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Inhibition of fatty acid amide hydrolase and monoacylglycerol

lipase by the anandamide uptake inhibitor VDM11:

evidence that VDM11 acts as an FAAH substrate

*1Séverine Vandevoorde & 'Christopher J. Fowler

"Department of Pharmacology and Clinical Neuroscience, Umea University, SE-901 87 Umed, Sweden

1 There is some dispute concerning the extent to which the uptake inhibitor VDM 11 (N-(4-hydroxy-
2-methylphenyl) arachidonoyl amide) is capable of inhibiting the metabolism of the endocannabinoid
anandamide (AEA) by fatty acid amide hydrolase (FAAH). In view of a recent study demonstrating
that the closely related compound AM404 (N-(4-hydroxyphenyl)arachidonylamide) is a substrate for
FAAH, we re-examined the interaction of VDMI11 with FAAH.

2 In the presence of fatty acid-free bovine serum albumin (BSA, 0.125% wv~'), both AM404 and
VDM11 inhibited the metabolism of AEA by rat brain FAAH with similar potencies (ICs, values of
2.1 and 2.6 uM, respectively). The compounds were about 10-fold less potent as inhibitors of the
metabolism of 2-oleoylglycerol (2-OG) by cytosolic monoacylglycerol lipase (MAGL).

3 The potency of VDMI11 towards FAAH was dependent upon the assay concentration of fatty
acid-free bovine serum albumin (BSA). Thus, in the absence of fatty acid-free BSA, the ICs, value for
inhibition of FAAH was reduced by a factor of about two (from 2.9 to 1.6 uM). A similar reduction in
the ICs, value for the inhibition of membrane bound MAGL by both this compound (from 14 to 6 uM)
and by arachidonoyl serinol (from 24 to 13 uM) was seen.

4 An HPLC assay was set up to measure 4-amino-m-cresol, the hypothesised product of FAAH-
catalysed VDM11 hydrolysis. 4-Amino-m-cresol was eluted with a retention time of ~2.4min, but
showed a time-dependent degradation to compounds eluting at peaks of ~5.6 and ~8min. Peaks
with the same retention times were also found following incubation of the membranes with VDM11,
but were not seen when the membranes were preincubated with the FAAH inhibitors URB597 (3'-
carbamoyl-biphenyl-3-yl-cyclohexylcarbamate) and CAY10401 (1-oxazolo[4,5-b]pyridin-2-yl-9-octa-
decyn-1-one) prior to addition of VDMI11. The rate of metabolism of VDMI11 was estimated to be
roughly 15-20% of that for anandamide.

5 It is concluded that VDMI11 is an inhibitor of FAAH under the assay conditions used here, and
that the inhibition may at least in part be a consequence of the compound acting as an alternative

substrate.
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Introduction

It is now well established that the endocannabinoid system is
involved in a number of physiological processes, including
modulation of neurotransmitter release, pain perception,
learning and memory, to mention but a few (for a recent
review, see Rodriguez de Fonseca et al., 2005). The two most
well-established endocannabinoid molecules are anandamide
(AEA, arachidonoylethanolamide) (Devane et al., 1992)
and 2-arachidonoylglycerol (2-AG) (Sugiura et al., 1995;
Mechoulam et al., 1995), although other molecules, mainly
arachidonoyl derivatives, have been suggested to act as
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endocannabinoids (see De Petrocellis ez al., 2004; Bradshaw
& Walker, 2005).

A prerequisite for a signalling molecule is that mechanisms
should be present that allow for its removal from the site of
action. In the case of AEA and 2-AG, this is achieved by
intracellular uptake followed by enzymic metabolism, primar-
ily to arachidonic acid (see Piomelli, 2004). While the enzymes
involved (fatty acid amide hydrolase, FAAH, for AEA and,
in the brain, monoacylglycerol lipase, MAGL, for 2-AG,
Deutsch & Chin, 1993; Dinh et al., 2002) have been well
characterised, the transport mechanisms involved are a matter
of controversy. In the case of AEA, it was initially suggested
that the compound was transported into the cell by a
mechanism of facilitated transport (Di Marzo et al., 1994;
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Figure 1 Schematic drawing of the expected FAAH-catalysed hydrolysis pathway of AM404 and, by extension, VDM11. The R
substituent is a hydrogen atom for AM404, and a methyl group for VDM11.

