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REVIEW

The case for the development of novel analgesic
agents targeting both fatty acid amide hydrolase
and either cyclooxygenase or TRPV1

CJ Fowler!, PS Naidu®*, A Lichtman? and V Onnis?®

Department of Pharmacology and Clinical Neuroscience, Umed University, Umed, Sweden, *Department of Pharmacology and
Toxicology, Virginia Commonwealth University, Richmond, VA, USA, and *Department of Toxicology, Unit of Medicinal
Chemistry, University of Cagliari, Cagliari, Italy

Although the dominant approach to drug development is the design of compounds selective for a given target, compounds
targeting more than one biological process may have superior efficacy, or alternatively a better safety profile than standard
selective compounds. Here, this possibility has been explored with respect to the endocannabinoid system and pain.
Compounds inhibiting the enzyme fatty acid amide hydrolase (FAAH), by increasing local endocannabinoid tone, produce
potentially useful effects in models of inflammatory and possibly neuropathic pain. Local increases in levels of the endocan-
nabinoid anandamide potentiate the actions of cyclooxygenase inhibitors, raising the possibility that compounds inhibiting
both FAAH and cyclooxygenase can be as effective as non-steroidal anti-inflammatory drugs but with a reduced cyclooxyge-
nase inhibitory ‘load’. An ibuprofen analogue active in models of visceral pain and with FAAH and cyclooxygenase inhibitory
properties has been identified. Another approach, built in to the experimental analgesic compound N-arachidonoylserotonin,
is the combination of FAAH inhibitory and transient receptor potential vanilloid type 1 antagonist properties. Although finding
the right balance of actions upon the two targets is a key to success, it is hoped that dual-action compounds of the types
illustrated in this review will prove to be useful analgesic drugs.
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2-yl)-2-(4’-isobutylphenyl)propionamide; OL135, 1-oxo-1[5-(2-pyridyl)-2-yl]-7-phenylheptane; PEA, palmi-
toylethanolamide; PG, prostaglandin; PG-EA, prostamide (prostaglandin ethanolamide); PPAR, peroxisome
proliferator-activated receptor; SR144528, N-[(1S)-endo-1,3,3-trimethyl bicyclo [2.2.1] heptan-2-yl]-5-(4-
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Introduction

A standard approach to drug development has been the
design of compounds that selectively affect a given target,
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with the aim of achieving a therapeutic effect with an
acceptable safety profile. However, this approach has not
always been successful, and indeed the efficacy of selective
compounds may in some cases be less than suggested on the
basis of published clinical trials (Turner et al., 2008). One
way of both increasing efficacy and improving safety, long
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used in cancer treatment regimes, is the use of more than
one drug. The drugs can be given either separately or in
single tablets containing more than one active ingredient,
such as combinations of angiotensin converting inhibitors
and diuretics for the treatment of hypertension in patients
where monotherapy is insufficient. While the former
approach is highly flexible in terms of dosing, the drawback
of both of these strategies is the potential for a large phar-
macokinetic variability that is associated with the concomi-
tant use of separate drugs.

An alternative that avoids this difficulty is the develop-
ment of drugs that target more than one molecular mecha-
nism (for a review of ‘designed multiple ligands’ from a
pharmaceutical industrial standpoint, see Morphy and
Rankovic, 2005). A recent example of a designed multiple
ligand is the compound tapentadol [(-)-(IR,2R)-3-(3-
dimethylamino-1-ethyl-2-methyl-propyl)-phenol hydrochlo-
ride], which both activates p-opioid receptors and inhibits
the reuptake of noradrenaline (Tzschentke et al., 2007). The
rationale for the compound, that the two pharmacodynamic
effects will improve efficacy (or the range of pain states that
are amenable to treatment) and/or reduce the p-opioid ‘load’
for a given degree of analgesia, was based upon the proper-
ties of tramodol, and tapentadol was found to be active
in models of both inflammatory and neuropathic pain
(Tzschentke et al., 2007). Most importantly, the development
of tolerance to the analgesic effect of tapentadol in the
chronic constriction injury model of neuropathic pain was
slower than seen with an equi-analgesic dose of morphine
(Tzschentke et al., 2007).

