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RELAZIONE:  
 
Background 

The central nervous system (CNS) and the gastrointestinal tract are constantly in reciprocal communication, 

through the so-called “gut-brain axis”, a bidirectional system that involves neuronal, hormonal and 

immunological signals. Many of these signals play a role in the control of energy homeostasis, such as leptin, 

cholecystokinin, glucagon-like peptide-1 and peptide YY, which have been the best characterized. 

Among these “gut-derived signals”, a great deal of attention has also been dedicated to oleoylethanolamide 

(OEA), an endogenous lipid generated in the intestine upon the ingestion of fat (Romano et al., 2015). OEA is 

structurally analogous to the endocannabinoid anandamide (AEA), although it does not show any affinity for 

the cannabinoid receptors, nor does it induce cannabinomimetic effects (Rodrìguez-De Fonseca et al., 2001). 

Most of the consideration for OEA’s biological roles and mechanism of action derived from its potential 

interest as a novel pharmacological target for the treatment of obesity and eating disorders (Gaetani et al., 

2016). In fact, as a drug, OEA reduces food intake and body weight gain in both lean and obese rodents by 

the activation of the peroxisome proliferator-activated receptor-alpha (PPAR-alpha). 

The hypophagic action of OEA appears behaviourally selective: not linked to anxiety-like symptoms, visceral 

malaise, alterations in plasma corticosterone, changes of body temperature, pain threshold, or of glucose, 

leptin and insulin plasma levels (Rodrìguez-De Fonseca et al., 2001). 

The pro-satiety effect evoked by systemic OEA administration is associated to the induction of c-fos 

transcription in key brain areas involved in the control of food intake, such as the nucleus of the solitary tract 

(NST) and the hypothalamic tuberomammillary (TMN), paraventricular (PVN) and supraoptic nuclei (SON) 
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(Romano et al., 2015). In these areas, different neuronal pathways seem to be involved and they include 

oxytocinergic, noradrenergic, and histaminergic neurons (Romano et al., 2015).  

OEA’s mechanism of action might also involve the activation of vagal fibers, as suggested by the observation 

that its effect after i.p. administration is blunted in rats subjected to a complete subdiaphragmatic vagotomy 

or to a pre-treatment with a neurotoxic dose of capsaicin, which destroys vagal and non-vagal unmyelinated 

afferent nerve fibres (Fu et al., 2003). These observations, together with the finding that OEA does not reduce 

food intake when administered by intracerebroventricular infusion in rats (Rodrìguez-De Fonseca et al., 

2001), suggest that its mechanism of action could be peripheral rather than central, and that the activation 

of both brainstem and hypothalamic areas might be indirectly mediated by ascending fibers. However, it has 

been recently shown that OEA does not require intact intestinal vagal afferents to reduce food intake, as 

observed in rats that underwent a selective subdiaphragmatic vagal deafferentation, a surgery that removes 

all abdominal vagal afferents, but sparing approximately half of the efferent (Azari et al., 2014). These 

findings did not seem to support the hypothesis of a strictly peripheral mechanism and suggest that the 

blockade of OEA’s effects by total subdiaphragmatic vagotomy may be due to the absence of efferent rather 

than afferent innervation. 

Whether OEA signal can directly or indirectly reach the brain remained to be fully elucidated. Although 

systemically or orally administered OEA quickly reaches the bloodstream (Gaetani et al., 2003; Oveisi et al., 

2004), indirect evidence suggests that it does not readily permeate the whole CNS, presumably owing to the 

high expression of its degrading enzyme, fatty acid amide hydrolase, in the blood brain barrier (BBB) 

(Egertovà et al., 2000). However, these findings do not necessarily exclude a possible action mediated by the 

circumventricular organs such as the area postrema (AP) in the brainstem and the median eminence (ME) in 

the periventricular area of the hypothalamus. In fact, it has been reported that peripheral OEA induces a 

significant increase of Fos expression in the AP and in the subpostremal nucleus of the NST, suggesting a cell 

activation in these areas (Romano et al., 2014). 

