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1 The pharmacology of monoacylglycerol lipase (MAGL) is not well understood. In consequence,
the abilities of a series of analogues of 2-arachidonoylglycerol (2-AG) to inhibit cytosolic
2-oleoylglycerol and membrane-bound anandamide hydolysis by MAGL and fatty acid amide
hydrolase (FAAH), respectively, have been investigated.

2 2-AG and its 1-regioisomer (1-AG) interacted with MAGL with similar affinities (IC50 values 13
and 17mM, respectively). Shorter homologues of 2-AG (2-linoleoylglycerol and 2-oleoylglycerol) had
affinities for MAGL similar to 2-AG. This pattern was also seen when the arachidonoyl side chain of
arachidonoyl trifluoromethylketone was replaced by an oleoyl side chain.

3 Arachidonoyl serinol (IC50 value 73 mM) was a weaker inhibitor of MAGL than 2-AG. The IC50

values of noladin ether towards MAGL and FAAH were 36 and 3mM, respectively. Arachidonoyl
glycine interacted with FAAH (IC50 value 4.9mM) but only weakly interacted with MAGL (IC50 value
4100 mM).

4 a-Methyl-1-AG had similar potencies towards MAGL and FAAH (IC50 values of 11 and 33mM,
respectively). O-2203 (1-(20-cyano-16,16-dimethyl-eicosa-5,8,11,14-tetraenoyl) glycerol) and O-2204
(2-(20-hydroxy-16,16-dimethyl-eicosa-5,8,11,14-tetraenoyl) glycerol) were slightly less potent, but
again affected both enzymes equally. a-Methyl-1-AG, O-2203 and O-2204 interacted only weakly
with cannabinoid CB1 receptors expressed in CHO cells (Ki values 1.8, 3.7 and 3.2mM, respectively,
compared with 0.24mM for 1-AG) and showed no evidence of central cannabinoid receptor activation
in vivo at doses up to 30mg kg�1 i.v.

5 It is concluded that compounds like a-Methyl-1-AG, O-2203 and O-2204 may be useful as leads for
the discovery of selective MAGL inhibitors that lack direct effects upon cannabinoid receptors.
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Introduction

Cannabinoid receptors, the main target for cannabinoid drugs

such as D9-tetrahydrocannabinol, derived from Cannabis

sativa, were first identified in the early 1990s. Since then,

enormous progress has been made towards understanding

the biology, chemistry, and pharmacology of the endogenous

ligands (endocannabinoids) for these receptors (for a recent

review, see De Petrocellis et al., 2004). In particular, recent

data implicating endocannabinoid involvement in pain proces-

sing, neuroprotection and cell proliferation (see e.g. Pertwee,

2001; Bifulco & Di Marzo, 2002; Fowler, 2003, for reviews)

has underlined the possible importance of the endocannabi-

noid system as a target for drug development.

The most investigated endocannabinoid ligands have been

anandamide (AEA) and 2-arachidonoylglycerol (2-AG). Both are

synthesised by neurons on demand, through stimulus-dependent

cleavage of membrane phospholipid precursors (see De Petro-

cellis et al., 2004). In the brain, endocannabinoids have been

shown to act as retrograde transmitters controlling the release of

GABA and glutamate (see Gerdeman & Lovinger, 2003). It is not

clear, however, which endocannabinoid is responsible for this

effect, and indeed, whether the same endocannabinoid is involved

in different brain regions and animal species. One possible way of

investigating this would be the use of agents selectively preventing
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the breakdown of AEA or 2-AG (see Kim & Alger, 2004, where

this approach has been utilised for retrograde signalling in rat

hippocampal slices). Both AEA and 2-AG are very rapidly

metabolised (see Járai et al., 2000; Wiley et al., 2000), owing to

the presence of efficient metabolising enzymes. For AEA, the

principal metabolic pathway is hydrolysis to arachidonic acid by

a B63kDa enzyme termed fatty acid amide hydrolase (FAAH,

Deutsch & Chin, 1993; Cravatt et al., 1996). This enzyme, which

has a wide substrate specificity, has been well characterised

pharmacologically (for reviews, see Cravatt & Lichtman, 2002;

Fowler, 2004), and selective inhibitors such as URB597 (30-
carbamoyl-biphenyl-3-yl-cyclohexylcarbamate) have been de-

scribed in the literature (Kathuria et al., 2003). Mice lacking

FAAH show increased brain levels of AEA, together with both

reduced pain sensitivity (Cravatt et al., 2001) and seizure

thresholds (Clement et al., 2003).

2-AG can be metabolised by FAAH, indeed at a faster rate

than AEA (Di Marzo et al., 1998; Goparaju et al., 1998), and in

some cell lines inhibition of FAAH leads to increased levels of

2-AG (see e.g. Ligresti et al., 2003). However, in the brain, the

enzyme monoacylglycerol lipase (MAGL) is a more important

metabolic enzyme for this endocannabinoid (Goparaju et al.,

1999; Dinh et al., 2002; Saario et al., 2004; see also Lichtman

et al., 2002). MAGL, a 33kDa protein with close sequence

similarities between rat, mouse and man (Karlsson et al., 1997;

2001; Dinh et al., 2002; Ho et al., 2002), was initially

investigated owing to its participation in the metabolism of

triacylglycerols, and shown to be able to metabolise a number

of monoacylglycerols with, in the case of the arachidonoyl and

oleoyl compounds, similar rates of metabolism for the 2-

glycerols and the 1(3)-regioisomers (Tornqvist & Belfrage,

1976; Sakurada & Noma, 1981; Saario et al., 2004), a property

shared with FAAH (Di Marzo et al., 1998, see also Ikeda et al.,

1977). In contrast to FAAH, which is a membrane-bound

enzyme with a pH optimum in the region of 9–10 (see e.g.

