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Abstract. Oleoylethanolamide (OEA), the naturally
occurring amide of ethanolamine and oleic acid, is an
endogenous lipid that modulates feeding, body weight
and lipid metabolism by binding with high affinity to
the ligand-activated transcription factor, peroxisome
proliferator-activated receptor-alpha (PPAR-«). In the

present article, we describe the biochemical pathways
responsible for the initiation and termination of OEA
signaling, and outline the pharmacological properties of
this compound in relation to its ability to activate PPAR-
a. Finally, we discuss the possible role of OEA as a
peripheral satiety hormone.
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Introduction

The fatty-acid ethanolamides (FAEs) are a family of natu-
rally occurring lipids that are present in both plant and
animal tissues [1,2]. Their physiological significance was
first recognized nearly 50 years ago, with the discovery of
the antiallergic effects of palmitoylethanolamide [1] (PEA,
fig. 1), the amide of palmitic acid and ethanolamine.
Nevertheless, these compounds received little attention
until another member of the FAE family, arachi-
donoylethanolamide (anandamide, fig. 1), was found to
serve as an endogenous ligand for cannabinoid receptors
[3, 4], the G-protein-coupled receptors targeted by A°-
tetrahydrocannabinol in marijuana [5, 6]. The important
roles played by anandamide in neural transmission
(reviewed in [7]) renewed interest in the FAE family of
lipids, leading in turn to the discovery of a number of
biological effects exerted by these biomolecules, which

* Corresponding author.

are not mediated by cannabinoid receptors (reviewed
in [8]).

In the present article, we review the roles of FAEs, and in
particular oleoylethanolamide (OEA, fig. 1), in the regu-
lation of energy balance. After a brief outline of the
biochemical routes responsible for the formation and
deactivation of OEA, we describe the pharmacological
effects of this compound on feeding and body weight,
as well as its ability to act as a high-affinity agonist
for the ligand-activated transcription factor, peroxisome-
proliferator activated receptor-alpha (PPAR-a). We con-
clude by discussing the possible physiological function of
OEA as an intestinal satiety hormone.

OEA synthesis

Unlike classical neurotransmitters and hormones, which
are stored in and released from secretory vesicles, OEA
and other FAEs are produced through on-demand synthe-
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Figure 1. Structures of various fatty-acid ethanolamides: oleoyl-
ethanolamide (OEA), palmitoylethanolamide (PEA) and anan-
damide (arachidonoylethanolamide, AEA).
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Figure 2. Fatty-acid ethanolamide biosynthesis and deactivation, as
exemplified by OEA. (1) A calcium-dependent N-acyltransferase
activity catalyzes the transfer of oleic acid from the sn-1 position of
phosphatidylcholine (PC) to the free amino group of phosphati-
dylethanolamine (PE) to form N-oleoyl-phosphatidylethanolamine
(NOPE). (2) NOPE is cleaved by NAPE-specific phospholipase D
(PLD) to release OEA. (3) OEA is hydrolyzed by fatty-acid amide
hydrolase (FAAH) or PEA-preferring acid amidase (PAA) to yield
oleic acid and ethanolamine.
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sis from a phospholipid precursor found within the mem-
brane lipid bilayer. In mammalian tissues, two concerted
biochemical reactions mediate this process (Fig. 2). The
first consists in the transfer of a fatty-acid residue from
the sn-1 position of phosphatidylcholine to the free amine
of phosphatidylethanolamine (PE). This reaction is
catalyzed by a calcium and cyclic AMP-regulated N-
acyltransferase (NAT) activity, which remains to be
molecularly cloned, and yields a diverse family of N-
acyl-phosphatidylethanolamines (NAPEs, fig.2). The
second reaction is catalyzed by NAPE-specific phospho-
lipase D (PLD), which cleaves NAPEs to produce FAEs
[9, 10]. The first NAPE-specific PLD was recently identi-
fied [11]. This lipid hydrolase shares little sequence
homology with other members of the PLD family and
recognizes multiple NAPE species, producing OEA
along with other FAEs (fig. 2) [11].

An additional mechanism of FAE biosynthesis has been
proposed, which involves the hydrolysis of NAPE to
N-acyl-lyso-PE (lyso-NAPE), catalyzed by a secretory
phospholipase A, (sPLA,), followed by the cleavage of
lyso-NAPE to FAEs, catalyzed by a lysophospholipase D
(lyso-PLD) [12]. The relative contribution of the
NAT/PLD and sPLA,/lyso-PLD pathways to OEA forma-
tion is unknown at present.

OEA deactivation

In mammalian tissues, OEA is primarily eliminated
through enzymatic hydrolysis to oleic acid and ethano-
lamine. Two enzymes have been identified which may
catalyze this reaction: fatty-acid amide hydrolase
(FAAH) [13, 14] and PEA-preferring acid amidase
(PAA) [15].

FAAH is a membrane-bound intracellular serine hydrolase
that catalyzes the hydrolysis of all FAEs, including OEA
(fig. 2). It is present in all mammalian tissues, but is
particularly abundant in brain and liver [16]. Although
most investigations have focused on the roles of FAAH in
anandamide degradation, OEA is also an excellent
substrate for this enzyme [17—19]. In fact, mice lacking
the faah gene have dramatically reduced OEA hydrolysis
and increased OEA levels in brain and liver tissues [20,
21].

