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A second generation of carbamate-based fatty acid amide
hydrolase inhibitors with improved activity in vivo

Jason R. Clapper[a], Dr. Federica Vacondio[b], Alvin R. King[a], Dr. Andrea Duranti[c], Dr.
Andrea Tontini[c], Prof. Claudia Silva[b], Dr. Silvano Sanchini[c], Prof. Giorgio Tarzia[c], Prof.
Marco Mor[b], and Prof. Daniele Piomelli[a],[d],*

[a] Departments of Pharmacology and Biological Chemistry, 360 MSRII, University of California,
Irvine, Irvine, CA, 92697 USA
[b] Pharmaceutical Department, University of Parma, Viale G. P. Usberti 27/A, Campus
Universitario, Parma, 43100, Italy
[c] Institute of Medicinal Chemistry, University of Urbino “Carlo Bo”, Piazza del Rinascimento, 6,
Urbino, 61029, Italy
[d] Unit of Drug Discovery and Development, Italian Institute of Technology, via Morego 30,
Genoa, 16163, Italy

Abstract
The fatty acid ethanolamides are a class of signaling lipids that include agonists at cannabinoid
and type-α peroxisome proliferator-activated receptors. In the brain, these compounds are
primarily hydrolyzed by the intracellular serine enzyme fatty acid amide hydrolase (FAAH). O-
aryl carbamate FAAH inhibitors such as URB597 are being evaluated clinically for the treatment
of pain and anxiety, but interactions with carboxylesterases in liver might limit their usefulness.
Here we explore two strategies aimed at overcoming this limitation. Lipophilic N-terminal
substitutions, which enhance FAAH recognition, yield potent inhibitors but render such
compounds both susceptible to attack by broad-spectrum hydrolases and inactive in vivo. By
contrast, polar electron-donating O-aryl substituents, which decrease carbamate reactivity, yield
compounds, such as URB694, that are highly potent FAAH inhibitors in vivo and less reactive
with off-target carboxylesterases. The results suggest that an approach balancing inhibitor
reactivity with target recognition produces FAAH inhibitors that display significantly improved
drug-likeness.
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Introduction
Fatty acid amide hydrolase (FAAH)[1–4] is a membrane-bound serine enzyme that catalyzes
the intracellular hydrolysis of the fatty acid ethanolamide family of signaling lipids, which
includes endogenous agonists at cannabinoid CB1 and CB2 receptors[5,6], and type-α
peroxisome proliferator-activated receptors[7–9]. Natural FAAH substrates such as the
endocannabinoid anandamide[5,6] play important physiological roles, and deficits in the
functions of these biomolecules have been implicated in a broad range of disease
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conditions[10]. Consequently, inhibition of FAAH activity, which is expected to reduce
such deficits, has become the focus of intense drug discovery efforts. Among the various
classes of FAAH inhibitors identified so far[10–12], two have demonstrated favorable
activity and selectivity profiles in vivo: the O-aryl carbamates discovered in our
laboratories[13–15] and the piperidine/piperazine ureas developed at Pfizer Inc.[16–17]. The
former class comprises N-cyclohexylcarbamic acid O-aryl ester derivatives such as URB524
and URB597 (Figure 1), which feature a unique combination of anxiolytic, antidepressant
and analgesic properties[18–21], accompanied by a lack of addiction liability in rodent and
primate models[19,21].

The mechanism by which O-aryl carbamates inhibit FAAH has been investigated in detail.
Quantitative structure-activity relationship (QSAR) and computational studies, aided by the
resolution of FAAH’s crystal structure[23], have suggested that these molecules bind to
FAAH with their N-terminal moiety positioned within the acyl chain binding (ACB) channel
of the enzyme and their O-biphenyl group occupying a large fraction of its cytosolic access
(CA) channel[15,24,25]. This orientation allows the catalytic nucleophile, serine 241
(ser241), to attack the compound’s carbonyl group to yield a carbamoylated, inactive
enzyme (Figure 2). Consistent with this model, QSAR analyses have shown that
aromatically restrained lipophilic substituents with a bent shape, such as a meta-oriented O-
biphenyl group, optimally conform to the stereoelectronic requirements of the CA
channel[13], while hydrophilic substituents on the distal phenyl ring, such as the 3′-
carbamoyl group of URB597, enhance enzyme-inhibitor interactions by forming hydrogen
bonds with specific amino acid residues of the same domain[14] (Figure 2). It appears
therefore that a combination of covalent binding to catalytic ser241 and noncovalent
interactions with specific recognition elements in the active site of FAAH is necessary to
achieve high inhibitory potency in this class of compounds. Surprisingly, however, no clear
correlation has yet been found between the chemical reactivity of the carbamate group in
these molecules and their rank order potency for FAAH inhibition[26]. A plausible
explanation for this finding is provided by the unique electronic properties of the serine-
serine-lysine catalytic triad of FAAH, which allow ser241 to interact productively with
mechanism-based inhibitors of relatively low chemical reactivity, such as the piperidine/
piperazine ureas[16,17].

