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1 Arvanil (N-arachidonoylvanillamine), a nonpungent capsaicin–anandamide hybrid molecule, has
been shown to exert biological activities through VR1/CB1-dependent and -independent pathways.
We have found that arvanil induces dose-dependent apoptosis in the lymphoid Jurkat T-cell line, but
not in peripheral blood T lymphocytes. Apoptosis was assessed by DNA fragmentation through cell
cycle and TUNEL analyses.

2 Arvanil-induced apoptosis was initiated independently of any specific phase of the cell cycle, and it
was inhibited by specific caspase-8 and -3 inhibitors and by the activation of protein kinase C. In
addition, kinetic analysis by Western blots and fluorimetry showed that arvanil rapidly activates
caspase-8, -7 and -3, and induces PARP cleavage.

3 The arvanil-mediated apoptotic response was greatly inhibited in the Jurkat-FADDDN cell line,
which constitutively expresses a negative dominant form of the adapter molecule Fas-associated death
domain (FADD). This cell line does not undergo apoptosis in response to Fas (CD95) stimulation.

4 Using a cytofluorimetric approach, we have found that arvanil induced the production of reactive
oxygen species (ROS) in both Jurkat-FADDþ and Jurkat-FADDDN cell lines. However, ROS
accumulation only plays a residual role in arvanil-induced apoptosis.

5 These results demonstrate that arvanil-induced apoptosis is essentially mediated through a
mechanism that is typical of type II cells, and implicates the death-inducing signalling complex and the
activation of caspase-8. This arvanil-apoptotic activity is TRPV1 and CB-independent, and can be of
importance for the development of potential anti-inflammatory and antitumoral drugs.
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Introduction

The endocannabinoid system has raised a great interest in the

last decade, because of the pleiotropic biological effects

ascribed to this complex network, which is composed of

cannabinoid and vanilloid receptors, metabolism-related

enzymes and endogenous signalling molecules (named endo-

cannabinoids) (De Petrocellis et al., 2000; Di Marzo et al.,

2000a). Anandamide (N-arachidonoyl ethanolamide) (AEA)

was the first endocannabinoid described to date, and its

mechanism of action and metabolism regulation have been

extensively studied in different biological models (Devane et al.,

1992; Di Marzo & Fontana, 1995; Lee et al., 1995; Mechoulam

et al., 1996; De Petrocellis et al., 2000). AEA is produced by

neurons and other cell types from the hydrolysis of a

phospolipid precursor, N-arachidonoyl-phosphatidylethanol-

amide, in a reaction catalysed by a Ca2þ -dependent phospho-

lipase D (Di Marzo et al., 1994), and acts as a mediator in the

brain mainly by signalling through the CB1 cannabinoid

receptor. AEA is also an agonist of the vanilloid receptor type

1 (VR1 or TRPV1), a nociceptive receptor expressed prefer-

entially in primary afferent nociceptive neurons (Zygmunt

et al., 1999; Smart et al., 2000). TRPV1 is a nonselective cation

channel gated by noxious heat, extracellular protons and either

exogenous or endogenous ligands (Caterina et al., 1997).

Interestingly, the sensitivity of this receptor to heat and ligands

is drastically increased under inflammatory conditions, and the

activation of TRPV1 by lower concentrations of endogenous

agonists during inflammation (including AEA) is seemingly

involved in the hyperalgesia accompanying inflammation

(Szallasi, 2001; Amaya et al., 2003). Signal termination for

AEA includes cellular reuptake by a putative AEA membrane

transporter (AMT) and hydrolysis by the fatty acid amide

hydrolase (FAAH) (Cravatt et al., 1996; Ueda et al., 2000).

Over the past few years, different strategies have been

developed to increase the effectiveness and bioavailability

of endocannabinoids with pharmacological potential in
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neurological conditions such as Parkinson’s, Alzheimer’s,

neuropathic pain and neurological inflammation (Gubellini

et al., 2002; Rice et al., 2002). Most of these approaches

have been focused on the development of new CB agonists

(Di Marzo et al., 2000a), TRPV1 agonists/antagonists

(Sterner & Szallasi, 1999; Appendino et al., 2002) and AMT

or FAAH inhibitors (Hillard & Jarrahian, 2000; Bisogno

et al., 2002), but also the design of new molecules that

could retain activities at both CB1 and TRPV1 has been

pursued.

