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We investigated the effect of changing the length
nd degree of unsaturation of the fatty acyl chain of
-(3-methoxy-4-hydroxy)-benzyl-cis-9-octadeceno-
mide (olvanil), a ligand of vanilloid receptors, on its
apability to: (i) inhibit anandamide-facilitated
ransport into cells and enzymatic hydrolysis, (ii)
ind to CB1 and CB2 cannabinoid receptors, and (iii)
ctivate the VR1 vanilloid receptor. Potent inhibi-
ion of [14C]anandamide accumulation into cells was
chieved with C20:4 n-6, C18:3 n-6 and n-3, and C18:2
-6 N-acyl-vanillyl-amides (N-AVAMs). The satu-
ated analogues and D9-trans-olvanil were inactive.
ctivity in CB1 binding assays increased when in-
reasing the number of cis-double bonds in a n-6
atty acyl chain and, in saturated N-AVAMs, was not
reatly sensitive to decreasing the chain length. The
20:4 n-6 analogue (arvanil) was a potent inhibitor
f anandamide accumulation (IC50 5 3.6 mM) and was
-fold more potent than anandamide on CB1 recep-
ors (Ki 5 0.25–0.52 mM), whereas the C18:3 n-3
-AVAM was more selective than arvanil for the up-

1 These authors contributed equally to this work.
2 Address correspondence and reprint requests to this author. Fax:
39-081-8041770. E-mail: VDM@TRINC.ICMIB.NA.CNR.IT.
3 Affiliated with the National Institute for the Chemistry of Bio-

ogical Systems, Consiglio Nazionale delle Ricerche.
Abbreviations used. N-AVAM, N-acyl-vanillyl-amide; VR1, va-

illoid receptor type 1; RBL, rat basophilic laukemia; CB1, CB2,
annabinoid receptor type 1 and 2; TRP, transient receptor potential;
RPL, transient receptor potential-like; RTX, resiniferatoxin;
AAH, fatty acid amide hydroxylase; AM404, N-(4-hydroxyphenyl)-
rachidonylamide; anandamide, N-arachidonoyl-ethanolamine; olvanil,
-(3-methoxy-4-hydroxy)-benzyl-cis-9-octadecenoamide; palvanil,
-(3-methoxy-4-hydroxy)-benzyl-hexadecanamide; arvanil, N-(3-
ethoxy-4-hydroxy)-benzyl-arachidonylamide; pseudocapsaicin, N-(3-
ethoxy-4-hydroxy)-benzyl-nonanamide; HBCC, human breast

ancer cell.
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M). None of the compounds efficiently inhibited
14C]anandamide hydrolysis or bound to CB2 recep-
ors. All N-AVAMs activated the cation currents cou-
led to VR1 receptors overexpressed in Xenopus oo-
ytes. In a simple, intact cell model of both vanilloid-
nd anandamide-like activity, i.e., the inhibition of
uman breast cancer cell (HBCC) proliferation, ar-
anil was shown to behave as a “hybrid” activator of
annabinoid and vanilloid receptors. © 1999 Academic

ress

Key Words: cannabinoid; endocannabinoid; capsa-
cin; analgesics; breast cancer cells; carrier.

Studies on the mechanism of action of a natural
roduct widely used in pharmacological studies, the
ungent ‘hot’ chili pepper ingredient, capsaicin [N-(3-
ethoxy-4-hydroxy)-benzyl-8-methyl-6-trans-nonen-

mide], underwent a major breakthrough with the
loning and structure determination of the rat cap-
aicin receptor, named vanilloid receptor 1 (VR1) (1).
his protein is structurally related to members of
he transient receptor potential (TRP) and TRP-like
TRPL) family of cation channels, is expressed uniquely
n sensory ganglia, and, apart from capsaicin, is acti-
ated by noxious heat and protons and probably
unctions as a transducer for painful thermal stimuli
1, 2). Earlier studies had shown that capsaicin exhib-
ts potent vasodilatory properties, probably mediated
y the release of neurotransmitters such as substance
and the calcitonin gene related peptide, and exerts

nalgesic and anti-inflammatory actions through de-
ensitization of sensory nociceptors (see [3] for a re-
iew). These receptor-mediated effects of capsaicin are
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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ium red and by the competitive antagonist cap-
azepine (3). Another natural compound, the phorbol de-
ivative resiniferatoxin (RTX), has a pharmacological
rofile similar to that of capsaicin (see [4] for review)
nd has been shown to activate both native vanilloid
eceptors and recombinant VR1 even more potently
han capsaicin. Several studies, however, based on
oth qualitatively and quantitatively different re-
ponses of some tissue preparations to either capsaicin
r RTX, have suggested that vanilloid receptors may be
harmacologically heterogeneous (as reviewed in [5]).
on pungent long fatty acyl chain analogues of capsa-

cin, such as olvanil [N-(3-methoxy-4-hydroxy)-benzyl-
is-9-octadecenoamide], were synthesized and also
ound to exert vasodilatory, analgesic and anti-
nflammatory properties in vitro and, to a lesser ex-
ent, in vivo (6, 7, 8). Based on a series of pharmaco-
ogical differences between olvanil [and other N-acyl-
anillyl-amides (N-AVAMs)] and capsaicin, it was
roposed that this synthetic compound activates an
dditional vanilloid receptor subtype (6). However,
ince the cloning of VR1, no study has addressed yet
he possibility that long chain N-AVAMs bind to this
eceptor.

