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Abstract Gastric emptying regulates food intake. Oleoyle-
thanolamide (OEA), an endogenous acylethanolamide chem-
ically related to the endocannabinoid anandamide, inhibits
food intake, but its effect on gastric emptying is unknown.
Here, we investigated the effect and the role of OEAon gastric
emptying inmice fed either a standard (STD) or a high-fat diet
(HFD) for 14 weeks. Gastric emptying was reduced by OEA,
but not by its saturated analog, palmitoylethanolamide. The
effect of OEA was unaffected by rimonabant (cannabinoid
CB1 receptor antagonist), SR144528 (cannabinoid CB2

receptor antagonist), 5′-iodoresiniferatoxin (transient receptor
potential vanilloid type 1 antagonist), or MK886 (peroxisome
proliferator-activated receptor-α) antagonist. Compared to
STD mice, HFD mice showed delayed gastric emptying
and higher levels of gastric OEA. HFD-induced increase in

OEA levels was accompanied by increased expression of
the OEA-synthesizing enzyme N-acyl-phosphatidylethanol-
amine-selective phospholipase D and decreased expression
of the OEA-degrading enzyme fatty acid amide hydrolase.
These results might suggest that elevation of gastric OEA
could possibly contribute to the delayed gastric emptying
observed in HFD-fed animals. HFD regulates OEA levels in
the stomach through an increase of its biosynthesis and a
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decrease of its enzymatic degradation. The inhibitory effect
of OEA on gastric emptying here observed might underlie
part of the anorexic effects of this compound previously
reported.
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Fatty acid amide hydrolase (FAAH)

Abbreviations
AA-5-HT N-arachidonoylserotonin
2-AG 2-arachidonoylglycerol
DMSO Dimethylsulfoxide
FAAH Fatty acid amide hydrolase
HFD High-fat diet
OEA Oleoylethanolamide
I-RTX 5′-iodoresiniferatoxin
NAPE-PLD N-acyl-phosphatidylethanolamine-selective

phospholipase D
PEA Palmitoylethanolamide
PPAR Peroxisome proliferator-activated receptor
RT-PCR Reverse-transcription polymerase chain

reaction
TRPV1 Transient receptor potential vanilloid type-1
STD Standard diet

Introduction

Oleoylethanolamide (OEA) – the amide of oleic acid and
ethanolamine – belongs to a family of animal and plant
bioactive fatty acid amides, the ethanolamides, which also
includes the endocannabinoid anandamide, i.e., the amide
of arachidonic acid and ethanolamide [1, 2]. Like ananda-
mide, OEA is produced by neurons and other cells through
on-demand synthesis from a phospholipid precursor found
within the membrane bilayer and is inactivated through
enzymatic hydrolysis, suggesting that it may participate in
cell-to-cell signaling processes [1–3]. However, in contrast
to anandamide, OEA does not bind to or activate
cannabinoid receptors and, hence, cannot be considered an
endocannabinoid [1]. Pharmacological and molecular bio-
logical experiments have demonstrated that OEA induces
satiation, reduces body weight gain (without causing
visceral illness [4]) and stimulates fat utilization in rodents
[5–10] through activation of the nuclear receptor peroxi-
some proliferator-activated receptor (PPAR)-α [6]. Tran-
sient receptor potential vanilloid type-1 receptors (TRPV1),
which can also be activated by OEA [11], have also been
suggested to mediate some of its anorectic effects [12].

There is a considerable interest in the role of OEA in the
gut, mostly because experimental evidence suggests that
this fatty-acid ethanolamide acts as a “satiety factor” in the
upper part of the small intestine. Intestinal OEA levels in
the gut may change in response to food intake. In rodents,
food deprivation markedly reduces OEA levels in the small
intestine; refeeding normalizes OEA levels [5, 6, 13, 14].
Moreover, OEA levels in the small intestine display diurnal
fluctuations. They are higher during the daytime, when
animals are satiated, and lower during the night, when they
are awake and actively feeding [1]. Unlike classical satiety
factors such as cholecystokinin, which are released into the
bloodstream to terminate an ongoing meal, OEA may be
produced from the small intestine and act within the gut to
evoke satiation [1, 14]. There is also evidence that OEA
may be involved in the regulation of fatty acid absorption in
the gut. In the upper portion of the small intestine, OEA
regulates the expression of genes encoding for proteins
involved in intestinal lipid transport, including fatty acid
translocase (FAT/CD36) and fatty acid transport protein 1
(FATP1) [6, 15]. Consistently, experimental evidence
suggests that OEA increases fatty acid uptake in isolated
enterocytes in vitro [15]. Finally, OEA levels in the blood
of human individuals also change in relation to food
consumption by being lowest after a meal inducing
transient hyperglycemia and permanently elevated in type
2 diabetes patients with noncorrected hyperglycemia [2].

