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Abstract Several malignant cell lines are resistant to CD95-
(Apo1/Fas)-mediated apoptosis, even when the CD95 receptor is
highly expressed. Sensitivity to CD95-induced apoptosis can be
restored using different molecules. In this study, we showed that
quercetin, a naturally occurring flavonoid, in association with the
agonistic anti-CD95 monoclonal antibody, increases DNA
fragmentation and caspase-3 activity in HPB-ALL cells. These
cells have been selected for their known resistance to CD95-
induced apoptosis. At molecular level, quercetin lowers the level
of intracellular reactive oxygen species, reduces mitochondrial
transmembrane potential, thereby leaving the expression of
CD95 receptor unchanged.
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1. Introduction

A great deal of evidence indicates that cancer is the result of
a reciprocal interaction between genetic susceptibility and en-
vironmental factors. In this respect, dietary habit plays a fun-
damental role. Following the recent publication from the
American Institute for Cancer Research [1], a `correct' diet
could decrease the cancer rate by as much as 20%. For certain
cancers, the correlation is even more dramatic. Recent studies
have focused on the activity of non-nutritional compounds,
present in the diet, that can prevent the occurrence of degen-
erative diseases such as cancer. This class of molecules, gen-
erally known as chemopreventers [2] includes some vitamins
and food polyphenols. Flavonoids are polyphenolic antioxi-
dants naturally present in vegetables, fruits, and beverages
such as tea and wine [3]. A large number of epidemiological
and molecular studies suggest that a daily intake of £avonoids
could reduce the incidence of several types of cancers [4,5].

Quercetin (3,3P,4P,5,7-pentahydroxy£avone) is the major di-

etary £avonoid particularly abundant in fruit and vegetables
[3], with a daily intake of 16 mg in European countries [6].
Some food, such as wine and tea, may contain a concentra-
tion of quercetin up to 150 WM [7]. This molecule has been
reported to inhibit the growth of various cell lines derived
from human cancers [8,9] ; it blocks the cell division cycle at
di¡erent points depending on the cell type and tumor origin:
at G2/M transition [8^10], or G1/S [11,12]. In addition, quer-
cetin exerts a well documented pro-apoptotic activity [9,13^15]
that generally follows cell cycle block. This suggests that the
failure of malignant cells to pass quercetin-dependent cell
cycle arrest can trigger apoptosis. However, despite the large
number of data on the antiproliferative and pro-apoptotic
e¡ects of quercetin, its mechanism of action is still unknown.
Quercetin seems to modulate cellular neoplastic phenotype by
down-regulating the expression of mutated H-ras and p53 [8],
c-myc and K-ras [16], or up-regulating p21WAF1=CIP1 [14]. Al-
ternatively, quercetin activity might be related to its ability to
inhibit various protein kinase and serine/threonine protein
kinases [17^19]. Despite these data, several controversial re-
sults have been published on the real bene¢cial e¡ect of quer-
cetin [2,20,21]. Concerns have been expressed on the presence
of quercetin and other £avonoids in food as potential geno-
toxic hazard since they can induce p53-mediated apoptosis in
non-tumor cells [10]. In normal cells, quercetin inhibits apop-
tosis via suppression of the tyrosine kinase/c-Jun/AP-1 path-
way triggered by oxidative stress [22].

CD95 and its ligand, CD95-L, play a key role in several
types of physiological apoptosis [23,24]. CD95-mediated
apoptosis can be triggered by the natural ligand of the recep-
tor, CD95-L expressed on several cell types included killer
cells, or by agonistic antibodies such as anti-CD95 [23,25].
The best understood signal transduction pathway of CD95-
mediated apoptosis involves activation of FADD and casp-
ase-8 that triggers the protease cascade leading to the acti-
vation of downstream e¡ector caspases such as caspase-3 -6
and -7 depending on cell type origin [26,27]. Activation of
CD95 pathway also induces a mitochondria-dependent apop-
totic event [28^30]. However, di¡erent cell types utilize either
of the two CD95 signaling pathways depending on the speci¢c
type [26,27].

In order to study the e¡ect of quercetin in CD95-induced
apoptosis, we chose HPB-ALL cell line derived from a human
tymoma [31]. These cells are characterized by unusual resist-
ance to apoptosis induced in vitro, and are derived from a
tumor type with alteration in the CD95 pathway of signal
transduction [25]. The majority of ALL (acute lymphoblastic
leukemia) are resistant to CD95-triggered apoptosis, resem-
bling the relative resistance of most human thymocytes,
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although they express signi¢cant (or high) levels of CD95.
Explanations for this apparent contradiction might include
defects in the receptor, or ligand, or other molecules involved
in the apoptotic signaling [25].