N-(3-methoxy-4-hydroxy-benzyl)-arachidonoylamide (arva-

nil) was designed in an attempt to obtain a hybrid

metabolically stable TRPV1/CB1 ligand with a pharmacolo-

gical profile suitable for the development of ultrapotent

analgesics (Di Marzo et al., 2002). Arvanil is a ‘chimeric’

ligand that combines the structural features of capsaicin and

anandamide, namely the vanillyl moiety of capsaicin and the

arachidonoyl group of anandamide. Arvanil has an affinity for

CB1 receptors comparable to, or lower than, that of AEA, and

also activates TRPV1 more potently than capsaicin or AEA

(Melck et al., 1999). Moreover, arvanil is one of the most

potent AMT inhibitors developed to date and also inhibits

FAAH, the enzyme responsible for the hydrolysis of AEA and

other endocannabinoids (Glaser et al., 2003). In addition,

arvanil has been suggested to induce CB/TRPV1-independent

biological effects in vivo (Di Marzo et al., 2000b; Brooks et al.,

2002).

Programmed cell death, or apoptosis, is a genetically

controlled mechanism playing an important role in the

regulation of cellular homeostasis. Many triggers can induce

apoptosis, including the stimulation of cell membrane-bound

receptors (reviewed in Timmer et al., 2002). Among them,

CD95 (APO-1, Fas) is an important member of the tumour

necrosis factor receptor superfamily (reviewed inWallach et al.,

1997) expressed in many different tissues, including T cells,

playing a fundamental role in the homeostasis of the immune

system (Kroemer & Martinez, 1994). The CD95 signalling

pathway has been explored by biochemical and genetic

approaches, and it is activated by direct interaction with

CD95L (a physiological ligand) or by cytotoxic drugs

(Micheau et al., 1999). Upon CD95 stimulation and trimeriza-

tion, a set of proteins is recruited to this receptor, leading to

the formation of the death-inducing signalling complex (DISC)

(Kischkel et al., 1995), which contains the intracellular adapter

protein FADD that binds to the death domain of the CD95

receptor and to caspase-8, inducing its proteolytic activation.

Caspase-8, in turn, activates a proteolytic caspase cascade that

transmits and amplifies death signals by the activation of

apoptotic executioner caspases such as caspase-3 and -7. These

executioner caspases cleavage several substrate proteins

including poly(ADP ribose)polymerase (PARP), resulting in

the self-destruction of the cells (reviewed in Cryns & Yuan,

1998).

CD95-induced apoptosis is executed by at least two different

signalling pathways. In type I cells, large amounts of caspase-8

are recruited to and activated at the DISC, immediately

followed by the activation of caspase-3 prior to loss of the

mitochondrial transmembrane potential DCm (Scaffidi et al.,

1998). In type II cells, the DISC formation is less evident

and Bid, a substrate of caspase-8, is cleaved to generate a

proapoptotic form, tBid, that targets the mitochondria,

allowing the release of cytochrome c, which is an essential

cofactor for caspase-3 activation (Li et al., 1998; Budd,

2002). The truncated proapoptotic form of Bid complexes

and inhibits Bcl-2 in the outer mitochondria membrane,

leading to the release of cytochrome c without a disruption

of the DCm (reviewed in Scaffidi et al., 1998; Kim et al.,

2000).

Since anandamide and capsaicin have been shown to

induce apoptosis in different cell types (Macho et al., 1999;

Lee et al., 2000; Maccarrone et al., 2000; Sarker et al., 2000;

Jung et al., 2001), we were interested in studying the

apoptotic effect of the AEA–capsaicin hybrid arvanil in both

peripheral T cells and in a lymphoma T-cell line widely used as

a model for T-cell signalling. We present evidence that arvanil

induces apoptosis in the Jurkat cell line but not in T resting

cells. DNA fragmentation and PARP cleavage in arvanil-

treated cells are preceded by the activation of caspase-8, -3

and -7, and are apparently independent of CB and TVRP1

signalling pathways. We also demonstrate that arvanil-

induced apoptosis is mediated by a pathway that involves

DISC formation.

Methods

Cell lines and reagents

Jurkat cells (ATCC, Rockville, MD, U.S.A.) were maintained

in exponential growth in RPMI 1640 medium (Gibco, Paisley,

Scotland) supplemented with 10% heat-inactivated FCS, 2mM

L-glutamine and the antibiotics penicillin and streptomycin

(Gibco). The Jurkat-FADDDN cell line is a Jurkat-derived

clone stably transfected with an expression vector encoding a

dominant-negative form of the FADD protein (Hofmann et al.,

2001), and was maintained in complete medium containing

100 mgml�1 of G418. The cell-permeable inhibitors of caspases
zDEVD-fmk and zIETD-fmk (N-benzyloxycarbonyl-Asp-

Glu-Val-Asp-fluoromethyl ketone and N-benzyloxycarbonyl-

Ile-Glu-Thr-Asp-fluoromethyl ketone, respectively) were from

Bachem (Bubendorf, Switzerland). FITC-12-deoxy-2-uridine

triphosphate (FITC-dUTP) and terminal deoxynucleotidyl-

transferase (TdT) were from Roche (Mannheim, Germany).

