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Introduction

Oleoylethanolamide (OEA), an endogenous N-acylethanolamine acting as a gut-to-brain signal to control food intake and metabolism, has been attracting attention as a target for novel therapies against obesity and eating disorders. Numerous observations suggested that the OEA effects might be peripherally mediated, although they involve central pathways including noradrenergic, histaminergic and oxytocinergic systems of the brainstem and the hypothalamus. Whether these pathways are activated directly by OEA or whether they are downstream of afferent nerves is still highly debated. Some early studies suggested vagal afferent fibers as the main route, but our previous observations have contradicted this idea and led us to consider the blood circulation as an alternative way for OEA’s central actions.





Methods

To test this hypothesis, we first investigated the impact of subdiaphragmatic vagal deafferentation (SDA) on the OEA-induced activation of selected brain nuclei. Then, we analyzed the pattern of OEA distribution in plasma and brain at different time points after intraperitoneal administration in addition to measuring food intake.





Results

Confirming and extending our previous findings that subdiaphragmatic vagal afferents are not necessary for the eating-inhibitory effect of exogenous OEA, our present results demonstrate that vagal sensory fibers are also not necessary for the neurochemical effects of OEA. Rather, within a few minutes after intraperitoneal administration, we found an increased concentration of intact OEA in different brain areas, associated with the inhibition of food intake.





Conclusion

Our results support that systemic OEA rapidly reaches the brain via the circulation and inhibits eating by acting directly on selected brain nuclei.
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1 Introduction

Oleoylethanolamide (OEA) is a monounsaturated lipid mediator belonging to the N-acyethanolamine family (NAEs) together with anandamide (AEA), palmitoylethanolamide (PEA), stearoyletanolamide (SEA), linoleoylethanolamide (LEA), and other analogues. OEA is also known as a member of the para-cannabinoid system because of the structural similarity with one of the best characterized endocannabinoids, namely AEA. However, contrary to AEA, OEA does not activate cannabinoid receptors and does not produce cannabino-mimetic effects (1).

Three different receptors have been identified to be activated by OEA, including the peroxisome proliferator-activated receptor alpha (PPAR-α, EC50 of ~120 nM), the G protein-coupled receptor-119 (EC50 ~3 μM), and the transient receptor potential cation channel vanilloid-1 (EC50 of ∼2 μM) (2, 3).

Diet-derived oleic acid stimulates OEA synthesis in the first part of the small intestine of a variety of species including rats and mice (2, 4–6). OEA is metabolized into oleic acid and ethanolamine by the fatty acid amide hydrolase expressed by several tissues, and by the N-acylethanolamine hydrolyzing acid amidase notably expressed in the intestinal epithelium (2, 4, 6).

A plethora of biological functions and pharmacological effects in different domains have been associated with OEA, ranging from neuroprotection to anti-inflammatory actions (7–9), from amelioration of mood disorders (9–11) to the control of satiety and regulation of lipid metabolism (4, 12–20). Most of the studies conducted on OEA over the last two decades have focused on its potential contribution to the development of improved treatments for obesity and eating disorders (4, 12–18) because OEA reduces food intake and body weight gain in obese rodents and humans (4, 21).

Moreover, the anti-obesity effect of OEA is also supported by its capability to control lipid metabolism by reducing serum lipid levels, hepatic lipid accumulation and adipose FAT/CD36 lipid transport in obese rodents (20–22). Finally, we recently provided evidence that OEA exerts a selective inhibitory effect on binge-like eating behavior in female rats (18), thus opening novel perspectives for its potential use for the treatment of eating disorders.

The behavioral effects of exogenous OEA are accompanied by the induction of c-Fos in specific brain areas involved in the control of food intake, such as the area postrema (AP) and the nucleus of the solitary tract (NST) in the brainstem, as well as the tuberomammillary (TMN), paraventricular (PVN), and supraoptic nuclei in the hypothalamus (23). In these areas, OEA activates oxytocinergic, noradrenergic and histaminergic pathways, which seem to play a necessary role in mediating its eating-inhibitory effects (23). In fact, OEA’s effects can be prevented by the central administration of the oxytocin (OXY) receptor antagonist L-368,899 (24), or by the ablation of noradrenergic pathways from the NST to the PVN (13), and they are absent in mice lacking the enzyme histidine-decarboxylase that is crucial for histamine synthesis (14).

Despite the large scientific literature on the pharmacological effects of OEA after exogenous administration (7, 8, 25–34), the route by which an OEA-induced signal is conveyed from the periphery to the brain is still debated. This question is very relevant because OEA has received increasing attention worldwide for its pharmacological properties, and further elucidation of its mechanism of action might help to clarify the pharmacodynamic and bioavailability properties, two crucial aspects for planning clinical trials aimed at evaluating novel OEA-based treatments.

Some previous observations had suggested the involvement of visceral vagal afferents (4, 35), because the OEA-induced inhibition of eating was prevented in rats that underwent either a total subdiaphragmatic vagotomy or in rats treated with a neurotoxic dose of capsaicin (4, 35). However, as we previously pointed out (15), these two procedures have limits. On one hand, total subdiaphragmatic vagotomy abolishes both vagal afferent and efferent fibers, impairing the physiological bi-directional crosstalk between gut and brain (36). On the other hand, capsaicin treatment is not specific for vagal afferents (37), as it causes neurotoxic damage of unmyelinated visceral sensory neurons of both vagal and spinal afferents. Furthermore, it has been demonstrated that capsaicin exerts neurotoxic effects also on neurons of the AP and NST, which receive projections from unmyelinated primary sensory neurons (38, 39).

Finally, in our previous collaborative study (15), we selectively investigated the role of vagal afferents in the behavioral effects of OEA by subjecting rats to subdiaphragmatic vagal deafferentation (SDA), a surgery that eliminates all abdominal vagal afferents while sparing approximately half of the efferents (40). Our findings demonstrated that vagal afferents from below the diaphragm are not necessary for the behavioral effects of intraperitoneally (i.p.) injected OEA, which inhibited eating similarly in both SDA lesioned and SHAM-operated control rats (15). This result led us to hypothesize an alternative pathway by which OEA might act on the brain. In keeping with such a hypothesis, more recently we also demonstrated that the surgical ablation of the AP completely prevented both the behavioral and the neurochemical effects of OEA (17). This finding supports a role of the AP, a circumventricular organ devoid of a functional blood brain barrier, as a putative receptive brain region for circulating OEA, leading us to consider the blood circulation as the primary way for OEA to reach the brain after systemic administration.

To test this hypothesis, now we built on our previous observation that SDA does not prevent OEA’s behavioral effects and examined whether vagal afferents are necessary for the central neurochemical effects of the drug. Therefore, as a first step (Experiment 1) in the present study, we performed an immunohistochemical analysis of the pattern of c-Fos and dopamine beta-hydroxylase (DBH) expressions in hypothalamic and brainstem areas of rats that underwent SDA or SHAM surgery (15) and that were i.p. injected with OEA at the dose (10 mg kg-1) previously demonstrated to inhibit food intake.

As a second step (Experiment 2), we investigated in another set of rats whether the dynamics of the OEA distribution in plasma and in selected brain areas at different time points after its i.p. administration corresponded to the timelines of the food intake inhibition. For this purpose, we measured food intake until the pertinent points of sacrifice and assessed by UPLC-MS/MS the levels of OEA in the plasma and selected brain areas collected from control and OEA-treated rats at 2.5, 5, 15, 30, or 60 min after acute administration (10 mg kg-1, i.p.). The concentrations of other NAEs and 2-arachidonoylglycerol (2-AG) were also measured in the brain and in the blood plasma.




2 Materials and methods



2.1 Drugs and treatments (for both experiments 1 and 2)

Following our previous studies (16–18), 10 mg kg-1 OEA in a vehicle (VEH) solution (2 ml kg-1) of saline/polyethylene glycol/Tween 80 (90/5/5, v/v/v) was administered by i.p. injection. Control animals received a bolus of VEH (2 ml kg-1). Both VEH and OEA solutions were freshly prepared on each test day and administered at dark onset. OEA was purchased from Sigma Aldrich (St. Louis, Missouri, USA).




