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a b s t r a c t

Although its presence in mammalian tissues has been known since the 1960s, N-palmitoyl-ethanolamine
(PEA) has emerged only recently among other bioactive N-acylethanolamines as an important local
pro-homeostatic mediator which, due to its chemical stability, can be also administered exogenously as
the active principle of current anti-inflammatory and analgesic preparations (e.g. Normast�, Pelvilen�).
Much progress has been made towards the understanding of the mechanisms regulating both the tissue
levels of PEA under physiological and pathological conditions, and its pharmacological actions. Here we
review these new developments in PEA biochemistry and pharmacology, and discuss novel potential
indications for the therapeutic use of this compound and of synthetic tools that selectively retard its
catabolism, such as the inhibitors of the recently cloned N-acylethanolamine-hydrolyzing acid amidase.

� 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

N-palmitoyl-ethanolamine (PEA) is an endogenous fatty acid
amide known since the 1950s as an anti-inflammatory component
of egg yolk, and marketed for some time during the 1970s in Eastern
Europe under the brand name of impulsin, for the prevention
of virus infection of the respiratory tract [1]. More recently, PEA has
been emerging as an important analgesic, anti-inflammatory and
neuroprotective mediator, acting at several molecular targets in both
central and sensory nervous systems as well as immune cells [2,3].
PEA belongs to the family of theN-acylethanolamines (NAEs) (Fig.1A),
which: 1) include the first endocannabinoid to be discovered,
N-arachidonoyl-ethanolamine (anandamide, AEA) and the anorectic
mediatorN-oleoyl-ethanolamine (OEA); and 2) sharewith PEA similar
anabolic and catabolic pathways. One of the enzymes responsible for
the biosynthesis of NAEs from their direct biosynthetic precursor, the
corresponding N-acyl-phosphatidyl-ethanolamines (NAPEs), is the
NAPE-selective phospholipase D (NAPE-PLD) and has been cloned
[4,5]. N-palmitoyl-phosphatidyl-ethanolamine is converted into PEA
by this enzyme. However, other possible pathways are reported for
the conversionofNAPEs into the correspondingNAEs [6], including: 1)
a secretory phospholipase 2 (sPLA2) that hydrolyzes NAPEs into
N-acyl-lyso-phosphatidyl-ethanolamines (lyso-NAPE),which are then
hydrolysed to NAEs by a lysophospholipase D [7]; 2) an alpha/

beta-hydrolase 4 (Abh4) that acts as a lysophospholipase/phospholi-
pase B for the formation of glycerol-phospho-NAEs, which are then
converted to NAEs by the glycerophosphodiester phosphodiesterase
GDE1 [8]; and 3) a PLC-dependent pathway for NAPE conversion to
phospho-NAEs, followedby formation ofNAEs via the protein tyrosine
phosphatase N22 (PTPN22) [9,10].

Also the proteins involved in the degradation of NAEs have
been identified and cloned. Fatty acid amide hydrolase (FAAH),
an intracellular integral membrane protein of 597 amino acids
belonging to the amidase family of enzymes and characterized by
the optimal pH value of 8.5e10, catalyses the hydrolysis of NAEs into
the corresponding fatty acids and ethanolamine [11,12]. Recently,
another enzyme not related to FAAH, with structure homology
to ceramidase and belonging to the family of choloylglycine
hydrolases, has been cloned and found to hydrolyze preferentially
PEA [13]. The enzyme, known as N-acylethanolamine-hydrolyzing
acid amidase (NAAA), is highly expressed in macrophages and the
lungs, aswell as in various rat tissues including the brain [14,15]. It is
characterized by an optimal pH of 5 (and, hence, localizes to lyso-
somes), is activated by self-catalysed proteolysis and is stabilized by
N-glycosylation of Asn-37, Asn-107, Asn-309, and Asn-333 [16].

Threemechanisms have been proposed so far to explain the anti-
inflammatory and analgesic effects of PEA. The first mechanism,
which does not exclude the other two, suggests that PEA acts by
down-regulating mast-cell degranulation via an “Autacoid Local
Inflammation Antagonism” (ALIA) effect [17]. The “entourage effect”
[18,19], instead, postulates that PEA acts by enhancing the anti-
inflammatory and anti-nociceptive effects exerted by AEA, which is
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often produced together with PEA, and activates cannabinoid CB1
and CB2 receptors or transient receptor potential vanilloid receptor
type 1 (TRPV1) channels [20e24]. Finally, the “receptormechanism”

is based on the capability of PEA to directly stimulate either an as-yet
uncharacterized cannabinoid CB2 receptor-like target [25e27], or
the nuclear peroxisome proliferator-activated receptor-a (PPAR-a),
which clearlymediatesmany of the anti-inflammatory effects of this
compound [2], or the orphan receptor G-protein coupling, GPR55,
the functional activity of which some authors [28], but not others
[29], found to be stimulated by PEA as well as AEA.

PEA has been proposed to act as a protective endogenous medi-
ator produced “on demand” during inflammatory and neurode-
generative conditions to counteract inflammation, neuronal damage
and pain. In fact, several studies demonstrate that, like with the
endocannabinoids, AEA and 2-arachidonoylglycerol, also the tissue
concentrations of PEA are altered during different pathological
conditions [3,30]. However, unlike the endocannabinoids, the lack
of pharmacological tools able to selectivelymodulate its tissue levels
(such as specific inhibitors of its biosynthesis or degradation), has
negated so far the definitive and convincing demonstration of such
protective functions for endogenous PEA.

