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Introduction

A unique responsiveness to capsaicin (1), the irritant
principle of hot peppers, is a functional signature of
nociceptive neurons. The resulting transient excitation
of sensitive pathways is followed by a long-lasting re-
fractory state, traditionally referred to as desensitiza-
tion, during which the neurons become unresponsive not
only to subsequent capsaicin challenges but also to
unrelated noxious stimuli such as heat and acids.! A
membrane recognition site for capsaicin was identified
as the vanilloid receptor VR1, recently renamed as
TRPV1 (transient receptor potential channel, vanilloid
subfamily member 1).2 Desensitization to capsaicin has
a clear therapeutic potential. In fact, capsaicin and its
ultrapotent analogue resiniferatoxin (2a) have been
tried on an empirical basis in diverse disease states
ranging from chronic intractable pain through vasomo-
tor rhinitis to the overactive bladder.® These clinical
trials have been reviewed extensively and will not be
dealt with here. Instead, we focus on vanilloid receptor
antagonists as an emerging class of novel, analgesic,
antiinflammatory agents.

There is mounting evidence that during inflammatory
conditions the density of TRPV1 expression is enhanced.
Furthermore, endogenous substances, the so-called “en-
dovanilloids”, generated during inflammation and acting
in concert with low pH and elevated temperature may
liberate TRPV1 under the inhibitory control of phos-
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phatidylinositol (4,5)-bisphosphate (PIP,).2 These find-
ings have launched massive efforts on part of the
pharmaceutical industry to identify novel, orally active
TRPV1 antagonists in the hope that a block of the
endovanilloid signaling via TRPV1 might be useful in
chronic pain and inflammatory hyperalgesia. Further-
more, TRPV1 antagonists should be devoid of neuro-
toxicity, the most important potential side effect of
TRPV1 hyperstimulation (calcium overload) by agonists.
The use of the vanilloid antagonist capsazepine (3) in
animal models of human disease has, however, been so
far disappointing, and the discovery of TRPV1 on cells
other than nociceptive neurons is raising the inevitable
questions: Are TRPV1 antagonists really as safe and
effective as originally thought? Are such antagonists
really the analgesic drugs of the future, or are we
putting the cart before the horse? This review attempts
to answer these questions.

Definition of “Vanilloid” and the Place of
TRPVL1 in the Grand Scheme of Receptors

The name vanilloid is semantically confusing, having
different implications in chemistry, pharmacology, and
molecular biology. Chemically speaking, a vanilloid is
a compound whose structure embodies a 4-hydroxy-3-
methoxybenzyl (i.e., vanillyl) moiety. Since capsaicin (1)
and resiniferatoxin (2a) are vanilloids, the receptor at
which they interact was logically termed the vanilloid
receptor.! However, an array of vanilloid receptor ago-
nists was subsequently discovered that lacked any
recognizable vanillyl moiety,* creating the awkward
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situation of having to define as “vanilloids” even totally
aliphatic compounds such as anandamide (4). The
recent trend of defining receptors at a molecular level
(i.e., based on primary amino acid analysis) added a
further level of complexity (and uncertainty) to the
meaning of the term “vanilloid”.

The vanilloid receptor TRPV1 belongs to the large
family (currently containing 26 members) of transient
receptor potential (TRP) channels that comprise a
diverse group of non-voltage-gated cation channels
involved in sensory signaling, ranging from thermal and
mechanical nociception to vision, taste, olfaction, touch,
and osmosensation.> The physiologic functions of many
remain unknown. These channels are believed to con-
stitute four different subfamilies: C (canonical or clas-
sical), V (vanilloid), M (melastatin-related), and P (PKD-
type).5 Membership in a given subfamily does not,
however, determine the activating stimuli. This is
exemplified by the V and M subfamilies, both of which
have members that respond to temperature. By the
same reasoning, belonging to the V subfamily does not
necessarily imply that the receptor is activated by
vanilloids and, conversely, vanilloid-activated receptors
may belong to a subfamily of TRP other than V, or a
completely distinct receptor family. Predictably, the
different meanings of “vanilloid” in chemistry, pharma-
cology, and molecular biology will remain a source of
confusion in the foreseeable future.

Molecular Pharmacology of TRPV1

In a simplistic manner, TRPV1 may be thought of as
a molecular integrator of various noxious chemical (e.g.,
vanilloids and acids) and physical stimuli, most notably
heat.” However, the pharmacology of TRPV1 is remark-
ably complex.! As a thermal sensor, TRPV1 is activated
by temperatures exceeding 43 °C, but the heat threshold
is significantly lowered by mild acidification, by endog-
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enous ligands from the fatty acid and eicosanoid pools
(lipoxygenase products, anandamide (4), N-arachidonoyl-
dopamine (NADA, 5a), N-oleoyldopamine (OLDA, 5b)),
and by a structurally heterogeneous family of exogenous
ligands.137=9 This could result in constant activation
of TRPV1 even at body temperature. Conversely, the
endogenous lipid phosphatidylinositol (4,5)-diphosphate
(PIP2) has an opposite effect on TRPVL, elevating its
threshold of activation and maintaining the receptor in
a closed (inactive) state.®

