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Work conducted over the last twenty years has provided com-
pelling evidence that the fatty acid amides serve as a new and
additional class of endogenous signaling molecules. Herein, we re-
view these studies and key elements of the work resulting in their
discovery, biosynthesis, degradation, and fundamental endogenous
role. These may be grouped largely into two classes, the fatty acid
ethanolamides, of which anandamide is the prototypical member,
and the fatty acid primary amides, of which oleamide is the most
explored member. Because of their overlapping endogenous and
signaling roles, a brief introduction to key structurally related fatty
acid esters and ethers is also provided.

Fatty acid ethanolamides. Although isolated, identified and
physiologically characterized as early as the mid 1900’s,! the no-
tion that the fatty acid ethanolamides serve as key fundamental
signaling molecules gained substance with the discovery that
anandamide represents an endogenous ligand for the newly iden-
tified cannabinoid receptors.

Anandamide. [solation/identification. Shortly following the iden-
tification and characterization of the cannabinoid receptors in 1988
(CB1) and 1993 (CB2),> Mechoulam and co-workers isolated, identi-
fied, and characterized anandamide as an endogenous agonist of the
receptors in 1992 (Fig. 1).2 Although received with some skepticism
at the time given the simplicity of the structure and the lack of prec-
edent for this class of signaling molecules, anandamide, also known
as N-arachidonoyl ethanolamide (AEA), is now widely accepted as
an endogenous cannabinoid neurotransmitter. Its name is derived
from the Indian Sanskrit word, ananda, which means ‘bringer of eter-
nal bliss and tranquillity’. Anandamide is part of a large family of sig-
naling lipids, the N-acylethanolamines (NAEs). It was the first
endogenous ligand identified in a screen for ligands for the cannab-
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Figure 1. Structure of anandamide.

inoid receptor shortly after their identification? and was isolated
from porcine brain extracts.® This endocannabinoid inhibited the
specific binding of a radiolabeled cannabinoid probe [*H]HU-243
to synaptosomal membranes in a manner typical of competitive li-
gands and produced a concentration-dependent inhibition of the
electrically evoked twitch response of the mouse vas deferens, a
characteristic effect of psychotropic cannabinoids.
Biosynthesis/metabolism. Despite over 20years of study, the
biosynthesis of anandamide and other NAEs is not yet fully charac-
terized. It is generally accepted that N-acyl phosphatidylethanolam-
ines (NAPEs) are the precursors for NAEs, but the precise enzymatic
steps leading to release of NAEs from NAPEs are unclear. Several
postulated routes for their synthesis are reported and discussed in
the literature.? The original model for the biosynthesis of NAEs fol-
lows the sequential action of (1) a calcium-dependent transacylase
(CDTA) that transfers the sn-1 acyl chain of phospholipids onto the
primary amine of phosphatidylethanolamine (PE) to generate
N-acyl phosphatidylethanolamines (NAPEs), and (2) a D-type phos-
pholipase that hydrolyzes NAPEs to produce NAEs (Scheme 1).°
Initial studies indicated that this two-step pathway might also con-
tribute to the biosynthesis of anandamide. Anandamide, along with
its NAE congeners and their respective NAPE precursors, is produced
by neurons in a calcium-dependent manner,® and a brain CDTA
activity is capable of producing the anandamide precursor N-arach-
idonoyl PE in vitro.” Subsequent characterization of an NAPE-selec-
tive phospholipase D (NAPE-PLD) revealed that this enzyme can
convert N-arachidonoyl PE to anandamide in vitro.® It was assumed
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that most, if not all NAEs, were biosynthesized in a common enzy-
matic pathway. However, investigations into the regulated produc-
tion of NAEs suggested the existence of other biosynthetic pathways
for all members of this lipid class. The generation and characteriza-
tion of mice lacking the NAPE-PLD gene provided convincing evi-
dence to support the existence of multiple biosynthetic pathways
for NAEs in the nervous system.’ For the NAPE-PLD-independent
pathways, two intermediates have been reported to date. The first
is a glycerophospho-NAE intermediate, where the sn-1 or sn-2 O-
acyl chains of NAPEs or both are first hydrolyzed to generate lyso-
NAPEs and glycerophospho(GP)-NAEs, respectively,'® followed by
cleavage of the phosphodiester bond of these intermediates to gen-
erate NAEs.!! The second involves the phospholipase C-dependent
conversion of NAPEs to phospho-NAEs, followed by phosphatase-
mediated hydrolysis of these intermediates to generate NAEs.!?
Anandamide is not stored in cells but is formed when needed, then
released from neurons on depolarization and rapidly inactivated.
Its principle, if not exclusive, mechanism of inactivation at its sites
of action is enzymatic hydrolysis by the membrane-bound serine
hydrolase fatty acid amide hydrolase (FAAH).!314

The metabolism of anandamide by human liver and kidney
microsomes and the formation of epoxyeicosatrienoic ethanola-
mides and hydroxyeicosatetraenoic acid ethanolamides have also
been studied and reported.'®

