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ABSTRACT

The present review 1is focussed on the metabolism and the emerging roles of
oleoyethanolamide (OEA) with emphasis on its effects on food intake control and lipid
metabolism. The biological mechanism of action including non-genomic effect mediated
through peroxisome proliferator-activated receptor alpha (PPAR-a) and transient receptor
potential vanilloid type 1 (TRPV1) receptor are discussed. The research related to fatty acid
ethanolamides has been focussed until recently on anandamide and its interaction with
cannabinoid receptor subtype 1 (CB1). The roles of other N-acyl ethanolamine fatty acid
derivatives have been neglected until it was demonstrate that OEA can modulate food intake
control through interaction with PPAR-a. Further investigations demonstrate that OEA
modulate lipid and glucose metabolism and recent study confirmed that OEA is an antagonist
of TRVPI. It has been demonstrated that OEA have beneficial effects on health by inducing
food intake control, lipid P-oxidation, body weight loss and analgesic effects. The
investigation of the mechanism of action revealed that OEA activates PPAR-a and stimulates
the vagal nerve through the capsaicin receptors TRPV 1. Pre-clinical studies showed that OEA

remains active when administered orally.

Key words: N-acyl fatty acid ethanolamine, food intake, oleoylethanolamide, energy

metabolism, lipid metabolism.
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INTRODUCTION

Fatty acid ethanolamides (FAEA) belong to a family of lipids naturally found in both
plant and animal tissues. These fatty acid derivatives appeared to have biological properties.
Indeed, palmitoylethanolamide (derived from palmitic acid) have anti-nociceptive and anti-
inflammatory properties (1). Among this family, anandamide (derived from arachidonic acid)
has been of great interest. In the last decade, it was discovered that anandamide is an
endogenous ligand for cannabinoid receptor subtype 1 (CB1). Activating CB1, anandamide
increases food intake. Another interesting fatty acid amide is oleoylethanolamide (OEA),
formed from oleic acid and phosphatidylethanolamine. Biological functions of OEA, such as
anorexigenic or body fat loss properties, have been extensively studied over the past decade.
This molecule is naturally present at low concentrations in food products such as cocoa
powder (up to 2ug/g), oatmeal or nuts (2, 3). Biologically, the OEA function is to regulate
food intake via a synthesis/degradation balance, which occurs mainly in the enterocytes
(brush border). The present review is focussed on these recently discovered biological

functions of OEA, its metabolism and analysis.

1. BIOLOGICAL FUNCTIONS OF OLEOYLETHANOLAMIDE (OEA)
1.1. Effect of oleoylethanolamide (OEA) on food intake control

OEA is synthesized in the small intestine of various vertebrate species, where its level
decreases during food deprivation and increase upon refeeding (2, 4, 5). The increased level
of plasmatic OEA after feeding could be due to the presence of OEA in food (2, 3), but OEA
concentrations in food products are really low (under 2 pg/g of food), suggesting that one part
of the increased level of OEA is linked to an activated endogenous synthesis. Indeed food
intake may stimulate N-acyltransferase activity and biosynthesized OEA can trigger satiety
signals (2, 4, 5). In brain, the anandamide concentration significantly increases upon severe

food restriction. The level of this endocannabinoid is modulated in the brain structures

3
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according to the feeding status, and depending on specific localization in the brain.
Anandamide levels do not change in the hypothalamus but increase in the limbic forebrain
(6). Anandamide and OEA were shown to be active through two distinct pathways. Thus,
anandamide activates cannabinoid receptors CB1 mainly in the mesolimbic system (6),
leading to an increase of food intake, whereas intestinal OEA induces a satiety signal leading
to a decrease of food intake. Similarly to anandamide, the natural levels of OEA change with
respect to the nutritional status, leading to a precise control of food intake. This control is
central to induce food intake and peripheral to induce satiety (5).