TRPVL1 is a serpentine protein that has six trans-
membrane segments flanked by specific ankyrin do-
mains in the cytosolic N-terminal portion.” This portion
contains consensus phosphorylation sequences for pro-
tein kinases. In fact, both protein kinase C and A have
been implicated in the sensitization or direct activation
of TRPV1 (reviewed in ref 3). Of note, phospholipase C
can also activate TRPV1 in an indirect way by cleaving
of PIP, (reviewed in ref 3). Activation of other membrane
receptors by inflammatory mediators such as bradyki-
nin and nerve growth factor can lead to TRPV1 activa-
tion via phosphorylation.®

The putative channel pore (P-loop) with the proton
sensor is located between the last two transmembrane
segments, TM5 and TM6, and a vanilloid-binding
domain has been identified in the intracellular region
linking S2 to S3.10

TRPV1 is believed to exist in an oligomeric form, and
the heterogeneous quaternary assembly of TRPV1 with
other channels (or regulatory proteins) might account
for some of the discrepancies observed in cellular assays
of vanilloid activity carried out with native and cloned
receptors.13

This complexity foreshadows some inherent problems
with TRPV1 antagonists. Since TRPVL1 is targeted by
heat, protons, and a multitude of “endovanilloids” that
most likely interact at distinct recognition sites in a
synergistic manner,® competitive TPRV1 antagonists
may not be able to prevent the activation of the receptor
by simply blocking a single class of binding sites. This
problem may be circumvented by using a functional
antagonist that keeps the channel pore from opening.
The feasibility of this approach was first indicated by
ruthenium red (see below).

TRPV1 Antagonists: The Beginnings

Historically, the anionic histochemical dye ruthenium
red (RR, 6) was the first (and for decades, the only)
vanilloid receptor blocker available.!! RR is a trinuclear
mixed-valence complex that has no effect on capsaicin
or resiniferatoxin binding.! Its mechanism of action is
still unclear but is believed to involve the “clogging” of
the channel pore by the large RR molecule.r!! While
RR served as a useful tool in vitro, its use at the whole
animal level was prevented by a powerful proconvulsive
activity that may be mediated by a target other than
TRPV1.

Capsazepine (3), the first competitive vanilloid an-
tagonist, emerged from studies by the Sandoz (now
Novartis) group that were aimed at assessing the effect
of conformational constraint on the lipophilic C-region
of capsaicin.’? In capsazepine (a capsaicinoid of the
thiourea type) a propylidene linker between the vanillyl
2-carbon and the amide nitrogen forces the aromatic
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ring in an orthogonal orientation compared to the
thiourea bond. This constraint has long been considered
as the hallmark of vanilloid antagonism, but its rel-
evance for the reversal of biological activity might have
been overestimated, since acyclic vanilloids lacking this
feature and outperforming capsazepine in terms of
inhibition have been discovered.

In animal models, capsazepine has been used with
conflicting results to dissect the contribution of VR1 to
chronic pain and inflammatory hyperalgesia. Cap-
sazepine has poor metabolic and pharmacokinetic prop-
erties in rodents, where it undergoes extensive first-
pass metabolism when given orally. In mice, capsazepine
blocks the early, but not the late, phase of formalin-
induced nociception.13 In the rat, intradermal injection
of capsazepine increased the latency of the paw-
withdrawal response evoked by carrageenan, while the
inflammation and thermal hyperalgesia by carrageenan
remained unaffected.’* In the guinea pig, capsazepine
(1—30 mg/kg sc) produced a 44% reversal of mechanical
hyperalgesia by Freund’s complete adjuvant (FCA) and
an even more profound (80%) reversal of neuropathic
pain following partial sciatic nerve ligation.1® Strikingly,
capsazepine had no effect in the rat under similar
experimental conditions.'®> The mechanisms underlying
these species-related differences are poorly understood,
hindering the extrapolation of these findings to humans.
A possible explanation involves a combination of phar-
macokinetic differences and species-related differences
in capsazepine binding to TRPV1. Since capsazepine can
also block receptors different from TRPV1,! no clear-
cut interpretation of these data is possible.