Unlike FAAH, PAA activity is most abundant in the
rodent lung, spleen and small intestine [15]. In the
presence of detergent this activity displays a marked pref-
erence for PEA as a substrate; however, when detergents
are omitted from the assay PAA recognizes all FAEs,
suggesting that it may play a broad role in the deactivation
of these compounds by intact cells [15].
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Figure 3. Diurnal fluctuations of OEA in rat white adipose and
liver tissue. OEA levels in (4) epidydymal fat or (B) liver from
free-feeding male Wistar rats. OEA was measured by isotope-
dilution high-performance liquid chromatography/mass spectrome-
try (HPLC/MS) [71] at 3-h intervals following the onset of the dark
phase (17:00-05:00 h, closed bars). *, p < 0.05: 0 vs. 6h, 0 vs. 9 h;
*¥* p<0.01:6vs. 18 h,9vs. 18 h; #, p<0.05: 6 vs. 21 h, 9 vs. 21 h;
*, p <0.05: 3 vs. 18 h. No significant differences were detected in
liver tissue. ANOVA (analysis of variance) followed by Bonferroni’s
multiple comparison test (n = 4-5).

Regulation of OEA levels

In primary cultures of rat brain neurons, the synthesis of
OEA and its precursor NAPE is stimulated by a variety
of pharmacological treatments that elevate intracellular
calcium levels. These include membrane-depolarizing
agents such as kainate (a glutamate receptor agonist) and
calcium ionophores such as ionomycin [4, 10, 22-24]. In
addition, OEA formation may be elicited in cortical neu-
rons by coactivation of N-methyl-D-aspartate (NMDA)-
type glutamate receptors and cholinergic muscarinic
receptors [24]. However, the physiological stimuli that
control brain OEA levels in live animals remain unex-
plored.

In the duodenum and jejunum of rats and mice, OEA
levels change in response to nutrient status: they are
lower in food-deprived than free-feeding animals, and
return to baseline values upon refeeding [25]. These
alterations are restricted to the upper intestine — a structure
intimately involved in the control of feeding behavior
[26] — and are accompanied by parallel changes in NAT
activity within the upper region of the intestine, which
is suggestive of a stimulatory effect of feeding on OEA
synthesis [25].

OEA levels in the rodent small intestine also 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 [27]. A parallel
diurnal cycle is present in rat white adipose tissue, but not
in the liver (fig.3). The molecular mechanisms that
control OEA turnover in response to feeding and diurnal
cycles have not been characterized.
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Figure 4. OEA inhibits feeding. (4-B), Effects of vehicle (70%
DMSO0/30% saline, 1 ml kg™') OEA (10 mg kg, i.p, administered
15 min before the onset of dark) on food intake in (4) wild-type and
(B) PPAR-a-null mice (n = 5-11). Reproduced from [27]. (C-D),
Effects of vehicle or OEA (10 mg kg, i.p) on food intake in (C)
wild-type and (D) TRPV1-null mice (n = 7-10). ANOVA followed
by a Dunnett’s test. Significantly different from vehicle: *, p <0.05;
** p<0.01.

OEA regulates feeding behavior

The finding that intestinal OEA levels are elevated in the
post-absorptive state suggests that this lipid amide may
contribute to the regulation of feeding behavior. In support
of this possibility, administration of OEA to rats or mice
was found to produce a dose and time-dependent inhibition
of food intake [25, 27-30] (fig. 4a). This effect is both
structurally and behaviorally selective: close structural
analogues of OEA are either less potent than OEA at
reducing feeding (e.g. PEA) or are completely ineffective
(e.g. anandamide or oleic acid) [25]. In fact, anandamide
stimulates feeding in partially satiated animals via activa-
tion of cannabinoid receptors located both in the brain
and peripheral tissues [31, 32]. Importantly, OEA is inac-
tive in a rat model of conditioned taste aversion, does not
cause anxiety-like behaviors in the elevated plus-maze
test and does not change plasma corticosterone levels,
indicating that its anorexiant effects cannot be accounted
for by malaise anxiety or stress [25, 33]. As discussed
later, the ability of OEA to reduce feeding may be
predominantly, if not exclusively, ascribed to an enhanced
state of satiety.

At doses higher than those required to produce
hypophagia, OEA causes moderate hypolocomotion
[25]. This effect is unlikely to contribute to the anorexi-



CMLS, Cell. Mol. Life Sci.  Vol. 62, 2005

ant properties of OEA, however, not only for its clear
dose separation, but also because OEA has no effect
on water intake or need-induced sodium appetite [25,
33].

OEA is an endogenous PPAR-a agonist

Although the structural and behavioral specificity of
OEA and other FAEs suggest that these biomolecules
may interact with a selective receptor site [25, 34], the
identity of this putative receptor has long remained
elusive. The fact that OEA resembles lipid compounds
that activate the PPAR family of nuclear receptors, such
as non-esterified fatty acids [35], prompted us to explore
the possibility that this molecule might target one of these
ligand-activated transcription factors.

PPAR receptors, first identified in 1992 [36], are a family
of ligand-activated transcription factors that comprises
three known isoforms, PPAR-a, PPAR-§ (also called
PPAR-p) and PPAR-y. PPAR-a receptors, the molecular
target of the fibrate class of antihyperlipidemic drugs,
induce a variety of transcriptional changes that result in
increased fatty-acid catabolism, reduced blood lipid levels
and lowered body-weight gain (reviewed in [35, 37]).
They also regulate inflammation through transcriptional
and non-transcriptional actions [38]. Like PPAR-q,
PPAR-§ stimulates adipose tissue utilization and protects
animals from diet-induced obesity [39]. In addition,
activation of this receptor modulates muscle function by
enhancing the transformation of type II to type I fibers
and stimulating mitochondrial biogenesis [40]. In contrast
to PPAR-a and PPAR-6, PPAR-y activation facilitates fat
storage, promotes adipocyte maturation and improves
insulin sensitivity (reviewed in [41]).

