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Abstract

Natural food products such as resveratrol have gained considerable attention as cancer chemopreventive agents. In the pres-

ent study, we investigated the potential of resveratrol to overcome the resistance of tumour cells against TRAIL. While resve-

ratrol enhanced TRAIL-induced apoptosis through G1 cell cycle arrest and survivin depletion, resveratrol failed to sensitise

cells with high expression levels of Bcl-2 or FADD-DN. Interestingly, overexpression of Bcl-2 or FADD-DN did not interfere

with resveratrol-mediated cell cycle arrest or survivin depletion, but blocked release of cytochrome c and Smac from mitochon-

dria into the cytosol, enhanced caspase activation and apoptosis upon combined treatment with resveratrol and TRAIL indi-

cating that overexpression of Bcl-2 or FADD-DN decoupled the effect of resveratrol on the cell cycle and apoptosis. Similarly,

cell cycle arrest at G1 using the cell cycle specific inhibitor mimosine or downregulation of survivin expression by antisense

oligonucleotides failed to enhance TRAIL-induced apoptosis in Bcl-2- or FADD-DN-transfected cells. Likewise, inhibition

of caspase activity using the broad range caspase inhibitor zVAD.fmk did not interfere with resveratrol-mediated cell cycle

arrest and survivin depletion, while blocking apoptosis upon combined treatment with resveratrol and TRAIL. Thus, resvera-

trol is a potent sensitiser for TRAIL in certain tumours. However, it may be ineffective in others, e.g. in tumours with

enhanced Bcl-2 expression or defective death receptor signalling.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Cell death by apoptosis plays a pivotal role in the reg-

ulation of various physiological or pathological condi-
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tions and has also been implicated in mediating

therapy-induced cytotoxicity, e.g. in response to cyto-

toxic drug treatment, c-irradiation or cytotoxic cyto-

kines [1–3]. Apoptotic pathways may be initiated

through different entry sites, such as death receptors
(receptor pathway) or mitochondria (mitochondrial

pathway) resulting in activation of effector caspases

[3]. Stimulation of death receptors of the tumour necro-

sis factor (TNF) receptor superfamily such as CD95

(APO-1/Fas) results in receptor aggregation and recruit-

ment of the adaptor molecule Fas-associated death do-

main (FADD) and caspase-8 [4]. Upon recruitment,

caspase-8 becomes activated and initiates apoptosis by
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direct cleavage of downstream effector caspases. A sec-

ond pathway is initiated at the mitochondrial level.

Upon induction of apoptosis, apoptogenic factors such

as cytochrome c, apoptosis-inducing factor (AIF) or

Smac/DIABLO (direct IAP binding protein with low

pI) are released from mitochondria into the cytosol.
Cytochrome c triggers caspase-3 activation through for-

mation of the cytochrome c/Apaf-1/caspase-9-contain-

ing apoptosome complex, while Smac/DIABLO

promotes caspase activation through neutralising the

inhibitory effects to (IAPs) [5]. Signals originating from

the CD95 receptor may be linked to mitochondria by

Bid, a BH3 domain-containing protein of the Bcl-2 fam-

ily which assumes cytochrome c-releasing activity upon
cleavage by caspase-8, thereby initiating a mitochondrial

amplification loop [5].

The death receptor ligand (TRAIL) is a promising

candidate for cancer therapy, because it induces apopto-

sis in a broad spectrum of cancer cell lines and also

exhibits potent tumoricidal activity in several xenograft

models in vivo [6]. Unlike the other death ligands, CD95

or TNFa, systemic administration of soluble human
TRAIL does not cause systemic toxicity in mice or

non-human primates, although further studies may be

necessary to evaluate the possible cytoxicity of TRAIL

on human normal tissues, e.g. hepatocytes [6]. However,

many tumours remain resistant towards treatment with

TRAIL, which may be caused by defects in apoptotic

programmes [6]. IAPs, such as survivin, are expressed

at high levels in many tumours including neuroblastoma
and have been associated with a poor prognosis [7,8].

IAPs block apoptosis at the core of the apoptotic

machinery by inhibiting effector caspases. Tumours also

often harbour defects in the mitochondrial pathway by

overexpression of anti-apoptotic proteins of the Bcl-2

family [9]. In addition, the death receptor pathway is fre-

quently impaired in tumours, e.g. by overexpression of

FLICE inhibitory protein (FLIP) or by loss of cas-
pase-8 expression [10]. Blockade of the mitochondrial

pathway by Bcl-2 or inhibition of the death receptor

pathway by (FADD-DN) inhibited TRAIL-induced

apoptosis in certain cell types, e.g. in type II cells [10,11].