Function. Anandamide binds to the central CB1 and peripheral
CB2 cannabinoid receptors through which it is thought to exhibit
its analgesic and anti-inflammatory effects.!® It has been reported
to bind with higher affinity to CB1 (K;=89 nM)'” than to CB2
(K; =371 nM)'® in CHO cells in a radioligand binding assay using
[®H]CP55940 and was also measured in other cell lines. Ananda-
mide has been shown to behave as an agonist with greater efficacy
at CB1 than CB2.'® Conflicting reports of its potency have been
reported. Since anandamide is such an effective substrate for
FAAH,'®® such measurements in cell-based assays need to be car-
ried out in the presence of a potent and selective FAAH inhibitor?°
to insure accurate concentrations are maintained in the binding or
functional assays. It also has effects, particularly in the vasculature,

that cannot be explained by actions at either the CB1 or CB2 recep-
tors. These effects may be mediated by novel G protein-coupled
receptors, but genome searching has not yet revealed a strong can-
didate. Several approaches have suggested that an orphan receptor,
GPR55, is a target for anandamide, but the pharmacology of this
receptor is such that it cannot yet be categorically classified as a
cannabinoid receptor.?!

Anandamide is also reported to be an endogenous ligand for the
vanilloid receptor (TRPV1) that is involved in the transduction of
acute and inflammatory pain signals, activating the receptor in a
PKC-dependent (protein kinase C-dependent) manner, leading first
to the perception of pain and then desensitization providing what
may be a second site of action for its analgesic effects.??

Anandamide modulates distinct and diverse physiological
processes, including nociception,®® anxiety,>* inflammation,?®
appetite,”® learning and memory.?” A study also reported that
anandamide inhibits breast cancer cell proliferation.?®

Palmitoyl ethanolamide. Isolation/identification. Palmitoyl eth-
anolamide, or N-(2-hydroxyethyl)hexadecanamide (PEA), was first
identified more than 50 years ago (Fig. 2). It was isolated from egg
yolk, hexane-extracted peanut meal, and soybean lecithin.?® This
endogenous compound is present in the rat brain, liver and skeletal
muscle.!

Biosynthesis/metabolism. PEA and anandamide are synthesized
from different precursors through the action of the same enzyme,
the N-arachidonoyl-phosphatidyl-ethanolamine-selective phos-
pholipase D3 and are hydrolyzed by the same amidase enzymes.

In addition to FAAH,'> an additional enzyme has been purified
and characterized that exhibits a higher catalytic efficiency for pal-
mitoyl ethanolamide than with anandamide.?! This enzyme is a
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Figure 2. Structure of palmitoyl ethanolamide.
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lysosomal hydrolase with optimal activity at acidic pH and a differ-
ent tissue distribution than FAAH. Esters, retroesters and retroa-
mides of 16:0 palmitic acid were reported as selective inhibitors
of the palmitoyl ethanolamide amidase.>?

Function. Palmitoyl ethanolamide was shown to reduce allergic
reactions and inflammation®*3* in animals along with influenza
symptoms in humans.®® It was found to inhibit peripheral inflam-
mation®*37 and mast-cell degranulation,® as well as to exert neu-
roprotective®® and anti-nociceptive effects in rats and mice.*%232
These actions are accompanied by changes in nitric oxide produc-
tion,*! neurotrophil influx,*? and expression of pro-inflammatory
proteins such as inducible nitric-oxide synthase and cyclooxygen-
ase-2.*3 The nuclear receptor peroxisome proliferator-activated
receptor-a. (PPAR-o) was indentified as the molecular target
responsible for the anti-inflammatory properties of PEA.** It was
also reported that PEA has an anti-inflammatory effect on human
adipocytes and could be a potentially interesting candidate mole-
cule in the prevention of obesity-associated insulin resistance.*®
Its anticonvulsant activity in mice has been reported, however,
its precise mechanism of action remains to be elucidated.>®

Analogues of palmitoyl ethanolamide, varying the fatty acid
chain length from caproyl to stearoyl and the nature of the amide
substituent, were evaluated for affinity to cannabinoid receptors
and, like PEA itself, were reported to be inactive.*®

An enhancement of the hypotensive effects of intrathecally (i.t.)
injected endocannabinoids in the spinal cord by palmitoyl ethan-
olamide has been reported. The facilitative action of palmitoyl eth-
anolamide affects the vanilloid TRPV1 as well as the cannabinoid
CB1 receptor-mediated effects of endocannabinoids on blood pres-
sure control.4748

Levels of palmitoyl ethanolamide along with other endogenous
neuroprotective substrates were measured in different brain areas
of R2/6 mice, a transgenic model of Huntington's disease, versus
wild-type animals.*® These studies suggest that drugs inhibiting
endocannabinoid degradation might be useful to treat this disease.