The AP and the ME lack a functional BBB by virtue of the lack of tight junctions and the presence of 

fenestrated capillaries, therefore circulating peptides and other peripheral signals can gain direct access to 

neurons of the AP and ME. In fact, a recent study conducted in animals that underwent the surgical ablation 

of the AP (APX surgery) (Romano et al., 2017), demonstrated the crucial role of this brain area in mediating 

OEA’s effects. In particular, it has been found that the AP ablation completely prevented OEA’s both 

behavioral and neurochemical effects. 

Furthermore, our preliminary experiments allowed us to observe, for the first time, an abundant expression 

of PPAR-alpha receptor within the NST, the AP (Romano et al., 2017), and the ME, leading us to hypothesize 

that a possible molecular target directly activated by OEA in the AP or other circumventricular organs might 

be PPAR-alpha receptor.  

 

Aim 

Based on this background, the aim of this project was to fully elucidate whether systemically administered 

OEA might directly reach and permeate the brain parenchyma through circumventricular organs devoid of a 

functional BBB, such as the AP and the ME. To this purpose, male Wistar rats were sacrificed at different time 

points (2.5, 5, 15, 30, 60 minutes) after acute administration of OEA (10 mg kg-1, i.p.); plasma and selected 

brain areas were collected and N-acylethanolamides (NAEs), including OEA, were extracted and quantified 

by UPLC-MS/MS.  

 

Materials and Methods 

All animals (N = 80) were housed in acrylic 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 and water. All 

experiments were performed in accordance with the European recommendation 2007/526/CE (which was 

transformed into the Belgian Law of May 29, 2013), regarding the protection of laboratory animals. 

mailto:sif.soci@segr.it
mailto:sifcese@comm2000.it


                                                                

Da inviare a: Società Italiana di Farmacologia – e-mail: sif.soci@segr.it; sifcese@comm2000.it  

OEA was acutely administered (10 mg kg−1) by i.p. injection in a vehicle (veh) solution (2 mL kg−1) of 

saline/polyethylene glycol/Tween 80 (90/5/5, v/v/v). Animals only administered with veh were used as 

controls. Both veh and OEA solutions were freshly prepared on test day and administered about 10 minutes 

before dark onset, according to our previous studies (Rodrìguez-De Fonseca et al., 2001; Romano et al., 2017). 

After the injection, animals were sacrificed at the following time points: 2.5, 5, 15, 30 and 60 minutes, and 

food intake was recorded for both OEA and veh treated rats at all the time points considered. 

From these animals, blood samples were collected in glass tubes pre-coated with EDTA and immediately 

centrifuged at 4°C for plasma isolation. Brain areas of interest (NST, AP, dorsal and ventral hippocampus 

(dHIPP and vHIPP), periventricular area of the hypothalamus including the ME) were freshly microdissected 

and snap frozen in liquid nitrogen.  

All the tissues collected were subjected to the lipid extraction procedure. Briefly, as previously described 

(Mutemberezi et al., 2016) brain frozen tissues were homogenized in cold dichloromethane (CH2Cl2, 8 mL), 

followed by the addiction of: internal standards (5 pmol of d4-PEA, d4-OEA, d4-AEA, d4-SEA and 15 pmol of 

d5-2-AG), 4 mL of cold methanol (MeOH, + 0.175% BHT) and 2 mL of bi-distilled water (H2O, + EDTA 7mM). 

The extracting vials were then subjected to vigorous mixing and sonication in ice-cold water, prior to be 

centrifuged for 10 minutes, 700xg at 4 °C. The organic layer was then recovered and evaporated to dryness 

under a stream of nitrogen. A pre-purification of the resulting lipid fraction was obtained by solid-phase 

extraction (SPE) over silica (as stationary phase), using 6 mL of hexane-isopropanol (99:1, v/v) intended to 

the elution of highly lipophilic compounds and cholesterol. 3.6 mL of hexane-isopropanol (7:3, v/v) were then 

added to the SPE columns in order to allow NAEs (OEA, AEA, palmitoylethanolamide (PEA), 

stearoylethanolamide (SEA), linoleoylethanolamide (LEA)) and 2-arachidonoyl-glycerol (2-AG) elution. The 

fraction of interest was dried under a nitrogen stream and the dry residue reconstituted with MeOH for the 

UPLC-MS/MS analysis. 