Hillard et al., 1997), although now a variety of different
models have been suggested including sequestration and/or
FAAH-driven uptake, intracellular shuttling proteins and
endocytosis (Day et al., 2001; Deutsch et al., 2001; Hillard &
Jarrahian, 2003; Fowler et al., 2004; McFarland et al., 2004;
Ortega-Gutiérrez et al., 2004).

While the molecular mechanism for AEA uptake remains a
matter of debate, it is clear that a number of compounds can
inhibit its intracellular accumulation, and that these com-
pounds are active in vivo. The first of these compounds,
AM404 (N-(4-hydroxyphenyl)arachidonoylamide, structure,
see Figure 1) (Beltramo er al., 1997) has been shown to
produce a variety of effects in vivo, including potentiation of
the effects of a low dose of AEA upon hypothermia (that was
blocked by a CB; cannabinoid receptor antagonist) in FAAH
knockout mice (Fegley et al., 2004; for a review of the in vivo
properties of AEA uptake inhibitors, see Fowler et al., 2005).
AM404, however, has additional effects, including activation
of TRPV1 receptors (Zygmunt et al., 2000) and nonspecific
effects upon calcium signalling and cell proliferation (Chen
et al.,2001; Jonsson et al., 2003; Kelley & Thayer, 2004). It also
inhibits the activity of FAAH (Jarrahian ez al., 2000),
presumably as a result of its ability to act as an alternative
FAAH substrate (Fegley et al., 2004; for expected reaction
pathway, see Figure 1).

VDMI11  (N-(4-hydroxy-2-methylphenyl)  arachidonoyl
amide) is a closely related analogue of AM404 (see Figure 1)
that is equipotent as an uptake inhibitor as AM404 (De
Petrocellis et al., 2000) and shares its nonspecific effects
upon cell proliferation (Jonsson et al., 2003; see also Kelley &
Thayer, 2004). In addition, VDM 11 reduces the activity of the
AEA synthetising enzyme N-acyl-phosphatidylethanolamine-
specific phospholipase D (Fezza et al., 2005), but does not
activate TRPV1 receptors (De Petrocellis et al., 2000). In the
original study, it was reported that VDMI1 was a weak
inhibitor of AEA hydrolysis by N18TG2 cell membranes
(IC5>50 um, De Petrocellis et al., 2000). However, in a
subsequent study, it was reported that the observed sensitivity
of rat brain FAAH to the inhibition by VDMI11 was highly
dependent upon the assay used: in one method, ICs, values in
the range 1.2-3.7 uM were found depending upon the source of
the compound and the assay pH used, whereas in the other
method 39% inhibition was found at a VDM11 concentration
of 50 um (Fowler et al., 2004).

One possible reason for this assay dependency could be
an influence of fatty acid-free bovine serum albumin (BSA)
upon the observed inhibitory potency, since this was one of
the differences between the two assays. Consistent with
this hypothesis is published data for AM404: thus, for this
compound, ICs, values (with AEA concentrations given
in parentheses) for inhibition of rat brain FAAH of 0.5uMm
(0.2nM), 3.6 uM (2 uM) and 6 uM (30 uM) have been reported

from three different laboratories using assays containing
fatty acid-free BSA (Jarrahian er al., 2000; Jonsson
et al., 2001; Glaser et al., 2003). A subsequent study found
that the inhibition was not dependent upon the assay
pH (Fowler et al., 2004). In contrast, when NI8TG2 cells
were used as a source of FAAH and fatty acid-free BSA
was not included in the medium, the inhibition of the
hydrolysis of 6 uM AEA by AM404 was less potent (ICs,
value 22uM, De Petrocellis et al., 2000). Calculations
of substrate concentration-independent K; values require
information both as to the mode of inhibition plus the ratio
of substrate concentration to the K, value for AEA assayed
under the same conditions. However, K, values reported from
other work by the laboratories concerned (see e.g. Maurelli
et al., 1995; Jonsson et al., 2001) would suggest that the
variation in potency is not related to any great degree to the
substrate concentration used.

