UC Irvine
UC Irvine Previously Published Works

Title

Multitarget fatty acid amide hydrolase/cyclooxygenase blockade suppresses intestinal
inflammation and protects against nonsteroidal anti-inflammatory drug-dependent
gastrointestinal damage

Permalink
https://escholarship.org/uc/item/38h4c96X

Journal
The FASEB Journal, 29(6)

ISSN
0892-6638

Authors

Sasso, Oscar
Migliore, Marco
Habrant, Damien

Publication Date
2015-06-01

DOI
10.1096/fj.15-270637

Supplemental Material
ttps://escholarship.org/uc/item/38h4c96x#supplementa

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/38h4c96x
https://escholarship.org/uc/item/38h4c96x#author
https://escholarship.org/uc/item/38h4c96x#supplemental
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

The FASEB Journal  Research Communication

Multitarget fatty acid amide hydrolase/cyclooxygenase
blockade suppresses intestinal inflammation and
protects against nonsteroidal anti-inflammatory
drug-dependent gastrointestinal damage

Oscar Sasso,""1 Marco Migliore,""1 Damien Habrant,*’2 Andrea Armirotti,* Clara Albani,*
Maria Summa,* Guillermo Moreno-Sanz,T Rita Scarpelli,* and Daniele Piomelli*"#3
*Department of Drug Discovery and Development, Istituto Italiano di Tecnologia, Genoa, Italy; and
Departments of 'Anatomy and Neurobiology and *Pharmacology and Biological Chemistry, University of

California—Irvine, Irvine, California, USA

ABSTRACT The ability of nonsteroidal anti-inflammatory
drugs (NSAIDs) to inhibit cyclooxygenase (Cox)-1 and
Cox-2 underlies the therapeutic efficacy of these drugs,
as well as their propensity to damage the gastrointestinal
(GI) epithelium. This toxic action greatly limits the use of
NSAIDs in inflammatory bowel disease (IBD) and other
chronic pathologies. Fatty acid amide hydrolase (FAAH)
degrades the endocannabinoid anandamide, which at-
tenuates inflammation and promotes GI healing. Here,
we describe the first class of systemically active agents
that simultaneously inhibit FAAH, Cox-1, and Cox-2 with
high potency and selectivity. The class prototype 4
(ARN2508) is potent at inhibiting FAAH, Cox-1, and Cox-2
(median inhibitory concentration: FAAH, 0.031 + 0.002 uM:;
Cox-1, 0.012 = 0.002 uM; and Cox-2, 0.43 = 0.025 uM)
but does not significantly interact with a panel of >100
off targets. After oral administration in mice, ARN2508
engages its intended targets and exerts profound thera-
peutic effects in models of intestinal inflammation. Un-
like NSAIDs, ARN2508 causes no gastric damage and
indeed protects the GI from NSAID-induced damage
through a mechanism that requires FAAH inhibition.
Multitarget FAAH/Cox blockade may provide a trans-
formative approach to IBD and other pathologies in
which FAAH and Cox are overactive.—Sasso, O., Migliore,
M., Habrant, D., Armirotti, A., Albani, C., Summa, M.,
Moreno-Sanz, G., Scarpelli, R., Piomelli, D. Multitarget
fatty acid amide hydrolase/cyclooxygenase blockade
suppresses intestinal inflammation and protects against
nonsteroidal anti-inflammatory drug-dependent gas-
trointestinal damage. FASEB]. 29, 2616-2627 (2015).
www.fasebj.org

Key Words: anandamide - cannabinoid receptor - inflam-
matory bowel disease - mullitarget inhibitors

Abbreviations: 2-AG, 2-arachidonoyl-glycerol; 5-ASA, 5-ami-
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drolase; GI, gastrointestinal; IBD, inflammatory bowel disease;
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NONSTEROIDAL ANTHNFLAMMATORY drugs (NSAIDs), the most
widely used firstline therapy for pain and inflammation,
exert their therapeutic effects by inhibiting cyclooxygenase
(Cox)-1 and Cox-2, 2 intracellular enzymes that initiate the
conversion of membrane-derived arachidonic acid (AA)
into inflammatory prostanoids such as prostaglandin Es
(PGEg) and prostacyclin (PGly) (1). Along with these
agents, cells in inflamed tissues can also generate lipid
mediators that oppose the inflammatory response (2, 3).
One such mediator is anandamide (AEA), an endogenous
cannabinoid receptor agonist that is released from
macrophages and T lymphocytes following activation
of pattern recognition receptors (4, 5) and engages a
combination of cannabinoid receptor 1 (CB;)- and
cannabinoid receptor 2 (CBy)-dependent mechanisms to
suppress neutrophil migration (6) and prevent dendritic
cell and T-cell recruitment (7, 8). Consistent with a regu-
latory role of AEA in inflammation, genetic or pharma-
cologic interventions that block the deactivating hydrolysis
of this compound into AA and ethanolamine, catalyzed by
fatty acid amide hydrolase (FAAH) (9), attenuate in-
flammatory responses in animal models (6, 10). Despite
their opposing effects on inflammation, AEA and prosta-
noids exert similar protective actions on the gastrointes-
tinal (GI) mucosa (11, 12). Indeed, blockade of PGEo
formation is thought to be the primary, albeit not only,
cause of NSAID-induced damage to the GI tract, a com-
mon and serious side effect of this drug class (13).
Heightened expression of Cox-2 contributes to pathol-
ogy in chronic inflammation (1). In some inflammatory
conditions, FAAH-mediated AEA degradation is also en-
hanced (8, 14). For example, in the intestinal mucosa
of subjects with inflammatory bowel disease (IBD), both
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Cox-2 (15) and FAAH are expressed at abnormally high
levels (16, 17). Elevated FAAH activity weakens AEA’s
ability to temper inflammation and protect the GI mucosa
and concomitantly makes more AA available for prosta-
noid biosynthesis. On the other hand, increased Cox-2
activity strengthens prostanoid signaling as well as for-
mation of inflammatory mediators generated by Cox-2-
dependent oxygenation of AEA (18). Thus, the concur-
rent up-regulation of FAAH and Cox-2 may set in motion
a loop that exacerbates inflammation by amplifying
inflammatory Cox-dependent signals at the expense of
defensive AEA-dependent responses (Fig. 1).