Pharmacological studies have been performed to better understand how a very simple
fatty acid derivative can control food intake. A significant decrease of food intake was
observed during 4 hours after intraperitoneal (ip) injection of OEA at 5 mg/kg of body weight
and all over the 9 days of experiment in rats (7). The same treatment lowered also the body
weight gain compared to control (7). Intracerebroventricular administration of OEA did not
induced any effects underlying the peripheral action of OEA (4). Various OEA doses have
been tested with ip administration from 5 to 20 mg/kg of body weight, always leading to a
dose-dependant decrease of food intake. Compared to the control (animals injected with
vehicles), the percentages of food intake decrease were 32, 24 and 14% respectively for 20,
10 and 5 mg of OEA/kg bw on the 24 hours following the injection (8, 9). These measures
were performed on 24h-experiment. The effects of OEA on food intake were reproducible
until 14 days. Indeed, subchronic intraperitoneal administration of 5 mg OEA/kg bw induced
a global diminution of food consumption. Cumulative food intake was significantly decreased
over 14 days of experiment but the daily food intake was not significantly lower compared to
control among these experimental periods. Nevertheless, the subchronic OEA administration,
with a daily injection of Smg OEA/kg bw, induced a 3% significant decrease of body weight

all over the experiment (10).
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Further studies looking at the oral administration effect of OEA confirmed that OEA
acts peripherally (11). When OEA was administrated by gavage at different concentrations, a
significant decrease of food intake on 24h was observed at 200 mg/kg of oral OEA (11).
When OEA was administrated in pH-protective capsules (releasing OEA at pH 6), a similar
effect was observed at a four fold lower level (50 mg/kg of body weight) (12). The effects of
OEA capsules were significantly different from controls 5 hours after administration, what
corresponds to the time for the capsules to go from the stomach to the small intestine. All
together, these results suggest that OEA reduces food intake by acting at a local site within
the small intestine (12). Several meal parameters have also been monitored and demonstrated
that OEA induced a delay of the first meal, a decrease of the size of the first meal and an
increase of the post meal intervals (12). It has been shown that ethanolamine and oleic acid,
the degradation products of OEA, did not have any influence on food intake when
administrated orally (11). A bioavailability study, using radiolabeled OEA administrated to
rats by gavage (10 mg/kg of body weight), has been performed to assess OEA degradation in
gastrointestinal tract (11). This treatment increased the OEA level to about 11 times in
intestinal tissue. However, only 0.48% of the given dose was found unchanged in the tissue.
The ratio of intact OEA to hydrolyzed OEA decreased along the gastrointestinal tract,
showing that OEA is progressively catabolized (11).

In parallel, studies have been performed to establish whether OEA has any influence
on the synthesis of satiety signaling biomarkers such as Glucagon Like Peptide-1 (GLP-1),
Cholecystokinin (CCK), and Peptide YY (PYY) that have satietogenic effects and ghrelin that
stimulates appetite. These molecules act along the gastrointestinal tract and are secreted
separately depending on the nutritional status. The satietogenic peptides GLP-1, CCK and
PYY are released during the post-prandial period, whereas the ghrelin plasma level is
increased under starvation. The alternative release of these different biomarkers contributes

strongly to food consumption regulation. Ip injection of OEA was shown to reduce the ghrelin
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level, but not the GLP-1 concentration in rats (13), whereas CCK and PYY remained
unaffected (8). The anorectic effects of OEA do not imply the modulation of the secretion of
satiety signals (8, 13).

Satietogenic properties of OEA can also be partially explained by its action on the
gastrointestinal tract itself. Indeed, OEA delays gastric emptying (14), retards and slows down
intestinal motility (15). The delay of these parameters has strong influence on nutrient
absorption and so, on food intake control. All together, these results suggest that OEA play a
role in the peripheral control of food intake that has to be integrated with the nervous and
hormonal control of satiety. Nevertheless more studies are necessary to confirm that OEA
properties that were observed in in-vitro studies or in animal models, are applicable to

humans for therapeutic metabolic health.