In this report, we showed that quercetin is able to sensitize
malignant cells normally resistant to CD95-mediated apopto-
sis. Our results suggest that the molecule sustains this role by
acting at several levels on the signal transduction pathway
triggering CD95-mediated apoptosis.

2. Materials and methods

2.1. Cell culture
Human tymoma-derived HPB-ALL cells [31] were cultured in

RPMI medium (Gibco-BRL) supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, 1% L-glutamine in a 5% CO2 in-
cubator at 37³C. Cells were commonly grown in 100 mm Petri dishes
and the medium was changed every 48 h.

2.2. Detection of viability and cell death
To assay the e¡ect of quercetin on cell growth, viability was deter-

mined by trypan blue exclusion. Percentage of viable cells was esti-
mated after counting 100 cells for each sample. The cytotoxicity of
anti-CD95, quercetin or both on HPB-ALL was assayed by neutral
red viability test uptake. Cells were seeded (2^3U105/well) in a 12
multiwell plate and incubated with medium containing 0.1% DMSO
(control), 50 ng/ml anti-CD95, 50 WM quercetin dissolved in 0.1%
DMSO for 12 h. Subsequently, neutral red (0.066% v/v in the culture
medium) was added, and cells incubated for 3 h. To estimate the
incorporation of dye, cells were incubated for 15 min with a lysis
bu¡er (50 mM Tris-HCl pH 7.4; 150 mM NaCl; 5 mM dithiothreitol,
and 1% Triton X-100) containing 1% acetic acid and 50% ethanol.
Finally, absorbance was measured spectrophotometrically at 540 nm.
Apoptosis in HPB-ALL cells was determined using an in situ cell
death detection kit (Boehringer Mannheim). Fixed cells with £uores-
cein-labelled DNA strand breaks were subsequently stained with pro-
pidium iodide and observed at confocal microscopy (Leica TCS SP).
Percentage of apoptotic cells was estimated after counting at least 500
cells for each sample.

2.3. Caspase-3 activity
To study the early events of apoptosis in HPB-ALL, we assayed

caspase-3 (CPP32/caspase-3/Apopaine) protease activity using a com-
mercially available Apopain assay kit (BioRad). Brie£y, cells were
incubated with medium containing 0.1% DMSO, 50 ng/ml anti-
CD95, 50 WM of quercetin, or both for 6 h, and samples were assayed
at 37³C for 30 min in the presence of the speci¢c conjugated substrate
Z-DEVD-AFC (carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-tri£uoro-
methyl coumarin), according to the manufacturer's instructions.
Upon proteolytic cleavage of the substrate by caspase-3, the free £u-
orochrome AFC was detected by a spectro£uorimeter (Perkin Elmer
LS 50B) with excitation and emission setting at 395 nm and 540 nm,
respectively. To quantify enzymatic activity, we made a standard
curve of AFC. Caspase-3 speci¢c activity in each sample was calcu-
lated as Wmoles of AFC produced/min/Wg protein at 37³C at saturat-
ing substrate concentrations (49 WM).

2.4. Immunoblotting
For Western blotting analysis, cells (4^5U106 for each sample) were

lysed in 100 Wl lysis bu¡er (50 mM Tris pH 7.6; 150 mM NaCl; 5 mM
EDTA; 1% NP-40; 0.5 mM dithiothreitol; 10% glycerol containing
100 Wg/ml phenylmethylsulfonyl, and a cocktail of protease inhibitors
(complete' by Boehringer). Proteins in the cell lysates (20 Wg/lane)
were separated by 15% SDS-PAGE before blotting onto PVDF (poly-
vinylidene £uoride, Millipore) membrane. The membrane blot was
incubated with anti-CD95 antibody (CH11, Immunotech, Marseille,
France) diluted 1:500. Following incubation with a horseradish per-
oxidase-linked secondary antibody, CD95 was revealed using a chem-
iluminescence detection kit (ECL-Plus, Amersham). For quantitative
analysis of protein expression, the same membrane was stripped and
probed with anti-K-tubulin monoclonal antibody (Sigma). Densito-
metric analysis of the bands was performed using GEL DOC 2000
system (BioRad).