The rabbit polyclonal a-caspase-3 was from Dako Diagnostic

(Copenhagen, Denmark), the antisera a-caspase-7, a-caspase-8
and anti-PARP were from Chemicon (Harrow, U.K.), the

mAb anti-CD95 was from Pharmingen (San Antonio, CA,

U.S.A.) and the mAb anti-tubulin was from Sigma Chemical

Co. (Barcelona, Spain). Arvanil was either purchased (Alexis,

Carlsbad, CA, U.S.A.) or synthesized according to a recently

published procedure for the acylation of vanillamine (Appen-

dino et al., 2002). In short, a cooled (01C) solution of

arachidonic acid (99%, purchased from Alexis) in dry

dichloromethane was sequentially treated with vanillamine

hydrochloride (1mol. equiv.), triethylamine (2mol. equiv.) and

propylphophonic acid anhydride (PPAA, 50% solution in

ethyl acetate, 2mol. equiv.). After stirring for 15min at 01C,

the reaction was worked up by evaporation, and arvanil was

purified by a short column of silica gel using petroleum ether-

ethyl acetate 9 : 1 as eluant. Typical yields were in the range of

70–79%. Arvanil was dissolved in ethanol and the stock

solution was prepared at 10mM and stored at �201C. The
maximum final concentration of the solvent in the cell cultures

was 0.25%, which did not affect any of the parameters
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analysed in this study. All other reagents not cited above or

later were from Sigma Chemical Co.

Isolation of peripheral human T cells

Human PBMC, from healthy adult volunteer donors, were

isolated by centrifugation of venous blood on Ficoll-Hypaques

density gradients (Pharmacia LKB Biotechnology, Piscataway,

NJ, U.S.A.). Macrophages were removed by incubating the

PBMC on 100mm plastic Petri plates at 371C for 60min, and

the remaining cells were passed twice through a nylon wool

column to deplete residual B cells and macrophages. Nylon

wool T cells were usually 95% CD3þ and less than 5%

CD25þ .

Determination of nuclear DNA loss and cell cycle analysis

The percentage of cells undergoing chromatinolysis (subdi-

ploid cells) was determined by ethanol fixation (70% for 24 h

at 41C). Then, the cells were washed twice with phosphate-

buffered saline (PBS) containing 4% glucose, and subjected to

RNA digestion (RNAse-A, 50Uml�1) and PI (20mgml�1)
staining in PBS for 1 h at RT, and analysed by cytofluorimetry.

With this method, low molecular weight DNA leaks from the

ethanol-fixed apoptotic cells and the subsequent staining

allows the determination of the percentage of subdiploid cells

(sub-G0/G1 fraction).

Detection of DNA strand breaks by the TUNEL method

Cells (1� 106) were fixed in 4% paraformaldehyde in PBS for

24 h at 41C, washed twice in PBS and permeabilized in 0.1%

sodium citrate containing 0.1% Triton X-100 for 20min. Fixed

cells were washed three times in PBS and resuspended in a final

volume of 50 ml of TUNEL buffer (0.3 nmol FITC-dUTP,

3 nmol dATP, 50 nmol CoCl2, 5U TdT, 200mM potassium

cacodylate, 250mgml�1 BSA and 25mM Tris-HCl pH 6.6). The

cells were incubated for 1 h at 371C and then washed twice in

PBS and analysed by flow cytometry. To determine both DNA

strand breaks and cell cycle, TUNEL-stained cells were

counterstained with PI and treated with RNAse, as described

above, prior to cytofluorometric analysis. In this method,

fixation in formaldehyde prevents the extraction of low

molecular weight DNA from apoptotic cells and thus the cell

cycle distribution estimates both apoptotic and nonapoptotic

cells.

Determination of caspase-3 and -8 activity

Jurkat cells (3� 106) were washed with PBS and incubated

for 30min on ice with 100 ml of lysis buffer (10mM Tris-HCl,

10mM NaH2PO4/NaHPO4, pH 7.5, 130mM NaCl, 1%

Tritons X-100 and 10mM sodium pyrophosphate). Cell

lysates were spun, the supernatants collected and the

protein concentrations determined by the Bradford method.