A corollary of this hypothesis is that drugs that target
both FAAH and Cox should have substantial anti-
inflammatory efficacy combined with reduced GI toxic-
ity. This idea has not been tested yet due to the lack of
adequate tools. Indeed, whereas several mixed FAAH/Cox
inhibitors have been reported in the literature (19, 20),
these compounds generally lack the pharmacologic and
pharmacokinetic properties needed for in vivo testing.
Here, we describe the first class of designed multiple
ligands that target FAAH, Cox-1, and Cox-2 with high po-
tency, selectivity, and oral bioavailability. We show that the
prototype member of this class, ARN2508 (Table 1),
inhibits FAAH and Cox activities in vivo and suppresses
intestinal inflammation without causing GI damage. In
fact, ARN2508 protects the GI tract from NSAID-induced
injury through a mechanism that depends on FAAH
inhibition.

MATERIALS AND METHODS
Chemicals and reagents

PF-04457845 and URB597 were prepared following reported
procedures (21, 22). Flurbiprofen, AM251, WIN-55212-2, GW-
6471, 5-aminosalicylic acid (5-ASA), A-carrageenan, dextran so-
dium sulfate (DSS), and 2,4,6-trinitrobenzene sulfonic acid
(TNBS) were purchased from Sigma-Aldrich (Milan, Italy). De-
tailed synthetic procedures for compounds 3-8 will be reported
elsewhere (Migliore, Habrant, Sasso, Albani, Tarozzo, Mandrup
Bertozzi, Scarpelli and Piomelli, unpublished results).

In vitro metabolic stability

ARN2508 was added to mouse liver microsomes (1.25 mg/ml) in
Tris-HCl buffer [0.1 M (pH 7.4), final concentration 5 uMin 0.1%
DMSO], and the mixture was incubated at 37°C for 15 minutes
with shaking. Reactions were started by adding the following
cofactors: NADP* (1 mM), glucose-6-phosphate (20 mM), mag-
nesium chloride (2 mM), and glucose-6-phosphate de-
hydrogenase (2 U) (NADPH-dependent oxidation system), or
UDP glucaric acid (5 mM), saccharic acid 1,4 lactone (5 mM),
and magnesium chloride (2 mM) (glucuronidation system).
Samples (50 ul) were collected at various time points and diluted

(continued from previous page)

1C59, median inhibitory concentration; LC/MS, liquid
chromatography-mass spectrometry; MRM, multiple-reaction
monitoring; NSAID, nonsteroidal anti-inflammatory drug; OEA,
oleoylethanolamide; PEA, palmitoylethanolamide; PGEs, prosta-
glandin Ey; PGI,, prostacyclin; PPAR-«, peroxisome proliferator-
activated receptor-a; TNBS, 2,4,6-trinitrobenzene sulfonic acid
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Figure 1. FAAH and Cox-2 expression is elevated in multiple
inflammatory conditions such as IBD. Excess activity of these
enzymes may exacerbate inflammation by lowering levels of
anti-inflammatory and tissue-protective AEA while concur-
rently increasing levels of AA and its inflammatory prostanoid
(PG) metabolites.

with MeCN (0.15 ml) containing warfarin (0.5 uM) as internal
standard. A reference incubation, with microsomes but no
cofactors, was sampled at the end of the experiment. After mixing
and centrifugation, samples of the supernatants (3 ul) were an-
alyzed by liquid chromatography-mass spectrometry (LC/MS).
The following multiple-reaction monitoring (MRM) transitions
were monitored: 388 — 215 at 30 electron volts (eV) of collision
energy.