Oleoyl ethanolamide. Isolation/biosynthesis. Oleoyl ethanola-
mide (OEA) is a natural analog of the endogenous cannabinoid
anandamide (Fig. 3). It is produced, like anandamide, in cells in a
stimulus-dependent manner and is rapidly eliminated by enzy-
matic hydrolysis,’® suggesting a function in cellular signaling.®
OEA, along with AEA and PEA, has been shown to be present in hu-
man seminal plasma, mid-cycle oviductal fluid, follicular fluid,
amniotic fluid, milk, and fluids from malignant ovarian cysts.>°

Function. Oleoyl ethanolamide mainly modulates feeding and
energy homeostasis and is thought to act by binding to peroxisome
proliferator-activated receptor-o (PPAR-a).2%°! It is reported to not
bind to or activate cannabinoid receptors. OEA was found to excite
sensory neurons and produce visceral increased sensitivity to pain
via activation of the TRPV1 receptor.>>>* However, a recent study
described this agent as an anti-nociceptive substance in two mod-
els of visceral and inflammatory pain in both mouse and rat.>>

It has also been reported that the appetite suppressant activity
of OEA may be derived from its action as an efficacious agonist of
GPR119,°% a highly expressed receptor in pancreatic islets and in
the colon®” that has a distant similarity to biogenic amine and can-
nabinoid receptors (~40% identity in the transmembrane regions).
However, weight loss mediated by OEA is not seen in mice lacking
PPAR-a, but remains fully intact in mice lacking GPR119.%®

Long chain saturated and unsaturated alkyl sulfonamide and
propyl sulfonamide derivatives, analogs of oleoyl ethanolamide,
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Figure 3. Structure of oleoyl ethanolamide.

have been evaluated in vivo and in vitro as PPAR-o activators.
Additionally, the anorexic effects of the compounds have been
studied in vivo in food-deprived rats. Among the active com-
pounds, N-octadecyl-N'-propylsulfonamide has been identified as
a potent hypolipidemic compound, a potent feeding suppressant,
and a concentration dependent activator of PPAR-o..>°

Steaoryl ethanolamide. Identification. Stearoyl ethanolamide
(SEA) is a fully saturated C18 N-acyl ethanolamide (Fig. 4). It has
been shown to accompany anandamide in many tissues including
rat central neurons,® brain,®® and testis,%' mouse neuroblastoma,®?
murine basophiles and macrophages.®® Palmitoyl and stearoyl eth-
anolamides have been found to be the two most abundant N-acyl
ethanolamides in most tissues.

Function. The endogenous role of stearoyl ethanolamide has yet
to be fully elucidated. It does not bind cannabinoid receptors, how-
ever it can affect cell signaling and elicit biological effects potentially
through targets other than cannabinoid receptors. Although these
pathways are not yet understood, stearoyl ethanolamide has been
shown to enhance AP-1 transcriptional activity mediated by the
extracellular-signed-regulated protein kinase (ERK) mitogen-acti-
vated protein kinase (MAP kinase) pathway. In 2001, steaoryl ethan-
olamide was shown to stimulate AP-1 activity in mouse epidermal
JB6 P* cells through the ERK MAP kinase pathway.%*

It is known that high levels of saturated versus unsaturated eth-
anolamides accumulate in injured tissue.%> By employing a murine
model of passive IgE-induced cutaneous anaphylaxis, stearoyl eth-
anolamide was shown to possess anti-inflammatory properties
in vivo. The results demonstrated that an acute systemic adminis-
tration of stearoyl ethanolamide markedly conteracts the edema in
the pinna (ipsilateral ear) of adult mice caused by cutaneous
anaphylaxis.

Linoleoyl ethanolamide. Identification/biosynthesis. As with
other members of this class, linoleoyl ethanolamide (Fig. 5) was
detected in porcine brain and murine peritoneal macrophages.®®
In addition, linoleoyl ethanolamide also has been isolated from
mouse 774 macrophages and N18 neuroblastoma cells®? as well
as RBL-2H3 leukocytes.5” The biosynthesis has not been studied
in detail, but is presumed to be analogous to that of more fre-
quently studied N-acyl ethanolamides, including anandamide.

Function. Linoleoyl ethanolamide is approximately 4-fold less
potent than anandamide at causing catalepsy in mice and it does
not prolong sleep time.%® Hanus and co-workers reported that it
binds to cannabinoid receptors and inhibits the electrically evoked
twitch response of mouse isolated vas deferense similar to ananda-
mide and other N-acyl ethanolamides.®® However, linoleoyl ethan-
olamide has been found to only weakly bind CB1 and CB2
receptors, inhibiting the binding of [*H]CP-55,940 with K; values
of 10 and 25 pM, respectively.”®

In addition, linoleoyl ethanolamide may be involved in regula-
tion of food intake by selective prolongation of feeding latency
and post-meal interval. It appears to be formed locally in the intes-
tine, where it activates PPAR-o.”"

Fatty acid primary amides. Less appreciated, but equally
important, the endogenous fatty acid primary amides’? emerged
as candidate signaling molecules with the discovery,’”® disclo-
sure,’* and surprisingly structural selectivity’> that oleamide dis-
plays in exerting a fundamental role in regulating sleep. In this
work and key to the field, its rapid enzymatic inactivation by
hydrolysis led to the detection,’# characterization,'® and study of
fatty acid amide hydrolase (FAAH), which regulates the activity
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Figure 4. Structure of stearoyl ethanolamide.
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Figure 5. Structure of linoleoyl ethanolamide.

of fatty acid primary amides at their sites of action. An especially
attractive feature of this class of fatty acid amide signaling mole-
cules’® is the fact that they are capped as a primary amide analo-
gous to the widely recognized peptide signaling molecules
suggesting conserved strategies for their biosynthesis, precursor
storage, and release. Often overlooked in the screening for endog-
enous ligands and because of their rapid degradation (hydrolysis)
by fatty acid amide hydrolase (FAAH),'3? it is likely that the most
important fundamental endogenous role of many members of this
class remain to be defined.