Naturally occurring dietary compounds, such as

resveratrol, have recently gained considerable atten-

tion as cardioprotective and canceropreventive agents

and also exhibit antitumour activity [12,13]. We pre-
viously found that the chemopreventive agent resvera-

trol sensitised tumour cells to TRAIL-induced

apoptosis through G1 arrest and associated survivin

depletion [14]. Since cell cycle-dependent sensitivity

of tumour cells to the induction of cell death has

been exploited to overcome the resistance of tumours,

we investigated the potential of resveratrol to over-

come the resistance of Bcl-2- or FADD-DN-over-
expressing tumour cells towards TRAIL-induced

apoptosis.
2. Materials and methods

2.1. Cell culture

SHEP neuroblastoma or Jurkat T cell leukaemia cells

transfected with vector control (Neo), Bcl-2 or FADD-
DN or were maintained in Roswell Park Memorial

Institute (RPMI) 1640 medium (Life Technologies,

Inc., Eggenstein, Germany) as previously described in

Ref. [15]. 0.5 · 105 cells/ml were cultured in 96-well,

24-well or 6-well plates or in 75 cm2 flasks (Falcon, Hei-

delberg, Germany).

2.2. Determination of apoptosis, cell viability and

clonogenic growth

Cells were incubated with resveratrol, mimosine,

thymidine, nocodazole (all from Sigma, Deisenhofen,

Germany), TRAIL (PeproTech, Rocky Hill, NJ), anti-

APO1 (CD95) monoclonal antibody, zVAD.fmk (Ba-

chem, Heidelberg, Germany), TNFa (Biochrom, Berlin,

Germany) at the concentrations and times indicated.
Apoptosis was assessed by fluorescence-activated cell-

sorting (FACS) analysis of DNA fragmentation of pro-

pidium-iodide stained nuclei or by annexin V staining

(Roche Diagnostics, Mannheim, Germany) and cell via-

bility was determined by the dimethylthiahzolyl-2,5-di-

phenyl-tetrazolium bromide (MTT) assay according to

the manufacturer�s instructions (Roche Diagnostics) as

previously described in Ref. [15]. Clonogenic growth
was assessed by crystal violet staining as previously de-

scribed in Ref. [16].

2.3. Cell cycle analysis

Analysis of cell cycle and/ or apoptosis was per-

formed by flow cytometric staining of permeabilised

cells with propidium iodide for DNA content and with
annexin-fluorescein isothiocyanate (FITC) for apoptosis

as previously described in Ref. [14]. Briefly, 106 cells

were stained with annexin-FITC for 20 min at 4 �C,
fixed with 4% paraformaldehyde (Sigma) for 20 min at

4 �C, permeabilised with digitonin (Sigma, 50 lg/ml)

for 5 min at room temperature and stained with propi-

dium iodide (15 lg/ml) for 15 min at 37 �C in the pres-

ence of RNaseA (Sigma, 20 lg/ml).

2.4. Western blotting analysis

Western blotting analysis were performed as previ-

ously described in Ref. [15], using mouse anti-caspase-

8 monoclonal antibody C15 (1:10 dilution of hybridoma

supernatant, kindly provided by P. Krammer), mouse

anti-caspase-3 monoclonal antibody (1:1000, BD Biosci-
ences, Heidelberg, Germany), mouse anti-caspase-2

monoclonal antibody (1:1000, BD Biosciences), rabbit
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anti-caspase-9 polyclonal antibody (1:1000, BD Biosci-

ences), rabbit anti-cleaved caspase-6 polyclonal anti-

body (1:1000, Cell Signaling, Beverly, MA), mouse
Fig. 1. Effect of Bcl-2 or FADD overexpression on resveratrol-mediated s

transfected with vector control (a), Bcl-2 (b) or FADD-DN (c) were treated w

bars, 30 lM: horizontally hatched bars, 100 lM: black bars) and/or 0–30 ng

determined by fluorescence-activated cell-sorting (FACS) analysis of propid

independent experiments done in triplicate are shown. *P < 0.01.
anti-X-linked inhibitor of apopotosis (XIAP) monoclo-

nal antibody (1:1000, H62120, BD Biosciences), mouse

anti-p53 monoclonal antibody (1:1000, BD Biosciences;
ensitisation to TRAIL-induced apoptosis. SHEP neuroblastoma cells

ith 0-100 lM resveratrol (0 lM: white bars, 10 lM: vertically hatched

/ml TRAIL for 24 h (left panel) or 48 h (right panel). Apoptosis was

ium-iodide stained DNA. Mean and standard deviation (SD) of three
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PharMingen), rabbit anti-survivin polyclonal antibody

