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Abstract

The only endogenous substances isolated and characterised so far that are capable of mimicking the pharmacological
actions of the active principle of marijuana, (3)-v9-tetrahydrocannabinol, are amides and esters of fatty acids. Some of these
compounds, like anandamide (N-arachidonoylethanolamine) and 2-arachidonoylglycerol, act as true `endogenous
cannabinoids' by binding and functionally activating one or both cannabinoid receptor subtypes present on nervous and
peripheral cell membranes. The metabolic pathways and molecular mode of actions of these metabolites, as well as their
possible implication in physiopathological responses, are reviewed here. z 1998 Elsevier Science B.V.
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1. Introduction

Opium and cannabis are probably the two oldest
plant-derived recreational and therapeutic drugs of
abuse in human history. Still, both the active princi-
ple of opium and its possible molecular mechanism
of action were discovered several decades before the
corresponding ¢ndings could be made for marijuana
and hashish, the two most popular preparations
from Cannabis sativa. The somewhat slower develop-
ment of cannabis research compared to opiate re-
search is not due to a lack of interest from the sci-
enti¢c community towards cannabinoid phar-
macology. Indeed, the therapeutic exploitation of In-
dian hemp, which included the treatment of cramps,
migraine, convulsions, neuralgia, nausea, diarrhoea,
asthma and anorexia, had been already recognised
by several Western physicians in the early nineteenth
century [1]. It was probably the lipophilic nature of
the most abundant active principle of cannabis, (3)-
v9-tetrahydrocannabinol (THC), that made its struc-
ture elucidation and total chemical synthesis di¤cult
(these were obtained, respectively, only in 1964 and
1981 [2,3]), and somehow delayed its pharmacologi-
cal characterisation. The latter revealed that THC
was responsible for most psychotropic e¡ects of mar-
ijuana smoking (for a review see [4]). It was again
THC's lipophilic nature, together with the di¤culties
encountered in preparing a stereochemically pure
preparation of this or related compounds, that sug-
gested a mechanism of action for psychoactive `can-

nabinoids' similar to that of cell membrane perturb-
ing anesthetics [5], thus delaying the ¢nding of
stereoselective cannabinoid binding sites until 1988
[6]. As with morphine, the discovery of receptors
for xenobiotic cannabinoids raised the possibility of
the existence in mammalian tissues of endogenous
counterparts. This possibility found conclusive exper-
imental evidence only in 1992 [7] with the ¢nding of
anandamide, the amide of arachidonic acid with etha-
nolamine, which took its name from the Sanskrit
word for bliss, ananda. Since the isolation of an-
andamide, several other long-chain fatty acid amides
and esters, including the ethanolamides of palmitic,
di-homo-Q-linolenic and docosatetraenoic acids, cis-
9-octadecenoamide and 2-arachidonoylglycerol, have
been found to exhibit some cannabimimetic proper-
ties in vitro and/or in vivo. The latest developments
of studies on the molecular mechanisms underlying
the pharmacological action, biosynthesis and inacti-
vation of these compounds as well as their possible
involvement in physiopathological responses are re-
viewed in this article.

2. Cannabimimetic metabolites, anandamides and
`endocannabinoids'

A recent de¢nition of cannabimimetic activity as
the whole of cannabinoid receptor-mediated pharma-
cological properties exhibited by the prototypical
cannabinoid THC was given by Pertwee [8]. This
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de¢nition, however, does not include the several non-
cannabinoid receptor-mediated actions so far de-
scribed for THC (for a review see [9]). Hence, a
more literal and wider, but nonetheless speci¢c, def-
inition of cannabimimetic activity as the capability of
mimicking THC actions both in vivo and in vitro,
whether they are mediated by cannabinoid receptors
or not, can be proposed. According to this de¢nition,
a compound should be indicated as cannabimimetic
as long as it proves to be `THC-mimetic' in the long
series of bioassays described in the literature (and
reviewed in [10]) where the cannabinoid compound
has been found to be active. A preliminary way of
assessing cannabimimetic activity was suggested by
Martin et al. in 1991 [11], who measured the e¡ect
of putative cannabimimetic compounds using a `tet-
rad' of mouse behavioural assays that, when per-
formed together, are highly indicative of cannabi-
noid-like activity. These assays are: (a) the `open-
¢eld' test, which measures locomotor activity, (b)
the `ring immobility' test, where the time spent mo-
tionless in a ring is measured, (c) the `hot plate' test,
used to determine antinociceptive e¡ects, and (d) in-

duction of rectal hypothermia. Even though a posi-
tive response in any of these assays is not speci¢c for
cannabinoids, only cannabinoid-like compounds
have so far been found to exhibit activity in all
four tests in the same range of concentrations [11].
Cannabimimetic activity can then be further assessed
by measuring cross-tolerance to THC in these assays,
or by determining whether or not animals can dis-
tinguish between the e¡ects of the compound under
study and those of THC (drug discrimination test).
In the former case, a positive response is highly sug-
gestive of a cannabinoid receptor-mediated action.
This can then be tested in vitro by using receptor
binding competition assays carried out with mem-
brane preparations from cells overexpressing canna-
binoid receptors.

The discovery of anandamide (N-arachidonoyl-
ethanolamine) in pig brain [7], and the ¢nding that
this compound, apart from being cannabimimetic in
the `tetrad' of tests [12^14] and inhibiting the electri-
cally stimulated mouse vas deferens twitch response
(another typical, albeit unselective, e¡ect of THC),
could selectively bind to and functionally activate
cannabinoid receptors, con¢rmed the hypothesis of
the existence of endogenous ligands for such recep-
tors. Although structurally di¡erent from plant can-
nabinoids, these metabolites, in analogy with the `en-
dorphins', i.e. the endogenous ligands of opiate
receptors, can be named `endocannabinoids' [15].
Thus, `endocannabinoids' can be de¢ned as endoge-
nous cannabimimetic substances capable of function-
ally activating one or both cannabinoid receptor sub-
types characterised so far in animals (see Section 3).
Two natural anandamide congeners, N-di-homo-
Q-linolenoyl- and N-docosatetraenoyl-ethanolamines,
were also isolated from pig brain [16], and found to
exert cannabimimetic actions [17,18] as well as bind-
ing to and functionally activating cannabinoid recep-
tors [16]. It was proposed that the three `endocanna-
binoid' N-acylethanolamines (NAEs) be named
anandamides, to distinguish them from non-`endo-
cannabinoid' NAEs, whose metabolism and action
had already been investigated in the 1970s and
1980s (for a review see [19]). One member of this
family of lipids, N-palmitoylethanolamine, was
found to share with cannabinoids an anti-in£amma-
tory action in mast cells and basophils [20] as well as
a neuroprotective e¡ect in cerebellar granule cells

Fig. 1. Chemical structures of `endocannabinoids' and other
fatty acid derivatives with cannabimimetic properties. The puta-
tive targets mediating the cannabimimetic actions of the metab-
olites are shown in parentheses. CB1, cannabinoid receptor sub-
type 1; CB2, cannabinoid receptor subtype 2; CBn, unknown
cannabinoid receptor subtype; FAAH, fatty acid amide hydro-
lase.
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[21]. However, since it does not bind with high a¤n-
ity to either of the two cannabinoid receptor sub-
types [22,23], N-palmitoylethanolamine cannot be de-
¢ned as an `endocannabinoid' nor as an anandamide,
but rather as a substance with cannabimimetic ac-
tions in some assays. The same applies to cis-9-octa-
decenoamide (oleamide), a substance isolated from
the cerebrospinal £uid of sleep-deprived mammals
and shown to induce normal sleep in rats [24]. De-
spite being incapable of binding to either cannabi-
noid receptor subtype [25], oleamide shares with
THC and anandamide a signi¢cant, albeit weak, ac-
tivity in the `tetrad' of mouse assays [26], as well as
an immunosuppressive action on lymphocytes in vi-
tro [27]. Finally, another arachidonic acid derivative,
2-arachidonoylglycerol, found in both canine gut [28]
and rat brain [29], was shown to mimic THC in all
pharmacological models tested so far [28,30], and to
functionally activate cannabinoid receptors [28]. This
compound, according to the de¢nitions suggested
above, should be considered an `endocannabinoid',
but not an anandamide.

