
Mini-Review
Theme: NIDA Symposium: Drugs of Abuse: Special Topics in Drug Development
Guest Editors: Rao Rapaka and Vishnu Purohit

Targeting Fatty Acid Amide Hydrolase (FAAH) to Treat Pain and Inflammation

Joel E. Schlosburg,1 Steven G. Kinsey,1 and Aron H. Lichtman1,2

Received 1 November 2008; accepted 9 December 2008; published online 29 January 2009

Abstract. The endogenous cannabinoid N-arachidonoyl ethanolamine (anandamide; AEA) produces
most of its pharmacological effects by binding and activating CB1 and CB2 cannabinoid receptors within
the CNS and periphery. However, the actions of AEA are short lived because of its rapid catabolism by
fatty acid amide hydrolase (FAAH). Indeed, FAAH knockout mice as well as animals treated with
FAAH inhibitors are severely impaired in their ability to hydrolyze AEA as well as a variety of
noncannabinoid lipid signaling molecules and consequently possess greatly elevated levels of these
endogenous ligands. In this mini review, we describe recent research that has investigated the functional
consequences of inhibiting this enzyme in a wide range of animal models of inflammatory and
neuropathic pain states. FAAH-compromised animals reliably display antinociceptive and anti-
inflammatory phenotypes with a similar efficacy as direct-acting cannabinoid receptor agonists, such as
Δ9-tetrahydrocannabinol (THC), the primary psychoactive constituent of Cannabis sativa. Importantly,
FAAH blockade does not elicit any apparent psychomimetic effects associated with THC or produce
reinforcing effects that are predictive of human drug abuse. The beneficial effects caused by FAAH
blockade in these models are predominantly mediated through the activation of CB1 and/or CB2

receptors, though noncannabinoid mechanisms of actions can also play contributory or even primary
roles. Collectively, the current body of scientific literature suggests that activating the endogenous
cannabinoid system by targeting FAAH is a promising strategy to treat pain and inflammation but lacks
untoward side effects typically associated with Cannabis sativa.

KEY WORDS: anandamide; CB1 cannabinoid receptor; CB2 cannabinoid receptor; endogenous
cannabinoid; fatty acid amide hydrolase (FAAH); inflammatory pain; neuropathic pain.

INTRODUCTION

The endogenous cannabinoid (EC) system is comprised of
the endogenous ligands 2-arachidonoyl glycerol (2-AG) and
N-arachidonoyl ethanolamine (anandamide; AEA) (1–3), the
enzymes regulating the biosynthesis and degradation of
these ligands (4), and two receptors (i.e., CB1 and CB2) (5,6)
that bind these ECs. The CB1 receptor is heterogeneously
distributed throughout the CNS and periphery (7) and is
responsible for the psychoactive effects of marijuana. Al-
though the CB2 receptor is primarily associated with immune
cells in the periphery, it is also present on microglia cells (8)
and has been identified at low levels in brainstem neurons (9).

Initially, N-acyl phosphatidylethanolamine phospho-
lipase D (NAPE-PLD) was believed to be the enzyme
responsible for the biosynthesis of AEA. However, the
observation that NAPE-PLD knockout mice possess wild

type levels of AEA invalidated this hypothesis (10). Alterna-
tive enzymes proposed to be responsible for AEA biosyn-
thesis include α/β-hydrolase 4 (Abh4) (11) and phospholipase
C (PLC)-catalyzed cleavage of NAPE to generate a lipid,
phosphoanandamide, which is subsequently dephosphory-
lated by phosphatases (12). Fatty acid amide hydrolase
(FAAH) is the major enzyme responsible for the catabolism
of AEA as well as noncannabinoid fatty acid amides (FAAs),
including N-palmitoyl ethanolamine (PEA), N-oleoyl etha-
nolamine (OEA), oleamide (13,14), and the N-acyl taurines
(NATs) (15).

2-AG is synthesized from phospholipid precursors by
PLC and diacylglycerol lipase. Monoacylglycerol lipase
(MAGL) appears to play the predominant role in 2-AG
degradation (16). Cravatt’s group has identified two other
enzymes, α/β-hydrolase 6 and 12 (i.e., ABHD6 andABHD12),
that contribute to 2-AG metabolism in the nervous system
(17). MAGL, ABHD6, and ADHD12 were determined to
account for approximately 85%, 4%, and 9% of brain 2-AG
hydrolysis activity, respectively. Importantly, these three
enzymes display distinct subcellular distributions in the brain,
suggesting that they may control different pools of 2-AG. In
contrast, FAAH seems to play a negligible role in 2-AG
metabolism in vivo.
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The EC system has been proposed to modulate a broad
range of physiological processes in the CNS and periphery,
including pain and inflammation, mood and anxiety disorders,
neurodegenerative disorders, cancer, atherosclerosis, myocar-
dial infarction, epilepsy, stroke, hypertension, glaucoma,
obesity or metabolic syndrome, and osteoporosis (18). The
presence of CB1 receptors and ECs in CNS regions associated
with pain, such as the amygdala, periaqueductal gray (PAG)
and the dorsal horn of the spinal cord (7,19–21) indicates that
key components of the EC system are positioned in the
appropriate neuroanatomical locations to regulate pain.