URB597, the index compound in the carbamic acid O-aryl ester class of FAAH inhibitors,
displays remarkable target selectivity for FAAH both in vitro and in vivo[27–29].
Nevertheless, at concentrations that exceed those needed to fully block FAAH activity, the
compound was shown to interact with several broad-spectrum esterases in liver[16,30]. This
inhibition may affect the pharmacokinetic behavior of a variety of therapeutic agents that
contain ester or amide bonds, and are substrates for liver carboxylesterases[31]. Are these
off-target effects inherently linked to the presence of a carbamate moiety, or is it possible to
reduce their occurrence without diminishing inhibitory potency? We reported previously
that in a set of cyclohexylcarbamic acid aryl esters the electrophilicity of the carbamate
influenced its chemical stability and that introduction of small electron donor substituents at
conjugated positions of the O-aryl moiety increased overall hydrolytic stability of the
carbamate group towards in vitro chemical and enzymatic hydrolysis[32]. In the present
study, we have explored two strategies aimed at addressing the above question. The first was
to maximize the inhibitors’ complementarity for FAAH by enhancing interactions with
unoccupied regions of its active site (Figure 2). The second, similar to what was previously
reported,[32] consisted in modulating the reactivity of the carbamate group with the
objective of lowering its sensitivity to nucleophilic attack by hydrolases. We selected a
focused set of O-aryl carbamates, most of which were previously published[13–15,26,32],
that allowed us to test each of these strategies, and investigated the pharmacodynamic and
pharmacokinetic properties of these compounds both in vitro and in vivo.
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Results
Compounds 1a (URB524)[13], 1b[15], 1c[15], 1d (URB597)[14], 1g (URB694)[26], 1h[26]
and 1i[26] were previously published and were synthesized as reported. 4-
Phenylbutylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester (1e) and 8-phenyloctylcarbamic
acid 3′-carbamoylbiphenyl-3-yl ester (1f) were obtained by addition of 3′-
carbamoylbiphenyl-3-ol to 4-phenylbutylisocyanate (for 1e) or 8-phenyloctylisocyanate (for
1e). 4-Phenylbutylisocyanate was commercially available while 8-phenyloctylisocyanate
was synthesized as reported[15].

Effect of lipophilic N-substitutions on inhibitory potency
Previous studies have shown that lipophilic substitutions to the N-fragment of O-aryl
carbamate FAAH inhibitors, which likely enhance the complementarity of these molecules
for hydrophobic surfaces in the ACB channel, increase their inhibitory potency in
vitro[13,24,33]. Consistent with those findings, we found that introducing flexible and
hydrophobic N-substituents on the scaffold of URB524 produced compounds that were
highly potent at inhibiting FAAH activity in rat brain membranes (Table 1). For example,
the N-phenyloctyl derivative 1c inhibited FAAH activity with a median inhibitory
concentration (IC50) that was approximately 5 times more potent than parent compound
URB524 (Table 1). A similar, albeit slightly less marked, potency shift was also observed
with the N-phenylbutyl derivative 1b. Moreover, lipophilic N-substituents produced further
effects on potency when combined with small polar substitutions on the distal phenyl ring,
as documented by the 3′-carbamoyl derivative 1f, which inhibited FAAH activity with an in
vitro potency that was approximately 30-fold higher than that of the index compound,
URB597 (Table 1 Figure 3A). Compound 1e did not substantially differ from 1f (Table 1)
and was not further examined.