Thus, not all endogenous metabolites that exhibit
some cannabimimetic properties are `endocannabi-
noids', and not all `endocannabinoids' are anand-
amides. Moreover, `endocannabinoids' may not mimic
some of the non-cannabinoid receptor-mediated ac-
tions of THC and, therefore, may not be cannabimi-
metic in some assays. Although originally proposed
to refer to `endocannabinoid' NAEs [16], the term
anandamide is currently used only for the most thor-
oughly studied member of this family, i.e. N-arach-
idonoylethanolamine. Other cannabimimetic fatty
acid amides, whose possible molecular target is not
represented by cannabinoid receptors (Fig. 1), have
been isolated from both mammalian and invertebrate
tissues, and will be also discussed in this article.

3. `Endocannabinoid' molecular targets

3.1. Cannabinoid receptor-mediated actions

Two cannabinoid receptor subtypes, termed CB1
and CB2, have been characterised and cloned to date
[31,32]. Both receptors belong to the family of the
`seven trans-membrane spanning receptors', and their
functional response is mediated by pertussis toxin-

sensitive GTP-binding (Gi=o) proteins. The CB1 re-
ceptor, previously known as the `central' cannabi-
noid receptor, is widely distributed in several brain
regions [33], with the highest density in the cortex,
hippocampus, basal ganglia and cerebellum, as well
as in the cervical ganglion and peripheral autonomic
¢bres, such as those innervating the vas deferens,
urinary bladder and heart (reviewed in [8]). CB1 is
also present in non-nervous tissues such as the pros-
tate, uterus, testes, small intestine, spleen and lym-
phocytes [8]. A CB1 receptor variant, named CB1a,
has also been described [34]. The CB2 receptor seems
to be con¢ned to immune tissues, such as the spleen,
thymus and tonsils, and immunocompetent blood
cells, with the highest concentration in B-cells, natu-
ral killer cells, mast cells and monocytes [8]. Anand-
amide and 2-arachidonoylglycerol have been shown
to bind to both CB1 and CB2 receptors and to elicit
a typical CB1 and CB2 functional response, i.e. the
Gi=o-mediated inhibition of forskolin-induced cAMP
formation. This could be observed either in CHO
and COS-7 cells transfected with CB1/CB2 receptor
cDNA [28,30,35,36], or in cell lines or tissue prepa-
rations constitutively expressing either receptor sub-
type [8]. Interestingly, CB1, but not CB2, receptors
have been recently suggested to also activate adenyl-
ate cyclase via a Gs protein, an e¡ect that is usually
masked by the more typical Gi-mediated inhibition
of the enzyme, and which could only be observed
after treating the cells with pertussis toxin [37].
This e¡ect may explain why anandamide ^ which
also stimulates forskolin-induced cAMP formation
in pertussis toxin-treated CHO cells overexpressing
CB1 receptors [199] ^ at low doses exhibits `excita-
tory' rather than `inhibitory' actions in several be-
havioural tests, and inhibits some THC-induced
pharmacological actions [38,39,200]. Apart from ad-
enylate cyclase, CB1 receptors are coupled, again
through G-proteins, to inhibition of N-type and P/
Q-type Ca2� channels, and, accordingly, anandamide
was found to inhibit Ca2� in£ux through these chan-
nels in N18TG2 mouse neuroblastoma cells, CB1-
transfected AtT-20 cells and rat hippocampal neu-
rones [40^43]. Moreover, anandamide, by acting at
CB1 receptors, also activates an inwardly rectifying
K� current in transfected AtT-20 cells [41,42]. Sur-
prisingly, low nM concentrations of 2-arachidonoyl-
glycerol, by acting through CB1 receptors and phos-
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pholipase C activation, were recently shown to in-
duce a transient increase in the intracellular Ca2�

concentration in undi¡erentiated N18TG2 and
NG108x15 cells [43], whereas higher doses exhibited
a more typical inhibition of Ca2� in£ux in di¡eren-
tiated cells [44]. The former action could be observed
with anandamide only at higher concentrations and
to a lower extent. Both CB1 and CB2 receptors were
found to be coupled also to mitogen-activated pro-
tein kinase (MAPK) independently of adenylate cy-
clase inhibition [45,46], but the only report of a
pertussis toxin-sensitive stimulatory e¡ect of anand-
amide on MAPK was obtained in WI-38 human lung
¢broblasts [47], where no data for the presence of
either cannabinoid receptor subtype are available.
CB2-mediated MAPK activation was found to in-
duce krox-24 gene expression in HL60 cells [46],
but again no such e¡ect for anandamide or 2-arach-
idonoylglycerol has been reported yet. Cannabinoids
and anandamide were shown to activate a neuronal
form of focal adhesion kinase (FAK+) in rat hippo-
campal slices in a fashion sensitive to the CB1 recep-
tor-selective antagonist SR 141716A [48], as well as
to pertussis toxin and PKA inhibitors or activators
[49], thus suggesting that the `endogenous cannabi-
noid system' (ECS) is coupled to FAK+ via CB1
receptors and adenylate cyclase inhibition. Cannabi-
noids and anandamide exert a dual action on NO
synthases in both nervous and non-nervous tissue,
either by stimulating basal NO release in Mytilus
and leech ganglia, Mytilus immunocytes and rat re-
nal endothelial cells [50^52,71], or by inhibiting lip-
opolysaccharide-induced NO formation in macro-
phages [53]. This dual action may re£ect the
participation of either CB1 or CB2 receptors as
well as their capability to couple to either constitu-
tive or inducible NO synthase. Finally, the psycho-
active synthetic cannabinoid HU-210, anandamide
and 2-arachidonoylglycerol were recently shown to
potently inhibit human breast cancer cell prolifera-
tion through CB1-mediated suppression of prolactin
receptor levels [54].

3.2. CBn (non-CB1/non-CB2) cannabinoid
receptor-mediated actions

The discovery of the `endocannabinoids' indirectly
led to the suggestion that non-CB1/non-CB2 (CBn)

cannabinoid receptor subtypes exist in both the CNS
and periphery. THC and anandamide, in the low^
medium WM range of concentrations, induce arach-
idonic acid release via phospholipase A2 activation in
both central and peripheral cell types [47,55^57]. This
e¡ect is blocked by high concentrations of SR
141716A in astrocytes [55], by adenylate cyclase-acti-
vating agents and/or pertussis toxin in lung ¢bro-
blasts and J774 mouse macrophages [47,56], and by
either SR 141716A or CB1 and CB2 antisense oligo-
nucleotides in N18TG2 cells and RAW 264.7 macro-
phages [57]. In J774 cells the e¡ect appeared to be
biphasic with a ¢rst plateau being reached at 50 WM
and a further increase at higher concentrations [56].
Indeed, anandamide, in the medium^high WM range,
induces arachidonate liberation also in cells that do
not express CB1/CB2 receptors [36,42]. It is possible
that a CBn receptor, with low a¤nity for anand-
amide and high homology with CB1/CB2 receptors,
is coupled to phospholipase A2 activation via aden-
ylate cyclase inhibition and/or Gi proteins. The pres-
ence of CBn receptors in astrocytes was also sug-
gested by the ¢nding of an inhibitory action by
anandamide on gap junction-mediated and gluta-
mate-triggered Ca2� waves [58]. This e¡ect was sen-
sitive to pertussis toxin but was una¡ected by SR
141716A, and so was also the anandamide-induced
depletion of Ca2� from fast mobilisable, glutamate-
activated, internal stores in the same cells [59]. A
putative astrocyte CBn receptor might also accom-
modate oleamide, reported to share with anandamide
its inhibitory action on astrocyte gap junctions [190].
Finally, the existence of CBn receptors may be sug-
gested also from data obtained with N-palmitoyl-
ethanolamine which was found to displace the bind-
ing of selective cannabinoid receptor agonists from
rat basophilic leukaemia RBL-2H3 and cerebellar
granule cell membranes [20,21], but was inactive in
binding experiments carried out with cells transfected
with either CB1 or CB2 receptors [22,23].