Another natural fatty acid amide, anandamide (N-
rachidonoyl-ethanolamine), was originally isolated
rom porcine brain and suggested to play a role as the
ndogenous ligand of cannabinoid receptors (9). Two
uch receptors have been identified so far in mammals,
he CB1 receptor, present in both nervous and certain
eripheral tissues, and the CB2 receptor, predomi-
antly expressed in immune cells (see [10] for a recent
eview on the pharmacology of cannabinoid receptors).
nandamide was shown to bind to and activate, to a
ifferent extent, both receptors, and to exert pharma-
ological actions similar, although not identical, to
hose of marijuana’s active principle (2)-D9-tetrahydro-
annabinol (for a recent review on anandamide phar-
acology and metabolism see [11]). Apart from its

harmacological profile, a role as a cannabimimetic
euromodulator for anandamide was also suggested by
he discovery of molecular mechanisms for its biosyn-
hesis and inactivation in intact neurons (12). In par-
icular, it was found that anandamide is enzymatically
ydrolyzed to arachidonic acid and ethanolamine fol-

owing its ‘carrier’-mediated facilitated transport into
eurons. More recent studies have succeded in charac-
erizing the enzyme catalyzing anandamide hydroly-
is, named ‘fatty acid amide hydrolase’ (FAAH) (13),
nd identifying—in rat basophilic leukaemia RBL-
H3 cells (14), cerebellar granule cells (15), cortical
eurons and astrocytes (12, 16), and human lymphoma
ells (17)—protein(s) responsible for anandamide facil-
tated diffusion through the cell membrane. Aromatic
nandamide analogues, such as N-benzyl-arachidonyl-
mide (15) and N-(4-hydroxyphenyl)-arachidonyl-
276
er oleoylethanolamide (15), were shown to inhibit
nandamide re-uptake. This prompted a recent study
n the possible interactions between olvanil and pro-
eins of the ‘endocannabinoid system’, where we found
hat olvanil is a potent inhibitor of anandamide facili-
ated diffusion into RBL-2H3 cells, as well as a weak
unctional agonist of CB1, but not CB2 receptors (18).
he former finding was later confirmed also in a hu-
an astrocytoma cell line expressing the anandamide

carrier’ (19). In the present study we have addressed
he question of whether other N-AVAMs could be de-
igned with higher inhibitory activity on the anand-
mide ‘carrier’ or with higher affinity for CB1 recep-
ors, or both, while preserving their capability to acti-
ate vanilloid receptors. Answers to this question could
rovide supplementary information on the mecha-
isms underlying the molecular recognition of: (i)
nandamide-like ligands by cannabinoid receptors and
he anandamide transporter, and (ii) synthetic va-
illoids by the VR1 receptor. Furthermore, given the
ell documented involvement of spinal/sensory canna-
inoid receptors and endocannabinoids in the down-
egulation of pain (20, 21), such N-AVAMs could be
sed as templates for the development of novel anal-
esic substances with multiple mechanisms of action,
.e. substances capable of: (i) desensitizing polymodal
ociceptors, (ii) activating antinociceptive CB1 recep-
ors, and (iii) potentiating the anti-hyperalgesic action
f anandamide by inhibiting its inactivation. We have
creened eleven N-AVAMs (Fig. 1), including capsa-
cin, and report that slightly different structural deter-

inants of their fatty acyl chains are necessary to
hese compounds for an optimal interaction with either
he anandamide membrane ‘carrier’ or the CB1 recep-
or, and that long chain N-AVAMs like olvanil do acti-
ate VR1 receptors. Moreover, we report that some of
hese substances, and in particular the C20:4 n-6 an-
logue, that we named arvanil, may behave as ‘hybrid’
B1/VR1 functional agonists.

ATERIALS AND METHODS

Materials, cell cultures and chemical synthesis of N-AVAMs.
ouse neuroblastoma N18TG2, rat basophilic RBL-2H3, and
CF-7, T-47D and EFM-19 cells were cultured as described previ-

usly (14, 18, 22, 23). [14C]Anandamide (5 mCi/mmol) was synthe-
ized as described previously (9) from [14C]ethanolamine (50 mCi/
mol, Amersham) and arachidonoyl chloride (Sigma, UK).

3H]SR141716A (55 Ci/mmol) and [3H]WIN55,212-2 (43 Ci/mmol)
ere purchased from Amersham and NEN-Dupont, respectively.
apsaicin and its C9:0 analogue (pseudocapsaicin), forskolin and
uthenium red were purchased from Sigma, UK. Capsazepine was
urchased from Biomol, and RTX from Alexis. SR141716A and
R144528 were kindly donated by Sanofi Recherche, Montpellier,
rance. N-AVAMs were synthesized by reacting 30 mg of 3-methoxy-
-hydroxy-benzylamine (obtained by dissolving the hydrochloride
vailable from Sigma in Tris-HCl, pH 9.5, followed by repeated
xtractions with diethyl ether) with the corresponding fatty acyl
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hlorides, purchased from Sigma, at 4°C for 30 min. In some cases
i.e. for the C18:0, C20:0, D9 trans C18:1 analogues) the chlorides
ere prepared by reacting the free fatty acids with oxalyl chloride as
escribed in (9). The reaction mixture was then brought to dryness
nd purified by normal phase high pressure liquid chromatography
s described in (18). The chemical structure of the purified com-
ounds was checked by gas chromatography-electron impact mass
pectrometry as previously described (18).