2.5. Cyto£uorimetric analysis of v8m
Variations of the mitochondrial transmembrane potential (v8m)

during cellular apoptosis were studied using the cationic lipophilic
dye 3,3P-dihexyloxacarbocyanine iodide (DiOC6) [32] (Molecular
Probe). This cyanine dye accumulates in the mitochondrial matrix
under the in£uence of v8m. HPB-ALL cells were incubated with
di¡erent reagents for 4.5 h, and treated with 100 Wl of 0.1 WM DiOC6
for 30 min. DiOC6 membrane potential related £uorescence was re-
corded using £ow cytometry (Becton Dickinson).

2.6. Reactive oxygen species (ROS) measurement
To detect intracellular ROS production in HPB-ALL cells, we used

a spectro£uorimetric method [33]. ROS production was assayed using
2P,7P-dichloro£uorescin diacetate (DCFDA, Molecular Probe), a non-
£uorescent compound that freely permeates cells. Cells (1.5U106/ml)
were incubated with 50 WM of quercetin at di¡erent times, and in-
cubated with 10 WM DCFDA for 30 min.

3. Results

3.1. E¡ect of quercetin on cell growth
In order to evaluate the capability of quercetin to induce

apoptosis in HPB-ALL cell line, we ¢rst tested the e¡ects of
the molecule on cell growth. Fig. 1 shows that at a concen-
tration up to 200 WM, quercetin was not toxic until 12 h of
treatment compared to untreated cells. However, after a pro-
longed exposure (24 h), HPB-ALL presented a dose-depend-
ent decrease in cellular viability as measured by trypan blue
exclusion assay, indicating a general cytotoxic e¡ect of quer-
cetin. Based on these data, in our experiments we used a
concentration of 50 WM quercetin, and we limited our obser-
vation at time points shorter than 12 h to avoid the possible
toxic e¡ects of the molecule.

3.2. Sensitivity to CD95-mediated apoptosis in HPB-ALL
To determine sensitivity of HPB-ALL to CD95-mediated

apoptosis, we measured their dose dependence response to
the agonistic antibody CH11 able to induce apoptotic cell
death in di¡erent systems [34,35]. In HPB-ALL, anti-CD95
decreased 20% cell viability starting from a concentration of
50 ng/ml, one which falls within the range of that active in
other systems [34,35] (Fig. 2). The maximal e¡ect of anti-
CD95-induced apoptosis was observed at a concentration
10-fold higher (40% decrease in cellular viability compared
to untreated and IgM treated cells). Therefore, HPB-ALL
cells were sensitive to 50 ng/ml anti-CD95-induced apoptosis,
while saturation of CD95 receptor was detectable starting

Fig. 1. E¡ect of quercetin on cell growth of HPB-ALL cell line.
Cells were plated at a density of 5.0U105, and treated with the indi-
cated concentration of quercetin. After trypan blue staining, the
number of viable cells was determined at di¡erent time intervals
after the onset of the treatment. Results represent the average of
three experiments. Bars represent standard error.
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from a concentration of 500 ng/ml of antibody. In the light of
the data reported in Fig. 2, we used in our experiments a
concentration of anti-CD95 of 50 ng/ml. This value corre-
sponded to a decrease in cell viability related to the pro-apop-
totic activity of the antibody.

3.3. E¡ect of quercetin and anti-CD95 antibody on
CD95-induced apoptosis

To investigate the e¡ect of quercetin on CD95-induced
apoptosis, we incubated HPB-ALL cells with 50 ng/ml anti-
CD95 antibody in the presence of 50 WM quercetin for 12 h,
and then we analyzed apoptotic cells as described in Section 2.
Untreated HPB-ALL cells (Fig. 3A) and those treated solely
with quercetin (not shown) displayed a number of apoptotic
elements lower than 6% as determined by TUNEL (TdT-
mediated dUTP nick end labelling) assay (Fig. 3C). Incuba-
tion with CH11 increased the number of apoptotic elements to
about 12% (Fig. 3C). When quercetin and CH11 were added

Fig. 2. Sensitivity of HPB-ALL cells to CD95-mediated apoptosis.
HPB-ALL were incubated at the density reported in Fig. 1 for 12 h
with the indicated concentration of anti-CD95 antibody. After incu-
bation, cells were harvested and cell viability determined by neutral
red assay. IgM (1000 ng/ml) indicates a control antiserum. The data
are representatives of three independent experiments in duplicate.
Bars represent standard error.