3.3. Non-cannabinoid receptor-mediated actions

Like THC, anandamide exhibits some pharmaco-
logical actions independently of CB1, CB2 or CBn
cannabinoid receptors. The `endocannabinoid' inhib-
its non-competitively L-type Ca2� channels by inter-
acting with 1,5-dihydropyridine and 1,5-benzothiaze-
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pine and phenylalkylamine binding sites in rat car-
diac and brain membranes and rabbit skeletal muscle
membranes [60,61,193]. Anandamide and THC also
inhibit Shaker-related voltage-gated K� channels
[62]. These two actions were exerted in the low^me-
dium WM range of concentrations. At much lower
concentrations (IC50 = 190 nM), anandamide, togeth-
er with two synthetic cannabinoids, was shown to
block 5-HT3 receptor-mediated currents in rat no-
dose ganglion independently of G-protein activation
[63]. 5^100 WM concentrations of anandamide were
found to potentiate Ca2�/phosphatidylserine activa-
tion of rat brain protein kinase C isozymes [64]. In-
terestingly, when the assay was carried out in the
presence of dioleoylglycerol, which further activates
the enzyme, anandamide inhibited protein kinase C-
catalysed protein phosphorylation, suggesting a pos-
sible interaction as a partial agonist with the diacyl-
glycerol binding site of the enzyme. Finally, anand-
amide was very recently found to positively modulate
NMDA-mediated Ca2� currents in cells that do not
express cannabinoid receptors, or where these recep-
tors had been functionally inactivated by pertussis
toxin pretreatment. A direct interaction with the
NMDA glutamate receptor was suggested [65].

4. Formation and inactivation of `endocannabinoids'
and other fatty acid derivatives with
cannabimimetic properties

4.1. Analytical studies and tissue distribution

Following the ¢nding of anandamide, novel ana-
lytical methods for the puri¢cation and quantitative
measurement of NAEs were developed based mainly
on HPLC, gas chromatography (GC) and GC/mass
spectrometry (MS) of various derivatives [66^72].
Preparation of the 4-(N-chloroformyl-methyl-N-
methyl)amino-7-N,N-dimethyl-amino-sulphonyl-2,1,-
3-benzoxa-diazole derivatives followed by HPLC and
£uorometric detection provided the ¢rst highly sensi-
tive quantitative method [66]. Another HPLC meth-
od exploited the preparation of the 1-anthroyl deriv-
atives of anandamide [67]. Acetylation of the 2P-
hydroxyl group or its derivatisation with either tri-
methyl-silyl-, t-butyl-dimethyl-silyl-, bis-penta£uoro-
benzoyl- or bis-penta£uoro-propionyl-groups were

used for GC and GC/MS methods [68^70]. Anand-
amide was also directly quantitated without derivati-
sation by using liquid chromatographic (LC)-atmos-
pheric pressure chemical ionisation MS or LC/MS/
MS [71,72]. By using these methods, anandamide, in
amounts ranging from about 5 to 150 pmol/g tissue,
was identi¢ed and quantitated in human, bovine,
ovine and rat brain, rat testis, skin, kidney and
spleen, human spleen and heart, mouse uterus, mur-
ine leukocytes, human breast cancer and rat phaeo-
chromocytoma (PC-12) cells [66^77]. In particular, in
human and rat brain, the highest levels of anand-
amide were found in the hippocampus (148 and 29
pmol/g tissue, respectively) and striatum [71]. N-Pal-
mitoylethanolamine, when measured, was almost al-
ways found in higher amounts than anandamide, to-
gether with other congeners. 2-Arachidonoylglycerol
was quantitated in rat brain [29,78] and canine gut,
pancreas and spleen [28,79], and was also found to
be accompanied by several monoacylglycerols. Fi-
nally, large amounts (55^680 pmol/107 cells, corre-
sponding to about 0.5^6 nmol/g tissue) of oleamide
have been found in N18TG2 neuroblastoma [80],
human breast cancer and rat phaeochromocytoma
cells [77].

4.2. Biosynthesis of anandamides and other NAEs

The two routes suggested in the 1960s and 1980s
[19] for the biosynthesis of saturated, mono- and di-
unsaturated NAEs, i.e. the direct and energy-free en-
zymatic condensation between the fatty acid and
ethanolamine, and the phospholipase D-catalysed
hydrolysis of N-acyl-phosphatidylethanolamines,
have been shown to apply also to anandamide
(Fig. 2). The ¢rst pathway occurs in mammalian
brain particulate fractions independently of ATP
and coenzyme A and in the presence of high WM
concentrations of arachidonic acid and high mM
concentrations of ethanolamine [81,82]. The enzyme
responsible for this reaction was named anandamide
synthase, was active at alkaline pH (8.5^10) and
showed some selectivity for arachidonic acid and
ethanolamine versus other fatty acids or amines.
The synthase was found in both rabbit and rat brain,
but also in rabbit liver, kidneys and lungs [81]. In rat
brain, the highest synthase activity was in the hippo-
campus, followed by a moderate activity in the tha-
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lamus, striatum and frontal cortex [82]. As the
cellular concentrations of arachidonic acid and
ethanolamine are normally much lower than those
necessary to the enzyme, it was suggested that `an-
andamide synthase'-mediated anandamide biosynthe-
sis would require the activation of the two phospho-
lipases mostly responsible for arachidonic acid and
ethanolamine release from membrane phospholipids,
i.e. phospholipases A2 and D (PLA2 and PLD). Lat-
er, `anandamide synthase' was partially puri¢ed from
porcine brain [83] and shown to exhibit the same pH/
temperature dependence and inhibition pro¢les as
the enzyme catalysing anandamide hydrolysis to
arachidonic acid and ethanolamine, named anand-
amide amidohydrolase (see below), with which the
`synthase' co-eluted after two chromatographic steps
and shared the same tissue distribution. This ¢nding,
together with the high substrate concentrations re-
quired to observe an `anandamide synthase' activity,
suggested that this enzyme was an `anandamide ami-
dohydrolase' working `in reverse' [83]. When the
amidohydrolase was cloned and expressed in COS-7

cells, it was indeed found to catalyse the reverse re-
action on incubation with high mM, and probably
physiologically non-relevant, concentrations of etha-
nolamine [84,85]. To date no other `anandamide syn-
thase' has been characterised yet. This allows us to
propose that the second pathway suggested for an-
andamide biosynthesis is the physiological route for
the formation of the `endocannabinoid', at least in
the CNS. This pathway was shown to lead to the
PLA2-independent production of anandamide and
other NAEs in intact rat neurones stimulated with
membrane-depolarising agents (e.g. ionomycin,
kainate and high potassium), and occurs through
the phosphodiesterase-catalysed hydrolysis of a
membrane phospholipid precursor, N-arachidonoyl-
phosphatidylethanolamine (NArPE) [86]. Both
NArPE and other N-acyl-phosphatidylethanolamines
(NaPEs), with a N-fatty acid composition very sim-
ilar to that of the NAEs co-synthesised with anand-
amide, but di¡erent from the free fatty acid compo-
sition, were characterised in rat neuronal and brain
lipid fractions, and their turnover found to be in-

Fig. 2. Biosynthetic pathways for anandamide formation in cells and their possible regulation. PKA, cAMP-dependent protein kinase;
NArPE, N-arachidonoyl-phosphatidylethanolamine; NAPE-PLD, N-acylphosphatidyl-ethanolamine-selective phospholipase D; PLA2,
phospholipase A2.
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duced by ionomycin [86,87]. Moreover, a PLD-like
enzyme catalysing the conversion of NArPE to an-
andamide was found in rat neuronal and brain ho-
mogenates [86,87]. This enzyme also recognised other
NaPEs with an apparent a¤nity higher than NArPE
[87], and is probably the same NaPE-selective PLD
partially characterised from dog brain in 1983 [88]. A
Ca2�-dependent trans-acylase activity responsible for
NArPE formation through the transfer of arachi-
donic acid from the sn-1 position of 1,2-sn-di-arach-
idonoyl-phosphatidylcholine (1,2-sn-di-arachidonoyl-
PC) to phosphatidylethanolamine (PE) was also par-
tially characterised [87]. The enzyme displayed opti-
mal activity at pH = 7.0 and Km values of about 20
and 120 WM, respectively, for 1,2-sn-di-arachidonoyl-
PC and PE, and could also catalyse the transfer to
the latter compound of other fatty acids, thus possi-
bly accounting for the formation of other NaPEs. In
separate studies, the trans-acylase activity was also
found in rat testes and N18TG2 cells [67,89], and
its distribution in rat brain regions shown to moder-
ately resemble that of anandamide, with levels high-
est in brainstem, and intermediate in the hippocam-
pus, cortex, striatum, medulla and cerebellum [90].
The enzyme was suggested to be up-regulated, in rat
central neurones, by cAMP-induced activation of
protein kinase A (PKA), provided that intracellular
[Ca2�] is also raised [91]. Conversely, in PC-12 cells
transformed with nerve growth factor into cells with
a phenotype typical of sympathetic neurones, NAE
and NaPE contents were not signi¢cantly di¡erent
from those of untransformed PC-12 cells [77]. In
any event, trans-acylase inhibition prevented Ca2�-
dependent NArPE formation in intact neurones
[90]. This con¢rms that the NaPE-PLD-mediated
pathway (which was suggested to take place also in
N18TG2 and RBL-2H3 cells and J774 mouse macro-
phages, stimulated with antigen and/or ionomycin
[75,89,92], as well as in sea urchin ovaries [93]) may
be the physiological route for anandamide formation
at least in neurones and some peripheral cells. The
major drawback of this pathway, however, is repre-
sented by the low levels of 1,2-sn-di-arachidonoyl-PC
found so far only in brain [87,90] and testes [94]
(respectively 0.3% and 3.4% of total phosphatidyl-
choline species). Future studies will have to aim at
understanding the regulation of the biosynthesis of
this phospholipid which is likely to represent the