Effect of N-substitutions on metabolic stability
N-Substituted derivatives of URB524 and URB597, such as compounds 1b, 1c, 1e, and 1f
are very potent FAAH inhibitors, but are much less stable than their parent molecules when
incubated in rat plasma in vitro (Table 1). For example, the N-phenylbutyl derivative 1b
displayed a median life-time (t1/2) in plasma that was approximately 6-fold shorter than that
of URB524 (Table 1). A comparable loss in metabolic stability was observed with
compound 1c (Table 1). This instability likely resulted from increased sensitivity to
hydrolysis by plasma esterases, because both 1b and 1c were as stable as parent URB524 in
aqueous buffer at neutral pH (Table 1).

Effects of N-substituted inhibitors in vivo
The metabolic lability of O-aryl carbamates with hydrophobic N-substituents suggests that
the effectiveness of these compounds in vivo might also be suboptimal. To test this idea, we
examined the pharmacokinetic and pharmacodynamic properties of the most potent inhibitor
in the series, 1f, comparing them to those of URB597. Administration of a maximally
efficacious dose of URB597 to mice (1 mg-kg−1, intraperitoneal, i.p.)[34] was followed by a
rapid distribution of the drug in serum and brain tissue (Figure 3B). URB597 and 1f were
measured by liquid chromatography/mass spectrometry (LC/MS), using the structural
analog N-cyclohexyl biphenyl-3-ylacetamide as an internal standard. The limit of
quantification in the assays was 0.4 pmol/sample. Brain concentrations of URB597 reached
maximal levels (Cmax) approximately 15 min following administration and rapidly declined
afterwards (Figure 3B). Consistent with this time-course of distribution, the drug produced a
complete blockade of brain FAAH activity, measured by an ex vivo assay, within 10–15 min
of injection (Figure 3C). Finally, URB597 inhibited mouse brain FAAH with a median
effective dose (ID50) (Table 1,Figure 3D) comparable to the ID50 value previously reported
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in rats (0.15 mg-kg−1)[18]. In contrast with the results obtained with URB597,
administration of compound 1f produced little or no increase in drug levels in serum and
brain (Figure 3B) or inhibition of brain FAAH activity (Figure 3C and 3D). A similar
dissociation between in vitro and in vivo inhibitory potencies was observed with compounds
1b and 1c (Table 1). The latter, in particular, was approximately 5 times more potent than
parent URB524 in vitro (Table 1), yet was completely inactive in vivo when injected at
doses as high as 1 mg-kg−1 (Figure 3D).

The results outlined above confirm prior observations suggesting that lipophilic phenylbutyl
or phenyloctyl N-substituents, which enhance hydrophobic interactions with the ACB
pocket of FAAH, improve the potency of O-aryl carbamate inhibitors in vitro[15]. The
findings also indicate, however, that the same structural modifications markedly reduce the
compounds’ stability thus impairing their ability to reach effective concentrations in vivo.

Modulation of carbamate reactivity increases metabolic stability in vitro
We hypothesized that reducing the reactivity of the carbonyl carbon would yield compounds
that might escape nucleophilic attack by broad-spectrum esterases in plasma and liver while
retaining the ability to interact with FAAH. Consistent with this prediction, insertion of an
electron-donating substituent, such as a hydroxyl or amino group, in the para position of the
proximal phenyl ring of URB524 did not significantly affect inhibitory potency in vitro (1g
and 1h, Table 1 and Figure 4A). The modifications caused, however, a marked increase in
the compounds’ stability in plasma, in comparison to other molecules in the series (Table 1).
For example, compound 1g (URB694) displayed an average t1/2 in plasma that was
approximately 29-fold greater than that of URB597 (Table 1). By contrast, para substitution
with the strong electron-withdrawing nitro group (1i) negatively impacted potency, likely
due to the very low chemical stability of the compound in water (Table 1).

Modulation of carbamate reactivity improves activity in vivo
The enhanced stability of URB694 in vitro was accompanied by an improved distribution of
the inhibitor in vivo. Thus, after a single systemic administration (1 mg-kg−1, i.p.), URB694
reached a Cmax in brain tissue that was 6-fold and 2-fold higher than those achieved by
URB524 and URB597, respectively (Cmax in pmol/g: URB524, 74 ± 3; URB597, 226 ± 29;
URB694, 466 ± 96; n = 3 per timepoint) (Figure 4B). Additionally, time-course experiments
revealed that the area under the curve (AUC) for URB694 in the brain, a measure of tissue
exposure to the drug, was substantially greater in comparison with URB524 or URB597
(AUC in arbitrary units: URB524, 2589 ± 423; URB597, 6036 ± 899; URB694, 30314 ±
4374; n = 3) (Figure 4B). As expected, increased drug exposure resulted in a marked
enhancement of inhibitory potency in vivo (Table 1, Figure 4D). Importantly, a similar
effect on in vivo potency was observed with the p-amino derivative 1h (Table 1).