For each reaction, 30mg of protein from cell lysates was

added to 1ml of freshly prepared protease assay buffer

(20mM HEPES pH 7.5, 10% glycerol, 2mM DTT) containing

15 mg of either Ac-DEVD-AMC or Ac-IETD-AMC (Sigma

Chemical Co.). Reaction mixtures in the absence of cellular

extracts were used as negative controls (fluorescence back-

ground). Reaction mixtures were incubated for 1 h at 371C and

the AMC liberated from Ac-peptides-AMC was measured

using a spectrofluorimeter (Hitachi F-2500 model, Hitachi

Ltd, Tokyo, Japan) with an excitation wavelength of 380 nm

and an emission wavelength range of 400–550 nm. Data

were collected as the integer of relative fluorescence

intensity (RFI) minus the background fluorescence, and

represented as RFI-fold induction 7s.d. over untreated

control.

Determination of ROS generation

To study the superoxide anion generation (ROS), cells were

incubated (106ml�1) in PBS with dihydroethidine (HE) (red

fluorescent after oxidation) (2 mM) (Sigma) for 20min at 371C,
followed by analysis on an Epics XL Analyzer (Coulter,

Hialeah, FL, U.S.A.).

Transient transfections and luciferase assays

Jurkat cells (107ml�1) were transiently transfected with a

construct containing the luciferase gene driven by a 2.3 kb

fragment of FasL promoter (pxp2-FasL) that was kindly

provided by J.A. Pintor-Toro (CSIC, Sevilla, Spain). The

transfections were performed using Lipofectinet reagent

(Invitrogen, Barcelona, Spain), according to the manufac-

turer’s recommendations, for 24 h. Transfected cells were

treated as indicated for 6 h. Then, the cells were lysed in

25mM Tris-phosphate pH 7.8, 8mM MgCl2, 1mM DTT, 1%

Triton X-100 and 7% glycerol. Luciferase activity was

measured using an Autolumat LB 953 (EG&G Berthold,

U.S.A.), following the instructions of the luciferase assay

kit (Promega, Madison, WI, U.S.A.), and protein con-

centration was measured by the Bradford method. The

background obtained with the lysis buffer was subtracted in

each experimental value and the specific trans-

activation expressed as a fold induction over untreated cells.

Data are represented as mean7s.e. of three independent

experiments.

Western blots

Jurkat cells (1� 106 cellsml�1) were stimulated with different

concentrations of arvanil for the indicated period of times.

Cells were then washed with PBS and resuspended in 50ml of
lysis buffer (20mM HEPES pH 8.0, 10mM KCl, 0.15mM

EGTA, 0.15mM EDTA, 0.5mM Na3VO4, 5mM NaFl, 1mM

DTT, leupeptin 1mgml�1, pepstatin 0.5 mgml�1, apronitin

0.5mgml�1 and 1mM PMSF) containing 0.5% NP-40. After

15min on ice, cytoplasmic proteins were obtained by

centrifugation and protein concentration determined by a

Bradford assay (Bio-Rad, Richmond, CA, U.S.A.). The

proteins (30 mg) were boiled in Laemmli buffer and electro-

phoresed in 10% SDS–polyacrylamide gels. Separated pro-

teins were transferred to nitrocellulose membranes (0.5A at

100V; 41C) for 1 h. The blots were blocked in TBS solution

containing 0.1% Tween 20 and 5% nonfat dry milk overnight

at 41C, and immunodetection of specific proteins was carried

out with primary antibodies (anticaspase-3, anticaspase-7,

anticaspase-7, anti-PARP or anti-a-tubulin), using an ECL

system (Amersham, U.K.).
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Results

Arvanil induces apoptosis in Jurkat cells but not in
primary T cells

The effect of arvanil on cellular apoptosis was investigated in

the leukaemia cell line Jurkat and in human purified primary T

cells. The cells were incubated with arvanil (25 mM) for 6 h and
the hypodiploidy (i.e., loss of fragmented DNA) was detected