TRPV1 Antagonists Structurally Related to
Agonists

A serendipitous discovery at NovoNordisk revealed
that the introduction of an iodine atom on the vanillyl
moiety of the archetypal TRPV1 agonist resiniferatoxin
reverses its pharmacological activity in a way dependent
on the location of the halogen.1® Full reversal of activity
takes place upon iodination at C-5 (2b),'¢ yielding a
compound that is 100-fold more potent than cap-
sazepine. Conversely, iodination at C-6 gave only a
partial agonist (2c).1” Although scarcity of resinifera-
toxin prevented further studies, a systematic investiga-
tion on the effect of iodination was carried out with
nonivamide (7a), the so-called synthetic capsaicin.*® The
results showed that introduction of a halogen (chlorine,
bromine, iodine) at both C-5 and C-6 could reverse the
vanilloid activity, with higher inhibitory potency for
substitution at C-6 compared to C-5. The inhibitory
potency (I > Br > CI) correlates directly with the size
of the substituent and inversely with their electrone-
gativity.’® The 6-iodo derivative 7b emerged as the most
active compound in the series. Taken together, these
observations show that halogenation is a powerful
means to reverse the activity of vanilloids. Despite the
high potency of 5-iodoresiniferatoxin (2b) in cellular
assays, this compound showed only poor activity in in
vivo assays of vanilloid antagonism, including the
inhibition of capsaicin-induced flinching in rats.’® The
discrepancy between the in vitro and in vivo activities
and the marked species-related differences may reflect
poor pharmacokinetic properties.
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Antagonistic capsaicinoids could also be obtained by
(formal) amidation of vanillamine with a series of 4-(a-
pyridyl)piperazine-1-carboxylic acids, as exemplified by
Neurogen’s urea antagonist 8.2° The 4-(a-pyridyl)pip-
eridine-1-carboxamide moiety could also be implanted
on various aromatic amines, generating highly potent
vanilloid antagonists (as well as thorny proprietary
issues; see below). The hallmark of these compounds is
the presence of a basic nitrogen atom in the C-region,
an interesting modification that makes these compounds
the most hydrophilic vanilloid ligands reported so far.
The discovery of these ligands further highlights the
relevance for the activity of the ring C-region of vanil-
loids, once simply considered a simple lipophilic tail
nonspecifically involved in binding.

N-(4-Chlorobenzyl)-N'-(4-hydroxy-3-iodo-5-methoxy-
benzyl)thiourea (IBTU) is unusual in that it does inhibit
[BH]resiniferatoxin binding at concentrations at which
it completely inhibits resiniferatoxin-induced 4°Ca?*
uptake.2! On the basis of these findings, it was sug-
gested that such antagonists can be designed that
antagonize TRPV1 only in defined contexts.

Within the simplified resiniferonol 9,13,14-orthophe-
nylacetate (ROPA) template of 2-benzyl-3-acyloxypro-
panamine, replacement of the 3-methoxy-4-hydroxyl
substitution of the aromatic A-region with a 3-fluoro-
4-methansulfonamido functionality could achieve an
excellent reversal of activity, as exemplified by 9a,
which substantially maintained the ultrapotency of the
parent agonist 9b (K; < 10 nM).22 Simple replacement
of the 4-hydroxyl with the sulfonamido group, as in 9c,
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maintained agonistic activity that could be partly
reversed by the deletion of the 3-methoxy group, as in
9d.?2 The ROPA mimic turned out to be redundant for
high affinity, and the capsaicinoid-type thiourea 10
eventually emerged from these studies as a powerful
in vivo analgesic compound.?® Of note, compound 10 was
inspired by work from the Sandoz (now Novartis) group,
where the thiourea and the 4-tert-butyl moieties emerged
as optimized B and C regions for capsaicin-like activ-
ity.2*

The GlaxoSmithKline lead SB-366791 (11)2° is some-
what related to the inhibitor of anandamide transporter
and powerful vanilloid agonist AM-404 (12) with an
m-anisidinyl and a p-chlorocinnamate replacing the
4-hydroxyanilinyl and the arachidonyl moieties, respec-
tively.

Branching on the nitrogen a-carbon and bis-homolo-
gation of the carbon chain between the guaiacyl moiety
and the amide nitrogen to mimic the linker area of
capsazepine afforded only weak antagonists whose
activity could be increased somewhat by nitrogen-to-
oxygen isosteric replacement in the guaiacyl moiety, as
exemplified by compound 13.26 Despite its low potency,
13 exemplifies the principle that vanilloid receptor
affinity can be introduced to structures that deviate
considerably from the natural products leads and that
there is therefore ample latitude for modification, a
situation somewhat reminiscent of that of morphine and
opioids.

TRPV1 Antagonists Structurally Unrelated to
Agonists

The sesquiterpene lactone thapsigargin (14) is the
only vanilloid antagonist that has emerged so far from
the natural products pool.?” This complex guaianolide
is a powerful inhibitor of the sarcoendoplasmiatic
reticulum Ca?"™-ATPases (SERCASSs), an important class
of calcium transporters, and shows tumor-promoting
activity and is an extraordinary skin irritant. These
unfavorable properties and the lack of a selective
bioactivity make thapsigargin a poor lead, but it is not
unreasonable to assume that better inhibitors could
emerge from the natural products pool or from the
chemical modification of thapsigargin. Preliminary data
on the vanilloid antagonistic activity of the alkaloid
cocaine?® and the triterpenoid glycosides ginsenosides?®
are still waiting for further confirmation.

