flamand, N, Druart, C, et al. Beneficial effects of akkermansia muciniphila are not associated with major changes in the circulating endocannabinoidome but linked to higher mono-Palmitoyl-Glycerol levels as new PPARα agonists. Cells (2021b) 10(1):185. doi: 10.3390/cells10010185

89. Tagliamonte, S, Gill, CIR, Pourshahidi, LK, Slevin, MM, Price, RK, Ferracane, R, et al. Endocannabinoids, endocannabinoid-like molecules and their precursors in human small intestinal lumen and plasma: does diet affect them? Eur J Nutr (2021) 60(4):2203–15. doi: 10.1007/s00394-020-02398-8

90. Tagliamonte, S, Laiola, M, Ferracane, R, Vitale, M, Gallo, MA, Meslier, V, et al. Mediterranean Diet consumption affects the endocannabinoid system in overweight and obese subjects: possible links with gut microbiome, insulin resistance and inflammation. Eur J Nutr (2021) 60(7):3703–16. doi: 10.1007/s00394-021-02538-8

91. Payahoo, L, Khajebishak, Y, Alivand, MR, Soleimanzade, H, Alipour, S, Barzegari, A, et al. Investigation the effect of oleoylethanolamide supplementation on the abundance of akkermansia muciniphila bacterium and the dietary intakes in people with obesity: A randomized clinical trial. Appetite (2019) 141:104301. doi: 10.1016/j.appet.2019.05.032

92. Guida, F, Turco, F, Iannotta, M, De Gregorio, D, Palumbo, I, Sarnelli, G, et al. Antibiotic-induced microbiota perturbation causes gut endocannabinoidome changes, hippocampal neuroglial reorganization and depression in mice. Brain Behav Immun (2018) 67:230–45. doi: 10.1016/j.bbi.2017.09.001

93. Igarashi, M, Hayakawa, T, Tanabe, H, Watanabe, K, Nishida, A, and Kimura, I. Intestinal GPR119 activation by microbiota-derived metabolites impacts feeding behavior and energy metabolism. Mol Metab (2022) 67:101649. doi: 10.1016/j.molmet.2022.101649

94. Manca, C, Shen, M, Boubertakh, B, Martin, C, Flamand, N, Silvestri, C, et al. Alterations of brain endocannabinoidome signaling in germ-free mice. Biochim Biophys Acta Mol Cell Biol Lipids (2020) 1865(12):158786. doi: 10.1016/j.bbalip.2020.158786

95. Müller, TD, Finan, B, Bloom, SR, D’Alessio, D, Drucker, DJ, Flatt, PR, et al. Glucagon-like peptide 1 (GLP-1). Mol Metab (2019) 30:72–130. doi: 10.1016/j.molmet.2019.09.010

96. Vijay, A, Kouraki, A, Gohir, S, Turnbull, J, Kelly, A, Chapman, V, et al. The anti-inflammatory effect of bacterial short chain fatty acids is partially mediated by endocannabinoids. Gut Microbes (2021) 13(1):1997559. doi: 10.1080/19490976.2021.1997559

97. Lambeth, SM, Carson, T, Lowe, J, Ramaraj, T, Leff, JW, Luo, L, et al. Composition, diversity and abundance of gut microbiome in prediabetes and type 2 diabetes. J Diabetes Obes (2015) 2(3):1–7. doi: 10.15436/2376-0949.15.031

98. Frost, F, Jones, GH, Dyce, P, Jackson, V, Nazareth, D, and Walshaw, MJ. Loss of incretin effect contributes to postprandial hyperglycaemia in cystic fibrosis-related diabetes. Diabetes Med (2019) 36(11):1367–74. doi: 10.1111/dme.14121

99. Dohnalová, L, Lundgren, P, Carty, JRE, Goldstein, N, Wenski, SL, Nanudorn, P, et al. A microbiome-dependent gut-brain pathway regulates motivation for exercise. Nature (2022) 612(7941):739–47. doi: 10.1038/s41586-022-05525-z

100. Provensi, G, Costa, A, Rani, B, Blandina, P, and Passani, MB. A duet between histamine and oleoylethanolamide in the control of homeostatic and cognitive processes. Curr Top Behav Neurosci (2021) 111(31):11527–32. doi: 10.1007/7854_2021_236

101. Rothschild, D, Weissbrod, O, Barkan, E, Kurilshikov, A, Korem, T, Zeevi, D, et al. Environment dominates over host genetics in shaping human gut microbiota. Nature (2018) 555(7695):210–5. doi: 10.1038/nature25973




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 De Filippo, Costa, Becagli, Monroy, Provensi and Passani. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo.2023.1135157_cover.jpg
& frontiers | Frontiers in Endocrinology

Gut microbiota and oleoylethanolamide in
the regulation of intestinal homeostasis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Gut microbiota and oleoylethanolamide in the regulation of intestinal homeostasis

      

        		

          1 Synthesis and degradation of OEA

        



        		

          2 Dietary regulation of OEA production in different organs and tissues

        

          		

            2.1 Regulation of OEA levels in the intestine

          



          		

            2.2 Regulation of OEA content in the liver and fat mass

          



        



        



        		

          3 OEA is a predominant player in intestinal physiology

        



        		

          4 Intestinal microbiota: A real metabolizing organ

        

          		

            4.1 Diet composition affects the microbiota profile

          



          		

            4.2 Intestinal homeostasis and short chain fatty acids

          



          		

            4.3 Microbiota and obesity

          



        



        



        		

          5 Intestinal microbiota interactions with the endocannabinoidome

        

          		

            5.1 Endocannabinoids and intestinal microbiota regulate gut homeostasis

          



          		

            5.2 Paracannabinoids and intestinal microbiota regulate gut homeostasis

          



        



        



        		

          6 Conclusions

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