Effects on liver carboxylesterases
It has been suggested that O-aryl carbamate FAAH inhibitors react with several broad-
spectrum carboxylesterases in liver[16,30]. We reasoned that lowering the reactivity of these
compounds might not only reduce their interaction with plasma hydrolases, but also limit
their interactions with liver esterases. Consistent with this prediction, URB694 and
compound 1h had reduced effects on liver carboxylesterase activities in rat microsome
preparations, compared to those exerted by URB597 (Figure 5). Together, the results
suggest that appropriate modulation of reactivity in a series of O-aryl carbamate FAAH
inhibitors yields new pharmacological agents endowed with markedly improved stability
and selectivity for FAAH.
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Discussion
Clinical evidence indicates that Δ9-tetrahydrocannabinol (Δ9-THC), the active constituent of
cannabis, alleviates neuropathic pain[35,36], improves muscle spasticity in multiple
sclerosis[37] and reduces chemotherapy-induced nausea[38]. Because the psychotropic
effects of this drug limit its therapeutic usefulness, an alternative approach might be to
develop agents that amplify endocannabinoid signaling in the brain and other tissues.
Animal studies indicate indeed that inhibitors of FAAH-mediated anandamide degradation
are potent at relieving symptoms of pain, anxiety, depression and nausea[18–21].
Additionally, evidence suggests that FAAH inhibitors lack reinforcing properties in rodent
and primate models[19,22], a therapeutic advantage that distinguishes this class of drugs
from direct-acting cannabinoid agonists such as Δ9-THC.

Although current FAAH inhibitors incorporate chemical scaffolds of diverse structures,
carbamate-based compounds remain important for three reasons. First, a number of potent
and selective carbamate FAAH inhibitors have been reported in the scientific and patent
literature[10–12]. Second, such inhibitors – and particularly O-aryl carbamates such as
URB597 – are widely used experimentally and cross-validated data on their
pharmacological actions are now becoming available. Finally, preclinical studies show that
URB597 has favorable target selectivity and safety profiles, providing an early indication for
the ‘druggability’ of this class of agents[27,29]. Despite these favorable properties, reports
suggest that URB597 may interact with carboxylesterases in liver and possibly other
tissues[16,30]. In the present study, we evaluated two strategies to improve the drug-likeness
of O-aryl carbamate inhibitors while reducing their untoward effects. The first strategy was
directed at enhancing inhibitor recognition by FAAH. We reasoned that adding flexible
lipophilic groups onto the N-portion of the compounds might increase their interactions with
FAAH enhancing target specificity and inhibitory potency in vivo. The second strategy was
aimed at modulating the reactivity of the carbamate group through substitution of small
polar groups on the para position of the proximal phenyl ring. We hypothesized that these
changes would increase the compounds’ stability without significantly affecting their ability
to inhibit FAAH.

The results reported in the present study show that an approach aimed at enhancing the
interactions of O-aryl carbamate FAAH inhibitors with FAAH may be less effective than
one directed at balancing inhibitor recognition with lower carbamate reactivity. We found
that analogs of the compound URB524, which contained lipophilic phenylalkyl substituents
(compounds 1b and 1c), were more potent in vitro, but considerably less stable in rat
plasma. This lack of metabolic stability resulted in a loss of activity in vivo (Table 1). For
example, compound 1f was 27 times more potent than URB597 at inhibiting FAAH in vitro
yet it failed to reach the brain and inhibit FAAH in vivo. Based on these results, we
conclude that addition of flexible lipophilic N-substituents to the O-aryl carbamate scaffold
enhances FAAH inhibitory potency in vitro, but creates molecules that are more susceptible
to metabolism in plasma and less pharmacologically active in vivo.