Anandamide uptake and FAAH assays. The effect of N-AVAMs
n the accumulation of anandamide in intact RBL-2H3 cells was
tudied according the procedures described in (14, 18). Briefly, con-

FIG. 1. Chemical structures of the N-AVAMs,
277
uent cells in six-well dishes (1 3 106 cells/well) were incubated for
0 min at 37°C with 0.5 ml of serum-free media containing 20,000
pm [14C]anandamide (4 mM) plus vehicle or one of the N-AVAMs
hown in Fig. 1, at various (0, 1, 5, 10, 50 mM) concentrations. After
he incubation, the medium was removed, the cells washed three
imes with 3 ml of medium containing 0.2% bovine serum albumin,
nd extracted with serum-free medium/chloroform/methanol 1:2:1
by vol.). [14C]Anandamide accumulated in cells was determined as
escribed (14). FAAH assays were carried out using a procedure
imilar to that described in previous papers (14, 18). Briefly,
0,000 3 g pellets (0.05–0.1 mg proteins) from N18TG2 cell homog-

nilloids and anandamide utilized in this study.
va
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nates were incubated in 1 ml Tris-HCl 50 mM, pH 9.0, with 25 mM
14C]anandamide for 30 min at 37°C, in the presence or absence of
ncreasing concentrations (5, 10, and 50 mM) of N-AVAMs. After the
ncubation the amount of [14C]ethanolamine produced from
14C]anandamide hydrolysis was determined as described (14). In
oth assays the inhibitory effect was expressed as the concentration
ecessary to achieve 50% inhibition (IC50) and as means 6 S.D. of
hree separate experiments. For these calculations, the amount of
14C]anandamide accumulated into cells during incubations carried
ut at 4°C, or the amount of [14C]ethanolamine in incubations with
o proteins, respectively, were subtracted from total amounts, IC50

alues were calculated from dose-response curves drawn by using
raph-Pad software.

Binding and cAMP assays. CB1 and CB2-receptor binding affin-
ties of N-AVAMs were determined by means of competition assays
ollowed widely described procedures (18, 22, 24). Membranes from
onfluent N18TG2 and RBL-2H3 cells, prepared as described in (24)
nd (22), respectively, were used to determine the displacement by
-AVAMs, tested at various concentrations (0.1, 0.5, 1, 5, 10 or 15
M), of 300 pM [3H]SR141716A or [3H]WIN55,212-2. Membrane-
ound and free radioligands were separated by the filtration proce-
ures described previously (22, 24), and bound radioactivity mea-
ured by liquid scintillation counting. The CB1 binding affinities of
rvanil, olvanil and the C16:0 analogue, that we named palvanil, in
CF-7 cell membranes were determined by a similar procedure, as

escribed in (23) but using 300 pM [3H]SR141716A. Specific binding
as calculated by using 10 mM unlabelled SR141716A, or 10 mM
U-210 (kindly donated by Prof. R. Mechoulam, The Hebrew Uni-

ersity, Jerusalem, Israel) when [3H]SR141716A or [3H]WIN55,212-
was used as radioligand, respectively, and was 35–40% and 16–

2% in the two cases. Binding affinities were expressed as Ki
alculated, by using the Cheng-Prusoff equation, from IC50 values
see above) for the inhibition by N-AVAMs of radioligand binding to
embranes. Results are means 6 S.D. of three separate experi-
ents. The effects of 5 mM arvanil and olvanil on forskolin-induced

AMP formation in intact N18TG2 cells were determined by means
f a cAMP assay kit (Amersham) as advised by the manufacturer and
ccording to the procedure described previously (18).

Assays of VR1-mediated ion currents. Defolliculated Xenopus lae-
is oocytes were injected with 2.5–5 ng VR1 cRNA, synthesized from
lkI-linearized VR1 cDNA templates using T7 RNA polymerase (1,

). Control oocytes were injected with water. 10–14 days after injec-
ion, VR1 currents were analyzed by patch-clamp methods as de-

Effect of N-AVAMs on [14C]Anandam
and on [14C]Anandamide Hydro

[14C]Anandam
into RB

Capsaicin 46.9
C9:0 (pseudocapsaicin)
C16:0 (palvanil)
C18:0
D9-cis C18:1 (olvanil) 9.0
D9-trans C18:1
D6,9-cis C18:2 n-6 7.0
D6,9,12-cis C18:3 n-6 5.0
D6,9,12-cis C18:3 n-3 8.0
C20:0
D5,8,11,14-cis C20:4 n-6 (arvanil) 3.6

Note. The effects are expressed as IC50 in mM and are means 6 S.D
etermined.

a Data are from (18).
278
cribed previously (2). Solution used for recording (on either side of
he membrane) comprised 10 mM Tris-HCl, 1 mM EGTA, 150 mM
sCl, 1.0 mM MgCl2, pH 7.4, at room temperature.

