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1 The C-5 halogenation of the vanillyl moiety of resiniferatoxin, an ultrapotent agonist of vanilloid
TRPV1 receptors, results in a potent antagonist for these receptors. Here, we have synthesized a series
of halogenated derivatives of ‘synthetic capsaicin’ (nonanoyl vanillamide¼ nordihydrocapsaicin)
differing for the nature (iodine, bromine–chlorine) and the regiochemistry (C-5, C-6) of the
halogenation.

2 The activity of these compounds was investigated on recombinant human TRPV1 receptors
overexpressed in HEK-293 cells. None of the six compounds exerted any significant agonist activity,
as assessed by measuring their effect on TRPV1-mediated calcium mobilization. Instead, all
compounds antagonized, to various extents, the effect of capsaicin in this assay.

3 All 6-halo-nordihydrocapsaicins behaved as competitive antagonists against human TRPV1
according to the corresponding Schild’s plots, and were more potent than the corresponding 5-
halogenated analogues. The iodo-derivatives were more potent than the bromo- and chloro-
derivatives.

4 Using human recombinant TRPV1, 6-iodo-nordihydrocapsaicin (IC50¼ 10 nm against 100 nm
capsaicin) was about four times more potent than the prototypical TRPV1 antagonist, capsazepine,
and was tested against capsaicin also on native TRPV1 in: (i) rat dorsal root ganglion neurons in
culture; (ii) guinea-pig urinary bladder; and (iii) guinea-pig bronchi. In all cases, except for the guinea-
pig bronchi, the compound was significantly more potent than capsazepine as a TRPV1 antagonist.

5 In conclusion, 6-iodo-nordihydrocapsaicin, a stable and easily prepared compound, is a potent
TRPV1 antagonist and a convenient replacement for capsazepine in most of the in vitro preparations
currently used to assess the activity of putative vanilloid receptor agonists.
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Introduction

The vanilloid TRPV1 receptor, also known as VR1 receptor

(Szallasi & Blumberg, 1999), belongs to the large family of

‘transient receptor potential’ (TRP), six trans-membrane

domain, cation channels. Among the subfamily of the TRPV

receptors (Gunthorpe et al., 2002), TRPV1 is the only one

discovered to date that responds also to stimulation by natural

products, with capsaicin and resiniferatoxin being the best

known and most thoroughly studied examples (Sterner &

Szallasi, 1999). It is now recognized that TRPV1 functions as a

molecular integrator of nociceptive stimuli, including heat,

protons and plant toxins, and is most abundant in peripheral

sensory fibers of the C and Ad type. Conversely, other TRPV
channels, that is, TRPV2, TRPV3 and TRPV4, also known as

VR1-like receptors, respond uniquely to heat or mechanical/

osmotic stimuli and have a more homogeneous distribution in

the mammalian body (Gunthorpe et al., 2002). Studies carried

out with transgenic mice lacking functional TRPV1 receptors

implicated this protein in the perception of thermal and

inflammatory pain (Caterina et al., 2000; Davis et al., 2000).

Other investigations showed that TRPV1 is also involved in

inflammatory bowel disorders (Yiangou et al., 2001), neuro-

pathic pain (Walker et al., 2003) and pathological cough (see

Chung & Chang, 2002, for review). TRPV1 might play an

important role also in physiological conditions, for example, in

bladder function (Birder et al., 2002), and its recent finding in

several brain nuclei (Mezey et al., 2000; Sanchez et al., 2001)

widens its possible biological importance, suggesting that this

ion channel is involved in the control of CNS functions, such

as neuronal plasticity, body temperature, food intake and

movement (Di Marzo et al., 2001; Szallasi, 2002).
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Potent, nonpungent synthetic agonists, capable of immedi-

