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BACKGROUND AND PURPOSE
Palmitoylethanolamide (PEA), a naturally occurring acylethanolamide chemically related to the endocannabinoid anandamide,
interacts with targets that have been identified in peripheral nerves controlling gastrointestinal motility, such as cannabinoid
CB1 and CB2 receptors, TRPV1 channels and PPARα. Here, we investigated the effect of PEA in a mouse model of functional
accelerated transit which persists after the resolution of colonic inflammation (post-inflammatory irritable bowel syndrome).

EXPERIMENTAL APPROACH
Intestinal inflammation was induced by intracolonic administration of oil of mustard (OM). Mice were tested for motility and
biochemical and molecular biology changes 4 weeks later. PEA, oleoylethanolamide and endocannabinoid levels were
measured by liquid chromatography-mass spectrometry and receptor and enzyme mRNA expression by qRT-PCR.

KEY RESULTS
OM induced transient colitis and a functional post-inflammatory increase in upper gastrointestinal transit, associated with
increased intestinal anandamide (but not 2-arachidonoylglycerol, PEA or oleoylethanolamide) levels and down-regulation of
mRNA for TRPV1 channels. Exogenous PEA inhibited the OM-induced increase in transit and tended to increase anandamide
levels. Palmitic acid had a weaker effect on transit. Inhibition of transit by PEA was blocked by rimonabant (CB1 receptor
antagonist), further increased by 5′-iodoresiniferatoxin (TRPV1 antagonist) and not significantly modified by the PPARα
antagonist GW6471.
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CONCLUSIONS AND IMPLICATIONS
Intestinal endocannabinoids and TRPV1 channel were dysregulated in a functional model of accelerated transit exhibiting
aspects of post-inflammatory irritable bowel syndrome. PEA counteracted the accelerated transit, the effect being mediated by
CB1 receptors (possibly via increased anandamide levels) and modulated by TRPV1 channels.

Abbreviations
2-AG, 2-arachidonylglycerol; CB, cannabinoid; IBS, irritable bowel syndrome; HPRT, hypoxanthine-guanine
phosophoribosyltransferase; I-RTX, NAAA, N-acylethanolamine-hydrolyzing acid amidase; OM, oil of mustard; PEA,
palmitoylethanolamide; TRPV1, transient receptor potential vanilloid type-1

Table of Links

TARGETS LIGANDS

CB1 receptors Anandamide, AEA

CB2 receptors 2-Arachidonoylglycerol, 2-AG

TRPV1 channels GW6471

5′-Iodoresiniferatoxin, I-RTX

Oleoylethanolamide, OEA

Rimonabant

SR144528

This Table lists the protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and
the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013a, b).

Introduction

Irritable bowel syndrome (IBS) is a very common condition
(incidence: 10–15% of the population) defined by abdominal
pain and abdominal discomfort, associated with changes in
stool frequency and form, in the absence of organic disease
that is likely to explain the symptoms (Camilleri, 2012;
Fichna and Storr, 2012; Izzo, 2013). Post-inflammatory IBS
represents a subset of IBS, which occurs after episodes of
inflammation. Although the symptoms of IBS can be targeted
with a variety of agents, there is a paucity of drugs specifically
licensed for the treatment of IBS (Voß et al., 2012; De Ponti,
2013). Due to unsatisfactory results with conventional treat-
ments, complementary and alternative medications, includ-
ing food supplements and plant-derived products, are being
increasingly used (Magge and Lembo, 2011; Rahimi and
Abdollahi, 2012).

Palmitoylethanolamide (PEA) is an ubiquitous lipid in
animals, with anti-inflammatory, analgesic and neuroprotec-
tive actions, abundant also in plants, particularly in seeds
(Esposito and Cuzzocrea, 2013; Skaper et al., 2014). In some
European countries (Italy, Spain, the Netherlands and
Germany), PEA is available – as foods for special medical
purposes (brand names: Pelvilen, Recoclix, Epitech Srl) – to
alleviate bowel complaints (Skaper et al., 2014). PEA is also
available as food supplement (Normalia, Innovet Italia Srl) in
veterinary clinical practice.