Assays for HBCC proliferation and apoptosis. The effect of differ-
nt concentrations (0.1, 0.5, 1, 2.5, 5) of capsaicin, pseudocapsaicin,
rvanil, olvanil, palvanil, RTX, capsazepine and anandamide on the
roliferation of MCF-7, EFM-19 and T-47D HBCCs was studied
ccording to the procedures described previously (23). Compounds or
ehicle (ethanol) were administered at each change of medium and
or 4–6 days after which cells were trypsinized and counted by a
aemocytometer. In some experiments, substances were co-

ncubated with CB1, CB2 and vanilloid receptor antagonists or with
uthenium red, as shown in Fig. 3. In this case, statistically different
nhibitory effects were evaluated by means of the unpaired Student’s

test. Cell viability was checked by trypan blue. The effect of arvanil
n MCF-7 cell apoptosis was determined by analysis of DNA frag-
entation after 24 and 72 hour incubation of cells with 1 or 5 mM

oncentrations of the substance, as described previously ([23] and
eferences therein).

ESULTS

Effect of N-AVAMs on anandamide facilitated diffu-
ion into RBL-2H3 cells. Of the eleven N-AVAMs
ested in this study, all the all cis unsaturated ana-
ogues efficiently inhibited the accumulation of
14C]anandamide into RBL-2H3 cells with the following
rder of potency: arvanil . 18:3 n-6 . 18:2 n-6, 18:3
-3 . olvanil (Table 1). The D9-trans analogue of olva-
il, as well as the completely unsaturated C9:0, C16:0,
18:0 and C20:0 analogues were inactive (IC50 .
0 mM).

Effect of N-AVAMs on anandamide hydrolysis by
18TG2 cell membranes. As shown in Table 1, none

f the compounds tested, including arvanil, was a po-
ent inhibitor in a FAAH activity assay carried out
ith [14C]anandamide as the substrate and N18TG2

ell membranes as the source of FAAH (25).

e Accumulation into RBL-2H3 Cells
is by N18TG2 Cell Membranes

accumulation
H3 cells

[14C]Anandamide hydrolysis
by N18TG2 cell membranes

2.1a .50a

.50

.50

.50
2.0a 48.0 6 2.0a

.50
2.0 50.5 6 3.0
1.0 49.0 6 4.2
2.0 .50

.50
0.7 32.0 6 5.0

f three independent experiments carried out in duplicate. N.D., not
id
lys

ide
L-2

6
.50
.50
.50

6
.50

6
6
6

.50
6

. o
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CB1 and CB2 receptor binding affinities of
-AVAMs. Table 2 shows the Ki values for the dis-
lacement by the eleven N-AVAMs of [3H]SR 141716A
nd [3H]WIN55,212-2 from membrane preparations
rom N18TG2 and RBL-2H3 cells, which selectively
xpress CB1 and CB2 receptors, respectively (22, 24).
lthough some specific binding was observed for some
f the compounds at high concentrations, none of the
-AVAMs tested exhibited Ki values lower than 10 mM

or the CB2-containing membranes. On the other hand,
ost of the compounds inhibited the binding of [3H]SR

41716A to N18TG2 cell membranes, the order of po-
ency being: arvanil . C18:3 n-6 . C18:2 n-6 . olva-
il . C18:3 n-3, C18:1 D9-trans, C18:0, C16:0, C9:0 .
20:0, capsaicin. Arvanil (Ki 5 0.51 mM) was almost
-fold more potent than anandamide (Ki 5 1.9 mM) and
xhibited at least a 30-fold selectivity for CB1 vs. CB2
eceptors. As previously shown for olvanil (18), arvanil
ehaved as an agonist at CB1 receptors since it inhib-
ted forskolin-induced cAMP formation in intact
18TG2 cells (66.7 6 2.1% inhibition at 5 mM, n 5 3).

Effect of N-AVAMs on VR1-coupled ion currents in
enopus oocytes. Six long chain N-AVAMs, including
lvanil and arvanil, were tested for their ability to elicit
embrane currents in inside-out patches excised from
enopus oocytes injected with the VR1 receptor cDNA.
t a 2 mM concentration, all compounds elicited ion
urrents that were reversed by the VR1 antagonist
apsazepine (10 mM), but not with Ringer perfusate
ashout (Fig. 2). No effect was observed in control
ocytes injected with water (data not shown). The am-
litudes of the currents by the six compounds were

Effect of N-AVAMs on the Binding of High-
of Cells Selectively Expres

N18TG2 cells
[3H]SR141716A

Capsaicin .10a

C9:0 (pseudocapsaicin) 2.7 6 1.2
C16:0 (palvanil) 3.0 6 0.5
C18:0 3.3 6 0.7
D9-cis C18:1 (olvanil) 1.6 6 0.4b

D9-trans C18:1 4.3 6 0.3
D6,9-cis C18:2 n-6 1.4 6 0.2
D6,9,12-cis C18:3 n-6 0.8 6 0.2
D6,9,12-cis C18:3 n-3 3.4 6 0.3
C20:0 .10a

D5,8,11,14-cis C20:4 n-6 (arvanil) 0.5 6 0.2
Anandamide 1.9 6 0.3

Note. The effects are expressed as Ki 6 S.D. of three separate
orresponding IC50 by means of the Cheng-Prusoff equation and usin
arzo, unpublished observation). The Ki for anandamide displaceme

etermined.
a,c Less than 50% displacement was observed at 10 or 15 mM, resp
b Data are from (18).
d About 50% displacement was observed at 10 mM.
279
omparable, and of the same order of magnitude as
hose elicited by 2 mM capsaicin or 0.1 mM RTX (data
ot shown).