(1:1000, R&D Systems, Lake Placid, NY), rabbit anti-

Bid polyclonal antibody (1:1000, R&D Systems), rabbit

anti-p21 polyclonal antibody (1:1000, Santa Cruz Bio-

technology, Santa Cruz, CA), rabbit anti-poly (ADP-Ri-

bose) polymerase (PARP) polyclonal antibody (1:1000,
Roche Diagnostics, Penzberg, Germany), rabbit anti-

cIAP2 polyclonal antibody (1:1000, Santa Cruz Biotech-

nology), b-actin monoclonal antibody (1:5000,

Sigma) followed by goat anti-mouse IgG or goat anti-
Fig. 2. Effect of Bcl-2 or FADD overexpression on resveratrol-mediated sen

transfected with vector control (a), Bcl-2 (b) or FADD-DN (c) were treated w

bars, 30 lM: horizontally hatched bars, 100 lM: black bars) and/or 0–30 ng/

determined by the dimethylthiazolyl-2,5-diphenyltetrazolium bromide (MTT

and SD of three independent experiments done in triplicate are shown. *P <
rabbit IgG (1:5000, Santa Cruz Biotechnology).

Enhanced chemiluminescence (ECL, Amersham Phar-

macia, Freiburg, Germany) was used for detection.

Expression of b-actin was used to control for equal gel

loading.

2.5. Antisense oligonucleotides

To inhibit survivin expression, phosphothiorate anti-

sense oligonucleotides against survivin expression and
sitisation to TRAIL-induced cytotoxicity. SHEP neuroblastoma cells

ith 0-100 lM resveratrol (0 lM: white bars, 10 lM: vertically hatched

ml TRAIL for 24 h (left panel) or 48 h (right panel). Cell viability was

) assay and expressed as a percentage of untreated control cells. Mean

0.01.
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mismatch control oligonucleotides (Thermo Hybaid,

Ulm, Germany) with published sequences were used as

previously described in Ref. [17].
Fig. 3. Effect of Bcl-2 or FADD overexpression on resveratrol-

mediated sensitisation to TRAIL-induced inhibition of clonogenic

survival. SHEP neuroblastoma cells transfected with vector control (a),

Bcl-2 (b) or FADD-DN (c) were treated with 0–30 lM resveratrol

(0 lM: black bars, 10 lM: white bars, 30 lM: vertically hatched bars)

and/or 0–30 ng/ml TRAIL. Clonogenic survival was determined by

crystal violet staining and colony numbers per well of a 24-well plate

are indicated. Mean and SD of three independent experiments done in

triplicate are shown. *P < 0.01.
2.6. Preparation of mitochondria or cytosolic extracts

Preparation of mitochondria or cytosolic extracts was

performed using the ApoAlert cell fractionation kit (BD

Biosciences) according to the manufacturer�s
instructions.
2.7. Assessment of mitochondrial transmembrane

potential

The cationic lipophilic fluorochrome 3,30-dihexyloxa-

carbocyanide iodide (DiOC6(3)) (460 ng/ml, Molecular
Fig. 4. Effect of Bcl-2 or FADD overexpression on resveratrol-

mediated sensitisation to death receptor-induced apoptosis. SHEP

neuroblastoma cells (a) or Jurkat T cell leukaemia cells (b) transfected

with vector control (Neo), Bcl-2 or FADD-DN were left untreated or

were treated with 100 lM (a) or 30 lM (b) resveratrol and/or 1 lg/ml

(a) or 0.01 lg/ml (b) anti-CD95 antibody, 10 ng/ml TRAIL or 100 ng/

mL tumour necrosis factor a (TNFa). Apoptosis was determined by

FACS analysis of propidium-iodide stained DNA. Mean and SD of

three independent experiments done in triplicate are shown. *P < 0.01.



Fig. 5. Effect of Bcl-2 or FADD overexpression on resveratrol-mediated sensitisation to TRAIL-induced caspase activation. SHEP neuroblastoma

cells transfected with vector control (a), Bcl-2 (b) or FADD-DN (c) were treated for 0–48 h with 100 lM resveratrol and/or 30 ng/ml TRAIL.

Expression of caspase-8, -9, -3, -2, cleaved caspase-6, poly (ADP-ribose) polymerase (PARP), Bid, X-linked inhibitor of apoptosis (XIAP) and b-
actin was assessed by Western blotting analysis. Cleavage products are indicated by arrows and non-specific immune-reactive bands are indicated by

an asterix.
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Probes, Eugene, OR) was used to measure the mito-

chondrial transmembrane potential (DWm). Cells were

incubated for 15 min at 37 �C in the presence of the

fluorochrome, washed in phosphate-buffered saline

(PBS)/1% fetal calf serum (FCS) and immediately ana-

lysed by flow cytometry (FACScan, Becton–Dickin-
son). DiOC6(3) was recorded in fluorescence 1.
2.8. Statistical analysis

The experiments were performed in triplicate and

repeated at least three times. The significance of the

observed effects was evaluated by the t test at
*P < 0.01.
Fig. 6. Effect of Bcl-2 or FADD overexpression on resveratrol-mediated sen