Apart from being a dietary component, PEA is an endog-
enous mediator structurally related to the endocannabinoid
anandamide and shares pathways for biosynthesis and break-
down with this mediator (Lambert and Di Marzo, 1999).
However, unlike anandamide, PEA does not bind to cannabi-
noid (CB) receptors, although it can indirectly activate them
via the so-called ‘entourage effect’, that is the augmentation
of the endocannabinoid levels and/or actions at CB receptors
(De Petrocellis et al., 2002; Smart et al., 2002; Ho et al., 2008;
receptor nomenclature follows Alexander et al., 2013a). Addi-
tional and pharmacologically relevant targets of PEA action
include PPARα (Lo Verme et al., 2005; O’Sullivan and Kendall,
2010) and transient receptor potential vanilloid type-1
(TRPV1) channels (De Petrocellis et al., 2001; Ambrosino
et al., 2013; channel nomenclature follows Alexander et al.,
2013b), which have been identified in peripheral nerves con-
trolling intestinal motility (Boesmans et al., 2011; Holzer,
2011). PEA has been identified in the rodent (Capasso et al.,
2001; Fu et al., 2007; Izzo et al., 2010; 2012; Diep et al., 2011;
Balvers et al., 2013) and human (Darmani et al., 2005;
D’Argenio et al., 2007; Zhang et al., 2014) digestive tract.
When given exogenously, PEA reduces gastrointestinal transit
and displays anti-inflammatory effects in the gut (Di Paola
et al., 2012; Petrosino et al., 2013; Esposito et al., 2014).

In this study, we have evaluated the effect of PEA in a
mouse model of accelerated transit that persists after the
resolution of colonic inflammation (Kimball et al., 2005). The
experimental model is generated by intracolonic administra-
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tion of oil of mustard (OM), which induces transient colitis
(1–5 days after OM), and in the longer term (i.e. 28 days after
OM), a functional increase in gastrointestinal transit that is
observed when there is no more inflammation (Kimball et al.,
2005). We selected this model to study the effect of PEA in
post-inflammatory conditions because OM induces patho-
physiological perturbations resembling those found in IBS
patients, such as altered motility (Kimball et al., 2005) and
visceral hyperalgesia (Laird et al., 2001).

Methods

Animals
All animal care and experimental procedures complied with
the principles of laboratory animal care (NIH publication
no.86–23, revised 1985) and 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). All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 423 animals were used in the experi-
ments described here.

Male ICR mice were purchased from Harlan Italy (Corez-
zana, Milan, Italy) and housed in polycarbonate cages in
isolators under a 12 h light/12 h dark cycle, with controlled
temperature 23 ± 2°C and humidity 60%. Mice were fed ad
libitum with standard food, except for the 24 h period imme-
diately preceding the administration of OM and for the 12 h
period preceding the measurement of intestinal transit.

Induction of experimental colitis
Colitis was induced by the intracolonic administration of OM
(Kimball et al., 2005). Briefly, mice (26–28 g) were anaesthe-
tized with inhaled 5% isoflurane (Centro Agrovete Campania,
Scafati, SA, Italy) and subsequently OM (50 μL of a solution of
0.5% OM in 30% ethanol) was inserted into the colon using
a polyethylene catheter (1 mm in diameter) via the rectum
(4.5 cm from the anus). Control mice received intracolonic
vehicle (50 μL of 30% ethanol). The mice were allowed to
recover from anaesthesia under a warming light, and then
were maintained with normal food and water for 28 days at
which time they were tested for biochemical, biology molecu-
lar and pharmacological (upper gastrointestinal transit)
experiments. In order to assess colonic damage, in some
experiments, mice were killed 3 and 7 days after OM, the
abdomen was opened by a midline incision. The colon was
removed, isolated from surrounding the tissues, opened
along the antimesenteric border, rinsed, weighed and length
measured [in order to determined the colon weight/colon
length ratio (mg·cm−1) used as a marker of inflammation]
(Borrelli et al., 2013).

Upper gastrointestinal transit
Upper gastrointestinal transit was measured in control and in
mice treated with OM (28 days after its intracolonic admin-
istration). Mice were deprived of food overnight prior to
experimentation, although water was provided ad libitum.
Upper gastrointestinal transit was determined by identifying

the leading front of an intragastrically administered charcoal
meal marker (0.1 mL per 10 g·body weight of a 10% charcoal
suspension in 5% gum Arabic) in the small intestine as pre-
viously described (Kimball et al., 2010; Forbes et al., 2012;
Wade et al., 2012). Twenty minutes after charcoal administra-
tion, the mice were killed by asphyxiation with CO2 and the
small intestine was isolated by cutting at the pyloric and
ileocaecal junctions. The distance travelled by the marker was
measured and expressed as a percentage of the total length of
the small intestine from pylorus to caecum (Forbes et al.,
2012; Wade et al., 2012).