Effect of N-AVAMs on HBCC proliferation. The ef-
ect of olvanil, arvanil, the C16:0 N-AVAM (that we
amed palvanil) and pseudocapsaicin on the prolifera-
ion of MCF-7, T-47D and EFM-19 human breast can-
er cell was studied (Table 3) and compared to the
ffect of capsaicin, RTX, the vanilloid receptor antago-
ist capsazepine and anandamide. In EFM-19 cells all
ompounds inhibited cell proliferation with the follow-
ng rank of potencies: arvanil . olvanil, capsaicin,
seudocapsaicin . palvanil, RTX, anandamide . cap-
azepine. Also in MCF-7 and T-47D cells, where a
elect number of compounds was tested, arvanil was
ore potent than olvanil and capsaicin, which were
ore potent than palvanil (Fig. 3a). The effect of cap-

aicin and anandamide together was not significantly
igher than the sum of the effects of the two drugs
lone in any of the three lines studied (data not shown).
one of the N-AVAMs tested was toxic to cells up to 5
M. When tested on RBL-2H3 and RBL-1 rat baso-
hilic, DU-145 human prostate, N18TG2 mouse neu-
oblastoma and J774 mouse monocytic cells, none of
he N-AVAMs was active up to 2.5 mM (data not
hown). Arvanil did not induce MCF-7 cell apoptosis
ven after 72 hours and at the higher concentration
ested (data not shown). In both MCF-7 and EFM-19
ells, the CB1 receptor antagonist SR 141716A (but not
he CB2 antagonist SR144528) significantly attenu-
ted the anti-proliferative effect of anandamide, arva-
il and olvanil, but not that of capsaicin and RTX (Fig.

nity CB1 and CB2 Ligands to Membranes
g CB1 and CB2 Receptors

RBL-2H3 cells
[3H]WIN55,212-2c

MCF-7 cells
[3H]SR141716A

.15 N.D.

.15 N.D.

.15 2.6 6 0.4

.15 N.D.
.15b 1.0 6 0.3
.15 N.D.
.15 N.D.

$10d N.D.
$10d N.D.
.15 N.D.
.15 0.25 6 0.1
0.03 0.85 6 0.25

periments carried out in duplicate. Ki were calculated from the
d constants previously determined ([18, 22] and D. Melck and V. Di

of [3H]SR141716A from N18TG2 cells is 1.9 6 0.3 mM (18). N.D., not

ively.
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b and data not shown). The competitive vanilloid re-
eptor antagonist capsazepine (0.25 mM) and the ion
hannel inhibitor ruthenium red (0.2 mM) significantly
ttenuated the effect of arvanil, olvanil, RTX and cap-
aicin but not that of anandamide (Fig. 3c and data not
hown).

N-AVAMs bind to CB1-like receptors in MCF-7 cell
embranes. Membranes from MCF-7 cells contain

pecific binding sites for the selective CB1 ligand

FIG. 2. Effect of N-AVAMs (2 mM) on ion currents in Xenopus lae
cales for each compound are shown. Traces are representative of th
n some traces. Little or no response was found with a 200 nM conc
ocytes (not shown). Cpz, capsazepine.

TAB

Effect of N-AVAMs on the Proliferation of Three Huma

MCF-7 cell

Capsaicin 1.05 6 0.15
Resiniferatoxin N.D.
Capsazepine N.D.
C9:0 (pseudocapsaicin) N.D.
C16:0 (palvanil) 2.20 6 0.30
D9-cis C18:1 (olvanil) 1.60 6 0.18
D5,8,11,14-cis C20:4 n-6 (arvanil) 0.40 6 0.15
Anandamide 2.30 6 0.35

Note. The effects are expressed as IC50 in mM, i.e., as the concentra
o Fig. 3), and are means 6 S.D. of three independent experiments
280
3H]SR 141716A (Bmax 5 121 6 35 fmol/mg protein,
d 5 3.8 6 1.5 nM, n 5 3, as assessed from Scatchard
lots calculated by using increasing concentrations
100–10000 pM] of [3H]SR 141716A). Arvanil, olvanil
nd palvanil displaced the binding of [3H]SR 141716A
ith an order of potency identical to that reported
bove for N18TG2 cell membranes (Table 2) and to that
bserved for the inhibition of MCF-7 cell proliferation,
.e. arvanil . olvanil . palvanil.