2.2 Experiment 1



2.2.1 Role of ascending subdiaphragmatic vagal fibers in OEA-induced activation of selected brain nuclei



2.2.1.1 Animals and housing

To investigate the role of ascending subdiaphragmatic vagal fibers in OEA-induced activation of selected brain nuclei, in Experiment 1, we analyzed brains collected from rats that had been subjected to SDA surgery and behaviorally tested in a previous study (15), in which we evaluated the role of vagal afferents in the behavioral effects of systemically administered OEA. The detailed protocol regarding animal housing, catheter implantation and SDA functional test was reported in our previous study (15). Briefly, 27 male Sprague Dawley rats (Charles Rivers, Sulzfeld, Germany) were individually housed and subjected to SDA (n=15) or SHAM (n=12) surgery. Additionally, during the same surgery, rats were equipped with i.p. catheters for OEA or VEH administration. SDA surgery was functionally verified as previously described, by the absence of cholecystokinin (CCK)-induced satiation (41, 42). Specifically, after 4-h food deprivation, 4 μg/kg of CCK-8 (Bachem, Budendorf, Switzerland) or saline were injected via the i.p. catheter and 30-min food intake was measured. In SHAM rats, CCK-8 reduced 30-min food intake 52.1 ± 6% (means ± SE) compared with saline. On the basis of previous studies (41), a maximum of 30% food intake reduction by CCK was set as a threshold for complete SDA surgeries. All SDA animals met this criterion and were included, together with SHAM rats, in the behavioral test that allowed us to demonstrate that OEA pro-satiety effects were evident in both SHAM and SDA rats (as reported in (15). After a 3-day wash-out period from the behavioral test all rats were maintained in a free-feeding condition and were treated again with either OEA (10 mg kg-1, i.p.) or VEH at dark onset. 2 hours after treatment they were deeply anesthetized with pentobarbital sodium (80 mg kg-1; Kantonsapotheke, Zurich, Switzerland), and transcardially perfused with ice-cold phosphate buffered saline (PBS), followed by 4% paraformaldehyde (PFA) fixative solution. Fixed brains were removed from the skull, collected, postfixed overnight, cryoprotected in 20% sucrose-phosphate buffer, and then snap frozen in dry-ice-cold 2-methylbutane (-60°C), to be stored at -80°C until processed in the Experiment 1 of the present study. All experiments were performed upon the approval of the Veterinary Office of the Canton of Zurich and according to the European Community directives 2010/63/EU.




2.2.1.2 Immunohistochemical analyses

The patterns of c-Fos and DBH expression were evaluated at the level of the following brainstem nuclei: the AP, the dorsal motor nucleus of the vagus (DMV) and the NST, within its different subnuclei (schematically represented in Figure 1A), namely the commissural (SolC), the medial (SolM), the dorsomedial (SolDM), and ventrolateral (SolVL) parts.




Figure 1 | Patterns of c-Fos and DBH expression in the brainstem of both SHAM and SDA rats. Representative photomicrograph (scale bar = 500 μm) showing Nissl staining of coronal rat hindbrain section. The superimposed diagrams show the different subnuclei of the nucleus of the solitary tract (NST), such as commissural part (SolC), medial part (SolM), dorsomedial part (SolDM) and ventrolateral part (SolVL), the dorsal motor nucleus of the vagus (DMV) and the central canal (CC) (A). Semiquantitative densitometric analysis of c-Fos (n=3-7 per group) (B–G) and of dopamine beta-hydroxylase (DBH) (n=4-6 per group) expressions (H–L) within the AP, SolC, SolM, SolDM, SolVL and DMV of both SHAM and SDA rats, treated with either vehicle (VEH; saline solution, PEG, Tween 80, 90/5/5 v/v/v; 2 ml kg-1) or OEA (10 mg kg-1, i.p.). Data are expressed as mean ± SEM. *p<0,05; **p<0,01; ***p<0,001 vs VEH in the same surgery group (Tukey’s test); °p<0,05; °°°p<0,001 vs SHAM in the same treatment group (Tukey’s test).



Based on our previous study reporting that the noradrenergic pathway from NST to PVN plays a necessary role in the pro-satiety effect of OEA (13), a second series of sections containing AP and SolM was double-stained for c-Fos and DBH (Figure 2) to qualitatively assess their colocalization within these brainstem structures.




Figure 2 | c-Fos and DBH double immunostaining within the AP and SolM of both SHAM and SDA rats. Representative fluorescent photomicrographs (x20 magnification, scale bar = 100 mm) showing c-Fos/dopamine beta-hydroxylase (DBH) double-immunostaining (red/green), of the area postrema (AP; A) and the medial part of nucleus of the solitary tract (SolM; B). White arrows indicate neurons, within AP and SolM, that co-express c-Fos and DBH signals (% of Fos-positive neurons: percentage of cells co-expressing c-Fos and DBH), measured in AP sections (C) and SolM sections (D) of SHAM and SDA rats after VEH or OEA treatment. Data are expressed as means ± SEM. ***p < 0.001 and **p < 0.01 vs. VEH in the same surgery group (Tukey’s test).



Furthermore, c-Fos expression was specifically analyzed in the following hypothalamic nuclei well known for their role in energy homeostasis and eating-related motivation: PVN, arcuate nucleus (Arc) and the ventral TMN (vTMN) (Figures 3A, B show the rat brain diagram adapted from Paxinos brain atlas (43) reporting these nuclei). Finally, by double immunofluorescence, the co-expression of c-Fos and OXY in the PVN was also evaluated.




Figure 3 | c-Fos expression in hypothalamic nuclei of both SHAM and SDA rats. Rat brain diagram taken from Paxinos brain atlas showing different hypothalamic nuclei (A, B). Semiquantitative densitometric analysis of c-Fos (n=3-7 per group) expression within the paraventricular nucleus (PVN; C) parvocellular (PaP; E) and magnocellular (PaM; F) oxytocinergic neurons of the PVN, within the ventral part of the tuberomammillary nucleus (vTMN; G) and arcuate (Arc; H) nuclei and percentage of cells co-expressing c-Fos and oxytocin (OXY; D) of both SHAM and SDA rats, treated with either vehicle VEH or OEA (10 mg kg-1, i.p.). Data are expressed as mean ± SEM. *p<0,05; **p<0,01 vs VEH in the same surgery group (Tukey’s test).



All the immunohistochemical analyses mentioned were performed by investigators blind to the different experimental groups and according to the protocols described in our previous work (13, 14, 17). We provide the detailed protocols again in the section Supplementary Materials and Methods of Supplementary Material.




2.2.1.3 Semiquantitative analyses

All the brain sections were observed under a Nikon Eclipse 80i Advanced Research Microscope (RRID : SCR_015572) equipped with a color charge-coupled device camera and controlled by the software NIS-Elements Basic Research (RRID : SCR_002776). The DAB immunostaining was measured semi-quantitatively as optical density (OD) by using the program ImageJ (RRID : SCR_003070) and considering, for background normalization, the averaged OD either of non-immunoreactive regions or of white matter structures within the same brain slice according to our previous studies (13, 17).

The analyses of double immunofluorescence c-Fos/OXY, were conducted manually by counting separately each c-Fos- or OXY-positive cell of the PVN. Co-expression was assessed as the percentage of OXY-positive cells within c-Fos-positive neurons by following our previous analyses (13, 17).

In all the cases, measurements were obtained in at least four consecutive tissue sections containing the desired structure in at least 3 rats per experimental group. We used a brain atlas (43) to define localization of brain structures.