by flow cytometry as a marker for apoptosis. In Figure 1a, it is

shown that arvanil was able to induce a strong increase in the

percentage of hyplodiploid cells. However, when human

purified primary T cells were treated with the same concentra-

tion of arvanil, we could not detect a significant increase

in the percentage of hypodiploidy cells. While ethanol did

not affect the cell cycle, arvanil-induced hypodiploidy in

Jurkat cells was dose-dependent and it was already detected

with the lower concentration tested (Figure 1b). Next, to

examine whether arvanil-induced apoptosis in Jurkat cells is

dependent on a specific phase of the cell cycle, we

performed double-staining experiments with PI and FITC-

dUTP, as described in Methods. In this way, the phase of the

cell cycle during which DNA fragmentation occurs can be

established. In Figure 2, it is shown that arvanil-induced

DNA fragmentation (68.6% of the cells) appeared to be

proportional to the number of cells in each phase of the

cell cycle. Thus, in contrast to the results obtained by cell

treatment with podophylotoxin, a compound that binds

tubulin and arrests cell cycle at the G2/M phase initiating

the DNA fragmentation, arvanil-induced apoptosis was

independent of any specific phase of the cell cycle. This

result could explain the different percentages of apoptotic

cells found by using either cell cycle analysis by PI

staining (52% in Figure 1a) or the TUNEL method (68% in

Figure 2).

Apoptosis induced by arvanil in Jurkat cells involves the
caspase cascade pathway

The caspase family consists of postaspartate-cleaving cysteine

proteases that have been shown to be required for apoptosis in

a number of experimental systems (reviewed in Thornberry &

Lazebnik, 1998). Thus, to study the activation of the executor

caspase-3 and the modulator caspase-8 in a direct way, we

incubated the cells with arvanil (15 mM) for different periods of
time, and the activities of both caspases were determined by a

fluorimetric method that is highly specific and sensitive.

Figure 3a shows that the treatment of Jurkat cells with arvanil

led to the activation of both caspases, with a very similar

kinetic showing a maximal activation after 6 h of treatment.

Next, to establish the involvement of caspase activation in

arvanil-mediated apoptosis of Jurkat cells, we preincubated

the cells with either of the tetrapeptide caspase inhibitors

zDEVD-fmk or zIETD-fmk before arvanil treatment.

zDEVD-fmk and zIETD-fmk are reported to inhibit caspase-

3 and -8, respectively. The percentage of apoptotic cells was

determined 6 h after arvanil treatment by the TUNEL method,

and in Figure 3b it is shown that apoptosis induced by arvanil

was largely inhibited by both caspase inhibitors. It is

Figure 1 Arvanil induces apoptosis in Jurkat cells but not in
primary T cells. (a) Cell cycle analysis. Cells were treated with
increasing concentrations of arvanil for 6 h and the percentage of
hypodiploid cells was detected using flow cytometry. Results are
representative of three independent experiments. (b) Jurkat cells
(black bars) or human peripheral isolated T cells (grey bars) were
treated with arvanil at the indicated doses for 6 h, and the percentage
of hypodiploid cells determined by flow cytometry. The percentage
of vehicle (v v�1) used in each treatment is indicated. Values are
means7s.e. of three different experiments.

Figure 2 TUNEL analysis of arvanil-induced apoptosis. Jurkat cells were treated either with arvanil 25 mM for 6 h or
podophylotoxin 10 mM for 24 h, and the cell cycle and the DNA strand breaks analysed using flow cytometry, as described in
Methods. The continuous horizontal line divides the diagram into fragmented DNA cells (upper square) and nonfragmented DNA
cells (lower square), and vertical dash lines separate each phase of the cell cycle: Go/G1 (left), S (middle) and G2/M (right).
Numbers represent the percentage of cells in each group. Results are representative of three different experiments.
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noteworthy that zDEVD-fmk was slightly more effective at

protecting Jurkat cells from arvanil-induced apoptosis than

zIETD-fmk. These results demonstrate a role for caspase-8 in

the apoptotic pathway activated by arvanil, and, since this

caspase triggers a proteolytic cascade that amplifies death

signals by the activation of executioner caspase-3 and -7, we

were interested in examining if arvanil could also induce the

activation of caspase-7 in Jurkat cells. This caspase was

present in control Jurkat cells primarily as a 35 kDa protein

(Figure 3c). Treatment with arvanil (15 mM) resulted in a time-
dependent processing of caspase-7, accompanied by the

formation of one major product of about 32 kDa, which

probably represents the loss of the prodomain at DSVD23k.
Processing of caspase-7 was first observed 1 h after arvanil

treatment and it was completed at 6 h of treatment. Similar

kinetics of activation was found for caspase-3 and -8 in

arvanil-treated cells. However, although PARP cleavage was

initiated after 1 h treatment, the maximum cleavage was

reached after 6 h of treatment with arvanil. In addition,

arvanil-induced processing of the three procaspase forms was

found to be dose-dependent, being detectable with 10 mM
arvanil, a concentration at which apoptosis is already

detectable (Figure 3d). Arvanil treatment did not affect the

steady-state levels of the housekeeping protein a-tubulin.