In the present review, the case is presented for the develop-
ment of dual-action analgesic compounds, where one of the
targets is the endocannabinoid metabolizing enzyme fatty
acid amide hydrolase (FAAH).

Fatty acid amide hydrolase as the
endocannabinoid target

It has been known since ancient times that extracts of can-
nabis have antinociceptive properties (see Reynolds 1890; Zias
etal., 1993), and the buccal extract Sativex™ is now used in
Canada for the treatment of pain in patients with multiple
sclerosis. The main drawback of this approach is that the
psychotropic actions of cannabis, which are mediated via
activation of cannabinoid (CB), receptors, together with con-
cerns about long-term effects of cannabis treatment, place a
limitation upon the dose that can be given, and hence the
pain relief obtained (review, see McCarberg and Barkin,
2007). CB; receptors are part of the endocannabinoid system,
which is defined here as comprising the endogenous CB
ligands arachidonoylethanolamide (anandamide, AEA) and
2-arachidonoylglycerol (2-AG), their target receptors (CB; and
CB; receptors) and their synthetic and degradative enzymes
(review, see Pacher et al., 2006). This definition is restrictive,
because it does not include candidate endocannabinoid
ligands such as noladin ether and docosatetraenoylethanola-
mine or putative CB receptors such as GPRS5 and the endot-
helial non-CB, non-CB, receptor, but it is sufficient for this
review. Potential targets for the treatment of pain, where
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beneficial effects can be separated from the psychotropic
effects resulting from central CB, receptor activation include
peripherally located CB, receptors (see Agarwal et al., 2007),
CB, receptors (review see Guindon and Hohmann, 2008) and
FAAH (see below).

FAAH hydrolyses AEA and related N-acylethanolamines to
their corresponding fatty acids and at least in some tissues,
such as the rat paw and periaqueductal grey, contributes
significantly to the hydrolysis of 2-AG (Schmid et al., 1985;
Deutsch and Chin, 1993; Cravatt et al., 1996; Jhaveri et al.,
2006; Maione et al., 2006). In 1999, Walker et al. reported
that inflammatory pain produced by formalin injection into
the paw produced a release of AFA in the periaqueductal grey.
The authors concluded that the ‘release of anandamide in a
pain suppression circuit suggests that drugs that inhibit the
reuptake of anandamide or block its degradation may form
the basis of a modern pharmacotherapy for pain’ (Walker
etal. 1999). Consistent with this conclusion, mice lacking
FAAH show increased brain and spinal cord AEA levels,
reduced pain-related behaviour in response to intraplantar
administration of either formalin or carrageenan, a reduced
sensitivity to thermal pain and a hypoalgesic profile in a
model of visceral pain, but do not show a hypoalgesic
response in the chronic constriction injury model of neuro-
pathic pain (Cravatt et al., 2001; 2004; Lichtman et al., 2004a;
Naidu and Lichtman, 2007). Further studies using mice
lacking peripheral FAAH alone indicated that the reduced
sensitivity to thermal pain was mediated centrally (Cravatt
etal., 2004). In contrast, the reduced oedema response to
carrageenan seen in the FAAH”" mice (Lichtman et al., 2004a)
was a peripherally mediated effect (Cravatt et al., 2004).