2.3 Experiment 2



2.3.1 Brain pattern of OEA distribution and OEA plasma levels



2.3.1.1 Animals and housing

Male Wistar-Han rats (Janvier Labs, Le Genest-Saint-Isle, France, n=80), weighing 275–325 g upon arrival, were individually housed in wire mesh cages under a 12:12 dark-light cycle in a climate-controlled room (22 ± 2°C and 60% relative humidity) and received ad libitum standard chow pellets (Provimi KIiba, Gossau, Switzerland) and water. All experiments were performed upon the approval of the Veterinary Office of the Canton of Zurich and according to the European Community directives 2010/63/EU. The rats were accustomed to handling and injections for 7 days before the beginning of the experiments. On the day of the experiment, food was temporarily removed from the cage 1 h before the beginning of the dark phase. At dark onset animals were injected with either OEA (10 mg kg-1 i.p.) or VEH and pre-weighed standard chow pellets were returned to the cages. At different time-points (2.5, 5, 15, 30, 60 min), rats were deeply anesthetized with isoflurane and blood was withdrawn from the heart and collected in glass tubes pre-coated with K3-EDTA and centrifuged at 4°C for plasma separation. Rats were then immediately sacrificed by decapitation and different brain areas of interest were freshly micro-dissected and snap frozen in liquid nitrogen until processing by UPLC-MS/MS analyses. The effect of OEA on food intake of these rats was also evaluated at the different time-points of sacrifice by manually measuring the difference between the amount of food given immediately after the treatment and the food remaining after each time point with correction for spillage. We focused our attention on the following brain areas: AP, NST, Arc/median eminence (ME) and hippocampus (HIPPO) known to be activated by OEA and to be involved in the control of both homeostatic and non-homeostatic eating (4, 13, 14, 16, 24, 44, 45). We decided to refer to Arc/ME by virtue of the strict anatomical proximity of these two brain areas that were collected during the fresh microdissection of the brain.




2.3.1.2 UPLC-MS/MS analyses

By using UPLC-MS/MS analyses, we measured plasma and tissue content of NAEs (including OEA, PEA, AEA, SEA and LEA) and 2-AG in specific brain areas collected at 2.5, 5, 15, 30 and 60 min after systemic OEA (10 mg kg-1) administration. Briefly, frozen brain areas were homogenized in the presence of internal deuterated standards (5 pmol of d4-OEA, d4-AEA, d4-PEA, d4-SEA and 15 pmol of d5-2-AG), and then subjected to the lipid extraction procedure as previously described (46). The dry residue obtained was reconstituted with 30 μL of methanol. Plasma samples were extracted with the same procedure, by adding 100 μL of sample in each extraction vial. Briefly, the resulting lipid fractions were quantified according to the protocol used in previous studies (46, 47), by using an UPLC system coupled to a Xevo-TQ-S Mass Spectrometer (Waters Corporation, Milford, Massachusetts, USA). Analyte separation was achieved by using an Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 50 mm; Waters Corporation) connected to an in-line filter unit and maintained at 40°C. Mobile phases A and B were composed of methanol-water-acetic acid (75:24.9:0.1, v/v/v) and methanol-acetic acid (99.9:0.1, v/v), respectively. The injection volume was 1 μl and the gradient 0.2 mL/min. An electrospray ionization source in positive mode was used. For data acquisition and processing, the software MassLynx (RRID : SCR_014271) was used. For each compound of interest, the ratio between the analyte and the respective internal standard was determined (Figure S1 of Supplementary Material). Calibration curves were established by preparing standard solutions, which were diluted to obtain at least 10 calibration points, in the appropriate range for each compound. The amounts of each compound were determined by linear interpolation from the calibration curve. Data were analyzed by normalizing the pmol amount of each compound to the weight of the brain tissue samples (pmol/g) or to the volume of plasma samples (pmol/ml). All these analyses were conducted by investigators who were blind to the different experimental groups.






2.4 Statistical analyses



2.4.1 Experiment 1

The immunochemical results were statistically analyzed by two-way ANOVA, with “surgery” and “treatment” as the two factors followed by Tukey’s post-hoc test to perform multiple comparisons.

Moreover, because of the difference in the number of slices examined and the high degree of freedom, the error degrees of freedom were kept constant at a value based on the actual number of animals per group (17).




2.4.2 Experiment 2

Data obtained by UPLC-MS/MS analyses were statistically analyzed by two-way ANOVA with “time” and “treatment” as the two factors. Tukey’s test was used as a post-hoc to perform multiple comparisons.

Behavioral data were statistically analyzed by Student’s t-test with Bonferroni’s correction for multiple comparison between VEH-and OEA-treated animals for each time point considered (2.5, 5, 15, 30, 60 min).

All statistical analyses were carried out by using the software IBM SPSS Statistics (RRID : SCR_016479). In all instances, the threshold for statistical significance was set at p<0,05.






3 Results



3.1 Experiment 1



3.1.1 Role of ascending subdiaphragmatic vagal fibers in OEA-induced activation of selected brain nuclei

In the present study we expanded our previous observation to examine whether SDA surgery abolishes the capability of OEA to activate selected brain nuclei and to affect noradrenergic and oxytocinergic neurotransmission.

The results from this experiment demonstrated that subdiaphragmatic vagal afferent fibers are not necessary for the activating effect of OEA on brain areas and its modulating effects on the noradrenergic and oxytocinergic systems.

In fact, semiquantitative densitometric analyses revealed that SDA surgery did not prevent the OEA-induced increases of c-Fos and DBH expression in all the brainstem nuclei analyzed (Figures 1B–L). Particularly, two-way ANOVA analyses followed by post hoc tests for multiple comparisons (Tukey’s test) revealed that OEA significantly increased the expression of both c-Fos and DBH at the level of the NST and its subnuclei, AP and DMV of both SHAM and SDA rats (Tukey’s results: p<0,05, p<0,01, p<0,001 vs VEH; Figures 1B–E, G, H–K). One exception is the SolVL where neither c-Fos nor DBH expression were affected by OEA treatment (Figures 1F, L) in both surgical groups. Interestingly, the increase of c-Fos expression induced by OEA in SDA rats was slightly attenuated at the level of the SolC (+38%) and the DMV (+55%), as compared to the respective increase observed in SHAM rats treated with OEA (+84% for SolC and +80% for DMV), (Figures 1C, G, p<0,001 and p<0,05 respectively). Two-way ANOVA results are reported in Supplementary Material in Table S1.

By analyzing the co-expression of both c-Fos and DBH at the level of SolM and AP, we found that SDA surgery did not prevent the capability of OEA to induce c-Fos expression in a group of noradrenergic neurons of both areas (Figures 2A, B) in keeping with our previous findings (17).

Moreover, semiquantitative densitometric analyses revealed that SDA surgery did not prevent OEA-induced increase of c-Fos expression in the PVN (Figure 3C, p<0,01 and p<0,05 vs respective VEH). In keeping with our previous results (13), OEA significantly increased the percentage of OXY-positive cells within c-Fos-positive ones in both SHAM and SDA rats (p<0,05 vs VEH; Figure 3D) without any difference between magnocellular and parvocellular components (Figures 3E, F, p<0,05 and p<0,01 vs respective VEH).

Finally, OEA increased c-Fos expression in the vTMN of SHAM animals (p<0,01 vs VEH; Figure 3G) while no significant effect was observed in SDA rats, thus suggesting a possible necessary role of vagal afferents in mediating OEA’s effects on histaminergic neurons in this area. Conversely, no significant difference between SHAM and SDA rats was observed at the level of the Arc (Figure 3), thus confirming previous findings (24).

Two-way ANOVA results are reported in Supplementary Material in Table S1.





3.2 Experiment 2



3.2.1 Brain pattern of OEA distribution and OEA plasma levels

The results from this experiment demonstrated that an acute i.p. treatment with OEA, which rapidly inhibited food intake in rats, was associated with an equally fast increase of OEA levels in both plasma and in specific brain areas.

In particular, the results showed that OEA treatment significantly decreased food intake at 5, 15, 30 and 60 (p<0,05) min after its i.p. injection. No significant reduction in food intake was observed at the 2.5 min time point (Figure 4A). Moreover, two-way ANOVA performed on data obtained by UPLC-MS/MS analyses revealed that plasma OEA levels rose as early as 2.5 min after i.p. injection (p<0,001 vs respective controls, Figure 4B) and remained elevated until 1 h, with a peak increase registered at 15-30 min (about 60-fold higher than controls). Two-way ANOVA results are reported in Supplementary Material in the Table S2.