FADD-dependent caspase activation is required for
arvanil-induced apoptosis in Jurkat cells

It is accepted that Fas (CD95) signaling pathway is mediated

by recruitment of FADD and procaspase-8 to the death

domain of Fas to form the DISC (Kischkel et al., 1995;

reviewed in Timmer et al., 2002). The involvement of further

DISC protein for arvanil-induced apoptotic pathway was

investigated by analysing CD95 and arvanil-induced apoptosis

in a Jurkat line stably expressing a dominant-negative form of

the FADD (FADDDN) adapter protein, which lacks the death

effector domain (Hofmann et al., 2001). Overexpression of

FADDDN prevents DISC formation and activation of caspase-

8 triggered by FasL or anti-Fas antibodies (Chinnaiyan et al.,

1996). In Figure 4a, it is shown that either anti-CD95 or

arvanil induce DNA fragmentation in the parental Jurkat cells;

by contrast, in the Jurkat-FADDDN, no apoptosis was found

in response to the agonist mAb anti-CD95. Arvanil-induced

apoptosis was also largely inhibited in the FADDDN cells

although a residual apoptosis was observed with the higher

doses of arvanil tested. Activation of caspase-3 and -8 was also

impaired in Jurkat-FADDDN when compared with the Jurkat

wild type and, again, some degree of caspase activation could

be detected in arvanil-treated Jurkat-FADDDN cells

(Figure 4b). These results suggest that an additional pathway

independent of FADD is also activated by arvanil in Jurkat

cells. A number of previous studies have reported that in type

II cells PMA treatment inhibits Fas-mediated apoptosis

(reviewed in Krammer, 2000). In this sense, the inhibitory

effect on PMA-induced apoptosis can be mediated by

disrupting DISC formation or by activation of the ERK

pathway (Ruiz-Ruiz et al., 1999; Meng et al., 2002). Thus, to

investigate the role of PKC in arvanil-induced apoptosis,

Jurkat cells were stimulated with the PKC agonist PMA for

30min prior to treatment with arvanil. Then, DNA fragmen-

tation was measured, and in Figure 5a it is shown that PMA

pretreatment almost abolished the apoptosis induced by

arvanil, which also correlated with the ability of PMA to

inhibit arvanil-induced activation of caspase-3 and -8

(Figure 5b).

Arvanil does not induce FasL transcriptional activity

It has been shown that some cytotoxic drugs can induce Fas-

mediated apoptosis by upregulation of the FasL gene (Pucci

Figure 3 Involvement of caspase activation in arvanil-induced
apoptosis. (a) Caspase activity determination. Jurkat cells were
treated with arvanil (15 mM) and the kinetics of caspase-3 and -8
activation detected by fluorimetry. (b) DNA fragmentation analysis
in the presence of caspase-3 and -8 inhibitors. Cells were
preincubated with 20 mM of the caspase inhibitors zDEVD-fmk
(for caspase-3) and zIETD-fmk (for caspase-8), and treated with
arvanil 15 mM for 6 h. After this time, DNA fragmentation was
detected by the TUNEL method. Values are means7s.e. of three
different experiments. (c) Kinetic studies of caspase-8, -3 and -7
activation and PARP cleavage by Western blot. Cells were treated
with arvanil 15 mM at the indicated times and the steady-state protein
levels of caspase-3, -8, -7, PARP and a-tubulin detected by Western
blot. (d) Dose–response effects of arvanil (6 h) on the proteolytic
degradation of caspase-3, -8 and -7.
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et al., 1999; Mansouri et al., 2003). Since FasL expression is

tightly regulated at the transcriptional level, we investigated

the regulation of the FasL promoter in Jurkat cells transiently

transfected with the promoter reporter plasmid pxp2-FasL-

Luc. After transfection, cells were treated either with TNFa or
with increasing concentrations of arvanil for 3 h, to ensure that

the measurement of luciferase activity is not affected by

arvanil-induced DNA fragmentation. In Figure 6, it is shown

that the TNFa-responsive FasL promoter was not upregulated

by arvanil with any of the concentrations tested. Altogether,

these results strongly suggest that although arvanil-induced

apoptosis is mainly dependent on FADD, clustering of CD95

by FasL binding is not necessary.

Figure 4 Arvanil-induced apoptosis is impaired in Jurkat-FADDDN cells. (a) DNA fragmentation. Jurkat and Jurkat FADDDN

cells were treated with either anti-CD95mAb or arvanil (10 and 15 mM) for 6 h, and the percentage of apoptotic cells (DNA
fragmentation) was detected by TUNEL staining and flow cytometry (b). Fluorimetric analysis of caspase-3 and -8 activities in
Jurkat and Jurkat FADDDN cells treated with arvanil (15mM) for 6 h. Data are represented as the means of RFI fold induction over
untreated control7s.e. of three different experiments.