Fig. 3. Associative e¡ect of quercetin and anti-CD95 in CD95-mediated apoptosis. HPB-ALL cells (1U106) were incubated for 12 h in the
presence of 50 WM quercetin and 50 ng/ml anti-CD95 monoclonal antibody (CH11). DNA fragmentation was detected microscopically by TU-
NEL test (A, B). The average of two experiments is shown, and at least 500 cells were counted per experiment (C). In panel D, cell viability
measured by trypan blue exclusion is shown. The data are representatives of two independent experiments in duplicate. Bars represent standard
error. In panel C, ANOVA: P6 0.001. In panel D, ANOVA: P6 0.01. *P6 0.05 vs. [untreated] and [anti-CD95+quercetin treated] cells.
2P6 0.05 vs. [untreated] and [anti-CD95 treated] cells.
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together, apoptosis increased up to 22% (Fig. 3B and C). To
con¢rm the associative e¡ect of quercetin and anti-CD95 in
CD95-induced apoptosis, we measured changes in cell viabil-
ity using trypan blue assay. Fig. 3D shows a decrease in cell
viability of 50% when quercetin and anti-CD95 were used
together compared to the 20% determined by anti-CD95 anti-
body.

3.4. E¡ect of quercetin and anti-CD95 on caspase-3 activity
To characterize the apoptotic pathway triggered by querce-

tin in association with anti-CD95 antibody, we measured a
di¡erent marker of apoptotic induction downstream to CD95,
such as caspase-3 activity. HPB-ALL cells showed a clear
increase in caspase-3 activity after treatment with anti-CD95
antibody (Fig. 4). However, this enzymatic activity was sig-
ni¢cantly enhanced when quercetin was coupled to CH11; in
fact, caspase-3 activity increased 1.5-fold with respect to
CH11 treated cells (Fig. 4).

3.5. E¡ect of quercetin on CD95 expression
In order to investigate the possible mechanism(s) responsi-

ble for the observed associative e¡ect of quercetin and anti-
CD95 in mediating apoptosis, we hypothesized that a change

Fig. 4. E¡ect of quercetin on caspase-3 protease activity of anti-
CD95 treated cells. HPB-ALL cells were lysated and caspase-3 enzy-
matic activity measures as described in the manufacturer's protocol.
Each experiment was performed starting from 4^5U106 cells. The
amount of cell lysate tested in each assay was approximately 5^10
Wg. The data are representatives of three independent experiments.
Bars represent standard error. ANOVA: P6 0.001.

Fig. 5. CD95 expression following quercetin treatment of HPB-ALL
cells. Immunoblotting analysis of CD9 receptor performed using
anti-CD95 monoclonal CH11. Each lane contains 20 Wg of cell ex-
tract. After the ¢rst immunoblotting the PVDF membrane was
stripped and re-probed with a control antibody anti-K-tubulin.

Fig. 6. Changes in v8m in HPB-ALL due to quercetin treatment. HPB-ALL cells (1U106) were incubated with 50 WM quercetin (A), 50 WM
quercetin plus 50 ng/ml anti-CD95 (B), and 50 ng/ml anti-CD95 (C). All the experiments were performed for 4.5 h. Drop in v8m was meas-
ured by loading cells with the £uorochrome DiOC6 and subsequent £ow cytometric analysis.
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in the expression of CD95 receptor due to quercetin treatment
could explain the increased sensitivity of cells to anti-CD95.
Flow cytometric analysis of CD95 expression in HPB-ALL
indicated that quercetin treatment for several hours (1^4)
did not induce any signi¢cant change in the expression of
the receptor (data not reported). To further con¢rm these
data, we performed an immunoblotting analysis of CD95 re-
ceptor after prolonged exposure to quercetin (6^12 h) using
CH11 antibody. Fig. 5 clearly shows no change in CD95 ex-
pression.

3.6. E¡ect of quercetin on mitochondrial transmembrane
potential

The loss of mitochondrial transmembrane potential (v8m)
associated with CD95-mediated apoptosis, has been described
in di¡erent cell lines [27,36]. Therefore, we hypothesize that
quercetin could enhance CD95-mediated apoptosis by acting
at the level of v8m. To verify whether this mechanism was
active, we loaded HPB-ALL cells treated with quercetin with
the £uorochrome DiOC6 following measurement of v8m by
£ow cytometric analysis (Fig. 6). Cells incubated with querce-
tin for 4.5 h showed a striking reduction in v8m (Fig. 6A),
more evident than that observed in cells incubated with anti-
CD95 (Fig. 6C), and comparable to that detectable in cells
incubated with quercetin and anti-CD95 together (Fig. 6B).
Therefore, it appears that HPB-ALL, as opposed to other cell
lines, is not sensitive to changes in v8m induced by anti-
CD95. On the contrary, the pro-apoptotic activity of querce-
tin might be mediated by the apoptotic pathway(s) correlated
to reduction in v8m.

