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a b s t r a c t

The screening of known medicinal agents against new biological targets has been shown to be a valuable
approach for revealing new pharmacology of marketed compounds. Recently, carbamate, urea and ketone
inhibitors of fatty acid amide hydrolase (FAAH) have been described as promising treatments for pain,
anxiety, depression and other CNS-related conditions. In order to find novel FAAH inhibitors, a focused
screen of molecules containing potentially reactive moieties or having in vivo effects that are possibly rel-
evant to the biology of FAAH was conducted. These studies revealed phenmedipham 13 and amperozide
14 to be inhibitors of human FAAH, with an IC50 of 377 nM and 1.34 lM, respectively.

� 2009 Elsevier Ltd. All rights reserved.
The endocannabinoid system is composed of the cannabinoid found new therapeutic uses treating multiple myeloma and ery-
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receptors CB1 and CB2, their cognate ligands anandamide (AEA, 1)
and arachidonoyl glycerol (2-AG) and the enzymes that respec-
tively regulate these ligands’ levels through hydrolysis, fatty acid
amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL).1

While CB1 agonism has been clinically validated for several indica-
tions, psychotropic side effects and sociopolitical issues have pre-
vented the full therapeutic exploitation of this pathway.2 On the
basis of numerous animal model studies, inhibition of FAAH-med-
iated degradation of AEA appears to hold promise in harnessing
these therapeutic benefits, whilst avoiding unwanted side effects.3

Pioneering work on FAAH as a medicinal target has led to the iden-
tification of numerous inhibitors, mostly based around activated
ketones, carbamates and ureas (e.g., compounds 2–6, Fig. 1).4–9

Importantly, mechanistic studies have revealed that inhibitors of
each chemical class, including ureas, covalently attach to the cata-
lytic serine S241 of FAAH.

In recent years, detailed investigations have revealed new phar-
macological insights for existing medications.10 For instance, Tha-
lidomide 7, a molecule with a tragic history of teratogenicity, has
ll rights reserved.

.).
(F. Vincent), mattduncton@
thema nodosum leprosum (Fig. 2). Additionally, more detailed
understandings of Mefloquine12 8, Clofazimine13 9, Itraconazole14

10, Astemizole15 11 and Digoxin16 12 have provided new starting
points for medicinal chemistry campaigns, or potential new appli-
cations for these approved drugs. Accordingly, we applied a similar
H
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Figure 1. Anandamide and representative inhibitors of FAAH.
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Figure 2. Examples of marketed drugs with recently discovered pharmacological
properties.
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biology- and structure-based mining strategy to identify molecules
that may inhibit FAAH. Herein, we present the results of this fo-
cused screen, and reveal carbamate phenmedipham 13, and piper-
azinyl urea amperozide 14, to be inhibitors of FAAH.

The goal of this study was to uncover molecules extensively
characterized in animals and/or humans as novel inhibitors of
FAAH. We reasoned that positive results might suggest additional
applications for a given compound, or shed new light on the effects
of in vivo inhibition of FAAH. As noted before, nearly all known
Table 1
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a Compounds with >30% inhibition of hFAAH at 1 lM are shown. URB-597 3 (100% in
inhibitors of FAAH covalently, and often irreversibly, react with
the enzyme. While such inhibitors are over-represented in cases
of idiosyncratic toxicity, the advantages they present in terms of
receptor occupancy are equally well known.17 Specifically, inhibi-
tor binding is not subject to competition from the substrate, recov-
ery of enzymatic activity may require protein re-synthesis, and
long incubation times can allow a compound with poor binding
affinity to completely inhibit the enzyme.7,18

Compound selection was conducted by choosing some repre-
sentative examples containing carbamate, urea, ketone, aldehyde
and amide (including Weinreb amide) substructures.19 The pool
of molecules against which these searches were conducted in-
cluded marketed drugs, herbicides and pesticides, as well as mole-
cules in clinical trials for indications for which FAAH inhibition had
shown efficacy in preclinical models. A special emphasis was
placed on molecules with an uncertain molecular target, as it
was reasoned that some of these compounds could be exerting
their pharmacological effect through inhibition of the FAAH en-
zyme. In total, about 100 compounds were selected for this focused
screen.20

Several groups have reported a rather high hit rate in their
screening campaigns against FAAH, in agreement with our own
results outside of this study, although reactive impurities might ex-
plain at least part of the activities observed.21 Since we only wanted
to uncover inhibition with a reasonable likelihood of physiological
relevance, we conducted the screening of this focused library at a
compound concentration of 1 lM, using a 30 min pre-incubation
time. A fluorescent readout was used to quantify enzyme
inhibition.22