Plasma samples were extracted with the same procedure, by adding 100 μL of sample in each extraction vial.  

The resulting lipid extract was analyzed by UPLC-MS/MS using a Xevo TQ-S mass spectrometer (Waters, 

Ireland, UK) coupled to an Acquity UPLC® class H (Waters, Ireland, UK). The analytes were separated using 

an Acquity UPLC BEH C18 column (1.7 μm, 2.1 × 50 mm; Waters, Ireland, UK) connected to an in-line filter 

unit and maintained at 40°C. Mobile phases A and B were composed of MeOH-H2O-acetic acid 

(75:24.9:0.1, v/v/v) and MeOH-acetic acid (99.9:0.1, v/v), respectively. The injection volume was 1 μl. The 

gradient (0.2 mL/minutes) was designed as follows: transition from 100% A to 0% A linearly over 2.3 minutes, 

followed by a 4.7 minutes plateau before re-equilibration at 100% A during 3 minutes. An electrospray 

ionization (ESI) source in positive mode was used. Precursor ions, product ions, multiple reaction monitoring 

(MRM) transitions, optimal cone voltage and collision energies were established for each analyte. The MRM 

mode was used to profile two transitions per compound, one quantitative (Q) and one qualitative (q). The 

MRM transitions used were: 326,5->61,9 (Q) and 326,5->309,2 (q) for OEA; 348,2->61,9 (Q), 348,2->90,9 (q) 

and 348,2->287,3 (q) for AEA; 300,3->61,9 (Q) and 300,3->283 (q) for PEA; 328,2->61,9 (Q) and 328,2->311 

(q) for SEA; 324,5->61,9 (Q) and 324,5->306,5 (q) for LEA; 379,2->287,3 (Q), 379,2->269,3 (q), 379,2->90,9 (q) 

for 2-AG; 330,5->65,9 (Q) and 330,5->313,2 (q) for d4-OEA; 352,2->65,9 (Q) and 352,2->287,3 (q) for d4-AEA; 

304,3->65,9 (Q) and 304,3->287 (q) for d4-PEA; 332,2->65,9 (Q) and 332,2->315 (q) for d4-SEA; 384,3->287,3 

(Q) and 384,3->269,3 (q) for d5-2-AG.  

ESI conditions were as follows: capillary voltage at 2800 V; desolvation temperature at 550 °C; desolvation 

and cone gas flow at 1100 and 170 L/H, respectively; nebuliser gas flow at 7.0 bar.  

During the analysis, the autosampler was maintained at 5 °C. For data acquisition and processing, the 

MassLynx® software (Waters, Ireland, UK) was used.  

NAEs were identified based on their mass and by retention time matching (by using a reference solution 

containing deuterated standards and pure NAE standards injected at the beginning and at the end of each 

sequence of injections).  

A calibration curve for each compound of interest was established by preparing standard solutions, 

containing an appropriate amount for each selected compound, which were then diluted to obtain 10 
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calibration points (0, 2.5, 5, 10, 25, 50, 100, 200, 400, 800 fmol on column for NAEs and 0, 50, 100, 200, 

500, 1000, 2000, 4000, 8000, 16000 fmol on column for 2-AG). For OEA 3 additional points were added 

(1600, 3200, 6400 fmol on column). The ranges for the calibration curves were chosen for each standard 

based on preliminary data obtained in rat brain test tissues. Both deuterated standards and diluted 

solutions of non-deuterated standards were then subjected to the same procedure as the biological 

samples.  

The amounts of the compounds analysed were determined by linear interpolation from calibration curves; 

data were analysed by normalizing the pmol amount of each compound to the weight of the brain tissue 

samples (pmol/g) and to the volume of plasma samples (pmol/mL). 

All data were expressed as mean ± SEM and statistically analysed 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. In all 

instances, the threshold for statistical significance was set at P < 0.05.  

 

Results 

Time course of cumulative food intake at different time-points after OEA treatment 

In keeping with our previous studies, the behavioural results revealed that OEA treatment significantly 

reduced food intake in free-feeding rats as early as 15 minutes after its systemic administration, compared 

to veh treated rats. Food intake remained lower than controls for the entire duration of the test. 