Our second approach was aimed at managing the high reactivity inherent to the carbamate
group, a property that likely underlies the off-target interactions of URB597. We have
previously shown that small electron-donating substitutions at the para position of the
proximal phenyl ring of URB524, which are expected to reduce the partial positive charge
on the carbonyl group, yield inhibitors of significant in vitro potency[26]. Two factors might
explain this result. First, the strong nucleophilic nature of catalytic ser241 may allow FAAH
to react with substrates and inhibitors of widely different electrophilicity[39]. Second,
modeling studies suggest that hydrophilic substituents of appropriate size are sterically
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tolerated within the CA channel, where they may engage in favorable electrostatic
interactions with neighboring amino-acid residues[26].

To modulate the reactivity of the carbamate group we introduced hydroxyl (URB694) or
amino (compound 1h) groups onto the para position of the proximal phenyl ring of
URB524. We expected that these electron-donating substitutions would increase the electron
density around the carbonyl carbon of the molecules thereby reducing their electrophilicity
and increasing their chemical and metabolic stability. Indeed, URB694 and 1h had in vitro
potencies that were similar to that of URB524, but were more stable than URB524 both in
neutral buffer and rat plasma (Table 1). Accordingly, URB694 achieved superior brain
tissue penetration and was 5-fold more potent in vitro than parent compound URB524
(Figure 4). Finally, URB694 and 1h were significantly less reactive than URB597 toward
liver carboxylesterases (Figure 5).

In conclusion, the O-aryl carbamate URB694 demonstrated greater plasma stability,
prolonged life-span in vivo, and decreased activity toward liver carboxylesterases in
comparison to URB597. Thus, URB694 might complement URB597 as an experimental tool
and offer a starting point for new FAAH inhibitors with improved drug-likeness. More
generally, our findings highlight the flexibility of carbamate-based agents as enzyme
inhibitors, and underscore the value of integrating target recognition and reactivity to
achieve optimal effectiveness with this class of agents.

Experimental Section
Chemistry

Anandamide was prepared as previously described[40]. [3H]-Anandamide was purchased
from American Radiolabeled Chemicals (St. Louis, MO). Other compounds were
synthesized as outlined below. All reagents were purchased from Sigma-Aldrich or
Lancaster in the highest quality commercially available. Solvents were RP grade.
Chromatographic separations were performed on silica gel columns by flash
chromatography (Kieselgel 60, 0.040–0.063 mm, Merck). TLC analyses were performed on
precoated silica gel on aluminum sheets (Kieselgel 60 F254, Merck). Melting points were
determined on a Büchi SMP-510 capillary melting point apparatus. EI-MS analyses (70 eV)
were recorded with a Fisons Trio 1000 spectrometer; only molecular ions (M+) and base
peaks are given. 1H NMR and 13C NMR spectra were recorded on a Bruker AC 200 or 50,
respectively, spectrometer and analyzed using the WIN-NMR software package; chemical
shifts were measured by using the central peak of the solvent. IR spectra were obtained on a
Nicolet Avatar 360 spectrometer. Elemental analyses were performed on a Carlo Erba
analyzer.

Synthesis of alkylcarbamic acid biphenyl-3-yl esters 1e and 1f: The opportune isocyanate
(2.2 mmol) and Et3N (12 mg, 0.017 mL, 0.12 mmol) were added to a stirred solution of 3′-
carbamoylbiphenyl-3-ol (426 mg, 2 mmol) in toluene (10 mL). After the reactants were
refluxed [24 h in the case of 1f; 5 h, then 3 h after the addition of a further amount of 4-
phenylbutylisocyanate (771 mg, 4.4 mmol) in the case of 1e], the mixture was cooled and
concentrated. Purification of the residue by column chromatography (cyclohexane:EtOAc,
3:7) and recrystallization gave the desired compounds.

4-Phenylbutylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester (1e)—white crystals
(691 mg, 89%); mp: 168–170 °C (EtOH); 1H NMR (200 MHz, CDCl3): δ = 1.57–1.81 (m,
4H), 2.64–2.71 (t, 2H), 3.27–3.36 (q, 2H), 5.09 (br t, 1H), 5.76 (s, 1H), 6.30 (s, 1H), 7.09–
7.55 (m, 10H), 7.72–7.81 (m, 2H), 8.02 (m, 1H) ppm; 13C NMR (50 MHz, CDCl3): δ =
28.5, 29.4, 35.5, 41.2, 120.5, 121.0, 124.1, 125.9, 126.2, 126.5, 128.4 (2xC), 129.1, 129.7,
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130.6, 134.0, 140.7, 141.6, 142.0, 151.5, 154.7, 169.5 ppm; IR (Nujol): ν = 3349, 3156,
1712 cm−1; MS (EI): m/z 388 (M+), 91 (100); Anal. calcd for C24H24N2O3: C 74.21, H
6.23, N 7.21, found: C 74.42, H 6.19, N 7.09.