Bcl-2 or FADD overexpression on mitochondrial membrane potential (MMP

2 or FADD-DN were treated for 12 h with 100 lM resveratrol and/or 30 ng

cytometry using the fluorescent dye DiOC6(3). Mean and SD of three indepen

of Bcl-2 or FADD overexpression on the release of mitochondrial proteins. S

or FADD-DN (d) were treated for 0–24 h with 100 lM resveratrol and/or

mitochondrial (M) or cytosolic (C) fraction was assessed by Western blottin
3. Results

3.1. Inhibition of resveratrol-mediated sensitisation to

TRAIL-induced apoptosis by Bcl-2 or FADD-DN

overexpression

We previously found that the chemopreventive agent

resveratrol sensitised tumour cells to TRAIL-induced

apoptosis through cell cycle-mediated survivin depletion

[14]. Since cell cycle-dependent sensitivity of tumour

cells to cytotoxic therapies has been exploited to target

resistant tumours, we investigated the interplay between

the cell cycle and the sensitivity to apoptosis of tumour

cells overexpressing Bcl-2 or FADD-DN, which were
resistant TRAIL-induced apoptosis. Resveratrol
sitisation to TRAIL-induced mitochondrial perturbations. (a) Effect of

). SHEP neuroblastoma cells transfected with vector control (Neo), Bcl-

/ml TRAIL. Mitochondrial membrane potential was assessed by flow

dent experiments done in triplicate are shown.* P < 0.01 (b)–(d) Effect

HEP neuroblastoma cells transfected with vector control (b), Bcl-2 (c)

30 ng/ml TRAIL. Expression of Smac, cytochrome c or COX4 in the

g analysis.



Fig. 7. Effect of Bcl-2 or FADD overexpression on resveratrol-

induced modulation of apoptotic regulatory molecules. SHEP

neuroblastoma cells transfected with vector control (a), Bcl-2 (b) or

FADD-DN (c) were treated with 100 lM resveratrol for 0–24 h and

assessed for protein expression of p21, p53, survivin, XIAP, cIAP2 and

b-actin by Western blotting analysis. In addition to XIAP, a non-

specific XIAP immune-reactive molecule migrating slightly larger than

XIAP was detected using the mouse monoclonal antibody H62120,

which is indicated by an asterix.

Table 1

Effect of Bcl-2 or FADD overexpression on resveratrol-induced cell

cycle distribution

G1 (%) S (%) G2/M (%)

Neo

� resveratrol 58 ± 2.7 19 ± 1.2 23 ± 1.5

+ resveratrol 82 ± 2.1 11 ± 0.9 9 ± 1.4

Bcl-2

� resveratrol 56 ± 2.4 21 ± 1.2 22 ± 1.1

+ resveratrol 80 ± 2.2 10 ± 1.6 9 ± 1.3

FADD-DN

� resveratrol 59 ± 2.2 20 ± 2.8 24 ± 1.9

+ resveratrol 79 ± 1.9 10 ± 1.8 10 ± 1.8

SHEP neuroblastoma cells transfected with vector control (Neo), Bcl-2

or FADD-DN were left untreated (�resveratrol) or were treated with

100 lM resveratrol for 24 h (+resveratrol). Cell cycle distribution was

assessed as described in Section 2. Mean and standard deviation (SD)

of three independent experiments done in triplicate are shown.
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cooperated with the death ligand TRAIL to induce

apoptosis in SHEP neuroblastoma cells transfected with

empty vector control in a dose- and time-dependent

manner (Fig. 1(a)). In contrast, overexpression of Bcl-

2 blocked apoptosis upon treatment with TRAIL, resve-

ratrol or upon combined treatment with TRAIL and
resveratrol (Fig. 1(b)). In addition, resveratrol failed to

sensitise FADD-DN overexpressing cells to TRAIL-in-

duced apoptosis, whereas treatment with resveratrol

alone induced apoptosis in FADD-DN overexpressing

cells to a similar extent as in vector control cells (Fig.

1(c), compare with Fig. 1(a)). Similar results were ob-

tained when cell viability was assessed by the MTT assay

(Fig. 2). To investigate whether overexpression of Bcl-2
or FADD-DN simply delayed cell death or provided

long-term protection, we performed a colony forming

assay. Importantly, overexpression of Bcl-2 or FADD-

DN blocked the cooperative effect of resveratrol and

TRAIL to inhibit clonogenic tumour cell growth (Fig.