A variety of selective inhibitors of FAAH have been
described in the literature, and, judging from the patent lit-
erature and recent publications of high-throughput screening
strategies for the enzyme (see e.g. Kage etal.,, 2007 for a
method with a capacity >100 000 compounds per day), more
compounds are on the way (for a recent review see Di Marzo,
2008). Selective FAAH inhibitors also produce increased levels
of brain and spinal cord AEA (see e.g. Kathuria et al., 2003;
Lichtman et al., 2004b) and show useful analgesic properties.
With respect to inflammatory pain, Jayamanne et al. (2006)
reported that the potent selective FAAH inhibitor URB597
(cyclohexylcarbamic acid 3’-carbamoylbiphenyl-3-yl ester)
reduced mechanical allodynia and thermal hyperalgesia pro-
duced by the injection 24 h previously of complete Freund’s
adjuvant. Motor performance on the rotorod test was not
affected (Jayamanne et al.,, 2006), nor other markers of a
general central CB, receptor activation (Kathuria et al., 2003).
This effect of URB597 in the models of inflammatory pain was
blocked completely by a combination of the CB; receptor
antagonist AM251 [N-(piperidin-1-yl)-5-(4-iodophenyl)-1-
(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide]
and SR144528 (N-[(1S)-endo-1,3,3-trimethyl bicyclo [2.2.1]
heptan-2-yl]-5-(4-chloro-3-methylphenyl)-1- (4-methylben-
zyl)-pyrazole-3-carboxamide). The latter compound was
used ostensibly to block CB, receptors, although it also has
an off-target action upon peroxisome proliferator-activated
receptor o (PPARa) (LoVerme et al., 2006). Given that palmi-
toylethanolamide, which has analgesic actions, is also a sub-
strate for FAAH (Schmid et al., 1985) and can activate PPARx
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(LoVerme et al., 2006), antagonist effects of SR144528 cannot
be ascribed with certainty to actions upon CB, receptors.
URBS597 has also been found to potentiate non-opioid stress-
induced analgesia by a mechanism involving CB, receptors
(Hohmann et al., 2005), and to show antinociceptive effects
in models of visceral pain (Naidu and Lichtman, 2007; see
also Haller et al., 2006). Finally, URB597 has been shown to
increase the levels of 2-AG in the paws of sham-operated rats
(Jhaveri et al., 2006). 2-AG is antinociceptive when given
intraplantarly (Guindon et al., 2007). Interestingly, prostag-
landin E, 1-glyceryl ester [the cyclooxygenase (COX)-2-
catalysed product of 1-AG] produces mechanical allodynia
and thermal hyperalgesia when given by this route (Hu et al.,
2008). Increased 2-AG levels have also been seen following
administration of URB597 into the periaqueductal grey, an
administration that produces both analgesia and hyperalge-
sia, dependent upon the dose used (Maione et al., 2006).

OL135 (1-oxo0-1[5-(2-pyridyl)-2-yl]-7-phenylheptane), is a
potent FAAH inhibitor reported to show less off-target actions
than URBS597, and with a reversible mode of action in con-
trast to the irreversible action of the latter (Lichtman et al.,
2004b). OL135 was efficacious in both phases of the formalin
test in mice in a manner blocked by the CB, receptor antago-
nist rimonabant, but not by SR144528 (Lichtman etal.,
2004b). Other selective FAAH inhibitors have also been
reported to be active in the formalin test in a manner blocked
by rimonabant (e.g. Sit et al., 2007), and so it can be consid-
ered as a class effect. In a rat model of peripheral tissue
damage (mild thermal injury), OL135 reduced the tactile allo-
dynia, but this was blocked by the opioid antagonist nalox-
one rather than by rimonabant and SR144528 (Chang et al.,
2006). Because no effect of OL135 upon the allodynia was
seen in FAAH”" mice (in contrast to wild-type mice), the
simplest explanation for these results is that the compound
produces a mobilization of endogenous opioids secondary to
inhibition of FAAH (Chang et al., 2006).

Effects of FAAH inhibitors in models of neuropathic pain
are less clear-cut. URB597 was reported initially not to reduce
allodynia in rats with partial sciatic nerve ligations, in
contrast to the marked effects of the CB;/CB, receptor agonist
HU210 [(6aR)-trans-3-(1,1-dimethylheptyl)-6a,7,10,10a-
tetrahyd ro-1-hydroxy-6,6-dimethyl-6H-dibenzo[b,d]pyran-9-
methanol] (Jayamanne etal.,, 2006). A subsequent paper,
however, reported that the repeated oral administration of
URBS597 to mice following chronic constriction injury
reduced allodynia in a manner blocked by rimonabant, and to
a similar extent as seen with gabapentin (Russo et al., 2007).
Local administration of URBS97 into the paw of rats with
allodynia subsequent to spinal nerve ligations was without
effect upon the response of wide-dynamic range spinal
neurons to mechanical stimulation, whereas the compound
was efficacious when given spinally, in a manner reduced by
spinally pre-administered AM251 (Jhaveri et al., 2006). OL135
given i.p. (intraperitoneally) showed efficacy, in a manner
blocked by SR144538 or by naloxone, but not by rimonabant,
in the spinal nerve ligation model of neuropathic pain
(Chang et al., 2006) and repeated treatment with the com-
pound also reduced mechanical allodynia and thermal hyper-
algesia in rats with chronic constriction injury, whereas the
effects of URB597 were restricted to thermal analgesia alone at
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Figure 1 Interaction of AEA with CB and TRPV1 receptors and its
metabolism by FAAH and COX-2. Normally, AEA is an order of mag-
nitude more potent as an agonist at CB receptors than at TRPV1
receptors. However inflammatory conditions sensitize TRPV1 recep-
tors to AEA (Singh Tahim et al., 2005 and references therein). AEA is
primarily metabolized by FAAH to produce AA, but can also act as a
substrate for COX-2 to produce PG-EAs. It is not known whether
these metabolites, which are biologically active, are involved in
inflammatory pain, but the COX-2 pathway represents an alternative
metabolic route for AEA when FAAH is inhibited (review, see Fowler,
2007). Other metabolic pathways, such as lipoxygenase and P450
oxidative metabolism, are not shown in the figure for reasons of
simplicity. AA, arachidonic acid; AEA, anandamide; CB, cannabinoid;
COX, cyclooxygenase; FAAH, fatty acid amide hydrolase; PG, pros-
taglandin; PG-EA, prostaglandin ethanolamide; TRPV1, transient
receptor potential vanilloid 1.

