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Abstract

We have analyzed the anti- or pro-oxidant effects of the flavonoid quercetin (QU) by evaluating, in U937 cell line, hydrogen
peroxide (H,O,), superoxide anion (O, ), reduced glutathione (GSH) content, mitochondrial membrane potential, DNA
content, phosphatidylserine exposure on the outer face of the plasma membrane and cell viability. Polychromatic flow
cytometry was used to evaluate in the same cells several functional parameters. For short periods of treatment QU exerted an
anti-oxidant effect (decrease in H,O, levels), whereas for long periods it showed a pro-oxidant activity (increase in O, ). In
these conditions, GSH content was reduced, and this correlated with a lack of anti-oxidant activity of QU, which in turn could
be correlated with proapoptotic activity of this molecule. Thus, QU can exert different effects (anti-/prooxidant) depending on
exposure times and oxidative balance, and in particular on stores of GSH.
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Introduction are involved in the etiology of degenerative diseases,
coronary artery disease, stroke and cancer [2,3]. ROS
also acts as signalling molecules important for signal
transduction [4,5]. In particular, H,O, can induce
activation of NFkB, a transcription factor involved in
several cellular processes [6].

Mitochondria are the most important intracellular

sources of ROS. Indeed, nearly 4% of the oxygen used

Reactive oxygen species (ROS) are continuously
produced during cell metabolism. Under normal
conditions they are scavenged and converted to non-
reactive species by different intracellular, enzymatic
and non enzymatic, anti-oxidant systems (catalase,
peroxidase, superoxide dismutase, vitamins, reduced

glutathione (GSH)) [1]. If there is an overproduction
or an ineffective elimination of ROS, they can react
with proteins, lipids and nucleic acids causing several
cell damages and eventually cell death. In fact, ROS

by the respiratory chain is incompletely reduced and
can generate ROS [7]. This organelle is particularly
vulnerable and therefore exposed to ROS injury. ROS
accumulation causes lipid peroxidation and/or an
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increase in permeability known as mitochondrial
membrane permeability transition which leads to
apoptosis [8,9].

Flavonoids are a class of naturally occurring benzo-
v-pyrone derivatives which are present in fruits and
vegetables [10]. In the last few years they have been
widely analyzed because of their patho-preventive
effects, including anti-allergenic, antiinflammatory,
anti-proliferative and anti-viral actions [11,12]. These
molecules show an apparent opposite double action:
they seem to be at the same time pro-oxidant and anti-
oxidant in different models. In fact, the mechanisms of
these multiple effects have not yet been completely
clarified [13-16].

Quercetin  (3,3',4',5,7-pentahydroxyflavone, QU)
is one of the most abundant dietary and frequently
studied flavonoids [17]. The strong anti-oxidant
effect of QU can be attributed to the high number
of hydroxyl substituent groups and to its conjugated
7 orbitals by which QU is able to donate electrons
or hydrogens [18]. Previous studies have shown that
when QU reacts with ROS, it forms potentially
harmful oxidation products. In cells, the oxidation
products are inactivated by different molecules such
as GSH, the major intracellular reducing agent, and
ascorbate. In their presence, QU preferentially
reacts with GSH to form two non reactive products:
6- glutathionylQuercetin (6-GSQ) and 8-glutathio-
nylQuercetin (8-GSQ) [19].

Many flavonoids have cytostatic properties and may
induce apoptosis. These effects are attributed to their
modulation of several biological processes [20,21]. In
particular, (some of) these molecules seem to exert a
pro-apoptotic action that alters mitochondrial per-
meability [22]. Dissipation of the mitochondrial
membrane potential can be an early event in the
apoptotic process, followed by cytochrome c release
and subsequent activation of caspase 3 [23]. QU can
halt the growth of tumor cells by arresting them in
different phases of the cell cycle [24,25]. QU blocks
signal transduction pathways by inhibiting protein
tyrosine kinase, PI and PIP-kinases (1- phosphatidyl-
inositol 4-kinase and 1-phosphatidylinositol 4-phos-
phate 5-kinase) [26]. In addition to an antiproliferative
action, QU causes apoptosis in several tumor cell lines.
In fact, prolonged exposure to high doses of QU
resulted in formation of the characteristic ladder of
DNA fragments revealing activation of programmed
cell death [27].