ately desensitizing TRPV1, can be used against various

conditions, including inflammatory hyperalgesia, bladder

hyperactivity and emesis (Szallasi, 2002). On the other hand,

the involvement of this receptor in both pathological and

physiological conditions suggests that therapeutically useful

drugs devoid of undesired side effects are more likely to be

developed from TRPV1 antagonists. Furthermore, the in-

creasing evidence in favour of the biological importance of

TRPV1 is likely to result in an evergrowing need for selective

probes to be used as pharmacological tools for the study of this

receptor. Research on vanilloids and vanilloid receptors has

long relied on capsazepine, which remained the only known

TRPV1 antagonist for a decade (Bevan et al., 1992). It has now

been realized that this compound is not selective, and is not

always effective in vivo, particularly when ‘central’ effects of

agonists are investigated (see Di Marzo et al., 2000 for an

example). In this context, the recent development of the

ultrapotent and selective TRPV1 antagonist, 5-iodo-resinifer-

atoxin (5-iodo-RTX; Wahl et al., 2001), represents an

important breakthrough in vanilloid receptor research. Yet,

further studies showed that this compound, while being 40-800

fold more potent than capsazepine in isolated cells and in some

tissue preparations, is less efficacious in vivo and in certain

important in vitro assays of TRPV1-mediated activity, such as

the isolated guinea-pig bronchi (Seabrook et al., 2002; Undem

& Kollarik, 2002). These discrepant potencies might be due to

the well-documented species-dependent sensitivity of vanilloid

receptors to agonists and antagonists (see, for example,

McIntyre et al., 2001; Seabrook et al., 2002), as well as to

pharmacodynamic factors. Using different strategies, other

TRPV1 antagonists have been designed recently: (i) SB-366791

(Davis et al., 2001); (ii) synthetic trialkylglycines (Garcia-

Martinez et al., 2002); (iii) two series of thiourea compounds

(Lee et al., 2001; Wang et al., 2002); and (iv) two synthetic

hexapeptides (Himmel et al., 2002). However, the properties in

vitro of most of these compounds, beyond their effects on

isolated cells expressing TRPV1 receptors, have not been

always thoroughly investigated.

Inspired by the dramatic effect of iodination on the activity

of RTX, in this study we synthesized novel TRPV1 antagonists

by halogenation of nordihydrocapsaicin on the vanillyl moiety.

We investigated the structure–activity relationships of halo-

genated derivatives of this chemically stable capsaicin analo-

gue, and report that at least one of the six compounds

developed might represent a valid alternative to capsazepine in

assays in vitro of TRPV1-mediated activities.

Methods

Synthesis and characterization of halogenated
nordihydrocapsaicins

5-Iodo-nordihydrocapsaicin was prepared from commercially

available (Aldrich) nordihydrocapsaicin in overall 36% yield

by: (a) protection of the phenolic hydroxyl as a mem

(¼methoxyethoxymethyl) ether; (b) iodination with the

iodine–silver trifluoroacetate system; and (c) deprotection

with SnCl4 in THF (Figure 1). All the other halogenated

capsaicinoids were prepared from vanillin by direct halogena-

tion for the 5-derivatives or by halogenation after protection of

the phenolic hydroxyl (mem group), reduction and acetylation

for the 6-bromo- and chloro derivatives. Oxygen to nitrogen

replacement at the benzyl position was affected by azidation

(diphenylphosphoryl azide), followed by Staudinger reduction

and acylation with commercially available nonanoyl chloride

(mem-protected compounds) or with nonanoyl acid and

propylphosphonic anhydride for the compound having a free

4-hydroxyl. Full details of the synthesis and the analytical

characterization of the compounds will be reported elsewhere.

Each compound was purified chromatographically and char-

acterized by nuclear magnetic resonance.

Assays of intracellular [Ca2þ]i in HEK cells
overexpressing the human TRPV1

Overexpression of human TRPV1 cDNA into human hem-

bryonic kidney (HEK) 293 cells was carried out as described

previously (Hayes et al., 2000). Cells were grown as mono-

layers in minimum essential medium supplemented with

nonessential amino acids, 10% fetal calf serum and 0.2mm

glutamine, and maintained under 95%/5% O2/CO2 at 371C.