Two-way ANOVA analysis of the cumulative food intake (g/Kg) showed a significant effect of treatment 

(Ftreatment = 72.179, df = 1/79, P<0.001), a significant effect of time (Ftime = 28.140, df = 1/79, P<0.001) and a 

significant interaction between treatment and time (Finteraction = 8.760, df = 1/79, P<0.001). Significant 

differences among groups evaluated by the Post hoc analysis are indicated in Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Time course of cumulative food intake (normalized to body weight, g/kg) at different time-points (2.5, 5, 15, 30 
and 60 minutes) after vehicle (veh) or OEA (10 mg kg−1, i.p.) administration to male Wistar rats (N = 8). Data are 
expressed as mean ± SEM. *** P<0.001 vs veh in the same time point (Tukey’s test). 
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Brain distribution of OEA and NAEs after acute systemic administration  

 

The data obtained by UPLC-MS/MS revealed that OEA was able to reach the CNS and to permeate all the 

brain areas analysed (AP, ME, NST, dHipp and vHipp) as early as 5 minutes after its systemic administration 

(Fig. 2 A-E). Interestingly, OEA levels (expressed as pmol/g) resulted considerably higher in OEA- than in veh-

treated animals at 15 minutes with a 1,5-fold increase in the NST, ME, dHipp and vHipp (Fig. 2 B-E). In 

particular, at this time point OEA amount reached the highest increase in the AP, where it was up to 3-fold 

higher compared to control rats treated with veh (Fig. 2 A), supporting our hypothesis concerning the crucial 

role of this area in conveying OEA signal to the brain. This result is more clearly shown by expressing OEA 

levels after treatment as a percentage of those evaluated in the respective controls (Fig. 2 F-J).  

Significant differences among groups evaluated by the Post hoc analysis are indicated in Fig. 2. 

On the other hand, OEA administration did not significantly affect the levels of other NAEs (AEA, PEA, LEA, 

SEA) and 2-AG in the brain (Table 1).   

 

 

 

Fig. 2: OEA Concentration expressed in pmol/g and OEA levels expressed as % of control in the area postrema (AP; A, F), 
median eminence (ME; B, G), nucleus of the solitary tract (NST; C, H), dorsal and ventral hippocampus (dHipp (D, I) and 
vHipp (E, J)) of rats sacrificed at different time points (2.5, 5, 15, 30, 60 minutes) after acute administration of OEA (10 
mg kg-1, i.p.) or vehicle (veh). Data are expressed as mean ± SEM. (N=8). * P<0.05, ** P<0.01, *** P<0.001 vs veh in the 
same time point (Tukey’s test). 
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Table 1: NAEs concentration expressed in pmol/g in selected brain areas of interest in rats after intraperitoneal injection 
of OEA or vehicle. 

VEH OEA VEH OEA VEH OEA VEH OEA VEH OEA

AEA 123,3 ± 21,43 112,9 ± 25,12 104,7 ± 18,02 96,35 ± 13,43 134,8 ± 21,11 118,1 ± 26,27 118,1 ± 27,14 109,2 ± 19,12 91,86 ± 14,19 109,8 ± 16,98 

PEA 1319 ± 240,3 1160 ± 328,7 1211 ± 250,5 1091 ± 171,1 1301 ± 280,3 1428 ± 390,3 1491 ± 289,8 1484 ± 353,1 961,6 ± 148,7 1123 ± 230,9 

LEA 79,12 ± 22,64 69,20 ± 20,06 57,42 ± 9,195 60,03 ± 8,034 48,64 ± 4,832 84,12 ± 23,16 106,4 ± 20,86 116,9 ± 30,70 61,69 ± 10,60 83,08 ± 22,19 

SEA 179,6 ± 41,28 152,9 ± 54,43 229,0 ± 75,19 163,7 ± 34,32 213,3 ± 42,01 208,0 ± 51,47 243,4 ± 56,74 228,2 ± 59,32 114,9 ± 17,87 154,9 ± 36,66