Stimulation of cannabinoid receptors with Δ9-tetra-
hydrocannabinol (THC), the primary active constituent of
Cannabis sativa, and other cannabinoid receptor agonists
has long been known to elicit antinociceptive and anti-
inflammatory effects and is the subject of many reviews
(18,22). Although cannabinoid receptor agonists produce
antinociceptive and anti-inflammatory effects across a wide
range of preclinical models, their psychomimetic side effects
and abuse potential have dampened enthusiasm for
developing drugs that act directly at CB1 receptors. On the
other hand, elevating AEA levels through genetic deletion or
pharmacological inhibition of FAAH dampens pain
sensitivity, without any apparent motor deficits or general
pharmacological effects associated with THC. Both irreversible
(e.g., URB597) and reversible (e.g., OL-135) inhibitors of
FAAH produce pharmacological effects similar to those
observed in FAAH (−/−) mice, including antinociception in
tail immersion, hot plate, and formalin tests (14,23–25). Of
great significance, URB597 lacks abuse potential in monkeys
(26). Presently, MAGL (−/−) mice have yet to be created and
selective inhibitors of MAGL are not available yet.1 Thus, this
mini review will focus on research investigating the role of
FAAH as a target to treat pain and inflammatory disorders.

TARGETING FAAH TO TREAT INFLAMMATION
AND INFLAMMATORY PAIN

There is a great deal of evidence accumulating suggesting
that FAAH can be targeted to treat inflammatory disorders
(28). Interestingly, rheumatoid arthritis as well as osteoar-
thritis patients possess elevated levels of AEA and 2-AG in
the synovial fluid (29), suggesting that ECs are released on
demand to offer protection in degrading arthritic connective
tissues. Here, we discuss preclinical studies that have inves-
tigated the impact of blocking FAAH in common models of
inflammatory pain and edema.

Carrageenan Inflammation Model

In the carrageenan model, an intraplantar injection of
λ-carrageenan into the rodent hind paw elicits local edema
and hyperalgesic responses to thermal and tactile stimuli.
Elevating endogenous levels of AEA and other bioactive
FAAs through genetic deletion or pharmacological inhibition
of FAAH elicits reliable anti-edema and anti-hyperalgesic
effects in the carrageenan model. FAAH (−/−) mice show

phenotypic reductions in carrageenan-induced paw swelling,
as do FAAH-NS mice that express FAAH exclusively on
neurons (30). The FAAH (−/−) anti-edema phenotype does
not appear to be mediated by CB1 or CB2 receptors because
the appropriate selective receptor antagonists failed to
normalize responses. Instead, these phenotypes may be
attributed to the actions of PEA, which has anti-edematous
properties when administered exogenously in mice (31) and
rats (32). Conversely, systemic administration of the FAAH
inhibitor URB597 reduces carrageenan-induced paw edema
through a CB2 receptor mechanism of action (33). Intra-
plantar administration of URB597 does not reduce edema
but reduces differential weight bearing in inflamed paws (34)
as well as the expansion of the nociceptor field size (35).

Complete Freund’s Adjuvant Model

An intraplantar injection of complete Freund’s adjuvant
(CFA) into rat hind paw exacerbates immune responses at
the injection site causing tissue lesions, granulomas, and
localized inflammatory pain similar to that of arthritis. CFA
injection is typically accompanied with both tactile and
thermal hyperalgesia. Methanandamide, an AEA analog that
is resistant to FAAH, reduced mechanical allodynia in CFA-
treated paws, which was blocked by the CB1 receptor
antagonist AM251 (36). Administration of URB597 reduced
both plantar thermal and mechanical threshold sensitivity in a
dose-dependent manner, both of which were reversed by CB1

and CB2 receptor antagonists (37). Furthermore, chronic
treatment of AM404, an inhibitor of FAAH as well as a
purported AEA transporter inhibitor, blocked both thermal
and mechanical hyperalgesia in inflamed paws. The anti-
hyperalgesic effects of chronic AM404 were reversible by a
single rimonabant injection prior to testing, suggesting a CB1

receptor-mediated reduction in pain sensitivity (38).

Allergic Contact Dermatitis Model

The contact allergen 2,4-dinitrofluorobenzene (DNFB),
which generates a specific cutaneous T cell-mediated allergic
response, produces swelling of ear pinnae following repeated
exposure. Research by Zimmer’s group strongly suggests that
this delayed-type hypersensitivity is under EC control (39).
Repeated treatment of DNFB elicited a significantly in-
creased ear swelling response in CB1 or CB2 receptor
compromised mice. In addition, repeated administration of
DNFB led to increased local levels of AEA and an increased
expression of CB2 receptor mRNA in the treated ear pinnae
of wild-type mice. Finally, FAAH (−/−) mice displayed a
significant decrease in DNFB-induced ear swelling. These
findings, taken together, indicate that the EC system may
undergo compensatory changes that dampen immunological
responses to repeated exposure of a cutaneous allergen.
Moreover, these findings suggest that FAAH inhibitors may
represent a therapeutic approach to treat cutaneous contact
hypersensitivity.