The effect of the substances on [Ca2þ ]i was determined by

using Fluo-3, a selective intracellular fluorescent probe for

Ca2þ (De Petrocellis et al., 2000). At 1 day prior to

experiments, cells were transferred into six-well dishes coated

with poly-l-lysine (Sigma) and grown in the culture medium

mentioned above. On the day of the experiment, the cells (50–

60,000 per well) were loaded for 2 h at 251C with 4 mm Fluo-3
methylester (Molecular Probes) in DMSO containing 0.04%

Pluoronic. After the loading, cells were washed with Tyrode

pH¼ 7.4, trypsinized, resuspended in Tyrode and transferred
to the cuvette of the fluorescence detector (Perkin-Elmer

LS50B) under continuous stirring. Experiments were carried

out by measuring cell fluorescence at 251C (lEX¼ 488 nm,
lEM¼ 540 nm) before and after the addition of the test

compounds at various concentrations. Varying doses of 5-

iodo-RTX (Tocris Cookson, U.K.), capsazepine (Alexis

Biochemicals, Switzerland) or SB-366791 (a kind gift from

J.B. Davis, GlaxoSmithKline, U.K.), or of the six novel

compounds, were added 10min prior to capsaicin. Data were

expressed, for capsaicin and nordihydrocapsaicin, as the

concentration exerting a half-maximal effect (EC50), and, for

the antagonists, as the concentration exerting a half-maximal

inhibition (IC50), both calculated by using GraphPad
s. The

efficacy of the agonists was determined by comparing it to the

analogous effect observed with 4mm ionomycin. Response

calibration was carried out by measuring the fluorescence

intensity of intracellular fluo-3 with known extracellular

[Ca2þ ] (Molecular Probes). The following equation was used

to determine an ion dissociation constant (Kd) of 325 nm:
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Figure 1 General chemical structure of the compounds synthesized
and investigated in this study.
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[Ca2þ ]free¼Kd [F�Fmin]/[Fmax�F], where Fmin and Fmax are the
fluorescence intensities of fluo-3 without or with maximal

[Ca2þ ], and F is the fluorescence intensity with an intermediate

[Ca2þ ]. Average FEM/FEX was 200 and this value was increased

by 6077% in the presence of 4mm ionomycin.

TRPV1 receptor-binding assays

The affinity of 6-iodo-nor-6,7-dihydrocapsaicin and capsaicin

for human TRPV1 receptors was assessed by means of

displacement assays carried out with membranes (50 mg per
tube) from HEK cells overexpressing the receptors, prepared

as described previously (Ross et al., 2001), and the high-

affinity TRPV1 ligand RTX (48Cimmol�1, NEN-Dupont),

using the incubation conditions described previously (Ross

et al., 2001). Under these conditions, the Kd and Bmax for RTX

were 0.5 nm and 1.39 pmolmgprotein�1. The Ki for the

displacement of 1 nm RTX by increasing concentrations of

the compounds was calculated from the IC50 value (obtained

by GraphPad Software) using the Cheng-Prusoff equation.

Specific binding was calculated with 1 mm RTX (Alexis

Biochemicals) and was 48.175.6%.

Assays of [Ca2þ]i in rat dorsal root ganglion neurons in
culture

Newborn rats (2–3 days old) were terminally anesthetized and

decapitated. The dorsal root ganglia (DRG) were removed and

rapidly placed in cold phosphate buffered solution (PBS)

before being transferred to collagenase/dispase (1mgml�1

dissolved in Ca2þ –Mg2þ -free PBS) for 35min at 371C.

Enrichment of the fraction of nociceptive neurons was

obtained following the methods reported previously (Gilabert

& McNaughton, 1997). After the enzymatic treatment, ganglia

were rinsed three times with Ca2þ –Mg2þ -free PBS and then

placed in 2ml of cold DMEM supplemented with 10% fetal

bovine serum (FBS, heat inactivated), 2mm l-glutamine,

100Uml�1 penicillin and 100 mgml�1 streptomycin. The gang-
lia were then dissociated into single cells by several passages

through a series of syringe needles (23G down to 25G).