rate-limiting step for anandamide formation in neu-
rones. Interestingly, a recent study carried out in
mouse peritoneal macrophages showed that the de
novo formation of 1,2-sn-di-arachidonoyl-PC, which
accounts for 1% of total PC, can be enhanced by
Ca2� ionophore stimulation to up to 4% of total
newly incorporated glycerol, possibly using arachi-
donic acid released by a Ca2�-dependent PLA2 [95]
(Fig. 2). Whether a similar pathway also occurs in
neurones remains to be established. On the other
hand, the recent identi¢cation in the mouse uterus
[96] of two distinct enzymatic activities for the syn-
thesis and degradation of anandamide, together with
the ¢nding in the same tissue of anandamide in levels
higher than NArPE, and up to 20 nmol/g tissue [74],
may suggest that, at least in some peripheral tissues,
the `endocannabinoid' may be synthesised through
the `synthase' or other pathways.

4.3. Biosynthesis of 2-arachidonoylglycerol

Also the biosynthesis of 2-arachidonoylglycerol
can be stimulated by ionomycin in neuronal cells
[97]. Evidence for the Ca2�-dependent formation
and release of this `endocannabinoid' was obtained
for the ¢rst time in mouse neuroblastoma N18TG2
cells, where 2-arachidonoylglycerol biosynthesis (1)
was accompanied by the formation of monooleoyl-
glycerol, (2) occurred concomitantly with 1-acyl-2-
arachidonoylglycerol (AArG) formation, (3) was po-
tentiated by incubation of cells with exogenous PLA2

(which, on the contrary, should have reduced the
amount of phospholipid precursors for AArG and
2-arachidonoylglycerol), and (4) was not sensitive
to the phospholipase C (PLC) general inhibitor neo-
mycin sulphate [97,98]. However, apart from an
abundant sn-1-diacylglycerol lipase catalysing
AArG hydrolysis to 2-arachidonoylglycerol [89,97],
neuroblastoma cell homogenates were found to con-
tain also a Ca2�-dependent PLC capable of slowly
but signi¢cantly causing the sequential formation of
AArG and 2-arachidonoylglycerol from 1,2-sn-di-
arachidonoyl-PC [89]. A subsequent study con¢rmed
that 2-arachidonoylglycerol can be released from rat
cortical neurones, but not astrocytes, in a Ca2�-de-
pendent fashion and through the intermediacy of
AArGs. Di¡erently from N18TG2 cells, however,
in this study a phosphoinositide (PI)-selective PLC
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was suggested to be responsible for the AArG-medi-
ated formation of 2-arachidonoylglycerol [78]. From
these data it can be suggested that the diacylglycerol

species serving as precursors for the biosynthesis of
the `endocannabinoid' may be formed either through
typical PLC-mediated pathways or via de novo for-

Fig. 3. Possible pathways for 2-arachidonoylglycerol biosynthesis in cells. Two types of sn-2-arachidonate-containing glyceride precur-
sors have been suggested for 2-arachidonoylglycerol : diacylglycerols and lysophosphoglycerides. The latter can be produced either
from the action of phospholipase A1, or during trans-acylase-catalysed N-acylphosphatidyl-ethanolamine (NAPE) biosynthesis. PI,
phosphoinositide; DAG, diacylglycerol; NArPE, N-arachidonoyl-phosphatidylethanolamine; MAGP, monoacylglycerol-3-phosphate;
AcCoA, acylcoenzyme A.
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mation, depending on whether Ca2� in£ux, and the
subsequent neurone depolarisation, leads to PLC ac-
tivation or not (Fig. 3). Two further Ca2�-dependent
pathways, occurring concomitantly with anandamide

formation, can also be hypothesised. Firstly, 1-lyso-
2-arachidonoyl-PC, a by-product of NArPE biosyn-
thesis (Fig. 2), can be directly converted into 2-arach-
idonoylglycerol by an EDTA-insensitive lysoPLC

Fig. 4. Possible mechanisms for the inactivation of `endocannabinoids' by cells. A speci¢c carrier protein has been identi¢ed for
anandamide uptake by cells, but no evidence for such a mechanism exists yet for 2-arachidonoylglycerol, which, instead, can be
acylated into membrane phospholipids. Anandamide can also be oxidised using enzymes of the `arachidonate cascade', whereas both
FAAH and non-selective lipases may contribute to 2-arachidonoylglycerol hydrolysis. PGE2, prostaglandin E2.
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identi¢ed in N18TG2 cell homogenates [89]. Sec-
ondly, sn-2-arachidonate-containing phosphatidic
acid, produced as a by-product of anandamide for-
mation, may generate AArGs required for 2-arachi-
donoylglycerol formation (Fig. 3). This second alter-
native route still needs to be investigated. However,
it is worthwhile noting that electrical stimulation of
hippocampal slices led to selective and Ca2�-depend-
ent 2-arachidonoylglycerol formation without in-
creasing the basal levels of anandamide [78]. There-
fore it is possible that the two `endocannabinoids' are
synthesised independently of each other, at least in
some brain regions. Nevertheless, biosynthetic routes
for 2-arachidonoylglycerol in addition to that utilis-
ing PI-selective PLC, such as the de novo or PLC-
catalysed formation of AArG pools which are not
used in protein kinase C (PKC)-mediated signal
transduction, or the one-step conversion of 1-lyso-2-
arachidonoyl-phospholipids into the `endocannabi-
noid', should be investigated in the future. In fact,
if 2-arachidonoylglycerol is formed uniquely from
the hydrolysis of AArGs produced within a frame-
work of receptor-evoked trans-membrane signalling
events, the initiation of an extracellular cannabimi-
metic signal would inevitably follow such events.
The subsequent input delivered to cells might repre-
sent a negative feedback signal, as suggested by Su-
giura et al. [44], or a confusing `go'-`stop' message. A
typical example would be the modulation of hippo-
campal long-term potentiation, which is induced by
AArGs through PKC activation [99] and inhibited by
2-arachidonoylglycerol [78]. It is possible that, apart
from alternative biochemical routes and di¡erent di-
acylglycerol pools, also di¡erent PLC isozymes are
used for AArG-mediated signalling and 2-arachido-
noylglycerol biosynthesis. Following this line of
thought, it is worthwhile noting that anandamide is
formed by a PLD enzyme apparently distinct from
the PE- and PC-selective PLD involved in signal
transduction [88], and that several biosynthetic routes
(recently reviewed in [100]) have been proposed for
arachidonic acid, a molecule active of its own and the
precursor of several bioactive metabolites.