Schmid et al., 1985; Di Marzo et al., 1998; Goparaju et al.,

1998), MAGL activity has been described for both cytosolic

and membrane-bound locations, with a pH optimum generally

reported in the area of pH 7–8 (Tornqvist & Belfrage, 1976;

Sakurada & Noma, 1981; Somma-Delpéro et al., 1995; Di

Marzo et al., 1999), and with a more discrete distribution in the

brain than FAAH (Dinh et al., 2002).

MAGL has been shown to be inhibited by nonspecific agents

such as p-chloromercuribenzoic acid, N-ethylmaleimide and

diisopropyl fluorophosphate (Tornqvist & Belfrage, 1976;

Sakurada & Noma, 1981), and to have a much lower sensitivity

to inhibition by ‘standard’ FAAH inhibitors such as phenyl-

methylsulphonyl fluoride, arachidonoyl trifluoromethyl ketone

(ATMK), URB597 and arachidonoyl-serotonin than FAAH

(Bisogno et al., 1997; Di Marzo et al., 1999; Goparaju et al.,

1999; Dinh et al., 2002; Saario et al., 2004). However, a detailed

pharmacological study on the comparative effects of arachido-

noyl-based compounds upon FAAH and MAGL has not yet

been reported. This has been addressed in the present study.

Methods

Compounds

Radiolabelled arachidonoylethanolamide [ethanolamine 1-3H]

([3H]AEA, 60Cimmol�1) and 2-Mono-oleoylglycerol [glycerol-

1,2,3-3H] ([3H]2-OG, 20Cimmol�1) were obtained from

American Radiolabelled Chemicals Inc. (St Louis, MO,

U.S.A.). 2-Arachidonoylglycerol (2-AG), 1-arachidonoylgly-

cerol (1-AG), a-Me-1-AG (a-methyl-1-arachidonoylglycerol,

compound O-1428), compounds O-1502, O-2203 and O-2204

were synthesised by co-authors Razdan and Mahadevan using

previously published procedures (Han & Razdan, 1999;

Ng et al., 1999; Dasse et al., 2000). Nonradioactive AEA,

arachidonoyl trifluoromethyl ketone (ATMK), palmitoyl

trifluoromethyl ketone (PTMK), oleoyl trifluoromethyl ketone

(OTMK), arachidonoyl serinol, palmitoyl serinol, 2-linoleoyl-

glycerol (2-LG), linoleoyl ethanolamine (LEA), arachidonic

acid, URB597 and CAY10412 (5Z,8Z,11Z,14Z-eicosatetrae-

noic acid, 3-thienylmethyl ester, compound 6 of López-

Rodrı́guez et al. (2001) were obtained from the Cayman

Chemical Co. (Ann Arbor, MI, U.S.A.). Arachidonoyl glycine,

palmitoylethanolamide (PEA), oleoylethanolamide (OEA) and

noladin ether were obtained from TocrisCookson (Bristol,

U.K.). Nonradioactive 2-OG and indomethacin were obtained

from the Sigma Chemical Co. (St Louis, MO, U.S.A.). Fatty

acid free bovine serum albumin was obtained either from

Calbiochem-Novabiochem (La Jolla, CA, U.S.A.), or from the

Sigma Chemical Co.

Assay of MAGL and FAAH

Cerebella previously obtained from adult Sprague–Dawley

rats were thawed and homogenised at 41C in sodium

phosphate buffer (50mM, pH 8) containing 0.32M sucrose.

Homogenates were then centrifuged at 100,000� g for 60min

at 41C. The supernatants (‘cytosol fractions’) were collected

and the pellets were suspended in sodium phosphate buffer

(50mM, pH 8) (‘membrane fractions’). The samples were

stored frozen in aliquots at �701C until used for assay. Protein

concentration was determined by using the method described

by Harrington (1990), with bovine serum albumin as standard.

Hydrolysis rates of [3H]AEA and [3H]2-OG were determined

in the Umeå laboratory essentially as described by Omeir et al.

(1995) and Dinh et al. (2002). Briefly, membrane or cytosol

fractions were diluted to the appropriate assay protein

concentrations in Tris-HCl buffer (10mM, pH 7.2) containing

1mM EDTA, unless otherwise stated. Aliquots (165ml) were
then added to glass tubes containing 10 ml of test compound.

Blanks contained assay buffer instead of homogenate solution.

Substrate (25 ml, final concentration 2mM unless otherwise

stated) was then added and the samples were incubated for

10min at 371C. Reactions were stopped by adding 400ml
chloroform :methanol (1/1 v v�1), vortex mixing the tubes two

times and placing them on ice. The phases were then separated

by centrifugation (10min, 2500 r.p.m.). Aliquots (200 ml) of the
methanol/buffer phase were taken and measured for tritium

content by liquid scintillation spectroscopy with quench

correction. In one series of experiments with [3H]AEA, parallel

tubes were assayed as described above, but where the

extraction process used active charcoal (80þ 320 ml of 0.5M

HCl per tube) (Boldrup et al., 2004) rather than chloroform/

methanol.