3.7. Antioxidative e¡ect of quercetin in HPB-ALL cells
Several observations suggest that reactive oxygen species

(ROS) may mediate programmed cell death, although it is
not clear how essential they are in generating apoptosis [37].
On the other hand, a role of antioxidants in enhancing apop-
tosis has been reported [38,39]. In addition, it has been dem-
onstrated that an increase in superoxide anions blocks apop-
tosis triggered by CD95 in melanoma cells [40]. Therefore, we
veri¢ed whether or not quercetin lowers ROS in our system.
Fig. 7 shows that quercetin at a concentration of 50 WM was
able to block ROS production in HPB-ALL cells, indicating

that the molecule keeps its antioxidant property in the system
we tested. The decrease in ROS production was detectable
after 5 min of quercetin application to cells. We also demon-
strated that: (i) ROS levels did not change in the presence of
anti-CD95 antibody (data not reported); (ii) when quercetin
and anti-CD95 were added together, ROS decreased with the
same kinetic as shown in Fig. 7 (data not reported).

4. Discussion

In this report we have presented data on the pro-apoptotic
e¡ects of a naturally occurring £avonoid, quercetin, in a ma-
lignant cell line tested, namely HPB-ALL. We demonstrated
that quercetin per se does not induce apoptosis. However, the
molecule in association with anti-CD95 monoclonal antibody,
active in inducing apoptosis in cells expressing CD95 receptor,
strongly increases apoptosis. To our knowledge, this is the
¢rst time that the supposed pro-apoptotic activity of quercetin
is linked to the CD95 pathway of apoptosis induction.

The concentration of quercetin used in this study is not far
from that present in Mediterranean diet [6]. In rats, plasma
concentration of quercetin reaches a value of 115 WM after an
oral administration of 1 g/die [41], while in humans the plas-
ma concentration of quercetin after a meal rich in £avonoids
is in the micromolar range [42] to indicate a high uptake of
the molecule. Finally, resveratrol, a well known cancer che-
mopreventive agent [43], is present in food at a concentration
10-fold lower than quercetin [7].

Quercetin is cytotoxic in HPB-ALL, where it causes mortal-
ity without arrest within 24 h. When we examined the rapid
induction of apoptosis in HPB-ALL cells, we observed a pos-
itive e¡ect of quercetin in enhancing CD95-induced apoptosis.
It is worthwhile to note that the cell line considered in our
study was resistant to CD95, and quercetin was able to bypass
this resistance. Therefore, we will discuss possible mechanisms
explaining quercetin activity.

A signi¢cant number of evidence correlates the antioxidant
property of several molecules with their ability to induce
apoptosis. N-acetyl-L-cysteine lowers ROS production and in-
hibits the mitogenic activity of cells expressing H-RasV12

[39,44]. Similarly, the antioxidants PDTC (pyrrolidinedithio-
carbamate) and vitamin E induce apoptosis in colorectal can-
cer cell lines [38]. Finally, CD95-mediated apoptosis is inhib-
ited by increasing concentration of superoxide anion [40].
Therefore, we might hypothesize that quercetin increased
apoptosis in our systems simply acting as antioxidant and
lowering the level of ROS (Fig. 7). However, our preliminary
data showed that this is not the case. In fact, di¡erent £avo-
noids, structurally similar to quercetin, are able to lower ROS
production in HPB-ALL as reported for quercetin (Fig. 7),
but the same molecules do not induce apoptosis in association
with anti-CD95 (M. Russo and G.L. Russo, in preparation).
In addition, the controversial theory that cell death is often
associated with a strong production of ROS [45] has not been
veri¢ed in our cells, according to our hypothesis that ROS are
not involved in quercetin action. In fact, HPB-ALL cells
treated with anti-CD95 do not show any variation of ROS
levels (data not reported). Our results are in agreement with
others suggesting that ROS production might be a conse-
quence and not the cause of apoptosis [37,46], but di¡er
from those reporting that ROS production is associated
with anti-CD95 treatment [47]. Presently, we cannot exclude

Fig. 7. E¡ect of quercetin on intracellular ROS. HPB-ALL cells
(1U106) were treated with 10 WM DCFDA and incubated with 50
WM quercetin at di¡erent times. ROS production was monitored as
DCF £uorescence as reported in Section 2. Each time point repre-
sents the average of two di¡erent experiments in duplicate þ stan-
dard error.
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that quercetin might modify key functional residues on pro-
teins (e.g. sulphydryl groups) and thereby alter their function.
Several examples of these mechanisms are reported in litera-
ture, e.g. [37].