Figure 4 | Effects of peripheral OEA administration on food intake, plasma and brain distribution of OEA at different time points. Food intake (normalized to body weight, g/kg; A) of rats sacrificed at different time points (2.5, 5, 15, 30, 60 min), treated with either vehicle VEH or OEA (10 mg kg-1, i.p.) (n=8 per group). Data are expressed as mean ± SEM. *p<0,05 vs VEH at the same time point (Student’s t-test with Bonferroni’s correction for multiple comparisons). OEA levels expressed as % with respect to the average levels observed in VEH treated animals (controls) sacrificed at the same time-point considered for OEA treatment. Data refers to plasma (B), area postrema (AP; C), nucleus of the solitary tract (NST; D), arcuate nucleus/median eminence (Arc/ME; E) and hippocampus (HIPPO; F) of rats sacrificed at different time points (2.5, 5, 15, 30, 60 min) after acute administration of OEA (10 mg kg-1, i.p.) or vehicle (VEH). Data are expressed as mean ± SEM. * p<0,05, ** p<0,01 *** p<0,001 vs VEH in the same time point (Tukey’s test; n=6-8).



The results regarding plasma AEA, PEA, LEA, SEA and 2-AG concentration are reported in the section Supplementary Results and Tables S3, S4 of Supplementary Material. These results demonstrated that all the NAEs were increased in the plasma of OEA-treated animals, whereas 2-AG levels remained unaffected.

Concerning the brain distribution of OEA, our results suggest that OEA reached the brain and permeated all the areas analyzed in a few minutes after its administration. Moreover, its level remained significantly elevated until 1 h (Figures 4C–F). In particular, two-way ANOVA analyses revealed that already at 2.5 min after injection the OEA content was significantly higher than after VEH injection at the level of the Arc/ME (p<0,05), and HIPPO (p<0,01) (Figures 4E, F respectively), whereas such an effect appeared slightly later (5 min time point) at the level of the AP and NST (Figures 4C, D; p<0,01).

The maximum increase of OEA brain distribution was registered 15 min after its administration in almost all the brain areas analyzed, with the highest increase observed within the AP (Figures 4C, D, F; p<0,001), except for the Arc/ME where the highest increase was observed at the 60 min time point (Figure 4E; p<0,001). Of note the levels of the other NAEs measured in the brain were not altered by OEA administration.

Two-way ANOVA results are reported in Supplementary Material in the Table S2.

The results obtained on brain NAEs and 2-AG levels are reported in the section Supplementary Results and Tables S3, S4 of Supplementary Material.






4 Discussion

Our results demonstrate, for the first time, that OEA is distributed in the brain as an intact molecule (Figure S1 of Supplementary Material) within a few minutes after its acute i.p. injection. Indeed, the time-course measurements performed in the present study suggest a rapid OEA permeation of specific brain areas, partaking in the circuits controlling eating behavior and metabolism and partially known for being involved in the eating-inhibitory effect of systemically administered OEA. Such areas include the AP and the NST in the brainstem, the hypothalamic Arc, the ME and the HIPPO.

Interestingly, OEA concentrations reached the highest increase at the level of the AP, where they were up to 3-fold higher in OEA- than in VEH-treated rats (305.3 ± 52.87 vs 100 ± 20.30 respectively) as compared to the other brain areas analyzed (Arc/ME, NST, and HIPPO), where OEA levels were only about 1.5-fold higher than in controls (Arc/Me: 157.1 ± 6.6 vs 100 ± 9.2; NST: 166.6 ± 5.6 vs 100 ± 2.7; HIPPO: 166.5 ± 11.3 vs 100 ± 3.6). These results suggest that the AP might be an important part of the central circuits involved in mediating OEA’s pharmacological effects, thus corroborating our previous findings of the necessary role of this area in mediating OEA effects on eating (17). Moreover, the observation that OEA reached high levels also in the NST starting at the same time as in the AP (5 min) suggests that, once permeated into the AP, OEA rapidly diffuses into the anatomically adjacent NST. Moreover, in the present study we also considered the Arc/ME and HIPPO because of their high density of PPAR-α (48, 49), the main receptor responsible for the eating-inhibitory effect of OEA (35). Here, we demonstrate for the first time that intact OEA physically reaches these brain areas already at 2.5 min after its i.p. administration. In our previous studies in freely eating rats OEA did not induce c-fos mRNA at the level of the Arc, nor did it change the expression of proopiomelanocortin, which is highly expressed in the Arc and generates peptide signals that control PVN and supraoptic nucleus activities (24). In contrast, Umehara et al. (50) observed that peripheral OEA increased the expression of c-Fos in the Arc of fasted wild type mice, without producing any effect in the Arc of histidine decarboxylase knock-out mice, suggesting a necessary role of histaminergic neurons in mediating c-Fos induction in the Arc by OEA (50). Presumably, the different species (mouse vs rat) used, and, even more importantly the different homeostatic states of the animals (fasted vs fed) are responsible for the divergent observations.

The increased OEA concentration observed at the level of the HIPPO at the first time point considered (2.5 min) is in line with several studies suggesting that the HIPPO represents the primary brain region receiving ligands from both the blood and the cerebrospinal fluid (51), by virtue of its anatomical position, lying alongside the choroid plexus with its rich blood supply and immediately adjacent to the cerebral ventricles (43, 51). Importantly, PPAR-α are expressed in the HIPPO (52), thus suggesting that this region might represent another direct target site for circulating OEA. The HIPPO is primarily recognized as the brain area implicated in learning and memory processes (52), and a variety of studies demonstrate an effect of exogenous OEA on cognitive features. In fact, it has been demonstrated that OEA controls short-term spatial memory and hippocampal neurogenesis (53). Likewise, Yang et al. (33) demonstrated that systemic OEA improves spatial cognitive deficits in a rat model of acute cerebral ischemic injury through enhancing neurogenesis in the HIPPO (33). Finally, we recently demonstrated that OEA exerts antidepressant-like effects in mice and that this is associated with an increased expression of hippocampal phospho- cAMP response element-binding protein, a feature common to other PPAR-α agonists with antidepressant-like effects (54, 55). Interestingly, it has been recently demonstrated that eating behavior might be influenced by hippocampal-dependent memory functions, including meal-related memories and conditional learned associations between food and post-ingestive effects [for review see (56)]. We therefore hypothesize that by binding to PPAR-α in the HIPPO, OEA might modulate memory processes both related to food and cognition.

Although previous studies suggested that OEA is ineffective in controlling eating after its intracerebroventricular injection (4), the present results indicate that the eating-inhibitory effect of OEA is paralleled by an OEA distribution in the brain that is consistent with the assumption of its direct effects in one or more brain areas. These controversial findings may be explained by the high expression of fatty acid amide hydrolase in the brain ventricular epithelium (57), which might limit the bioavailability of OEA in brain tissue after intracerebroventricular administration and, hence, explain its ineffectiveness via this route of administration. Future studies should address this possibility.

Although brain OEA levels were already increased at 2.5 min after its i.p. administration, the maximum increase was observed at the 15-min time-point in most of the areas considered. This observation fits the behavioral data showing the greatest inhibitory effect of OEA on eating at 15-30 min after administration. The food intake reducing effect of i.p. injected OEA might therefore reflect its concentration in the brain. This interpretation is consistent with our previous observations demonstrating the necessary role of key brain sites in mediating OEA’s behavioral actions (13, 14, 16–18, 58) and indicates that such areas are recruited by OEA directly, rather than being activated as second- or third-order circuits downstream of peripheral nerves.

A previous study reported OEA brain levels in rats after its acute oral administration (59) showing no increase as compared to vehicle-treated animals. However, this discrepancy is not surprising for several reasons. First, compared to the present investigation, in that study orally administered OEA presumably underwent substantial first-pass hepatic extraction, which most likely limited the bioavailability of the molecule significantly. Second, the analyses were performed on the total brain, without any brain area separation, which most likely missed possible increases of OEA levels in specific brain areas. Third, rats were sacrificed at later time points, which is presumably unsuited to catch possible differences in OEA brain content following an acute systemic administration, due to the rapid permeation of the molecule into the brain and its subsequent hydrolysis. These latter two issues, namely the analyses in the whole brain and late time-points might explain also the negative results on brain distribution of OEA reported in a recent study (75) based on the intravenous administration of deuterated-OEA (13C-OEA) to rats at the dose of 1 mg/kg.