Assays for CB1 cannabinoid receptor activity

CB1 cannabinoid receptor activity of selected compounds was

determined using a combination of in vitro and in vivo assays.
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In vitro radioligand-binding assays were undertaken using

[3H]CP 55,940 as ligand and membranes from CHO cells

expressing CB1 receptors as described in detail previously

(Pertwee et al., 2000). In vivo measures of central cannabimi-

metic activity were undertaken in the Richmond laboratory

using male ICR mice (Harlan Laboratories, Dublin, VA,

U.S.A.) and behavioural tests measuring spontaneous activity,

rectal temperature, and nociceptive threshold (tail flick tests)

(for details, see Martin et al., 1999; Pertwee et al., 2000).

Analysis of data

For the MAGL and FAAH assays, the pooled data for each

test compound, expressed as % of control activity containing

the same carrier concentration, were analysed using the built-

in equation ‘sigmoidal dose–response (variable slope)’ of the

GraphPad Prism computer programme (GraphPad Software

Inc., San Diego, CA, U.S.A.). The equation, as used here, fits

observed % of control value¼minimum % valueþ (100�%

minimum value)/ð1þ 10ðpX�pI50ÞnHÞ. pI50 represents �log10 IC50

for the inhibitable component (i.e. 100�% minimum value),

nH the Hill slope, and pX the �log10 concentration of the test

compound. The ‘top’ (i.e. uninhibited) values were fixed at

100% and the minimum % value were either fixed at 0%

(defined by the programme as the simpler model) or

determined by the programme (defined as the alternative

model). When the 95% confidence limits of the minimum %

values straddled zero, the simpler model was used as default to

avoid artefactual results owing to unrealistic negative mini-

mum values. When the 95% confidence limits of the minimum

% values were both positive, the two models were compared

by the programme using Akaike’s information criterion, which

determines which model is more likely to be correct. The

model chosen by this analysis was then used.

Km and Vmax values were calculated using the direct linear

plot analysis of Eisenthal & Cornish-Bowden (1974) as

implemented by the Enzyme Kinetics v 1.4 software package,

Trinity Software (Campton, NH, U.S.A.).

Results

MAGL and FAAH assay characterisation

Initial experiments were undertaken to determine the optimal

assay conditions for MAGL and FAAH. Protein-dependency

curves were constructed for both substrates using either Tris or

sodium phosphate (both pH 8.0) as assay buffers. Hydrolysis

of AEA was linear with protein content over the range tested

(0–8mg assay�1 for membranes and 0–16 mg assay�1 for super-

natant), and there was no significant difference in the initial

rates for the two buffer systems. Thus, for the Tris buffer,

initial rates (the slope of the regression line of the observed

activities over these protein ranges) were 0.7470.053 and

0.04270.017 nmolmg protein�1min�1 for membrane and cy-

tosol fractions, respectively. 2-OG was metabolised at a faster

rate in both fractions, and linearity was lost for the membrane

fractions at 44 mg assay�1, but the initial rates were not

significantly different for the two buffers (6.4970.38 and

6.0270.29 nmolmg�1 protein�1min�1 for Tris and sodium

phosphate buffers, respectively). The cytosolic fractions

showed linearity up to the highest protein content tested

(16mg assay�1), and the activity was significantly greater in the

Tris buffer than in the sodium phosphate buffer (2.0470.045

vs 1.2370.090 nmolmg�1 protein�1min�1). Tris buffer was

thus used for the experiments reported here. The pH optimum

for 2-OG (and AEA) metabolism by the cytosol fractions was

lower than for AEA metabolism by the membrane fractions

(Figure 1).

The effect of different solvents upon the rate of hydrolysis of

AEA and 2-OG was examined at pH 7.2 in membrane and

cytosol fractions, respectively. Acetonitrile (0.05–5% vv�1)

and DMSO (0.05–2% vv�1) had no effect on the observed

rates of metabolism. Similarly ethanol (0.05–5%) did not

affect the rate of AEA metabolism (data not shown). However,

ethanol produced a small increase in the rate of 2-OG

metabolism by the cytosolic fractions, mean (n¼ 2) values

(% of control) of 113, 125, 129, 138 and 151 being seen for

added ethanol concentrations of 0.2, 0.5, 1, 2 and 5% vv�1,

respectively (above the 0.25% ethanol present as vehicle for

the substrates alone). In all experiments, solvent carrier

concentrations were kept constant throughout, and never

exceeded 0.5% (above the 0.25% ethanol present for the

substrates alone). Under such conditions, [3H]2-OG was

metabolised by the cytosolic fractions with a median (n¼ 3)

Km value of 2.2mM (data not shown). The solvent used for each

compound is indicated in Tables 1 and 2.

Validity of MAGL assay

Given that 2-AG (and presumably also 2-OG) can act as a

substrate for FAAH (Goparaju et al., 1998), it is essential to

Figure 1 Specific activity of: (a) cytosol; (b) membrane prepara-
tions towards 2 mM AEA and 2-OG using Tris buffers of different
pH. Note that the pH values shown in the abscissae are the pH of
the buffer (determined at room temperature) rather than of the final
assay mixture at 371C. Data are means7s.e.m., n¼ 3.
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demonstrate that the observed activity towards 2-OG in the

cytosolic fractions is not owing to contamination by FAAH

remaining in the cytosolic fraction. To this end, experiments

were undertaken using URB597, which has been shown to be a

potent (IC50 value 4.6 nM) inhibitor of rat brain FAAH but

which does not affect the activity of rat brain MAGL (IC50

value 430mM, Kathuria et al., 2003; see also Kim &

Alger, 2004). Concentrations of 1 and 10mM URB597 were

tested and found completely to inhibit the hydrolysis of

AEA by the membrane fractions without affecting the

hydrolysis of 2-OG by the cytosolic fractions (Figure 2a).