Finally, the complex of medium and ganglia cells were sieved

through a 40 mm filter to remove debris and topped up with
8ml of DMEM medium and centrifuged (200� g for 5min).
The final cell pellet was resuspended in DMEM medium

(supplemented with 100 ngml�1 mouse Nerve Growth Factor

(mouse-NGF-7S) and cytosine-b-d-arabinofuranoside free

base (ARA-C) 2.5mm). Cells were plated on poly-l-lysine-
(8.3 mm) and laminin (5 mm)-coated 25mm glass coverslips and
kept for 2–5 days at 371C in a humidified incubator gassed

with 5% CO2 and air. Cells were fed on the second day (and

subsequent alternate days) with DMEM medium (with 1%

FBS instead of 10% FBS).

Experiments were performed as previously reported (Tog-

netto et al., 2001). Briefly, plated neurons (2–5 days) were

loaded with Fura-2-AM-ester (3 mm) in Ca2þ buffer solution of
the following composition (mm): CaCl2 1.4, KCl 5.4, MgSO4
0.4, NaCl 135, d-glucose 5, HEPES 10 with BSA 0.1%, at pH

7.4, for 40min at 371C, washed twice with the Ca2þ buffer

solution and transferred to a chamber on the stage of a Nikon

eclipse TE300 microscope. The dye was excited at 340 and

380 nm to indicate relative [Ca2þ ]i changes by the F340/F380
ratio recorded with a dynamic image analysis system

(Laboratory Automation 2.0, RCS, Florence, Italy). Capsaicin

(0.1 mm), 6-iodo-nordihydrocapsaicin (0.1 nm–100 mm) or their
respective vehicles were added to the chamber. A calibration

curve using a buffer containing Fura-2-AM-ester and fixed

concentrations of free Ca2þ (Kudo et al., 1986) was used to

convert the data obtained from F340/F380 ratio to [Ca
2þ ]i (nm).

Guinea-pig urinary bladder and bronchi assays

Guinea-pigs were killed by cervical dislocation and the airways

and urinary bladder were removed. Rings were taken from the

main bronchi (approximately 2mm in width) and suspended

with a resting tension of 1.5� g, while urinary bladders were
halved vertically and suspended with a resting tension of 1� g.
The tissues were bathed (371C) and aerated (95% O2 and 5%

CO2) with Krebs’ solution of the following composition (mm):

NaCl 119, NaHCO3 25, KH2PO4 1.2, MgSO4 1.5, CaCl2 2.5,

KCl 4.7 and d-glucose 11, phosphoramidon 0.001 and

captopril 0.001. Tissues were allowed to equilibrate for

60min prior to the beginning and between each set of

experiments (washed every 5min). In all experiments, the

tissues were first contracted with carbachol (CCh, 1mm).
Cumulative concentration–response curves were performed

with capsaicin (0.1 nm–100mm) and substance P (SP, 0.1 nm–
1mm) in the presence of either the novel TRPV1 antagonist, 6-
iodo-nordihydrocapsaicin (1–10 mm) or its vehicle.

Results

Effect of 5- and 6-halo-nordihydrocapsaicins on
intracellular [Ca2þ]i

The effect of the six novel compounds synthesized in this study

was first tested on TRPV1-mediated increases of [Ca2þ ]i in

HEK-293 cells transfected with the human TRPV1. None of

the compounds exerted any significant effect on [Ca2þ ]i up to a

10 mm concentration. As reported in several previous studies,
capsaicin and nordihydrocapsaicin instead induced strong

TRPV1-mediated increase of [Ca2þ ]i with EC50¼ 30.274.5
and 61.475.6 nm, respectively, and a maximal effect at 10mm
of 72.173.3 and 60.174.1% of the effect of ionomycin (4 mm).
All compounds, given to cells 10min prior to capsaicin