2-AG 4120 ± 460,0 3696 ± 516,6 3767 ± 307,3 4083 ± 294,9 4261 ± 459,0 3601 ± 547,3 3343 ± 373,1 3122 ± 307,2 2944 ± 309,7 3559 ± 453,6

AEA 88,81 ± 13,39 62,59 ± 7,913 81,02 ± 5,052 81,75 ± 13,88 110,9 ± 21,01 74,48 ± 9,919 89,92 ± 8,631 80,55 ± 8,880 60,68 ± 3,951 66,65 ± 6,652 

PEA 739,3 ± 86,20 718,7 ± 38,79 837,9 ± 79,87 601,6 ± 29,28 690,8 ± 72,18 756,6 ± 65,28 709,5 ± 99,02 572,3 ± 41,25 618,6 ± 48,45 659,1 ± 70,84 

LEA 22,47 ± 4,841 24,04 ± 5,469 12,81 ± 2,007 22,34 ± 3,568 19,75 ± 4,666 20,91 ± 1,750 50,47 ± 18,34 37,05 ± 8,532 18,31 ± 3,417 21,16 ± 9,584 

SEA 101,5 ± 13,00 94,69 ± 11,79 140,7 ± 19,26 71,91 ± 11,07 78,79 ± 15,70 112,5 ± 22,56 154,1 ± 16,57 153,4 ± 9,825 138,0 ± 12,63 149,5 ± 9,303 

2-AG 31899 ± 6315 26174 ± 2593 26590 ± 2515 24821 ± 2651 26337 ± 2656 22564 ± 1609 29630 ± 3351 26045 ± 2926 19163 ± 2044 18018 ± 1309

AEA 122,7 ± 40,77 88,08 ± 15,44 117,1 ± 24,59 148,5 ± 58,45 123,4 ± 10,51 145,3 ± 34,39 154,5 ± 34,53 116,9 ± 27,39 85,36 ± 6,837 85,36 ± 6,837 

PEA 2612 ± 296,3 1721 ± 131,2 2399 ± 367,4 1982 ± 128,7 1997 ± 68,67 2032 ± 99,74 2413 ± 325,2 2560 ± 261,9 2156 ± 86,99 2156 ± 71,24 

LEA 73,33 ± 31,51 59,24 ± 17,80 38,52 ± 10,70 50,23 ± 7,541 31,58 ± 3,873 38,47 ± 2,537 78,70 ± 18,75 117,5 ± 34,37 34,81 ± 9,316 30,15 ± 4,898 

SEA 419,5 ± 44,69 300,0 ± 60,39 373,7 ± 53,00 380,8 ± 46,48 382,8 ± 15,27 435,4 ± 35,65 308,3 ± 71,33 407,7 ± 28,38 430,5 ± 16,44 441,2 ± 24,51 

2-AG 15120 ± 2371 11909 ± 1528 14238 ± 2189 11503 ± 827,3 12524 ± 829,2 9473 ± 1066 13684 ± 654,1 11351 ± 620,3 9961 ± 233,2 9648 ± 554,8 

AEA 142,5 ± 10,36 156,8 ± 10,31 163,5 ± 8,616 136,6 ± 4,314 158,7 ± 15,27 132,6 ± 9,416 170,7 ± 13,17 126,2 ± 6,099 125,8 ± 14,37 115,4 ± 6,141 

PEA 593,0 ± 42,13 615,5 ± 44,45 601,0 ± 54,11 586,5 ± 43,73 641,8 ± 24,35 665,9 ± 74,18 685,4 ± 68,60 647,6 ± 42,04 762,1 ± 40,17 768,1 ± 62,32 

LEA 11,54 ± 0,6578 13,13 ± 0,4788 12,17 ± 0,8385 14,94 ± 1,328 13,54 ± 1,315 15,02 ± 0,7360 18,06 ± 2,498 19,57 ± 2,575 14,37 ± 1,575 14,83 ± 1,997 

SEA 80,51 ± 9,880 91,00 ± 8,295 83,87 ± 9,594 78,39 ± 9,017 88,63 ± 6,813 94,62 ± 12,50 111,1 ± 19,47 104,0 ± 6,922 114,7 ± 8,453 133,4 ± 12,26 