4.4. Oleamide and other fatty acid primary amides

Two biosynthetic routes have been proposed for
oleamide and its congeners, such as arachidonamide

and erucamide, which represent a class of bioactive
fatty acid amides whose mechanism of action has not
been clari¢ed yet but may have to do with prolonga-
tion and potentiation of `endocannabinoid' activity
(see below). The energy-free condensation of ammo-
nia and fatty acids to primary amides catalysed by rat
brain microsomes was shown to lead to oleamide
biosynthesis [101], but this reaction is very likely
mediated by anandamide amidohydrolase working
`in reverse' [84] (see below), and was recently shown
not to contribute to the formation of oleamide in
intact N18TG2 cells [80]. Another hypothesis is that
oleamide is formed through the action of peptid-
ylglycine K-amidating monooxygenase (PAM), the
enzyme responsible for the C-terminal amidation of
peptides and proteins, which was recently shown to
convert N-myristoyl- and N-oleoyl-glycine respec-
tively into myristoylamide and oleamide [102,103].
According to this hypothesis, N-acylglycines are syn-
thesised in the liver or kidneys from acylCoA and
glycine through the action of acylCoA:glycine N-
acyltransferase, an enzyme which is absent in the
brain. N-Oleoylglycine would then cross the blood-
brain barrier and be converted into oleamide by
PAM, which is present in the cerebrospinal £uid
and hypothalamus [102]. Another possibility is that
N-oleoylglycine is converted into oleamide in blood,
and then transported to tissues. However, recent
studies have shown that oleamide is a major lipid
component of neuronal and peripheral cells in culture
[77,80], which suggests that oleamide formation may
occur independently of N-oleoylglycine, unless one
assumes that this compound is present in the media
used to culture the cells. Moreover, a compound with
the same chromatographic behaviour as oleamide
was found to be produced from N18TG2 cells incu-
bated with [14C]oleic acid, in a fashion that seemed to
depend on how much oleic acid had been incorpo-
rated into membrane phospholipids [80]. Thus, fur-
ther studies are needed in order to clarify the issue of
fatty acid primary amide biosynthesis.

4.5. Inactivation of `endocannabinoids'

The ¢rst step in both anandamide and 2-arachido-
noylglycerol inactivation is their rapid di¡usion into
cells [86,104^106] (Fig. 4). Although the lipophilicity
of the two compounds allows them to passively dif-
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fuse through the cell membrane, facilitated transport
mechanisms have been described for anandamide in
rat cortical neurones [86,105], RBL-2H3 basophils
[75], cerebellar granules [104] and astrocytes [105],
with t1=2 values ranging from 2.5 and 7 min. These
mechanisms seem to be mediated by speci¢c Na�-
independent carrier proteins in as much as they are
(1) saturable, (2) temperature-dependent, (3) selec-
tive, and (4) inhibited by various more or less selec-
tive agents, such as phloretin, phenylmethylsulphonyl
£uoride (PMSF) and N-ethylmaleimide (NEM), or
anandamide analogues, like the naturally occurring
N-oleoylethanolamine, or the synthetic compounds
N-arachidonoylbenzylamine, N-arachidonoylpropyl-
amine and N-(4-hydroxyphenyl)arachidonoylamine
(AM404). The latter compound selectively inhibits
anandamide uptake into rat cortical astrocytes and
neurones, and was used to demonstrate a functional
role of this facilitated transport mechanism in the
termination of anandamide action in vivo and in
vitro [105]. No evidence exists for a carrier-mediated
uptake of 2-arachidonoylglycerol, which, however,
rapidly di¡uses into cells (t1=2 values ranging from
6 to 27 min) and is partly esteri¢ed into membrane
phospholipids [106]. Once inside the cell, both an-
andamide and 2-arachidonoylglycerol are degraded
mostly through the enzymatic hydrolysis of their
amide or ester bonds, thereby yielding arachidonic
acid, which is immediately re-incorporated into
membrane phospholipids, and ethanolamine or glyc-
erol, respectively [86,75,106] (Fig. 4).

4.6. Anandamide amidohydrolase/fatty acid amide
hydrolase: an enzyme `for all seasons'

The enzyme responsible for anandamide hydroly-
sis, originally named `anandamide amidohydrolase',
or `amidase', has been widely studied. It has been
characterised from rat, mouse and porcine brain par-
ticulate fractions, and shown to be optimally active
at alkaline pH (8.5^10), quite selective for anand-
amide versus other N- acylethanolamines, and inhib-
ited by typical serine and cysteine protease inhibitors
such as PMSF, p-hydroxy-mercuribenzoate, p-bro-
mo-phenacyl-bromide and NEM [83,107^110], as
well as by the PLA2 inhibitor arachidonoyl-tri£uo-
romethylketone (ATFMK) [111]. The enzyme dis-
played a tissue distribution (with the highest activity

in liver, brain and lungs), and a pH dependence pro¢le
almost identical to those of an amidohydrolase previ-
ously reported to catalyse the hydrolysis of oleoyl-
ethanolamide in dog brain [108,109,112]. In rat brain
the enzyme was mostly concentrated in the striatum,
hippocampus, substantia nigra and thalamus [108].
Thus the tissue distribution of `anandamide amidohy-
drolase' appeared to perfectly mirror that of `anand-
amide synthase' [81,82]. Moreover, the two activities
were co-puri¢ed from porcine brain, thus strongly sug-
gesting that they were due to the same enzyme [83].
Final con¢rmation to this hypothesis came when the
enzyme catalysing the hydrolysis of the sleep-inducing
factor oleamide was puri¢ed to homogeneity, cloned
and sequenced [113]. In fact, previous studies carried
out in N18TG2 cells had shown that `anandamide
amidohydrolase' could also recognise oleamide [114].
Therefore, when the cDNA sequence of `oleamide hy-
drolase' was determined, it was possible to overexpress
an appropriately modi¢ed cDNA probe into COS-7
cells. This made it possible to demonstrate that the
enzyme catalysed (a) the hydrolysis of anandamide
[113] and (b) the hydrolysis `reverse reaction', i.e. the
synthesis of anandamide from ethanolamine and
arachidonic acid, in the presence of high concentra-
tions of these two substrates [84,85]. Using transfected
COS-7 cells it was also possible to show that the ami-
dohydrolase also recognises other fatty acid amides
[113] and methyl esters [84], as well as catalysing the
synthesis of oleamide and arachidonamide from high
concentrations of ammonia and oleic or arachidonic
acid [84] (Fig. 5). Since the likely physiological func-
tion of this enzyme, as suggested also by the presence
of a signi¢cant homology with other amide hydrolase
enzymes, was to catalyse the hydrolysis rather than the
synthesis of several fatty acid amides, the new name
`fatty acid amide hydrolase' (FAAH) was proposed
[113]. The sequence analysis of FAAH showed also a
hydrophobic region predicted to assume a trans-mem-
brane K-helical conformation, and a consensus class II
SH3 domain binding sequence, which suggested that
other proteins may interact with FAAH, thereby reg-
ulating its activity and/or subcellular localisation.
Southern and Northern blots of DNA and mRNA
from various rat tissues, probed with an internal
800-bp fragment of FAAH cDNA, con¢rmed pre-
vious data on the tissue distribution of this protein,
whose levels are highest in the liver, brain and kidneys,
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measurable in testes and lung, low in the spleen and
undetectable in the skeletal muscle and heart [113]. In
rat brain, FAAH mRNA, like `anandamide amidohy-
drolase' activity and CB1 receptors, is expressed in the
neocortex, amygdala, hippocampus, thalamus and in
con¢ned regions of the hypothalamus, brainstem and
cerebellum [191]. Mouse and human FAAH were also
recently cloned [115], and their structures found to
exhibit extensive homology with that of the rat en-
zyme, even though some signi¢cant di¡erences be-
tween the substrate speci¢city and tissue distribution
of rat and human FAAH were observed. The possible
identity of `anandamide amidohydrolase' with FAAH

was con¢rmed also by more recent studies [77,116]
where the amounts of FAAH transcripts and the
Vmax values for `anandamide amidohydrolase' in sev-
eral rat tissues and tumour cell lines were compared
and found to correlate. FAAH-like enzymes have been
described also in other peripheral tissues such as sea
urchin ovaries [93], mouse uterus [96], ocular tissues
[117] and RBL-2H3 basophils [75]. In the latter cell
type, FAAH, unlike the enzyme from brain and neu-
ronal cells, displayed a high a¤nity toward N-palmi-
toylethanolamine. The possibility of this being due to
the existence of a FAAH isoform needs further inves-
tigation.