8-Phenyloctylcarbamic acid 3′-carbamoylbiphenyl-3-yl ester (1f)—white crystals
(196 mg, 22%) (calculated from the corresponding carboxylic acid derivative); mp: 140–141
°C (EtOH); 1H NMR (200 MHz, CDCl3): δ = 1.26–1.74 (m, 12H), 2.57–2.65 (t, 2H), 3.23–
3.33 (q, 2H), 5.08 (br t, 1H), 5.76 (s, 1H), 6.30 (s, 1H), 7.12–7.55 (m, 10H), 7.73–7.80 (m,
2H), 8.02 (m, 1H) ppm; 13C NMR (50 MHz, CDCl3): δ = 26.8, 29.2 (2xC), 29.4, 29.8, 31.5,
36.0, 41.3, 120.6, 121.0, 124.0, 125.6, 126.2, 126.5, 128.2, 128.4, 129.1, 129.7, 130.6,
134.0, 140.8, 141.5, 142.8, 151.5, 154.6, 169.4 ppm; IR (Nujol): ν = 3354, 3186, 1712
cm−1; MS (EI): m/z 444 (M+), 91 (100); Anal. calcd for C28H32N2O3: C 75.65, H 7.26, N
6.30, found: C 75.83, H 7.10, N 6.26.

Cyclohexylcarbamic acid 6-aminobiphenyl-3-yl ester (1h)—white-coloured
crystals; mp: 126 °C (EtOH); 13C NMR (50 MHz, CDCl3): δ = 24.7, 25.5, 33.3, 50.1, 108.7,
111.8, 125.0, 127.2, 128.8, 129.1, 131.1, 138.9, 144.2, 151.3, 153.7 ppm; 1H NMR, IR and
MS (EI) spectra are according to the literature[26].

Cyclohexylcarbamic acid 6-nitrobiphenyl-3-yl ester (1i)—off-white needles; mp:
132–134 °C (EtOH). 13C NMR (50 MHz, CDCl3): δ = 24.7, 25.4, 33.2, 50.4, 117.6, 125.7,
128.0, 128.2, 128.7, 132.5, 133.1, 137.0, 149.1, 150.3, 152.6 ppm; 1H NMR, IR and MS
(EI) spectra are according to the literature[26].

Animals
Male Swiss Webster mice (20–35 g) and male Wistar rats (250–300 g) were group-housed
in standard cages at room temperature on a 12 h light/dark cycle. Water and standard chow
pellets were available ad libitum. Experiments at the University of California, Irvine (UCI),
were performed in an AAALAC-accredited facility, met the National Institutes of Health
guidelines for the care and use of laboratory animals, and were approved by the Institutional
Animal Care and Use Committee of UCI. Experiments performed at the University of Parma
were in compliance with the European Community Council Directive 86 (609) EEC, and the
experimental protocol was carried out in compliance with Italian regulations (DL 116/92)
and with local ethical committee guidelines for animal research.

Brain Homogenate and Membrane Preparation
Animals were anesthetized with isoflurane and decapitated. The brains were removed and
immediately frozen in liquid N2. For ex vivo determination of FAAH activity, frozen brains
were thawed and homogenized in 10 vol of ice-cold Tris buffer (50 mM, pH 7.5) containing
0.32 M sucrose. The homogenates were centrifuged at 1000 x g for 10 min at 4 °C, and
FAAH activity was measured as described below. For in vitro FAAH activity assays, the
supernatants from the 1000 x g spin were further centrifuged at 27,000 x g for 30 min at 4
°C. Pellets were suspended in 20% of the original homogenization volume in Tris buffer (50
mM, pH 7.5). Homogenate and membrane protein concentrations were determined with the
BCA protein assay kit (Thermo Scientific, Rockford, Il).