Potent vanilloid inhibition was also discovered in
compounds bearing no obvious structural resemblance
to any class of vanilloid agonists. These compounds have
emerged from high-throughput random screening projects
and represent the first type of vanilloid ligands whose
structures were not inspired (directly or retroactively)
from those of natural products. At present, this group
of antagonists includes (a) N-(haloanilino)carbonyl-N'-
alkyl-N"-arylethylendiamines discovered at SmithKline
Beecham and exemplified by structures 15—17,39-32 (b)
N-diphenyl-N'-naphthylureas discovered at Bayer and
exemplified by structure 18,3 and (c) pyrido[2,3-d]-
pyrimidin-4-ones discovered at Novartis and exemplified
by 19.34

The powerful vanilloid antagonistic properties of a
series of N-aryl-4-(2-pyridyl)piperazine-1-carboxamides
were discovered, apparently independently, by Johnson
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& Johnson?® and Purdue Pharma researchers.®® These
compounds are exemplified by BCTC (20) and could be
considered as constrained versions of the SmithKline
Beecham N-(anilino)carbonyl-N'-dialkylethylendiamine
template of 15—17.25 BCTC appears to be highly specific
for TRPV1 when tested against a panel of 63 receptors,
enzymes, and ion channels. It is therefore a better probe
than capsazepine for investigating the biology of TRPV1
and also holds potential as a drug. Indeed, BCTC was
highly active in animal models of chronic pain from
inflammation and from nerve injury and showed good
oral bioavailability in rodents. Interestingly, the vanillyl
analogue of BCTC (8) is currently claimed by Neuro-
gen,?% making the proprietary state of these compounds
rather checkered. Patent matters aside, these com-
pounds and the new “unnatural” templates have the
potential to dramatically expand our knowledge of
vanilloid pharmacology, complementing the results
available from the compounds derived from, or inspired
by, the natural leads.

Finally, also worth mentioning are a pair of trimeric
and proteolytically stable N-alkylglycines (21a,b) that
presumably exert antagonistic activity toward capsaicin
because of their channel-blocking properties, acting as
a nonmetal analogues of RR.%7

Genetic and Immunological Approaches to
TRPV1 Silencing

Although strictly speaking it is out of the scope of this
review, for the sake of completion it should be men-
tioned that antisense nucleotidic approaches (locked
nucleic acids and double-stranded small interfering
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RNAs) have been used to inhibit expression of TRPV1
in a manner somewhat similar to that of desensitiza-
tion.® Furthermore, the administration of anti rTRPV1
serum to diabetic mice was shown to ameliorate thermal
allodynia and hyperalgesia.3® Since DNA sequences
encoding the human versions of various TRPVs are
covered by patents from different companies, any ge-
netic approach to TRPV1 silencing would have to wait
until the resolution of these proprietary issues.

New Arguments for the Therapeutic Utility of
Selective TRPV1 Antagonists

In the rat, peripheral inflammation was shown to
increase TRPVL1 levels via p38 MAPK activation by
nerve growth factor (NGF).° This change is believed to
play a pivotal role in maintaining the heat hyperalgesia.
In a murine model of diabetic neuropathy, an up-
regulation of TRPV1 on sensory nerves was described.*!
Of relevance are the findings of increased TPVR1-like
immunoreactivity levels in the colon of patients with
inflammatory bowel disease*? and with irritable bowel
syndrome characterized by rectal hypersensitivity and
fecal urgency.*3

TRPV1 is coexpressed with the cannabinoid receptor
CBL1 on sensory neurons (reviewed in ref 3). Ananda-
mide (and possibly also other endovanilloids) exerts
opposing actions on TRPV1 and CB1 (reviewed in ref
3). For example, anandamide at concentrations lower
than 1 uM blocks the release of the proinflammatory
neuropeptide calcitonin gene-related peptide (CGRP)
from sensory neurons and thereby exerts an antiinflam-
matory action.** At concentrations over 1 uM, a proin-
flammatory action (increasing release of CGRP) takes
over as activation by anandamide of TRPV1 overcomes
the blocking effect of CB1 (ibidem). It is easy to visualize
how an overexpressed (see above) and possibly also
sensitized TRPV1 becomes dominant over CB1 during
inflammatory conditions. If this model holds true, a
selective TRPV1 antagonist should be beneficial by
blocking the proinflammatory action of anandamide
(and/or other endovanilloids) via TRPV1 and thereby
restoring the inhibitory influence of anandamide via
CBL1. In keeping with this, capsazepine was found to
ameliorate the experimental colitis induced by dextran
sulfate,*® and ileitis evoked by C. difficile toxin A, in
the rat.