Similarly, palmitoylethanolamide and arachidonoylglycine,

both of which are substrates for FAAH (Natarajan et al.,

1984; Huang et al., 2001), inhibited the hydrolysis of AEA by

the membrane fractions without affecting the hydrolysis of 2-

OG by the cytosolic fractions (apart from the observed

inhibition at 100mM arachidonoylglycine) (Figure 2b and c).

Finally, indomethacin, which is known to inhibit FAAH,

particularly at low pH values (Fowler et al., 2003), did not

affect 2-OGmetabolism at concentrationsp50 mM (Figure 2d).

Thus, the FAAH component of the cytosolic 2-OG metabo-

lism is not at a level that will obfuscate interpretation of

the data.

In the experiments using URB597, AEA was also investi-

gated. A concentration of 10 mM was without effect upon the

cytosolic activity of 2-OG, whereas a concentration of 100mM
did reduce the activity (Figure 2c). Addition of URB597 had at

best minor effects upon the observed inhibition produced by

AEA. Further experiments indicated that AEA could produce

a complete inhibition of 2-OG metabolism by the cytosolic

fractions, although with a potency considerably lower than

seen for inhibition of [3H]AEA metabolism by the membrane

fractions (see Figure 3b).

Inhibition of FAAH and MAGL by 2-AG and related
compounds

With the exception of the trifluoromethyl ketones, test

compounds were tested at nine different concentrations over

a range from 0.2 to 100mM. For most cases, analysis of the

data indicated that a curve ranging from 0 to 100% adequately

fitted the data. However, in some cases, a curve with a residual

activity fitted the data significantly better than a curve ranging

from 0 to 100%. Such residual activity has previously been

seen in this assay with fatty acid amide homologues and

analogues and AEA as substrate (see e.g. Vandevoorde et al.,

2003) and presumably reflects a solubility issue for these very

lipophilic compounds. In Figure 2, curves are shown for such

compounds assuming either complete inhibition (dotted lines)

or residual inhibitions (continuous lines). In the case of the

three compounds and AEA as substrate (Figure 2a), the

differences in the lines are at first sight obvious.

The data with AEA as inhibitor are worth further comment,

since it could reasonably be expected that the compound

should inhibit its own metabolism. One explanation for the

results, that the blank values are artefactually low, can be

discounted, since the experiments were run together with

indomethacin, which was found completely to inhibit the

metabolism of [3H]AEA (Figure 2d). Inspection of the data,

however, revealed that the two highest concentrations of AEA

Table 1 Inhibition of FAAH and MAGL by acyl gycerols, ethanolamines and trifluromethylketones

pI50 (IC50 mM) [% max inhibition] for
Membrane [3H]AEA Cytosol [3H]2-OG Selectivity

2-acyl glycerols

2-AG (C20:4)a o4 (37% inhibition at 100mM) 4.8870.05 (13) [7774] 47.6 (44.2)
2-OG (C18:1)a 5.6170.26 (2.5) [5379] 4.8470.03 (15) [100] 0.07 (2.5)
2-LG (C18:2)a 4.6570.03 (22) [100] 4.9270.03 (12) [8573] 1.8 (1.3)

N-acyl ethanolamines

AEA (C20:4)b 5.8970.12 (1.3)c [6675] 4.2270.04 (60) [100] 0.18 (0.12)
LEA (C18:2)b 5.1970.03 (6.5) [100] 4.0870.03 (84) [100] 0.08
PEA (C16:0)a 4.3870.27 (42) [100] o4 (no inhibition at 100mM) o0.4

Acyl trifluromethylketones

ATMK (C20:4)b 6.2670.08 (0.55) [100] 5.5470.04 (2.9) [100] 0.2
OTMK (C18:1)b 7.1270.09 (0.076) [100] 5.9970.12 (1.0) [69710] 0.07 (0.03)
PTMK (C16:0)b 7.1470.09 (0.073) [100] 5.1170.09 (7.8) [100] 0.009

Data are means7s.e.m. from analyses of data from three experiments. C20:4 refers to the number of carbon atoms and unsaturated
bonds, respectively, in the acyl side chain (including the carbonyl group; thus PEA has an R of C15H29). Substrate concentrations were
2mM. ‘Selectivity’ is the ratio of pI50 values for the inhibitable components (in brackets are values assuming 100% inhibtion, when
different): the higher the value, the more the MAGL selectivity. Compounds were dissolved in aacetonitrile or bethanol. cValue taken from
the data shown in Figure 3a, to allow direct comparison with the concomitantly obtained values for 2-OG metabolism (shown in Figure
3b). The pH of the assay buffer was 7.2.
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gave less inhibition of [3H]AEA metabolism than the 20mM
concentration, suggesting that perhaps during these experi-

ments, the highest concentrations of AEA had not stayed in

solution and thereby not interacted with the enzyme. Indeed,

if the two highest concentrations were excluded, the residual

activity was not significantly different from zero (pI50 value

5.3670.09, IC50 value 4.3mM). In this respect, it should be

noted that in the experiments shown in Figure 2a, which were

undertaken at a later date, an essentially complete inhibition of

FAAH is seen with 100 mM AEA.