Gastrointestinal Inflammation Models

Exogenous cannabinoid receptor agonists and antago-
nists are well-established modulators of gastric emptying and

1 Since the acceptance of this mini review, a research report
introducing a novel and highly selective MAGL inhibitor found that
inhibition of this enzyme elicited CB1 receptor mediated hypoalgesic
effects in mice (27).
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motility, with agonists at both CB1 and CB2 receptors
generally inhibiting gastric motility (40). The most intense
focus has been on mouse models of colonic inflammation, in
which ECs have shown the clearest protective effects. Intra-
rectal di- or tri-nitrobenzene sulfonic acid (DNBS/TNBS) or
oral dextran sulfate sodium (DSS) produces pronounced
alteration in colon morphology in the form of ulceration,
edema, and shortening in colon length, as well as increased
MPO activity, indicating neutrophil activity. In both DNBS-
and DSS-induced inflammatory models, CB1 (−/−) mice and
rimonabant-treated wild type mice show enhanced inflamma-
tion and MPO activity. Furthermore, inflammation of the
colon led to a two-fold increase in CB1-receptor expressing
cells. This pattern of findings suggests that tonic endocanna-
binoid activity may provide protective effects against colonic
inflammation (41). FAAH (−/−) mice show reductions in
these inflammatory endpoints following DNBS (41). Addi-
tionally, the FAAH inhibitors, URB597 (42) and AA-5HT
(43), elicited similar reductions in the DNBS and TNBS
models, respectively. Likewise, VDM11, which is a substrate
for FAAH and prevents AEA uptake, improved both DNBS
and TNBS colon inflammation (42,43). The therapeutic
effects of FAAH inhibition appear to require the activation
of both CB1 and CB2 receptors, as CB1 (−/−) and CB2 (−/−)
mice are resistant to the effects of these drugs (43). The
above evidence has led to the implication of FAAH inhibitors
and EC modulating drugs as potential treatments for painful
conditions of the gastrointestinal tract and inflammatory
bowel disease, including colitis, ileitis, and Crohn’s disease.

NEUROPATHIC PAIN

Neuropathic pain results from nerve injury such as
amputation, diabetic neuropathy, or autoimmune disease, and
typical symptoms include numbness, tingling, increased sensitiv-
ity to noxious stimuli (hyperalgesia), and inappropriate percep-
tions of pain in response to non-noxious stimuli (i.e., allodynia).
As with other types of pain, neuropathic pain is primarily treated
pharmacologically, using antidepressants, opioids, and sedatives
(44). Several preclinical studies have examined the role of
FAAH as a target to treat neuropathic pain.

Commonly used rodent surgical procedures to induce
neuropathic pain involve chronic constriction injury of the
sciatic nerve (CCI), partial nerve ligation (PNG), or complete
spinal nerve ligation (SNL) procedures, generally in the
lumbar region. The development of neuropathic pain is
thought to be driven by glial cells in the dorsal spinal cord,
includingmicroglia and astrocytes (45). Following nerve injury,
glial cells become activated and produce chemokines and
proinflammatory cytokines including IL-1, IL-6, and TNF-α,
resulting in recruitment of immune cells to the injury site and
localized inflammation, which in turn increases noxious neural
stimulation and enhanced pain perception. In addition to pro-
inflammatory cytokines, microglial CB2 receptor expression is
also upregulated in vivo following CCI (46).

In addition to increased pro-inflammatory mediators,
endocannabinoids are concomitantly increased after nerve
injury. In mice, CCI caused increased AEA and 2-AG levels in
the spinal cord, PAG, rostral ventromedial medulla, and dorsal

raphe magnus 7 days post-surgery (47). Spinal nerve ligation
produced mechanical allodynia and thermal hyperalgesia in
the ipsilateral hind paw, accompanied with increasedAEA and
2-AG levels in the ipsilateral dorsal root ganglia (48).
Interestingly, fibromyalgia patients were found to possess
higher levels of circulating plasma AEA than controls (49).