Pharmacological treatment
PEA (1–10 mg·kg−1) or palmitic acid was administered intra-
peritoneally 30 min prior to charcoal administration (both in
control and in OM-treated mice). In some experiments, the
effect of PEA (10 mg·kg−1, i.p.) was evaluated in animals pre-
treated (i.p., 30 min before PEA) with the CB1 receptor
antagonist rimonabant (0.1 mg·kg−1), the CB2 antagonist
SR144528 (1 mg·kg−1), the PPARα antagonist GW6471
(1 mg·kg−1) or the TRPV1 channels antagonist 5′-
iodoresiniferatoxin (I-RTX, 0.17 mg·kg−1). The doses of
rimonabant, SR144528 and GW6471 were selected on the
basis of earlier work on gastrointestinal pharmacology
(Capasso et al., 2008; Abalo et al., 2010; Di Paola et al., 2012).
The dose of I-RTX was selected on the basis of preliminary
experiments showing that the antagonist, at 0.17 mg·kg−1,
did not affect, per se, upper gastrointestinal transit. Higher
doses of I-RTX (i.e. 0.35 and 0.70 mg·kg−1), when given alone,
did reduce intestinal transit in OM-treated mice. In some
experiments, PEA (1–10 mg·kg−1) was given orally (1 h before
charcoal administration, intragastric administration with the
aid of a stomach tube).

Quantitative real-time (RT)-PCR analysis
The intestine (5cm length of jejunoileal tissues, starting 5 cm
proximal of the caecum) from animals treated with vehicle
(control group) or OM were removed (28 days after the
administration of OM or vehicle), collected in RNA later
(Invitrogen, Carlsbad, CA, USA) and homogenized by a rotor-
stator homogenizer in 1.5 mL of Trizol® (Invitrogen). Total
RNA was purified, quantified, characterized and retro-
transcribed as previously described (Grimaldi et al., 2009). For
all samples tested, the RNA integrity number (Bionalyzer
2100, Agilent Technologies, Milan, Italy) was greater than 8
relative to a 0–10 scale. Quantitative RT-PCR was performed
by an iCycler-iQ5® (Bio-Rad Laboratories, Milan, Italy) in a
20 μL reaction mixture as described. 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. Optimized
primers for SYBR-green analysis and optimum annealing tem-
peratures were designed by the Allele-Id software version 7.0
(Biosoft International, Palo Alto, CA, USA) and were synthe-
sized (HPLC-purification grade) by Eurofins-MWG (Ebersberg,
Germany). For each target, all mRNA sequences at http://
www.ncbi.nlm.nih.gov/gene/ were aligned and common
primers were designed (see Supporting Information Table S1
for primer sequences). Relative expression calculation, correct
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for PCR efficiency and normalized with respect to reference
genes β-actin and hypoxanthine-guanine phosophoribosyl-
transferase (HPRT) was performed by the iQ5 software.
Results are expressed as fold expression, compared with
control (= 1) (Romano et al., 2013).

Identification and quantification of PEA,
endocannabinoids and oleoylethanolamide
Full-thickness intestinal tissues (5cm length of jejunoileal
tissues, starting 5 cm proximal of the caecum) from animals
receiving OM or vehicle (with or without PEA 10 mg·kg−1,
i.p.) were removed (28 days after OM administration), imme-
diately immersed into liquid nitrogen and stored at –80°C
until extraction of endocannabinoids [anandamide and
2-arachidonoylglycerol (2-AG)] and PEA. Tissues were
extracted with chloroform/methanol (2:1, by volume) con-
taining each 10 pmol of d8-anandamide, 50 pmol of d4-PEA
and d5-2-AG, synthesized as described previously (for the
former two compounds) (Di Marzo et al., 2008), or provided
by Cayman Chemicals (for d5-2-AG, Ann Arbor, MI, USA).
The lipid extracts were purified by silica column chromatog-
raphy and the fractions containing anandamide, PEA, oleoy-
lethanolamide and 2-AG were analysed by isotope dilution
liquid chromatography–atmospheric pressure–chemical ioni-
zation mass spectrometry. Results were expressed as pico-
moles per milligram of tissue.

Data analysis
Data are expressed as the mean ± SEM of n experiments. To
determine statistical significance, Student’s t-test was used
for comparing a single treatment mean with a control
mean, and a one-way ANOVA followed by a Tukey–Kramer
multiple comparisons test was used for the analysis of mul-
tiple treatment means. Values of P less than 0.05 were con-
sidered significant.