3). To see whether our observations were restricted to

the death ligand TRAIL, we also tested the effect of res-

veratrol on CD95- or TNFa-induced apoptosis. Simi-
larly, resveratrol sensitised vector control cells to

CD95- or TNFa-induced apoptosis, while overexpres-

sion of Bcl-2 or FADD-DN blocked resveratrol-medi-

ated sensitisation to CD95- or TNFa-induced
apoptosis (Fig. 4(a)). Furthermore, we extended our

studies to Jurkat T cell leukaemia cells to exclude that

our findings were restricted to a particular tumour cell

type. While resveratrol cooperated with TRAIL or ago-
nistic anti-CD95 antibody to trigger apoptosis in Jurkat

cells, overexpression of Bcl-2 or FADD-DN blocked

apoptosis upon combined treatment with resveratrol

and TRAIL or resveratrol and agonistic anti-CD95 anti-

bodies (Fig. 4(b)). These findings indicate that overex-

pression of Bcl-2 or, FADD-DN blocked resveratrol-

mediated sensitisation to death receptor-mediated apop-

tosis in different cell types.

3.2. Inhibition of resveratrol-mediated sensitisation to

TRAIL-induced caspase activation by Bcl-2 or FADD-

DN overexpression

To gain further insight into the mechanism(s) regulat-

ing the sensitivity or resistance towards treatment with

resveratrol and TRAIL, we analysed activation of the
caspase cascade. Western blotting analysis revealed that

resveratrol and TRAIL cooperated to activate caspase-

8, -9, -3, -2, -6 and cleavage of PARP, Bid and XIAP

in SHEP neuroblastoma cells transfected with vector

control (Fig. 5(a)). Overexpression of Bcl-2 inhibited

activation of the effector caspase-3 into active frag-

ments, and cleavage of caspase substrates such as PARP

or XIAP in response to treatment with TRAIL and res-
veratrol (Fig. 5(b)). Interestingly, overexpression of Bcl-

2 did not prevent initial cleavage of caspase-8 induced
by TRAIL or the combination of TRAIL and resvera-

trol (Fig. 5(b), lanes 3,4,6,7), while Bcl-2 inhibited en-

hanced caspase-8 cleavage upon combined treatment

with TRAIL and resveratrol for 120-48 h (Fig. 5(b),

lanes 10,13, compare with Fig. 5(a), lanes 10,13). These

findings indicate that overexpression of Bcl-2 blocked
the full turnover of caspase-8 by inhibiting the activa-

tion of effector caspases, which may activate caspase-8

in a feedback amplification loop. In cells overexpressing

FADD-DN, treatment with resveratrol alone or with

the combination of resveratrol and TRAIL resulted in

minimal cleavage of caspase-3 and PARP (Fig. 5(c)),

in line with the minimal amount of apoptosis induced

by resveratrol (Fig. 1(c)). These findings indicate that
overexpression of Bcl-2 or FADD-DN inhibited the

cooperative effect of resveratrol and TRAIL on the acti-

vation of effector caspases.
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3.3. Overexpression of Bcl-2 or FADD-DN inhibit the

resveratrol-mediated increase in mitochondrial

perturbations

We then tested the effect of resveratrol and TRAIL

on mitochondrial function. Treatment with resveratrol
and TRAIL resulted in enhanced loss of mitochondrial

membrane potential (MMP) and release of cytochrome

c or Smac from mitochondria compared with either

treatment alone in SHEP neuroblastoma cells transfec-

ted with vector control (Figs. 6(a) and (b)). Overexpres-

sion of Bcl-2 inhibited the loss of MMP induced by

resveratrol and /or TRAIL (Fig. 6(a)). In addition,

overexpression of FADD-DN inhibited the cooperative
effect of resveratrol and TRAIL to trigger loss of MMP,

while it did not prevent loss of MMP upon treatment

with resveratrol alone (Fig. 6(a)), consistent with the

minimal activation of effector caspases and apoptosis

induced by resveratrol in FADD-DN-transfected cells

(Figs. 1 and 5(c)). In addition, overexpression of Bcl-2

or FADD-DN inhibited the release of cytochrome c

or Smac from mitochondria into the cytosol upon treat-
ment with resveratrol and/or TRAIL (Figs. 6(b) and

(c)).
Fig. 8. Effect of Bcl-2 or FADD overexpression on resveratrol-induced cell c

with vector control (Neo), Bcl-2 or FADD-DN were left untreated (no Tx) or

or 100 lM resveratrol and 30 ng/ml TRAIL (Res + TRAIL). Concomitant

propidium iodide for cell cycle distribution (DNA content, x-axis) and annex

in Section 2. The percentage of cells in each quadrant are indicated (lower left

left: G1 phase-annexin high, upper right: S/G2/M phase-annexin high).
3.4. Modulation of regulators of apoptosis by resveratrol

To gain further insight into the molecular mecha-

nism(s) of resveratrol to regulate the sensitivity of tu-

mour cells to undergo apoptosis, we investigated

several key regulatory molecules of the apoptotic path-
way. Interestingly, upregulation of p53 and p21 and

downregulation of survivin protein expression upon

treatment with resveratrol was found to be similar in

vector control-Bcl-2- or FADD-DN-transfected cells

(Fig. 7). No detectable alterations in the expression lev-

els of XIAP, cIAP2 or FLIP were seen (Fig. 7 and data

not shown). In addition, no upregulation of TRAIL or

CD95 ligand and no increased surface expression of
agonistic TRAIL receptors or CD95 were found (data

not shown).