Fig. 5. Multiple functions for fatty acid amide hydrolase. The enzyme can catalyse both the hydrolysis of fatty acid primary amides,
ethanolamides and methyl esters and, in the presence of high substrate concentrations, the reverse reaction. The FAAH-catalysed hy-
drolysis of 2-arachidonoylglycerol, but not the condensation between glycerol and arachidonic acid, can also be catalysed by recombi-
nant FAAH. ACMK, arachidonoylchloromethylketone; ADMK, arachidonoyldiazomethylketone; ATFMK, arachidonoyltri£uoro-
methylketone; MAFP, methylarachidonoyl£uorophosphonate; PSF, palmitylsulphonyl£uoride.
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The potential physiological importance of FAAH is
increased further by very recent ¢ndings obtained in-
dependently by two groups of researchers. Stemming
from the observation that FAAH from rat intestine
was inhibited by 2-arachidonoylglycerol [116], and
that the recombinant enzyme expressed in COS-7 cells
could also catalyse the hydrolysis of arachidonoyl
methyl ester, Yamamoto and colleagues tested micro-
somal preparations from COS-7 cells transfected with
FAAH cDNA and found that they could e¤ciently
convert 2-arachidonoylglycerol into arachidonic acid
and glycerol [118]. The reaction was not observed in
untransfected control cells, and was inhibited by an
excess of anandamide as well as by methylarachido-
noyl£uorophosphonate (MAFP), a potent inhibitor
of FAAH [119,120]. Partially puri¢ed `anandamide
amidohydrolase' from porcine brain also hydrolysed
2-arachidonoylglycerol. Independent work carried
out in our laboratory with the aim of characterising
the lipase responsible for 2-arachidonoylglycerol hy-
drolysis in N18TG2 and RBL-2H3 cells showed that
this enzyme exhibited the same pH dependence pro¢le
as FAAH and, when assayed at pH 9.5, it co-eluted
with FAAH activity after two chromatographic steps
[106]. This lipase was inhibited by typical FAAH in-
hibitors as well as by anandamide, and showed no
selectivity towards the 2- or 1(3)-isomers of the mono-
glyceride, although, like FAAH, it did discriminate
between polyunsaturated and saturated substrates
by exhibiting much higher a¤nity for the former com-
pounds [98,106]. Moreover, a FAAH inhibitor
(ATFMK) enhanced the levels of 2-arachidonoylglyc-
erol formed de novo in intact N18TG2 cells stimu-
lated with ionomycin. These data, taken together,
strongly suggest that FAAH may be one of the en-
zymes responsible for the physiological degradation
of 2-arachidonoylglycerol (Fig. 5).

4.7. Speci¢c fatty acid amide hydrolase inhibitors

Recently, FAAH inhibitors with di¡erent mecha-
nisms of action have been obtained from the deriva-
tisation of arachidonic acid and/or oleic acid with
functional groups potentially reactive towards cata-
lytically active serine and cysteine residues. Such com-
pounds may be particularly useful for the develop-
ment of new drugs in view of the multi-functional
role proposed for FAAH. Diazomethyl and chloro-

methyl derivatives of arachidonic acid [119] were
found to potently inhibit FAAH from di¡erent sour-
ces with IC50 values ranging between 2 and 23 WM.
These compounds probably form reversible tetrahe-
dral adducts with the active site ^SH or ^OH groups,
as previously suggested for the acyltri£uoromethylke-
tones [111]. Several oleic acid derivatives were also
tested, and the most potent compound was tri£uoro-
methylketone [121], which was used for the puri¢ca-
tion of FAAH [113]. MAFP is the most potent FAAH
inhibitor so far described, with IC50 values between
1 and 4 nM, and forms a covalent, enzymatically in-
active adduct with the enzyme [118^120]. Acylsulpho-
nyl£uorides are also very potent irreversible inhibitors
of anandamide enzymatic hydrolysis with IC50 values
in the low nM range [122]. However, most FAAH
inhibitors developed so far are not totally selective
towards this enzyme since they either also inhibit oth-
er enzymes involved in the arachidonate cascade or
bind to CB1 receptors. Thus, ATFMK and (E)-6-
(bromomethylene)-tetrahydro-3-(1-naphthalenyl)-2-
H-pyran-2-one inhibit cytosolic PLA2 at the same
concentrations used to inhibit FAAH [123,124], ibu-
profen does not discriminate between cyclooxygenase-
2 and FAAH [125], and arachidonoyl-diazomethylke-
tone also inhibits human leukocyte 5-lipoxygenase
[126]. MAFP, on the other hand, is active on cytosolic
PLA2 only at concentrations (WM) much higher than
those (nM) required to inhibit FAAH, but it cova-
lently binds to the CB1 receptors when using doses
in the high nM range [120,127]. The acylsulphonyl-
£uorides with 14, 16 and 18 carbon atoms also inacti-
vate CB1 receptors, but only at concentrations 500^
1000 higher than those used for FAAH inhibition
[122]. These compounds need to be tested on other
enzymes before their employment as selective FAAH
inhibitors can be suggested.

4.8. Other pathways for `endocannabinoid' catabolism

Apart from amide bond hydrolysis, anandamide
has also been shown to undergo, in tissue homoge-
nates or puri¢ed enzyme preparations, another series
of metabolic reactions consisting of the oxidation of
its double bonds with subsequent formation of hy-
droperoxy- and hydroxy-anandamide derivatives
(Fig. 4). These reactions are catalysed by enzymes
of the arachidonate cascade such as cytochrome
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P450 hydroxylases [128] or by lipoxygenase enzymes
[129^131]. More recently, anandamide was shown to
be recognised also by cyclooxygenase-2, but not cy-
clooxygenase-1, thereby being converted into a non-
cannabimimetic prostaglandin E2-ethanolamide
[132]. Even more unusual enzymes involved in arach-
idonic acid and polyunsaturated fatty acid metabo-
lism may recognise anandamide, as shown, for exam-
ple, for an algal `arachidonic acid conjugated-triene
isomerase' which forms the conjugated 5Z,7E,9E-tri-
ene derivative, a compound which was found to re-
tain signi¢cant CB1 receptor binding activity [133].
No analogous reaction for 2-arachidonoylglycerol,
although feasible in principle, has been observed
yet, whereas oleamide and anandamide C18:2 ana-
logues were recently found to serve as substrates for
soybean lipoxygenase [134]. So far the only prelimi-
nary indication that such reactions occur in intact
cells under pseudo-physiological conditions is the
formation of 12(S)- and 15(S)-hydroxy-anandamide
by human neutrophils [131]. Therefore, the possible
physiological signi¢cance of such reactions still needs
to be supported by further experimental data. Since
the FAAH-mediated pathway seems to be the pre-
dominant mechanism for anandamide and 2-arachi-
donoylglycerol degradation, it is possible that enzy-
matic oxidation of `endocannabinoids' intervenes in
those tissues where FAAH is not very abundant.
Moreover, since some hydroxy derivatives of anand-
amide retain signi¢cant cannabinoid binding activity
[129^132], or even compete with anandamide for
FAAH [134], it is also possible that such pathways
are not used by cells to inactivate anandamide, but
rather by anandamide to competitively inhibit the
formation of bioactive arachidonic acid oxidation
products. This hypothesis may explain some anand-
amide non-cannabinoid receptor-mediated actions,
but requires experimental veri¢cation.

4.9. Endogenous inhibitors of `endocannabinoid'
inactivation

Recent ¢ndings suggest that natural analogues of
anandamide and 2-arachidonoylglycerol, which co-
exist or are even co-synthesised with the two `endo-
cannabinoids' in equal or higher amounts, may play
a physiological role as endogenous `enhancers' and
`prolongers' of `endocannabinoid' action by inhibit-

ing `endocannabinoid' inactivation. The capability of
N-oleoylethanolamine, one of the most abundant
NAEs in neurones, to inhibit anandamide uptake
has been mentioned already [104]. This metabolite
and N-linoleoylethanolamine are also e¤cient inhib-
itors of anandamide enzymatic hydrolysis [114,135],
while the 13(S)-hydroxy derivative of the latter com-
pound, whose presence in tissues has not been de-
scribed yet, is an even more potent competitive in-
hibitor of FAAH [134]. More interestingly, oleamide,
which is known to compete with anandamide for
FAAH active site [113,114], was recently suggested
to owe some of its pharmacological actions, includ-
ing analgesia, inhibition of locomotor activity and
hypothermia, to an increase of endogenous anand-
amide levels [26]. Accordingly, oleamide enhanced
the binding of anandamide to CB1 receptors, and,
at low doses, signi¢cantly potentiated anandamide
anti-proliferative action on human breast cancer cells
[77], as well as anandamide e¡ects in the `tetrad' of
mouse behavioural tests [26]. Also the weak canna-
bimimetic activity observed for N-oleoylethanol-
amine and N-linoleoylethanolamine in those tests
[136] may be due to potentiation of a tonal action
by endogenous anandamide in the brain. Finally,
monoacylglycerols such as 2-palmitoyl- and 2-lino-
leoyl-glycerol, which show no cannabimimetic activ-
ity even at very high doses, were found to enhance 2-
arachidonoylglycerol's functional activation of CB1
and CB2 receptors, and to potentiate 2-arachido-
noylglycerol action in the `tetrad' of tests. However,
of the two compounds, only the unsaturated mono-
glyceride was active as an inhibitor of 2-arachido-
noylglycerol uptake and enzymatic hydrolysis [79].
Therefore, simple inhibition of `endocannabinoid'
degradation may not be the only factor underlying
the activity-enhancing action of `entourage' `endo-
cannabinoid' congeners. Further studies will be re-
quired in this direction, also in view of the recent
¢nding that anandamide and 2-arachidonoylglycerol
may share the same inactivating enzyme, and appear
to inhibit each other's degradation [106,118].