Although the above discussion would suggest that the assay
concentration of fatty acid-free BSA may be an important
determinant of the FAAH inhibitory potency of VDM11, it is
important to investigate this systematically in a single assay. In
addition, the structural similarity of AM404 and VDM11 raise
the distinct possibility that the latter compound is also a
substrate for FAAH. Finally, in view of the recent finding that
VDMI1 can increase 2-AG levels in rat thyroid carcinomas
(Bifulco et al., 2004), the ability of this compound to inhibit
MAGL requires investigation. These aims have been studied
here.

Methods

Compounds

Radiolabelled arachidonoylethanolamide (*HJAEA: [ethanola-
mine 1-*H], 60 Cimmol~, for the FAAH studies and 2-mono-
oleoylglycerol [glycerol-1,2,3-*H] (PH]2-OG, 20Ci mmol™")
were obtained from American Radiolabeled Chemicals, Inc.
(St Louis, MO, U.S.A.). Nonradioactive AEA, URBS597
(3'-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate), oleoyltrifluoro-
methyl ketone (OTMK), arachidonoyl serotonin, CAY 10401
(1-oxazolo[4,5-b]pyridin-2-yl-9-octadecyn-1-one, compound 59 of
Boger et al., 2000) and arachidonoyl serinol were obtained from
the Cayman Chemical Co. (Ann Arbor, MI, U.S.A.). VDMI11
and AM404 were purchased from Tocris Cookson (Bristol,
U.K.). Non radioactive 2-OG was obtained from the Sigma
Chemical Co. (St Louis, MO, U.S.A.). Fatty acid-free BSA was
obtained either from Calbiochem-Novabiochem (La Jolla, CA,
U.S.A.), or from the Sigma Chemical Co. 4-Amino-mi-cresol was
obtained from Acros Organics (Geel, Belgium). Cell culture
media, sera and supplements were purchased from Invitrogen
(Sweden).

British Journal of Pharmacology vol 145 (7)
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Assay of FAAH and MAGL

Cerebella previously obtained from adult Sprague-Dawley
rats were used. These were thawed and homogenised at 4°C
in sodium phosphate buffer (50 mM, pH 8) containing 0.32M
sucrose. Homogenates were centrifuged at 100,000 x g for
60 min (Figure 2) or 120 min (Figures 3 and 4) at 4°C. The
supernatants (‘cytosol fractions’) were collected. The pellets
were suspended in sodium phosphate buffer (50 mm, pH 8) to
give the membrane fractions used in this study. The fractions
were stored frozen in aliquots at —70°C until used for assay.
Protein concentrations of the fractions were determined by
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E“: s [*H] Plsp
Q g A AM404, [*H]2-0G, plsg 4.70+0.12
L9 75+
& < VDM11, [PH]2-0G, plsg 4.6920.05
o
HE S0
<
w254
T
@, -
02 1 5 20 100
[compound] (uM)
Figure 2 Inhibition of membrane-bound [PH]JAEA and cytosolic

[’H]2-OG hydrolysis by AM404 and VDMI11. Data are mean-
s+s.e.m. (when not enclosed by the symbols), n =3, of the activities
expressed as % of controls treated with the same concentration of
vehicle. The assays contained 0.125% fatty acid-free BSA (from
Calbiochem). The substrate concentrations were 2 (M.

using the method described by Harrington (1990), with BSA as
standard.