Figure 5 PMA inhibits arvanil-induced apoptosis and caspase-3
and -8 activation. (a) Jurkat T cells were preincubated with either
zIETD (20 mM) or PMA (20 nM), and treated with arvanil 15 mM for
6 h. The percentage of apoptosis was determined as in Figure 3b. (b)
Caspase-3 and -8 activity detection by fluorimetry in cells treated
with arvanil in the presence or absence of PMA.

Figure 6 Arvanil does not affect FasL gene expression. Jurkat cells
were transiently transfected with the pxp2-FasL-luc plasmid, as
described in Methods. At 24 h post-transfection, cells were treated
with either TNFa or with arvanil at the indicated doses for 3 h.
Then, the cells were lysed and the luciferase activity measured.
Values are means of RLU fold induction7s.e. of three independent
experiments.
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Arvanil induces sequential ROS generation in Jurkat cells

Arvanil is a nonpungent anandamide–capsaicin hybrid that

contains the vanilloid ring (Melck et al., 1999). We have

previously shown that vanilloid compounds behave as quinone

analogues and induce intracellular ROS and apoptosis in

Jurkat cells (Macho et al., 1998; 1999; 2000; 2003). Thus, we

studied the ability of arvanil to generate ROS using HE

(nonfluorescent) that becomes ethidium (Eth, red fluorescent)

after its oxidation via ROS (Petit et al., 1990). We treated both

Jurkat and Jurkat-FADDDN cells with arvanil (10 mM) for 6 h,
and the percentage of cells with high levels of intracellular

ROS was analysed by flow cytometry (Figure 7a). We

observed that ROS increase in both cell lines treated with this

compound was dose-dependent (Figure 7b). Interestingly,

when cell death was measured in parallel in arvanil-treated

cells, Jurkat-FADDDN cells were clearly more resistant to cell

death that the parental clone (Figure 7c). These differences

suggest that ROS generation could be implicated in a part of

arvanil-induced apoptosis, but not in the whole process, a fact

that could explain the residual albeit significant apoptosis

observed in arvanil-treated Jurkat-FADDDN cells (Figure 4a).

Discussion

It is now widely accepted that in addition to their cannabimi-

metic effects, AEA and other endocannabinoids have pleio-

tropic activities (reviewed in Parolaro et al., 2002). Thus, AEA

has been implicated in the regulation of cell growth and

differentiation (reviewed in Parolaro et al., 2002) and, more

recently, cannabinoids have been shown to play an important

role in the angiogenic process accompanying tumoral spread

and invasion (Blazquez et al., 2003; Casanova et al., 2003),

suggesting a possible antitumoral activity for the endocanna-

binoid system (reviewed in Bifulco & Di Marzo, 2002).

Accordingly, there is growing evidence that AEA, and perhaps

other arachidonic acid derivatives as well, may exert a control

on cellular growth and apoptosis through different signal

pathways. In this sense, metabolically stable analogues of AEA

like arvanil might be of special interest in studying the

mechanistic aspects of the apoptotic properties of endocanna-

binoids and endovanilloids.

Arvanil is a capsaicin–anandamide hybrid with a very high

structural homology to the recently described endovanilloid

N-arachidonoyl dopamine (NADA) (Bisogno et al., 2000;

Huang et al., 2002). Arvanil and NADA are TRPV1 and CB1

receptor agonists, and lack CB2 agonist activity. Since Jurkat

cells do not express neither TRPV1 or CB1 receptors (Sancho

et al., 2003), we assumed that arvanil-induced apoptosis is

through TRPV1 and CB receptor-independent pathways. Our

results strongly suggest that DISC formation and activation of

caspase-8 are the initial steps in arvanil-induced apoptosis and,

although arvanil did not upregulate FasL, it is likely that

arvanil induces Fas clustering and DISC formation, since

stably FADDDN-transfected Jurkat cells showed a clear

diminished caspase-8 and -3 activation and DNA fragmenta-

tion in response to this compound. Moreover, the effects of

arvanil on DISC formation were supported by our results

showing that PKC activation protects from arvanil-induced

apoptosis. It has been demonstrated that in type II (e.g.,

Jurkat) cells, PKC activation prevents CD95-mediated apop-

tosis by inhibiting CD95 receptor oligomerization at the cell

membrane, thus avoiding DISC formation (Ruiz-Ruiz et al.,

1999). In addition, PMA activates the ERK pathway that

Figure 7 Arvanil induces ROS formation in both Jurkat and
Jurkat-FADDDN cell lines. (a) Jurkat or Jurkat-FADDDN cells were
treated with arvanil 15 mM, and after 6 h they were collected and the
percentage of cells with high Eth fluorescence (ROS generation)
detected by flow cytofluorimetry (b, c). Dose–response generation
of ROS (b) and cell death (c) in arvanil-treated Jurkat and Jurkat-
FADDDN cells for 6 h. Values are means7s.e. of three different
experiments.
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prevents apoptosis and promotes cell survival (Scaffidi et al.,