5. Possible physiopathological importance of the
`endocannabinoids'

Despite the several studies carried out on the phar-
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macological activity of both plant and endogenous
cannabinoids, the physiological role of the `endoge-
nous cannabinoid system' is still a subject for spec-
ulations. Probably due to their rapid degradation in
vivo [137], it has not always been possible to extend
to `endocannabinoids' the several pharmacological
actions previously established for THC and other
synthetic cannabinoids. The use of more stable an-
andamide analogues, such as (R)methanandamide
[138], has recently made it possible to observe an
activity more consistent with that of classical canna-
binoids [192], while the development and testing, in
an increasingly larger number of studies, of the se-
lective CB1 antagonist SR 141716A has recently
made it possible to gain some knowledge on the pos-
sible participation of `endocannabinoids' in the `to-
nal' control of certain functions. However, very little
is yet known on the correlation of certain physiopa-
thological responses with the production and inacti-
vation of `endocannabinoids' and the expression/ac-
tivity of the enzymes involved. From the limited data
available, the general impression is that the ECS may
be a tuning system of numerous ¢nely regulated
physiological functions even in lower organisms,
and that its importance is not limited to the CNS
but extends to several peripheral processes, also out-
side the nervous system. It is possible that disruption
of this regulatory system may cause and/or contrib-
ute to some disorders in both central and peripheral
tissues [139].

5.1. Central nervous system

The several intracellular actions of `endocannabi-
noids' in neurones, outlined above, may allow these
compounds to exert a neuromodulatory role on neu-
rotransmitter release/activity. Pre-synaptic inhibition
of Ca2� channels may impair neurotransmitter re-
lease, whereas activation of K� channels may reduce
the likelihood of action potential initiation/propaga-
tion. CB1-mediated modulation of adenylate cyclase
may in£uence slow neurotransmission, neurotrans-
mitter synthesis and neuronal plasticity. Since the
highest concentrations of CB1 receptors and/or
anandamide and/or FAAH have been found in the
thalamus, hippocampus, cortex, striatum, substantia
nigra and cerebellum, a role of the ECS in the con-
trol of cognitive and motor responses has been pro-

posed. Accordingly, anandamide was found to inhib-
it electrically evoked dopamine release from rat
striatal slices [140], to inhibit nigrostriatal dopamine
synthesis [141] and to induce motor inhibition in
rats through interference with dopaminergic and
GABAergic transmission [141,142]. Moreover, an-
andamide potentiates GABAA-mediated catalepsy
in the globus pallidus [143], whereas SR 141716A
did not decrease catalepsy induced by D1/D2 recep-
tor blockade [144]. Anandamide impairs working
memory [145] and memory consolidation in mice
[146], whereas SR 141716A improves memory in ro-
dents [147]. These e¡ects may be due to interference
with acetylcholine release which is inhibited by the
synthetic cannabinoid WIN 55, 212-2 and enhanced
by SR 141716A [148]. Moreover, 2-arachidonoyl-
glycerol and/or anandamide inhibit hippocampal
long-term potentiation [78,149] and long-term trans-
formation [150]. Pre-synaptic, CB1-mediated block-
ade of glutamatergic synaptic transmission by an-
andamide in hippocampal neurones [151] may
underlie both its inhibitory e¡ect on long-term po-
tentiation and its proposed neuroprotective function
against neurotoxicity. The latter was suggested by
the ¢nding of increased levels of anandamide follow-
ing cell death [69^71,152], as well as by its inhibition
of NMDA receptor-mediated Ca2� in£ux in cortical
and cerebellar slices [65]. Finally, CB1-mediated ac-
tivation by anandamide of neuronal focal adhesion
kinase in hippocampal neurones [46] may suggest for
the `endocannabinoid' a more general role in synap-
tic plasticity.

5.2. Hypothalamic functions

Even though no data are available on hypothala-
mic/pituitary `endocannabinoids', the presence of a
sparse but homogeneous population of CB1 recep-
tors in the hypothalamus, and the capability of an-
andamide to induce c-fos activation in hypothalamic
neurones may imply a role of the ECS in the tuning
of hypothalamic functions, in particular the control
of the secretion of pituitary hormones [153^157]. The
activation of the release of corticotropin-releasing
hormone, by causing the secretion of adrenocortico-
tropic hormone from the pituitary, may lead to the
enhancement of corticosol production from the adre-
nal gland, as observed following intracerebroventric-
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ular injection of anandamide [153]. Likewise, the re-
lease of other pituitary hormones, such as prolactin
and the luteinising, follicle-stimulating and growth
hormones, may be inhibited by anandamide acting
on dopaminergic neurones at the level of the hypo-
thalamus [155^157]. `Endocannabinoids' may inter-
act with hypothalamic thermoregulatory centres,
thus explaining their hypothermic e¡ects. Moreover,
the wake/sleep cycle could also be regulated by the
ECS, as suggested by a recent study showing that SR
141716A can prolong the time spent awake by rats
[158], and by the fact that the sleep-inducing ole-
amide may act through anandamide [26].

5.3. Sensory nervous system

Recently a facilitatory action of THC on the re-
lease of dynorphins acting at either U- or N-opioid
receptors has been described [159], but this mecha-
nism seems to underlie the well-known antinocicep-
tive actions of THC and not those of anandamide.
Indeed, similarities and di¡erences between the anal-
gesic actions of exogenous and endogenous cannabi-
noids have been pointed out [160]. However, the
¢nding that SR 141716A and antisense oligonucleo-
tides against CB1 receptor mRNA can induce a sig-
ni¢cant thermal hyperalgesia may suggest that `endo-
cannabinoids' tonically regulate thermal nociceptive
transmission [161]. Ongoing studies on the co-local-
isation of CB1 receptors with either substance P/glu-
tamate-, calcitonin gene-related peptide- and endor-
phin-containing sensory ¢bres [162] may provide a
clue as to the release/action of which sensory neuro-
transmitter is modulated by antinociceptive `endo-
cannabinoids'. Interestingly, a very recent study
[201] showed that anandamide inhibits carrageenan-
induced thermal hyperalgesia in rats and capsaicin-
evoked release of calcitonin gene-related peptide
from isolated rat hindpaw skin.