1.2. Effects of oleoylethanolamide (OEA) on lipid metabolism

The modulation of lipid metabolism by OEA was initially demonstrated by Rodriguez
de Fonseca et al. (4). Indeed, OEA treatment induced a higher reduction of body weight gain
than the one observed in the pair-fed group, demonstrating that the effect on body weight is
not only due to the decrease of food intake but also to a direct effect on lipid metabolism (4).
Ip administration of 5 mg/kg of OEA in rats increased the expression of FAT/CD36 (fatty
acid translocase) in adipose tissues (4). Following this observation, OEA effect was tested on
cell cultures of enterocytes and adipocytes. In adipocytes, OEA induced an increase of the
FAT/CD36 expression and of the fatty acid release suggesting an increased lipolysis (7), it is
also an agonist of the capsaicin receptor TRPV1 that is expressed in preadipocytes. Once
activated, this receptor inhibits differenciation of preadipocytes and adipogenesis (16). In
enterocytes, an increase of FAT/CD36 expression and of fatty acid uptake was demonstrated
after OEA treatment (7). These observations suggest that the increased fatty acid uptake in

enterocytes is due to the decreased food intake and body weight gain. OEA would enhance
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the utilization of nutrient in the small intestine. These findings support the fact that OEA
would play an important role in lipid metabolism by increasing the lipolysis in adipocytes
and, simultaneously increasing fatty acid uptake in intestine, partially implicating the
modulation of FAT/CD36 expression (7). These results on lipolysis were previously
demonstrated in-vivo, suggesting a role of PPAR-a in fatty acid B-oxidation in muscle through
a study performed on PPAR-a null mice (17), but also in obese rats, as OEA treatment can
reduced the accumulation of lipid droplets in liver and significantly decrease plasma
cholesterol and triglyceride levels (10).

These results suggest that OEA has lipolytic properties through the inhibition of
adipogenesis in adipose tissue (16) and the activation of lipid B-oxidation in muscle (17).
Nevertheless, OEA concentration was not decreased during preadipocytes differenciation
after the negative control of nor leptin neither PPAR-y, contrary to the level of its anti-
inflammatory analogue palmitoylethanolamide (PEA) (16). These last findings do not favour
the local action of OEA on preadipocytes differenciation through the activation of TRPV1
(18). Consequently, the major action of OEA on lipid metabolism would be essentially an
increased lipid B-oxidation in muscle and a better fat utilization through a higher lipolysis in
mature adipocytes. These results would have to be confirmed in humans through clinical

trials.

1.3. Oleoylethanolamide (OEA) acts peripherally

It has been demonstrated that some of the OEA observed peripheral anorexic effects
(4) are mediated by the activation of peroxisome proliferator-activated receptor alpha (PPAR-
a) (19) with a relatively high affinity (Kd = 37.4 nM) compared to other potential endogenous
ligands of PPAR-a present in partially digested food such as free fatty acids (20). A study has
been performed, in wild-type and PPAR-a knock-out mice, to understand how OEA, which is

a potent endogenous PPAR-a agonist, can regulate food intake and body weight gain (10).
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This study showed that OEA reduces food intake, inhibits body-weight gain and lowers
plasma cholesterol levels in wild-type mice, whereas it does not have such effects in PPAR-a
mutant mice (10). This implication of PPAR-a in OEA mechanism of action has also been
confirmed with some in-vitro gene reporter assays on cell cultures (21).

In addition to its interaction with PPAR-a, OEA has been shown to be an agonist of
TRPV1. At submicromolar concentrations, OEA activates native TRPV1 in rodents on
perivascular sensory nerves and elicits whole cell currents and fluorometric calcium response
in human cell lines expressing TRPV1 (22). TRPV1 activation leads to the excitation of
peripheral vagal sensory nerves involved in the nervous control of food intake (23). TRPV1 is
expressed in both nociceptive neurons, where it is involved in the detection of noxious
chemicals and thermal stimuli, and in visceral sensory neurons and brain, where it could have
a role on food intake control. OEA was shown to indirectly regulate the activity of TRPV1
and the excitation of sensory nerves expressing TRPV1. Indeed, if TRPV1 is phosphorylated
by the protein kinase C, it becomes more sensitive to OEA activation (23). To confirm
TRPV1 involvement in OEA effects on food intake, normal mice and TRPV1-null mice were
injected with OEA (12.5mg/kg bw). Short-term feeding was significantly reduced in control
group but not in TRPV1-null group, showing the role of this receptor in feeding regulation
(22, 24). Another study was performed in-vivo and in-vitro to establish the relationship
between the rat TRPVI receptor and OEA, employing measurement of *’Ca®" uptake in
TRPV1 receptor-transfected cells. OEA showed agonist properties on TRPV1 receptor by
stopping *’Ca”" uptake in cells expressing TRPV 1 (25). The mechanism of action of OEA on
TRPV1 is linked to a Ca*" concentration modulation inside the cell, inducing an effect on
vagal sensory nerves, and, consequently, on food intake regulation.