Oleamide. Identification. Fatty acid primary amides form a
group of endogenous lipid messengers of growing interest. In
1995, groups at Scripps isolated a novel lipid in the cerebrospinal
fluid of sleep-deprived cats.”® It was shortly thereafter identified
as oleamide, the primary amide of oleic acid.”*”> Oleamide or
cis-9,10-octadecenamide has since attracted wide interest being
the first fatty acid primary amide to be identified as a signaling
molecule (Fig. 6). In addition to serving as a chemical messenger
signaling sleep,’*”” it exhibits cannabinoid-like activity,”® and
has been shown to have direct agonist action at CB1 cannabinoid
receptors.’®’® Oleamide has also been observed to interact directly
with voltage-gated Na* channels and allosterically with GABAa and
several 5-hydroxytryptamine (5-HT) receptor subtypes.

Biosynthesis. One of the key unanswered questions is how
endogenous oleamide is produced. Currently there are several pro-
posed pathways for its biosynthesis that have some experimental
support. Glutamine can serve as an ammonia source for many ami-
nation reactions in vivo. A modest glutamine-dependent biosyn-
thesis of oleamide from oleic acid was observed in rat brain
microsomes®' and similar observations in mouse neuroblastoma
cells have been reported.?° A second pathway has been suggested
in which oleamide can be endogenously derived from its glycine
adduct. This biosynthetic route entails the production of the amide
of oleic acid with glycine or the N-terminal glycine of a peptide by
an unidentified enzyme, followed by the oxidative cleavage of this
acyl glycine by peptidylglycine o-amidating monooxygenase
(PAM). PAM is a well-characterized enzyme involved in the pro-
duction of C-terminally amidated neuropeptides.®' Recent
in vitro studies have demonstrated that PAM efficiently generates
oleamide from its corresponding glycine adduct.8#3 Merkler and
co-workers have also shown that the N;gTG, cell line can synthe-
size oleamide from oleic acid,®* thereby demonstrating that these
cells contain the necessary catalytic activities for generating
oleamide.

Function. Most prominent among its effects is the ability of olea-
mide to induce natural physiological sleep. Unlike typical sleep
aids that act as CNS depressants, oleamide induces sleep indistin-
guishable from physiological sleep without the side effects of such
sedatives or hypnotics. A key feature to emerge from these studies
was the observation that removal of the cis double bond, its con-
version to a trans double bond, or even its movement along the
fatty acid chain by a single carbon reduced or abolished the
sleep-inducing effects of the compound.’*

WWM/\/\)LNH

Figure 6. Structure of oleamide.
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The characteristic tetrad of effects evoked by cannabinoid
receptor agonists in vivo is hypothermia, hypoactivity, analgesia
and catalepsy. Observations concerning the direct interaction of
oleamide with cannabinoid receptors are conflicting. However,
oleamide produces a dose-dependent hypothermia and a decrease
in locomotor activity in both mice and rats.””# It induces cata-
lepsy in mice, but not in rats®® and it produces antinoception in
both species.®” Studies using the selective CB1 antagonist
SR141716A have also produced conflicting results. SR141716A
was shown to reverse the effects of oleamide on sleep,®® locomotor
activity and antinoception, yet failed to reverse locomotion.?® In
both studies, SR141716A failed to reverse oleamide-induced hypo-
thermia. An unusual, and likely irrelevant, ‘entourage effect’!6¢%°
of oleamide was proposed to account for its biological properties
suggesting that they arise instead from the actions (concentration)
of anandamide that are potentiated by competitive hydrolysis of
oleamide by the enzyme fatty acid amide hydrolase (FAAH). In
addition, Cheer’® and more recently Leggett’® demonstrated that
oleamide does bind the CB1 receptor. Using radiolabeled ligand
binding studies, it was shown that oleamide inhibits agonist
[®H]CP55940 binding to CB1 receptors. Oleamide also acts as an
agonist at CB1 as shown by an increase in [**S]GTPYS binding in
rat brain slices in a pattern that mimicks that of the cannabinoid
receptor agonist HU-210 and this receptor stimulation was blocked
by the CB1 antagonist SR141716A. These studies indicate that olea-
mide is an endogenous cannabinoid receptor full agonist with
selectivity for CB1 over CB2. Characteristic of the challenges in
interpreting the results of such reports is the rapid hydrolysis
and inactivation of oleamide by fatty acid amide hydrolase
(FAAH).'>®! Studies enlisting cell-based binding or functional as-
says should be carried out in the presence of a FAAH inhibitor in
order to ensure maintenance of accurate concentrations of olea-
mide and such variations may account for the distinctions ob-
served in many of the conflicting reports.