Rates of hydrolysis of [PHJAEA (labelled in the ethanol-
amine part of the molecule) and [PH]2-OG (labelled in the
glycerol part of the molecule) as substrates for FAAH and
MAGTL, respectively, were determined essentially as described
by Omeir et al. (1995) and Dinh et al. (2002). Briefly, aliquots
(165 ul) of membrane (1.5-3 ug assay~!) or cytosol (1-2pug
assay~') fractions, diluted to the appropriate assay protein
concentrations in Tris-HCI buffer (10 mM, pH 7.2) containing
1 mM EDTA, were added to glass tubes containing 10 ul of test
compound. Blanks contained assay buffer instead of mem-
brane or cytosol samples. Substrate (25 pl, final concentration
2 uM) was then added and the samples were incubated for
10min at 37°C. The substrate solution contained fatty acid-
free BSA, when appropriate. The fatty acid-free BSA
concentrations given in the text are the final assay concentra-
tions. For the experiments using membrane fractions and
[’H]2-OG, the samples were coincubated with 3 uM URB597
in order to inhibit the FAAH. After the incubation phase,
reactions were stopped by adding 400 ul chloroform: methanol
(1/1 vv~'), vortex mixing the tubes two times and placing them
on ice. Phases were separated by centrifugation (10 min,
2500 r.p.m.), and 200 ul aliquots of the methanol/buffer phase
were taken and measured for tritium content by liquid
scintillation spectroscopy with quench correction. This assay
is the same as that used in the previous study from this
laboratory on the pharmacology of MAGL (Ghafouri et al.,
2004), although unfortunately the description of the method in
that paper inadvertantly omitted to indicate the fatty acid-free
BSA concentration used (0.125% wv™").
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Figure 3 HPLC chromatograms showing the metabolism of 4-amino-m-cresol (100 uM, Panels a—) and VDM11 (400 uM, panels
d-f). Rat cerebellar membranes (100 ug protein) were incubated with the compounds at 37°C and pH 7.2 for either O min (a),
120 min (d) or 24 h (b, c, e, f) prior to chloroform:methanol extraction and HPLC analysis. In panels (c) and (f), the membranes were
preincubated for 15min with 3 um URBS597 prior to addition of 4-amino-m-cresol or VDMI11. The traces were scanned into a
computer after which the contrast was increased and the retention times that were originally printed on the traces were removed

digitally.
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Figure 4 HPLC chromatograms showing the metabolism of VDMI11 (400 uM) following preincubation with CAY10401 at
concentrations of 10nM (a), 100nM (b) or 1 uM (c). For experimental and digital treatment details, see legend to Figure 3. The
retention times were slightly longer in these experiments, but this was also seen for a sample run concurrently but with 4-amino-m-

cresol (100 uM) rather than VDMI11 (data not shown).

Metabolic stability of VDM11

The membrane fractions (100 ug of protein) from the cerebella
of adult Sprague-Dawley rats were incubated at 37°C in Tris-
HCl buffer (10mM, pH 7.2) containing either ethanol,
50-100 uM 4-amino-m-cresol or 400 uM VDM11 and incubated
at 37°C for the times shown in the text and figures. Reactions
were stopped by adding 400 ul chloroform: methanol (1:1
vv™!). The phases were separated by centrifugation (10min,
2500 r.p.m.). When FAAH inhibitors were used, they were
preincubated with the membranes for 15min at 37°C prior to
addition of 4-amino-m-cresol or VDM11. Aliquots (20 ul) of the
methanol/buffer phase were then injected to the high-perfor-
mance liquid chromatography (HPLC) system. The system used
comprised of a pump (constametric Model III, laboratory data
control, FL, U.S.A.), and a UV absorbance detector (Waters
486, France), which was set at 250 nm (4-amino-m-cresol shows
highest UV absorbance at 250nm). Chromatographic separa-
tions were performed with the Chromolith Performance RP-18e
4.6 x 100 mm column from Merck (Darmstadt, Germany). The
mobile phase consisted of water/acetonitrile (95:5 vv~') and the
flow rate was 2.0 ml min~". Injection volume was 20 ul. In these
conditions, unchanged 4-amino-m-cresol is detected with a
retention time of ~24min and a detection limit of 20ng,
corresponding to a concentration of ~ 8 uM.

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, was 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.) with ‘top’ and ‘bottom’ values
set to 100 and 0%, respectively.

Results

Comparison of the effect of AM404 and VDM11
upon FAAH and MAGL

Initial experiments, undertaken in the presence of 0.125% fatty
acid-free BSA, investigated the relative potencies of AM404

and VDMI11 towards FAAH and cytosolic MAGL. Both
compounds showed very similar potency profiles, with a ~10-
fold selectivity for FAAH (ICs, values of 2.1 and 2.6 uM for
AM404 and VDM 11, respectively) over cytosolic MAGL (ICs,
values of 20 and 21 uM for AM404 and VDM11, respectively)
(Figure 2).