Enzyme assays

FAAH activity was measured in rat brain homogenates (50 ug
protein) as previously described (23). Homogenates were in-
cubated in the presence of inhibitors for 10 minutes at 37°C prior
to substrate addition. Cox activity was measured using a com-
mercial enzyme immunoassay (EIA) kit (Cayman Chemical,
Tallinn, Estonia). Briefly, 50 nM ovine Cox-1 or human Cox-2 was
incubated with ARN2508 for 10 minutes in a solution containing
100 mM Tris-HCI (pH 8.0), 5 mM EDTA, and 2 mM phenol.
Following the preincubation, dialysis was performed using Slide-
A-Lyzer Dialysis Cassettes (0.5-3 ml; 10 kDa molecular weight cut-
off; Thermo Fisher Scientific, Illkirch, France) in agitation for
16 hours (overnight) at 4°C. Dialysis buffer was used 1000 times the
volume of the sample. After dialysis, AA (5 uM) was added for
2 minutes at 37°C. The reaction was stopped with 1 M HCI, and
a stannous chloride solution was added to reduce PGHy to PGFs,,.
We measured PGFy, levels using a competitive EIA.

Pharmacokinetic analyses

ARN2508 was dissolved in sterile saline containing PEG400
(10%) and Tween 80 (10%) and was administered to mice by
either intravenous or oral route (7= 3 each). Blood (0.2 ml) was
collected from mice decapitated under anesthesia into heparin-
containing tubes at various time points after intravenous (5, 15,
and 30 minutes; 1, 2, and 4 hours) or oral administration (15 and
30 minutes; 1, 2, 4, 6, and 24 hours). Plasma fractions were pre-
pared by centrifugation (3000 gfor 10 minutes at 4°C), frozen in
dry ice, and stored at —80°C. After thawing on ice and brief cen-
trifugation, samples (50 ul) were transferred into 96-deep well
plates and diluted with MeCN (150 ul) spiked with internal stan-
dard (warfarin, 0.5 uM). The plates were stirred for 3 minutes and
centrifuged at 3000 gfor 10 minutes at 4°C. Supernatants (80 ul)
were transferred to 96-well plates and diluted with water (80 ul).
Calibration curves were constructed using ARN2508 (1 nM to
10 uM) in PBS (pH 7.4) containing 10% MeCN. There were 3
quality control samples prepared by adding ARN2508 to mouse
plasma (final concentrations: 20, 200, and 2000 nM). LC/MS
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TABLE 1. Inhibitory potencies (ICsp) of compounds on rat FAAH, ovine Cox-1, and human Cox-2

Compound Structure

FAAH ICs (uM)

Cox-1 ICso (uM)

Cox-1 ICso (uM)

URB597, 1

Flurbiprofen, 2

ARN2508, 4

0.0017 = 0.001 >100 >100
>100 0.15 = 0.01 1.0 £ 0.5
82 * 24 79 £ 25 >100
0.031 £ 0.002 0.012 = 0.002 0.43 = 0.025
>100 0.29 = 0.11 32+ 25
88 * 3.3 0.014 = 0.003 0.56 * 0.15
149 = 1.9 0.030 = 0.013 0.17 = 0.01
0.026 = 0.011 >100 >100

analyses were conducted using an Acquity BEH C18 column
(2.1 X 50 mm, 1.7 mm particle size; Waters, Milford, MA, USA) on
a Xevo TQ LC-MS/MS system (Waters). A linear gradient was
applied from 5 to 100% solvent B over 2 minutes: solvent A, water
plus formic acid 0.1%; and solvent B, MeCN plus formic acid
0.1%. Injection volume was 3 ul, and flow rate was 0.5 ml/min.
Mass spectrometry parameters were positive ion mode,
capillary voltage 3kV, cone voltage 25V, source temperature
120°C, cone gas flow 20 L/h, desolvation gas flow 800 L/h, and
desolvation temperature 400°C. The following MRM transitions
were monitored: ARN2508, 388 — 215 at 30 eV collision energy;
and warfarin, 309 — 163 and 309 — 251 at 18 and 16 eV collision
energy, respectively. The linear regression of the calibration
curve had an R value of 0.99. The limit of quantification was
5nM. Recovery of ARN2508 was 90-95%. Data were analyzed using

2618 Vol.29 June 2015
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PKSolutions Excel application (Summit Research Service,
Montrose, CO, USA).

Ex vivo lipid analyses

Tissue levels of AEA, palmitoylethanolamide (PEA), oleoyletha-
nolamide (OEA), and 2-arachidonoyl-glycerol (2-AG) were
measured by LC/MS as described (24). Briefly, snap-frozen tissue
samples were weighed (~7 mg) and homogenized in MeOH
(1ml) containing [“"H4]-AFA, [2H,]-OFA, and [*Hg]-2-AG (Cayman
Chemical). Lipids were extracted with CHCls (2 vol), and the
organic phases were washed with water (1 vol), collected, and
dried under Ns. The organic extracts were fractionated by

SASSO ET AL.
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open-bedsilica gel column chromatography. AEA, OEA, PEA, and
2-AG were eluted with CHCl3:MeOH (9:1, vol/vol). Organic pha-
seswere evaporated under Ny andreconstituted in MeOH (0.1 ml).
LC/MS analyses were conducted on a Xevo TQ LC-MS/MS sys-
tem equipped with a BEH C18 column, using a linear gradient
of MeCN in water. Quantification was performed monitoring
the MRM transitions. Analyte peak areas were compared with a
standard calibration curve (1 nM to 10 uM). Tissue levels of PGEy
and 6-keto-PGF;, were determined using ELISA kits (Abcam,
Cambridge, United Kingdom), following the manufacturer’s
instructions.