Treatment with FAAH inhibitors reduces neuropathic
pain in animal models of neuropathic pain. In mice, repeated
oral administration of URB597 attenuated CCI-induced
thermal hyperalgesia and mechanical allodynia (50). These
effects were blocked by CB1 and CB2 receptor antagonists,
suggesting that both cannabinoid receptors are working in
concert. Local injection of URB597 as well as URB602, which
inhibits both FAAH and MAGL, into rat paws ipsilateral to
the ligated nerve, also attenuated thermal hyperalgesia and
mechanical allodynia (51). Similarly, the reversible FAAH
inhibitor, OL-135, reversed mechanical allodynia in a rat
spinal nerve ligation model (52). This anti-allodynic effect
was blocked by the CB2 receptor antagonist, SR144528, but
not by rimonabant. In addition, AM404 blocked mechanical
allodynia in rats subjected to partial nerve ligation (53). This
effect was blocked by a CB1 receptor antagonist; however,
CB2 receptor antagonists were not evaluated in this study. In
contrast to mice treated with FAAH inhibitors, FAAH (−/−)
mice do not to display a phenotypic reduction of thermal
hyperalgesia in the CCI model (24). With the exception of
this neuropathic pain model, genetic deletion and pharmaco-
logical inhibition of FAAH show excellent concordance in
dampening nociception in acute and inflammatory pain
models. It is possible that compensatory changes occurring in
FAAH (−/−) mice made them resistant to the consequences of
elevated levels of AEA following neuropathic pain. Collec-
tively, these studies indicate FAAH inhibitors are efficacious in
rodent models of neuropathic pain, though the underlying
mechanisms of action are dependent on species or other
procedural conditions.

NONCANNABINOID RECEPTOR MECHANISMS
OF ACTION

It is important to note that AEA has affinity at receptors
besides CB1 and CB2 receptors. Also, as already described,
FAAH regulates endogenous levels of AEA as well as a
variety of noncannabinoid lipid signaling molecules (14,15).
Thus, it should not be surprising that noncannabinoid
receptor mechanisms are often found to contribute to the
antinociceptive or anti-inflammatory effects caused by FAAH
inhibition. The three main noncannabinoid receptors that will
be reviewed here include vanilloid (TRPV1), peroxisome
proliferator-activated receptors (PPAR), and opioid receptors.

Binding data as well as functional pharmacological data
indicate that TRPV1 receptors contribute to the pharmaco-
logical actions of the substrates of FAAH. AEA (54) as well
as the NATs (15) have been demonstrated to bind to TRPV1
receptors. The observation that the TRPV1 antagonist
capsazepine blocks the thermal anti-hyperalgesic effects of
intrathecal AEA in the carrageenan model (55) suggests a
functional role of this “off-target.” Also, CB1 and TRPV1
receptor antagonists partially blocked the thermal analgesic
effects caused by infusion of URB597 into the PAG (56) and
partially blocked the anti-hyperalgesic properties of PEA in
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neuropathic pain (57). Although the potency of AEA
towards TRPV1 receptors is about tenfold less than that of
AEA towards cannabinoid receptors, preincubation with
common inflammatory mediators such as bradykinin and
prostaglandin E2 shifts AEA potency for TRPV1 receptor
activation into a range similar to that of cannabinoid
receptors (58). However, other data suggest that AEA
activation of cannabinoid and TRPV1 receptors plays oppos-
ing roles in modulating pain. Specifically, AEA stimulation of
the TRPV1 receptor results in release of pro-nociceptive
calcitonin gene-related peptide from sensory neurons, but
CB1 receptor activation simultaneously reduces neuronal
field sensitivity and size (59).

PPARα receptors also play an important role in the
analgesic and anti-inflammatory effects of URB597. For
example, the PPARα receptor antagonist GW6471, but not a
CB1 receptor antagonist, blocked URB597-induced reductions
in the expansion of the receptive field of spinal neurons caused
by carrageenan paw inflammation (35). Similarly, GW6471
blocked the anti-hyperalgesic effects of URB597 in the
carrageenan model (34). Of importance, AEA, PEA, and
OEA have each been shown to bind to and activate PPARα
receptors (60). Both OEA and PEA elicited anti-inflammatory
effects in the carrageenan paw edema and TPA ear edema
models (61). These effects were not reversed by cannabinoid
receptor antagonists but were absent in PPARα (−/−) mice.
These data suggest that the activation of PPARα receptors can
contribute the antinociceptive effects of FAAH inhibitors.

Interactions between cannabinoid and opioid analgesia
have long been an area of interest. Although naloxone failed
to attenuate the analgesic effects of AEA in FAAH (−/−)
mice, as evaluated in the tail immersion test (14), two other
studies reported a functional role of opioid receptors in the
antinociception caused by genetic or pharmacological inhibi-
tion of FAAH. First, the anti-hyperalgesic effects of OL-135
in rat spinal nerve ligation and thermal injury models were
blocked by naloxone (52). Second, combined administration
of URB597 and AEA elicited analgesic responses in the tail-
flick test that were reversed by either systemic administration
of naloxone or intrathecal administration of the kappa
opioid receptor antagonist nor-BNI (62). These interesting
findings should provoke additional investigation delineating
the relationship between the EC and endogenous opioid
systems.

