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Novel inhibitors of fatty acid amide hydrolase
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Abstract—A class of bisarylimidazole derivatives are identified as potent inhibitors of the enzyme fatty acid amide hydrolase
(FAAH). Compound 17 (ICso =2 nM) dose-dependently (0.1-10 mg/kg, iv) potentiates the effects of exogenous anandamide
(1 mg/kg, iv) in a rat thermal escape test (Hargreaves test), and shows robust antinociceptive activity in animal models of persistent
(formalin test) and neuropathic (Chung model) pain. Compound 17 (20 mg/kg, iv) demonstrates activity in the formalin test that is
comparable to morphine (3 mg/kg, iv), and is dose-dependently inhibited by the CB1 antagonist SR141716A. In the Chung model,
compound 17 shows antineuropathic effects similar to high-dose (100 mg/kg) gabapentin. FAAH inhibition shows potential utility

for the clinical treatment of persistent and neuropathic pain.
© 2007 Elsevier Ltd. All rights reserved.

The cloning of cannabinoid (CB) receptors and the re-
cent discovery of endogenous agonists has resulted in
considerable interest in the cannabinoid system as a tar-
get for drug discovery.! The cannabinoid system has
been implicated in regulating numerous physiological
and pathological conditions including pain and inflam-
mation.? Development of agonists at central CB1 recep-
tors has been dampened by the inability to separate
potential therapeutic benefits from side-effects such as
ataxia, hypothermia, and potential for abuse.

Endogenous cannabinoids, like anandamide, are re-
leased from cells in a stimulus-dependent manner (event
driven) and rapidly inactivated by enzymes such as fatty
acid amide hydrolase (FAAH).>* Recently, mice that
lack FAAH (FAAH knock-out, KO mice) were devel-
oped by researchers at The Scripps Research Institute.’
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These FAAH KO mice reportedly have increased brain
levels of fatty acid amides, including anandamide. How-
ever, these mice do not display all of the typical signs of
cannabinoid agonist activation (i.e., hypothermia, cata-
lepsy, decreased locomotor activity) suggesting that
inhibition of FAAH is not the functional equivalent of
widespread CB1 receptor activation. These FAAH KO
mice do, however, demonstrate decreased thermal pain
sensitivity that is blocked by a CB1 receptor antagonist.
Inhibitors of FAAH may provide selective prolongation
of endogenous cannabinoid activity at local sites of
release and present a potentially useful strategy for max-
imizing beneficial effects such as analgesia.® Here we
identify a novel series of FAAH inhibitors that potenti-
ate the effects of exogenous anandamide and demon-
strate robust activity in animal models of persistent
and neuropathic pain.

Utilizing a high-throughput screen (HTS) on a targeted
subset of Bristol-Myers Squibb’s proprietary collection
of compounds, a class of bisarylazole derivatives emerged
as potent inhibitors of the enzyme FAAH [Table 1].

The compounds chosen for the initial screen were origi-
nally designed as nonprostanoid prostacyclin mimetics,
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Table 1. Compounds identified from HTS

Table 2. Novel inhibitors of FAAH

# n R IC50 (nM)
O(CH,),COOR
1 1  Me 670%
2 3 Et 6425+
3 4 Et >10000
o N\ # n R IC50 (nM)
O 4 1  Me 6500*
O O(CH,),COOR 5 3 Et 9122+

(**replicates, *single readings)

reflecting a common arachidonic acid lineage, but were
only weakly active as inhibitors of blood platelet aggre-
gation.” Initial in vitro findings suggested that the active
chemotype possessed very well-defined structural
requirements for expression of potent FAAH inhibition.
One of the key objectives of the study was to validate the
fundamental concept that blocking the degradation of
the endocannabinoid signaling agents such as ananda-
mide in vivo could precipitate an ‘event-triggered’ and
localized analgesic response that is qualitatively different
from a centrally administered cannabinoid agonist.’