In the present study, we also measured the effects of
QU on ROS content. To better clarify the anti/pro-
oxidant role of QU, we analyzed U937 cells using a
multiparametric flow cytometry approach that
allowed us to measure at the same time H,O,, O,
and GSH content. We also evaluated cell viability and
early or late apoptosis, in order to understand the
relationship between the anti/pro-oxidant effect of QU
and its ability to induce apoptosis.

Materials and methods
Cell line (U937) and culture conditions

Micoplasm-free U937 (monoblastic cell line) were
grown at the density 5 X 10°cells/ml in complete
culture medium (CM), i.e. RPMI 1640 supplemented
with 10% heat-inactivated fetal calf serum (FCS),
2mM L-glutamine, 100IU/ml penicillin, 100 pg/ml
streptomycin (all from Gibco BRL, Life Tecnologies,
Scotland) at 37°C in humidified atmosphere (5% CO,
in air). The cells were treated with QU (Sigma-
Aldrich, St. Louis, MO, USA) 10, 50 and 100 uM for
different periods of time: 2, 4, 6, 12, 16 and 24 h. After
treatments, cells were collected, pelleted and stained
with different fluorochromes and analyzed by multi-
parametric flow cytometry, as described below.

Flow cytomerry

Cytofluorimetric analyses were performed using a
CyFlow ML (Partec GmbH, Miunster, Germany),
equipped with a solid—state laser (488 nm, 200 mW),
a UV Mercury lamp HBO (100 long life, 100 W), a
red diode laser (635nm, 25mW), a Nd:YAG laser
(532 nm, 50 mW) and a CCD camera. A minimum of
10,000 cells per sample were acquired and analyzed by
FloMax 3.0 or by WinMDI 2.8 softwares.

Analysis of DNA content. Hoechst 33342 (Molecular
Probes, Eugene, OR) has the capacity to enter into
living cells and to bind in a stoichiometric manner
DNA sequences made of 3 AT base pairs [28,29]. Its
use allows the recognition of apoptotic and viable
cells. When Hoechst 33342 is excited by UV-lamp, it
emits at 540nm, and its signal is collected in the
channel devoted to fluorescence 8 (FL-8).

Detection of phosphatidylserine (PS) on the outer face of
plasma membrane. During the early phases of apoptosis
PS is translocated from the inner to the outer leaflet of
the plasma membrane, so that it is exposed to the
external cellular environment [30]. PS exposure was
detected by Annexin-V (ANX-V) labeled with Alexa
Fluor 647 (Molecular Probes), which is excited by the
red laser and emits at 665 nm (detected in FL-4).

Analysis of mitochondrial membrane potential (Ai,,).
Cells were stained with the Ayi,-sensitive probe
5,5',6,6'tetrachloro-1,1/,3,3'-tetracthylbenzimidazol
carbocyanine iodide (JC-1, Molecular Probes), used
at a final concentration of 10 pM. JC-1 is a lipophilic
carbocyanine that exists in a monomeric form and is
able to accumulate in mitochondria. In the presence of
a high Ays,, JC-1 can reversibly form aggregates that,
after excitation at 488 nm, emit in the orange/red
channel (in FL-2). The collapse in Ay, provokes a
decrease in the number of JC-1 aggregates, and a
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subsequent increase of monomers that emit in the
green channel (FL-1). This phenomenon is revealed
by either a decrease in F1.-2 and an augmentation in
FL-1 and, in a typical dot plot obtained by flow
cytometric analysis, cells with depolarized
mitochondria move from the upper left to the lower
right quadrant of the panel [31,32].

Detection of reduced glutathione (GSH). Cells kept in
phosphate buffered saline (PBS) were stained with
monobromobimane (MBB, from Molecular Probes),
which reacts nonenzymatically with GSH, binding the
thiol-groups. When excited by UV lamp, MBB emits
at 450 nm (detected in FL-8), with an intensity that is
proportional to GSH content [29,33].