2. Towards the development of NAAA inhibitors

Whilst there are several examples of selective and potent FAAH
inhibitors [6], to date there is almost no report of NAAA inhibitors.
Vandevoorde et al. were the first to propose that different esters,
retroesters and retroamides of palmitic acid could act as such
inhibitors [31]. In fact, the screening of these compounds allowed to
identify three compounds that weakly inhibit NAAA: cyclohexyl

hexadecanoate, hexadecyl propionate and N-(3-hydroxy-pro-
pionyl)pentadecanamide, with IC50 values of 19 mM, 54 mM and
32 mM, respectively [31,32] (Fig. 1B). These compounds were
selective for NAAA, with no inhibitory activity on FAAH [32]. Later,
Tsuboi et al. synthesized two cyclohexyl hexadecanoate analogues:
N-pentadecyl-cyclohexanecarboxamide and N-pentadecylbenza-
mide (Fig. 1B), which exhibited stronger inhibitory activity, with
IC50 values of 4.5 mM and 8.3 mM, respectively [33].

On the base of this background, we recently designed and
synthesized new PEA analogues by substituting either the ethanol-
amine or the alkyl function of PEA, and established a specific
enzymatic assay of NAAA activity, using human embryonic kidney
(HEK)-293 cells inwhich the cDNAencoding thehuman enzymewas
stably overexpressed (HEK-NAAA cells) [33]. In agreement with
the findings previously obtained by Tsuboi et al. in various cells [14]
and by Ueda et al. in mammalian tissues [34], we found that
significant NAAA enzymatic activity was present in HEK-NAAA cells
as compared to wild type HEK-293 cells. Moreover, NAAA activity
was predominantly observed in the membranes (submitted to two
cycles of freezing and thawing) and lysosome fractions of HEK-NAAA
cells, as previously described by Tsuboi et al. [14]. Consequently,
we concluded that HEK-NAAA cells were functionally useful for
subsequent experiments. To validate the assay, we next tested
N-pentadecyl-cyclohexanecarboxamide and found that the inhibi-
tion was concentration-dependent with an IC50 value under our
conditions (17 � 1.4 mM) higher than that previously reported by
Tsuboi et al. for the rat lung [32]. On the other hand, the screening of
our novel analogues of palmitic acid led us to identify a compound
more potent than N-pentadecyl-cyclohexanecarboxamide, in which
the amide bond and the cyclohexyl group of were exchanged to an
ester bond and a cyclopentyl group, respectively. This new
compound, cyclopentyl hexadecanoate, inhibited NAAA by 85% at
50 mMandwith an IC50 value of 10.0� 2.1 mM.Moreover, cyclopentyl
hexadecanoate showed no inhibitory activity on FAAH, nor any
binding capability to CB1 and CB2 receptors, nor any functional
activity at TRPV1 receptors, at concentrations as high as 50 mM. The
type of inhibition of NAAA by cyclopentyl hexadecanoate, evaluated
by using LineweavereBurk plots (Fig. 2A), appeared to be of
a competitive nature, since, in the presence of the compound, the
apparent Km value for PEA was significantly enhanced from to
118� 2.0 mM to 198� 1.0 mM,with no significant change in the Vmax
value (11.1 � 3.6 nmol�1 min mg proteins and
14.1 � 3.4 nmol�1 min mg proteins, respectively). Cyclopentyl hex-
adecanoate also inhibited NAAA in intact HEK-NAAA cells since it
increased the levels of PEA without influencing the levels of two
other N-acyl-ethanolamines, AEA and OEA, nor of the endocanna-
binoid 2-arachidonoylglycerol (Fig. 2B).

Cyclopentyl hexadecanoate may be useful both as a template
to design new and more potent NAAA inhibitors and as a pharma-
cological tool to investigate the consequences of pharmacological
elevation of endogenous PEA levels in cells and tissues. For
example, in a model of chronic inflammation in rats, in which
PEA levels are significantly reduced during carrageenan-induced
granuloma, and PEA exerts anti-inflammatory and anti-angiogenic
effects [35], also cyclopentyl hexadecanoate reduces inflammation
at a dose similar to that of PEA (800 mg, local injection) (Fig. 2C),
thus strongly supporting the hypothesis that the inflammatory
reaction in this model is sustained by reduction of the local levels
of anti-inflammatory PEA. Importantly, during the revision process
of the present article, Solorzano and colleagues [36] reported the
development of another selective NAAA inhibitor, N-[(3S)-2-oxo-3-
oxetanyl]-3-phenylpropanamide (IC50 ¼ 0.42 mM against the rat
enzyme), and found that this compound blunts responses induced
by inflammatory stimuli both in vitro and in vivo, while elevating
PEA levels in vitro.
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Fig. 1. (A) Chemical structures of someof themost studied bioactiveN-acyl-ethanolamines.
(B) Chemical structures of some specific inhibitors ofN-acyl-ethanolamine-hydrolyzing acid
amidase (NAAA).
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