In order to shed more light on this anomaly, additional

experiments were undertaken using membrane fractions,

[3H]AEA, and different assay conditions: (a) the ‘standard’

assay at pH 7.2; (b) the ‘standard’ assay but using a different

product extraction procedure which gives lower blank values

(Boldrup et al., 2004); (c) addition of glycerol and Triton

X-100 to the buffer; and (d) assay at pH 9.0 using the standard

assay. In all these cases, the residual activity was not

significantly different from zero (Figure 3b). The pI50 values

(with IC50 values given in parentheses) were 5.3470.04

(4.5 mM), 5.3670.03 (4.4 mM), 4.9370.25 (12mM) and

5.2670.08 (5.5 mM) for conditions (a), (b), (c) and (d),

respectively. For comparative purposes, the inhibition curve

for cytosolic 2-OG metabolism (which was run concomitantly

with the AEA curve shown in Figure 3a) is shown in Figure 3b:

the difference in potency for inhibition by AEA of membrane

[3H]AEA and cytosol [3H]2-OG metabolism is very clear.

2-OG (100 mM) was also tested in these experiments. The % of

control activity seen with 100mM 2-OG vs membrane-bound

[3H]AEA metabolism was 1376, 772, 676 and –478 for

conditions (a), (b), (c) and (d), respectively (means7s.e.m.,

n¼ 3).

With respect to the compounds showing residual activities

with 2-OG as substrate, the comparative curves assuming

residual activity and 100% inhibition are almost super-

imposable (Figure 3c and d). This raises the issue as to

Table 2 Inhibition of FAAH and MAGL by analogues of 2-AG

pI50 (IC50 mM) [% max inhibition] for
Membrane [3H]AEA Cytosol [3H]2-OG Selectivity

2-AGa o4 (37% inhibition at 100mM) 4.8870.05 (13) [7774] 47.6 (44.2)

1-AGa o4 (42% inhibition at 100mM) 4.7770.05 (17) [100] 45.9

a-Me-1-AGa 4.4970.11 (33) [100] 4.9770.09 (11) [8277] 3.1 (1.9)

Arachidonoyl serinolb 4.1170.12 (78) [100] 4.1470.03 (73) [100] 1.1

O-1502a 4.7370.08 (19) [100] o4 (39% inhibition at 100mM) o0.19

Arachidonic acidb 4.2470.09 (58) [100] 4.1170.05 (78)d [100] 0.74

CAY-10402c 4.9970.06 (10) [3772] o4 (14% inhibition at 100mM)d o0.10 (�e)

Noladin etherb 5.5370.12 (3.0) [100] 4.4570.06 (36) [100%] 0.08

Arachidonoyl glycineb 5.3170.13 (4.9) [100] o4 (42% inhibition at 100mM) o0.05

Data are means7s.e.m. from analyses of data from three experiments. The data for 2-AG are the same as in Table 1, and are included for
reference purposes. ‘Selectivity’is the ratio of pI50 values for the inhibitable components (in brackets are values assuming 100% inhibtion,
when different). Compounds were dissolved in aacetonitrile, bethanol, or cprovided dissolved in methyl acetate and diluted in acetonitrile.
dThe basal activities were rather high. In consequence, the 50 and 100mM concentrations were retested at a lower (1mg) protein
concentration. For CAY10402, the % values were very similar, whereas arachidonic acid was slightly more potent in the second series. The
pI50 and hence IC50 values are calculated from all data points, and therefore may be a slight underestimation of the potency of arachidonic
acid. epI50 value for both o4 when 100% inhibition used. The pH of the assay buffer was 7.2.
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whether in these cases the pI50 value calculated for the

inhibitable component of the curves overestimates the true

potency. In consequence, we have presented the results of these

compounds as pI50 values for the inhibitable portion (so as to

comply with the statistics), but calculated selectivity ratios for

FAAH :MAGL for both analyses, in order to give a selectivity

Figure 3 (a) Inhibition of membrane [3H]AEA hydrolysis by nonradioactive AEA, nonradioactive 2-OG and CAY-10402.
(b) Inhibition of membrane [3H]AEA hydrolysis by nonradioactive AEA using either the standard assay (2.5mg protein assay�1), the
same conditions but either with an acid charcoal extraction, the addition of 0.2% glycerol and 0.02% Triton X-100 to the buffer, or
the standard assay but with the assay buffer set to pH 9.0 (1.25 mg protein assay�1). The corresponding curve for the inhibition of
cytosolic [3H]2-OG hydrolysis by AEA is also shown in the figure. (c) Inhibition of cytosolic [3H]2-OG hydrolysis by OTMK, a-Me-
1-AG and 2-AG. (d) Inhibition of cytosolic [3H]2-OG hydrolysis by2-linoleoyl glycerol and O-2204. Data are means7s.e.m., n¼ 3,
unless enclosed by the symbols. Note that in (b), the error bars for the data using the charcoal extraction and for an assay pH of 9.0
are not shown for reasons of clarity. The curves shown were calculated as described in Methods assuming either complete inhibition
(i.e. bottom value set to 0, dotted lines) or incomplete inhibition (i.e. bottom value determined by the computer programme to be
significantly greater than 0, continuous lines in panels a, c and d). In all cases for panels a, c and d, the statistical analysis built into
the programme (Akaike’s information criterion, which determines which model is more likely to be correct) selected the curves
showing incomplete inhibition to be the preferred curves.

Figure 2 Inhibition of cytosolic [3H]2-OG hydrolysis and membrane-bound [3H]AEA hydrolysis by: (a) URB597 and AEA;
(b) PEA; (c) arachidonoyl glycine; (d) indomethacin. Data are means7s.e.m. (when not enclosed by the symbols), n¼ 3.
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range, the lower (with respect to MAGL) selectivity value

being considered as the more conservative estimate.