It is also likely that not all sites of action and perhaps not even
the major site of action of oleamide have yet been identified. Con-
sequently, oleamide’s endogenous site of action remains unclear,
but it has been shown to modulate both serotonergic and GABAer-
gic receptor types in vitro, two neurotransmitter systems typically
associated with the control of sleep-wake processes in vivo. Basile
and co-workers quantified the changes in oleamide levels in the
CSF of sleep-deprived rats, demonstrating a 3- to 4-fold increase
in the compound’s concentration upon sleep deprivation for 6 or
more hours.?” It has been shown that the GABA, receptor antago-
nist bicuculline reverses oleamide-induced hypothermia and anal-
gesia and elimination of the B subunit of the GABA, receptor
prevents oleamide-induced sleep.®> Oleamide’s endogenous and
temporal associations are consistent with those required of can-
nabinoid, serotonergic, GABAnergic, or ion channel neurotransmis-
sion which may be involved in sleep induction.®®

It has also been shown that inhibitory synaptic currents in rat
GABA, receptors are sensitive to modulation by oleamide. Olea-
mide reversibly induces GABA, currents and depresses the fre-
quency of spontaneous excitatory and inhibitory synaptic activity
in cultured networks.®* Synthetic depressant drugs are recognized
as allosteric modulators of ion channel targets like the GABAA
receptor and voltage-gated Na* channels. Oleamide has been found
to be a nonselective modulator of inhibitory ionotropic receptors
and has been shown to act indirectly at an allosteric site on the GA-
BA, receptor in a fashion analogous to benzodiazepine binding.9

Studies have indicated that oleamide affects multiple neuropath-
way systems. Oleamide has been shown to modulate the signaling of
several 5-hydroxytryptamine (5-HT) receptor subtypes, including
5-HT1a, 5-HT2a/c, and 5-HT;.% Previous studies by Huidroboro-Toro
and Harris®” indicate that oleamide potentiates 5-HT,a/c-mediated
chlorine currents in frog oocyte systems. In this system, the chlorine
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currents elicited by 5-HTa/c result from a signaling cascade involv-
ing phosphoinositide hydrolysis and inosital trisphosphate stimula-
tion. Thomas et al.>® measured the effect of oleamide directly on
phosphoinositide hydrolysis and demonstrated that oleamide sub-
stantially increases 5-HT-induced hydrolysis in P11 cells. Functional
studies by Thomas et al.?® and Hedlund'®® indicate that oleamide
acts at an allosteric site on the 5-HT; receptor to influence G protein
signaling regulating cyclic AMP formation. Oleamide has demon-
strated a 50% increase in cyclic AMP production in Hela cells
expressing the 5-HT- receptor. In addition, oleamide induced a con-
centration dependent increase in cyclic AMP formation that could
not be inhibited by clozapine suggesting that it acts at a site distinct
from the primary 5-HT binding site. Oleamide has also been shown
to activate 5-HT; neurons in mouse thalamus and hypothalamus.

Oleamide has also been reported to interact with gap junctions,
and has been utilized as a tool to inhibit their function. It has been
reported that oleamide blocks dye transfer between rat glial cells
in culture’® and blocks junctions formed by cells expressing
Cx32 (B; connexin), but does not block Ca?*-wave propagation be-
tween glial cells.'®>1% Other compounds traditionally used as
inhititors of gap junction communication, like heptanol, block
not only gap junction communication, but also intracellular Ca%*
signaling. Thus, oleamide might have selective effects on the per-
meability of gap junctions, an effect that can be exploited. In view
of the importance of gap junctions in the cardiovascular system,
the heart, endothelial cells, and vascular muscle, this aspect of its
biology is of particular relevance.

Additional fatty acid primary amides. The primary amides of
oleic (18:1°), palmitic (16:0), palmitoleic (16:1°), elaidic (18:1°
trans) - and linoleic (18:2%12) were identified in human plasma be-
fore physiological roles were established (Fig. 7). Linoleamide
was found to induce sleep and increase cytosolic Ca* levels in
MDCK tubular cells.’® Arachidonamide has been reported to affect
gap junction communication.'® Erucamide (22:1'3) has also been
identified as the major angiogenic component in bovine mesente-
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Figure 7. Additional endogenous fatty acid primary amides.

rial fluids stimulating new blood vessel formation and was re-
ported to act as a modulator of water balance.'°® More recently,
additional fatty acid amides including stearamide, palmitamide,
and myristamide were isolated from human tear gland secre-
tions.!%” However, the actions of these signaling molecules remain
to be elucidated. The fact that arachidonamide, the primary amide
of arachidonic acid, is the best substrate for FAAH being hydro-
lyzed and inactivated faster than oleamide (3-fold) or anandamide
(2-fold),'3? suggests that it represents a key signaling molecule in
this class. Because its physiological role is yet to be defined, arachi-
donamide represents a prime candidate to examine in existing or
new targets for the fatty acid amides and should be done so in
the presence of FAAH inhibitors to block its rapid inactivation.

Glycine amides. An intriging series of N-acyl glycinamides
bearing fatty acid acyl groups have been identified as endogenous
fatty acid amides that are attracking increasing attention. At pres-
ent, it is not yet clear whether they serve as chemical signaling
molecules in their own right, or whether they are simply biosyn-
thetic precursors to the active fatty acid primary amides.