OEA activates PPAR-a in standard transactivation assays
with a half-maximal concentration (ECs,) of 120 nM and
PPAR-6 with an ECs, of 1.1 uM, whereas it does not
engage PPAR-y or retinoid-X receptor —an obligatory
partner in PPAR-activated transcription [27]. As illustrated
in table 1, the potency of OEA to activate PPAR-«

Table 1. Potencies of various natural and synthetic PPAR-a agonists
in vitro.

Compound ECsy (uM)
OEA 0.120 [27]
GW7647 0.006 [72]
WY-14,643 0.650 [37]
Oleic acid 10  [27]
EPA 10  [73]
Linoleic acid 7 [45]
Clofibrate 50 [37]
Fenofibrate 30 [72]
8(S)-HETE 02 [74]

EPA, eicosapentaenoic acid; 8(S)-HETE, 8(S)-hydroxyeicosate-
traenoic acid. Results are from references listed in brackets.
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Table 2. Effects of OEA on meal pattern in free-feeding Wistar rats.

Parameter OEA (5 mg/kg) OEA (10mg/kg)

Latency 14 "

First meal size

PMI after 18t meal — — —

OEA (20mgrkg)

1

PMiaye. . - .

Average meal size — — —_

Meal frequency — ‘ {

Doses are in mg/kg, i.p. Arrows symbolize a 100% change from
vehicle alone, half-arrows indicate a 50% change. PMI, post meal
interval. Data are adapted from [57].

exceeds that of other natural ligands and even rivals that
of many synthetic agonists. Activation of PPAR-a by
OEA is structurally selective, since related FAEs — includ-
ing stearoylethanolamide (18:0), myristoylethanolamide
(14:0) and anandamide (20:4) — have no effect on this
receptor [27]. Consistent with its ability to activate
PPAR-a, saturation binding experiments show that OEA
associates with the purified ligand-binding domain
(LBD) of PPAR-a with a dissociation constant (K;) of
approximately 40 nM [27]. Furthermore, in competitive
binding studies, OEA displaces radiolabeled OEA from
the PPAR-a LBD with a half-maximal inhibitory con-
centration (ICs,) of 120 nM [27]. These results indicate
that OEA is a high-affinity agonist of PPAR-a.

Does PPAR-a activation contribute to the hypophagic
actions of OEA? Experiments in genetically modified
mice show that OEA does not reduce feeding in animals
lacking a functional PPAR-a gene (fig. 4b). Underscoring
the selectivity of this defect, PPAR-a-deficient mice
retain the ability to respond to other appetite suppressants,
such as d-fenfluramine and cholecystokinin [27]. The
possibility that OEA causes hypophagia by activating
PPAR-a is supported by two additional findings. First,
potent PPAR-«a agonists, such as GW7647 and Wy-14643,
inhibit food intake [27]. Interestingly, fibrate drugs,
which are widely used in the clinic as antihyperlipidemic
agents, but are weak PPAR-a agonists [42], have no
anorexiant effect [27]. Second, administration of OEA or
synthetic PPAR-a agonists modifies expression of
PPAR-a-regulated genes in the small intestine and other
tissues. Genes modulated by OEA include, along with
PPAR-« itself, fatty-acid translocase (FAT/CD36) and
fatty-acid transport protein (FATP) [27], which encode
for proteins involved in intestinal lipid transport (table 3).
This result is interesting because it suggests that OEA
may facilitate the absorption of lipid nutrients, an effect
functionally analogous to that of cholecystokinin stimu-
lation of pancreas and gall bladder secretion (reviewed in
[43]).

Other members of the PPAR receptor family do not appear
to directly modulate feeding behavior, as potent activators
of PPAR-§ (GW501516) and PPAR-y (ciglitazone) have
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Table 3. Effects of OEA (10 mg/kg, i.p.) on gene expression in
various mouse tissues.

Gene Jejunum Doudenum lleum Liver
PPAR-o " " — 1
PPAR-d — — — N/A
PPAR-y — — — N/A
FAT/CD36 114 111 — 1
FATP 14 11 — N/A
FABP — — — 1+
iNOS | N/A N/A N/A

Arrows symbolize a 100% change from vehicle alone, half-arrows
indicate a 50% change. FAT, fatty-acid translocase; FATP, fatty-acid
transport protein 1; FABP, fatty acid-binding protein; iNOS,
inducible nitric-oxide synthase; N/A, tissue not analyzed. Data are
adapted from [27].

no effect on food intake in mice [27]. These findings
indicate that the anorexiant effects of OEA are selectively
mediated through PPAR-a activation, and demonstrate a
role for this nuclear receptor in the regulation of feeding.

The fatty-acid sensor hypothesis, revisited

PPAR-a is generally regarded as a metabolic sensor of
diet-derived fatty acids [44, 45]. According to this view,
PPAR-a may be activated by the heightened levels of
non-esterified fatty acids reached in tissues after a meal.
Though elegant, this hypothesis does not satisfactorily
explain all of the available data. Fatty acids absorbed are
rapidly modified by cells through conversion to coenzyme
A (CoA) esters, and their metabolic products (phospho-
lipids, glycerol esters, cholesterol esters) do not activate
PPAR-a. Furthermore, if fatty acids directly interact with
PPAR-a, they would be expected to exert anorexiant
effects similar to those of OEA [27]. In contrast, on a
molar basis, fatty acids appear to be weaker than other
nutrients at causing such effects [46, 47]. Even further, if
the role of PPAR-« is to sense fatty-acid flux into cells,
then a high-fat diet should trigger PPAR-« activation in
tissues containing this receptor. In contrast, rats fed either
normal chow or a high-fat diet display identical levels of
two downstream targets of PPAR-a, acyl-CoA-dehydroge-
nase (ACD) — the rate-limiting enzyme of peroxisomal f3-
oxidation — and acyl-coA-oxidase (AOX) — a mitochondr-
ial B-oxidation enzyme — indicating that an elevated fatty-
acid load in the liver does not alter PPAR-« function [48].
Similarly, dietary supplementation of fat to humans fails
to increase fat utilization or stimulate energy balance up
to 24 h following their ingestion [49, 50]. Finally, many
tissues that do not experience fatty-acid fluxes or have
limited capacity to synthesize fatty acids contain PPAR-
a. For example, PPAR-a is present at significant levels in
select regions of the rat brain [51], where there are no sig-
nificant post-prandial fluxes of free fatty acids. Unlike