It is well known that gastric emptying plays an important
role in regulating food intake and, hence, obesity [16–18].
Indeed, the inhibition of the gastric emptying of ingested
nutrients represents an important brake against overfilling
the gut [19]. However, the effect of OEA on gastric motility
has been never reported to date. Because OEA inhibits food
intake [1], including that in obese rodents [10, 20], in the
present study we investigated the effect of this fatty acid
ethanolamide on gastric emptying, both in control mice and
in mice fed a high-fat diet (HFD) for 14 weeks, and
analyzed the changes in its gastrointestinal levels following
8 and 14 weeks of HFD.

Materials and methods

Animals and diet

Male ICR mice (22–24 g) were generally used. Mice were
fed ad libitum with standard mouse food, except for the
12-h period immediately preceding the measurement of
gastric emptying. In another set of experiments, male
7-week-old C57Bl/6J mice were used. After 1 week
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acclimatization, C57Bl/6J mice were fed a diet containing
25.5% fat (49% of calories), 22% protein, and 38.4%
carbohydrate (TD97366, Harlan Italy, Corezzana, Milan,
Italy) for 14 weeks. Control C57B1/6J mice received
standard diet (STD). Mice were fed ad libitum except for
the 12-h period immediately preceding the experiments.
Animals were purchased from Harlan Italy. Fasting plasma
glucose levels were determined in 12-h fasted animals
using the glucose test kit with an automatic analyzer (Accu-
Chek® Active, Roche, Basel, Switzerland) in blood
samples obtained from tail vein [21].

Principles of laboratory animal care (NIH publication No.
86–23, revised 1985) were followed. Moreover, all experi-
ments complied with the Italian D.L. no. 116 of 27 January
1992 and associated guidelines in the European Communities
Council Directive of 24 November 1986 (86/609/ECC).

Drug administration

OEA (1–15 mg/kg), palmitoylethanolamide (PEA) (1–15
mg/kg), WY14643 (6 mg/kg) or vehicles were given
intraperitoneally (IP) 30 min before the administration of
the marker (phenol red solution) used to evaluate gastric
emptying. In some experiments, rimonabant (0.1 mg/kg),
5′-iodo-resiniferatoxin (I-RTX, 0.75 mg/kg), SR144528
(1 mg/kg) or the PPAR-α antagonist MK886 (6 mg/kg)
were given IP 10 min before OEA (5 mg/kg). The timing of
administration and the doses of the antagonists used in the
present manuscript (i.e., rimonabant, SR144528, 5′-iodo-
resiniferatoxin, and MK886) were selected on the basis of
previous work [22–24]. In some experiments, the effect of
IP-injected OEA (2–12 mg/kg) was evaluated in mice fed
a HSD and, for comparison, in aged-matched mice fed a
STD. Finally, OEA (5 mg/kg, IP) was also given at different
times (0.5, 1, 2, 4, and 8 h) before the administration of
phenol red solution.

Gastric emptying

Gastric emptying in both control and HFD-fed mice
(14 weeks of dietary treatment) was performed as previ-
ously described [24, 25]. Briefly, after an overnight fast, the
animals received by gavage 0.2 ml of a solution of 50 mg
phenol red in 100 ml 1.5% carboxymethylcellulose, which
was constantly stirred and held at 37°C. After 20 min, mice
were euthanized and the stomach was quickly ligated at the
lower esophageal sphincter and pyloric region and re-
moved. The stomach was opened and its contents were
poured into a test tube and washed with 4 ml distilled water.
At the end of the experiment, 2 ml 1 M NaOH was added to

each tube to develop the maximum intensity of color. The
solutions were assayed with spectrometer at 560 nm.
Percent gastric emptying was calculated according to the
following formula:

100� 1� amount of phenol red recovered after 20 min

amount of phenol red recovered after 0 min

� �
:

Identification and quantification of OEA, PEA,
anandamide, and 2-arachidonoylglycerol

Full-thickness stomachs and small intestines from HFD-fed
mice and aged-matched mice fed a STD (8 and 14 weeks of
dietary treatment) were removed and tissue specimens were
immediately weighed, immersed into liquid nitrogen, and
stored at −70°C until chromatographic separation of
endocannabinoids. Tissues were extracted with chloro-
form/methanol (2:1, by volume) containing each 200 pmol
of d4-OEA and d4-PEA, synthesized as described previ-
ously [26]. The lipid extracts were purified by silica column
chromatography, carried out as described previously for
anandamide [26], and the fractions containing OEA and
PEA were analyzed by isotope dilution liquid chromatog-
raphy–atmospheric pressure–chemical ionization mass
spectrometry carried out in the selected monitoring mode
as described for anandamide in detail elsewhere [27, 28].
Results were expressed as picomoles or nanomoles per
gram of wet tissue.

In another set of experiments, we evaluated the gastric
content of OEA, PEA, and the endocannabinoids anan-
damide and 2-arachidonoylglycerol (2-AG) in STD-fed
mice treated with the fatty acid amide hydrolase (FAAH)
inhibitor N-arachidonoylserotonin (AA-5-HT, 15 mg/kg IP,
30 min before killing the animals) [29]. Tissues were
extracted with chloroform/methanol (2:1, by volume)
containing each 200 pmol of d4-OEA and d4-PEA and
10 pmol each of d5-2-arachidonoylglycerol (d5-2-AG) and
d8-anandamide, synthesized as described previously [26].
The extracts were then processed as described above.

Quantitative real-time PCR

Full-thickness stomachs (antrum plus fundus) from control
and HFD mice were homogenized in 1 ml of Trizol®
(Invitrogen, Carlsbad, CA, USA). Total RNA was extracted
according to manufacturer recommendations, dissolved in
RNA-storage-solution (Ambion, Foster City, CA, USA),
UV-quantified by a Bio-Photometer® (Eppendorf, Hamburg,
Germany), and stored to −80°C. RNA aliquots (6 μg) were
digested by RNAse-free DNAse I (Ambion DNA-free™ kit)
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in a 20-μl final volume reaction mixture to remove
contaminating genomic DNA. After DNAse digestion,
concentration and purity of RNA samples were evaluated
by the RNA-6000-Nano® microchip assay, using a 2100
Bioanalyzer® equipped with a 2100-Expert-Software®
(Agilent, Santa Clara, CA, USA), following the manufac-
turer’s instructions. For all samples tested, the RNA integrity
number was greater than 6 (relative to a 0–10 scale). Three
micrograms of total RNA, as evaluated by the 2100
Bioanalyzer, was reverse transcribed in a 25-μl reaction
mixture containing 50 mM Tris–HCl pH 8.3, 75 mM KCl,
3 mMMgCl2, 10 mM dithiothreitol, 1 mM dNTPs, 20 units
of RNAse inhibitor (Invitrogen), 0.125 A260 units of
hexanucleotide mixture (Invitrogen) for random priming,
and 200 units of MoMuLV Superscript® III reverse
transcriptase (Invitrogen). The reaction mixture was incu-
bated in a termocycler iCycler-iQ® for a 5-min step at 55°C,
followed by a rapid chilling for 2 min at 4°C. The protocol
was stopped at this step and the MoMuLV reverse transcrip-
tase was added to the samples, excepting the negative
controls (-RT). The incubation was resumed by two thermal
steps: 10 min at 20°C followed by 90 min at 50°C. Finally,
the reaction was terminated by heating at 95°C for 10 min.
Quantitative real-time PCR was performed by an iCycler-
iQ® in a 25-μl reaction mixture containing 1× iQ-SYBR®-
Green-Supermix (Bio-Rad, Hercules, CA, USA), 20 ng of
cDNA (calculated on the basis of the retro-transcribed
RNA), and 330 nM for each primer. The amplification
profile consisted of an initial denaturation of 2 min at 94°C
and 40 cycles of 30 s at 94°C, annealing for 30 s at TaOpt
(optimum annealing temperature—see below), and elonga-
tion for 45 s at 68°C. Fluorescence data were collected during
the elongation step. A final extension of 7 min was carried out
at 72°C, followed by melt-curve data analysis. Optimized
primers for SYBR®-Green analysis (and relative TaOpt) were
designed by the Beacon-Designer® software 6.0 version
(Biosoft International, Palo Alto, CA, USA) and were
synthesized (HPLC-purification grade) by MWG-Biotech
AG, Germany. Assays were performed in quadruplicate
(maximum ΔCt of replicate samples <0.5), and a standard
curve from consecutive fivefold dilutions (100 to 0.16 ng) of a
cDNA pool representative of all samples was included for
PCR-efficiency determination. Relative expression analysis,
correct for PCR efficiency and normalized respect to reference
genes β-actin and glyceraldehyde-3-phosphate dehydroge-
nase, was performed by GENEX software (Bio-Rad) for
group-wise comparison and statistical analysis.