CONCLUSIONS

The complementary genetic and pharmacological tools
used to investigate cannabinoid receptors and enzymes
regulating ECs have not only greatly increased our basic
understanding of the EC system, but have also identified
FAAH as a promising therapeutic target to treat a wide range
of painful and inflammatory conditions. FAAH inhibitors
produce anti-inflammatory and anti-hyperalgesic effects in a
wide range of animal models. These beneficial effects caused
by FAAH blockade are predominantly mediated through the
activation of CB1 or CB2 receptors, though noncannabinoid
mechanisms of actions can also play contributory or even
primary roles. The observations that FAAH inhibitors do not
elicit general cannabinoid effects and lack abuse potential are
encouraging from a drug development perspective.

ACKNOWLEDGEMENTS

This research was supported by the following grants from
the NIH: P50DA005274, R01DA015197, R01DA015683,
P01DA009789, and T32DA007027.

REFERENCES

1. W. A. Devane, L. Hanus, A. Breuer, R. G. Pertwee, L. A.
Stevenson, G.Griffin, D.Gibson, A.Mandelbaum,A. Etinger, and
R. Mechoulam. Isolation and structure of a brain constituent that
binds to the cannabinoid receptor. Science. 258:1946–1949 (1992).

2. R. Mechoulam, et al. Identification of an endogenous 2-
monoglyceride, present in canine gut, that binds to cannabinoid
receptors. Biochem. Pharmacol. 50:83–90 (1995).

3. T. Sugiura, S. Kondo, A. Sukagawa, S. Nakane, A. Shinoda, K.
Itoh, A. Yamashita, and K. Waku. 2-Arachidonoyglycerol: A
possible endogenous cannabinoid receptor ligand in brain.
Biochem. Biophys. Res. Comm. 215:89–97 (1995).

4. K. Ahn, M. K. McKinney, and B. F. Cravatt. Enzymatic
pathways that regulate endocannabinoid signaling in the nervous
system. Chem Rev. 108:1687–1707 (2008).

5. L. A. Matsuda, S. J. Lolait, M. J. Brownstein, A. C. Young, and
T. I. Bonner. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature. 346:561–564 (1990).

6. C. M. Gerard, C. Mollereau, G. Vassart, and M. Parmentier.
Molecular cloning of a human cannabinoid receptor which is also
expressed in testis. Biochem J. 279(Pt 1):129–134 (1991).

7. M. Herkenham, A. B. Lynn, M. R. Johnson, L. S. Melvin, B. R.
de Costa, and K. C. Rice. Characterization and localization of
cannabinoid receptors in rat brain: A quantitative in vitro
autoradiographic study. J. Neurosci. 11:563–583 (1991).

8. G. A. Cabral, E. S. Raborn, L. Griffin, J. Dennis, and F.
Marciano-Cabral. CB2 receptors in the brain: role in central
immune function. Br. J. Pharmacol. 153:240–251 (2008).

9. M. D. Van Sickle, et al. Identification and functional charac-
terization of brainstem cannabinoid CB2 receptors. Science.
310:329–332 (2005).

10. D. Leung, A. Saghatelian, G. M. Simon, and B. F. Cravatt.
Inactivation of N-acyl phosphatidylethanolamine phospholipase
D reveals multiple mechanisms for the biosynthesis of endocan-
nabinoids. Biochemistry. 45:4720–4726 (2006).

11. G. M. Simon, and B. F. Cravatt. Endocannabinoid biosynthesis
proceeding through glycerophospho-N-acyl ethanolamine and a
role for alpha/beta-hydrolase 4 in this pathway. J. Biol. Chem.
281:26465–26472 (2006).

12. J. Liu, L. Wang, J. Harvey-White, D. Osei-Hyiaman, R. Razdan,
Q. Gong, A. C. Chan, Z. Zhou, B. X. Huang, H. Y. Kim, and G.
Kunos. A biosynthetic pathway for anandamide. Proc. Natl.
Acad. Sci. USA. 103:13345–13350 (2006).

13. B. F. Cravatt, D. K. Giang, S. P. Mayfield, D. L. Boger, R. A.
Lerner, and N. B. Gilula.Molecular characterization of an enzyme
that degrades neuromodulatory fatty-acid amides. Nature. 384:
83–87 (1996).

14. B. F. Cravatt, K. Demarest, M. P. Patricelli, M. H. Bracey, D. K.
Giang, B. R. Martin, and A. H. Lichtman. Supersensitivity to
anandamide and enhanced endogenous cannabinoid signaling in
mice lacking fatty acid amide hydrolase. Proc. Natl. Acad. Sci.
U S A. 98:9371–9376 (2001).

15. A. Saghatelian, M. K. McKinney, M. Bandell, A. Patapoutian,
and B. F. Cravatt. A FAAH-regulated class of N-acyl taurines
that activates TRP ion channels. Biochemistry. 45:9007–9015
(2006).