Regulation of food intake by oleoylethanolamide

fatty acids, OEA binds to and activates PPAR-« at low
nanomolar concentrations, and its levels in small intestinal
tissue are not only tightly controlled by feeding, but can
also reach values that are sufficient to fully activate
PPAR-a [27]. Moreover, OEA is present in all tissues that
express PPAR-a, including the brain, though the regulation
of its biosynthesis in many of these tissues is still unknown.
It appears, therefore, that OEA signaling may complement
in important ways non-esterified fatty acids in their role
as PPAR-a activators, particularly in cells where fatty-acid
buffering is most effective.

Vanilloid receptors do not contribute
to OEA hypophagia

OEA modulates agonist-evoked vanilloid type-1 receptor
(TRPV1) currents in Xenopus oocytes expressing the
receptor [52], raising the possibility that OEA might
interact with TRPV1 to regulate satiety. TRPV1 receptors
are temperature and acid-sensitive cation channels, which
are activated pharmacologically by a diversity of lipid
compounds, including anandamide and lipoxygenase
metabolites of arachidonic acid [53]. To examine whether
TRPV1 receptors participate in the anorexiant actions of
OEA, we used mice deficient in the TRPVI1 gene
(TRPVI17). Using previously established protocols [27],
we administered OEA [10 mg-kg'!, intraperitoneally
(i.p.)] 30 min prior to the inception of the dark phase and
measured feeding for the following 12 h, using an auto-
mated monitoring system. The results of these experi-
ments show that disruption of the TRPV1 gene does not
affect OEA-induced hypophagia (fig. 4c, d), indicating
that TRPV1 activation does not play a significant role in
the anorexiant effects of this lipid amide.

OEA induces satiety

To explore the behavioral mechanism by which OEA
inhibits feeding, we examined how this compound affects
normal feeding patterns in rats. Rats feed during the
night, in a series of episodes (meals) that are separated by
intervals of variable duration (fig. 5). Anorexiant drugs
and feeding-regulating hormones act by modifying dif-
ferent aspects of this patterned behavior. For example, the
serotonergic anorexiant d-fenfluramine (4 mg-kg’!, i.p.)
prolongs the time preceding the first meal (latency of
feeding onset) and shortens meal size [54, 55]. In contrast,
the peptide hormone cholecystokinin selectively reduces
meal size [56]. OEA appears to operate through a distinct
mechanism: when administered systemically to free-
feeding rats or mice before dark, OEA increases feeding
latency and decreases meal frequency, but has no effect
on meal size [57] (table 2). Moreover, synthetic PPAR-a
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Figure 5. Feeding in rodents starts at the onset of dark and consists
of multiple meals, each consisting of several eating bouts. Hormones
and anorexiant drugs modify different aspects of this patterned
behavior; they can prolong the time preceding the first meal or
prolong the interval between meals (i.e. induce satiety); or shorten
the duration and size of a meal (i.e. induce satiation). OEA selectively
prolongs the latency of feeding onset [57].

agonists have very similar effects [27]. An economical
interpretation of these findings is that OEA activation of
PPAR-«a induces a state of satiety (tonic inhibition over
eating) rather than one of satiation (phasic termination of
eating, resulting from the act of food ingestion).

OEA engages vagal sensory fibers

Several feeding-controlled signals of peripheral origin,
such as cholecystokinin, act by engaging vagal sensory
fibers that converge on the nucleus of the solitary tract
(NST) in the brainstem. From the NST, higher-order
brain regions are recruited to process this information.
Pivotal in this regard is the paraventricular nucleus of the
hypothalamus (PVH), which integrates central and periph-
eral satiety signals and orchestrates autonomic responses
by adjusting the balance between energy intake and
energy expenditure (reviewed in [58]).

Several lines of evidence suggest that OEA acts in a sim-
ilar manner to produce satiety. First, OEA fails to reduce
feeding in rats in which the subdiaphragmatic vagus
nerve has been severed [27] (but, for potentially contrast-
ing results see [30]). Second, rats deprived of peripheral
sensory fibers by treatment with the neurotoxin capsaicin
fail to respond to OEA, Wy-14643 or the vagal-dependent
peptide cholecystokinin, but retain their ability to respond
to centrally acting anorexiant drugs, such as the seroton-
ergic agonist CP-93129 [25]. Third, although potent when
administered peripherally, OEA is ineffective after injec-
tion into the rat brain ventricles [25]. Fourth, c-fos in situ
hybridization experiments show that systemically admin-
istered OEA selectively activates the NST, PVH and
supraoptic nucleus [25]. The neuromodulatory systems
recruited by OEA remain unclear, but peptides such as
neuropeptide Y, cocaine and amphetamine-regulated
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Figure 6. Regulation of feeding by intestinal OEA. According to
this hypothetical model, OEA accumulated in the small intestine in
response to feeding activates intestinal PPAR-a receptors, which
engage vagal sensory fibers. This leads in turn to the recruitment of
the nucleus of the solitary tract (NST) in the brainstem and the
paraventricular nucleus of the hypothalamus (PVH), ultimately
causing induction of satiety.

transcript (CART), arginine-vasopressin and oxytocin are
likely to be involved.