Materials
Ultramicronized PEA (powder particle size <10 μm, with
the following distribution: <6 μm, 99.9%; <2 μm, 59.6%;
<1 μm, 14.7%; <0.6 μm, 2%, as described in patent EP
2475352 A1, with text from patent WO2011027373A1)
was kindly provided by Epitech Group (Saccolongo, Italy).
Ultramicronized PEA might differ, in terms of bioavailability,
from non-ultramicronized PEA only when administered in an
aqueous vehicle. Rimonabant and SR144528 (N-[(1S)-endo-1,
3,3- trimethylbicyclo [2.2.1]heptan2-yl] -5- (4-chloro-3
-methylphenyl)-1-[(4-methylphenyl)methyl]-1H-pyrazole-3
-carboxamide) were provided by SANOFI Recherche, Mont-
pellier, France. OM was purchased from Sigma Aldrich
S.r.l. (Milan, Italy), 5′-Iodoresiniferatoxin (I-RTX), palmitic
acid and GW6471 (N-[(2S)-2-[[(1Z)-1-methyl-3-oxo-3-[4-
(trifluoromethyl)phenyl]-1-propen-1-yl]amino]-3-[4-[2-(5-
methyl-2-phenyl-4-oxazolyl)ethoxy]phenyl]propyl]-propanamide)
were supplied by Tocris (Bristol, UK). PEA and palmitic acid
were dissolved in ethanol for i.p. injection (4 μL·per mouse)
or suspended in carboxymethylcellulose (1.5%, 0.2 mL·per
mouse) for oral administration. Rimonabant, SR144528,
I-RTX and GW6471 were dissolved in DMSO (4 μL
per·mouse). PEA, rimonabant, SR144528, GW6471 and I-RTX
vehicles had no significant effects on the responses under
study.

Results

OM induced transient colitis
OM administration evoked transient colitis. Distal colons
from OM-treated mice showed shrinkage, thickening and
severe erythema. When we assessed colonic inflammation by
measuring the colon weight/colon length ratio (a simple and
useful marker of intestinal inflammation), we found that
colitis was transient, peaking at day 3 and absent at day 7
post-OM [colon weigh colon length−1 ratio, mg·cm−1: day 0
(control): 24.5 ± 0.9; day 3: 31.1 ± 1.6 (P < 0.01 vs. control);
day 7: 26.6 ± 1.4, n = 5 for each experimental group]. Our data
are in agreement with those of Kimball et al. who showed
that the colitis induced by OM did not extend beyond 7 days
(Kimball et al., 2005).

OM induced a post-inflammatory functional
increase of upper gastrointestinal transit
In agreement with previous work (Kimball et al., 2005), OM
induced a post-inflammatory accelerated upper gastrointesti-
nal transit 28 days after its administration (Figure 1). Thus,
OM increased transit 4 weeks after its administration in a site,
the small intestine, distant from the site of acute inflamma-
tion, the colon.

PEA reduced the post-inflammatory
accelerated upper gastrointestinal transit
induced by OM
Upper gastrointestinal transit studies were performed with
PEA (single administration) given to mice 28 days after intra-
colonic vehicle (30% ethanol, control group) or OM. PEA
(1–10 mg·kg−1, i.p.), given 30 min before the administration
of the charcoal, reduced upper gastrointestinal transit both in
control (Figure 2A) and in OM-treated mice (Figure 2B).
However, while in control mice, the effect was significant at

Figure 1
Effect of oil of mustard (OM) on upper gastrointestinal transit
28 days after its intracolonic administration (50 μL of a solution of
0.5% OM in 30% ethanol). Results are expressed as percentage of
upper gastrointestinal transit (a low percentage indicates an anti-
prokinetic effect). Bars represent the means ± SEM of 9–10 mice. *P
< 0.05, significantly different from vehicle.
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the highest dose tested (10 mg·kg−1), in OM-treated animals,
PEA significantly reduced motility starting from the
2.5 mg·kg−1 dose. Analysis of the curves representing the per-
centage of inhibition of transit in control and OM-treated
animals revealed that PEA preferentially decreased motility in
OM-treated mice (Figure 2C).

Palmitic acid had a little inhibitory effect on
post-inflammatory accelerated upper
gastrointestinal transit induced by OM
Because PEA may be hydrolyzed to palmitic acid, we tested
the effects of this fatty acid (1–10 mg·kg−1, i.p.) and found no
significant effects on upper gastrointestinal transit in control
animals (Figure 3A). In OM-treated mice, palmitic acid sig-
nificantly inhibited transit only at the highest dose
(10 mg·kg−1) tested (Figure 3B).

The CB1 receptor antagonist rimonabant
blocked the inhibitory effect of PEA on upper
gastrointestinal transit in OM-treated but not
in control mice
Because PEA might indirectly activate CB receptors via the
so-called entourage effect (De Petrocellis et al., 2002), we
investigated the effect of PEA on upper gastrointestinal
transit, both in control and OM-treated mice, in the presence
of selective cannabinoid CB1 and CB2 receptor antagonists.
Both rimonabant (CB1 antagonist, 0.1 mg·kg−1, i.p.) and
SR144528 (CB2 antagonist, 1 mg·kg−1, i.p.) did not modify the
inhibitory effect of PEA on upper gastrointestinal transit in
control mice (Figure 4A). However, rimonabant, but not
SR144528, attenuated the decrease in upper gastrointestinal
transit induced by PEA in mice treated with OM (28 days after
its administration) (Figure 4B).