The data for the analogues and homologues of 2-AG and

AEA are shown in Tables 1 and 2. 2-AG showed a 44-fold

selectivity for MAGL over FAAH. Replacement of the

arachidonoyl chain of 2-AG with a linoleoyl or oleoyl chain

did not affect the observed potency towards inhibition of

2-OG metabolism, whereas these compounds interacted more

potently with FAAH than 2-AG. For AEA and its shorter

chain homologues (linoleoyl and palmitoylethanolamine), the

compounds showed the expected FAAH selectivity, inhibiting

AEA metabolism by acting as alternative substrates (Natar-

ajan et al., 1984; Schmid et al., 1985; Maurelli et al., 1995)

(Table 1). In contrast PTMK (palmitoyltrifluoromethylke-

tone) was able to inhibit MAGL activity, albeit less potently

than the arachidonoyl and oleoyl analogues, and considerably

less potently than its ability to inhibit FAAH (Table 1).

With respect to the head group analogues of 2-AG (Table 2),

the 1-AG analogue interacted with MAGL and FAAH with

the same potency as 2-AG. Introduction of an a-methyl group

into the 1-AG did not affect the potency towards MAGL, but

increased the potency towards FAAH. Replacement of the

COO group of 2-AG with a CONH group (arachidonoyl

serinol) reduced the potency towards MAGL, so that the

selectivity for this enzyme was lost. A further introduction of

an –NH group (O-1502) resulted in an FAAH selective

compound. Palmitoyl serinol only weakly interacted with

FAAH and MAGL: thus, 20, 50 and 100mM palmitoyl serinol

produced 1677, 1876 and 20711% inhibition, respectively,

of membrane-bound AEA metabolism, and 670.6, 1270.7

and 1874% inhibition, respectively, of cytosolic 2-OG

metabolism (means7s.e.m., n¼ 3). Noladin ether, which has

an ether linkage in place of the ester linkage was considerably

FAAH selective, as was arachidonoyl glycine. Replacement of

the glycerol group to give CAY10402 resulted in a weak

inhibition of MAGL, whereas arachidonic acid had potencies

towards both enzymes similar to arachidonoyl serinol.

Inhibition of MAGL and FAAH by O-2203 and O-2204

Two other compounds were tested, O-2203 and O-2204

(structures shown in Figure 4). These compounds (both

dissolved in acetonitrile) inhibited FAAH and MAGL to

similar extents (Figure 4a and b). Thus, for O-2203, the pI50
values towards membrane [3H]AEA and cytosol [3H]2-OG

were 4.0870.15 (IC50 83mM) and 4.0470.05 (IC50 90 mM),

respectively, giving a selectivity ratio of 0.9. O-2204 inhibited

membrane [3H]AEA hydrolysis with a pI50 value of 4.4670.19

(IC50 35mM). With respect to 2-OG hydrolysis, the compound

did not produce complete inhibition (see Figure 3d), but for

the inhibitable component (7576%), the pI50 value was

4.8570.10 (14mM) giving a selectivity ratio of 2.5 (1.1

assuming 100 % inhibition in both cases).

Interaction of 2-AG, 1-AG, a-Me-1-AG, O-2203
and O-2204 with cannabinoid CB1 receptors

The ability of O-2203 and O-2204 to interact with CB1

receptors was investigated in behavioural and radioligand-

binding assays. 2-AG and 1-AG were used as positive controls.

As expected, 2-AG inhibited the binding of [3H]CP 55,940 to

CB1 receptors expressed on CHO cells with a submicromolar

affinity, and produced behavioural effects (inhibition of

spontaneous activity, reduction of rectal temperature, thermal

antinociception) consistent with central CB1 receptor activa-

tion (Table 3). 1-AG was also active in this respect, with the

exception of the tail flick test (Table 3). This is in contrast to

the study of van der Stelt et al. (2002) who reported a Ki value

of 41000 nM for inhibition of [3H]CP 55,940 binding to rat

forebrain CB1 receptors by this compound. However, Sugiura

et al. (1999) reported that 1-AG showed good agonist efficacy

towards CB1 receptors in NC108-15 cells and that a response

was seen at submicromolar concentrations of this compound.

The affinity towards CB1 receptors was reduced by an order of

magnitude when an a-methyl group was inserted into 1-AG,

and this compound did not show overt behavioural effects

Figure 4 Inhibition of cytosolic [3H]2-OG and membrane-
bound [3H]AEA hydrolysis by (a) O-2203 and (b) O-2204. The data
for O-2204 and cytosolic [3H]2-OG is the same as that shown in
Figure 3c, and is repeated here for comparative purposes. Data are
means7s.e.m. (when not enclosed by the symbols), n¼ 3.

Table 3 Cannabinoid receptor activities of O-2203 and related compounds

ED50 (mg kg�1 i.v.)
Compound Ki (CHO-CB1) (nM) Spontaneous activity Rectal temperature Tail flick latency

2-AG 538717 19.4 7.9 4.8
1-AG 241799 12.0 10.0 430
a-Me-1-AG 18217650 430 430 430

O-2203 37107910 430 430 ND
O-2204 32407489 430 430 ND

ND, not determined. The structures of 2-OG, 1-AG and a-Me-1-AG are shown in Tables 1 and 2; O-2203 and O-2204 in Figure 4.
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associated with central cannabinoid receptor activation (ED50

value 430mg kg�1 i.v.) (Table 3). A similar result was seen

for O-2203 and O-2204 (Table 3). Thus, a-Me-1-AG, O-2203

and O-2204 inhibit both cytosolic 2-OG and membrane AEA

hydrolysis without having overt effects upon central CB1

receptors.