Animal models

Animals

We used adult male CD1 mice (25-30 g; Charles River Labora-
tories, Calco, Italy). All procedures were performed in accor-
dance with the Ethical Guidelines of the International Association
for the Study of Pain, Italian regulations on the protection of
animals used for experimental and other scientific purposes
(D.M. 116192), and European Economic Community regulations
(OJ. of E.C. L. 358/1 12/18/1986). Mice were group housed in
ventilated cages and had free access to food and water. They were
maintained under a 12-hour light-dark cycle (lights on at 8:00 Am)
atcontrolled temperature (21 + 1°C) and relative humidity (55 *
10%). Behavioral testing was performed during the light cycle
(between 9:00 am and 5:00 pm). Animals were killed by cervical
dislocation under anesthesia. Experimenters were blinded to the
treatment protocol at the time of the test.

Carrageenan-induced inflammation

We injected A-carrageenan (1% wt/vol in sterile water, 50 /) into
the left hind paw of lightly restrained CD1 mice and measured
edema with a plethysmometer and hyperalgesia with a Har-
greaves apparatus (Ugo Basile, Comerio, Italy). Drugs were pre-
pared daily and administered orally in a vehicle of 80% sterile
saline/10% PEG-400/10% Tween 80 (10 ul per animal) imme-
diately before carrageenan.

Flurbiprofen-induced gastric toxicity

Food-deprived mice received a single oral dose of flurbiprofen
(3-30 mg/kg) (25) preceded by oral administration of vehicle,
ARN2508 (3-100 mg/kg) or compound 8 (3-100 mg/kg). The
mice were killed 4 h later by CO9 asphyxiation. The stomachs were
removed, rinsed with PBS, and the stomach lining was photo-
graphed. Scoring was performed as described (26): red colora-
tion, 0.5; spot ulcers, 1; and hemorrhagic streaks, 1.5. If 3 or 4
ulcers were observed, a value of 2 was added to the score. If =5
ulcers were observed, a value of 3 was added to the score. The
ulceration index was the sum of these scores, with a maximal
value of 6.

TNBS-induced colitis

TNBS (4 mg in 0.1 ml of 30% ethanol) was infused into the
rectum of lightly anesthetized mice through a catheter inserted
3 cm proximally to the anus. Vehicle or drugs were administered
orally (1-30 mg/kg) once daily for 7 days starting immediately
before TNBS infusion. The mice were singly housed in wired-
bottom cages lined with white absorbent paper, which was used to
determine the average number of bowel movements per cage.

Body weight changes were measured daily. At the end of the
experiments, the animals were killed by cervical dislocation, the
colon was removed, rinsed with saline, opened longitudinally, and
macroscopic damage was scored under blinded conditions. The
following scale was used (10): ulcers, 0.5 points for each 0.5 cm;
adhesion, 0 points = absent, 1 point = 1 adhesion, and 2 points =
=2 adhesions or adhesions to organs; and shortening of the co-
lon, 1 point = >15%, and 2 points = >25% (based on a mean
length of the untreated colon of 7.0 * 0.3 cm; n = 6). The pres-
ence of hemorrhage, fecal blood, or diarrhea increased the score
by 1 point for each additional feature.

DSS-induced colitis

As previously described (27), we elicited colon inflammation in
male CD1 mice by allowing them to drink a 4% (wt/vol) solution
of DSS (36-50 kDa) in water for 6 days. DSS-containing water was
replaced every other day. At the end of day 6, the mice were given
access to regular drinking water for 1 additional day before eu-
thanasia. Control mice received normal drinking water from day
0 to day 7. The mice were examined daily for stool consistency,
fecal blood, and weight loss. These features were used to de-
termine the Disease Activity Index, as previously described (28).
The scores were as follows: weight loss was graded 0 if body weight
increased or remained within 1% of the baseline; 1 for 1-5% loss;
2 for 5-10% loss; 3 for 10-15% loss; or 4 for loss >15%. Stool
consistency was graded 0 for no diarrhea, 2 for loose stool that did
not stick to the anus, and 4 for liquid stool that did stick to the
anus. The presence of fecal blood received a value of 0 when
assigned for none, 2 for moderate, and 4 for gross bleeding.
Macroscopic colon inflammation and damage were scored using
the following 4 items: stool consistency, thickness, length, and
length of inflamed area.

Statistical analyses

Data are expressed as the mean * sEm. Differences between
groups were assessed by 1- or 2-way ANOVA followed by a Bon-
ferroni post hoc test. Data were analyzed using GraphPad Prism
5.0 for Windows (GraphPad Software Incorporated, San Diego,
CA, USA).