The TRPV1 channel antagonist I-RTX
increased the inhibitory effect of PEA on
upper gastrointestinal transit in
OM-treated mice
PEA is able to activate and desensitize TRPV1 channels
(Ambrosino et al., 2013). Thus, we evaluated the effect of PEA
in the presence of the TRPV1 channel antagonist I-RTX. A
dose of I-RTX (0.17 mg·kg−1), which was not effective when
given alone, did increase the inhibitory effect of PEA on

Figure 2
Inhibitory effect of PEA (1–10 mg·kg−1, i.p.) on upper gastrointestinal
transit in control mice (A) and (B) in mice treated with OM. Transit
was measured 28 days after OM or vehicle (30% ethanol) adminis-
tration. Results (the means ± SEM of 9–10 mice for each experimental
group) are expressed as a percentage of upper gastrointestinal
transit. *P < 0.05, **P < 0.01, significantly different from vehicle. In
(C), the effect of PEA (1–10 mg·kg−1, i.p.) on upper gastrointestinal
transit is expressed as % of inhibition of corresponding control
values. A statistically significant difference (P < 0.01) was observed
between the two dose-response curves shown in (C). Note that in (A)
the term ‘vehicle’ refers to the vehicle used to dissolve PEA, while in
(B) the term ‘vehicle’ refers to the vehicle used to dissolve OM.
◀
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upper gastrointestinal transit 28 days after OM administra-
tion (Figure 5B). Higher doses of I-RTX (i.e. 0.35 mg·kg−1 and
0.75 mg·kg−1), given alone, decreased transit in OM-treated
mice [percentage of transit: vehicle 49.2 ± 1.3; OM 63.3 ± 2.1

(P < 0.05 vs. vehicle); OM + I-RTX 0.35 mg·kg−1: 45.3 ± 2.4
(P < 0.05 vs. OM); OM + I-RTX 0.75 mg·kg−1: 41.5 ± 1.9 (P <
0.001 vs. OM); n = 6 for each experimental group].

Effects of the PPARα antagonist GW6471 on
upper gastrointestinal transit 28 days
post-intracolonic OM challenge
This set of experiments was performed because PPARα has
been proposed as one of the main molecular targets of PEA
actions (Lo Verme et al., 2005; Esposito and Cuzzocrea, 2013).

Figure 3
Effect of palmitic acid (1–10 mg·kg−1, i.p.) on upper gastrointestinal
transit in control mice (A) and in OM-treated mice (B). Transit was
measured 28 days after OM or vehicle (30% ethanol) administration.
Results (the means ± SEM of 9–10 mice for each experimental group)
are expressed as a percentage of upper gastrointestinal transit. **P <
0.01, significantly different from vehicle. Note that in (A) the term
‘vehicle’ refers to the vehicle used to dissolve palmitic acid, while in
(B) the term ‘vehicle’ refers to the vehicle used to dissolve OM.

Figure 4
Inhibitory effect of PEA (10 mg·kg−1, i.p.) on upper gastrointestinal
transit in control mice (A) and in OM-treated mice (B) in the presence
of rimonabant (CB1 ant, 0.1 mg·kg−1, i.p.) or SR144528 (CB2 ant,
1 mg·kg−1, i.p.). Transit was measured 28 days after OM or vehicle
(30% ethanol) administration. Results (the means ± SEM of six to
eight mice for each experimental group) are expressed as a percent-
age of upper gastrointestinal transit. #P < 0.05, significantly different
from vehicle; **P < 0.01, significantly different from OM; ††P < 0.01,
significantly different from PEA. Note that in (A) the term ‘vehicle’
refers to the vehicle used to dissolve PEA, while in (B) the term
‘vehicle’ refers to the vehicle used to dissolve OM.

BJPPEA and functional GI disorders of motility

British Journal of Pharmacology (2014) 171 4026–4037 4031



The PPARα antagonist GW6471 (1 mg·kg−1, i.p.) did not
modify the inhibitory effect of PEA on upper gastrointestinal
transit 28 days after the intracolonic administration of OM
(Figure 6), although the effect of PEA was lost in GW6471-
treated animals.

TRPV1 channels, but not PPARα, were
down-regulated in the small intestine 28 days
after intracolonic OM challenge
Kimball et al. showed hyperexpression of both CB1 and CB2

receptors in jejunoileal tissues, 28 days after intracolonic OM
(Kimball et al., 2010). We thus evaluated, by RT-PCR, the
mRNA expression of other targets of PEA, namely TRPV1
channels and PPARα. Results, illustrated in Figure 7, showed a
down-regulation of TRPV1 channels in the small intestine,
with no changes in PPARα expression (Figure 7).