oocytes injected with VR1 receptor cRNA. The time and ion current
separate experiments. The little effect of a water washout is shown

ration. No response was found with vehicle or with non-transfected

3

reast Cancer Cell Lines (MCF-7, EFM-19, and T-47D)

EFM-19 cells T-47D cells

0.80 6 0.05 1.10 6 0.10
2.50 6 0.15 N.D.
2.60 6 0.21 N.D.
0.85 6 0.04 N.D.
1.00 6 0.12 1.60 6 0.15
0.70 6 0.08 0.75 6 0.06
0.55 6 0.06 0.35 6 0.03
1.50 6 0.30 1.90 6 0.20

necessary to achieve 50% inhibition of cell proliferation (see legend
ried out in duplicate. N.D., not determined.
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ISCUSSION

The capsaicin analogue olvanil has been widely stud-
ed for its pharmacological properties as an activator of
anilloid receptors and its subsequent vasodilatory
nd anti-inflammatory actions in vitro, as well as for
ts possible use as an analgesic agent in vivo (6, 7, 8,
7). Other N-AVAMs have been shown to exhibit a
imilar pharmacological profile (8, 26). We reported
hat olvanil potently inhibits the facilitated transport
f anandamide into RBL-2H3 cells (18) and binds to
B1 cannabinoid receptors in mouse N18TG2 cells
ith an affinity comparable to that reported for olvanil
inding to vanilloid receptors in rat dorsal root ganglia
27). In this study we attempted to improve the capa-
ility of olvanil to inhibit the anandamide transporter
nd/or activate CB1 receptors without dramatically
hanging its activity on vanilloid receptors. In order to
o so we examined eleven N-AVAMs differing from
lvanil for the length or degree of unsaturation of their
liphatic chain. These compounds were tested for: (i)
heir effect on [14C]anandamide accumulation in RBL-
H3 cells, where an anandamide membrane ‘carrier’ is
resent (14), (ii) their potency in competition binding
ssays with the highly selective CB1 ligand (and an-
agonist) SR141716A or the synthetic cannabinoid

IN55,212-2 (which is slightly more selective for CB2
han CB1 receptors) (10) in membrane preparations
rom two cell lines, N18TG2 and RBL-2H3 cells, pre-
iously shown to express selectively CB1 and CB2 re-
eptors, respectively (28, 22, 24, 10). Moreover, in order
o check their capability to activate vanilloid receptors,

FIG. 3. Effect of N-AVAMs on the proliferation of MCF-7 cells. Th
ollowing formula: (1 2 [control cell number 2 treated cell number]/[

maximal cytostatic effect. (A) Effect of arvanil, olvanil, palvanil
ntagonists on capsaicin, RTX and arvanil inhibition of cell proliferat
s that exerting the maximal inhibitory effect in each case, i.e. 0.2 m
3–9%) albeit significant inhibition of HBCC proliferation was obser
eceptor antagonists on capsaicin, RTX and arvanil inhibition of ce
BCC proliferation at the doses shown was negligible. Data are mean

esults were obtained in EFM-19 cells (Table 3 and data are not show
apsazepine and slightly attenuated by SR 141716A (from 245.8% to
as strongly attenuated by both capsazepine and SR 141716A (from
281
e compared the effects of some of the long chain
-AVAMs to that of olvanil (and capsaicin) in a func-

ional assay of VR1 activation.
We found that, of the eleven compounds tested, only

he all-cis unsaturated analogues potently inhibited
nandamide facilitated diffusion. This suggests that
he anandamide membrane ‘carrier’ imposes that at
east one cis double bond be present in the fatty acyl
hain of N-AVAMs for an optimal interaction with the
inding site. Indeed, the inhibitory activity of
-AVAMs increased when passing from the mono- to

he tri-unsaturated C18 analogues, and arvanil was
lightly more potent than the C18:3 n-6 analogue, thus
uggesting that the presence of 1,4-diene groups and of
8–20 carbon atoms are important determinants for an
ptimal binding of N-AVAMs with the ‘carrier’ protein.
oreover, since arvanil was more potent than AM404

n this model (65.0% and 12.9% inhibition, at 10 mM,
able 1 and [18]), it can be proposed that the presence
f a methylene spacer between the 49-hydroxy-phenyl-
nd the arachidonate moieties, and/or of a 39-methoxy-
roup on the benzene ring, increase the affinity of
henolic anandamide analogues for the anandamide

carrier’. In view of the fact that none of the N-AVAMs
fficiently inhibited anandamide hydrolysis in a FAAH
ssay carried out here in N18TG2 cells, these data may
llow the design of new potent and selective inhibitors
f anandamide facilitated transport among the
-AVAM class of compounds.
Most of the N-AVAMs tested in this study displaced

he specific binding of [3H]SR141716A from N18TG2

ffect was expressed as percent cell proliferation, calculated from the
trol cell number 2 initial cell number] 3 100. 100% 5 no effect, 0%

capsaicin on cell proliferation. (B) Effect of cannabinoid receptor
. Several concentrations of antagonists were used and the one shown
with capsaicin and arvanil, and 0.5 mM with anandamide. A little
with these doses when administered alone. (C) Effect of vanilloid

roliferation. The effect of capsazepine and ruthenium red alone on
S.D. of three separate experiments carried out in duplicate. Similar