In parallel to investigating OEA brain distribution, in the present study we also measured OEA plasma levels at the same time points. Our results demonstrate that OEA plasma levels significantly increase as early as 2.5 min (30-fold higher than control, 3,333 ± 531 vs 100 ± 5) after its i.p. injection, with a maximum increase registered at 15-30 min (60-fold higher than controls respectively 6,218 ± 424 vs 100 ± 5 and 6,394 ± 344 vs 100 ± 8). The combination of the OEA distribution data in brain and plasma indicates that, once administered, OEA acts as a humoral mediator rapidly reaching brain structures including the Arc/ME, AP and HIPPO, which allow not only its access to the brain, but also likely represent brain target sites by virtue of the presence of PPAR-α, the major receptor for OEA. Beyond the HIPPO characteristics already described above, it is important to mention that both AP and Arc/ME are sensory circumventricular midline structures located around the fourth and third ventricles, respectively, lacking a blood brain barrier, with neurons of both areas being more exposed to blood-borne agents (60). This is in line with previous studies suggesting that the AP and Arc/ME represent easy access sites for circulating endogenous and exogenous eating-relevant hormones including amylin, glucagon-like peptide-1 and ghrelin (61, 62). Interestingly, very recent evidence from the research team led by Dr D’Agostino (63), demonstrates that systemic administration of OEA (10 mg/kg) to food-deprived female mice produces a rapid and stable inhibition of Agouti-related protein positive neurons of the Arc, which are strongly activated during a negative energy balance to stimulate eating. In their (63) OEA’s inhibitory effect on these neurons was maximal at 5 min after i.p. administration, thus mimicking the time course of OEA brain distribution observed in our experiment.

The results obtained in Experiment 1, i.e., that the OEA-induced activation of brainstem and hypothalamic nuclei did not depend on intact subdiaphragmatic vagal afferents, is consistent with our previous behavioral results (15), and further supports the view that OEA may act as a blood-borne messenger. Interestingly, also the effects of OEA on the brainstem noradrenergic and the PVN oxytocinergic systems were not affected by SDA, as OEA still maintained its capability to increase the expression of DBH in the brainstem nuclei and the activation of OXY neurons in the PVN in SDA rats. The only nucleus analyzed that seems to be under the control of afferent fibers is the vTMN because SDA prevented the activation of this nucleus by OEA, also indicating that OEA does affect vagal afferent signaling.

Interestingly, a communication between the TMN and the NST has been described; in particular, histaminergic neurons of the TMN extend their fibers to the NTS (64, 65). However, there is no direct evidence suggesting that such input affects eating. The slight attenuation of the OEA-induced c-Fos expression in the SolC and DMV of SDA rats might be, at least in part, the consequence of the lacking activation of vTMN in the same animals, although future studies are needed to address this assumption. However, the significant increase observed anyway at both sites might be associated with the activity of still intact efferent vagal fibers projecting from the brainstem to the gut, already known to be involved in modulating other satiety/appetite-signals, such as CCK (66). This result might partially explain the loss of OEA’s eating-inhibitory effect observed in rats (35) after total subdiaphragmatic vagotomy and the failure of the SDA procedure to abolish this behavioral effect of OEA.

Perhaps the inhibition of eating exerted by OEA results from a combination of both, humoral and vagal pathways, such that the short-term effect on eating is due to the direct activation of brain nuclei shown here, whereas the sustained effects on satiety (as suggested by the lack of compensatory overfeeding) may be due to the subsequent activation of vagal efferents, which might relay an OEA signal from the brain to the gut. Future studies might address this hypothesis.

Finally, as both the biosynthetic and catabolic pathways of OEA are shared by other NAEs (2), we also investigated whether the OEA treatment might affect the levels of other NAEs, and 2-AG in both plasma and brain. Interestingly, while AEA was the only endogenous compound affected by OEA in the brain (decreased level in the HIPPO), in the plasma all the NAEs analyzed were increased except for 2-AG that was unaffected. Because AEA is well known to stimulate appetite by activating CB1 receptors (67), its decrease in the HIPPO might contribute to the eating-inhibitory effect of OEA. However, future studies are necessary to examine this possibility. Concerning the increased plasma level of NAEs, we might refer to the theory of the ‘entourage’ effect (68, 69). According to this concept, peripherally administered OEA might cause an accumulation of endogenous NAEs by preventing their degradation, due to the saturation of the hydrolyzing pathways, which are shared among the different NAEs. Although OEA has been found to be the most active NAE in reducing energy intake, evidence suggests that also other NAEs, such as PEA, might participate in this process (67, 70, 71). Therefore, we cannot exclude that circulating NAEs might contribute to OEA’s pharmacological effects both related or not to eating and metabolism.

However, these aspects were beyond the aim of the present work, and future studies are needed to address these points.




5 Conclusions

In conclusion, the results obtained in the present study describe for the first time that exogenous OEA is able to distribute in the brain very rapidly after its administration. The timeline of this phenomenon parallels OEA’s hypophagic action. Moreover, OEA does not require intact vagal afferents from below the diaphragm to exerts the central neurochemical effects associated to its hypophagic action. Taken together these observations indicate that OEA can modulate eating behavior by directly targeting neurons of specific brain nuclei.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was reviewed and approved by Veterinary Office of the Canton of Zurich and according to the European Community directives 2010/63/EU.





Author contributions

Conceptualization, AR, SG, WL, TL, and GGM. Data curation, AR, MF, AP, and GGM. Formal analysis, MF, BE, CG, AP, and JK. Funding acquisition, AR and SG. Investigation, MF, BE, CG, JK, and EA. Methodology, MF, BE, CG, JK, EA, MA, AP, and GGM. Project administration, AR and SG. Supervision, AR, SG, WL, TL, and GGM. Validation, AR and SG. Writing - original draft, MF and AR. Writing, review, and editing, SG, WL, AR, TL, and GGM. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the following grant, PRIN 2017XZMBYX_004 to SG and PRIN 2020SEMP22_002 to AR of the Italian Ministry of University and Research, Sapienza Intramural research Grant 2021 (Ricerche di Ateneo 2021 Sapienza University of Rome) to SG, PNRR-Rome Technopole-FP7.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1158287/full#supplementary-material



Abbreviations

AEA, anandamide; AP, area postrema; Arc, arcuate nucleus; CCK, cholecystokinin; DBH, dopamine beta-hydroxylase; DMV, dorsal motor nucleus of the vagus nerve; HIPPO, hippocampus; LEA, linoleoylethanolamide 3; ME, median eminence; NAEs, N-acyethanolamines; NST, nucleus of the solitary tract; OEA, Oleoylethanolamide; OXY, oxytocin; PEA, palmitoylethanolamide; PPAR-α, peroxisome proliferator-activated receptor alpha; PVN, paraventricular nucleus; SDA, subdiaphragmatic vagal deafferentation; SEA, stearoyletanolamide; SolC, commisural part of NST; SolDM, dorsomedial part of NST; SolM medial part of NST; SolVL, ventrolateral part of NST; VEH, vehicle; TMN tuberomammillary nucleus; vTMN, ventral tuberomammillary nucleus; 2-AG, 2-arachidonoylglycerol; i.p., intraperitoneal.