Table 1 details the activity of the most potent molecules evalu-
ated in this study.20 Several interesting features from the screening
results were noted. First, the low number of compounds that were
found to inhibit FAAH was somewhat surprising. At the outset of
% Inhibition of hFAAH ([drug] = 1 lM)a
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Figure 4. Enzyme kinetics study of 13 against hFAAH. Vmax and KM determination in
the presence of increasing concentrations of 13.
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these studies, we postulated that multiple molecules might show
themselves to be potent inhibitors of FAAH, particularly those with
carbamate or urea substructures. We adopted this thinking be-
cause FAAH has been reported to be a particularly efficient ami-
dase, due to the presence of a novel catalytic triad within the
active site.23 Indeed, the enzyme is capable of efficiently reacting
with substrates containing esters, amides (by definition), carba-
mates and even ureas. The reactivity with ureas is rather unusual,
and highlights the extraordinary ability of the FAAH enzyme to
organize and activate substrates so that they are rendered open
to nucleophilic attack.7,8b,24,30a Thus, what emerges from this set
of results is that the FAAH enzyme appears to have a high degree
of discrimination in selecting a reacting partner, in contrast to
some previous observations.21,25

The IC50 of phenmedipham 13 and amperozide 14 were mea-
sured against human and rat FAAH (Fig. 3).22 Phenmedipham 13
inhibited hFAAH and rFAAH, with an average IC50 of 377 nM and
77 nM, respectively. Amperozide 14 had an average IC50 of
1.34 lM against hFAAH, and inhibited rFAAH by approximately 50
at 10 lM. Species difference in potency for 13 and 14 may be due
to documented amino acid variations in the enzyme’s active site.7,26

Both compounds were also tested in a radioactive 3H-AEA hydrolysis
assay with a much longer pre-incubation time of 2 h.22 Predictably,
lower IC50 values were obtained against hFAAH under these condi-
tions (phenmedipham IC50 = 152 nM; amperozide IC50 = 455 nM).

Additionally, we examined the enzyme’s kinetics upon inhibi-
tion by 13 (Fig. 4). A significant lowering of Vmax was observed
upon inhibitor treatment, accompanied by a comparatively smaller
shift towards higher KM values. Lineweaver–Burk analysis of this
hFAAH
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Figure 3. Representative IC50 curves for phenmedipham 13 and amperozide 14
against hFAAH (upper panel) and rFAAH (lower panel).
data revealed a non-competitive inhibition pattern. Similar results
were obtained for control carbamate URB-597 (data not shown).
Importantly, irreversible inhibitors, including those binding at
the active site, are expected to display such a non-competitive
pattern.18

Phenmedipham 13 is an herbicide used in sugar beet and spin-
ach culture. Its herbicidal activity is exerted through disruption of
photosynthesis.27 While no behavioural studies appear to have
been conducted, a wealth of rodent and dog toxicity data is avail-
able.28 When dosed orally, 13 displayed an LD50 of >8000 mg/kg in
rats. No genotoxicity, or developmental toxicity, were observed.
However, chronic dosing resulted in a reproducible, and dose-
dependent, reduction in body weight.28 Interestingly, a similar
weight loss has been reported for rats treated with URB-597.29

The second most potent inhibitor revealed by this screen was
the piperazine urea, amperozide 14. Related piperazine and piper-
idine ureas have been described by numerous research groups
studying FAAH.7,8,24,30 Indeed, several compounds from this chem-
ical class have shown promising results in advanced preclinical
testing.7,24,30a,b Although amperozide is active against a range of
CNS-mediated conditions in vivo,31 it is highly debatable whether
this behaviour is mediated through inhibition of FAAH, since amp-
erozide is a potent antagonist of other CNS targets such as 5-HT2a,
5-HT6 and D2 receptors.32 After being pursued as an atypical anti-
psychotic, its development for human indications appears to have
been stopped.32,33 Future studies examining both brain AEA levels
and FAAH ex vivo activity after steady state in vivo exposure to
amperozide and phenmedipham would clarify the ability of these
compounds to respectively inhibit FAAH in vivo.7,30b

In conclusion, the general principle of screening known medic-
inal agents against new biological targets, in this case FAAH, was
applied to a focused library of potentially reactive substrates and
molecules with interesting in vivo biological profiles. Although
few hits were obtained, suggesting that FAAH is a discriminating
enzyme, phenmedipham and amperozide were identified as new
inhibitors. The wealth of animal and human data associated with
these compounds could potentially prove helpful in the clinical
development of FAAH inhibitors. Overall, this study adds to the lit-
erature describing new biological properties for older remedies,
and supports the examination of a larger pool of historical drugs
against the FAAH enzyme.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmcl.2009.09.086.
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