New Findings Cautioning the Clinical Utility of
TRPV1 Antagonists

The old dogma of TRPV1 being a neurochemical
signature of primary sensory neurons cannot be main-
tained in the light of recent findings. TRPV1 is present
in various brain nuclei throughout the whole neuroaxis
and is also expressed in nonneuronal tissues such as
the epidermis (keratinocytes), urothelium, mast cells,
fibroblasts, and smooth muscle (reviewed in ref 47). It
has been speculated that in the epidermis and urothe-
lium, TRPV1 functions as a protective sensor of noxious
stimuli as it does on sensory neurons.® A potential
indication for TRPV1 antagonists is diabetic neuropa-
thy. Diabetic patients, however, already have compro-
mised tissue protection and are prone to developing
necrosis. Thus, the use of TRPV1 antagonists in such
patients can be counterproductive.
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The role of TRPVL1 in the brain remains enigmatic,
but several recent reports imply a neuroprotective role
for endovanilloids acting on TRPV1. For example,
arvanil acting on TRPV1 was shown to protect against
oubain-induced excitotoxicy in the rat.*8 Also, TRPV1
agonists exhibited strong antihyperkinetic activity in a
rodent model of Huntington’s disease.*® TRPV1 has also
been implicated in cognitive functions involving the
dopaminergic system.® These observations warrant
caution as to the clinical use of TRPV1 antagonists
passing the blood—brain barrier.

Last, there is good evidence that TRPV1 mediates
various important reflex responses, the blockade of
which by TRPV1 antagonists may have serious ad-
verse consequences. For instance, TRPV1 plays an im-
portant role in gastroprotection, as highlighted by the
aggravated ulcer formation in rats administered per
os TRPV1 antagonists.>! Also, anandamide acting on
TRPV1 provides an important contribution to the de-
pressor reflex in spontaneously hypertensive rats.5?
These last two effects may complicate the clinical use
of TRPV1 antagonists even if they do not cross the
blood—brain barrier.

Conclusions

The management of chronic, neuropathic pain with
drugs other than narcotic agents is problematic. The
cloning of TRPV1 and the recognition of endovanilloid
signaling via TRPVL1 in pain and inflammatory hyper-
algesia have identified a new target for drug develop-
ment and launched a massive effort on part of the
pharmaceutical industry to discover novel TRPV1 an-
tagonists. It is hoped that such antagonists may func-
tion as potent analgesic agents by blocking the combined
action of heat, protons, and endovanilloids on TRPV1
either by preventing endovanilloid binding or by some
direct inhibitory action on TRPV1. The recognition of
TRPV1 overexpression during inflammatory hyperal-
gesia, diabetic neuropathy, inflammatory bowel disease
(IBD), and irritable bowel syndrome (IBS) has lent
further support to this concept. The last two observa-
tions are particularly exciting in that the management
of patients with IBD or IBS with existing drugs may be
frustrating. Locally active TRPV1 antagonists may
provide a relief for such patients with few, if any,
potential adverse effect. With regard to orally active
TRPV1 antagonists, new findings raise concerns about
unforeseen side effects (e.g., gastric ulcer formation,
hypertension, central nervous system (CNS) effects). As
yet, it is unclear if these findings obtained in experi-
mental animals also hold true in patients. If they do, it
remains to be seen whether the beneficial actions of
TRPV1 antagonists outweigh their adverse effects.

Biographies

Arpad Szallasi received his M.D. from the University
Medical School, Debrecen, Hungary, in 1984 and is a Diplo-
mate of the American Board of Pathology. He also holds a
Ph.D. in Pharmacology from the Karolinska Institute, Stock-
holm, Sweden. He is currently a Fellow in Hematopathology
at the University of Pennsylvania, Philadelphia, PA. His
research focus is on vanilloid receptors in health and disease.

Giovanni Appendino received his Laurea degree from the
University of Torino in 1979 and is currently Professor of
Chemistry at Universita del Piemonte Orientale, Novara, Italy.
His research activity focuses on the chemistry of bioactive



2722 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 11

natural products (isolation, chemical modification, and syn-
thesis), for which he received the Rhone Poulenc-Rorer Award
of the Phytochemical Society of Europe in 1991.

References

(1) Szallasi, A.; Blumberg, P. Vanilloid (capsaicin) receptors and
mechanisms. Pharmacol. Rev. 1999, 51, 159—211.

(2) Montell, C.; Birnbaumer, L.; Flokerzi, V.; Bindels, R. J.; Brufors,
E. A,; Caterina, M. J.; Clapman, D. E.; Harteneck, C.; Heller,
C.; Julius, D. E. A unified nomenclature for the superfamily of
TRP cation channels. Mol. Cell 2002, 9, 229—231.

(3) Di Marzo, V.; Blumberg, P. M.; Szallasi, A. Endovanilloid
signalling in pain. Curr. Opin. Neurobiol. 2002, 12, 372—379.

(4) Sterner, O.; Szallasi, A. Novel natural vanilloid receptor ago-
nists: new therapeutic targets for drug development. Trends
Pharmacol. Sci. 1999, 20, 431—439.