Intracolonic OM treatment did not change
PEA levels 28 days later
Isotope GC-MS analysis of lipid extracts from the small intes-
tine of control and OM-treated mice showed no changes in
endogenous PEA levels (Figure 8). Furthermore, the mRNA
expression of N-acylethanolamine-hydrolyzing acid amidase
(NAAA; a key specific enzyme involved in PEA degradation)
showed no significant changes between samples of small
intestine from control and OM-treated mice (insert to
Figure 8).

Intracolonic OM increased anandamide, but
not 2-AG or oleoylethanolamide, levels
This set of experiments was performed because there is evi-
dence in the literature that PEA can inhibit anandamide

inactivation (Bisogno et al., 1997; Di Marzo et al., 2001) and
thus indirectly activate endocannabinoid targets such as CB
receptors and TRPV1 channels. The levels of anandamide, but
not of 2-AG, were clearly increased, compared with control
tissues, in the small intestine 28 days after OM. These levels
also showed a strong trend towards further increase (P =
0.057) following treatment with exogenous PEA (10 mg·kg−1,
i.p., Figure 9). Also, OM treatment did not change the small
intestinal levels of oleoylethanolamide (pmol mg tissue–1:
vehicle 0.22 ± 2.04; OM 0.18 ± 0.03; OM + PEA 0.12 ± 0.02, n
= 6 for each experimental group).

Oral PEA reduced the post-inflammatory
accelerated upper gastrointestinal transit
induced by OM
Because preparations of PEA are marketed for the treatment
of functional intestinal complaints in humans, we investi-
gated its possible efficacy after oral administration to mice.
PEA (1–10 mg·kg−1, p.o.) inhibited upper gastrointestinal
transit only at 5 mg·kg−1, at 28 days after OM (Figure 10).

Discussion

Gut inflammation is now considered as a predisposing event
in a significant proportion of patients who experience IBS-
like symptoms, without signs of co-existent inflammation. In
some patients, functional bowel disorders are the result of an
earlier infection or exposure to allergen that provoked gut
inflammation (Spiller, 2004). In the present study, we showed
that PEA normalized the accelerated upper gastrointestinal

Figure 5
Inhibitory effect of PEA (10 mg·kg−1, i.p.) on upper gastrointestinal
transit in OM-treated mice or in the presence of the TRPV1 channel
antagonist 5′-iodoresiniferatoxin (I-RTX, 0.17 mg·kg−1, i.p.). Transit
was measured 28 days after OM or vehicle (30% ethanol) adminis-
tration. Results (the means ± SEM of six to eight mice for each
experimental group) are expressed as a percentage of upper gastro-
intestinal transit. #P < 0.05, significantly different from vehicle, **P <
0.01, ***P < 0.001 significantly different from OM; ††P < 0.01 ,
significantly different from PEA.

Figure 6
Inhibitory effect of PEA (10 mg·kg−1, i.p.) on upper gastrointestinal
transit in OM-treated mice alone or in the presence of PPARα antago-
nist GW6471 (1 mg·kg−1, i.p.). Transit was measured 28 days after
OM or vehicle (30% ethanol) administration. Results (the means ±
SEM of six to eight mice for each experimental group) are expressed
as a percentage of upper gastrointestinal transit. #P < 0.05, signifi-
cantly different from vehicle; **P < 0.01, significantly different from
OM.
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transit in a murine model of post-inflammatory condition of
the gut, exhibiting some aspects of post-inflammatory IBS.

As shown already (Kimball et al., 2005; 2010), in the
present study, OM induced transient colitis – which resolved
7 days after its intracolonic administration – and a functional
increase in upper gastrointestinal transit that was observed
after the recovery from the colonic inflammation, i.e. at 28
days after OM. As in the original study by Kimball et al.
(2005), we used a method of measuring motility that reflects

a combination of gastric emptying and small intestinal
transit. So, even if our results do not distinguish between a
gastric or intestinal site of action for PEA, but rather reflect a
combination of both, they clearly show that exogenously
administered PEA preferentially inhibited transit in mice with
a functional increase of gastrointestinal motility. It is likely
that PEA was acting in the small intestine rather than in the
stomach, as we have previously shown that PEA inhibits
upper gastrointestinal transit (Capasso et al., 2008) without
affecting gastric emptying (Aviello et al., 2008). The func-
tional increase in intestinal motility was not accompanied by
changes in endogenous PEA levels nor in the mRNA expres-
sion of NAAA, a key enzyme of PEA catabolism. These results
rule against a possible anti-prokinetic effect of endogenous
PEA following the experimental post-inflammatory func-
tional increase in intestinal motility. Recently, increased PEA
levels in the plasma (Fichna et al., 2013) and in the colon
(Zhang et al., 2014) of IBS patients have been reported.