Furthermore, a protein-G coupled receptor (GPR119) having affinity with OEA (OEA
activates GPR119 with an ECs, superior to 30 uM), has been recently identified in intestinal

and pancreatic cells (26, 27). This receptor is mainly expressed in the gastrointestinal tract
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and in the pancreas. A specific agonist of GPR119, named PSN632408, has been identified.
The satietogenic efficiency of PSN632408 was investigated in-vivo through intraperitoneal
administration (100mg/kg bw). It induced a 30% decrease of food intake, strongly associated
to GPR119 activation. As GPR119 is activated by OEA, it could partially participate to OEA
satietigenic effects (26). However, although the implication of GPR119 in food intake
regulation has been demonstrated, it is still uncertain whether it can be activated in-vivo by
OEA (28).

In Figure 1, a tentative mechanism of action of OEA on the control of food intake is
proposed. Fatty acids and derivatives such as OEA are PPAR-a ligands (Kd = 37.4 nM for
OEA) (19, 29). OEA can activate intestinal PPAR-a inducing the activation of other nuclear
receptor such as RXR. Indeed, PPAR-a and RXR can form an heterodimer that can bind to
response elements, leading to the activation of target genes transcription (29, 30). These
expression modulations would be involved in food intake and lipid metabolism regulation. In
addition to this intestinal effect, circulating OEA could block TRPV1 receptor on neuronal
cells. This mechanism would modify the electrical status of Ca*" channel inducing small
depolarization (24). Thus, the vagal sensory nerves would be excited, influencing directly

food intake regulation.

1.4. Effects of oleoylethanolamide (OEA) on glucose metabolism

Rats, intraperitoneally treated with OEA, showed a glucose intolerance compared to
control without decreasing the insulin level (31). The effects of OEA on the plasma glucose
management were tested in-vivo by performing glucose tolerance tests (31). OEA-treated
animals had significantly higher plasma glucose after 30 min of glucose load, but no other
significant differences in any other time points have been noticed, indicating an impairing

effect on glucose tolerance on short time rather than a diabetogenic effect (31).
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Some experiments performed on isolated adipocytes showed that OEA induces a 30%
inhibition of insulin-stimulated glucose uptake and inhibits insulin action (31). These
observation can not totally explaine the glucose intolerance observed in rats in-vivo (31),
because, on one hand, the glucose transport inhibition due to OEA in adipocytes is really low,
and, on the other hand, only part of the glucose clearance from the blood happens in
adipocytes, the liver and the skeletal muscle strongly contribute to this phenomenon.
Moreover, in another study, OEA administration did not induce modification of blood glucose
level at any time point (10), and it has been reported that OEA can trigger phosphorylation of
the glucose transporter GLUT4, which could counter-balance the observed OEA inhibition of
insulin-stimulated glucose transport (31). Indeed, glucose transport activity has been reported
to be mediated by phosphorylation and dephosphorylation of transporters such as GLUTA4.

OEA effects on glucose metabolism seem to depend on the tissue, further studies

would have to be performed including a glucose tolerance test on hepatic cells.