5.4. Autonomic nervous system and vasculature

Anandamide was shown to inhibit guinea pig
small intestine and mouse urinary bladder and vas
deferens contractions by a pre-synaptic, CB1-medi-
ated inhibitory action on the release of acetylcholine
from autonomic ¢bres [163^165]. Hypotension and
bradycardia induced by anandamide were also

shown to be due, at least in part, to a pre-synaptic
action on CB1 receptors and to the subsequent in-
hibition of noradrenaline release from post-gan-
glionic sympathetic nerve terminals innervating the
heart and vasculature [166^168]. Alternatively, inhib-
ition of noradrenaline release from sympathetic neu-
rones may be mediated by NO produced by nearby
endothelial cells through a CB1-mediated action, as
recently shown for the renal sympathetic nerves in-
nervating the renal arteries [73]. Another possibility
is that arachidonic acid and eicosanoids derived from
anandamide hydrolysis are responsible for anand-
amide's hypotensive actions, as in bovine coronary
artery where the involvement of prostacyclin and ep-
oxyeicosatetraenoic acids has been suggested [196].
In this context, it may be worthwhile noting that
there is now some pharmacological evidence that
the endothelium-derived hyperpolarising factor
(EDHF), whose structure has remained elusive since
its discovery (for a recent review [169]), may be an
`endocannabinoid'. The induction of EDHF-medi-
ated relaxations in the rat mesenteric arterial bed
was blocked by SR 141716A, and was accompanied
by the formation of an arachidonate metabolite co-
eluting with anandamide on thin-layer chromatogra-
phy. Moreover, synthetic anandamide was found to
relax the mesentery through a hyperpolarising mech-
anism [170], and both anandamide- and EDHF-in-
duced relaxations were inhibited by the putative
EDHF (and cytochrome P450) inhibitors chlortrima-
zole and proadifen [171]. However, in a di¡erent
study, carried out in the same tissue preparation,
the relaxing actions of EDHF and anandamide
were found to respond di¡erently to the K� channel
inhibitor apamin [172]. Two recent studies, carried
out in rat isolated mesenteric and hepatic arteries,
have pointed out the pharmacological similarities
and di¡erences in the hypotensive actions of EDHF
and anandamide [194,195], and thus the issue of the
chemical nature of the former compound has not
been clari¢ed yet. It may be worthwhile noting, how-
ever, that human vascular endothelial cells were re-
cently found to generate and release 2-arachidonoyl-
glycerol in response to thrombin or Ca2� ionophore
stimulation [197]. Finally, a hypotensive action by
anandamide preparations was also observed on ocu-
lar blood pressure [173,174]. In some studies an ini-
tial rise in ocular blood pressure was observed which
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could be avoided by using stable anandamide ana-
logues, such as R-K-isopropylanandamide, instead of
anandamide [198].

5.5. Immune system and cytoprotection

`Endocannabinoids', by binding to both CB1 and
CB2 receptors, and through the inhibition of cAMP
formation or the activation of MAPK and cytosolic
PLA2, may act as chemical signals between di¡erent
immune cells or between sensory ¢bres and blood
cells. Basophils and mast cells, activated by IgE recep-
tor cross-linking and/or Ca2� in£ux during in£amma-
tory reactions, may release N-palmitoylethanolamine
and anandamide (as shown for RBL-2H3 cells [75]),
together with histamine, serotonin and leukotrienes.
While the latter mediators produce vascular perme-
ability and chemotaxis, N-palmitoylethanolamine be-
haves as an anti-in£ammatory mediator in vivo [175]
and in vitro [20] by acting as an autacoid signal on
basophils and mast cells and inhibiting their degranu-
lation. Anandamide, which can also be produced by
macrophages [75,76,92,182], was found to counteract
this e¡ect [20], and at the same time to activate baso-
phil/mast cell and macrophage arachidonate release
[56,75,176], thus potentially leading to the formation
of leukotrienes and prostaglandin E2 which may have
opposing actions on immune cell functionality. More-
over, by inhibiting lymphocyte proliferation [177] the
`endocannabinoid' might directly down-regulate the
immune response. Given the low ability of anand-
amide to functionally activate CB2 receptors [178],
2-arachidonoylglycerol, which also inhibits lympho-
cyte proliferation [30], might act as a natural substi-
tute for anandamide on target cells which express CB2
but not CB1 receptors. Also oleamide suppresses lym-
phocyte proliferation [27] and may act as an enhancer
of anandamide (and 2-arachidonoylglycerol) immu-
nosuppressive action. Anandamide also inhibits kill-
ing of tumour necrosis factor (TNF)-sensitive cells
[179], as well as the N-formyl-Met-Leu-Phe-induced
production of interleukins 4, 6 and 8, TNF-K and
interferon-Q, by macrophages [176]. N-Palmitoyletha-
nolamine exerts a similar inhibition of cytokine re-
lease, except for a non-signi¢cant e¡ect on TNF-K
and interferon-Q release [176]. On the other hand, a
CB2-mediated facilitatory action on interleukin-3 and
haematopoietic growth factor-induced proliferation

of haematopoietic cells was also reported for anand-
amide [180]. Finally, `endocannabinoids' may also act
by modulating NO release from macrophages via ac-
tivation and inhibition, respectively, of constitutive
and inducible NO synthase [50,53].

In the brain, an astrocyte-mediated down-modula-
tory action on Theiler's virus or endotoxin-induced
NO and TNF-K formation has been found for an-
andamide [181]. Indeed, the production of NAEs,
including anandamide, and/or NaPEs has been asso-
ciated in the past with noxious stimuli such as heart
and cerebral ischaemia [19], neuronal injury [152],
post-mortem brain damage [69^71], and very recently
with haemorrhagic shock [182]. In the latter case,
blood macrophages were suggested to be the cellular
source of an hypotensive `endocannabinoid', very
probably anandamide. Therefore, it is possible that
leukocytes recruited from blood following tissue
damage may be responsible for the production of
`endocannabinoids' with vasodilatory and depressor
activity (see above) or neuro- and cytoprotective ef-
fects [21]. Alternatively, much in the same way as
their circulating homologues, populations of immu-
nocompetent cells resident in brain and peripheral
tissues may synthesise cytoprotective, anti-in£amma-
tory `endocannabinoids' during pathological re-
sponses.

5.6. Reproductive system

Tissues of the reproductive system have been
shown to both contain CB1 receptors and synthesise
as well as degrade anandamide. In rat testes and
mouse vas deferens [67,165], this `anandamidergic'
system may be involved in the control of spermato-
genesis and male fertility. Anandamide has been
shown to inhibit the acrosome reaction through can-
nabinoid receptors located on sea urchin sperm cells
[183,184], and sea urchin eggs have been found to
synthesise and degrade anandamide [93], possibly
with the purpose of inhibiting polyspermic fertilisa-
tion. The existence of an analogous mechanism in
mammals has not been fully investigated yet. CB1
receptors have been found in mouse uterus, which
also contain an `anandamide synthase' distinct from
FAAH whose levels appear to vary within the em-
bryo implantation and inter-implantation sites
[96,185]. The ECS was suggested to mediate the
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chemical communication between the uterus and the
embryo, as indicated by the presence of CB1 and
CB2 receptors in embryos from very early stages of
their development (from the one-cell to the blastocyst
stages [186]). The synthesis of anandamide may be
used by the uterus in order to direct the timing and
placing of embryo implantation as suggested by the
inhibitory e¡ect of anandamide on embryonic cell
division and implantation, as well as by the higher
levels of `anandamide synthase' and anandamide de-
tected when the uterus is least receptive to implanta-
tion [74,96].

5.7. Ontogenic and developmental studies

Finally, the potential importance of the ECS seems
to be emphasised by studies showing the presence of
cannabinoid receptors and FAAH in pre- and post-
natal brain [187,191]. The receptor tissue distribution
[187], as well as studies on the response to prenatal
exposure to anandamide [188], seems to suggest a
function for the `endocannabinoids' di¡erent from
that played in adult mammals. No accurate data
are available yet on the levels and tissue distribution
of anandamide and 2-arachidonoylglycerol in foetal
brain.

6. Future developments

Five years after the isolation of the ¢rst `endocan-
nabinoid', much progress has been made towards the
understanding of the pharmacological actions and
metabolic pathways of endogenous cannabimimetic
fatty acids, also thanks to pre-existing knowledge
on cannabinoid pharmacology [1,8,9] and NAE me-
tabolism [19]. Apart from these ¢ndings, the impor-
tance of the ECS seems to be highlighted also by the
discovery that cannabimimetic metabolites and can-
nabinoid receptors are widespread in the animal
kingdom, and have been retained for over 500 mil-
lion years in organisms as primitive as the leech, sea
urchins and marine molluscs [50^52,93,189]. How-
ever, little is yet known on the molecular mechanisms
underlying the regulation of `endocannabinoid' me-
tabolism as well as their correlation with physiopa-
thological responses. Studies in this direction are to
be encouraged if the development of ECS-related

new drugs is to be eventually undertaken, as
prompted by the centuries-old history of therapeutic
exploitation of Cannabis sativa. Also our knowledge
of basic animal physiology will be improved by these
studies, which will require an ever closer co-opera-
tion among scientists from disciplines as far apart as
chemistry, cell biology and psychology.
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