Because PEA is readily hydrolyzed to palmitic acid, we
tested the effects of this fatty acid on intestinal motility. We
found that palmitic acid was much less active than PEA in
reducing intestinal motility, 28 days after OM treatment

Figure 7
Expression of mRNA for TRPV1 (A) and PPAR-α (B) in jejunoileal
segments of in mice treated with OM or vehicle. Tissues were ana-
lysed 28 days after OM or vehicle administration. Results are the
means ± SEM of three experiments. RT-PCR analysis was performed
as described in methods, for statistical significance analysis Cq data
were also analysed by the RESTR 2009 software(Pfaffl M.W., Nucleic
Acid Research 2002, 30, E-36). *P < 0.05, significantly different from
vehicle.

Figure 8
Levels of PEA in jejunoileal segments of mice treated with OM
or vehicle. The insert shows the mRNA expression of
N-acylethanolamine acid amidase (NAAA, a specific enzyme involved
in palmitoylethanolamide degradation) in control and OM-treated
mice. Tissues were analysed 28 days after OM or vehicle administra-
tion. Data are the means ± SEM of five mice (n = 3 for the data
contained in the insert). No significant differences were found.
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(a small inhibitory effect was observed only at the highest
dose tested), suggesting that palmitic acid would contribute
only for a minimal part of the pharmacological effect of
exogenous PEA.

It is well established that many of the pharmacological
effects of PEA involve indirect activation of CB receptors or
TRPV1 channels (via the so-called ‘entourage effect’), activa-
tion of PPARα as well as activation and/or desensitization of
TRPV1 channels (De Petrocellis et al., 2002; Smart et al., 2002;
Lo Verme et al., 2005; D’Agostino et al., 2007; Ambrosino
et al., 2013; Skaper et al., 2014). Thus, in order to investigate
the mode of action of PEA on intestinal transit, we considered
the possible involvement of such receptors. The discussion of
this part of our results is detailed below.

Activation of CB1 and CB2 receptor is known to reduce
intestinal transit in pathophysiological states (Izzo and
Coutts, 2005; Storr et al., 2008). Both CB1 and CB2 receptor
agonists inhibit upper gastrointestinal transit in the experi-

mental model of post-inflammatory accelerated transit
induced by OM (Kimball et al., 2010). In physiological states,
anandamide inhibits transit via activation of CB1 receptors
(Calignano et al., 1997; Izzo et al., 2001), while PEA inhibits
transit via CB-independent mechanisms (Capasso et al.,
2001). In the present study, the inhibitory effect of PEA on
motility was significantly attenuated by a CB1, but not a CB2

receptor, antagonist. A direct activation of cannabinoid CB1

receptors by PEA is unlikely as this acylethanolamide does
not bind to CB1 and CB2 receptors (Lambert and Di Marzo,
1999). We therefore suggest that PEA might indirectly acti-
vate cannabinoid CB1 receptors and thus reduce motility via
the so-called ‘entourage effect’, that is the augmentation of
the endocannabinoid levels and/or modulatory actions at CB
receptors (De Petrocellis et al., 2001; 2002; Smart et al., 2002).
Consistent with our suggestion, we showed, in the present
study, an increase of anandamide levels in the small intestine
after all overt signs of inflammation had resolved (i.e. 28 days
after OM) in mice that exhibit increased upper gastrointesti-
nal transit and, more importantly, that exogenous PEA
further augmented endogenous anandamide levels (although
a conventional statistical difference was not achieved). Fur-
thermore, a more intense CB1 receptor immunostaining in
myenteric neurons 28 days after OM treatment was previ-
ously observed (Kimball et al., 2010), suggesting that hyper-
activation of the endogenous CB system is present in post-
inflammatory states, even in the absence of inflammation.
Importantly, reversal by rimonabant was specific for the
pathophysiological condition as the antagonist did not
change the inhibitory effects of PEA, on transit in control
mice. Collectively, these results suggest that PEA could indi-
rectly activate CB1 receptors, only when endogenous ananda-
mide and/or CB1 receptors were up-regulated and not in the
presence of ‘low’ basal levels of endocannabinoids and CB1

Figure 9
Anandamide (A) and 2-arachidonoylglycerol (B) levels in the small
intestine of mice treated with OM or vehicle: effect of exogenous
PEA. Tissues were analysed 28 days after OM or vehicle administra-
tion. PEA (10 mg·kg−1, i.p.) was administered 30 min before the
assay. Data are the means ± SEM of five mice. *P < 0.05, significantly
different from vehicle (A: OM vs. OM plus PEA, P = 0.057; B: OM vs.
vehicle, P = 0.245).