16. N. Ueda. Endocannabinoid hydrolases. Prostaglandins Other
Lipid Mediat. 68-69:521–534 (2002).

17. J. L. Blankman, G. M. Simon, and B. F. Cravatt. A comprehen-
sive profile of brain enzymes that hydrolyze the endocannabi-
noid 2-arachidonoylglycerol. Chem. Biol. 14:1347–1356 (2007).

18. P. Pacher, S. Batkai, and G. Kunos. The endocannabinoid system
as an emerging target of pharmacotherapy. Pharmacol. Rev.
58:389–462 (2006).

42 Schlosburg, Kinsey and Lichtman



19. A. G. Hohmann, and M. Herkenham. Localization of central
cannabinoid CB1 receptor messenger RNA in neuronal sub-
populations of rat dorsal root ganglia: a double-label in situ
hybridization study. Neurosci. 90:923–931 (1999).

20. A. G. Hohmann, and M. Herkenham. Cannabinoid receptors
undergo axonal flow in sensory nerves. Neuroscience. 92:1171–
1175 (1999).

21. V. Di Marzo, C. S. Breivogel, Q. Tao, D. T. Bridgen, R. K.
Razdan, A. M. Zimmer, A. Zimmer, and B. R. Martin. Levels,
metabolism, and pharmacological activity of anandamide in CB
(1) cannabinoid receptor knockout mice: evidence for non-CB
(1), non-CB(2) receptor-mediated actions of anandamide in
mouse brain. J. Neurochem. 75:2434–2444 (2000).

22. J. M. Walker, and A. G. Hohmann. Cannabinoid mechanisms of
pain suppression. Handb. Exp. Pharmacol. 168:509–554 (2005).

23. S. Kathuria, et al. Modulation of anxiety through blockade of
anandamide hydrolysis. Nat. Med. 9:76–81 (2003).

24. A. H. Lichtman, C. C. Shelton, T. Advani, and B. F. Cravatt.
Mice lacking fatty acid amide hydrolase exhibit a cannabinoid
receptor-mediated phenotypic hypoalgesia. Pain. 109:319–327
(2004).

25. A. H. Lichtman, D. Leung, C. C. Shelton, A. Saghatelian, C.
Hardouin, D. L. Boger, and B. F. Cravatt. Reversible inhibitors
of fatty acid amide hydrolase that promote analgesia: evidence
for an unprecedented combination of potency and selectivity. J.
Pharmacol. Exp. Ther. 311:441–448 (2004).

26. Z. Justinova, R. A. Mangieri, M. Bortolato, S. I. Chefer, A. G.
Mukhin, J. R. Clapper, A. R. King, G. H. Redhi, S. Yasar, D.
Piomelli, and S. R. Goldberg. Fatty acid amide hydrolase
inhibition heightens anandamide signaling without producing
reinforcing effects in primates. Biol. Psychiatry. 64(11):930–937
(2008).

27. J. Z. Long, W. Li, L. Booker, J. J. Burston, S. G. Kinsey, J.E.
Schlosburg, F. J. Pavón , A. M. Serrano, D. E. Selley, L. H.
Parsons, A. H. Lichtman, and B. F. Cravatt. Selective blockade
of 2-arachidonoylglycerol hydrolysis produces cannabinoid be-
havioral effects. Nat Chem Biol. 5:37–44 (2009).

28. J. L. Croxford, and T. Yamamura. Cannabinoids and the immune
system: potential for the treatment of inflammatory diseases?
J. Neuroimmunol. 166:3–18 (2005).

29. D. Richardson, R. G. Pearson, N. Kurian, M. L. Latif, M. J.
Garle, D. A. Barrett, D. A. Kendall, B. E. Scammell, A. J.
Reeve, and V. Chapman. Characterisation of the cannabinoid
receptor system in synovial tissue and fluid in patients with
osteoarthritis and rheumatoid arthritis. Arthritis research &
therapy. 10:R43 (2008).

30. B. F. Cravatt, A. Saghatelian, E. G. Hawkins, A. B. Clement, M.
H. Bracey, and A. H. Lichtman. Functional disassociation of the
central and peripheral fatty acid amide signaling systems. Proc.
Natl. Acad. Sci. USA. 101:10821–10826 (2004).

31. L. E. Wise, R. Cannavacciulo, B. F. Cravatt, B. F. Martin, and A.
H. Lichtman. Evaluation of fatty acid amides in the carrageenan-
induced paw edema model. Neuropharmacology. 54:181–188
(2008).

32. B. Costa, S. Conti, G. Giagnoni, and M. Colleoni. Therapeutic
effect of the endogenous fatty acid amide, palmitoylethanolamide,
in rat acute inflammation: inhibition of nitric oxide and cyclo-
oxygenase systems. Br. J. Pharmacol. 137:413–420 (2002).

33. S. Holt, F. Comelli, B. Costa, and C. J. Fowler. Inhibitors of fatty
acid amide hydrolase reduce carrageenan-induced hind paw
inflammation in pentobarbital-treated mice: comparison with
indomethacin and possible involvement of cannabinoid recep-
tors. Br. J. Pharmacol. 146:467–476 (2005).