(100 nm), dose-dependently inhibited the effect of capsaicin,

which, alone, exerted an effect on Ca2þ that was 62.272.5%
of that exerted by 4mm ionomycin. Some of the compounds
exerted a significant antagonistic effect even at the lowest

concentration tested. The 6-halo-derivatives were always

significantly more potent as antagonists than the correspond-

ing 5-halo-derivatives, while, within the same series of

compounds, the iodo-derivatives appeared to be more potent

than the bromo-derivatives, which in turn appeared to be

more potent than the chloro-derivatives. Therefore, the most

potent antagonist was 6-iodo-nordihydrocapsaicin (IC50¼
10.072.1 nm, mean7s.e., n¼ 3) (Figure 2). The potency of
the 6-bromo-nordihydrocapsaicin (IC50¼ 16.172.7 nm,
mean7s.e., n¼ 3) was not significantly different from that of
6-iodo-nordihydrocapsaicin, whereas the 6-chloro-nordihydro-

capsaicin was significantly less potent (IC50¼ 50.373.9 nm,
mean7s.e,, n¼ 3, Po0.05 by the Student’s t-test). The 5-iodo-
and 5-bromo-nordihydrocapsaicin (IC50¼ 126.2715.4 and

251.6722.2 nm) were significantly less potent than the
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6-halo-derivatives and more potent than the 5-chloro-nordihy-

drocapsaicin (IC50¼ 631.0745.5 nm, means7s.e., n¼ 3,
Po0.05 by the Student’s t-test). Under the same conditions,
5-iodo-RTX (IC50¼ 0.470.1 nm) was the most potent antago-
nist tested, whereas capsazepine (IC50¼ 40.173.9 nm) and SB-
366791 (IC50¼ 32.075.1 nm, means7s.e.m., n¼ 3) were four-
and three-fold less potent than 6-iodo-nordihydrocapsaicin.

When tested at a fixed concentration against varying

concentrations of capsaicin, the most potent 6-halo-nordihy-

drocapsaicins appeared to behave as competitive antagonists,

since the inhibitory effect could not be observed at the highest

concentrations of capsaicin (Figure 3). Schild’s plots for

the three compounds confirmed this suggestion (slope¼ 0.867
0.07, 0.9270.06 and 0.80715, for 6-iodo-, 6-bromo- and
6-chloro-nordihydrocapsaicin, respectively, means7s.e.m.,
n¼ 3). The Kb for 6-iodo-nordihydrocapsaicin (10, 25 and
100 nm) against capsaicin was calculated as 4.371.6 nm,
whereas those of capsazepine (100 nm) and 5-iodo-RTX

(1 nm) were 9.072.1 and 0.0971.1 nm (means7s.e.m., n¼ 3),
and that of SB-366791 was previously reported as 25 nm (Davis

et al., 2001). Binding experiments with membranes from HEK-

293 cells overexpressing human TRPV1 confirmed that 6-iodo-

nordihydrocapsaicin and capsaicin are likely to share the same

binding site on VR1 receptors, since they were both capable of

displacing [3H]RTX from its specific binding sites

(Ki¼ 0.3370.14 and 2.9170.30mm, respectively, means7
s.e.m., n¼ 3). In similar binding experiments, the Ki values
reported for capsazepine and 5-iodo-RTX were 0.58–3.3 mm
and 1.7–6.7 nm, respectively (Lee et al., 2001; McDonnell et al.,

2002; Seabrook et al., 2002).

Effect of 6-iodo-nordihydrocapsaicin on [Ca2þ]i in rat
DRG neurons in culture

The most potent antagonist in the calcium assay, 6-iodo-

nordihydrocapsaicin, was also tested on capsaicin induced in

rat DRG neurons in culture, which express levels of rat

TRPV1 lower than the transfected cells used above, but higher

than most of other rat tissues. The compound inhibited the

effect of 100 nm capsaicin with an IC50¼ 638.6712.8 nm
(Figure 4). Under the same conditions, 5-iodo-RTX and

capsazepine exhibited IC50 values of 0.8770.01 and

2344.5753.9 nm, respectively.