The apoptotic signaling initiated by CD95 is transmitted to
caspase-3 throughout two main pathways: the DISC/caspase-
8 [26], and the mitochondria/cytochrome C/Apaf-1/caspase-9
pathways [27]. Mitochondria play an important role in cell
death signaling [48] : alterations in mitochondrial structure
and function occur in early stages of apoptosis [49]. In several
systems, activation of CD95 to its receptors leads to alteration
in mitochondrial membrane with the consequent release of
cytochrome C that binds to Apaf-1 triggering apoptosis
[48,50]. In addition, Sca¤di et al. [27] reported that in relation
to the cell type two di¡erent pathways of CD95-mediated
apoptosis can be identi¢ed: type I cells involve strong casp-
ase-8 activation bypassing mitochondria, while type II cells
hold an essential role due to the loss of mitochondria func-
tion. We believe that HPB-ALL cells belong to type I for the
following reasons: (i) Fig. 6 of this report shows that anti-
CD95 does not induce any variation in v8m ; (ii) immunoblot-
ting of anti-CD95 treated HPB-ALL cells indicated that the
level of Bcl-2 expression does not change (M. Russo and G.L.
Russo, in preparation), while mitochondrial-induced apopto-
sis is blocked by overexpression of bcl-2 [27] and down-regu-
lation of bcl-2 is associated with CD95-mediated apoptosis in
several systems [51]; therefore, it is plausible that mitochon-
dria are not involved. Concerning the mechanism explaining
quercetin activity, it clearly involves the loss of mitochondrial
function (Fig. 6); thus, it is reasonable that induction of cy-
tochrome C by quercetin activates the apoptotic Apaf-1/casp-
ase-9 pathway increasing the answer to anti-CD95 observed
in our cells. It remains to be demonstrated whether quercetin
triggers v8m directly or throughout the generation of another
intermediate able to modify mitochondrial membrane poten-
tial. Accordingly, a recent work reports that quercetin is able
to inhibit mitochondrial membrane permeability transition
[52]. An apparent contradiction of our model is that quercetin
by itself does not induce apoptosis. The puzzle can be solved
by hypothesizing that the amount of cytochrome C released
by quercetin is not su¤cient to activate caspases, but remains
docked by its high-a¤nity binding sites to electron transport
chain until CD95 pathway is activated [48].

Unlike normal cells, many cancer cells are relatively resist-
ant to CD95-mediated apoptosis. This advantage could be
fundamental to tumor progression. Di¡erent mechanisms
have been described to explain how alterations of the CD95
system could result in the escape of tumor cells from immu-
nosurveillance [53]. Among cancer types relatively resistant to
CD95-mediated cell death, are included: colon cancer and T-
ALL from which the cell line used in the present study is
derived [25]. One way to recover CD95 sensitivity is to employ
chemotherapeutic agents such as quercetin that might enhance
apoptosis in cancer cells by activating alternative pro-apop-
totic pathways parallel to CD95 (as possibly in our case), or
independent from it. In this respect, quercetin is currently in
use in phase I clinical trials at doses not exceedingly di¡erent
from the concentration generally used in the in vitro study
and with low toxicity [54].

Considering the abundance of quercetin in Mediterranean
diet, a better knowledge of its antineoplastic and pro-apop-

totic properties could support its potential use as chemopre-
ventive agent.

Acknowledgements: We greatly appreciated the useful suggestions by
Dr. Mauro Maccarrone and Prof. Mario Tecce. We also thank Marie
Antoniette De Vito for secretarial assistance. This work was sup-
ported by the Italian National Research Council.

References

[1] American Institute for Cancer Research (1997) Food, nutrition
and the prevention of cancer: a global perspective.

[2] Stavric, B. (1994) Clin. Biochem. 27, 319^332.
[3] Middleton, E.J. and Kandaswami, C. (1993) in: The Flavonoids:

Advance Research Since 1986 (Hairbone, J.H. and Liss, A.R.,
Eds.), pp. 619^652, New York.