N-Arachidonoylglycine. Isolation/identification. N-Arachido-
noylglycine (NAGly) has been isolated from cell cultures treated
with anandamide (AEA),'%® from extracts of mammalian brain,!®®
and has been synthesized as an analog of anandamide for struc-
ture-activity testing (Fig. 8).'1° Its biosynthesis is poorly under-
stood to date, and two primary biosynthetic pathways have been
proposed. One suggests that NAGly is formed by an enzymatically
regulated conjugation of arachidonic acid and glycine. The other
suggests that NAGly is an oxidative metabolite of AEA through
the action of an alcohol dehydrogenase. In vivo and in vitro assays
measuring metabolites with LC/MS/MS support the hypothesis that
NAGIly is a metabolite product of AEA by both oxidative metabo-
lism of AEA and through the conjugation of glycine to arachidonic
acid that is released during AEA hydrolysis by FAAH.''! It is notable
that endogenous levels of NAGly are greater than those of ananda-
mide in the CNS.

Function. NAGly is a very poor ligand for the CB1 and CB2 recep-
tors but has shown pain-relieving and anti-inflammatory effects in
rodents.!'? Other signaling effects of NAGly have been indentified,
including activation of the orphan G protein-coupled receptors
GPR18'!® and GPR92.'™* An inhibitory interaction with the glycine
transporter GLYT2a'!'® and inhibition of AEA hydrolysis by FAAH
have also been reported.''® It is also a substrate of cyclooxygenase
2, producing an Gly amino acid conjugate of prostaglandins.'!”
These observations have been interpreted to suggest that effects
of NAGly may be derived from an increase in the concentration
of AEA, or from modulating the ratio of prostaglandins from the
pro-inflammatory PGE2 towards the inflammation-resolving ]
prostaglandins.'!®

N-Palmitoylglycine. Isolation/identification. N-Palmitoylglycine
(PalGly) is produced in high levels after cellular stimulation (KCI-
induced depolarization of F-11 cells) in rat skin and spinal cord
(Fig. 9). It is present in 100-fold greater amounts in skin and 3-fold
greater amounts in brain compared to anandamide.!'®

Function. PalGly was up-regulated in FAAH knock-out mice sug-
gesting a pathway for enzymatic regulation. It potently inhibits
heat-evoked firing of nociceptive neurons in rat dorsal horn, and
induced transient calcium influx in native adult dorsalroot gan-
glion (DRG) cells and a DRG-like cell line (F-11). It also contributed
to the production of NO through calcium-sensitive nitric-oxide
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Figure 8. Structure of N-arachidonoylglycine.
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Figure 9. Structure of N-palmitoylglycine.

synthase enzymes present in F-11 cells and this activity was inhib-
ited by the nitric-oxide synthase inhibitor 7-nitroindazole.!*®

N-Oleoylglycine. Identification/biosynthesis. ~N-Oleoyglycine
(OIGly) was first isolated from rat brain matrix and later detected
in rat skin, lung, liver, kidney, heart, testes and spinal cord
(Fig. 10).12° The N-acyl glycines are produced in vivo from the fatty
acyl-CoA thioesters and glycine by acyl-CoA:glycine N-acyltransferase
(ACGNAT). Mueller and Driscoll demonstrated that cytochrome
c catalyzes the formation of oleoylglycine from oleoyl-CoA, glycine
and hydrogen peroxide.'?! Oleoylglycine has been proposed to be
an important intermediate in the PAM-mediated biosynthesis of
oleamide from oleic acid. In experiments with N1gTG; cells, Merkler
detected oleoylglycine by mass spectroscopy as an intermediate in
this biosynthetic pathway.'??

Function. Chatuervedi suggested that oleoylglycine possesses
biological activity that is independent of its conversion to olea-
mide. Oleoylglycine was found to be equipotent with oleamide in
decreasing locomotion and body temperature.'?* However, the full
extent of it’s actions have yet to be elucidated.

Other N-acyl glycines. Isolation. Along with oleoylglycine, stea-
royl (StrGly), linoleoyl (LinGly) and docosahexaenoyl glycine (Doc-
Gly) were also detected in rat brain, skin, liver, kidney, spinal cord,
heart and testes (Fig. 11). Levels in the skin, lungs, and spinal cord
were highest in stearoyl, oleoyl, and docosahexaenoyl glycine
while levels of linoleoyl glycine in the spinal cord were lower than
all the other N-acyl glycines measured.'?°

Function. Burstein demonstrated that docosahexaenoyl and lin-
oleoyl glycine suppress proliferation of the murine macrophage
cell line, RAW264.7, whereas oleoylglycine had no effect.!?* Many
of these acyl glycines have yet to be carefully studied.