34. M. D. Jhaveri, et al. Inhibition of fatty acid amide hydrolase and
cyclooxygenase-2 increases levels of endocannabinoid related
molecules and produces analgesia via peroxisome proliferator-
activated receptor-alpha in a model of inflammatory pain.
Neuropharmacology. 55:85–93 (2008).

35. D. R. Sagar, D. A. Kendall, and V. Chapman. Inhibition of fatty
acid amide hydrolase produces PPAR-alpha-mediated analgesia
in a rat model of inflammatory pain. Br. J. Pharmacol. 155
(8):1297–1306 (2008).

36. C. Potenzieri, T. S. Brink, C. Pacharinsak, and D. A. Simone.
Cannabinoid modulation of cutaneous A{delta} nociceptors
during inflammation. J. Neurophysiol. 100(5):2794–2806 (2008).

37. A. Jayamanne, R. Greenwood, V. A. Mitchell, S. Aslan, D.
Piomelli, and C. W. Vaughan. Actions of the FAAH inhibitor
URB597 in neuropathic and inflammatory chronic pain models.
Br. J. Pharmacol. 147:281–288 (2006).

38. G. La Rana, R. Russo, P. Campolongo, M. Bortolato, R. A.
Mangieri, V. Cuomo, A. Iacono, G. M. Raso, R. Meli, D.
Piomelli, and A. Calignano. Modulation of neuropathic and
inflammatory pain by the endocannabinoid transport inhibitor
AM404 [N-(4-hydroxyphenyl)-eicosa-5,8,11,14-tetraenamide].
J. Pharmacol. Exp. Ther. 317:1365–1371 (2006).

39. M. Karsak, et al. Attenuation of allergic contact dermatitis through
the endocannabinoid system. Science. 316:1494–1497 (2007).

40. A. A. Izzo, and A. A. Coutts. Cannabinoids and the digestive
tract. Handb. Exp. Pharmacol. 168:573–598 (2005).

41. F. Massa, G. Marsicano, H. Hermann, A. Cannich, K. Monory,
B. F. Cravatt, G. L. Ferri, A. Sibaev, M. Storr, and B. Lutz. The
endogenous cannabinoid system protects against colonic inflam-
mation. J. Clin. Invest. 113:1202–1209 (2004).

42. M. A. Storr, et al. Targeting endocannabinoid degradation
protects against experimental colitis in mice: involvement of
CB1 and CB2 receptors. J. Mol. Med. 86:925–936 (2008).

43. G. D’Argenio, M. Valenti, G. Scaglione, V. Cosenza, I. Sorrentini,
and V. Di Marzo. Up-regulation of anandamide levels as an
endogenous mechanism and a pharmacological strategy to limit
colon inflammation. FASEB J: official publication of the Federa-
tion of American Societies for Experimental Biology. 20:568–570
(2006).

44. N. Attal, G. Cruccu, M. Haanpaa, P. Hansson, T. S. Jensen, T.
Nurmikko, C. Sampaio, S. Sindrup, and P. Wiffen. EFNS
guidelines on pharmacological treatment of neuropathic pain.
Eur. J. Neurol. 13:1153–1169 (2006).

45. L. R. Watkins, M. R. Hutchinson, A. Ledeboer, J. Wieseler-
Frank, E. D. Milligan, and S. F. Maier. Norman Cousins Lecture.
Glia as the “bad guys”: implications for improving clinical pain
control and the clinical utility of opioids. Brain Behav. Immun.
21:131–146 (2007).

46. J. Zhang, C. Hoffert, H. K. Vu, T. Groblewski, S. Ahmad, and D.
O’Donnell. Induction of CB2 receptor expression in the rat
spinal cord of neuropathic but not inflammatory chronic pain
models. Eur. J. Neurosci. 17:2750–2754 (2003).

47. S. Petrosino, E. Palazzo, V. de Novellis, T. Bisogno, F. Rossi, S.
Maione, and V. Di Marzo. Changes in spinal and supraspinal
endocannabinoid levels in neuropathic rats. Neuropharmacology.
52:415–422 (2007).

48. S. Mitrirattanakul, N. Ramakul, A. V. Guerrero, Y. Matsuka, T.
Ono, H. Iwase, K. Mackie, K. F. Faull, and I. Spigelman. Site-
specific increases in peripheral cannabinoid receptors and their
endogenous ligands in a model of neuropathic pain. Pain.
126:102–114 (2006).

49. I. Kaufmann, G. Schelling, C. Eisner, H. P. Richter, T. Krauseneck,
M. Vogeser, D. Hauer, P. Campolongo, A. Chouker, A. Beyer, and
M. Thiel. Anandamide and neutrophil function in patients with
fibromyalgia. Psychoneuroendocrinology. 33:676–685 (2008).