In Table 1, a comparison has been made between the
sensivitity of FAAH to inhibition by high concentrations of
VDMI11 and a battery of FAAH inhibitors using a low (2 uM)
and a high concentration of [PHJAEA (nominal 400 M, see
legend to Table 1). The assays were undertaken in the presence
of 0.125% fatty acid-free BSA. At the low concentration of
[PHJAEA, the FAAH inhibitors inhibited the enzyme in a
manner consistent with their reported potencies (see Bisogno
et al., 1998; Boger et al., 2000; Kathuria et al., 2003; Ghafouri
et al., 2004). VDM11 behaved like CAY 10401, arachidonoyl
serotonin and OTMK in that the sensitivity to inhibition was
greater at the lower [PHJAEA concentration. Indeed, for
arachidonoyl serotonin (30 uM) and oleoyltrifluoromethyl
ketone (3 uM), complete inhibition of hydrolysis at the low
[PHJAEA concentration was seen, whereas little or no inhibiton
was seen, at the high P"HJAEA concentration (Table 1). These
data are consistent with the suggestion that VDM11 and these
reversible inhibitors are either competitive or mixed in their
mode of action, as has been shown previously for arachidonoyl
serotonin (Bisogno et al., 1998). In contrast, little dependency
upon the assay concentration of [PHJAEA was seen for
URBS597 (Table 1), which is reported to act as an irreversible
or alternatively tight binding inhibitor of FAAH (Kathuria
et al., 2003).

Effect of BSA upon the sensitivity of FAAH and MAGL
to inhibition by VDM11

Two sources of fatty acid-free BSA were used. Analyses of two
experiments gave pls, values of 5.80, 5.66, 5.49, 5.58 and 5.54
for 0, 0.0125% (Sigma), 0.0375% (Sigma), 0.125% (Sigma)
and 0.125% (Calbiochem) wv~' fatty acid-free BSA, respec-
tively. Thus, the addition of fatty acid-free BSA from either
source produced a ~50% reduction in the potency of VDM11
towards FAAH. It should be pointed out that in the absence of
BSA, the concentration of [PHJAEA is nominal rather than
exact, since the ‘stickiness’ of this compound will reduce the
absolute concentration (see Karlsson et al., 2004). Indeed, the
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Table 1 Inhibition of FAAH by high concentrations
of VDMI11 and a battery of FAAH inhibitors

FAAH activity (% of control)

[PH]AEA assay concentration 2uM 400 pm*
VDM11

400 uM 03+3 4543
URB597

10nM 49+3 66+6

100 nM 4+2 14+1

1um —0.2+2 7+0.8

3 uM 8+9 1240.3
Arachidonoyl serotonin

3uM 35+ 95+0.4

30 uM 441 91+2
CAY10401

10nM 6+1 4042

100 nM —0.1+1 9+0.4

1 um 6+0.8 8+1

10 um 1+1 7+0.5
OTMK

3 uM 0+3 78+4

10 um 0+4 57+4

50 uM —2+4 24+4

100 um 9+3 21+1

Data are means+s.e.m. from analyses of data from three
preparations. The compounds were preincubated with the
membrane preparations for 15min prior to addition of
substrate and further incubation. For 2uM [FHJAEA, the
incubation time and membrane protein concentrations were
10min and 2 ug assay~', respectively. For 400 uMm [*HJAEA,
the incubation time and membrane protein concentrations
were 60 min and 100 ug assay ™', respectively.

*This concentration is probably an overestimate, due to the
limited solubility of AEA.

added radioactivity was 62+ 5 and 64 + 5% of that seen when
0.125% (Sigma) and 0.125% (Calbiochem) wv™' fatty acid-
free BSA, respectively, were present. This reduction was not
seen for [PH]2-OG, where the added radioactivity was 91+4
and 89+3% of that seen when 0.125% (Sigma) and 0.125%
(Calbiochem) wv~! fatty acid-free BSA, respectively, were
present. In the remaining experiments described below,
0.125% fatty acid-free BSA from Calbiochem was used.