the dose used (Maione et al., 2007). Other novel compounds
(bisarylimidazole and benzyl piperidine derivatives) with
nmol-L™ potency towards FAAH have also been reported to be
efficacious in reducing tactile allodynia in spinally ligated rats
(Sit et al., 2007; Timmons et al., 2008). Thus, the efficacies of
FAAH inhibitors per se in neuropathic pain are dependent
upon the compound, mode of administration and/or the
animal model used.

Choice of the second target

From the above discussion, FAAH is a good target for the
development of novel drugs aimed at the treatment of inflam-
matory pain, whereas the potential of FAAH inhibitors in the
treatment of neuropathic pain is less clear. The choice of the
second target for a dual-action drug can be based upon a
number of considerations, such as the potential to provide
synergistic or additional effects, a profile of unwanted actions
(for targets with drugs already on the market) that can be
reduced rather than potentiated by the FAAH inhibitory com-
ponent of the drug, and last but not least the availability of
lead compounds with which to develop drugs with the
desired profiles. The ability of AEA to interact both with FAAH
and with the pain-related targets COX-2 and transient recep-
tor potential vanilloid type 1 (TRPV1) (see Figure 1 for a
schematic), would suggest that these targets are reasonable
ones to consider as examples of potential second targets.

Combined FAAH/COX inhibitors

Non-steroidal anti-inflammatory drugs (NSAIDs, comprising
both non-selective and COX-2-selective inhibitors) are a stan-
dard and effective treatment for inflammatory pain. The long-



term use of non-selective NSAIDs is associated with an
unacceptably high incidence of gastrointestinal complica-
tions, although this has been reduced by concomitant medi-
cation with proton pump inhibitors (Ray etal., 2007). A
second issue, noted originally for the COX-2 selective com-
pound rofecoxib, is an increased risk for cardiovascular events
due at least in part to the pressor effects of NSAIDs (White,
2007). These unwanted actions remain an obstacle to long-
term NSAID use, and novel compounds are sorely needed (for
a review on possible approaches targeting components of
the prostaglandin system other than COX, see Zeilhofer and
Brune, 2006). There is evidence to support the contention
that dual-action FAAH/COX inhibitors may be useful in this
respect. Guindon et al. (2006a) reported that the intraplantar
administration of AEA and the NSAID ibuprofen reduced the
inflammatory pain response in the formalin model in an
additive manner, and that the effects of the combined admin-
istration of the two were blocked by AM251. A subsequent
study demonstrated that the COX-2 inhibitor rofecoxib also
acted additively with AEA in this model, and that the combi-
nation of AEA with either ibuprofen or rofecoxib produced
increases in the tissue levels of AEA and the related
N-acylethanolamines oleoylethanolamide and palmitoyletha-
nolamide that were greater than seen after administration of
either AEA or NSAID alone (Guindon etal., 2006b). The
ability of ibuprofen to inhibit FAAH (Fowler et al., 1997) may
contribute to this effect. More recently, synergistic effects
were reported between systemically administered URB597
and the NSAID diclofenac in a model of visceral pain in the
mouse. The EDs, values for the two compounds given
together in a 1:1 ratio were approximately ninefold lower
than their corresponding EDs, values when given separately
(Naidu and Lichtman, 2007).