2. METABOLISM OF OLEOYLETHANOLAMIDE (OEA) IN ANIMALS

In mammalian tissue, the synthesis/degradation of OEA occurs mainly in specific cells
such as enterocytes (brush border) (32-40), nevertheless, OEA biosynthesis has also been
observed in adipose tissue and in insulinoma B-cells (41). OEA biosynthesis involves two
steps, which are catalyzed by two different enzymes named N-acyltransferase (NAT) and N-
acyl-phosphatidylethanolamine phospholipase D (NAPE-PLD) (Figure 2) (42, 43). The first
step, catalyzed by NAT, consists to the N-acylation of an oleic acid residue from membrane
phosphatidylcholine (PC) to a phosphatidylethanolamine (PE). Different pathways have been
proposed for the formation of N-acyl-phosphatidylethanolamine (NAPE) by inter- or intra-
molecular N-acylation from PE, PC, lyso-PC or cardiolipin (Figure 3) (43). OEA, together

with a phosphatidic acid molecule, is released from the NAPE formed by NAPE-PLD-
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catalyzed hydrolysis. Alternatively, hydrolysis can be catalyzed by the phosphodiesterase.
OEA can be broken down into oleic acid and ethanolamine by two different hydrolases: Fatty
Acid Amide Hydrolase (FAAH) or N-Acylsphingosine Amidohydrolase like protein (ASAH
like-protein) (44). FAAH is specific for fatty acid amides and mainly responsible of OEA
degradation according to high levels of plasma OEA in FAAH-null mice (15), and ASAH
like-protein is a more ubiquitous amidase (Figure 4) (42).

Moreover, the link between OEA and food intake regulation has been shown by Fu et
al. (45), indeed feeding stimulates OEA mobilization in the mucosal layer of rat duodenum
and jejunum by increasing NAPE-PLD activity and expression and by decreasing amido-
hydrolase (FAAH) activity and expression. Nutrient availability regulates OEA mobilization
in the mucosa of proximal intestine through a concerted regulation of OEA biosynthesis and
degradation (45).

Astarita et al. (2) examined whether feeding-induced OEA mobilization can be
observed in Burmese pythons (Python molurus), which consumes huge meals after months of
fasting. Their way of feeding seems to depend on changes in gastrointestinal hormonal release
and gut morphology. A nearly 300-fold increase in OEA levels in the small intestine of fed
compared to fasted animals has been observed (2). NAPE species increase simultaneously
with OEA in-situ, therefore NAPEs can be considered as potential biosynthetic precursors for
OEA.

OEA synthesis in the intestinal mucosa has been extensively studied, less is known
about the regulation of OEA synthesis in other tissues. In adipocytes, OEA levels do not
variate during differenciation contrary to PEA levels (41), whereas, in insulinoma B-cells,
OEA levels are decreased under “high glucose” conditions (41). In “high glucose” conditions,
OEA biosynthesis is activated by glucose and insulin (41). In addition, diabete II patients are

caracterised by a higher OEA level in their plasma after food consumption (41). All together,

11
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these results suggest that OEA biosynthesis is downregulated under transient hyperglycemia

(41).

CONCLUSION AND PERSPECTIVES

OEA is a very promising molecule, simple derivative of oleic acid, is a transient
endogenous signaling lipid formed from PE and PC through the actions of NAT and NAPE-
PLD. After ingestion, OEA has a short life-time and is cleaved into acid oleic and
ethanolamine by the FAAH or the ASAH-like protein in many tissues, including the
gastrointestinal tract. The core biological functions of OEA are 1) to control food intake
through activation of peripheral PPAR-a, 2) to promote lipid utilization, and 3) to modulate
lipid storage in liver and circulating plasma lipids (triglycerides and cholesterol). However,
the effects of chronic oral administration of OEA on lipid metabolism and satiety have not
been extensively studied to date. The gap between the science and the potential applications
in weight management is important and studies evaluating long-term effects and safety are

ncecessary.
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Legend of Figures.

Figure 1. Mechanism of action of oleoylethanolamide (OEA). PPAR-a and TRPV1 stand
respectively for Peroxisome Proliferator Activated Receptor o and Transient Receptor

Potential Vanilloid 1.

Figure 2. Metabolism of oleoylethanolamide [OEA, adapted from Lo Verme et al. (42) and

Schmid (43)].
Figure 3. Inter- and intra-molecular N-acylation of PE from PC [adapted from Schmid (43)].

Figure 4. Catabolism of oleoylethanolamide (OEA), adapted from Lo Verme et al. (42).
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