The active hits from the HTS were resynthesized and
their in vitro activity confirmed [Table 1]. The SAR
was established by chemical modifications of the origi-
nal hits, as depicted in Scheme 1, that resulted in novel
and potent analogs with 1Csq values in the low single di-
git nM range [Table 2].°

Determination of FAAH activity. Homogenates of crude
membranes were prepared from H4 cells that express
transfected human FAAH (H4-FAAH cells).” Activity
of FAAH was measured using a modification of the
method described by Omeir et al.!® ICs, values were
determined using a four-parameter logistic equation
for dose-response curves.

Preliminary in vitro SAR work focused on utilizing alkyl
chains to replace the substituted phenyl ring. This exer-
cise revealed that the inhibitory potency is highly sensi-
tive to the chain length separating the bisarylimidazole
core and the terminal functionality (6-8). It was initially
considered that this class of inhibitors would behave like
other typical serine hydrolase inhibitors that act by way
of an electrophilic functional group interacting with the

N N._R
0 Step 1 \ NH Step 2 Q \ \7\1/
Wcooa'
Step 3 . ;’, St 4 . ;/
EP (\a/\c P 9/\” OR"

Scheme 1. Reagents and conditions: (1) Alkyl aldehyde, ammonium
acetate in acetic acid at 100 °C; (2) aliphatic halide, NaH in DMF at rt;
(3) NaOH-EtOH at rt; (4) (PhO),P(O)N3, Et3N in toluene at 105 °C,
followed by R”OH.

Et # n IC50 (nM)
N= 6 5 32%
O x N~(CH,),COOEt 7 6 a7
O 8 7 31
# R 1C50 (nM)
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N= S 9 Me 130257
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catalytic triad to produce a covalent intermediate. In-
deed, substitution at the a-position of 7 exerted a signif-
icant negative effect on the enzyme inhibitory activity, as
shown by compounds 9-11. Replacing the ester moiety
with an amide (12,13), or urea moiety (14,15), rendered
the compounds inactive. Further optimization with the
primary goal of increasing inhibitory potency showed
that the carbamate terminal group provided the most
potent compounds within this series.!! Thus, both phe-
nyl carbamates 16 and 17 showed very potent enzyme
inhibitory activity toward FAAH with 1Csy values in
the low single digit nM. By way of contrast, the corre-
sponding alkyl carbamates were found to be less active
(data not shown). It is interesting to note that substitu-
tion o- to the N atom in the carbamate series (18-20)
does not affect ICs, values as much as in the ester series,
presumably reflecting the increased separation from the
carbonyl moiety. However, substituting the carbamate
N resulted in a complete loss of inhibitory activity, rein-
forcing the importance of a sterically unencumbered car-
bonyl moiety in this series (22, 23). A consequence that
is consistent with carbamate functional group participa-
tion in the inhibition of FAAH. Finally the effects of
aryl ring modification toward inhibitory activity were
explored in a single structural context. The bis(4-fluor-
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ophenyl) substituted imidazole derivatives showed re-
duced activity (~5x) compared to the parent unsubsti-
tuted compounds. It 1is conceivable that fluoro
substitution could affect the overall recognition of the
inhibitor by FAAH in a subtle fashion.

The initial goal was to demonstrate proof of concept
in vivo for FAAH inhibition, followed by assessment
in multiple animal models of persistent and neuropathic
pain. Compound 17 (ICsy = 2 nM) from the carbamate
series was selected for in vivo testing. In the Hargreaves
thermal escape test, 17 was shown to transform an
otherwise inactive dose of exogenous anandamide into
an agen‘[l 2With robust, morphine-like analgesic properties
[Fig. 1].

Briefly, compound 17 (0.1, 1, and 10 mg/kg, iv) given
15 min prior to exogenous anandamide (1 mg/kg, iv)
produced a significant dose-dependent antinociceptive
effect from 3 to 30 min. Neither anandamide nor
10 mg/kg compound 17 was active if given alone, but to-
gether their effect was comparable to the positive control
morphine sulfate (3 mg/kg, iv). This combination of two
inactive doses yielding an robust antinociceptive effect
provides a plausible, in vivo, proof of concept for inhi-
bition of FAAH.!3

Carbamate 17 was examined in a model of persistent
pain where the test animals were challenged with subcu-
taneous paw injection of formalin.'* The goal was to
determine the effect of 17 upon the spontaneous behav-
ior as measured by the frequency of ‘paw flinch’
responses.