The findings discussed above support the model illustrated
in figure 6. According to this hypothetical model, OEA is
produced in the small intestine in response to feeding,
reaching local concentrations that are sufficient to activate
PPAR-a. Acting through an unknown mechanism, these
receptors may in turn activate vagal sensory afferents
leading to the subsequent recruitment of the NST, PVH
and other higher brain structures involved in the control
of energy balance.

A role for intestinal PPAR-a receptors

How does PPAR-a activation mediate the anorexiant
effects of OEA? This important question has not been
addressed yet, but the fact that feeding regulates OEA
levels in the duodenum and jejunum [25,27] implies that
this lipid signal may act on PPAR-«a localized within cells
of the small intestine. In keeping with this possibility, we
found that OEA content in the rat small intestine rises
from 132 = 18 pmol-g™' in the fasting state to 329 *
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150 pmol-g! in the post-ingestive state [25]. The latter
value is approximately twofold higher than the ECy, (half
maximal response) of OEA for PPAR-a (120 nM),
suggesting that post-prandial levels of endogenous OEA
can fully activate this receptor [27].

The chain of molecular events bridging PPAR-« activa-
tion to vagal sensory fiber recruitment is unknown. It is
possible that this message is conveyed, at least in part,
through nitric oxide (NO) release. Enterocytes produce
large amounts of this gaseous transmitter, which may act
as a peripheral appetite-stimulating signal [59, 60].
Moreover, PPAR-a represses the expression of inducible
NO synthase (iNOS), one of the enzymes responsible for
intestinal NO production (table 3) [27, 61]. Thus, repres-
sion of iNOS expression by PPAR-a may contribute to
the long-term satiating effects of OEA, which last for
many hours after injection of the compound [27, 57].
Inception of satiety occurs within minutes of OEA ad-
ministration [57], a time-course that cannot be accounted
for by changes in gene transcription. This suggests that,
in addition to its transcriptional actions, PPAR-a also
engages non-transcriptional mechanisms, possibly analo-
gous to those recruited by receptors for estrogen hor-
mones and vitamin D. Such effects include activation of
phosphoinositol-3-kinase [62], NOS [63] and guanylyl
cyclase [64]. Whether PPAR-« initiates similar or differ-
ent molecular events remains to be determined, but
initial evidence suggests that PPAR-a agonists can
rapidly transactivate epidermal growth factor receptor,
extracellular regulated kinase and p38-MAP kinase in
vitro [65].

Effects of OEA on body weight and fat utilization

In addition to its anorexiant actions, OEA also reduces
body-weight gain when administered subchronically to
lean [25] or obese rats [66] and mice [27], but not PPAR-
a-null mutants [27]. These effects are accompanied by
parallel changes in tissue triacylglycerols and serum
lipids [27, 66]. Pair-feeding experiments suggest that
OEA-induced hypophagia may be sufficient to suppress
body-weight gain in lean rats [25]. The situation may be
different, however, in high-fat-diet-induced obese rats. In
these animals, pair-feeding has no effect on body mass,
which implies that the weight-controlling actions of OEA
might primarily be due to stimulation of energy expendi-
ture [66]. In fact, OEA promotes the expression of PPAR-
a-regulated genes that participate in fat catabolism such
as FATP and FAT/CD36, or energy homeostasis, such as
uncoupling protein-2 (UCP-2) (table 3) [27,66]. In addi-
tion to these transcriptional events, OEA promotes a
rapid lipolytic response, which occurs within minutes
of OEA administration and, therefore, is likely to be
independent of genomic activation [66].

Regulation of food intake by oleoylethanolamide

A physiological role for OEA in the regulation
of satiety?

As discussed above, several lines of evidence suggest that
OEA regulates feeding in a physiological manner. First,
the increase in intestinal OEA levels that occurs in post-
ingestive states is in accord with a role of this compound
as a local satiety hormone. This possibility is reinforced
by results showing that OEA levels are higher during the
daytime (16:30 h: 289 + 29 pmol-g'), when animals are
satiated, and lower during the night (01:30 h: 138 + 12
pmol-g') when they feed [27]. Moreover, diurnal fluctu-
ations of intestinal PPAR-a expression parallel changes
in tissue OEA levels [27]. Thus, a plausible interpretation
of these convergent results is that intestinal OEA may
help maintain satiety in the post-ingestive state via acti-
vation of local PPAR-«a (fig. 6). We cannot exclude, how-
ever, the possibility that PPAR-a receptors in other vis-
ceral organs, such as the liver, may also contribute to this
response.

Conclusions and future directions

The discovery that OEA is an endogenous high-affinity
PPAR-«a agonist raises many questions, three of which
appear to be particularly urgent. First, how is intestinal
OEA synthesis regulated physiologically? OEA levels in
the small intestine are increased post-prandially, but the
physiological and molecular mechanisms or the cellular
localization of this phenomenon are unclear. Second,
what are the roles of OEA in other tissues, such as fat,
liver or brain? The existence of diurnal OEA fluctuation
in white adipose tissue (fig. 3) suggests the enticing pos-
sibility that this lipid amide may serve local modulatory
functions, possibly complementary to those of signaling
proteins, such as leptin and adiponectin [67]. This possi-
bility remains, however, to be explored. Third, how do
other non-cannabinoid FAEs act? Recent work has shown
that PEA reduces inflammation in a PPAR-a-dependent
manner [68]. Is this true also for other FAEs such as
stearoylethanolamide, or do these molecules interact with
additional members of the nuclear transcription factor
family [69, 70]? As these questions are progressively un-
raveled, we may not only gain insight on the OEA signal-
ing system, but also identify new potential drug targets
for the treatment of appetite disorders and obesity.