The effect of fatty acid-free BSA upon the potency of
VDMI11 towards MAGL was also determined. In this case,
membranes were used, in order to provide more information as
to the pharmacology of this enzyme. 2-AG (and presumably
therefore 2-OG) can be metabolised by FAAH (Goparaju
et al., 1998), and so it is important to ensure that FAAH is
completely inhibited in these experiments. To this end, the
membranes were coincubated with 3 uM URBS597, since this
compound does not affect MAGL activity (Kathuria et al.,
2003). Under these conditions, the rate of [P’H]2-OG metabo-
lism was 77+ 3% (no fatty acid-free BSA) and 95+3% (fatty
acid-free BSA, means+s.e.m., n=9) of the activity seen in
concomitant assays run without URBS597. Thus, at the
concentration of [*PH]2-OG used, FAAH is responsible for
only a small fraction of the metabolism in the membrane
fractions, a result in line with the study of Saario ez al. (2004),
who used 2-AG as substrate. Under these conditions, VDM11

inhibited membrane MAGL with pls, values (ICs, values given
in brackets) of 5.22+0.06 (6 uM) and 4.86+0.05 (14 uM) in the
absence and presence of 0.125% wv™' fatty acid-free BSA,
respectively (data not shown). The corresponding values for
arachidonoylserinol were 4.934+0.03 (12 uM) and 4.61+0.03
(24 uMm), respectively (data not shown). Thus, for both VDM11
and arachidonoylserinol, the inhibitory potency was about
two-fold higher in the absence of fatty acid-free BSA than in its
presence. This would suggest that the ‘BSA shift’ is not unique
to VDMI11, but is found at least with other arachidonoyl-
based compounds.

Metabolic stability of VDM11

FAAH-catalysed hydrolysis of VDMI11 would be expected
to yield arachidonic acid and 4-amino-m-cresol (Figure 1). An
HPLC assay was therefore set up to detect 4-amino-m-cresol.
Under the assay conditions used, 4-amino-m-cresol was
detected with a retention time of about 2.4min (detection
limit 20 ng). Addition of 100uM 4-amino-m-cresol to a
membrane preparation (100 ug protein) and immediate assay
gave the expected peak, together with minor peaks at ~5.6
and ~11min retention times (Figure 3a). The ~1l1min
retention time was also seen for samples to which ethanol
carrier rather than 4-amino-m-cresol had been added (data not
shown). When the gain was reduced to be able to quantitate
the early peak, it was found that the ratio of the two peaks
changed as the samples were incubated further. Thus, the
AUC values for the ~5.6min peak as a % of the AUC values
of the ~2.4min peak were 8, 13, 19, 30 and 42% following
incubation of the membranes for 0, 10, 30, 60 and 120 min
(data not shown). The peak at ~ 5.6 min was also seen if the
solution of 4-amino-m-cresol used in the experiments was left
overnight at room temperature and then injected into the
HPLC (data not shown) and so presumably represents a
nonenzymatic oxidation product of this compound. At the
120min time point, an additional peak was noted at a
retention time of around 8min (data not shown). In two
separate experiments, membrane fractions (100 ug protein)
were incubated with the 4-amino-m-cresol for 24h. In both
cases, the major peak was now the ~8min peak (see
Figure 3b). This peak was not seen when 4-amino-m-cresol
was incubated for 24 h with distilled water at 37°C, but was
seen when it was incubated with the tris buffer, pH 7.2,
suggesting once again a nonenzymic oxidation product. No
such peaks were seen with either water, buffer or membranes
incubated with ethanol alone (data not shown). Preincubation
of the membranes with 3uM URBS597 for 15min prior to
addition of 4-amino-m-cresol did not affect the major peaks
(Figure 3c).

Addition of VDMI11 (400 uM) to the membranes and
incubation gave no obvious peaks other than the ~11min
peak for incubation times of 0 or 10 min (data not shown). At
30 and 60 min of incubation, however, peaks at retention times
of ~2.4min were seen, and by 120 min a small additional peak
at ~5.4min was seen (Figure 3d). Three preparations were
incubated for 120 and 180 min with 400 uM VDMI11, and the
peak at ~2.4min was quantitated and compared with the
values seen for the combined ~2.4 and ~5.4min peaks for
incubation of the same preparations for Omin with 50 uM
4-amino-m-cresol followed by extraction and assay. From
these data, the rate of breakdown of VDMI11 was determined
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to be 160+ 12 pmol min~' mg protein~' (data not shown). For
comparison, the rate of hydrolysis of 2 uM [PHJAEA for the
control samples for Table 1 was 560446 pmolmin~' mg
protein~".