(5) Gunthorpe, M. J.; Benham, C. D.; Randall, A.; Davis, J. B. The
diversity in the vanilloid (TRPV) receptor family of ion channels.
Trends Pharmacol. Sci. 2002, 23, 183—191.

(6) Birnbaumer, L.; Yidirim, E.; Abramowitz, J. A comparison of
the genes coding for canonical TRP channels and their M, V,
and P relatives. Cell Calcium 2003, 33, 419—432.

(7) Caterina, M. J.; Julius, D. The vanilloid receptor: a molecular
gateway to the pain pathway. Annu. Rev. Neurosci. 2001, 24,
487-517.

(8) Prescott, E. D.; Julius, D. A modular PIP2 binding site as the
determinant of capsaicin receptor sensitivity. Science 2003, 300,
1284—1288.

(9) Chu, C. J.; Huang, S. M.; De Petrocellis, L.; Bisogno, T.; Ewing,
S. A,; Miller, J. D.; Zipkin, R. E.; Daddario, N.; Appendino, G.;
Di Marzo, V.; Walker, J. M. N-Oleoyldopamine, a novel endog-
enous capsaicin-like lipid that produces hyperalgesia. J. Biol.
Chem. 2003, 278, 13633—13639.

(10) Jordt, S. E.; Julius, D. Molecular basis for species-specific
sensitivity to “hot” chilli peppers. Cell 2002, 108, 421—430.

(11) Amann, R.; Maggi, C. A. Ruthenium red as a capsaicin antago-
nist. Life Sci. 1991, 49, 849—856.

(12) Walpole, C. S.; Bevan, S.; Bovermann, G.; Boelsterli, J. J,;
Breckenridge, R.; Davies, J. W.; Hughes, G. A.; Oberer, L.;
Winter, J. The discovery of capsazepine, the first competitive
antagonist of the sensory neuron excitants capsaicin and resin-
iferatoxin. J. Med. Chem. 1994, 24, 1942—1954.

(13) Santos, A. R.; Calixto, J. B. Ruthenium red and capsazepine
antinociceptive effect in formalin and capsaicin models of pain
in mice. Life Sci. 1997, 235, 73—76.

(14) Kwak, J. Y.; Jung, J. Y.; Hwang, S. W.; Lee, W. T.; Oh, U. A
capsaicin-receptor antagonist, capsazepine, reduces inflamma-
tion-induced responses in the rat: evidence for an endogenous
capsaicin-like substance. Neuroscience 1998, 86, 619—626.

(15) Walker, K. M.; Urban, L.; Medhurst, S. J.; Patel, S.; Panesar,
M.; Fox, A. J.; Mcintyre, P. The VR1 antagonist capsazepine
reverses mechanical hyperalgesia in models of inflammatory and
neuropathic pain. J. Pharmacol. Exp. Ther. 2003, 304, 56—62.

(16) Wahl, P.; Toged, C.; Soren, T.; Thomsen, C. lodo-resiniferatoxin,
a new potent vanilloid receptor antagonist. Mol. Pharmacol.
2001, 59, 9—15.

(17) McDonnel, M. E.; Zhang, S.-P.; Dubin, A. E.; Dax, S. L. Synthesis
and in vitro evaluation of a novel iodinated resiniferatoxin
derivative that is an agonist at the human vanilloid VR1
receptor. Bioorg. Med. Chem. Lett. 2002, 12, 1189—-1192.

(18) Appendino, G.; Harrison, S.; De Petrocellis, L.; Daddario, N.;
Bianchi, F.; Schiano-Moriello, A.; Trevisa, M.; Benvenuti, F.;
Geppetti, P.; Di Marzo, V. Halogenation of a capsaicin analogue
leads to novel vanilloid TRPV1 receptor antagonists. Br. J.
Pharmacol. 2003, 139, 1417—-1424.

(19) Seabrook, G. R.; Sutton, K. G.; Jarolimek, W.; Hollingworth, G.
J.; Teague, S.; Webb, J.; Clark, N.; Boyce, S.; Kerby, J.; Ali, Z;
Chou, M.; Middleton, R.; Kaczorowski, G.; Jones, A. B. Func-
tional properties of the high-affinity TRPV1 (VR1) vanilloid
receptor antagonist (4-hydroxy-5-iodo-3-methoxyphenylacetate
ester) iodo resiniferatoxin. J. Pharmacol. Exp. Ther. 2002, 303,
1052—1060.

(20) Bakthavatchalam, R. Capsaicin receptor ligands. WO 0208221-
A, 2002.

(21) Toth, A.; Blumberg, P. M.; Chen, Z.; Kozikowski, A. P. Design
of a high-affinity competitive antagonist of the vanilloid receptor
selective for the calcium entry-linked receptor population. Mol.
Pharmacol. 2004, 65, 282—291.