On the basis of the discussion above, a case can be made
that compounds with inhibitory actions towards both FAAH
and COX can provide the same degree of efficacy in inflam-
matory pain as NSAIDs while reducing the COX-inhibitory
‘load’ and hence incidence of gastrointestinal disturbances
and potential cardiovascular complications. Cannabinoids
have long been known to have actions on the cardiovascular
system (Ashton and Smith, 2007). With respect to FAAH, old
(28-31 months) FAAH”" mice show better haemodynamics
(such as a higher stroke work and cardiac output) than old
FAAH"* mice, while no differences were seen for 2-3 month-
old animals (Batkai et al., 2007). Young FAAH~ mice are more
sensitive to the hypotensive actions of AEA than FAAH"* mice
(Pacher et al., 2005). URBS97 reduces the mean arterial pres-
sure of spontaneously and angiotensin Il-induced hyperten-
sive rats without affecting the blood pressure in normotensive
animals (Batkai et al., 2004). In vitro, relaxation of mesenteric
arteries by AEA is potentiated both by URB597 and by COX-2
inhibitors (Ho and Randall, 2007). AEA can also act as a
pulmonary vasoconstrictor as a result of its metabolism by
FAAH and then COX-2 (Wahn etal.,, 2005). Thus, FAAH
inhibitors are unlikely to compound, and may even negate,
the pressor effects of COX inhibitors, although this sugges-
tion requires further investigation in vivo.

One way of identifying a useful lead compound capable of
inhibiting both FAAH and COX-2 is to start with a compound
with these actions, but where one predominates, and there-
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after optimize the compound with respect to the weaker
action. AM404 [N-(4-hydroxyphenyl) arachidonylamide, a
compound that inhibits the cellular accumulation of AEA]
could be considered in this respect, because it affects both
inflammatory and neuropathic pain (La Rana et al., 2006) and
is both an FAAH inhibitor (by acting as a competing substrate)
and a COX inhibitor (Lang et al., 1999; Hogestitt et al., 2005).
Intriguingly, AM404 is a metabolite of paracetamol (Hogestatt
et al., 2005). Whether or not this metabolic pathway is suffi-
cient in terms of capacity to explain the CB; receptor
antagonist-sensitive actions of paracetamol in some pain
models (Ottani et al., 2006; Dani et al., 2007) is as yet unclear.
With respect to AM404 itself, the compound has off-target
effects including agonism at TRPV1 receptors and cell-toxic
actions over the same concentration range (Zygmunt et al.,
2000; De Lago et al., 2006), which limits its usefulness. An
alternative is to start with a COX inhibitor like ibuprofen or
indomethacin, because both compounds inhibit FAAH, par-
ticularly at low pH, such as is found in inflamed tissue (Fowler
et al., 1997; 2003a; see Figure 2). It is unlikely in our view that
the FAAH-inhibitory components of these compounds are
sufficient to contribute to the actions of these drugs when
given orally to patients. However, FAAH inhibition may play
a role when the drug is given locally. In this respect, Giihring
etal. (2002) reported that the effects of indomethacin
(9 umol-L™, given by spinal microdialysis) on the pain
response to formalin was not reversed by prostaglandin E,,
but was blocked by AM251. Furthermore, the effect of
indomethacin was not seen in CB,”" mice (Giihring et al.,
2002).