RESULTS
Discovery of a potent FAAH/Cox inhibitor

The existence of structural commonalities between the
alkyl carbamic acid biphenyl-3yl-ester class of FAAH
inhibitors such as URB597 (23) and members of the
2-arylpropionic acid class of NSAIDs such as flurbiprofen
(29) allowed us to utilize a framework combination strategy
(30) to design ligands that simultaneously target FAAH,
Cox-1, and Cox-2. Our approach consisted of integrating
key pharmacophoric elements of these 2 inhibitor classes
around their common biphenyl core (Fig. 2). We first
inserted the carbamate group of URB597, which is oblig-
atory for FAAH inhibition (22), at the 8’ position of the
distal phenyl group of flurbiprofen (Fig. 2), which prior
studies have shown to be available for modulation (29).
The compound obtained (compound 3; Table 1) was
a moderate inhibitor of FAAH [median inhibitory con-
centration (ICsg), 8.2 £ 2.4 uM; mean * seM; n = 3] and
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1, URB597, R = c-hexyl
R2 = 3-CONH,
R3=H

2, Flurbiprofen

Figure 2. Design of multitarget inhibitors of FAAH, Cox-1, and Cox-2. General structure is shown of alkyl carbamic acid biphenyl-
3yl-ester inhibitors (URB597, compound 1) and 2-arylpropionic acid Cox-1/Cox-2 inhibitors (flurbiprofen, compound 2). The
new inhibitors integrate the alkyl carbamic acid group needed for FAAH inhibition (A) and the propionic acid group needed for
Cox-1/Cox-2 inhibition (C) around a common biphenyl core (B).

Cox-1 (ICs, 7.9 = 2.5 uM) and showed no activity toward
Cox-2 (IC59, >100 uM). Nevertheless, systematic modifi-
cation of the alkyl substituent of the carbamate group
progressively enhanced potency at the 3 targets, eventually
yielding a balanced multiple ligand that inhibited each of
the enzymes with high potency (ARN2508; Table 1). In the
lead optimization process, which will be reported else-
where, we pursued concomitant Cox-1/Cox-2 inhibition
because both isoforms contribute to inflammatory hyper-
algesia (31).

Mechanism of inhibition

The carbamate group of URB597 binds covalently to the
catalytic serine of FAAH, interrupting its activity (22, 32).
Dialysis experiments showed that ARN2508 also irrevers-
ibly interacts with FAAH (Fig. 34). Moreover, focused
structure-activity relationship studies demonstrated that
the ability of ARN2508 to inhibit FAAH depends on the
presence of the carbamate moiety because removal of such
moiety (as in compound 5) abrogated FAAH inhibition
while preserving Cox inhibition (Table 1). The key role of
the carbamate was confirmed by the finding that analogs
of ARN2508 in which this group was replaced with a urea
(compound 6) or was reversed (compound 7) showed

a significant decrease in potency against FAAH, while
retaining Cox-1 and Cox-2 inhibitory activities (Table 1).

Flurbiprofen is a tight-binding inhibitor of Cox-1 and
Cox-2, and its free carboxylate end, which takes part in
a network of polar interactions in the active sites of these
enzymes (33), is essential for this property (34). Consistent
with those data, we found that 1) ARN2508 blocks both
Cox-1 and Cox-2 in a functionally irreversible manner (Fig.
3B, (), and 2) removal of its carboxylate moiety (as in
compound 8) caused a complete loss of activity toward
both Cox isoforms, but not toward FAAH (Table 1).

Target selectivity

When tested at a concentration that fully inhibits FAAH,
Cox-1, and Cox-2 (10 uM), ARN2508 had no effect on
a panel of 30 biologically relevant targets, including lipid-
metabolizing enzymes that contribute to the inflammatory
response, such as 5-lipoxygenase, 12-lipoxygenase, 15-
lipoxygenase, and secreted phospholipase Ay (type V)
(Supplemental Table S1). Furthermore, ARN2508
had no effect on the activity of monoacylglycerol lipase,
the primary enzyme involved in the deactivation of
the endocannabinoid 2-arachidonoyl-glycerol (2-AG),
N-acylethanolamide amide hydrolase, which preferentially
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Figure 4. Pharmacokinetic and pharmacodynamic profile of ARN2508 in mice. Plasma concentrations of ARN2508 after
intravenous (squares, 3 mg/kg) or oral (circles, 3 mg/kg) administration (A). Levels of ARN2508 (squares), conjugate of
ARN2508 with glucuronic acid (circles) and sum of the 2 (diamonds) in bile after oral administration of ARN2508 (30 mg/kg)
(B). Levels of Cox and FAAH metabolites in gastric mucosa after oral administration of ARN2508 (30 mg/kg): 6-keto-PGF1,
(left) and PGEy (right) (C); OEA (left) and PEA (right) (D). Plasma levels of Cox and FAAH metabolites after oral
administration of ARN2508 (30 mg/kg): 6-keto-PGF1, (left) and PGEs (right) (E); OEA (left) and PEA (right) (I‘) Results

are expressed as the mean = seM of 3-6 independent determinations. *P < 0.05, **P < 0.01 vs. vehicle, *P < 0.05, *

##4p < 0.001 vs. vehicle.

hydrolyzes PEA and OEA in macrophages, and did not
significantly affect other inflammation-related targets,
such as iNOS, histone deacetylase (types 3, 4, 6, and 11),
sirtuin 1 and 2, and phosphodiesterases 1B, 2A;, 3A, 4Do,
and 5 (Supplemental Table S1). Even further, ARN2508
did not interact with 75 common receptors, ion channels,
and neurotransmitter transporters, comprising cannabi-
noid CB; and CBy; prostaglandin EP,, EP3, EP,, and
prostacyclin receptor; adenosine A;, Aga, and Ag; adren-
ergic ay, ag, 81, and By; bradykinin B; and By; endothelin
A and B; histamine H; and Hy; leukotriene BLT; and

#p<0.01,

cysteinyl leukotriene receptor 1; and protease-activated
receptor-2 (Supplemental Table S2). Collectively, the
results outlined above identify ARN2508 as the first highly
potent and selective inhibitor of FAAH, Cox-1, and Cox-2.