[4] Kuo, S.M. (1997) Crit. Rev. Oncog. 8, 47^69.
[5] Garcia-Closas, R., Gonzalez, C.A., Agudo, A. and Riboli, E.

(1999) Cancer Causes Contr. 10, 71^75.
[6] Cook, N.C. and Samman, S. (1996) Nutr. Biochem. 7, 66^76.
[7] Goldberg, D.M., Tsang, E., Karumanchiri, A., Diamandis, E.P.,

Soleas, G. and Ng, E. (1996) Anal. Chem. 68, 1688^1694.
[8] Avila, M.A., Velasco, J.A., Cansado, J. and Notario, V. (1994)

Cancer Res. 54, 2424^2428.
[9] Ferrandina, G., Almadori, G., Maggiano, N., Lanza, P., Ferlini,

C., Cattani, P., Piantelli, M., Scambia, G. and Ranelletti, F.O.
(1998) Int. J. Cancer 77, 747^754.

[10] Plaumann, B., Fritsche, M., Rimpler, H., Brandner, G. and Hess,
R.D. (1996) Oncogene 13, 1605^1614.

[11] Ranelletti, F.O., Ricci, R., Maggiano, N., Capelli, A., Scambia,
G., Benedetti-Panici, P., Mancuso, S., Rumi, C. and Piantelli, M.
(1992) Int. J. Cancer 50, 486^492.

[12] Yoshida, M., Yamamoto, M. and Nikaido, T. (1992) Cancer
Res. 52, 6676^6681.

[13] Wei, Y.Q., Zhao, X., Kariya, Y., Fukata, H., Teshigawara, K.
and Uchida, A. (1994) Cancer Res. 54, 4952^4957.

[14] Iwao, K. and Tsukamoto, I. (1999) Biochim. Biophys. Acta 1427,
112^120.

[15] Larocca, L.M., Ranelletti, F.O., Maggiano, N., Rutella, S., La
Barbera, E.O., Rumi, C., Serra, F., Voso, M.T., Piantelli, M.,
Teo¢li, L. and Leone, G. (1997) Int. J. Cancer 73, 75^83.

[16] Csokay, B., Prajda, N., Weber, G. and Olah, E. (1997) Life Sci.
60, 2157^2163.

[17] Hagiwara, M., Inoue, S., Tanaka, T., Nunoki, K., Ito, M. and
Hidaka, H. (1988) Biochem. Pharmacol. 37, 2987^2992.

[18] Ferriola, P.C., Cody, V. and Middleton, E. (1989) Biochem.
Pharmacol. 38, 1617^1624.

[19] Agullo, G., Gamet-Payrastre, L., Manenti, S., Viala, C., Reme-
sey, C., Chap, H. and Payrastre, B. (1997) Biochem. Pharm. 53,
1649^1657.

[20] Deschner, E.E. (1992) in: Phenolic Compounds in Food and
Their E¡ects on Health II (Huang, M.T., Ho, C.T. and Lee,
C.Y., Eds.), Vol. 507, pp. 265^268, American Chemical Society,
Washington, DC.

[21] Barotto, N.N., Lopez, C.B., Eynard, A.R., Fernandez Zapico,
M.E. and Valentich, M.A. (1998) Cancer Lett. 129, 1^6.

[22] Yokoo, T. and Kitamura, M. (1997) Am. J. Physiol. 273, F206^
F212.

[23] Nagata, S. (1997) Cell 88, 355^365.
[24] Ashkenazi, A. and Dixit, V.M. (1998) Science 281, 1305^1308.
[25] Krammer, P.H., Galle, P.R., Moller, P. and Debatin, K.M.

(1998) in: Advances in Cancer Research (Vande Woude, G.F.
and Klein, G., Eds.), Vol. 65, pp. 251^272, Academic Press,
Inc., San Diego.

[26] Kuida, K., Zheng, T.S., Na, S., Kuan, C.Y., Yang, D., Kara-
suyama, H., Rakic, P. and Flavell, R.A. (1996) Nature 384, 368^
372.

[27] Sca¤di, C., Fulda, S., Srinivasan, A., Friesen, C., Li, F., Toma-
selli, K.J., Debatin, K., Krammer, P.H. and Peter, M.E. (1998)
EMBO J. 17, 1675^1687.

[28] Li, H., Zhu, H., Xu, C.J. and Yuan, J. (1998) Cell 94, 491^501.
[29] Varadhachary, A.S. and Salgame, P. (1998) Oncogene 17, 3271^

3276.