References

1. Tsuboi, K, Uyama, T, Okamoto, Y, and Ueda, N. Endocannabinoids and related n-acylethanolamines, biological activities and metabolism makoto murakami. Inflammation Regener (2018) 38:28. doi: 10.1186/s41232-018-0086-5

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

3. 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) 564:541–47. doi: 10.1113/jphysiol.2004.081844

4. Rodríguez De Fonseca, F, Navarro, M, Gómez, R, Escuredo, L, Nava, F, Fu, J, et al. An anorexic lipid mediator regulated by feeding. Nature (2001) 414:209–12. doi: 10.1038/35102582

5. Petersen, G, Sørensen, C, Schmid, PC, Artmann, A, Tang-Christensen, M, Hansen, SH, et al. Intestinal levels of anandamide and oleoylethanolamide in food-deprived rats are regulated through their precursors. Biochim Biophys Acta (BBA) - Mol Cell Biol Lipids (2006) 1761:143–50. doi: 10.1016/j.bbalip.2005.12.011

6. 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) 282:1518–28. doi: 10.1074/jbc.M607809200

7. Sun, Y, Alexander, SPH, Garle, MJ, Gibson, CL, Hewitt, K, Murphy, SP, et al. Cannabinoid activation of PPARα; a novel neuroprotective mechanism. Br J Pharmacol (2007) 152:734–43. doi: 10.1038/sj.bjp.0707478

8. Sayd, A, Antón, M, Alén, F, Caso, JR, Pavón, J, Leza, JC, et al. Systemic administration of oleoylethanolamide protects from neuroinflammation and anhedonia induced by LPS in rats. Int J Neuropsychopharmacol (2015) 18:pyu111. doi: 10.1093/ijnp/pyu111

9. Antón, M, Alén, F, Gómez de Heras, R, Serrano, A, Pavón, FJ, Leza, JC, et al. Oleoylethanolamide prevents neuroimmune HMGB1/TLR4/NF-kB danger signaling in rat frontal cortex and depressive-like behavior induced by ethanol binge administration. Addict Biol (2017) 22:724–41. doi: 10.1111/adb.12365

10. van Kooten, MJ, Veldhuizen, MG, de Araujo, IE, O’Malley, SS, and Small, DM. Fatty acid amide supplementation decreases impulsivity in young adult heavy drinkers. Physiol Behav (2016) 155:131–40. doi: 10.1016/j.physbeh.2015.11.032

11. Jin, P, Yu, HL, Tian-Lan,, Zhang, F, and Quan, ZS. Antidepressant-like effects of oleoylethanolamide in a mouse model of chronic unpredictable mild stress. Pharmacol Biochem Behav (2015) 133:146–54. doi: 10.1016/j.pbb.2015.04.001

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

13. Romano, A, Potes, CS, Tempesta, B, Cassano, T, Cuomo, V, Lutz, T, et al. Hindbrain noradrenergic input to the hypothalamic PVN mediates the activation of oxytocinergic neurons induced by the satiety factor oleoylethanolamide. Am J Physiol Endocrinol Metab (2013) 305:E1266–73. doi: 10.1152/ajpendo.00411.2013

14. 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) 111:11527–32. doi: 10.1073/pnas.1322016111

15. Azari, EK, Ramachandran, D, Weibel, S, Arnold, M, Romano, A, Gaetani, S, et al. Vagal afferents are not necessary for the satiety effect of the gut lipid messenger oleoylethanolamide. Am J Physiol Regul Integr Comp Physiol (2014) 307:R167–78. doi: 10.1152/ajpregu.00067.2014

16. Romano, A, Karimian Azari, E, Tempesta, B, Mansouri, A, Micioni Di Bonaventura, MV, Ramachandran, D, et al. High dietary fat intake influences the activation of specific hindbrain and hypothalamic nuclei by the satiety factor oleoylethanolamide. Physiol Behav (2014) 136:55–62. doi: 10.1016/j.physbeh.2014.04.039

17. Romano, A, Gallelli, CA, Koczwara, JB, Braegger, FE, Vitalone, A, Falchi, M, et al. Role of the area postrema in the hypophagic effects of oleoylethanolamide. Pharmacol Res (2017) 122:20–34. doi: 10.1016/j.phrs.2017.05.017

18. Romano, A, Micioni Di Bonaventura, MV, Gallelli, CA, Koczwara, JB, Smeets, D, Giusepponi, ME, et al. Oleoylethanolamide decreases frustration stress-induced binge-like eating in female rats: a novel potential treatment for binge eating disorder. Neuropsychopharmacology (2020) 45:1931–41. doi: 10.1038/s41386-020-0686-z

19. 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. Antioxidants (2021) 10:1289. doi: 10.3390/antiox10081289

20. Romano, A, Friuli, M, del Coco, L, Longo, S, Vergara, D, del Boccio, P, et al. Chronic oleoylethanolamide treatment decreases hepatic triacylglycerol level in rat liver by a pparγ/srebp-mediated suppression of fatty acid and triacylglycerol synthesis. Nutrients (2021) 13:394. doi: 10.3390/nu13020394

21. Laleh, P, Yaser, K, Abolfazl, B, Shahriar, A, Mohammad, AJ, Nazila, F, et al. Oleoylethanolamide increases the expression of PPAR-Α 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

22. 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) 52:1373–82. doi: 10.1194/jlr.M013391

23. Romano, A, Tempesta, B, Provensi, G, Passani, MB, and Gaetani, S. Central mechanisms mediating the hypophagic effects of oleoylethanolamide and n-acylphosphatidylethanolamines: different lipid signals? Front Pharmacol (2015) 6:137. doi: 10.3389/fphar.2015.00137

24. Gaetani, S, Fu, J, Cassano, T, Dipasquale, P, Romano, A, Righetti, L, et al. The fat-induced satiety factor oleoylethanolamide suppresses feeding through central release of oxytocin. J Neurosci (2010) 30:8096–101. doi: 10.1523/JNEUROSCI.0036-10.2010

25. Gonzalez-Aparicio, R, Blanco, E, Serrano, A, Pavon, FJ, Parsons, LH, Maldonado, R, et al. The systemic administration of oleoylethanolamide exerts neuroprotection of the nigrostriatal system in experimental parkinsonism. Int J Neuropsychopharmacol (2014) 17:455–68. doi: 10.1017/S1461145713001259

26. Plaza-Zabala, A, Berrendero, F, Suarez, J, Bermudez-Silva, FJ, Fernandez-Espejo, E, Serrano, A, et al. Effects of the endogenous PPAR-α agonist, oleoylethanolamide on MDMA-induced cognitive deficits in mice. Synapse (2010) 64:379–89. doi: 10.1002/syn.20733

27. Zhou, Y, Yang, L, Ma, A, Zhang, X, Li, W, Yang, W, et al. Orally administered oleoylethanolamide protects mice from focal cerebral ischemic injury by activating peroxisome proliferator-activated receptor α. Neuropharmacology (2012) 63:242–9. doi: 10.1016/j.neuropharm.2012.03.008

28. Bilbao, A, Blanco, E, Luque-Rojas, MJ, Suárez, J, Palomino, A, Vida, M, et al. Oleoylethanolamide dose-dependently attenuates cocaine-induced behaviours through a PPARα receptor-independent mechanism. Addict Biol (2013) 18:78–87. doi: 10.1111/adb.12006

29. Bilbao, A, Serrano, A, Cippitelli, A, Pavón, FJ, Giuffrida, A, Suárez, J, et al. Role of the satiety factor oleoylethanolamide in alcoholism. Addict Biol (2016) 21:859–72. doi: 10.1111/adb.12276

30. Campolongo, P, Roozendaal, B, Trezza, V, Cuomo, V, Astarita, G, Fu, J, et al. Fat-induced satiety factor oleoylethanolamide enhances memory consolidation. Proc Natl Acad Sci U.S.A. (2009) 30:8096–101. doi: 10.1073/pnas.0903038106

31. Galan-Rodriguez, B, Suarez, J, Gonzalez-Aparicio, R, Bermudez-Silva, FJ, Maldonado, R, Robledo, P, et al. Oleoylethanolamide exerts partial and dose-dependent neuroprotection of substantia nigra dopamine neurons. Neuropharmacology (2009) 56:653–64. doi: 10.1016/j.neuropharm.2008.11.006

32. González-Aparicio, R, and Moratalla, R. Oleoylethanolamide reduces l-DOPA-induced dyskinesia via TRPV1 receptor in a mouse model of ParkinsonD's disease. Neurobiol Dis (2014) 62:416–25. doi: 10.1016/j.nbd.2013.10.008