Stability Measurements in Buffer and Plasma
Compounds (final concentration: 1 μM; 1% dimethylsulfoxide, DMSO) were incubated at
37 °C in 10 mM phosphate buffered saline (PBS) at pH 7.4. Samples were withdrawn after
various time intervals, and injected into a Shimadzu LC system (Shimadzu Europe,
Duisburg, Germany) for quantification. Calibration curves were built for each compound by
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spiking PBS with known amounts of compounds. For plasma stability experiments, whole
blood was drawn from rats via cardiac puncture and transferred to heparinized tubes. The
plasma was separated by centrifugation at 1,900 x g and diluted to 80% (vol/vol) with PBS
(100 mM, pH 7.4) to buffer the pH. Test compounds were dissolved in DMSO at a
concentration of 100 μM. 5 μL of the stock solution were added to 0.5 mL of pooled rat
plasma in PBS at pH 7.4. Samples were allowed to incubate at 37 °C in a shaking water bath
and, at various time points, 50 μL samples were withdrawn, added to two volumes of ice-
cold acetonitrile and centrifuged at 8000 x g for 5 min at 4 °C. The supernatants (20 μL)
were fractionated on a reversed-phase Supelcosil LC-18-DB, 5 μm, 150 × 4.6 mm column
(Supelco, Bellefonte, PA) with a linear gradient of acetonitrile/0.1% formic acid in water at
a flow rate of 1 ml-min−1. Detection was accomplished at the absorbance maximum of each
compound with a Shimadzu SPD-10A UV-VIS detector. Calibration curves were built for
each compound by spiking rat plasma with known amounts of compounds in the tested
concentration range. Apparent half-life times (t1/2) for the disappearance of test compounds
were calculated from the pseudo first-order rate constants obtained by linear regression of
the log compound concentration versus time plots.

FAAH Activity
Rat brain membranes and mouse brain homogenates were used in the in vitro and ex vivo
experiments, respectively. FAAH activity was measured at 37°C for 30 min in 0.5 mL Tris
buffer (50 mM, pH 7.5) containing fatty acid-free bovine serum albumin (BSA) (0.05%,
weight/vol), 50 μg of protein from total brain homogenates or membranes, 10 μM
anandamide and [3H]-anandamide (10,000 cpm, specific activity 60 Ci/mmol). The reactions
were stopped with 1 mL chloroform/methanol (1:1) and centrifugation at 2,000 x g for 10
min at 4 °C. Radioactivity in the aqueous layer was measured by liquid scintillation
counting. For in vitro experiments, the drugs were dissolved in DMSO and assayed in the
reaction without pre- incubation. Final DMSO concentration was 1%.

Carboxylesterase Activity
Rat liver microsomes (BD Biosciences, Bedford, MA) were used as a source of liver
carboxylesterases. Inhibition assays were conducted as reported elsewhere[41] with minor
modifications. Briefly, 2.5 μg of liver microsomes were incubated with different
concentrations of test compounds (30, 100 and 300 nM) for 30 min at room temperature.
Substrate p-nitrophenylacetate (Sigma, Gallarate, Italy) was added to a final concentration of
1 mM. 20 min after substrate addition, UV absorbance was measured at 405 nm for the
appearance of the p-nitrophenol product.

Sample preparation for LC/MS
Brain—Mice were sacrificed with isoflurane and tissues were collected and immediately
frozen in liquid N2. Frozen tissues were weighed and homogenized in methanol (1 mL)
containing N- cyclohexyl biphenyl-3-ylacetamide as internal standard. Drugs were extracted
from tissue with chloroform (2 vol) and washed with water (1 vol). Organic phases were
collected and dried under N2. The pellet was resuspended in 50 μL methanol for LC/MS
analysis.

Serum—Trunk blood was collected from decapitated animals, allowed to clot and placed
on ice. The clotted blood was immediately centrifuged at 18,000 x g for 10 min at 4 °C and
the serum was transferred to glass vials and brought up to 1 mL with water. Proteins were
precipitated with ice-cold acetone (1 mL) containing N-cyclohexyl biphenyl-3-ylacetamide
as an internal standard, and the precipitate was removed by centrifugation at 3000 x g for 10
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min at 4 °C. The samples were dried under N2 to remove the acetone and extracted with
chloroform/methanol as described above.