FEBS 22976 26-11-99 Cyaan Magenta Geel Zwart

M. Russo et al./FEBS Letters 462 (1999) 322^328 327



[30] Nunez, G., Benedict, M.A., Hu, Y. and Inohara, N. (1998) On-
cogene 17, 3237^3245.

[31] Morikawa, S., Tatsumi, E., Baba, M., Harada, T. and Yasuhira,
K. (1978) Int. J. Cancer 21, 166^170.

[32] Korchak, H.L., Rich, A.N., Wilkenfeld, C., Rutherford, L.E. and
Weissmann, G. (1982) Biochem. Biophys. Res. Commun. 108,
1495^1501.

[33] Peled-Kamar, M., Lotem, J., Okon, E., Sachs, L. and Groner, Y.
(1995) EMBO J. 14, 4985^4993.

[34] O'Connell, J., O'Sullivan, G.C., Collins, J.K. and Shanahan, F.
(1996) J. Exp. Med. 184, 1075^1082.

[35] Garrone, P., Neidhardt, E.M., Garcia, E., Galibert, L., van Koo-
ten, C. and Banchereau, J. (1995) J. Exp. Med. 182, 1265^1273.

[36] Watson, R.W.G., O'Neill, A., Brannigen, A.E., Co¡ey, R., Mar-
shall, J.C., Brady, H.R. and Fitzpatrick, J.M. (1999) FEBS lett.
453, 67^71.

[37] Jacobson, M.D. (1996) Trends Biochem. Sci. 21, 83^86.
[38] Chinery, R., Brockman, J.A., Peeler, M.O., Shyr, Y., Beau-

champ, R.D. and Co¡ey, R.J. (1997) Nat. Med. 3, 1233^1241.
[39] Irani, K., Xia, Y., Zweier, J.L., Sollott, S.J., Der, C.J., Fearon,

E.R., Sundaresan, M., Finkel, T. and Goldschmidt-Clermont,
P.J. (1997) Science 275, 1649^1652.

[40] Clement, M.V. and Stamenkovic, I. (1996) EMBO J. 15, 216^
225.

[41] Manak, C., Morand, C., Texier, O., Favier, M.L., Agullo, G.,
Demigne, C., Regerat, F. and Remesy, C. (1995) J. Nutr. 125,
1911^1922.

[42] Paganga, G. and Rice-Evans, C.A. (1997) FEBS Lett. 401, 78^82.
[43] Clement, B.-V., Hirpara, J.L., Chawdhury, S.-H. and Pervaiz, S.

(1998) Blood 92, 996^1002.
[44] Irani, K. and Goldschmidt-Clermont, J.P. (1998) Biochem. Phar-

macol. 55, 1339^1346.
[45] Buttke, T.M. and Sandstrom, P.A. (1994) Immunol. Today 15,

7^10.
[46] Hug, H., Enari, M. and Nagata, S. (1994) FEBS Lett. 351, 311^

313.
[47] Suzuki, Y., Ono, Y. and Hirabayashi, Y. (1998) FEBS Lett. 425,

209^212.
[48] Green, D.R. and Reed, J.C. (1998) Science 281, 1309^1312.
[49] Petit, P.X., Lecoeur, H., Zorn, E., Dauguet, C., Mignotte, B. and

Gougeon, M.L. (1995) J. Cell Biol. 130, 157^167.
[50] Adachi, S., Cross, A.R., Babior, B.M. and Gottlieb, R.A. (1997)

J. Biol. Chem. 272, 21878^21882.
[51] Takenaka, K., Nagafuji, K., Harada, M., Mizuno, S., Miyamoto,

T., Makino, S., Gondo, H., Okamura, T. and Niho, Y. (1996)
Blood 88, 2871^2877.

[52] Santos, A.C., Uyemura, S.A., Lopes, J.L., Bazon, J.N., Mingat-
to, F.E. and Curti, C. (1998) Free Radic. Biol. Med. 24, 1455^
1461.

[53] Strand, S. and Galle, P.R. (1998) Mol. Med. Today 4, 63^68.
[54] Ferry, D.R., Smith, A., Malkhandi, J., Fyfe, D.W., de Takatas,

P.G., Anderson, D., Baker, J. and Kerr, D.J. (1996) Clin. Cancer
Res. 2, 659^668.

FEBS 22976 26-11-99 Cyaan Magenta Geel Zwart

M. Russo et al./FEBS Letters 462 (1999) 322^328328