Discussion

In their recent mini review in this journal, De Petrocellis et al.

(2004) listed a number of milestones that need to be reached to

push the endocannabinoid field forward. One of these was ‘to

develop selective and potent inhibitors of endocannabinoid

biosynthesis and of 2-AG degradation that can be used in vivo’.

With respect to 2-AG degradation, this aim can only be

achieved when the pharmacology of MAGL is more com-

pletely understood. The present study, where the abilities of a

series of 2-AG analogues to inhibit the hydrolysis of AEA and

2-OG have been investigated, is thus intended to provide a

better understanding of the pharmacology of MAGL.

One particular confounding factor, at least for the early

studies of 2-AG and 2-OG metabolism, is the ability of FAAH

to interact with these substrates (see Introduction). Thus, for

example, the early data of Ikeda et al. (1977) who characterised

the hydrolysis of 2-OG and lower homologues by an enzyme

purified from rat liver microsomes might in fact be an early

FAAH study rather than a characterisation of MAGL, not

least in view of its estimated molecular weight (62 kDa) and

observed pH optimum value of 8.5. Later studies on

membrane-bound enzymes are clearer: thus, for example,

Chau & Tai (1988) demonstrated that 2-OG and 2-AG were

metabolised by human platelet microsomal fractions with a pH

optimum of B7 (although an activity with a higher pH

optimum can be discerned from the figures), i.e. consistent

with MAGL rather than FAAH, and showed in addition that

the metabolism was not sensitive to inhibition by 100mM
indomethacin at pH 7.0, in contrast to the situation for rat

brain FAAH (Fowler et al., 2003). The differential sensitivity

to indomethacin has been confirmed here.

Although MAGL predominates in the metabolism of 2-AG

in cerebellar membranes, as adjudged by its lack of sensitivity

to standard FAAH inhibitors (Saario et al., 2004), we have

elected to use the cytosolic rather than membrane-bound 2-OG

metabolising activity as our source of MAGL in order to

minimise any risk for contamination with the membrane-

bound FAAH. Our data on the pH sensitivities for cytosolic 2-

OG and membrane-bound AEA metabolism are entirely

consistent with the selective assay of MAGL and FAAH,

respectively (Tornqvist & Belfrage, 1976; Schmid et al., 1985)

as are the differential sensitivities to inhibition by ATMK,

URB597 and PEA (the latter acting towards FAAH as an

alternate substrate) (Bisogno et al., 1997; Goparaju et al.,

1999; Dinh et al., 2002; Kathuria et al., 2003; Saario et al.,

2004). Similarly, the lack of difference in affinities of 2-AG and

1-AG as inhibitors of cytosolic 2-OG metabolism are entirely

consistent with the known abilities of these regioisomers, and

their oleoyl homologues, to act as substrates for MAGL

(Tornqvist & Belfrage, 1976; Sakurada & Noma, 1981; Saario

et al., 2004).

Three notable differences between the present study and the

literature are, however, apparent: (a) the Km for 2-OG as

substrate is relatively low; (b) AEA interacts, albeit with a low

affinity, with MAGL; and (c) 2-AG is a rather weak inhibitor

of FAAH. With respect to (a), our Km value of 2.2mM is

considerably lower than the Km values of 200 and 300 mM
reported for the rat adipose tissue MAGL (soluble fraction)

and mouse MAGL expressed in a baculovirus system,

respectively (Tornqvist & Belfrage, 1976; Karlsson et al.,

2000). However, the extremely lipophilic nature of 2-OG

makes comparisons between different assays undertaken in

different laboratories somewhat difficult – indeed, reported Km

values for AEA as a substrate for FAAH also vary from 0.8 to

180 mM (see Fowler et al., 2001).

With respect to (b), Dinh et al. (2002) reported that MAGL

cloned from rat brain and expressed in HeLa cells did not

show appreciable AEA metabolism under the assay conditions

used. Bisogno et al. (1997) found that 2-AG hydrolysis by

cytosolic fractions from N18TG2 cells was only inhibited by 8%

by 100 mM AEA. However, given that the AEA-sensitive

component of the 2-OG metabolism seen here was not

sensitive to inhibition by URB597, a reasonable interpretation

of these data is that AEA can interact with MAGL, although

with a much lower affinity than with FAAH, and not as a

substrate. This conclusion (which can also be made for

linoleoyl ethanolamine) raises the question as to whether the

cytosolic AEA metabolism seen in the present study represents

metabolism catalysed by FAAH or by MAGL. FAAH is a

membrane-bound enzyme, but it is possible for homogenisa-

tion procedures to produce membrane micelles that do not

sediment following centrifugation for 100,000 g� 60min (see

e.g. Fowler et al., 1980). The pH sensitivity of the cytosolic

AEA metabolism is consistent with MAGL. However,

subsequent studies comparing the sensitivities of cytosolic

and pellet AEA metabolism to inhibition by PTMK, AEA,

URB597 and arachidonoyl glycine were inconclusive, owing to

the very low level (and hence poor activity : blank ratios) of the

cytosolic AEA (data not shown). Thus, further work is

necessary in determining the enzyme(s) responsible for the

cytosolic AEA hydrolysis.