3.5. Overexpression of Bcl-2 or FADD-DN do not

interfere with resveratrol-mediated cell cycle arrest, but

decouple the effect of resveratrol on the cell cycle and

sensitivity to apoptosis

We analysed in more detail the effect of resveratrol on

the cell cycle. Interestingly, treatment with resveratrol
ycle distribution and apoptosis. SHEP neuroblastoma cells transfected

were treated with 30 ng/ml TRAIL (TRAIL), 100 lM resveratrol (Res)

analysis of cell cycle and apoptosis was performed by staining with

in-fluorescein isothiocyanate (FITC) for apoptosis (y-axis) as described

: G1 phase-annexin low, lower right: S/G2/M phase-annexin low, upper
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induced a G1 arrest regardless of the overexpression of

Bcl-2 or FADD-DN (Table 1). Concomitant analysis

of the cell cycle distribution by propidium iodide stain-

ing and apoptosis by annexin V revealed that combined

treatment of vector control cells with resveratrol and

TRAIL preferentially induced apoptosis in vector con-
trol cells arrested in G1 phase by resveratrol (Fig. 8).

Interestingly, overexpression of Bcl-2 or FADD-DN

did not prevent resveratrol-mediated cell cycle arrest in

G1 phase, but inhibited apoptosis upon combined treat-

ment with resveratrol and TRAIL (Fig. 8). Likewise, cell

cycle arrest in G1 or S phase by the specific cell cycle

inhibitors mimosine or thymidine, respectively, sensi-

tised only vector control cells for subsequent treatment
with TRAIL, whereas no sensitisation for TRAIL was

found in Bcl-2- or FADD-DN-transfected cells (Figs.

9(a)–(c)). Of note, mimosine or thymidine similarly in-

duced G1 or S phase arrest in vector control-Bcl-2- or

FADD-DN-transfected cells (data not shown). These

findings indicate that Bcl-2 or FADD inhibited apopto-

sis induced by the combination of resveratrol and

TRAIL without interfering with resveratrol-mediated
cell cycle arrest.

To test whether caspase activity was required for res-

veratrol-mediated cell cycle arrest, we used the broad

range caspase inhibitor zVAD.fmk. Resveratrol simi-

larly triggered G1 arrest in the presence or absence of

zVAD.fmk (Fig. 10(a)). In addition, zVAD.fmk did

not interfere with resveratrol-mediated upregulation of

p53 and p21 expression or downregulation of survivin
expression (Fig. 10(b)). In contrast, zVAD.fmk inhibited

apoptosis induced by resveratrol, TRAIL or the combi-

nation of resveratrol and TRAIL (Fig. 10(c)). These

findings indicate that caspase activity was required for
Fig. 9. Effect of cell cycle inhibitors on TRAIL-induced apoptosis. SHEP

FADD-DN (c) were cultured in medium or were pretreated for 24 h with 0.4

cultured in the presence or absence of 30 ng/ml TRAIL for 24 h. Apoptosis

Mean and SD of three independent experiments done in triplicate are shown
resveratrol-mediated sensitisation for TRAIL-induced

apoptosis, but not for resveratrol-induced cell cycle ar-

rest or modulation of expression of p53, p21 or survivin

protein.

3.6. Sensitisation to TRAIL-induced apoptosis by survivin

depletion is inhibited by overexpression of Bcl-2 or

FADD-DN

Since we found downregulation of survivin by resve-

ratrol, a protein expressed in a cell cycle-dependent

manner (Fig. 7), we further investigated the role of sur-

vivin as molecular link between resveratrol-induced

cell cycle alterations and apoptosis. Importantly, down-
regulation of survivin expression by survivin antisense

oligonucleotides sensitised vector control cells for

TRAIL-induced apoptosis (Fig. 11(a)). In contrast, sur-

vivin antisense oligonucleotides failed to sensitise Bcl-2

or FADD-DN-transfected cells for TRAIL treatment

(Figs. 11(b) and (c)) although survivin protein expres-

sion was similarly downregulated by survivin antisense

oligonucleotides in all cell types (data not shown). This
indicates that downregulation of survivin by resveratrol

is not sufficient for the induction of apoptosis by

TRAIL, when activation of effector caspases is blocked

by overexpression of Bcl-2 or FADD-DN.
4. Discussion

Despite aggressive therapies, resistance to current

treatment protocols has been a major obstacle in clinical

oncology [18]. Thus, attempts to improve the survival of

cancer patients largely depends on strategies that target
neuroblastoma cells transfected with vector control (a), Bcl-2 (b) or

mM mimosine, 2 mM thymidine or 0.4 lg/ml nocodazole and further

was determined by FACS analysis of propidium-iodide stained DNA.