Effect of 6-iodo-nordihydrocapsaicin on guinea-pig
urinary bladder contractions

The 6-iodo-nordihydrocapsaicin was tested on TRPV1-

mediated contractions in the guinea-pig urinary bladder

(Figure 5a), and found to dose-dependently inhibit the effect

of capsaicin more potently than capsazepine (pA2¼ 7.1770.39
and 6.5670.20, respectively). The novel antagonist was

Figure 3 Antagonistic effect of the 6-halo-nordihydrocapsaicins on
the dose-dependent effect of capsaicin on [Ca2þ ]i in HEK-293 cells
overexpressing the human TRPV1 receptor. The effect was
expressed as percent of the maximum possible enhancement of
[Ca2þ ]i induced by 4 mm ionomycin. Data are means of at least n¼ 3
separate experiments. standard error. Bars are not shown for the
sake of clarity and were never higher than 10% of the means.
CPS¼ nordihydrocapsaicin.

Figure 2 Dose-dependent inhibition by the six novel compounds
synthesized here on the effect of 100 nm capsaicin on [Ca2þ ]i in
HEK-293 cells overexpressing the human TRPV1 receptor. The
effect was expressed as percent of the maximum possible enhance-
ment of [Ca2þ ]i induced by 4 mm ionomycin. Data are means of at
least n¼ 3 separate experiments. standard error. Bars are not shown
for the sake of clarity and were never higher than 10% of the means.
CPS¼ nordihydrocapsaicin.
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Figure 4 Dose-dependent antagonistic effect of 6-iodo-nordihy-
drocapsaicin on the effect of 100 nm capsaicin on [Ca2þ ]i in neonatal
rat DRG neurons in culture. The effect was assessed by the calcium-
imaging technique described in the Methods section. Data are
means7s.e. of n¼ 6 separate determinations.
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inactive against the contractions induced by substance P

(Figure 5b), indicating a possible prejunctional site of action

for 6-iodo-nordihydrocapsaicin on the TRPV1-mediated

release of substance P, rather than on its postjunctional

effect.

Effect of 6-iodo-nordihydrocapsaicin on guinea-pig
trachea contractions

The 6-iodo-nordihydrocapsaicin was tested also on the

TRPV1-mediated contractions induced by capsaicin in the

guinea-pig trachea preparations (Figure 6). Under these

conditions, the compound was significantly less potent than

capsazepine (pA2¼ 5.670.3 and 7.070.3, respectively),

whereas 5-iodo-RTX was reported to exhibit a pA2 value of

6.370.3 (Rigoni et al., 2003). The 5-iodo-nordihydrocapsaicin
was totally inactive in this assay (not shown).

Discussion

This study was inspired by the previous finding that iodination

of the ultrapotent vanilloid receptor agonist RTX at the 5-

position of the vanillyl moiety results in a very potent and

selective TRPV1 antagonist (Wahl et al., 2001). Therefore,

we wondered whether a similar modification could also revert

the activity of capsaicin, the other prototypical vanilloid

receptor agonist. To evaluate this point and gain insights

on the rationale underlying the agonist–antagonist transfor-

mation, we prepared a series of halogenated derivatives of

‘synthetic capsaicin’ (nonanoyl vanillamide¼ nordihydro-
capsaicin) differing from the nature (iodine, bromine, chlorine)

and the regiochemistry (C-5, C-6) of halogenation.