2-AG 8617 ± 258,4 7569 ± 313,6 7957 ± 434,9 8414 ± 687,1 8211 ± 548,9 7170 ± 299,6 8506 ± 571,3 8119 ± 472,5 8418 ± 414,3 7729 ± 363,3 

AEA 232,1 ± 16,33 227,6 ± 13,33 237,7 ± 9,996 214,1 ± 15,61 244,6 ± 14,64 215,0 ± 14,37 242,3 ± 9,202 211,0 ± 20,11 187,3 ± 14,22 197,7 ± 8,673 

PEA 718,5 ± 60,18 598,7 ± 53,01 763,1 ± 52,83 622,6 ± 39,64 697,8 ± 69,25 617,2 ± 42,27 582,1 ± 44,61 501,2 ± 39,52 634,5 ± 44,90 554,8 ± 36,82 

LEA 18,36 ± 1,148 19,56 ± 1,742 16,75 ± 1,227 21,97 ± 2,716 19,73 ± 1,758 19,62 ± 1,347 16,54 ± 1,077 19,27 ± 2,924 17,29 ± 1,952 14,81 ± 0,7246 

SEA 132,3 ± 11,70 102,5 ± 10,36 137,2 ± 11,36 104,4 ± 5,641 119,0 ± 12,22 101,1 ± 9,564 120,2 ± 8,479 102,0 ± 8,843 126,0 ± 9,490 108,4 ± 4,701 

2-AG 14175 ± 549,5 13889 ± 861,5 12196 ± 818,7 13302 ± 741,6 13567 ± 998,1 12939 ± 721,3 13976 ± 1341 13632 ± 1396 16177 ± 1468 15986 ± 1178 

2.5 min 5 min 30 min 60 min15 min

AP

ME

NST

dHipp

vHipp

 
Data are expressed as mean ± SEM. (N=8). Abbreviations: AP, area postrema; dHIPP, dorsal hippocampus; ME, median 
eminence; NST, nucleus of solitary tract; OEA (10 mg kg −1, i.p.); veh, vehicle; vHIPP, ventral hippocampus.  
 

 

 

OEA and NAEs levels in the plasma after acute systemic administration 

 

In keeping with the results obtained in the brain, plasma OEA levels increased as early as 5 minutes after i.p. 

administration with a maximum increase registered at 15-30 minutes (60-fold higher than controls) (Fig. 3A). 

Conversely of what observed in the brain, OEA systemic injection significantly affected the levels of other 

NAEs in the plasma of OEA-treated rats compared to control animals (Fig. 3 B-E). In particular, in the plasma 

we observed that OEA treatment was able to significantly increase the amount of AEA, PEA, LEA and SEA with 

different kinetics compared to control rats. The maximum increase was registered at 15 minutes for AEA, 

PEA and LEA whereas SEA reached the maximum levels 30 minutes after OEA systemic administration. 

Overall, no changes were observed for 2-AG levels except that at 15 minutes after treatment where OEA 

administration significantly induced a reduction of 2-AG amount compared to controls (Fig. 3F).   
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Fig. 3: Concentration of OEA (A) and other NAEs (AEA, B; PEA, C; LEA, D; SEA, E; 2-AG, F) expressed in pmol/ml in the 
plasma of rats sacrificed at different time points (2.5, 5, 15, 30, 60 minutes) after acute administration of OEA (10 mg 
kg-1, i.p.) or vehicle (veh). Data are expressed as mean ± SEM. (N=8). * P<0.05, ** P<0.01, *** P<0.001 vs veh in the same 
time point (Tukey’s test). 
 

 

Conclusions 

 

Overall, these findings suggested that OEA is able to directly reach the BBB as an intact molecule within few 

minutes after i.p administration. Furthermore, our data indicated that OEA has a very extensive brain 

penetration capability, and its effect on feeding behavior following systemic administration may be mediated 

by either the brain regions in close proximity to the circumventricular organs or sites outside of the BBB, 

including AP. In particular, in the AP OEA amount reached the highest increase thus further supporting our 

hypothesis that this brain area could be crucial in allowing the direct access to the brain for circulating OEA. 
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