Drugs

OEA, PEA, 5′-iodoresiniferatoxin (I-RTX), WY14643 (4-
Chloro-6-[(2,3-dimethylphenyl)amino]-2-pyrimidinyl)
thioacetic acid, and MK866 (1H-Indole-2-propanoic acid)1-

((4-chlorophenyl)methyl)-3-((1,1-dimethylethyl)thio)-alpha,
alpha-dimethyl-5-(1-methylethyl)-3-(1-(4-chlorobenzyl)-
3-t-butylthio-5-isopropylindol-2-yl)-2,2-dimethylpropanoic
acid) where purchased from Tocris Cookson (Bristol, UK).
Rimonabant (5-(p-chlorophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-N-piperidinopyrazole-3-carboxamide and
SR144528 (N-[-1S-endo-1,3,3-trimethyl bicyclo [2.2.1]
heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1-(4-methylben-
zyl)-pyrazole-3-carboxamide) were a kind gift from Drs.
Madaleine Mossè and Francis Barth (SANOFI-Recherche,
Montpellier, France). AA-5-HT was synthesized as
described previously [29].

OEA, I-RTX, WY14643 and MK866 were dissolved in
dimethylsulfoxide (DMSO), PEA in ethanol. For endocan-
nabinoid and acylethanolamide measurements, AA-5-HT
was dissolved in DMSO/Tween 80 (1:4) (4 μl/mouse). The
drug vehicles (2 μl/10 g of DMSO, 2 μl/10 g of ethanol,
4 μl/mouse DMSO/Tween 80) had no significant effect on
the responses under study.

Statistics

Data are expressed as the mean±SEM of experiments in n
mice. To determine statistical significance, Student’s t test
was used for comparing a single treatment mean with a
control mean, and a one-way analysis of variance followed
by a Tukey–Kramer multiple comparisons test was used for

Fig. 1 Effect of IP-injected oleoylethanolamide (OEA) and palmitoy-
lethanolamide (PEA) (both these bioactive amides were used at doses
ranging from 1 to 15 mg/kg) on gastric emptying in control mice. Bars
represent the mean±SEM of 9–11 animals for each experimental
group. Single asterisks, P<0.05, and double asterisks, P<0.01 vs
corresponding vehicle
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analysis of multiple treatment means (or Bonferroni’s for
endocannabinoids, OEA, and PEA levels). P values less
than 0.05 were considered significant.

Results

Gastric emptying in control (STD-fed) mice

IP administration of OEA (1–15 mg/kg) produced a dose-
dependent inhibition of gastric emptying (Fig. 1). A
significant inhibitory effect was achieved starting from the
5-mg/kg dose. By contrast, PEA, at the same dose, did not
affect significantly gastric emptying. A trend towards
inhibition for PEA was observed for the 1–10-mg/kg doses
only (Fig. 1). The inhibitory effect of OEA (5 mg/kg) was
not counteracted by a per se noneffective dose of the CB1

receptor antagonist rimonabant (0.1 mg/kg), the CB2

receptor antagonist SR144528 (1 mg/kg), or the TRPV1
antagonist I-RTX (0.75 mg/kg) (Fig. 2). In addition, the
inhibitory effect of OEA on gastric emptying was also not
modified by pretreatment with the PPAR-α antagonist
MK886 (6 mg/kg) (Fig. 3). Moreover, the PPAR-α agonist
WY14643 (6 mg/kg) did not significantly modify gastric
emptying (% gastric emptying: control 66.9±8.4;