Target engagement

The data reported in Table 2 show that ARN2508 is stable
in mouse plasma and liver microsomes supplemented
with an NADPH-regenerating system but is metabolized

TABLE 2. Metabolic and pharmacokinetic properties of ARN2508

Mouse plasma
(tiy9= 106 * 17 min)

Mouse microsome fractions

NADP 102 *= 1 min

UDPG 18 £ 3 min

Conax (ng/ml)

Tmax (mln)

AUC (ng X min/ml)

Volume of distribution (ml/kg)
Clearance (ml/min/kg)

1,2 (min, elimination phase)
F%

2915 1616

5 15

102,273 105,290

1929 1703
28.8 25.2

46 47

103

AUG, area under the curve; Gy, maximal concentration in plasma; F%, fractional absorption;
NADP, NADPH-regenerating system; 7},,.y, time (min) at which G, is reached; UDPG, glucuronidation-

enabling system (see Materials and Methods).
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>

Figure 5. Gastroprotective properties of
ARN2508 in mice. A) Effects of vehicle (open
bar), ARN2508 (closed bars), or flurbiprofen
(shaded bars) on stomach integrity. B) Effects of
ARN2508 on gastric damage caused by flurbipro-
fen. C) Levels of AEA in gastric mucosa 4 hours
after administration of flurbiprofen. D) Levels of
PEA (left), OEA (center), and 2-AG (right) in
gastric mucosa 4 hours after administration of
flurbiprofen. E) Effects of vehicle (open bar) or
CB1 antagonist AM251 on stomach integrity:
AM251 alone (open bar), AM251 plus flurbipro-
fen (shaded bars), and AM251 plus ARN2508
(closed bars). F) Effects of vehicle (open bar) or
single-target FAAH inhibitor 8 on stomach in-
tegrity: compound 8 alone (closed bars), and
compound 8 plus flurbiprofen (shaded bars). G)
Effects of vehicle (open bar) or cannabinoid
agonist WIN 55,212-2 (WIN) on stomach integrity: 0-—
WIN or flurbiprofen (closed bars), and WIN plus
flurbiprofen (shaded bar). H) Effects of flurbi-
profen on stomach integrity in wild-type (open

bar) or FAAH-null mice (closed bar). Compounds F
were administered orally; doses are in milligrams

per kilograms. Results are expressed as the

mean * SEM (n = 6). *P < 0.05, ***P < 0.001

vs. vehicle; P< 0.05, P<0.01, P<0.001 vs.
vehicle.
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in the presence of cofactors that sustain glucuronic acid
conjugation. Pharmacokinetic experiments in mice sup-
port the possibility that ARN2508 undergoes glucur-
onidation in the liver: the compound was absorbed well
after oral administration but was quickly eliminated from
the circulation (Fig. 44) and found in bile as glucuronic
acid conjugate (Fig. 4B; structural identification in Sup-
plemental Fig. S1). The time course of this response
suggests that ARN2508 is subjected to substantial entero-
hepatic cycling, as previously documented for flurbiprofen
(35, 36) and consistent with the compound’s high frac-
tional absorption (Table 2) (37).

Despite its efficient elimination, ARN2508 strongly en-
gaged its molecular targets in vivo. Oral administration of
a 30 mg/kg dose in mice suppressed Cox-mediated bio-
synthesis of PGEs and PGly (measured as its stable de-
rivative, 6-keto-PGFj,) in stomach mucosa, along with
hydrolysis of FAAH substrates OEA and PEA (Fig. 4C, D).
Furthermore, ARN2508 decreased PGEs and 6-keto-
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PGF, levels and increased OFA and PEA levels in circu-
lation (Fig. 4F, F). Those effects were accompanied by at-
tenuation of hyperalgesia and edema elicited by paw
injection of carrageenan (Supplemental Fig. S2). By con-
trast, as expected of an NSAID, flurbiprofen lowered
prostanoid content in stomach and blood (Fig. 4C, E)
without affecting OFA and PEA in either compartment
(Fig. 4D, F). These findings indicate that ARN2508 is orally
available and systemically active.