(22) Lee, J.; Lee, J.; Kang, M., Shin, M.; Kim, J.-M.; Kang, S.-U.;
Lim, J.-O.; Choi, H.-K.; Suh, Y.-G.; Park, H.-G.; Oh, U.; Kim,
H.-D.; Park, Y.-H.; Ha, H.-J,; Kim, Y.-H.; Toth, A.,; Wang, Y.;
Tran, R.; Pearce, L. V.; Lundberg, D. J.; Blumberg, P. M.
N-(3-Acyloxy-2-benzylpropyl)-N'-[4-(methylsulfonylamino)ben-
zyl]thiourea analogues: Novel potent and high affinity antago-
nists and partial antagonists of the vanilloid receptor. J. Med.
Chem. 2003, 46, 3116—3126.

(23)

24

(25)

(26)

(27

(28)

(29)
(30)
(31)

(32)
(33)

(34)

(35

(36)

(37

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Miniperspective

Wang, Y.; Szabo, T.; Welter, J. D.; Toth, A.; Tran, R.; Lee, J. Y.;
Kang, S. U.; Suh, Y. G.; Blumberg, P. M.; Lee, J. High affinity
antagonists of the vanilloid receptor. Mol. Pharmacol. 2002, 62,
947—956.

Wrigglesworth, R.; Walpole, C. S.; Bevan, S. J.; Campbell, E.
A.; Dray, A.; Hughes, G. A.; James, I. F.; Masdin, K. J.; Winter,
J. Analogues of capsaicin with agonist activity as novel analgesic
agents: Structure—activity studies. Part 4. Potent orally-active
analgesics. J. Med. Chem. 1996, 39, 4941—4951.

Rami, H. K.; Davis, J. B.; Gunthorpe, M. J.; Jerman, J. C.; Gray,
J.; Smith, G. D.; Randall, A. D.; Davies, C. H.; Gill, C. H.;
Thompson, M.; Smart, D.; Wyman, P. lIdentification of SB-
366791, a potent and selective antagonist of vanilloid receptor-
1. Drugs Future 2002, 27 (Suppl. A), 411.

Yoon, J. W.; Choi, H. Y.; Lee, H. J;; Ryu, C. H.; Park, H.; Suh,
Y.; Oh, U.; Jeong, Y. S.; Choi, J. K.; Park, Y.-H.; Kim, H.-D.
Chain-branched acyclic phenethylthiocarbamates as vanilloid
receptor antagonists. Bioorg. Med. Chem. Lett. 2003, 13, 1549—
1552.

Toth, A.; Kedei, N.; Szabo, T.; Wang, Y.; Blumberg, P. M.
Thapsigargin binds to and inhibits the cloned vanilloid receptor-
1. Biochem. Biophys. Res. Commun. 2002, 293, 777—782.

Lee, S. H.; Premkumar, L. S. Inhibition of capsaicin-induced
single channel currents by cocaine. Soc. Neurosci. Abstr. 1999,
25, P2255.

Hahn, J. H. Ginsenosides inhibit capsaicin channels in rat dorsal
root ganglion neurons. Neurosci. Lett. 2000, 287, 45—48.
Thompson, M.; Wyman, P. A. Urea derivatives having vanilloid
receptor (VR1) antagonist activity. WO 02072536-A, 2002.
Rami, H. K.; Thompson, M.; Wyman, P. A. Heterocyclic ureas,
their preparation and their use as vanilloid receptor antagonists.
WO 02090326-A, 2002.

Rami, H. K.; Thompson, M.; Wyman, P. A. Novel compounds.
WO 03022809-A, 2003.

Yura, T.; Mogi, M.; lkegami, Y.; Masuda, T.; Kokubo, T;
Urbahns, K.; Lowinger, T. B.; Yoshida, N.; Freitag, J. Amine
derivatives. WO 03014064-A, 2003.

Culshaw, A. J.; Gull, P.; Hallett, A.; Kim, H.-Y; Seiler, M. P.;
Zimmermann, K.; Liu, Y.; Prashad, M. Pyridine derivatives. WO
0276946-A.

Dax, S.; Dubin, A.; Jetter, M.; Nasser, N.; Shah, C.; Swanson,
D.; Carruthers, N. I. Vanilloid receptor antagonists: structure—
activity relationships via parallel and targeted synthesis. Drugs
Future 2002, 27 (Suppl. A), 93.

Sun, Q.; Tafesse, L.; Islam, K.; Zhou, X.; Victory, S. F.; Zhang,
C.; Hachicha, M.; Schmid, L. A.; Patel, A.; Rotshteyn, Y.;
Valenzano, K. J.; Kyle, D. J. 4-(2-Pyridyl)piperazine-1-carboxa-
mides: potent vanilloid receptor 1 antagonists. Bioorg. Med.
Chem. Lett. 2003, 13, 3611—3616.