1 Kuehl F. A., Jacob T. A., Ganley O. H., Ormond R. E. and
Meisinger, M. A. P. (1957) The identification of N-(2-hydrox-
yethyl)-palmitamide as a naturally occurring anti-inflamma-
tory agent. J. Am. Chem. Soc. 79: 5577-5578

2 Bachur N. R., Masek K., Melmon K. L. and Udenfriend S.
(1965) Fatty acid amides of ethanolamine in mammalian tissues.
J. Biol. Chem. 240: 1019-1024



CMLS, Cell. Mol. Life Sci.

3

10

11

13

14

15

19

20

21

22

Vol. 62, 2005

Devane W. A., Hanus L., Breuer A., Pertwee R. G., Stevenson L
A., Griffin G. et al. (1992) Isolation and structure of a brain con-
stituent that binds to the cannabinoid receptor. Science 258:
1946-1949

Di Marzo V., Fontana A., Cadas H., Schinelli S., Cimino G.,
Schwartz J. C. et al. (1994) Formation and inactivation of
endogenous cannabinoid anandamide in central neurons.
Nature 372: 686691

Matsuda L. A., Lolait S. J., Brownstein M. J., Young A. C. and
Bonner T. I. (1990) Structure of a cannabinoid receptor and
functional expression of the cloned cDNA. Nature 346: 561-564
Munro S., Thomas K. L. and Abu-Shaar M. (1993) Molecular
characterization of a peripheral receptor for cannabinoids.
Nature 365: 61-65

Piomelli D. (2003) The molecular logic of endocannabinoid
signalling. Nat. Rev. Neurosci. 4: 873-884

Lambert D., Vandevoorde S., Jonsson K. and Fowler J. (2002)
The palmitoylethanolamide family: a new class of anti-inflam-
matory agents? Curr. Med. Chem. 9: 663674

Schmid H. H., Schmid P. C. and Natarajan V. (1996) The N-
acylation-phosphodiesterase pathway and cell signalling.
Chem. Phys. Lipids 80: 133—-142

Cadas H., Gaillet S., Beltramo M., Venance L. and Piomelli D.
(1996) Biosynthesis of an endogenous cannabinoid precursor
in neurons and its control by calcium and cAMP. J. Neurosci.
16: 3934-3942

Okamoto Y., Morishita J., Tsuboi K., Tonai T. and Ueda N.
(2004) Molecular characterization of a phospholipase D gener-
ating anandamide and its congeners. J. Biol. Chem. 279:
5298-5305

. Sun Y. X., Tsuboi K., Okamoto Y., Tonai T., Murakami M.,

Kudo I. et al. (2004) Biosynthesis of anandamide and N-
palmitoylethanolamine by sequential actions of phospholipase
A2 and lysophospholipase D. Biochem J. 380: 749-756
Schmid P. C., Zuzarte-Augustin M. L. and Schmid H. H. (1985)
Properties of rat liver N-acylethanolamine amidohydrolase. J.
Biol. Chem. 260: 14145-14149

Cravatt B. F, Giang D. K., Mayfield S. P, Boger D. L., Lerner
R. A. and Gilula N. B. (1996) Molecular characterization of an
enzyme that degrades neuromodulatory fatty-acid amides.
Nature 384: 8387

Ueda N., Yamanaka K. and Yamamoto S. (2001) Purification
and characterization of an acid amidase selective for N-
palmitoylethanolamine, a putative endogenous anti-inflamma-
tory substance. J. Biol. Chem. 276: 35552-35557

Cravatt B. F. and Lichtman A. H. (2002) The enzymatic inacti-
vation of the fatty acid amide class of signaling lipids. Chem.
Phys. Lipids 121: 135-148

Désarnaud F., Cadas H. and Piomelli D. (1995) Anandamide
amidohydrolase activity in rat brain microsomes. Identification
and partial characterization. J. Biol. Chem. 270: 6030-6035
Hillard C. J., Wilkison D. M., Edgemond W. S. and Campbell
W. B. (1995) Characterization of the kinetics and distribution of
N-arachidonylethanolamine (anandamide) hydrolysis by rat
brain. Biochim. Biophys. Acta 1257: 249-256

Ueda N., Kurahashi Y., Yamamoto S. and Tokunaga T. (1995)
Partial purification and characterization of the porcine brain
enzyme hydrolyzing and synthesizing anandamide. J. Biol.
Chem. 270: 23823-23827

Lichtman A. H., Hawkins E. G., Griffin G. and Cravatt B. F.
(2002) Pharmacological activity of fatty acid amides is regu-
lated, but not mediated, by fatty acid amide hydrolase in vivo. J.
Pharmacol. Exp. Ther. 302: 73-79

Cravatt B. F., Saghatelian A., Hawkins E.G., Clement A. B.,
Bracey M. H. and Lichtman A. H. (2004) Functional disassoci-
ation of the central and peripheral fatty acid amide signaling
systems. Proc. Natl. Acad. Sci. USA 101: 10821-10826
Hansen H. S., Lauritzen L., Strand A. M., Moesgaard B. and
Frandsen A. (1995) Glutamate stimulates the formation of

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Review Article 715

N-acylphosphatidylethanolamine and N-acylethanolamine in
cortical neurons in culture. Biochim. Biophys. Acta 1258:
303-308

Cadas H., di Tomaso E. and Piomelli D. (1997) Occurrence and
biosynthesis of endogenous cannabinoid precursor, N-arachi-
donoyl phosphatidylethanolamine, in rat brain. J. Neurosci. 17:
1226-1242

Stella N. and Piomelli D. (2001) Receptor-dependent formation
of endogenous cannabinoids in cortical neurons. Eur. J. Phar-
macol. 425: 189-196