Gastroprotective effects

Because flurbiprofen and ARN2508 abolish PGEs bio-
synthesis in gastric mucosa (Fig. 4C), we expected both
compounds to damage the epithelial lining of the stomach
(11). However, whereas flurbiprofen caused pronounced
dose-dependent gastric injury, ARN2508 had no such ef-
fect (Fig. 5A) and in fact protected the stomach of mice
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Figure 6. Effects of test compounds on TNBS-induced colon inflammation in mice. Effects of flurbiprofen (closed bars or
symbols) on colon length (A), macroscopic inflammation score (B), and animal survival (C). Effects of compound 8 (closed bars
or symbols) on colon length (D), macroscopic score (F), and survival (F). Effects of coadministration of compound 8 plus
flurbiprofen on colon length (G), macroscopic score (H), and survival (/). Shaded bars indicate naive mice; open bars represent
mice treated with vehicle. Compounds were administered orally; doses are in milligrams per kilograms. Results are expressed as
the mean £ sem (n = 6). *P < 0.05, **P < 0.01 vs. vehicle; P < 0.05, P < 0.01 vs. vehicle.

exposed to flurbiprofen (Fig. 5B). This protective action
was likely due to the ability of ARN2508 to enhance, via
FAAH blockade, an intrinsic defensive mechanism medi-
ated by the endocannabinoid AEA because 1) damage in-
duced by flurbiprofen was accompanied by increased local
formation of AEA (Fig. 5C), but not OFEA, PEA, or 2-AG,
another endocannabinoid substance present in the gut
(Fig. 5D); 2) coadministration of the CB, receptor antago-
nist AM251 (1 mg/kg, oral) heightened the gastrotoxic
effects of flurbiprofen (Fig. 5E); 3) coadministration
of AM251 unmasked a similar toxic action of ARN2508
(Fig. 5E), whereas combining AM251 with compound 8
(30 mg/kg), a closely related analog of ARN2508 that
inhibits FAAH but not Cox-1 or Cox-2 (Table 1), did not
cause stomach injury and blunted damage evoked by

ANTI-INFLAMMATORY AND CYTOPROTECTIVE EFFECTS OF FAAH-COX INHIBITION

flurbiprofen (Fig. 5F); and finally 4) administration of
the cannabinoid agonist WIN 55,2122 (1 mg/kg, oral)
(Fig. 5G) or deletion of the Faah gene by homologous re-
combination (Fig. 5H) protected mice against the effects of
flurbiprofen. An economic interpretation of these data is
that gastric damage caused by the NSAID flurbiprofen
engages a defensive CB;-dependent mechanism, mediated
by AEA, which is magnified by FAAH blockade.

Anti-inflammatory effects in models of
colon inflammation

Heightened Cox-2 expression may contribute to pathology

in IBD (15, 38, 39). Nevertheless, NSAIDs cannot be used
in this disease due to their propensity to cause enteric
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Figure 7. Anti-inflammatory effects of ARN2508 on TNBS-induced colon inflammation in mice. Effects of ARN2508 (closed bars or
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treated with TNBS plus ARN2508. All compounds were administered orally; doses are in milligrams per kilograms. Shaded bars
indicate naive mice; open! bars represent vehicle-treated mice. Results are expressed as the mean = sem (n = 6). *P < 0.05, **P < 0.01,
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injury through a mechanism that partially depends on Cox
inhibition (40). We modeled this effect in mice by ad-
ministering flurbiprofen along with the inflammatory
agent, TNBS (41).

Rectal instillation of TNBS produced intestinal inflam-
mation and increased mortality (Fig. 6). Administration of

A

Naive

Macroscopic score

ARN2508
mg/kg

O
N

Colon length (cm)

flurbiprofen exacerbated these effects (Fig. 6A-C). By
contrast, confirming previous studies with single-target
FAAH inhibitors (10), treatment with compound 8 at-
tenuated the response elicited by TNBS alone (Fig.
6D-F) or by the combination of TNBS plus flurbiprofen
(Fig. 6G-1). In contrast with flurbiprofen, ARN2508 was

10 30
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Figure 8. Therapeutic treatment of TNBS-induced colon inflammation in mice with ARN2508. Anti-inflammatory effects of 4-day
regimen with ARN2508 (closed bars or symbols) on colon length (A), macroscopic score (B), and animal survival (C). ARN2508
was administered orally starting on the second day after TNBS instillation; doses are in milligrams per kilogram. Shaded
bars indicate naive mice; open bars represent vehicle-treated mice. Results are expressed as the mean * sEM (n = 6). *P < 0.05,
#%P < 0.01, ***P < 0.001 vs. vehicle.
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highly potent and effective at reducing TNBS-induced
inflammation and mortality, fully suppressing both
responses at the maximal dose tested (Fig. 7A-C). No-
tably, ARN2508 was more efficacious than 5-ASA, which
is clinically used to treat IBD (Supplemental Fig. S3),
and of 2 structurally distinct single-target FAAH inhibitors
(URB597 and PF-04457845) (Supplemental Fig. S4).
Investigations into the mechanism of action of ARN2508
showed that the effects of this compound were blunted,
butnot completely eliminated, by CB,; blockade (AM251,
1 mg/kg, oral) (Fig. 7D, E). This suggests that the com-
pound acts in part by enhancing AEA activity at CB,
receptors. Supporting this idea, biochemical analyses of
colon mucosa showed that AEA levels, which were lower
in TNBS-treated mice than controls, were normalized by
ARN2508 (Fig. 7F). In addition to AEA, ARN2508 re-
instated normal mucosal levels of the bioactive FAAH
substrates PEA and OEA, which were reduced by TNBS
(Fig. 7F), as previously shown for other inflammatory
stimuli (42, 43). Because PEA and OEA attenuate in-
flammation by engaging peroxisome proliferator-
activated receptor-a (PPAR-a) (17, 42-44), we asked
whether this nuclear receptor might also contribute to the
effects of ARN2508. Figure 7D, E shows that the PPAR-o
antagonist GW6471 (1 mg/kg, oral) reduced the anti-
inflammatory actions of ARN2508 to a similar extent as
CB, blockade. The findings suggest that ARN2508
prevents TNBS-induced inflammation by enhancing the
activity of an intrinsic defensive mechanism mediated by
AFA (acting at CB;) and PEA/OEA (acting at PPAR-a).
There is no animal model of IBD. Nevertheless, the ability
to reverse the inflammatory state established following rec-
tal infusion of TNBS or oral administration of DSS is sug-
gestive of therapeutic efficacy in this disease (45, 46). When
administered after induction of inflammation, ARN2508
was highly effective in both the TNBS and DSS models. A
6-day regimen with ARN2508, starting on the second day af-
ter TNBS instillation, significantly decreased inflammatory
symptoms and mortality, compared to vehicle-treated mice
(Fig. 8). Similarly, a 4-day regimen with ARN2508 attenu-
ated inflammation and weightloss elicited after exposure to
DSS for 3 d (Supplemental Fig. S5). The findings suggest
that ARN2508 is able to suppress established colon in-
flammation produced by mechanistically different insults.