.



Fig. 10. Involvement of caspases in resveratrol-induced cell cycle

alterations and apoptosis. (a) Effect of the caspase inhibitor zVAD.fmk

on resveratrol-induced cell cycle distribution. SHEP neuroblastoma

cells transfected with vector control were treated for 24 h with 100 lM
resveratrol in the presence or absence of 50 lM zVAD.fmk. Cell cycle

distribution (G1 phase: black bars, S phase: white bars, G2/M phase:

hatched bars) was assessed as described in Section 2. The means of

three independent experiments done in triplicate are shown, SD were

<3% (b) Effect of the caspase inhibitor zVAD.fmk on resveratrol-

induced modulation of apoptotic regulatory proteins. SHEP neuro-

blastoma cells transfected with vector control were treated for 24 h

with 100 lM resveratrol in the presence or absence of 50 lM
zVAD.fmk and assessed for protein expresspion of p53, p21, survivin

or b-actin by Western Blotting analysis. (c) Effect of the caspase

inhibitor zVAD.fmk on resveratrol-mediated sensitisation to TRAIL-

induced apoptosis. SHEP neuroblastoma cells transfected with vector

control were treated for 24 h with 0–100 lM resveratrol (0 lM: white

bars, 10 lM: vertically hatched bars, 30 lM: horizontally hatched

bars, 100 lM: black bars) and/or 10–30 ng/ml TRAIL in the presence

of 50 lM zVAD.fmk. Apoptosis was determined by FACS analysis of

propidium-iodide stained DNA. Mean and SD of three independent

experiments done in triplicate are shown.

Fig. 11. Sensitisation to TRAIL-induced apoptosis by resveratrol

involves survivin. SHEP neuroblastoma cells transfected with vector

control (a), Bcl-2 (b) or FADD-DN (c) were treated with 600 nM

survivin antisense oligonucleotides (AS) or mismatched oligonucleo-

tides (MM) for 24 h and assessed for apoptosis after treatment with

30 ng/ml TRAIL for 24 h. Apoptosis was determined by FACS

analysis of propidium-iodide stained DNA. Mean and SD of three

independent experiments done in triplicate are shown.

796 S. Fulda, K.-M. Debatin / European Journal of Cancer 41 (2005) 786–798
tumour cell resistance. Since most anticancer agents act

through the induction of apoptosis in target cells, de-

fects in apoptotic cell programme may confer resistance

[2]. One potential strategy to overcome resistance is di-

rect induction of cell death by death receptors, e.g. using

TRAIL [4]. However, many tumours remain resistant
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towards treatment with TRAIL, which has been related

to the dominance of anti-apoptotic signals [10]. IAPs

such as survivin are expressed at high levels in many tu-

mours including neuroblastoma and have been associ-

ated with a poor prognosis [7,8]. Naturally occurring

antioxidants present in diet and beverages such as resve-
ratrol have gained considerable attention because of

their beneficial effects on health as cancer chemopreven-

tive agents [12,13]. Since cell cycle-dependent sensitivity

of tumour cells for the induction of cell death has been

exploited to overcome the resistance of tumours [21], we

investigated the interplay between the cell cycle and sen-

sitivity to apoptosis upon combination therapy with res-

veratrol and TRAIL in tumour cells that were resistant
to TRAIL-induced to apoptosis because of Bcl-2 or

FADD-DN overexpression.

We found that resveratrol sensitised tumour cells to

TRAIL-induced apoptosis through cell cycle-mediated

survivin depletion (Fig. 12). However, resveratrol failed

to sensitise cells with high expression of Bcl-2 or FADD-

DN to TRAIL treatment. Overexpression of Bcl-2 or

FADD-DN did not simply delay cell death, but pro-
vided long-term protection against the sensitisation ef-

fect of resveratrol to TRAIL treatment. Interestingly,

overexpression of Bcl-2 or FADD-DN did not interfere

with resveratrol-mediated cell cycle arrest and associ-

ated survivin depletion. However, Bcl-2 or FADD-DN

inhibited the release of cytochrome c and Smac from

mitochondria into the cytosol, activation of effector

caspases and apoptosis upon combined treatment with
resveratrol and TRAIL. Thus, resveratrol-mediated cell

cycle arrest and survivin depletion did not translate into

cell death upon TRAIL treatment when apoptosis path-

ways were blocked by overexpression of Bcl-2 or

FADD-DN, indicating that of Bcl-2 or FADD-DN

decoupled the effect of resveratrol on the cell cycle and

apoptosis. Similarly, cell cycle arrest at G1 using the cell

cycle-specific inhibitor mimosine or downregulation of
survivin expression by antisense oligonucleotides failed
Fig. 12. Illustration of apoptosis pathways modulated by resveratrol,