N-Acyl taurines. Recent efforts using highly sensitive MS tech-
niques and comparative global metabolomic profiling of FAAH
knockout and wild type mice led to the identification of a new class
of endogenous fatty acid amides in the CNS.'?°

Identification/biosynthesis. In 2004, Cravatt and co-workers dis-
covered the presence and a 10-fold increase of long chain
(=C20) saturated N-acyl taurines (NATs) in the central nervous
system of FAAH knockout mice.!?>12% N-Acyl taurines isolated in
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Figure 10. Structure of N-oleoylglycine.
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Figure 11. Additional N-acyl glycines.

the central nervous system were highly enriched in long chain sat-
urated and monounsaturated N-acyl chains while those found in
the kidney and liver were enriched in polyunsaturated N-acyl
chains.!?”

The identity of the enzyme responsible for NAT biosynthesis re-
mains to be elucidated. However, high levels of an activity capable
of biosynthesizing NATs from fatty acyl CoA and taurine were de-
tected in the liver and kidney.'?® The bile acid-CoA:amino acid N-
acyltransferase (BAT) enzyme responsible for bile salt production
is also enriched in the liver.'?® This enzyme could potentially cat-
alyze the formation of NATs. Consistent with this premise, human
BAT has been shown to form N-acyl glycines when incubated with
fatty acyl CoA substrates in vitro.!*°

Function. N-Arachidonyl taurine (Fig. 12), in particular, was
found to activate multiple members of the transient receptor po-
tential (TRP) family of calcium channels, including TRPV1 and
TRPV4,'3! both of which are expressed in the kidney. These chan-
nels have been proposed to play a role in the regulation of blood
pressure and osmotic sensation. It has been noted that elevations
in endogenous levels of NATs following acute or chronic inactiva-
tion of FAAH, suggests that NATs could form a major lipid signaling
system, similar to N-acyl ethanolamides.!3!

Key structurally related fatty acid derived signaling mole-
cules. 2-Arachidonylglycerol. Isolation/identification. 2-Arachido-
nylglycerol (2-AG) was isolated in 1995 from canine gut'3? and
rat brain (Fig. 13).'®* It represents a second cannabinoid receptor
ligand class and possesses an ester versus amide. It was the first
putative endogenous cannabinoid receptor agonist isolated from
peripheral tissue. Unlike anandamide, 2-AG is present at relatively
high levels in the central nervous system (100-fold higher than
anandamide) and it is the most abundant molecular species of
monoacylglycerol found in mouse and rat brain. It has also been
found in low amounts in the liver, spleen, lung and kidney.!3*

Function. The formation of 2-AG is calcium-dependent and is
mediated by the activities of phospholipase C (PLC) and diacylglyc-
erol lipase (DAGL).*® The hydrolysis of 2-arachidonylglycerol to
arachidonic acid and glycerol in the mouse brain, is mainly attrib-
uted to monoacylglycerol lipase, MAGL (~85%) with the remaining
15% mostly catalyzed by two uncharacterised enzymes alpha/beta-
hydrolase domains 6 and 12 (ABHD6 and ABHD12).3> FAAH was
identified as the next largest contributor to 2-AG hydrolysis
accounting for ~1% of total membrane activity.

2-Arachidonylglycerol binds both CB1 and CB2 and acts as a full
agonist.!>® Despite substantial degradation, 2-AG has been shown
to be a potent full efficacy agonist mediating CB1 receptor-depen-
dent G-protein activation in rat cerebellar membranes. It has been
reported that 2-AG was more potent than AEA in stimulating
[3°S]GTPYS binding to rat cerebellar membranes.'®’

A series of conformationally constrained analogs at the glycerol
moiety of 2-AG incorporating its key of pharmacophore features
into a six-membered carbocyclic ring system were synthesized
and were tested for their affinity for CB1 and CB2 receptors. All
the compounds had affinity for the cannabinoid receptors compa-
rable to 2-AG.!38
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Figure 12. Structure of an N-acyl taurine.
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Figure 13. Structure of arachidonylglycerol.
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Figure 14. Structure of 2-arachidonoyl glyceryl ether.

2-Arachidonoyl glyceryl ether. Isolation/identification. Chemi-
cally, noladin ether (NE), or 2-arachidonoyl glyceryl ether (2-
AGE), is the 2-glyceryl ether of arachidonyl alcohol and structurally
resembles 2-AG (Fig. 14). It was initially extracted from porcine!°
and rat'?° brain in moderate concentrations. The presence of nola-
din in body tissue is disputed. Although a Japanese group could not
detect it in the brains of mice, hamsters, guinea-pigs or pigs,'4! two
other groups successfully detected it in animal tissues.#042

Function. Noladin ether binds as a full agonist to CB1'3® and is a
weaker binder to CB2.'* It shows agonist behavior on both recep-
tors and is a partial agonist for the TRPV1 receptor.!** Upon bind-
ing CB2 receptors, it inhibits adenylate cyclase, stimulates ERK-
MAPK, and regulates calcium transients.!** It lowers intraocular
pressure,'#® increases the uptake of GABA in the globus pallidus'4®
and is neuroprotective by binding and activating PPAR-o..'4¢ In
comparison to 2-AG, it is metabolically more stable resulting in a
longer duration of action.'”