DISCUSSION

The results presented here support the hypothesis that
pharmacologic interventions aimed at restoring normal
levels of FAAH and Cox-1/Cox-2 activities provide a ra-
tional therapeutic approach to disease conditions in
which the expression of these enzymes is abnormally el-
evated (Fig. 1). We have shown that oral administration
of ARN2508—the first highly potent and selective in-
hibitor of FAAH, Cox-1, and Cox-2—lowers systemic levels
of Cox-derived inflammatory prostanoids, while raising
levels of AEA and other anti-inflammatory lipid amides
that are degraded by FAAH (ie, PEA and OEA).
These simultaneous effects are likely to underpin the
marked efficacy displayed by ARN2508 in models of
intestinal inflammation, though high target exposure
due to enterohepatic cycling might also contribute. Our

findings further indicate that ARN2508 protects both up-
per and lower GI tract from NSAID-induced injury through
a mechanism that depends on FAAH blockade.

Previous work has shown that FAAH inhibitors enhance
the analgesic effects of the NSAIDs in a synergistic manner
(47, 48). By interrupting the degradation of AEA, these
agents heighten its ability to control peripheral noci-
ceptive signals (24, 49) resulting in a superadditive po-
tentiation of NSAID-mediated analgesia. These and
other findings (50) have led to propose that dual FAAH/
Cox inhibitors might be better than current nonnarcotic
analgesics at providing pain control (19).

Although this hypothesis remains to be tested, the
present study demonstrates that simultaneous blockade of
FAAH and Cox-1/Cox-2 results in a combination of pro-
found anti-inflammatory and tissue-protective actions,
which clearly distinguish dual FAAH/Cox inhibitors from
agents that individually target FAAH or Cox enzymes.
Models of intestinal inflammation provide a striking illus-
tration of this difference. In those models, the dual FAAH/
Cox inhibitor ARN2508 is markedly anti-inflammatory,
whereas the NSAID flurbiprofen aggravates inflammation
(as observed in the clinical setting) (40), and 2 structurally
different single-target FAAH inhibitors are marginally ef-
fective. The molecular basis for this dramatic shift in
pharmacology is still unclear, but the ability of ARN2508 to
elevate tissue levels of 3 key FAAH substrates—the endo-
cannabinoid AEA and the endogenous PPAR-o agonists
PEA and OEA—is likely to play an important role. These
lipid mediators are known to exert protective effects on
mucosal epithelia (12, 51) and to act synergistically to re-
duce pain (49, 52). Other anti-inflammatory lipid media-
tors that might be affected by FAAH inhibition, such as
N-acyl-taurines (53) or MN-acyl-glycines (54), might also
contribute to ARN2508 pharmacology.

In the optimization process thatled to the identification
of ARN2508, we pursued concomitant Cox-1/Cox-2 in-
hibition because both isoforms of this enzyme are known to
contribute to the development of inflammatory hyper-
algesia (31). Nevertheless, dual FAAH/Cox ligands that
selectively recognize either isoform would be experimen-
tally useful to elucidate possible select functional inter-
actions of FAAH substrates with Cox-1- or Cox-2-derived
prostanoids. This objective should be attainable, given the
significant structural differences existing between the 2
isoforms (33). Another important aim for future work is
the characterization of the pharmacologic properties of
the (S)and (R)enantiomers of ARN2508, which mightbe as
different as those of (S)and (R) profens (55).

IBD, which encompasses Crohn’s disease and ulcerative
colitis, is a chronic intestinal inflammation of unknown
cause affecting 1-1.3 million people in the United States
alone (56). Despite its prevalence, IBD remains a medical
challenge due to the limited efficacy and frequent side
effects of existing therapies (45, 46). Our results suggest
that multitarget FAAH/Cox inhibitors such as ARN2508
might fill this gap. Additional work will be needed to de-
termine whether these agents could also find application
in other inflammatory and neuroinflammatory states in
which FAAH and Cox are overexpressed (8, 14).
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