In this model, 17 (20 mg/kg, iv) produced a significant
(p <0.01) suppression of formalin-induced paw flinches
that was comparable to morphine (3 mg/kg, iv) [Fig. 2].
The CB1 antagonist SR141716A (SR, 3 and 10 mg/kg,
ip) completely reversed the effect of 17 (20 mg/kg, iv) in
the persistent pain model (Phase II) [Fig. 3b], and partly
reversed in the model of acute pain (Phase I) [Fig. 3a].

Finally, compound 17 was studied in a neuropathic pain
model (Chung model) where nerve injured rats (surgical
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Figure 1. Hargreaves test—compound 17 Potentiates the Antinoci-
ceptive Effects of Exogenous Anandamide. (n=5-8 per group;
*p <0.01 vs vehicle group).
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Figure 2. 17 Elicits morphine-like activity against persistent pain.
**p < 0.01 versus vehicle group (Dunnett’s test); iv, jugular catheter.

L5/6 spinal nerve ligation) exhibit pain-escape responses
(tactile allodynia) to light touch that is normally an
innocuous stimulus [Fig. 4]. Compound 17 (20 mg/kg,
iv) produced a significant (p < 0.01) reversal of tactile
allodynia (neuropathic pain behavior) that was compa-
rable to gabapentin (100 mg/kg, iv).">

In conclusion, novel inhibitors of the enzyme FAAH
responsible for the signal termination of the endocan-
nabinoids, like anandamide, were identified. Further
optimization yielded potent inhibitors suitable for a
proof of concept study. In a battery of in vivo whole ani-
mal pain models, the FAAH inhibitor 17 demonstrated
potentiation of the antinociceptive effect of an ineffective
dose of anandamide. High-dose exogenous anandamide
can produce strong analgesia, and potentiation of an
inactive dose is consistent with the actions of an FAAH
inhibitor. In the formalin test, compound 17 showed ro-
bust antinociception comparable to that of morphine in
Phase II (persistent pain). The specific CB1 antagonist
SR141716A blocks completely the antinociceptive effect
in the persistent phase (II); and partially in the acute
phase (I). These results support the mode of action
was via the endocannabinoid signaling pathway. The ef-
fect of 17 in the Chung model was particularly striking.
Compound 17 demonstrated significant effect in revers-
ing mechanical allodynia (neuropathic pain behavior)
comparable to the clinically active reference agent gaba-
pentin. Taken together, we have identified a novel class
of inhibitors that block the metabolic degradation of
endocannabinoid signaling agents. While it is not possi-
ble to specifically pinpoint the precise mode of action of
these compounds in vivo, the implications of blocking
FAAH are clearly demonstrated by 17 in a series of
in vivo whole animal studies.

Additional enzyme inhibition studies showed that 17
was only weakly active in cytosolic phospholipase A2,
(cPLA2, K; > 15 uM) thus precluding mechanisms typi-
cally associated with the cPLA?2 triggered inflammation
processes.!® Furthermore, the compound itself showed
very little affinity to CB1/CB2 (K; = 23/28 uM, respec-
tively).!” Collectively, the results from the in vitro and
in whole animal studies strongly support the relevance
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Figure 3. 3a, 3b CB1 antagonist shows dose-dependent reversal of 17 action in formalin test. —30 min: CBI antagonist SR141716A given ip;
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Figure 4. Compound 17 reverses neuropathic pain behavior like high-

dose
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gabapentin. *p <0.05, **p <0.01 versus baseline ligated (Dun-
s test); iv, tail vein.

of blocking the endocannabinoid signaling by 17 in the
modulation of pain responses.
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