The activity of these compounds was evaluated in a typical

in vitro assay of TRPV1 activity, namely the capability to

enhance [Ca2þ ]i in HEK-293 cells overexpressing the human

recombinant receptor. We found that halogenation at either C-

5 or C-6 of the vanillyl moiety led to complete loss of activity

on [Ca2þ ]i, even at a concentration (10 mm) at which both
capsaicin and nordihydrocapsaicin are maximally active. That

both C-5 and C-6 iodination of nordihydrocapsaicin could

abolish its capability to gate TRPV1 receptors is at variance

with that observed with RTX, whose 6-iodo-derivative

behaves as a partial agonist (McDonnell et al., 2002). On the

other hand, we found that, as with 5-iodo-RTX, the six

compounds behaved as TRPV1 antagonists with varying

potency against capsaicin. Unlike 5-iodo-RTX, however,

which behaves as a noncompetitive antagonist (Wahl et al.,

2001; Undem & Kollarik, 2002), the 6-halo-derivatives

developed in this study appeared to behave as competitive

antagonists when tested against increasing concentrations of

capsaicin. This was confirmed using Schild’s plots, which

yielded slopes very near to 1. Furthermore, binding studies

confirmed that 6-iodo-nordihydrocapsaicin, the most potent

antagonist among the six compounds, is very likely to share

with capsaicin the same binding site in the human TRPV1, and

has 2–10-fold higher affinity than capsazepine for this site. In

summary, iodination, and possibly halogenation in general, of

the 5-position in the vanillyl moiety of at least two types of

TRPV1 agonists is a sufficient chemical modification to render

them antagonists. At least in the case of nordihydrocapsaicin,
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this functional transformation occurs without altering the

capability of the compound to interact directly and uniquely

with the ligand-binding site in the TRPV1 receptor.

We observed that, independently of the nature of halogena-

tion, the potency of the new antagonists increased sensibly

from the 5- to the 6-halo series. Interestingly, 6-iodo-RTX

also was previously reported to have higher affinity for the

human TRPV1 than the corresponding 5-iodo-homologue

(Ki¼ 0.7 and 1.4 nm, respectively (McDonnell et al., 2002)).
However, as pointed out above, unlike our 6-halo-derivatives,

6-iodo-RTX behaves as a partial agonist and not as an

antagonist (McDonnell et al., 2002). We also found that,

particularly with the 5-halo-derivatives, potency increases with

the size and polarizability of the halogen introduced. This

suggests that: (i) the binding site of TRPV1 for ‘capsaicinoid’,

and possibly ‘resiniferoid’, vanilloid ligands (Szallasi &

Blumberg, 1999) is able to better accommodate, at either the

6- or 5-position of the vanillyl moiety, very much hindering

halogen atoms, and (ii) the increased polarizability of the

halogen, with subsequent increased capability of forming

dipolar bonds with acidic amino-acid residues within the

binding pocket, might represent one of the possible conforma-

tional restraints that impede the gating of the receptor by

halogenated ligands.

As mentioned above, 6-iodo-nordihydrocapsaicin was the

most potent antagonist developed in the current study, since it

was more potent than capsazepine against capsaicin, in the

intracellular calcium assay carried out with HEK-293 cells

overexpressing the human TRPV1. We wanted to assess if this

compound behaved as an antagonist also for native rat

TRPV1 expressed by DRG neurons in culture. By using

calcium imaging, we confirmed that 6-iodo-nordihydrocapsai-

cin was about four times more potent than capsazepine, even

though the IC50 values of both antagonists in this assay were

more than 60 times lower than in HEK cells, whereas the IC50
for 5-iodo-RTX remained almost unchanged. This discrepancy

might be due to several factors, including the higher degree of

expression of recombinant TRPV1 in transfected HEK-293

cells, or differences in the structure of human and rat TRPV1.

Both these factors are indeed likely to produce also differences

in the quaternary structure of this receptor (Kedei et al., 2001).