In 2003, Cocco et al. reported the synthesis and actions
of a series of heteroaromatic ibuprofen amides in a model of
visceral pain in the rat. One compound, N-(3-methylpyridin-
2-yl)-2-(4’-isobutylphenyl)propionamide (‘ibu-amS5’) was sig-
nificantly more efficacious than the same dose (20 mg-kg™
i.p.) of ibuprofen. The efficacy of ibu-amS is also seen in the
mouse (Figure 3). The compound also showed a much lower
ulcerogenic potency than ibuprofen (Cocco et al., 2003). Sub-
sequently, it was found that ibu-amS was approximately two
orders of magnitude more potent as an FAAH inhibitor than
ibuprofen, while the potencies of the two compounds
towards COX-1 and -2 were broadly similar (Holt et al., 2007).
In intact cells, the compound inhibited the hydrolysis of
AFA with an ICs, value of 1.2 umol-L™' (Holt et al., 2007).
While the potency of ibu-amS5 is lower than for compounds
like URB597 and OL13S5, it is similar to the potency for
N-arachidonoylserotonin (AA-5-HT; Bisogno et al., 1998; see
Figure 2), a compound that is active in vivo (Maione et al.,
2007, see the next section). The efficacy of ibu-am$ in pain
models other than the visceral pain model have not yet been
tested, but the compound can be considered a useful lead
compound for the design and evaluation of dual-action
FAAH/COX inhibitory agents.

FAAH inhibitor/TRPV1 receptor antagonists

TRPV1 receptors are non-selective ion channels located,
among other places, in sensory neurons and gate responses
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Figure 2 Inhibition of 2 umol-L™" AEA hydrolysis in rat brain (minus cerebellum) homogenates by URB597, AA-5-HT, ibu-am5 and ibuprofen.

With the exception of AA-5-HT, the compounds were preincubated with the enzyme for 10 min prior to addition of substrate. The values
(means), which were all obtained in the same laboratory to facilitate comparison, are redrawn from the raw data of Fowler et al. (2003b), Paylor
et al. (2006) and Holt et al. (2007). The pH dependencies of URB597 and ibuprofen (and lack thereof for ibu-am5) are also seen in intact cells
(Holt & Fowler, 2003; Paylor et al., 2006; Holt et al., 2007). AA-5-HT shows very little pH dependency for inhibition of AEA hydrolysis by rat
brain homogenates (Holt et al., 2001). The inhibition of FAAH by URB597 is time-dependent, and the pH dependency shown in the figure is
primarily due to differences in the rate constants for the covalent binding phase (Paylor et al., 2006). AA-5-HT also shows a time-dependent
inhibition of FAAH (Bisogno et al., 1998) whereas ibuprofen and ibu-am5 do not (Fowler et al., 1997; Holt et al., 2007). The pH dependencies
of URB597 and ibuprofen may have relevance in vivo given that the pH of inflamed tissue is lower than normal tissue (Habler, 1929). AEA,
anandamide; AA-5-HT, N-arachidonoylserotonin; ibu-am5, N-(3-methylpyridin-2-yl)-2-(4’-isobutylphenyl)propionamide; URB597, cyclohexy-

Icarbamic acid 3’-carbamoylbiphenyl-3-yl ester.
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Figure 3 Comparison of the effects of diclofenac and N-(3-
methylpyridin-2-yl)-2-(4’-isobutylphenyl)propionamide (ibu-am5) in
a model of visceral pain in mice. Animals were treated subcutane-
ously, with the compounds 60 min prior to the instillation of 0.6%
(1 mL 100 g™, intraperitoneally) acetic acid, and the number of
abdominal stretches was scored for 20 min. Data are means * SEM,
n=28-11. *P<0.05, **P < 0.01 vs. vehicle ANOVA followed by Schef-
fe’s test (A. Lichtman and V. Onnis, unpubl. data).

to painful stimuli such as heat, low pH and capsaicin, the
pungent ingredient of chilli peppers. Use of both genetically
modified mice and selective TRPV1 antagonists (as well as
capsaicin desensitization experiments) have indicated that
this receptor is a promising target for drug development
(review, see Immke and Gavva, 2006), although a potential
problem is the hyperthermic response elicited by antagonists
(Gavva et al., 2008). AEA activates TRPV1 receptors, albeit at
higher concentrations than are needed for activation of CB
receptors (Zygmunt et al., 1999). However, under inflamma-
tory conditions, such as in the presence of bradykinin and
prostaglandin E,, the sensitivity of TRPV1 receptors in sensory
neurons to AEA is increased (Singh Tahim et al., 2005), a
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finding consistent with the ability of protein kinase A and C
activation to increase TRPV1 sensitivity to AEA in both het-
erologous expression systems and in sensory neurons (De
Petrocellis et al., 2001; Ahluwalia et al., 2003). In other words,
a potential antinociceptive action of an increased AEA result-
ing from FAAH inhibition may be offset by an increased
concomitant TRPV1 receptor activation (see Dinis etal.,
2004). The situation is far from simple, not the least given the
propensity of TRPV1 to desensitize, and the additional
involvement of both spinal and supraspinal receptors in the
regulation of pain (Maione et al., 2006; Horvath et al., 2008).
Nonetheless, the findings of Singh Tahim et al. (2005) and
Dinis et al. (2004), together with the known antinociceptive
effects of TRPV1 antagonists, suggest that a compound with
FAAH inhibitory/TRPV1 receptor antagonist actions should
be more efficacious than an FAAH inhibitor alone.