With respect to (c) it is well established that 2-AG can be

metabolised by FAAH, and Goparaju et al. (1998) reported a

Km value of B6mM for the hydrolysis of 2-OG by membranes

from COS-7 cells transfected with rat FAAH. It is possible

that membrane-bound MAGL will remove some of the 2-AG

(and 1-AG) during the assay and thereby give an artefactually

low potency towards the FAAH. This might explain why a-
Me-1-AG is a better inhibitor of FAAH than 1-AG. Ki values

for inhibition by 2-AG and 1-AG of AEA metabolism in U937

cells of 5 and 3mM, respectively, have been reported by van der

Stelt et al. (2002). Similarly, 2-AG can inhibit FAAH in intact

CHP100 cells with an IC50 (after a 10min incubation) of

B10 mM (Maccarrone et al., 2000). However, effects in intact

cells are hard to compare with those in cell-free cytosol

fractions not only owing to the possibility of intracellular

accumulation of the inhibitor, but also since other effects of

the compounds may be involved. Thus, at least a component

of the inhibition of FAAH by 2-AG in the CHP100 cells is

secondary to activation of the lipoxygenase pathway (Mac-

carrone et al., 2000). In addition, the problems of comparing

data between laboratories are evident here: thus, for example,

in the same experiments AEA was a poor inhibitor

(Ki410 mM) of FAAH activity in the U937 cells (van der Stelt

et al., 2002). Such variations in potency between laboratories
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towards FAAH have also been seen with other arachidonoyl-

based compounds (Fowler et al., 2004). This underlines the

importance of the present approach, namely to compare effects

upon FAAH and MAGL in parallel assays.

The main part of the study has been the characterisation of

the affinities of a series of 2-AG analogues upon MAGL

compared with FAAH. A number of observations can be

made:

� The shorter homologues of 2-AG, which retain at least one

saturated bond in the acyl side chain, retain their affinity for

MAGL. This was also seen when the arachidonoyl side

chain of ATMK was replaced by an oleoyl side chain.

Interestingly, the palmitoyl analogue (PTMK) was also able

to inhibit 2-OG metabolism, suggesting that a saturated acyl

side chain does not automatically result in a loss of affinity

for MAGL.

� The admittedly moderate selectivity towards MAGL for

the arachidonoylglycerol regioisomers is lost either when

the glycerol group is removed (arachidonic acid, a result

consistent with the literature (Goparaju et al., 1999)) or

replaced with a 3-thienylmethyl group (CAY10402); when

either an a-methyl group is inserted (owing to an increased

affinity for FAAH); or when the COO group is replaced

by a CONH group to give arachidonoyl serinol (owing to a

reduced affinity towards MAGL and a possible increased

affinity for FAAH). This shift in selectivity is further

accentuated when the terminal CH2 group of the arachido-

noyl side chain is replaced by an NH group (O-1502).

Whether or not this compound retains the ability of 2-AG

to act as a substrate for FAAH is unclear. However,

analogues of O-1502, albeit with simple aliphatic chains

rather than the glycerol molecule, do not appear to be

substrates for FAAH (as assessed by the lack of phenyl-

methylsulphonyl fluoride-dependence upon their affinities

for CB1 receptors in radioligand-binding studies in vitro),

but do interact with CB1 receptors to produce the expected

behavioural responses (Ng et al., 1999). In this respect,

O-1502 was found weakly to interact with CB1 receptors

in vitro (Ki value¼ 17497136 nM, data not shown).

� Replacement of the COO group of 2-AG with a simple ether

linkage (noladin ether) greatly increases the affinity for

FAAH with a corresponding small reduction in the affinity

for MAGL. The high affnity of noladin ether for FAAH is

an interesting property of this compound given that it is not

metabolised by this enzyme (Fezza et al., 2002). This raises

the possibility that this proposed endocannabinoid (Hanus

et al., 2001; but see Oka et al., 2003) may not only have

actions of its own, but also potentiate the actions of AEA

in vivo by preventing its breakdown.

In conclusion, the present study has provided much needed

basic pharmacological data for the interaction of MAGL with

2-AG (and AEA) analogues. Although this study did not

identify an MAGL-selective compound, three compounds (a-
Me-1-AG, O-2203 and O-2204) that inhibited FAAH and

MAGL to the same extent were identified. These compounds

in addition do not interact with central CB1 receptors, which is

a prerequisite for their use in vivo. The potencies of the

compounds are admittedly not very high, particularly when

compared with FAAH inhibitors like URB597 (Kathuria et al.,

2003). However, phenylmethylsulphonyl fluoride, which can

be used as an FAAH inhibitor in vivo (Compton & Martin,

1997) has an in vitro potency towards rat brain forebrain

FAAH of the same order of magnitude (12.9 mM, Hillard et al.,

1995) as that of a-Me-1-AG for MAGL. Similarly, arachido-

noylserotonin, another potentially useful FAAH inhibitor,

inhibits AEA hydrolysis by RBL 2H3 cell membranes with an

IC50 value of 5.6mM (Bisogno et al., 1998).

Hopefully, it will be possible to build upon the data

presented in the present study in the search for selective

MAGL compounds. In this respect, an unsubstituted 1-

glycerol head group seems to be important (although a recent

abstract has reported arachidonoyl ethylene glycol as an

inhibitor of MAGL (IC50 value 25mM, FAAH425mM)

(Cascio et al., 2004), hence future work could entail the

synthesis of analogs with (i) variation in the length of the acyl

side chain and (ii) substitution of different groups at the

terminal carbon of the chain. An important parallel develop-

ment would also be the identification of agents selectively

inhibiting the biosynthesis of AEA and 2-AG. The recent

cloning of key synthetic enzymes for these endocannabinoids

(Bisogno et al., 2003; Okamoto et al., 2004) should help the

development of screening models for such compound identi-

fication.
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