LC/MS analysis
Tissue levels of compounds 1a, 1d, 1f, and 1g were measured using an 1100-LC system
coupled to a 1946A-MS detector (Agilent Technologies, Inc., Palo Alto, CA) equipped with
an electrospray ionization interface. Drugs were separated using a XDB Eclipse C18 column
(50 X 4.6-mm inner diameter, 1.8 μm, Zorbax). 1a, 1d, and 1g were eluted using a linear
gradient of 60% to 100% of A in B over 3 min at a flow rate of 1.0 mL-min−1. Mobile phase
A consisted of methanol containing 0.25% acetic acid, 5 mM ammonium acetate; mobile
phase B consisted of water containing 0.25% acetic acid, 5 mM ammonium acetate. 1f was
eluted with a gradient of methanol in water (from 85% to 90% methanol in 2.5 min) at a
flow rate of 0.5 mL-min−1. Column temperature was kept at 40 °C. MS detection was in the
positive ionization mode, capillary voltage was set at 3 kV, and fragmentor voltage was
varied from 120 to 140 V. N2 was used as drying gas at a flow rate of 13 L-min−1 and a
temperature of 350 °C. Nebulizer pressure was set at 60 psi. Quantitations were conducted
using N-cyclohexyl biphenyl-3-ylacetamide (m/z = 294) as an internal standard. The
protonated ions ([M+H+]) for 1a, 1g, and the Na+ adduct ([M+Na+]) for 1d and 1f were
monitored in the selective ion-monitoring mode. Limit of quantification was 0.4 pmol.

Statistical Analyses
Results are expressed as the mean ± SEM. Statistical significance was evaluated using one-
way ANOVA followed by Student-Newman-Keuls post hoc test. P ≤ 0.05 was considered
significant (SigmaStat v. 3.2).
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Figure 1.
Chemical structures of URB524 (1a) and URB597 (1d).
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Figure 2.
Representation of URB597 docked into the active site of FAAH. URB597 is oriented with
its O-biphenyl moiety positioned within the cytoplasmic access (CA) channel and its N-
cyclohexyl group occupying the proximal portion of the acyl-chain binding (ACB) domain
of the enzyme.
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Figure 3.
Pharmacodynamic and pharmacokinetic profiles of compounds URB597, 1f and 1c. (a)
Effects of URB597 (squares) and 1f (circles) on rat brain FAAH activity in vitro. Results are
expressed as the mean ± SEM of 3–5 experiments, each performed in triplicate. (b) Brain
tissue and serum (inset) concentrations of URB597 and 1f over a 2 h time-course following
a single administration in mice (1 mg-kg−1 i.p.). (c) Time-course of brain FAAH inhibition
by URB597 and 1f measured ex vivo after a single drug injection in mice (1 mg-kg−1 i.p.).
**P < 0.01 vs. 0 time, ANOVA, followed by Student-Newman-Keuls post-test. (d) Dose-
dependent inhibition of brain FAAH activity by administration of URB597, 1f and 1c
(triangles) in mice (i.p). FAAH activity was measured ex vivo as in panel (c).
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Figure 4.
Pharmacodynamic and pharmacokinetic profile of URB694. (a) Effects of URB524
(squares) and URB694 (circles) on rat brain FAAH activity in vitro. Results are expressed as
the mean ± SEM of 3 experiments, each performed in triplicate. (b) Brain tissue
concentrations of URB524 and URB694 over a 2 h time-course following a single drug
injection in mice (1 mg-kg−1 i.p.). (c) Time-course of brain FAAH inhibition by URB524
and URB694 measured ex vivo 1 h after a single drug injection in mice (1 mg-kg −1 i.p.). *P
< 0.05 vs. 0 time, **P < 0.01 vs. 0 time, ***P < 0.001 vs. 0 time, ANOVA, followed by
Student-Newman-Keuls post-test. (d) Dose-dependent inhibition of FAAH activity by
systemic administration of URB524 and URB694 in mice. FAAH activity was measured ex
vivo as in panel (c).
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Figure 5.
Effect of FAAH inhibitors on liver carboxylesterase activity. In vitro carboxylesterase
activities were measured in rat liver microsomes in the presence of URB597 (squares),
URB694 (circles) and 1h (triangles). Results, in percent of control activity measured in the
presence of vehicle, are expressed as the mean ± SEM of 6 experiments, **P < 0.01
URB694 or 1h vs URB597, ***P < 0.001 URB694 or 1h vs URB597, ANOVA, followed
by Student-Newman-Keuls post-test.
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