Garcia-Martinez, C.; Humet, M.; Planells-Cases, R.; Gomis, A.;
Caprini, M.; Viana, F.; De la Pefa, E.; Sanchez-Baeza, F.;
Carbonell, T.; De Felipe, C.; Pérez-Paya, E.; Belmonte, C.;
Messeguer, A.; Ferrer-Montiel, A. Attenuation of thermal noci-
ception and hyperalgesia by VR1 blockers. Proc. Natl. Acad. Sci.
U.S.A. 2002, 99, 2374—2379.

Grunweller, A.; Wyszko, E.; Bieber, B.; Jahnel, R.; Erdmann,
V. A.; Kurreck, J. Comparison of different antisense strategies
in ammalian cells using locked nucleic acids, 2'-O-methyl RNA,
phosphorothioates and small interfering RNA. Nucleic Acid Res.
2003, 31, 3185—3193.

Kamei, J.; Zushida, K.; Morita, K.; Sasaki, M.; Tanaka, S. Role
of vanilloid VR1 receptor in thermal allodynia and hyperalgesia
in diabetic mice. Eur. J. Pharmacol. 2001, 422, 83—86.

Ji, R.-R.; Samad, T. A,; Jin, S.-X.; Schmoll, R.; Woolf, C. J. p38
MAPK activation by NGF in primary sensory neurons after
inflammation increases TRPV1 levels and maintains heat hy-
peralgesia. Neuron 2002, 36, 57—68.

Rashid, M. H.; Inoue, M.; Bakoshi, S.; Ueda, H. Increased
expression of vanilloid receptor 1 on myelinated primary afferent
neurons contributes to the antihyperalgesic effect of capsaicin
cream in diabetic neuropathic pain in mice. J. Pharmacol. Exp.
Ther. 2003, 306, 709—717.

Yiangou, Y.; Facer, P.; Dyer, N. H. C.; Chan, C. L. H.; Knowles,
C.; Williams, N. S.; Anand, P. Vanilloid receptor 1 immuno-
reactivity in inflamed human bowel. Lancet 2001, 357, 1338—
1339.

Chan, C. L.; Facer, P.; Davis, J. B.; Smith, G. D.; Egerton, J.;
Bountra, C.; Williams, N. S.; Anand, P. Sensory fibres expressing
capsaicin receptor TRPV1 in patients with rectal hypersensitiv-
ity and faecal urgency. Lancet 2003, 361, 385—391.
Ahluwalia, J.; Urban, L.; Bevan, S.; Nagy, |I. 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. 2003, 17,
2611—2618.

Kihara, N.; de la Fuente, S. G.; Fujino, K.; Takahashi, T.; Pappas,
T. N.; Mantyh, C. R. Vanilloid receptor-1 containing primary



Miniperspective

(46)

(47)

(48)

(49)

sensory neurons mediate dextran sulphate sodium-induced
colitis in rats. Gut 2003, 52, 713—719.

McVey, D. C.; Schmid, P. C.; Schmid, H. H.; Vigna, S. R.
Endocannabinoids induce ileitis in rats via the capsaicin receptor
VR1. J. Pharmacol. Exp. Ther. 2003, 304, 713—722.

Szallasi, A. Vanilloid (capsaicin) receptors in health and disease.
Am. J. Clin. Pathol. 2002, 118, 110—121.

Veldhuis, W. B.; van der Stelt, M.; Wadman, M. W.; van
Zadelhoff, G.; Maccarrone, M.; Fezza, F.; Veldin, G. A.; Vliegent-
hart, J. F.; Bar, P. R.; Nicolay, K.; Di Marzo, V. Neuroprotection
by the endogenous cannabinoid anandamide and arvanil against
in vitro excitotoxiciy in the rat: role of vanilloid receptors and
lipoxygenases. J. Neurosci. 2003, 23, 4127—4133.
Lastres-Becker, 1.; de Miguel, R.; De Petrocellis, L.; Makriyannis,
A.; Di Marzo, V.; Fernandez-Ruiz, J. Compounds acting at the
endocannabinoid and/or endovanilloid systems reduce hyperki-

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 11 2723

(50)

(51)

(52

nesia in a rat model of Huntington’s disease. J. Neurochem.
2003, 84, 1097—1109.

Marinelli, S.; Di Marzo, V.; Berretta, N.; Matias, |.; Maccarrone,
M.; Bernardi, G.; Mercuri, N. B. Presynaptic facilitation of
glutaminergic synapses to dopaminergic neurons of the rat
substantia nigra by endogenous stimulation of vanilloid recep-
tors. J. Neurosci. 2003, 23, 3136—3144.

Yamamoto, H.; Horie, S.; Uchida, M.; Tsuchiya, S.; Murayama,
T.; Watanabe, K. Effects of vanilloid receptor agonists and
antagonists on gastric antral ulcers in rats. Eur. J. Pharmacol.
2001, 432, 203—210.

Li, J.; Kaminski, N. E.; Wang, D. H. Anandamide-induced
depressor effect in spontaneously hypertensive rats: role of the
vanilloid receptor. Hypertension 2003, 41, 757—762.

JMO030560J