33. Yang, LC, Guo, H, Zhou, H, Suo, DQ, Li, WJ, Zhou, Y, et al. Chronic oleoylethanolamide treatment improves spatial cognitive deficits through enhancing hippocampal neurogenesis after transient focal cerebral ischemia. Biochem Pharmacol (2015) 94;270–81. doi: 10.1016/j.bcp.2015.02.012

34. Zhou, H, Yang, Ws, Li, Y, Ren, T, Peng, L, Guo, H, et al. Oleoylethanolamide attenuates apoptosis by inhibiting the TLR4/NF-κB and ERK1/2 signaling pathways in mice with acute ischemic stroke. Naunyn Schmiedebergs Arch Pharmacol (2017) 390:77–84. doi: 10.1007/s00210-016-1309-4

35. Fu, J, Gaetani, S, Oveisi, F, lo Verme, J, Serrano, A, de Fonseca, FR, et al. Oleylethanolamide regulates feeding and body weight through activation of the nuclear receptor PPAR-α. Nature (2003) 425:90–3. doi: 10.1038/nature01921

36. Furness, JB, Koopmans, HS, Robbins, HL, Clerc, N, Tobin, JM, and Morris, MJ. Effects of vagal and splanchnic section on food intake, weight, serum leptin and hypothalamic neuropeptide y in rat. Auton Neurosci (2001) 92;28–36. doi: 10.1016/S1566-0702(01)00311-3

37. Blackshaw, LA, Page, AJ, and Partosoedarso, ER. Acute effects of capsaicin on gastrointestinal vagal afferents. Neuroscience (2000) 96:407–16. doi: 10.1016/S0306-4522(99)00547-3

38. Ritter, S, and Dinh, TT. Capsaicin-induced neuronal degeneration: silver impregnation of cell bodies, axons, and terminals in the central nervous system of the adult rat. J Comp Neurol (1988) 271:79–90. doi: 10.1002/cne.902710109

39. Jancsó, G, and Király, E. Distribution of chemosensitive primary sensory afferents in the central nervous system of the rat. J Comp Neurol (1980) 190:781–92. doi: 10.1002/cne.901900409

40. Norgren, R, and Smith, GP. A method for selective section of vagal afferent or efferent axons in the rat. Am J Physiol Regul Integr Comp Physiol (1994) 267;R1136–41. doi: 10.1152/ajpregu.1994.267.4.r1136

41. Arnold, M, Mura, A, Langhans, W, and Geary, N. Gut vagal afferents are not necessary for the eating-stimulatory effect of intraperitoneally injected ghrelin in the rat. J Neurosci (2006) 26:11052–60. doi: 10.1523/JNEUROSCI.2606-06.2006

42. Mansouri, A, Aja, S, Moran, TH, Ronnett, G, Kuhajda, FP, Arnold, M, et al. Intraperitoneal injections of low doses of C75 elicit a behaviorally specific and vagal afferent-independent inhibition of eating in rats. Am J Physiol Regul Integr Comp Physiol (2008) 295:R799–805. doi: 10.1152/ajpregu.90381.2008

43. Paxinos, G, and Watson, C. The rat brain in stereotaxic coordinates seventh edition Vol. 170. Elsevier Academic Press (2014).

44. Romano, A, Friuli, M, Cifani, C, and Gaetani, S. Oxytocin in the neural control of eating: At the crossroad between homeostatic and non-homeostatic signals. Neuropharmacology (2020) 171:108082. doi: 10.1016/j.neuropharm.2020.108082

45. Liu, CM, and Kanoski, SE. Homeostatic and non-homeostatic controls of feeding behavior: distinct vs. common Neural systems. Physiol Behav (2018) 93:223–31. doi: 10.1016/j.physbeh.2018.02.011

46. Mutemberezi, V, Masquelier, J, Guillemot-Legris, O, and Muccioli, GG. Development and validation of an HPLC-MS method for the simultaneous quantification of key oxysterols, endocannabinoids, and ceramides: variations in metabolic syndrome. Anal Bioanal Chem (2016) 408:733–45. doi: 10.1007/s00216-015-9150-z

47. Bottemanne, P, Guillemot-Legris, O, Paquot, A, Masquelier, J, Malamas, M, Makriyannis, A, et al. N-Acylethanolamine-Hydrolyzing acid amidase inhibition, but not fatty acid amide hydrolase inhibition, prevents the development of experimental autoimmune encephalomyelitis in mice. Neurotherapeutics (2021) 18:1815–33. doi: 10.1007/s13311-021-01074-x

48. Rivera, P, Arrabal, S, Vargas, A, Blanco, E, Serrano, A, Pavón, FJ, et al. Localization of peroxisome proliferator-activated receptor alpha (PPARα) and n-acyl phosphatidylethanolamine phospholipase d (NAPE-PLD) in cells expressing the Ca2+-binding proteins calbindin, calretinin, and parvalbumin in the adult rat hippocampus. Front Neuroanat (2014) 8:12. doi: 10.3389/fnana.2014.00012

49. Roy, A, Jana, M, Corbett, GT, Ramaswamy, S, Kordower, JH, Gonzalez, FJ, et al. Regulation of cyclic AMP response element binding and hippocampal plasticity-related genes by peroxisome proliferator-activated receptor α. Cell Rep (2013) 4:724–37. doi: 10.1016/j.celrep.2013.07.028

50. Umehara, H, Fabbri, R, Provensi, G, and Passani, MB. The hypophagic factor oleoylethanolamide differentially increases c-fos expression in appetite regulating centres in the brain of wild type and histamine deficient mice. Pharmacol Res (2016) 113;100–7. doi: 10.1016/j.phrs.2016.08.020

51. Lathe, R. Hormones and the hippocampus. J Endocrinol (2001) 169:205–31. doi: 10.1677/joe.0.1690205

52. Roy, A, and Pahan, K. PPARα signaling in the hippocampus: crosstalk between fat and memory. J Neuroimmune Pharmacol (2015) 10:30–4. doi: 10.1007/s11481-014-9582-9

53. Silva-Peña, D, Rivera, P, Alén, F, Vargas, A, Rubio, L, García-Marchena, N, et al. Oleoylethanolamide modulates BDNF-ERK signaling and neurogenesis in the hippocampi of rats exposed to δ9-THC and ethanol binge drinking during adolescence. Front Mol Neurosci (2019) 12:96. doi: 10.3389/fnmol.2019.00096

54. Costa, A, Cristiano, C, Cassano, T, Gallelli, CA, Gaetani, S, Ghelardini, C, et al. Histamine-deficient mice do not respond to the antidepressant-like effects of oleoylethanolamide. Neuropharmacology (2018) 135:234–41. doi: 10.1016/j.neuropharm.2018.03.033

55. Jiang, B, Wang, YJ, Wang, H, Song, L, Huang, C, Zhu, Q, et al. Antidepressant-like effects of fenofibrate in mice via the hippocampal brain-derived neurotrophic factor signalling pathway. Br J Pharmacol (2017) 174:177–94. doi: 10.1111/bph.13668

56. Kanoski, SE, and Grill, HJ. Hippocampus contributions to food intake control: mnemonic, neuroanatomical, and endocrine mechanisms. Biol Psychiatry (2017) 81:748–56. doi: 10.1016/j.biopsych.2015.09.011

57. Egertová, M, Michael, GJ, Cravatt, BF, and Elphick, MR. Fatty acid amide hydrolase in brain ventricular epithelium: mutually exclusive patterns of expression in mouse and rat. J Chem Neuroanat (2004) 28:171–81. doi: 10.1016/j.jchemneu.2004.07.001

58. Romano, A, Cassano, T, Tempesta, B, Cianci, S, Dipasquale, P, Coccurello, R, et al. The satiety signal oleoylethanolamide stimulates oxytocin neurosecretion from rat hypothalamic neurons. Peptides (NY) (2013) 49:21–6. doi: 10.1016/j.peptides.2013.08.006

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

60. Fry, M, and Ferguson, AV. The sensory circumventricular organs: brain targets for circulating signals controlling ingestive behavior. Physiol Behav (2007) 91:413–23. doi: 10.1016/j.physbeh.2007.04.003