Figure 10
Inhibitory effect of PEA (1–10 mg·kg−1, oral) on upper gastrointesti-
nal transit in mice treated with OM. Transit was measured 28 days
after OM administration. Results (the means ± SEM of 12–15 mice for
each experimental group) are expressed as a percentage of upper
gastrointestinal transit. #P < 0.05, significantly different from vehicle;
*P < 0.05, significantly different from OM.
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receptors. On the other hand, it is unlikely that PEA might
exert anti-transit effects via the CB2 receptor, as the selective
CB2 receptor antagonist SR144528, at a dose previously
shown to counteract the inhibitory effect of the selective CB2

receptor antagonist JWH015 on intestinal transit, did not
change the effect of PEA. Others have found that the effect of
PEA might exert pharmacological effects via putative CB2-like
receptors (Calignano et al., 1998; Farquhar-Smith et al.,
2002).

In the alimentary canal, TRPV1 channels are present in
extrinsic sensory neurons and in intrinsic myenteric neurons
(Holzer, 2011). Animal experiments have demonstrated a key
role for these ion channels in the modulation of mechano-
sensitivity, chemosensitivity and pain in IBS (Boesmans et al.,
2011). Increased numbers of TRPV1 channels in nerve fibres
have been observed in IBS patients and these are believed to
contribute to visceral hypersensitivity and pain in IBS (Akbar
et al., 2008). In the present study, we have shown that
28 days after the acute colitis, two changes were observed. (i)
TRPV1 channels were down-regulated in the small intestine
and (ii) a dose of I-RTX which was in effective by itself,
further increased the anti-transit effect of PEA. Such data
suggest that the effect of PEA on transit is negatively modu-
lated by TRPV1 channels. Consistent with our data, De
Novellis et al. (2012) have recently reported that PEA
decreased the burst and increased the latency of tail flick-
evoked onset of ‘ON cell’ activity in the rostral ventromedial
medulla and such effects were enhanced by I-RTX. Further-
more, we have recently shown that the intestinal anti-
inflammatory effect of PEA was augmented by capsazepine,
another TRPV1 channel antagonist (F. Borrelli, unpublished).

Another mediator of the pharmacological actions of PEA,
such as the analgesic, antiepileptic and anti-inflammatory
effects, is the nuclear receptor PPARα (Lo Verme et al., 2005;
Citraro et al., 2013; Esposito et al., 2014; Okine et al., 2014).
We thus investigated the possible involvement of this recep-
tor by measuring its intestinal mRNA expression 28 days
after OM administration and by evaluating the effect of PEA
in the presence of GW6471, a PPARα receptor antagonist.
Although PPARα immunoreactivity has been detected in
myenteric neurons throughout the mouse gastrointestinal
tract (Cluny et al., 2009), the involvement of this nuclear
receptor in the control of intestinal motility has not been
demonstrated to date. In the present study, we showed that
GW6471 did not significantly counteract the effect of PEA
on intestinal motility, although the effect of PEA was lost in
GW6471-treated rats. The dose of GW6471 used in the
present study has been previously shown to reveal PPARα-
mediated anti-inflammatory effects of simvastatin (Esposito
et al., 2012).

Finally, because the naturally occurring lipid PEA is avail-
able for human use as food for medical purposes, promoted
for the treatment of functional disturbances of the gastroin-
testinal tract, we tested the efficacy of PEA after oral admin-
istration. We observed that PEA significantly – and only at
the 5 mg·kg−1 dose – reduced intestinal motility at day 28
post-OM treatment. Thus, PEA was less active when given
orally than when given intraperitoneally, a result which can
be explained by the presence, in the digestive tract, of NAAA
and other amidases able to metabolize PEA (Tsuboi et al.,
2007; Borrelli and Izzo, 2009).

In conclusion, by using a functional model of accelerated
gastrointestinal transit, exhibiting some aspects of post-
inflammatory IBS, we have shown that levels of endogenous
anandamide and TRPV1 channels were altered, after an initial
inflammatory period, thus suggesting their involvement
in the underlying pathophysiology of functional post-
inflammatory disturbances of gastrointestinal motility.
Importantly from a pharmacological viewpoint, PEA normal-
ized the functional post-inflammatory accelerated intestinal
transit, an effect which probably involves indirect activation
of CB1 receptors and is modulated by TRPV1 channels. In
view of its safety, PEA might be considered for clinical use in
disorders of intestinal motility, such as post-inflammatory
IBS.
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