, where: a) the effect of 1 mM olvanil was almost totally reversed by
4.6% and 235.6%, respectively); and b) the effect of 0.5 mM arvanil

42.5% to 219.6% and 220.8%, respectively). *, p , 0.01.
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BL-2H3 cell membranes. Although they are not het-
rologous expression systems, N18TG2 and RBL-2H3
ells represent two well accepted models for the study
f CB1- and CB2-mediated biological actions, and have
een previously used to test the binding affinities of
B1 and CB2 agonists (22, 24, 10, 29). In particular, a
ood correlation among the Kd values of cannabinoid
igh affinity ligands determined in membranes from
18TG2 cells, mouse brain and cells overexpressing

he cDNA for the mouse CB1 receptor was found (24).
he CB1 affinities of the active N-AVAMs (Ki 5 0.5–
.3 mM) were comparable to—or even higher than—
hat previously reported for the binding of olvanil to
anilloid receptors in dorsal root ganglia membranes
IC50 5 8.8 mM, as determined by using [3H]RTX as the
adioligand [27]). In the C18 and, possibly, C20 series,
he CB1 affinity constants decreased when increasing
he number of 1,4-diene groups, whereas no significant
hange was observed when shortening a fully satu-
ated C18 fatty acyl chain. The C18:3 n-3 and D9-trans
18:1 derivatives and capsaicin were significantly less
ctive than the C18:3 n-6, D9-cis C18:1 derivatives and
apsaicin were significantly less active than the C18:3
-6, D9-cis C18:1 (i.e. olvanil) and C9:0 (pseudocapsa-

cin) derivatives, respectively. These data are in agree-
ent with previous structure/activity studies carried

ut with acylethanolamides containing different fatty
cyl chains (30), as well as with the requirement of a
aturated terminal chain of at least five carbon atoms
or the recently proposed anandamide pharmacophore
31). Our present observations that arvanil, i.e. the
9-methoxy-49-hydroxy-benzyl-amide of arachidonic
cid, is a weak competitive inhibitor (and, therefore, a
oor substrate) of FAAH, and more potent than anand-
mide as a ligand of CB1 receptors, are in agreement
ith the previous finding that 49-hydroxy-phenyl-
rachidonoylamides are more metabolically stable
han anandamide, and are good ligands for the CB1
eceptor only when a methylene spacer is introduced
etween the 49-hydroxy-phenyl and the arachidonoyl
roups [as in arvanil and N-(49-hydroxy-benzyl)-
rachidonoylamine) (32)]. Due to the great difference
etween the Ki values sometimes observed for the
ame cannabinoid ligand when using different mem-
rane preparations and radioligands (10), further stud-
es will be required in order to assess whether arvanil
an be considered as a relatively potent cannabinoid
igand. The data presented here, however, allow us to
ropose that, at specific SR141716A/CB1 binding sites,
rvanil and the C18:3 n-6 N-AVAM are more potent
han anandamide, and exhibit at least 30- and 13-fold
electivity for CB1 over CB2 receptors, respectively.
rvanil, like olvanil (18), behaves as a functional ago-
ist at CB1 receptors since it exhibits a typical CB1-
ediated functional response, i.e. the inhibition of the

orskolin-induced formation of cAMP in intact N18TG2
282
abinoids is due to activation of CB1 receptors (20, 21),
nd immune cells involved in inflammatory reactions
xpress both CB1 and CB2 receptor subtypes (10), ar-
anil may prove to be a potent anti-inflammatory and
nalgesic compound.
In order to assess if changes in the fatty acyl chain of

leamide would influence its capability to activate va-
illoid receptors, we used a functional assay for the
ecently cloned VR1 receptor carried out in an heter-
logous expression system for this protein (1). As ex-
ected from their pharmacological properties (8, 26),
e found that olvanil and five other long chain
-AVAMs were active and behaved qualitatively in a
ery similar way in this assay. At a concentration
reviously found to be nearly saturating for capsaicin
1), all compounds produced ion currents of similar
mplitudes, whereas at a 10-fold lower concentration
ittle or no effect by N-AVAMs, including capsaicin,
as observed (data not shown). The effect of N-AVAMs

ould only be detected in oocytes injected with VR1
eceptor cDNA, and was completely reversed by the
anilloid receptor antagonist capsazepine, thus provid-
ng strong evidence for the functional interaction of
hese compounds with VR1. Unlike capsaicin, however,
he effect of long chain N-AVAMs, including olvanil,
as not reversed by washout with perfusate solution.
his difference may be due to the fact that long-chain
-AVAMs are more lipophilic than capsaicin and, sub-

equently, more likely to be absorbed on oocyte mem-
ranes than the natural vanilloid compound. In sup-
ort of this hypothesis, two recent studies showed
eversibility for the stimulatory effects on TRP and
RPL channels by fatty acids (which are significantly
ore polar than N-AVAMs) (33), but not by diacylglyc-

rols (which are as lipophilic as N-AVAMs) (34). Inter-
stingly, a very slow return to baseline after wash had
een observed also for olvanil-induced currents in rat
rigeminal ganglion (6), a tissue which also expresses
R1 (1). The different membrane lipid composition of