Although incubations of 1-3h were sufficient to demonstrate
metabolism of VDMI11, the peaks were too small to be able to
undertake studies of inhibitor sensitivity of VDMII. In
consequence, long incubation times (24h) were used. Under
these conditions, clear peaks were seen (Figure 3e) at the same
retention times as were seen when 4-amino-mi-cresol was added to
the samples. These peaks were not seen when either water or
buffer was incubated with the VDM for 24h at 37°C (data not
shown), or, more importantly, when the membranes were
preincubated for 15 min with 3 uM URBS597 prior to the addition
of VDMI11 and incubation for a further 24h (Figure 3f).
Preliminary experiments indicated that 1uM URB597 also
produced a complete blockade of VDM11 metabolism, whereas
residual metabolic activity was seen at lower concentrations (10
and 100nM) of URB597(data not shown).

Although URBS597 is highly selective for FAAH vs cannabi-
noid receptors and MAGL (Kathuria ef al., 2003), it has been
reported to inhibit other serine hydrolase enzymes (Lichtman
et al., 2004), raising the possibility that a URB597-sensitive
activity unrelated to FAAH may be involved in the metabolism
of VDMI11. In consequence, the battery of FAAH inhibitors
shown in Table 1 were tested for their ability to inhibit VDM11
metabolism. Given that the assay concentration of VDM11 is
high relative to its potency (and hence predicted K, value)
towards FAAH, the sensitivity to inhibition by these com-
pounds should be compared with the data for the high
concentration of [PHJAEA shown in Table 1. The results were
found to be consistent with these data. Thus, CAY 10401
produced a concentration-dependent inhibition of VDMI11
metabolism with a complete blockade being seen at a
concentration of 1 uM (Figure 4), 10, 50 and 100 uM (data not
shown). OTMK (100 um) also reduced the peaks due to VDM11
metabolism, whereas no obvious inhibition of VDMI11 meta-
bolism was seen with either 3 or 30 uM arachidonoyl serotonin,
or with 1 or 3uM OTMK (data not shown). None of the
compounds affected, at the highest concentrations used, the
peaks produced by 4-amino-m-cresol (data not shown).

Discussion

The present study has three conceptually simple aims, namely
to determine (a) whether the difference in sensitivity of FAAH
towards VDM11 seen in different laboratories is related to the
presence or absence of fatty acid-free BSA in the assay; (b)
whether VDM11, like AM404, is a substrate for FAAH and (c)
whether VDM11 inhibits MAGL. From the data presented
here, it is clear that the presence of fatty acid-free BSA gives a
lower sensititivity of FAAH (and MAGL) towards VDM11,
which may be to a certain extent due to the higher assay AEA
concentration when binding of this very sticky molecule to
pipette tips, etc. is avoided. However, this problem did not
appear to occur for 2-OG, but the same shift in potency was
seen for MAGL, so presumably the change in the absolute
assay substrate concentration is not the whole explanation for
the effect of fatty acid-free BSA. Given that BSA binds very
potently to arachidonate groups (Bojesen & Bojesen, 1994;
Bojesen & Hansen, 2003), it is not unreasonable to suppose

that the BSA can also bind to the arachidonoyl moiety of
VDMI11 and thereby reduce its free concentration, although
further experiments would be needed to prove this point. In
any case, since the assays reported in the literature that give the
highest sensitivity of FAAH to inhibition by VDMI11 and
AM404 were those that contained fatty acid-free BSA (see
Introduction), the absence or presence of this agent in the
assay is most clearly not the explanation for the interassay
variation. The finding that the potency of VDMII as an
inhibitor of FAAH is reduced when the substrate concentra-
tion is increased also can be ruled out as a major explanantion
of the variation (although a competitive mode of inhibition
would be consistent with VDMI11 acting as a competing
substrate, see below) since the substrate concentrations used
relative to the K, values reported previously by the same
laboratories were not that different (see Maurelli ef al., 1995;
Jonsson et al., 2001). The variation therefore remains an
unexplained phenomenon.