WY14643 66.6±5.4, n=8). Figure 4 shows the time course
of the inhibitory effect of OEA on gastric emptying. It
appears that the effect of OEA is maximal after 0.5 h,
declines after 1–4 h, and is absent after 8 h from its
administration (Fig. 4).

Given alone (i.e., in absence of any agonist), the CB1

receptor antagonist rimonabant (0.1 mg/kg, IP), the CB2

receptor antagonist SR144528 (1 mg/kg IP), the TRPV1
antagonist I-RTX (0.75 mg/kg IP), and the PPAR-α
antagonist MK886 (6 mg/kg IP) did not significantly
modify gastric emptying (% of gastric emptying: control
78±8, rimonabant 82±7 control 70±6, SR144528 68±5;
control 72±5, I-RTX 64.±7; control 67±8, MK886 71±6;
n=8–10 for each experimental group).

Gastric emptying in HFD-fed mice

Compared to aged-matched STD-fed animals, HFD mice
showed significantly increased body weight (STD 29.6±
0.4 g; HFD 41.5±0.7 g, n=38 for each experimental group),
higher blood glucose (STD 121±6; HFD 167±5 per 100 ml,
n=6–8 for each experimental group), and delayed gastric
emptying (percentage gastric emptying STD 79±5 HFD
65±3.5, n=9 for each experimental group). OEA reduced
gastric emptying both in control and HFD-fed animals
(Fig. 5a). Statistical significance was achieved starting from
the 8-mg/kg dose in control animals and from 4 mg/kg in

Fig. 3 Effect of IP-injected oleoylethanolamide (OEA, 5 mg/kg) alone
or in the presence of the PPAR-α antagonist MK886 (6 mg/kg, IP) on
gastric emptying in control mice. Bars represent the mean±SEM of
7–10 mice for each experimental group. Asterisks, P<0.05 vs vehicle.
The difference between OEA and OEA+MK886 was not statistically
different

Fig. 2 Effect of IP-injected oleoylethanolamide (OEA, 5 mg/kg) alone
or in the presence of the CB1 receptor antagonist rimonabant (SR1,
0.1 mg/kg IP), or the CB2 receptor antagonist SR144528 (SR2, 1 mg/kg,
IP) or the TRPV1 antagonist 5′-iodoresiniferatoxin (I-RTX, 0.75 mg/kg
IP) on gastric emptying in control mice. Bars represent the mean±SEM
of 7–10 mice for each experimental group. Asterisks, P<0.05 vs
vehicle. The differences between OEA and OEA plus antagonists (i.e.,
OEA+SR1, OEA+SR2, or OEA+I-RTX) were not statistically
different
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HFD-fed animals (Fig. 5a). However, no statistical signif-
icance was observed between the curves representing the
percent of the inhibitory effects of OEA on gastric
emptying (Fig. 5b).

Levels of OEA and PEA

Gastric and small intestinal OEA and PEA levels were
measured after 8 and 14 weeks of a HFD or a STD. As
shown in Table 1, after 14 weeks of HFD, the levels of
OEA and PEA in the stomach were increased by 2.3- and
1.7-fold, respectively, compared to STD. The changes in
OEA and PEA levels were already significant after 8 weeks
of HFD. OEA and PEA levels also increased with age. By
contrast, OEA and PEA levels in the small intestine of 14-
week HFD mice were not significantly different from those
in STD mice, whereas they were significantly decreased
after 8 weeks of HFD. Intestinal OEA, but not PEA, levels
in HFD, but not STD, mice increased when passing from
8 to 14 weeks.

Table 2 reports the levels of OEA; PEA; and endocan-
nabinoids, anandamide, and 2-AG in STD-fed mice treated
with the FAAH inhibitor AA-5-HT. Compared to vehicle-
treated animals, AA-5-HT caused a significant increase of
anandamide, OEA, and PEA, whereas no differences were
observed for 2-AG.