Rodriguez de Fonseca F., Navarro M., Gomez R., Escuredo L.,
Nava F,, Fu J. et al. (2001) An anorexic lipid mediator regulated
by feeding. Nature 414: 209-212

Ritter R. C. (2004) Gastrointestinal mechanisms of satiation for
food. Physiol. Behav. 81: 249-273

FuJ., Gaetani S., Oveisi F.,, Lo Verme J., Serrano A., Rodriguez
de Fonseca F. et al. (2003) Oleylethanolamide regulates feeding
and body weight through activation of the nuclear receptor
PPAR-alpha. Nature 425: 90-93

Oveisi F, Gaetani S., Eng K. T. and Piomelli D. (2004)
Oleoylethanolamide inhibits food intake in free-feeding rats
after oral administration. Pharmacol. Res. 49: 461-466
Nielsen M. J., Petersen G., Astrup A. and Hansen H. S. (2004)
Food intake is inhibited by oral oleoylethanolamide. J. Lipid.
Res. 45: 1027-1029

McKay B. M. and Ritter R. C. (2004) Oleoylethanolamide
induces rapid reduction of short-term food intake in intact and
vagotomized rats. Program No. 427.12, Society for Neuro-
science, Washington, DC, online

Williams C. M. and Kirkham T. C. (1999) Anandamide induces
overeating: mediation by central cannabinoid (CB1) receptors.
Psychopharmacology 143: 315-317

Gomez R., Navarro M., Ferrer B., Trigo J. M., Bilbao A.,
Del Arco I. et al. (2002) A peripheral mechanism for CBI
cannabinoid receptor-dependent modulation of feeding. J.
Neurosci. 22: 9612-9617

Proulx K., Cota D., Woods S. C. and Seeley R. J. (2004)
Assessment of the aversive consequences of systemic adminis-
tration of oleoylethanolamide in rats. Program No. 147.12,
Society for Neuroscience, Washington, DC, online

Calignano A., La Rana G., Giuffrida A. and Piomelli D. (1998)
Control of pain initiation by endogenous cannabinoids. Nature
394: 277-281

Berger J. and Moller D. E. (2002) The mechanisms of action of
PPARs. Annu. Rev. Med. 53: 409-435

Dreyer C., Krey G., Keller H., Givel F,, Helftenbein G. and
Wahli W. (1992) Control of the peroxisomal beta-oxidation
pathway by a novel family of nuclear hormone receptors. Cell
68: 879-887

Willson T. M., Brown P. J., Sternbach D. D. and Henke B. R.
(2000) The PPARSs: from orphan receptors to drug discovery. J.
Med. Chem. 43: 527-550

Daynes R. A. and Jones D. C. (2002) Emerging roles of PPARs
in inflammation and immunity. Nat. Rev. Immunol. 2: 748-759
WangY. X., Lee C. H., Tiep S., Yu R. T., Ham J., Kang H. et al.
(2003) Peroxisome-proliferator-activated receptor delta activates
fat metabolism to prevent obesity. Cell 113: 159-170

Wang Y. X., Zhang C. L., Yu R. T., Cho H. K., Nelson M. C.,
Bayuga-Ocampo C. R. et al. (2004) Regulation of muscle fiber
type and running endurance by PPAR delta. PLoS Biol 2: €294
Picard F. and Auwerx J. (2002) PPAR(gamma) and glucose
homeostasis. Annu. Rev. Nutr. 22: 167-197

Kersten S. and Wahli W. (2000) Peroxisome proliferator
activated receptor agonists. EXS 89: 141-151

Nicholl C. G., Polak J. M. and Bloom S. R. (1985) The
hormonal regulation of food intake, digestion and absorption.
Annu. Rev. Nutr. 5: 213-239

Pawar A. and Jump D. B. (2003) Unsaturated fatty acid
regulation of peroxisome proliferator-activated receptor alpha



716

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

J. Lo Verme et al.

activity in rat primary hepatocytes. J. Biol. Chem. 278: 35931—
3599

Krey G., Braissant O., CHorset F., Kalkhoven E., Perroud M.,
Parker M. G. et al. (1997) Fatty acids, eicosanoids and
hypolipidemic agents identified as ligands of peroxisome
proliferator-activated receptors by coactivator-dependent re-
ceptor ligand assay. Mol. Endocrinol. 11: 779-791

Blundell J. E., Burley V. J., Cotton J. R. and Lawton C. L. (1993)
Dietary fat and the control of energy intake: evaluating the
effects of fat on meal size and postmeal satiety. Am. J. Clin.
Nutr. 57: 772S-777S; discussion 777S-778S

Lawton C. L., Burley V. J., Wales J. K. and Blundell J. E. (1993)
Dietary fat and appetite control in obese subjects: weak effects
on satiation and satiety. Int. J. Obes. Relat. Metab. Disord. 17:
409416

Akbiyik F., Cinar K., Demirpence E., Ozsullu T., Tunca R.,
Haziroglu R. et al. (2004) Ligand-induced expression of perox-
isome proliferator-activated receptor alpha and activation of
fatty acid oxidation enzymes in fatty liver. Eur. J. Clin. Invest.
34: 429435

Schutz Y., Flatt J. P. and Jequier E. (1989) Failure of dietary fat
intake to promote fat oxidation: a factor favoring the develop-
ment of obesity. Am. J. Clin. Nutr. 50: 307-314

Bennett C., Reed G. W., Peters J. C., Abumrad N. N., Sun M.
and Hill J. O. (1992) Short-term effects of dietary-fat ingestion
on energy expenditure and nutrient balance. Am. J. Clin. Nutr.
55: 1071-1077