61. Braegger, FE, Asarian, L, Dahl, K, Lutz, TA, and Boyle, CN. The role of the area postrema in the anorectic effects of amylin and salmon calcitonin: behavioral and neuronal phenotyping. Eur J Neurosci (2014) 40:3055–66. doi: 10.1111/ejn.12672

62. Punjabi, M, Arnold, M, Rüttimann, E, Graber, M, Geary, N, Pacheco-López, G, Langhans, W, et al. Circulating glucagon-like peptide-1 (GLP-1) inhibits eating in male rats by acting in the hindbrain and without inducing avoidance. Endocrinology (2021) 155:1690–9. doi: 10.1210/en.2013-1447

63. Boutagouga Boudjadja, M, Culotta, I, de Paula, GC, Harno, E, Hunter, J, Cavalcanti-de-Albuquerque, JP, et al. Hypothalamic AgRP neurons exert top-down control on systemic TNF-α release during endotoxemia. Curr Biol (2022) 32:4699–706. doi: 10.1016/j.cub.2022.09.017

64. Bealer, SL. Central neuronal histamine contributes to cardiovascular regulation. News Physiol Sci (1999) 14:100–5. doi: 10.1152/physiologyonline.1999.14.3.100

65. Takagishi, M, Gouraud, SS, Bhuiyan, MER, Kohsaka, A, Maeda, M, and Waki, H. Activation of histamine H1 receptors in the nucleus tractus solitarii attenuates cardiac baroreceptor reflex function in rats. Acta Physiologica (2014) 211:73–81. doi: 10.1111/apha.12278

66. Moran, TH, Baldessarini, AR, Salorio, CF, Lowery, T, and Schwartz, GJ. Vagal afferent and efferent contributions to the inhibition of food intake by cholecystokinin. Am J Physiol (1997) 272:R1245–51. doi: 10.1152/ajpregu.1997.272.4.R1245.

67. Gaetani, S, Kaye, WH, Cuomo, V, and Piomelli, D. Role of endocannabinoids and their analogues in obesity and eating disorders. Eating Weight Disord (2008) 13:e42-8. doi: 10.1007/bf03327526

68. de Petrocellis, L, Davis, JB, and di Marzo, V. Palmitoylethanolamide enhances anandamide stimulation of human vanilloid VR1 receptors. FEBS Lett (2001) 506:253–6. doi: 10.1016/S0014-5793(01)02934-9

69. Ho, WSV, Barrett, DA, and Randall, MD. “Entourage” effects of n-palmitoylethanolamide and n-oleoylethanolamide on vasorelaxation to anandamide occur through TRPV1 receptors. Br J Pharmacol (2008) 155:837–46. doi: 10.1038/bjp.2008.324

70. Raso, GM, Santoro, A, Russo, R, Simeoli, R, Paciello, O, di Carlo, C, et al. Palmitoylethanolamide prevents metabolic alterations and restores leptin sensitivity in ovariectomized rats. Endocrinology (2014) 155:1291–301. doi: 10.1210/en.2013-1823

71. Hansen, HS, and Diep, TA. N-acylethanolamines, anandamide and food intake. Biochem Pharmacol (2009) 78:553–60. doi: 10.1016/j.bcp.2009.04.024




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 Romano, Friuli, Eramo, Gallelli, Koczwara, Azari, Paquot, Arnold, Langhans, Muccioli, Lutz and Gaetani. 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/fendo-14-1158287-g002.jpg
$04-9/HEA
Burssaidxe00 119 4o %

5

S03-9/HEA
Bujssaidxa09 S|123 4O %

(&)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        “To brain or not to brain”: evaluating the possible direct effects of the satiety factor oleoylethanolamide in the central nervous system

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Drugs and treatments (for both experiments 1 and 2)

          



          		

            2.2 Experiment 1

          

            		

              2.2.1 Role of ascending subdiaphragmatic vagal fibers in OEA-induced activation of selected brain nuclei

            

              		

                2.2.1.1 Animals and housing

              



              		

                2.2.1.2 Immunohistochemical analyses

              



              		

                2.2.1.3 Semiquantitative analyses

              



            



            



          



          



          		

            2.3 Experiment 2

          

            		

              2.3.1 Brain pattern of OEA distribution and OEA plasma levels

            

              		

                2.3.1.1 Animals and housing

              



              		

                2.3.1.2 UPLC-MS/MS analyses

              



            



            



          



          



          		

            2.4 Statistical analyses

          

            		

              2.4.1 Experiment 1

            



            		

              2.4.2 Experiment 2

            



          



          



        



        



        		

          3 Results

        

          		

            3.1 Experiment 1

          

            		

              3.1.1 Role of ascending subdiaphragmatic vagal fibers in OEA-induced activation of selected brain nuclei

            



          



          



          		

            3.2 Experiment 2

          

            		

              3.2.1 Brain pattern of OEA distribution and OEA plasma levels

            



          



          



        



        



        		

          4 Discussion

        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1158287_cover.jpg
& frontiers | Frontiers in Endocrinology

“To brain or not to brain™: evaluating the
possible direct effects of the satiety factor
oleoylethanolamide in the central nervous

system





OEBPS/Images/fendo-14-1158287-g003.jpg
(0]

(&)

Arc

VTMN

PVN

OEA

SDA

OEA VEH

il

VEH
SHAM

(nun Aresyque) @o so4-2

OEA
SDA

*%
OEA VEH

Ll

SHAM

VEH

3

2

10
o

(yun Areayiqie) go so4-o

*
OEA

SDA

EH
SHAM

*
OEA VEH

Vi

20
15
o

S04-9/AXO
Buyssaidxao9 s|jad Jo Y,

OEA

SDA

OEA VEH

SHAM

*%
' i

VEH

s
s
3
o

(wun Areayqse) go so4-2

PaM

PaP

*
OEA

%%k
VEH OEA VEH

o

(nun Areaygse) o so4-2

*
OEA

*%k
OEA VEH

VEH

(yun Aseayqse) o so4-2

SDA

SHAM

SDA

SHAM





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





OEBPS/Images/fendo-14-1158287-g001.jpg
c-Fos OD (arbitrary unit)

=)

c-Fos OD (arbitrary unit)

c-Fos OD (arbitrary unit)

c-Fos

Cc

AP
“© =
s
30 * * E‘
=
20 F
&
10 )
@
o £
VEH OEA VEH OEA 5

SHAM SDA

E

SolM
25 €
c
H
20- >
5
15: =
2
10 s
|j D 2
s o
@
[ o
VEH OEA VEH OEA L

SHAM SDA

G

SolVL
25 3
]
20 ;
s
15 =
2
10 s
Q
A B0l ¢
@
o
VEH OEA VEH OEA %

SHAM SDA

25

20

SolC
Fkk
ooo
*
;l;l =
VEH OEA VEH OEA
SHAM SDA
SolDM
*%
i i
VEH OEA VEH OEA
SHAM SDA
DMV
Fekek o
Hkk

SHAM

SDA

H

DBH 0D (arbitrary unit)

DBH OD (arbitrary unit)

“

20

25

75

25

AP

i

VEH OEA VEH OEA

SHAM
SolM
*
-

SDA

i

VEH OEA VEH OEA

SHAM

L

SDA

SolVL

125
100

75

2

DBH OD (arbitrary unit)

DBH OD (arbitrary unit)

SolC

i *%

Wl o

“VEH OEA VEH OEA
SHAM SDA

SolDM

VEH_OEA VEH OEA
SHAM SDA

DBH OD (arbitrary unit)

SHAM

VEH OEA VEH OEA

SDA





OEBPS/Images/fendo-14-1158287-g004.jpg
Food intake (g/kg)

OEA (% of control)

OEA (% of control)

207

54

400

200

10

°

400

L]

O VEH
H OEA

AP

Arc/ME

mmdﬂd

OEA (% of control
OEA (% of control) (% of control)

OEA (% of control)

Plasma

© >
= o
= o

N
o
o

|k
gl
-
” | -
N |-
|
o |t
I
o« |
=1

0

HIPPO

400

©
o
o

N
o
o

o
=

1d HI ﬂl 1

0