Expression of N-acyl-phosphatidylethanolamine-selective
phospholipase D and FAAH

HFD caused a 3.9-fold decrease in the levels of FAAH
mRNA (P=0.03) in the antrum and a 2.0-fold increase of
the levels of N-acyl-phosphatidylethanolamine-selective
phospholipase D (NAPE-PLD) mRNA (P=0.05) in the
fundus (Table 3). FAAH expression in the fundus, and
NAPE-PLD expression in the antrum, appeared to also be

Fig. 5 Effect of oleoylethanolamide (OEA, 2–12 mg/kg, IP) on
gastric emptying in animal fed for 14 weeks a standard or a high-fat
diet (HFD). Results (mean±SEM of 3–5 mice for each experimental
group) are expressed as percentage of gastric emptying (a) or
percentage of inhibition of corresponding control values (b). a
Asterisks, P<0.05 vs corresponding vehicle

Fig. 4 Time course of inhibition of gastric emptying by IP-injected
oleoylethanolamide (OEA 5 mg/kg). OEAwas given at different times
(0.5, 1, 2, 4, and 8 h) before the oral administration of the marker
(phenol red) used to assess gastric emptying. Results are means±SEM
of 6–7 mice for each experimental group. Asterisks, P<0.05 vs vehicle
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decreased and increased, respectively, but these changes did
not achieve statistical significance (Table 3).

Discussion

The inhibition of gastric emptying represents an important
brake against overfilling the gut [16–18]. Many intestinal
“satiety signals,” including cholecystokinin, inhibit gastric
emptying, and this probably helps limiting ingestion by
enhancing gastric mechanoreceptor stimulation [16–19].
OEA is an anorexic lipid molecule that acts as a “satiety
signal” in the gut [1]. In the present study, we have shown
that OEA potently inhibited gastric emptying, both in
control and in overweight mice, and this action could
contribute, at least in part, to its anorectic effect.

The spectrum of the pharmacological actions of OEA is
largely unexplored. Previous investigators have shown that
OEA exerts analgesic [30], antioxidative [31] action and
regulates food intake [5, 6] and fatty acid absorption [15].
In the present study, we have shown that OEA inhibited
gastric emptying in a dose-dependent fashion. By contrast,
PEA, a close structural analog of OEA, was without effect,
an intriguing finding in the light of the observation that
both these acylethanolamides have been shown to inhibit
motility in the small intestine [22]. It is worth noting that
the effects of OEA on gastric emptying shown here, as well
as the effect of OEA on food intake previously reported [7],
were found to be relatively short-lasting. The temporal
correlation between the anorectic effect and the inhibition
of gastric emptying suggest that the latter might contribute

to the anorectic activity of OEA; of course, we cannot
exclude the possibility that this correlation is coincidental.

To investigate the mode of action of OEA in reducing
gastric emptying, we evaluated the possible involvement of
(1) cannabinoid receptors, (2) TRPV1, and (3) PPAR-α.
This is because (1) OEA may inhibit the inactivation of
anandamide [32], an endogenous cannabinoid that reduces
gastric emptying [24] and intestinal motility through acti-
vation of CB1 receptors in physiological states and CB2

receptors in pathophysiological states [33–36]; (2) OEA
activates TRPV1 channels expressed in Xanopus oocytes
[37] and mesenteric sensory fibers in rats [11], and it has
been suggested that this amide exerts anorexic effects also
via these receptors [12]. TRPV1 is present in the gastroin-
testinal tract, where it is primarily associated with axons of
spinal afferent neurones and, to some extent, vagal
afferents; activation of such receptors is known to affect
gastrointestinal motility [38]; (3) OEA regulates feeding
and body weight, stimulates fat utilization, and has neuro-
protective effects mediated through activation of PPAR-α
[1, 3]. However, the experiments performed here argue
against the involvement of such receptors in the inhibitory
action of OEA on gastric emptying. In fact, specific
antagonists for such receptors (i.e., the CB1 antagonist
rimonabant, the CB2 antagonist SR144528, the TRPV1
antagonist I-RTX, and the PPAR-α antagonist MK886)
failed to affect OEA-induced changes in gastric motility.
The lack of involvement of PPAR-α was strengthened by
the observation that the PPAR-α agonist, WY14643, at a
dose previously shown to reduce oxidative stress and
inflammatory response evoked by transient cerebral ische-