50. R. Russo, J. Loverme, G. La Rana, T. R. Compton, J. Parrott, A.
Duranti, A. Tontini, M. Mor, G. Tarzia, A. Calignano, and D.
Piomelli. The fatty acid amide hydrolase inhibitor URB597
(cyclohexylcarbamic acid 3’-carbamoylbiphenyl-3-yl ester)
reduces neuropathic pain after oral administration in mice. J.
Pharmacol. Exp. Ther. 322:236–242 (2007).

51. J. Desroches, J. Guindon, C. Lambert, and P. Beaulieu. Modula-
tion of the anti-nociceptive effects of 2-arachidonoyl glycerol by
peripherally administered FAAH and MGL inhibitors in a
neuropathic pain model. Br. J. Pharmacol. 155(6):913–924 (2008).

52. L. Chang, L. Luo, J. A. Palmer, S. Sutton, S. J. Wilson, A. J.
Barbier, J. G. Breitenbucher, S. R. Chaplan, and M. Webb.
Inhibition of fatty acid amide hydrolase produces analgesia by
multiple mechanisms. Br. J. Pharmacol. 148:102–113 (2006).

53. V. A. Mitchell, R. Greenwood, A. Jayamanne, and C. W.
Vaughan. Actions of the endocannabinoid transport inhibitor
AM404 in neuropathic and inflammatory pain models. Clin. Exp.
Pharmacol. Physiol. 34:1186–1190 (2007).

54. M. Tognetto, S. Amadesi, S. Harrison, C. Creminon, M. Trevisani,
M. Carreras, M. Matera, P. Geppetti, and A. Bianchi. Ananda-
mide excites central terminals of dorsal root ganglion neurons via
vanilloid receptor-1 activation. J. Neurosci. 21:1104–1109 (2001).

43Targeting FAAH to Treat Pain and Inflammation



55. G. Horvath, G. Kekesi, E. Nagy, and G. Benedek. The role of
TRPV1 receptors in the antinociceptive effect of anandamide at
spinal level. Pain. 134:277–284 (2008).

56. S. Maione, T. Bisogno, V. de Novellis, E. Palazzo, L. Cristino, M.
Valenti, S. Petrosino, V. Guglielmotti, F. Rossi, and V. Di Marzo.
Elevation of endocannabinoid levels in the ventrolateral peri-
aqueductal grey through inhibition of fatty acid amide hydrolase
affects descending nociceptive pathways via both cannabinoid
receptor type 1 and transient receptor potential vanilloid type-1
receptors. J. Pharmacol. Exp. Ther. 316:969–982 (2006).

57. B. Costa, F. Comelli, I. Bettoni, M. Colleoni, and G. Giagnoni.
The endogenous fatty acid amide, palmitoylethanolamide,
has anti-allodynic and anti-hyperalgesic effects in a murine
model of neuropathic pain: involvement of CB(1), TRPV1 and
PPARgamma receptors and neurotrophic factors. Pain. (2008),
Epub ahead of print.

58. A. Singh Tahim, P. Santha, and I. Nagy. Inflammatory mediators
convert anandamide into a potent activator of the vanilloid type

1 transient receptor potential receptor in nociceptive primary
sensory neurons. Neuroscience. 136:539–548 (2005).

59. J. Ahluwalia, L. Urban, S. Bevan, and I. Nagy. Anandamide
regulates neuropeptide release from capsaicin-sensitive primary
sensory neurons by activating both the cannabinoid 1 receptor
and the vanilloid receptor 1 in vitro. Eur. J. Neurosci. 17:2611–
2618 (2003).

60. Y. Sun, S. P. Alexander, D. A. Kendall, and A. J. Bennett.
Cannabinoids and PPARalpha signalling. Biochem. Soc. Trans.
34:1095–1097 (2006).

61. J. Lo Verme, J. Fu, G. Astarita, G. La Rana, R. Russo, A.
Calignano, and D. Piomelli. The nuclear receptor peroxisome
proliferator-activated receptor-alpha mediates the anti-inflammatory
actions of palmitoylethanolamide. Mol. Pharmacol. 67:15–19
(2005).

62. V. L. Haller, D. L. Stevens, and S. P. Welch. Modulation of
opioids via protection of anandamide degradation by fatty acid
amide hydrolase. Eur. J. Pharmacol. 600(1–3):50–58 (2008).

44 Schlosburg, Kinsey and Lichtman


	Targeting Fatty Acid Amide Hydrolase (FAAH) to Treat Pain and Inflammation
	Abstract
	INTRODUCTION
	TARGETING FAAH TO TREAT INFLAMMATION AND INFLAMMATORY PAIN
	Carrageenan Inflammation Model
	Complete Freund’s Adjuvant Model
	Allergic Contact Dermatitis Model
	Gastrointestinal Inflammation Models
	NEUROPATHIC PAIN
	NONCANNABINOID RECEPTOR MECHANISMS OF ACTION

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