Another possible reason for the lower potency of both 6-iodo-

nordihydrocapsaicin and capsazepine with respect to 5-iodo-

RTX might be the different permeability of intact cells to

‘capsaicinoids’ or ‘resiniferanoids’. In fact, the ligand-binding

site of TRPV1 for ‘capsaicinoids’ and fatty acid-derived

ligands is intracellular (Jung et al., 1999; De Petrocellis et al.,

2001; Jordt & Julius, 2002; Jung et al., 2002), and requires that

the ligands (i.e. agonists or antagonists) pass through the

membrane in order to interact with the channel. By contrast, it

has been suggested that 5-iodo-RTX, unlike 6-iodo-nordihy-

drocapsaicin and capsazepine, is not a competitive antagonist

for TRPV1 (Wahl et al., 2001; Undem & Kollarik, 2002),

which might mean that this compound does not inhibit

TRPV1 gating only by competing with agonists for the

intracellular binding site, but might have additional sites of

interaction with the protein, possibly on its extracellular

domains. Finally, it is also possible that 6-iodo-nordihydro-

capsaicin and capsazepine are degraded more rapidly by DRG

neurons than HEK-293 cells.

In this study, we also assessed the capability of 6-iodo-

nordihydrocapsaicin vs capsazepine to antagonize the effects

of capsaicin in two different organ preparations. This was

important in view of the growing evidence that species and

pharmacokinetics play an important role in determining

TRPV1 antagonist potency. However, by using two prepara-

tions from the same species, we found that the potency of 6-

iodo-nordihydrocapsaicin changed considerably depending on

whether it was tested against the contractions produced by

capsaicin in the guinea-pig urinary bladder, where the

compound was still more potent than capsazepine, or

guinea-pig trachea, where, by contrast, capsazepine was the

most potent of the two compounds. Therefore, the varying

potency against capsaicin of 6-iodo-nordihydrocapsaicin vs

capsazepine is probably due to the possible different metabolic

stability of the compounds or to their different degree of

penetration into different tissues, rather than to species-

dependent effects. At any rate, it is also noteworthy that 5-

iodo-RTX is considerably less potent in the guinea-pig trachea

preparation than in isolated DRG neurons (Undem &

Kollarik, 2002), and that even this ultrapotent antagonist

may become weaker than capsazepine when tested in vivo

(Seabrook et al., 2002).

In conclusion, this study provides information on the

complex interactions occurring between TRPV1 and its

ligands, and on some of the chemical moieties required to

transform a potent agonist into an antagonist at this receptor.

On the basis of our data, and of results recently reported by

other laboratories (Wahl et al., 2001; McDonnell et al., 2002),

it is reasonable to hypothesize that halogenation on the 5-

position of the vanillyl group of all ‘capsaicinoid’ and

‘resiniferoid’ TRPV1 agonists results in antagonists. This

information might turn out to be very useful if other TRPV1

agonists containing a vanillyl moiety are found. This chemical

feature is, in fact, known to be a necessary prerequisite to

observe strong agonist activity at vanilloid receptors (Sterner

& Szallasi, 1999; Szallasi & Blumberg, 1999). Furthermore,

we have described here some of the pharmacological

properties of a new TRPV1 antagonist, 6-iodo-nordi-

hydrocapsaicin, which, while adding to the growing family

of vanilloid antagonists and being definitely less potent than

5-iodo-RTX (Wahl et al., 2001) also appears to be more

potent on isolated cells than several of the novel TRPV1

antagonists developed recently (Davis et al., 2001; Lee et al.,

2001; Garcia-Martinez et al., 2002; Himmel et al., 2002;

Wang et al., 2002). However, it remains to be established

whether 6-iodo-nordihydrocapsaicin can be considered as a

valid alternative to capsazepine. This latter antagonist is

considered not very selective for TRPV1 and can interact also

with other ion channels (see, for example, Docherty et al.,

1997); however, it was found here to be only four times less

potent than 6-iodo-nordihydrocapsaicin when the two com-

pounds were tested in isolated cells under the same conditions.

Also, further studies aimed at assessing the efficacy of 6-iodo-

nordihydrocapsaicin in vivo will be required before suggesting

that this stable and easy-to-synthesize compound may

represent a template for the development of more potent

TRPV1 antagonists.

This study was partly supported by Indena S.p.a. We are grateful to Dr
Alessia Ligresti for performing the binding assays, to J.B. Davis
(GlaxoSmithKline) for providing HEK-293 cells overexpressing the
human TRPV1 and to S. Piantedosi for technical assistance.
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