Moreno S., Farioli-Vecchioli S. and Ceru M. P. (2004)
Immunolocalization of peroxisome proliferator-activated
receptors and retinoid X receptors in the adult rat CNS.
Neuroscience 123: 131-145

Ahern G. P. (2003) Activation of TRPV1 by the satiety factor
oleoylethanolamide. J. Biol. Chem. 278: 30429-30434

Ross R. A. (2003) Anandamide and vanilloid TRPV 1 receptors.
Br. J. Pharmacol. 140: 790-801

Grignaschi G., Neill J. C., Petrini A., Garattini S. and Samanin
R. (1992) Feeding pattern studies suggest that d-fenfluramine
and sertraline specifically enhance the state of satiety in rats.
Eur. J. Pharmacol. 211: 137-142

Clifton P. G., Lee M. D. and Dourish C. T. (2000) Similarities
in the action of Ro 60-0175, a 5-HT2C receptor agonist and
d-fenfluramine on feeding patterns in the rat. Psychopharma-
cology 152: 256-267

Ritter R. C., Covasa M. and Matson C. A. (1999) Cholecys-
tokinin: proofs and prospects for involvement in control of food
intake and body weight. Neuropeptides 33: 387-399

Gaetani S., Oveisi F. and Piomelli D. (2003) Modulation of
meal pattern in the rat by the anorexic lipid mediator
oleoylethanolamide. Neuropsychopharmacology 28: 1311-1316
Schwartz M. W., Woods S. C., Porte D. J., Seeley R. J. and
Baskin D. G. (2000) Central nervous system control of food
intake. Nature 404: 661-671

Janero D. R. (2001) Nutritional aspects of nitric oxide: human
health implications and therapeutic opportunities. Nutrition 17:
896-903

Calignano A., Persico P, Mancuso F. and Sorrentino L. (1993)
Endogenous nitric oxide modulates morphine-induced changes

61

62

63

64

65

66

67

68

69

70

71

72

73

74

Regulation of food intake by oleoylethanolamide

in locomotion and food intake in mice. Eur. J. Pharmacol. 231:
415-419

Colville-Nash P. R., Qureshi S. S., Willis D. and Willoughby D.
A. (1998) Inhibition of inducible nitric oxide synthase by
peroxisome proliferator-activated receptor agonists: correlation
with induction of heme oxygenase 1. J. Immunol. 161:
978-984

Losel R. and Wehling M. (2003) Nongenomic actions of steroid
hormones. Nat. Rev. Mol. Cell. Biol. 4: 46-56

Chambliss K. L. and Shaul P. W. (2002) Estrogen modulation of
endothelial nitric oxide synthase. Endocr. Rev. 23: 665-686
Chen Z. J., Vetter M., Chang G. D., Liu S., Ding Y. and Chang
C. H. (2003) Non-genomic effects of tamoxifen on the activation
of membrane-bound guanylate cyclase GC-A. J. Pharm.
Pharmacol. 55: 1539-1545

Gardner O. S., Dewar B. J,, Earp H. S., Samet J. M. and Graves
L.M. (2003) Dependence of peroxisome proliferator-activated
receptor ligand-induced mitogen-activated protein kinase
signaling on epidermal growth factor receptor transactivation.
J. Biol. Chem. 278: 4626146269

Guzman M., Lo Verme J., Fu J,, Oveisi F, Blazquez C. and
Piomelli D. (2004) Oleoylethanolamide stimulates lipolysis
by activating the nuclear receptor peroxisome proliferator-
activated receptor alpha (PPAR-alpha). J. Biol. Chem. 279:
2784927854

Guerre-Millo M. (2003) Extending the glucose/fatty acid cycle:
a glucose/adipose tissue cycle. Biochem. Soc. Trans. 31:
1161-1164

Lo Verme J., Fu J., Astarita G., La Rana G., Russo R., Calignano
A. et al. (2005) The nuclear receptor PPAR-alpha mediates the
antiinflammatory actions of palmitoylethanolamide. Mol.
Pharmacol. 67: 15-19

Maccarrone M., Cartoni A., Parolaro D., Margonelli A., Massi
P, Bari M. et al. (2002) Cannabimimetic activity, binding and
degradation of stearoylethanolamide within the mouse central
nervous system. Mol. Cell. Neurosci. 21: 126-140

Terrazzino S., Berto F., Dalle Carbonare M., Fabris M., Guiotto
A., Bernardini D. et al. (2004) Stearoylethanolamide exerts
anorexic effects in mice via down-regulation of liver stearoyl-
coenzyme A desaturase-1 mRNA expression. FASEB J. 18:
15801582

Giuffrida A., Rodriguez de Fonseca F. and Piomelli D. (2000)
Quantification of bioactive acylethanolamides in rat plasma
by electrospray mass spectrometry. Anal. Biochem. 280: 87—
93

Brown P. J., Stuart L. W., Hurley K. P, Lewis M. C., Winegar D.
A., Wilson J. G. et al. (2001) Identification of a subtype selec-
tive human PPARalpha agonist through parallel-array synthe-
sis. Bioorg. Med. Chem. Lett. 11: 1225-1227

Sethi S., Ziouzenkova O., Ni H., Wagner D. D., Plutzky J. and
Mayadas T. N. (2002) Oxidized omega-3 fatty acids in fish oil
inhibit leukocyte-endothelial interactions through activation of
PPAR alpha. Blood 100: 1340-1346

Forman B. M., Chen J. and Evans R. M. (1997) Hypolipidemic
drugs, polyunsaturated fatty acids and eicosanoids are ligands
for peroxisome proliferator-activated receptors alpha and delta.
Proc. Natl. Acad. Sci. USA 94: 4312-4317