he cell type or tissue used to test the effect of olvanil
ay account for some differences in the biological re-

ponse observed in different assays.
On the basis of the findings described here it is

ossible to conclude that, of the N-AVAMs tested: (i) as
xpected, all are functionally active at VR1 receptors,
ii) none is a potent competitive inhibitor of FAAH, and
iii) the C18:3 n-6 analogue and, particularly, arvanil
re active at both CB1 receptors and as inhibitors of
nandamide facilitated transport; they can, therefore,
ehave as a cannabimimetic agents by both directly
ctivating CB1 receptors and minimizing the ‘carrier’-
ediated inactivation of endogenous anandamide. As a

irect application of these findings we wanted to inves-
igate the effects of N-AVAMs in a simple and unique
odel of both anandamide- and capsaicin-like activity,

.e. the inhibition of HBCC proliferation. Anandamide
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s anti-mitogenic factors for HBCCs by activating CB1-
ike receptors (23). In agreement with these findings
e found that [3H]SR141716A binding sites, CB1
RNA and a CB1-immunoreactive protein are ex-

ressed in HBCCs (Melck, D., De Petrocellis, L., Or-
ando, P., Laezza, C., Bifulco, M. and Di Marzo, V.,
ubmitted). A non-cannabimimetic substance capable
f inhibiting anandamide hydrolysis in HBCCs, oleam-
de, exerts a weak anti-proliferative action in these
ells probably by acting through raised levels of anand-
mide ([25] and references therein). This shows that
oth cannabinoid ligands and substances that inhibit
he inactivation of endogenous anandamide may give
ositive responses in this test. No molecular evidence
xists, on the contrary, for the involvement of vanilloid
eceptors in capasicin-induced inhibition of tumoral
ammary epithelial cells, which has been associated

35) with inhibition of NADH oxidase and induction of
poptosis. More recent studies, however, have sug-
ested that vanilloid receptors are at least in part
nvolved in the anti-proliferative effects of capsaicin
nd RTX, for example in glioma cells (36). We found
hat capsaicin inhibits the proliferation HBCCs while
TX, which is 1–3 orders of magnitudes more active

han capsaicin on VR1 receptors (1, 27), was less active
n this test. The vanilloid receptor antagonist cap-
azepine, which does not activate VR1 receptors (1),
as also active. However, low doses of capsazepine and
f the ion channel blocker, ruthenium red, strongly
ttenuated the effect of both capsaicin and RTX. Thus,
t is possible to suggest that capsaicin and RTX in-
ibit HBCC proliferation through both vanilloid recep-
or-independent (e.g. inhibition of NADH oxidase)
nd -dependent mechanisms. In the latter case, a vanilloid
eceptor subtype with low affinity for RTX, which was
roposed to be present in human tissues (4) and some
on-nervous cells (e.g. rat mastocytes [37]), may be

nvolved, analogous to what suggested for the anti-
roliferative and apoptotic effects of capsaicin on rat
6 glioma cells (36), which also respond to capsazepine
fter long-term treatment. When we tested arvanil,
lvanil and palvanil on HBCCs, we found that these
ompounds inhibited proliferation with an order of po-
ency identical to their relative affinity for CB1 recep-
ors in N18TG2 and MCF-7 cell membranes. The anti-
roliferative effect of arvanil was about 4- and 2-fold
ore potent than that of both anandamide and capsa-

cin, i.e. two substances that preferentially activate
B1 or vanilloid receptors, respectively, and was at-

enuated in part by SR 141716A, and in part by cap-
azepine or ruthenium red, at concentrations that to-
ally block the effect of anandamide and capsaicin,
espectively. Therefore, these data support our hypoth-
sis that arvanil may behave as a ‘hybrid’ cannabinoid/
anilloid agonist capable of exploiting this unique
roperty also in intact cells, with subsequent improved
283
anilloid agonists. However, a full molecular charac-
erization of capsaicin anti-proliferative effects on HB-
Cs must be awaited before definitively concluding

hat part of arvanil actions in this system are due to
ctivation of VR1 receptors. It is worthwhile noting
hat this compound, at a 5 mM concentration and after
rolonged incubations, did not induce MCF-7 cell
poptosis—an ultimate consequence of NADH oxidase
nhibition (35)—which suggests that N-AVAMs may
xert non-vanilloid receptor mediated effects in these
ells only at doses higher than 5 mM.
In conclusion, we have shown that it is possible to
odify the aliphatic chain of olvanil in order to im-

rove both its CB1-binding activity and its capability of
nhibiting carrier-mediated anandamide inactivation,
hile preserving its functional activity at vanilloid re-

eptors. These findings prompt further studies on the
ossibility of developing potent cannabimimetic
-AVAMs, for example by investigating the effect on

heir CB1-binding activity of a-methylation or branch-
ng of the n-pentyl chain, previously shown to greatly
mprove anandamide cannabimimetic activity (38).
his may lead to further vanilloid/cannabinoid ‘hy-
rids’ with potential therapeutic use as analgesic, anti-
nflammatory, vasodilatory or anti-tumor drugs.
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