1999). Altogether, our results indicate that arvanil induces an

apoptosis that is typical of type II cells by a FasL-independent

mechanism (Figure 8).

Although a high percentage of human primary T cells

express CD95, our results show that arvanil does not induce

apoptosis in these cells. The arachidonic acid moiety of arvanil

may allow the molecule to enter the cells by a process of simple

diffusion, as it has been recently suggested for AEA (Glaser

et al., 2003). Like other antitumour lipids (Cabaner et al.,

1999), the cellular uptake of arvanil could be much larger in

tumoral cells that in primary resting T cells. In addition,

primary resting T cells could be more resistant to anti-CD95-

mediated apoptosis than Fas-expressing cultured cell lines, as

previously proposed (Miyawaki et al., 1992). Thus, our results

suggest that, in addition to CD95/Fas expression, other

cellular factors may be required for arvanil-induced apoptosis.

We and others have demonstrated that the vanilloid moiety

of resiniferatoxin, capsaicin and capsiate behaves as a quinone

analogue, targeting and inhibiting the plasma membrane redox

system (Vaillant et al., 1996; Wolvetang et al., 1996; Macho

et al., 1999). As a result of this inhibition, quinone analogues

generate an excess of intracellular ROS that contributes to the

apoptotic pathway (Hildeman et al., 1999). Here we show that

arvanil, which contains a vanilloid moiety, can also behave as

a quinone analogue, since it was able to induce high levels of

intracellular ROS in either Jurkat or Jurkat FADDDN cell

lines. However, the fact that Jurkat FADDDN cells were highly

resistant to arvanil-induced apoptosis compared to the wild-

type clone suggests that ROS generation could be implicated in

arvanil-induced apoptosis by at least two pathways. First,

arvanil-induced ROS may activate a sphingomyelinase at the

lipid rafts of the cell membrane, increasing the intracellular

levels of ceramide (reviewed in Andrieu-Abadie et al., 2001),

which has been involved in the apoptotic pathways induced by

a wide range of stimuli including Fas (reviewed in Carmody &

Cotter, 2001). Then, ceramide could favour DISC assembly

triggering the apoptotic cascade. This hypothesis will be in

concordance with a recent report showing that Fas-resistant

cell lines (like our Jurkat FADDDN cell clone) are also resistant

to apoptosis induced by either serum withdrawal or exogenous

ceramide (Caricchio et al., 2002). Secondly, ROS may also

induce a direct attack to the mitochondria pores, inducing the

release of cytochrome c and further activation of executor

caspases (Macho et al., 1998). This second pathway could

explain the residual albeit significant cell death observed in

arvanil-treated Jurkat-FADDDN cells, which was due to

apoptosis rather than necrosis.

Anandamide transport inhibitors and FAAH inhibitors are

designed to increase AEA concentrations outside the cells, thus

enhancing its biological effects. For instance, it has been

shown that both AMT and FAAH inhibitors (AM404 and

ATFMK, respectively) enhance the apoptotic effects of AEA

in human neuroblastoma CHP100 and lymphoma U937 cells

(Maccarrone et al., 2000). Recently, it has also been reported

that arvanil inhibits AEA transport into cells by targeting

FAAH (Glaser et al., 2003), and, although Jurkat cells express

FAAH (Sancho et al., 2003), we found that its pharmacolo-

gical inhibition with arachidonoyl trifluoromethyl ketone

(ATMFK) did not induce apoptosis in this particular cell line

(data not shown), ruling out the possible involvement of this

enzyme in arvanil-induced apoptosis.

In conclusion, we have demonstrated that arvanil induces

apoptosis in lymphoid cells through a FADD-mediated

mechanism that involves the activation of caspase-8, -3 and -

7. This activity might underlie some of the known anti-

inflammatory and proapoptotic effects of endocannabinoids/

endovanilloids, and provides a rationale for the synthesis of

new analogues endowed with selective anti-inflammatory and

anticancer properties.
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