TRAIL, FADD-DN or Bcl-2. See text for details.
to enhance TRAIL-induced apoptosis in Bcl-2- or

FADD-DN-transfected cells. Likewise, inhibition of

caspase activity using the broad range caspase inhibitor

zVAD.fmk blocked apoptosis upon combined treatment

with resveratrol and TRAIL without interfering with

resveratrol-mediated cell cycle arrest and survivin deple-
tion. These findings indicate that enhanced sensitivity to

TRAIL-induced apoptosis provided by resveratrol-med-

iated cell cycle arrest and survivin depletion required in-

tact signalling through the death receptor or

mitochondrial apoptotic pathways. In addition, the nat-

ural food product curcumin was found to enhance

TRAIL-induced cytotoxicity [22]. Interestingly, resvera-

trol has recently been reported to sensitise tumour cells
to CD95-induced apoptosis by triggering redistribution

of the CD95 receptor in membrane rafts and also to che-

motherapy-induced apoptosis [19,20]. Thus, natural

food products may be exploited to enhance the suscepti-

bility of tumour cells for the induction of cell death.

In the past, most concepts formed on cell cycle-

dependent sensitivity to the induction of cell death were

focused on the machinery for DNA synthesis and repli-
cation [21,23]. However, the key finding that the killing

of tumour cells by cytotoxic therapies critically requires

intact apoptosis signalling pathways may provide an

alternative explanation [24]. Thus, a molecular link be-

tween the differential sensitivity of tumour cells towards

the induction of apoptosis at distinct cell cycle phases

may be attributed to the differential expression of apop-

totic regulatory proteins such as survivin. Importantly,
our findings indicate that the cell cycle-dependent sensi-

tivity of tumour cells to the induction of cell death may

depend critically on intact apoptosis pathways as effec-

tor systems for cell death execution, as shown here for

resveratrol-mediated sensitisation to TRAIL.

Notably, treatment with resveratrol resulted in a

substantial reduction in survivin expression, even in

Bcl-2 or FADD-DN overexpressing cells, with no
detectable changes in the expression levels of other

IAP proteins, such as XIAP or cIAP2. Similar to

treatment with resveratrol, downregulation of survivin

expression by survivin antisense oligonucleotides only

sensitised the vector control cells to TRAIL treatment,

and not the Bcl-2- or FADD-DN-transfected cells.

These findings indicate that the relatively selective

downregulation of survivin expression, e.g. by resvera-
trol, may not be sufficient for activation of effector

caspases and apoptosis in the absence of additional

signals promoting caspase activation, such as the re-

lease of Smac and/or cytochrome c into the cytosol,

which were blocked by overexpression of Bcl-2 or

FADD-DN. In contrast, we recently found that

antagonising IAPs by Smac agonists, which simulta-

neously antagonise several IAP proteins, strongly en-
hanced TRAIL-induced antitumour activity, even in

cells overexpressing Bcl-2 [25].
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Our findings may have implications for the potential

application of resveratrol as a sensitiser in TRAIL-based

protocols. TRAIL is a promising death receptor ligand

for cancer therapy, because it induces apoptosis in a

broad spectrum of cancer cell lines, but not in normal

cells, and also exhibits potent tumoricidal activity in sev-
eral xenograft models in vivo [6]. Since resveratrol signif-

icantly potentiated the cytotoxic activity of TRAIL,

resveratrol may be included in TRAIL-based therapies

to enhance the antitumour activity of TRAIL. To this

end, the potential clinical implications of our studies will

also depend on whether or not resveratrol can be given

safely to humans at doses high enough to achieve phar-

macologically active levels. Pharmacokinetic data for
resveratrol, although limited at present, indicate that

pharmacologically active plasma levels may be achiev-

able in rodents or humans [26]. However, whether plas-

ma levels of resveratrol, shown here to be required for

sensitisation of tumour cells towards TRAIL-induced

apoptosis, will be achievable in humans is perhaps

doubtful. In addition, our findings demonstrate that

resveratrol-mediated sensitisation to TRAIL treatment
required intact apoptotic pathways. Bcl-2 is highly ex-

pressed in many tumours and confers protection against

TRAIL in different tumour cell lines [9]. In addition, sig-

nalling by death receptors is frequently impaired in tu-

mours, e.g. by loss of caspase-8 expression or high

FLIP levels [10]. Thus, in terms of a clinical perspective,

our findings indicate that resveratrol is a potent sensi-

tiser for TRAIL in certain tumours. However, it may
not be effective in others, e.g. in tumours with enhanced

Bcl-2 expression or defective death receptor signalling.
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