AA-5-HT was originally described as an FAAH inhibitor of
moderate (low umol-L™) potency (Bisogno et al., 1998) and
has been shown to increase both peripheral and central AEA
levels in vivo (Capasso et al., 2005; de Lago et al., 2005). The
compound also behaves in the manner expected for an
FAAH inhibitor (i.e. blocked by a CB; receptor antagonist/
inverse agonist) when given i.p. in the formalin test of
inflammatory pain in the mouse and with respect to its
effects in stress-induced analgesia (Suplita etal., 2005;
Maione et al., 2007). However, AA-5-HT is a potent (mid-
nanomolar) antagonist of TRPV1 receptors expressed in
HEK-293 cells (Maione et al., 2007), and this may contribute
to the efficacy of the compound in models of both inflam-
matory (rat) and neuropathic pain (anti-allodynic effect, rat)
(Maione et al., 2007). The effects of the compound in the
formalin model in the rat and with respect to mechanical
allodynia in the rat chronic constriction injury model are
somewhat complex, because both AM251 and the TRPV1
antagonist capsazepine could antagonize its actions (Maione
etal., 2007). The authors suggested that in these cases,



AA-5-HT acted by increasing endocannabinoid tone at CB;,
receptors and that the increased AEA levels produced a
desensitization of TRPV1 receptors in sensory neurons that
contributed to, but were not directly involved in, nocicep-
tion (Maione efal., 2007). Several analogues of AA-5-HT
have been investigated with respect to FAAH inhibition and
interaction with TRPV1 receptors, but as yet none have
improved on the lead compound (Ortar et al., 2007; see also
Fowler et al., 2003b), although the analgesic agent arvanil
may be a possible alternative lead in this respect (see Di
Marzo et al., 2002).

Conclusions

In this review, a case has been made for novel analgesic
compounds targeting FAAH and an additional mediator
involved in pain processing. Two examples of additional
targets have been presented, COX and TRPV1. These targets
are not necessarily the best — indeed, in the wake of the
Vioxx debacle there may be some reticence in the pharma-
ceutical industry to involve itself with COX - but were
chosen because there are sufficient data to illustrate the
concept. The report of hyperthermia associated with a
TRPV1 antagonist in a clinical setting (Gavva et al., 2008) is
also worrisome in this respect, although there are preclinical
data to suggest that this issue is not a universal phenom-
enon (Bisogno etal.,, 1998; Lehto etal.,, 2008). In theory,
compounds combining inhibition of FAAH with effects
upon other systems known to be involved in analgesia (such
as, for example, activation of opioid receptors) may be of
potential interest, although to our knowledge no such com-
pounds with such a profile have been reported in the litera-
ture. Similarly, CB, receptor agonists may be an alternative
for the endocannabinoid component of dual-action drugs,
given the analgesic profile of such compounds in preclinical
models (review, see Guindon and Hohmann, 2008), and
that compounds interacting with both CB, receptors and
TRPV1 have been identified (Appendino et al., 2006).

A key issue, of course, is getting the balance right. Are, for
example, the relative potencies of AA-5-HT towards FAAH and
TRPV1, or ibu-amS5 towards FAAH and COX, optimal? Isobo-
lographic analyses of FAAH inhibitors given with either
TRPV1 antagonists or NSAIDs (see e.g. Naidu and Lichtman,
2007) should shed light on relative dosages required, but in
the end, the only way forward is to investigate the concept in
the clinic. We hope the interest of the pharmaceutical indus-
try in the endocannabinoid system will continue to increase,
and extend to the development of designed multiple ligands
(Morphy and Rankovic, 2005) of the type discussed here.
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