On a more positive note, the present study has provided
data on the interaction of VDM11 and AM404 with MAGL,
and provides evidence that VDM11 indeed is a substrate for
FAAH. With respect to the latter, the present study
demonstrates that incubation of VDMI1 with cerebellar
membranes results in a pattern of HPLC peaks that are (a)
dependent upon the activity of FAAH, since they are
prevented by URB597 and CAY10401 and (b) have the same
retention times as the pattern of HPLC seen with the putative
VDMI11 breakdown product 4-amino-m-cresol. 4-Amino-m-
cresol is well known to be easily oxidated and to produce a
number of metabolites when incubated with Dbiological
material (Eggenreich et al., 2004), so the multiplicity of peaks
is not surprising. It can be argued that the long incubation time
and the high VDMI11 concentration used render the data of
limited relevance. However, these were a necessity due to the
relatively high detection limit for 4-amino-m-cresol, and there
is measurable metabolism of VDMI11 that can be seen by
60 min. From incubations of 120 and 180 min, the rate of
breakdown of 400 uM VDM11 was estimated at 160 pmol mg
protein~' min~'. This value can be compared with the rate of
hydrolysis of 2uM [PHJAEA seen in the preparations
(560 pmolmg protein~' min~'). Given that the K,, for AEA
in our hands is ~1uM (see e.g. Jonsson et al., 2001), and
assuming that at such a high VDMI11 concentration (relative
to its affinity towards FAAH) the V.., value is measured, the
present data would suggest that the V., for VDMII
metabolism is about 15-20% of that for AEA. By comparison,
myristic-, palmitic- and oleic-amides (100 uM) are metabolised
by rat FAAH expressed in COS-7 cells at rates of 5.8, 9.9 and
24%, respectively, of that of 100 um AEA (Cravatt et al.,
1996). This would suggest that the rate of VDM 11 metabolism
by FAAH, although clearly not as good as for AEA, is within
the range seen for other alternative substrates for this enzyme.

In their study, Fegley et al. (2004) measured the concentra-
tions of AM404 itself by HPLC/MS and could show that low
added amounts of AM404 (0.1-1nmol) were effectively
removed following incubation for 30min with membranes
from wild-type, but not from FAAH ™/~ mice. Their study
showing FAAH-dependent loss of substrate and our study
showing URBS597 and CAY10401-sensitive appearance of
postulated product thus complement each other rather well.
Of course, it is not possible to compare the relative rates of
VDMI11 and AM404 as substrates for FAAH, since different
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methodologies were used. Nevertheless, regardless of their
absolute k., values, the fact that both compounds act in a
manner consistent with their being FAAH substrates means
that they will by definition interact with FAAH and would
thereby be expected to reduce the metabolism of AEA as a
result of substrate competition. Whether or not this explains
completely their mode of inhibition awaits elucidation.

With respect to the interaction of AM404 and VDM 11 with
MAGL, Saario et al. (2004) recently reported that 1mMm
AMA404 did not inhibit the hydrolysis of 50 uM 2-AG (assayed
in the presence of 0.5% BSA) by rat cerebellar membrane
fractions assayed at 25°C. In contrast, we found here a
complete inhibition of 2uM 2-OG metabolism by cytosolic
MAGL following incubation with 100 uM AM404. A similar
divergency in sensitivity was seen with arachidonoyltrifluoro-
methylketone, which in their hands inhibited membrane-
bound 2-AG metabolism with an ICs, value of 66 uM (Saario
et al., 2004), whereas we found it to be more potent in our
assay (ICsy value of 2.9 uM towards cytosolic 2-OG metabo-
lism) (Ghafouri et al., 2004), as did Dinh et al. (2002) (ICs,
value of 2.9 uM towards cytosolic 2-OG metabolism). This
would suggest that the variations seen in assay sensitivity for
FAAH are also apparent with MAGL, underlining the
requirement that comparisons between compounds are made
in the same laboratory.

The ability of AM404 and VDM11 to interact with MAGL
is worthy of comment. The fact that they can interact does
not mean that they are substrates, unlike the situation for
FAAH - indeed, in our hands, AEA (which is not metabolised
by MAGL, Dinh et al., 2002) inhibits 2-OG metabolism
by soluble fractions from rat cerebella with an ICs, value of
60 uM (i.e. considerably lower than the affinity towards
FAAH), and a similar value was seen for arachidonic acid
(Ghafouri et al., 2004). A similar situation is presumably
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