The synthesis of dimethylheptyl (DMP) analogs, with a different
tail length of 2-AG and 2-AGE have been reported and showed a
distinct decrease of potency towards CB1 receptors.'*® Another
series of mono- and diphosphate esters of NE have been reported
and showed an enhancement in water-solubility compared to
NE.'° Two regioisomers and 13 analogs of noladin ether were syn-
thesized and tested for their interaction with CB1 receptors in rat
brain membrane. The results showed that a C-20 tetra-unsaturated
moiety is necessary for high affinity.!>°

Virodhamine (O-arachidonoyl ethanolamine). Identification.
Virodhamine was discovered in 2002 by Porter et al. during the
development of a bioanalytical method to measure anandamide
levels in tissue. A second peak with the same mass as anandamide
but with a different retention time was detected and isolated and
found to be arachidonic acid and ethanolamine joined by an ester
linkage, in contrast to the amide linkage in anandamide (Fig. 15).
Virodhamine has been isolated from rat brain and human hippo-
campus in levels similar to anandamide. In the peripheral tissues,
levels of virodhamine isolated were 2- to 9-fold higher than
anandamide.’!

Biosynthesis. It is not yet defined how virodhamine is produced,
stored, or degraded. Virodhamine could be generated from a fatty
acid ethanolamine and arachadonic acid by a transphosphotidyla-
tion reaction catalyzed by phospholipase D. It is also possible that
virodhamine could be produced from anandamide by an enzymat-
ically catalyzed rearrangement of the ethanolamine portion of the
molecule from an amide linkage to an ester.'>? Neither mechanism
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Figure 15. Structure of virodhamine.

has been examined. It is also possible that it serves as an additional
precursor of anandamide.

Virodhamine’s ability to block anandamide transport, which is
largely mediated by intracellular FAAH hydrolysis, suggests that
it may be degraded in a manner similar to anandamide. Since FAAH
has been shown to have both amidase and esterase activity, it
could be responsible for virodhamine’s hydrolysis in vivo.'>*

Function. Virodhamine produced dose-dependent hypothermia
in mice. In a [>*S]GTPyS functional binding assay, ECso values for
virodhamine matched those reported for anandamide and WIN
55,212-2, both of which behave as agonists at CB1 and CB2 recep-
tors, but it was found to be less efficacious than both anandamide
and WIN 55,212-2. At CB2, virodhamine acted as a full agonist.
However it acted as a partial agonist at CB1 with a maximal effi-
cacy of 61% compared with anandamide.®? Virodhamine has been
shown to relax both human and rat mesenteric arteries through
endothelial cannabinoid receptors.'> Virodhamine has also been
reported to have activity at the orphan receptor, GRP55.1>°

N-Acyl dopamine. I[dentification/biosynthesis. It was suggested
that certain N-acyl dopamines may exist in mammalian tissues
and serve as TRPV1 ligands.!>® N-Arachidonyl dopamine was first
synthesized prior to its endogenous detection in 2002 in rat and
bovine nervous tissues (Fig. 16).!>” More recently, several other
N-acyl dopamines including, palmitoyl, stearoyl, and oleoyl dopa-
mine have been detected.!>® These compounds share a structural
similarity with the potent TRPV1 agonist, capsaicin.

A proposed biosynthesis of arachidonyl dopamine proceeds
via condensation of arachidonic acid with tyrosine and the subse-
quent conversion of N-arachidonoyltyrosine to N-arachidonyl
dopamine by tyrosine hydroxylase and r-aromatic amino-acid
decarboxylase.'>’

Function. To date, only arachidonyl dopamine was found to have
any significant biological activity. It enhances calcium influx in cul-
tured dorsal root ganglion neurons and TRPV1-transfected human
embryonic kidney (HEK) cells.!*® Patch-clamp studies of cultured
dorsal root ganglion neurons showed that arachidonyl dopamine
elicited reversible responses, which were blocked by both the CB1
antagonist SR141617 and the TRPV1 antagonist, capsazepine. In
behavioral experiments using non-anesthesized rats, arachidonyl
dopamine caused thermal hyperalgesia.’?® Whether arachidonyl
dopamine or related N-acyl derivatives constitute true signaling
molecules or reflect metabolic artifacts is yet to be established.

Conclusions. Work conducted over the past 20 years has pro-
vided compelling evidence that fatty acid amides serve as a new
and additional class of endogenous signaling molecules. To date,
these fall largely into the two classes of ethanolamides and the pri-
mary amides. In spite of their simple structures and their apparent
lack of distinguishing features, they exhibit surprisingly selective
physiological activity that has been directly related to their selec-
tive activation (agonist) of receptor-mediated events. Because of
their rapid inactivation largely by enzymatic hydrolysis, they are
synthesized, released, and inactivated proximal to their sites of ac-
tion providing a temporal and spatial pharmacological control of
their effects. To date, these have impacted some of the most funda-
mental processes including pain perception (analgesia), inflamma-
tion, sleep, and feeding behavior suggesting they may be among
the first and most fundamental of our present day classes of signal-
ing molecules. Devoted efforts to characterizing their synthesis,
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Figure 16. Structure of arachidonyl dopamine.
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storage, and release as well as continued efforts to identify their
site(s) of action are sure to not only reveal new biology not yet
appreciated, but to provide new approaches and targets for
therapeutic intervention in some of our most fundamental clinical

diso

rders.
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