Table 2 Levels of anandamide, 2-AG, OEA, and PEA in the stomach of mice treated with the FAAH inhibitor AA-5-HT (15 mg/kg, IP)

Treatment (IP) Anandamide (pmol/g) 2-AG (nmol/g) OEA (nmol/g) PEA (nmol/g)

Vehicle 57.7±11.9 5.9±0.8 0.3±0.003 1.5±0.09
AA-5-HT 180.5±42.1* 6.6±0.6 0.46±0.05* 2.1±0.18*

*P<0.05 vs vehicle (n=4)

Table 1 OEA and PEA levels in the stomach of mice fed for up to 8 or 14 weeks with STD or HFD

8 weeks 14 weeks

Small intestine Stomach Small intestine Stomach

OEA (nmol/g) PEA (nmol/g) OEA (nmol/g) PEA (nmol/g) OEA (nmol/g) PEA (nmol/g) OEA (nmol/g) PEA (nmol/g)

STD 0.26±0.04 2.6±0.2 0.3±0.05 4.9±0.7 0.21±0.03 2.0±0.3 0.9±0.17*** 8.6±1.2*
HFD 0.12±0.01**** 1.0±0.1***** 0.9±0.2** 7.7±1.9** 0.21±0.01*** 1.3±0.1 2.1±0.1***,**** 14.8±0.8*,**

Data are means of n=4 experiments
*P<0.05 vs corresponding 8-week samples; **P<0.05 vs corresponding STD samples; ***P<0.01 vs corresponding 8-week samples;
****P<0.01 vs corresponding STD samples; *****P<0.001 vs corresponding STD samples
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mia/reperfusion in the rat [23], did not affect gastric
emptying. Importantly, the dose of rimonabant in the
present study has been recently shown to counteract
anandamide-induced delay in gastric emptying in mice
[24]. Others have recently shown that OEA is an
endogenous ligand of the orphan receptor GP119, a G
protein-coupled receptor expressed predominantly in the
human and rodent pancreas and in the gastrointestinal tract
[39]. The possibility that this receptor mediates some of the
effects of OEA reported here could not be tested due to the
lack of commercially available GPR119 antagonists, and
this will have to be assessed in future studies.

Additional evidence about a physiological role of OEA
in the modulation of gastric emptying comes from the
gastric assays of acylethanolamides in animals treated with
the FAAH inhibitor AA-5-HT. We have recently shown the
FAAH enzyme is a physiological regulator of gastric
emptying [24]. Moreover, the inhibitory effect of the FAAH
inhibitor AA-5-HT involves both a cannabinoid CB1- and a
noncannabinoid receptor-mediated component [24]. In the
present study we have shown that AA-5-HT increased the
gastric content of not only the endogenous ligand ananda-
mide (but not 2-AG), but also that of OEA and PEA. These
results suggest that (1) anandamide, but not 2-AG, is
responsible of the CB1-mediated component of the inhib-
itory effect of AA-5-HT, and (2) OEA (and possibly to a
very minor extent, PEA) might contribute to the non-
cannabinod receptor-mediated effect of AA-5-HT.

In men, gastric emptying is slowed in proportion to the
energy density of the meal, which will level out the rate of
energy delivery to the duodenum [40]. In the present study,
we have shown that gastric emptying was reduced in mice
made overweight and hyperglycemic with a HFD for
14 weeks. Our data are in agreement with previous
investigators who reported delayed gastric emptying in
ob/ob mice, a genetic model of obesity and diabetes [41].
The reduced gastric emptying in HFD-fed animals was
found here to be accompanied by a significant ∼2-fold
increase in gastric OEA levels, which instead was not
observed in the small intestine. It has been reported that, in
lean rats, OEA levels increase after food intake in the small

intestine but not the stomach, possibly because this
compound has anorexic properties and this change might
represent an adaptive reaction to turn off food intake [14].
In our case, however, we found increased OEA levels after
HFD in the stomach but not in the small intestine, and both
STD and HFD mice were killed after a few hours of fasting.
Therefore, our finding of increased OEA levels in the
stomach of HFD mice is unlikely to be due to an acute
dietary effect and seems to be, rather, the consequence of a
prolonged dietary regimen. The increased levels of OEA,
which potently reduces gastric emptying (see above), might
contribute, at least in part, to the decreased motility
observed in HFD-fed mice, although we cannot definitively
exclude the possibility that delayed gastric emptying and
increased OEA levels are independent events. On the other
hand, it is very unlikely that anandamide, which is known
to dose-dependently reduce gastric emptying via CB1

receptor activation, contributes to the delay in gastric
emptying observed in HFD-fed mice. In fact, the stomach
levels of both anandamide and CB1 receptor expression are
down-regulated following HFD [24]. Importantly, the levels
of both OEA and PEA were already significantly higher in
the stomach of HFD mice after 8 weeks of this dietary
regimen and increased with age, indicating that these lipid
mediators are particularly sensitive to both changes in
dietary fat intake and age. In addition, the ability of HFD to
increase OEA levels in the stomach is tissue-specific
because no significant changes after 14 weeks, and even a
decrease after 8 weeks, were observed in the small intestine
of the same mice. Intriguingly, previous investigators
reported that, also in food-deprived lean mice, the levels
of OEA in the small intestine (but not in the stomach) are
markedly decreased and return to baseline after refeeding
[5]. Thus, both short-term food deprivation and prolonged
HFD cause a decrease of OEA intestinal levels, similar to
what was previously found for the orexigenic endocanna-
binoid anandamide, whose levels instead increase in the hy-
pothalamus of both lean food-deprived and obese rats [42].

In view of the changes in gastric OEA levels observed
following a HFD, we decided to analyze by quantitative
reverse-transcription PCR the levels of OEA biosynthesiz-
ing and degrading enzymes in the gastric antrum and
fundus of STD and HFD mice after 14 weeks of either
dietary regimen. Results indicate that that the elevated
levels of OEA were likely to be caused by both increased
biosynthesis, due to the up-regulation of NAPE-PLD
expression observed in the fundus, and decreased degrada-
tion, suggested by the decreased FAAH expression found in
the antrum. In addition, we found that OEA preferentially
inhibited gastric emptying in HDF-fed animals, although
this difference did not reach statistical significance. Inter-
estingly, at the dose of 4 mg/kg, OEA significantly reduced
gastric in HFD but not in control mice, thus suggesting a

Table 3 Changes in NAPE-PLD and FAAH mRNA expression in the
antrum and fundus of the stomach of mice fed a HFD for 14 weeks

Antrum Fundus

NAPE-PLD 2.561±1.262 1.968±0.508*
FAAH 0.252±0.156* 0.589±0.366

Data are mean±SEM of n=3 determinations from three independent
experiments and are expressed as fold changes of mRNA expression
in the antrum and fundus of the stomach of mice fed a HFDs vs a STD
(control, considered as 1). Refer to “Results” for expression-fold data
*P<0.05 vs control
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preferential effect at least of this dose of the amide in
inhibiting gastric motility in overweight/hyperglycemic
animals. This latter finding might be explained also with
the reduced expression of FAAH mRNA levels observed
here after HFD, which might result in reduced inactivation
of exogenously administered OEA by FAAH.

In conclusion, we have shown here that the naturally
occurring amide OEA exerts an inhibition of gastric
emptying that might underlie part of the anorexic actions
previously reported in rodents for this compound, both in
control and in overweight mice. The pharmacological target
of OEA still requires further investigation; however, the
inhibitory action of OEA on gastric motility does not
involve PPAR-α, TRPV1 or cannabinoid receptors. HFD
appears to increase gastric OEA levels through a concerted
regulation of its biosynthesis and degradation. The in-
creased gastric levels of OEA suggest (although do not
definitively prove) a possible contribution of this mediator
in the delayed gastric emptying observed here in HFD-fed
mice. A pharmacological modulation of gastric OEA levels
might offer novel therapeutic strategies in the treatment of
gastric motility diseases, with a potential in diabetic obese
patients, where the blood levels of this compound are
permanently elevated [2].
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