Detection of superoxide anions (O, ). Cells were stained
with hydroethidine (HE, Molecular Probes) at the
concentration of 1 WM. The probe reacts with O, to
give ethidium, which binds DNA and emits red
fluorescence (detected in FL-2) when excited by a
blue laser [34,35].

Detection of hydrogen peroxide (H,O,). Intracellular
H,0, content was measured by the probe 2,7-
dicholorodihydrofluorescein diacetate (H,DCF-DA,
Molecular Probes). H,DCF-DA is lipid soluble and
penetrates into the cells where it is transformed by non
specific esterases into an intermediate H,DCEF. In the
presence of peroxidase and H,O,, H,DCF is converted
to the fluorescent molecule 2,7- dichlorofluorescein
(DCF) which, excited at 488 nm, emits at 520 nm
(detected in FL-1) [36]. Cells were stained with
H,DCF-DA at the concentration of 2 pM [37].

Analysis of cell viability. Cells were stained with
propidium iodide (PI, Sigma-Aldrich, St. Louis,
MO) at the final concentration of 5 pg/ml in PBS, or
of 0.25pg/ml when used with Hoechst 33342.
Necrotic and late apoptotic cells are characterized by
alterations of plasma membrane permeability, and
therefore PI penetrates into the cells, binds DNA and
emits at 617 nm (in FL-3) when excited at 488 nm.

Multiparametric flow cytometry. The simultaneous use
of the aforementioned fluorescent probes with
dedicated protocols allowed us to analyze several
parameters in the same intact cell. In particular, we
performed the:

—  Analysis of DNA content, H,O, production, early
and late apoptosis and necrosis with Hoechst 33342,
H,DCF-DA, PI and ANX-V. Cells were
resuspended in RPMI 1640 and stained with
5 uM Hoechst 33342 for 30 min at 37°C, then
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centrifuged at 200¢g for 5 min at room temperature
to remove unbound Hoechst 33342, resuspended
in PBS and stained with H,DCF-DA for 30 min
at 37°C. After this incubation, cells were
centrifuged at 200g¢ for 5min at 4°C,
resuspended in 195 pl of Annexin binding buffer
(10mM Hepes, 140mM NaCl and 2.5mM
CaCl,, pH 7.4) added with 5pul of Alexa
Fluor647-conjugated ANX-V. Cells were
incubated for 10min at room temperature,
washed with 800wl PBS and resuspended in
1.5 ml of Annexin binding buffer. PI was added
2min before acquisition at low concentration
(0.25 wg/ml) in order to avoid resonance energy
transfer to Hoechst 33342 [38].

—  Analysis of GSH content, H,O, and O, production
with MBB, H,DCF-DA and HE. During the last
45 min of incubation at 37°C with QU, HE was
added to cell cultures, then cells were collected
and centrifuged at 200g for 5min at 4°C. Cells
were resuspended in 1 ml of PBS and stained with
H,DCF-DA for 20 min at 37°C. MBB was then
added and cells incubated for 10 min at 37°C.
Before flow cytometric analysis, cells were
centrifuged at 200g¢ for 5min at 4°C and
resuspended in 1.5 ml of PBS.

—  Analysis of GSH content, A\, and cell viabiliry with

MBB, JC-1 and PI. Cells were stained with JC-1 for
10 min at 37°C, centrifuged at 200g for 5 min at
4°C, and then 1 ml of PBS with MBB (50 wM) was
added. After 10 min at 37°C, cells were centrifuged
as previously reported and resuspended in 1.5 ml of
PBS. PIwas added 2 min before sample acquisition
at the concentration of 5 pg/ml.

Statistical analysis

Data are presented in the histogram as the median of
the net fluorescence value *S.E.M. The net
fluorescence value was obtained: (i) linearising the
fluorescence values from the logarithmic scale and (i1)
subtracting the linearised median value of the blank
(i.e. the sample containing cells treated in the same
manner, but without any staining) from the median
fluorescence value of the stained sample [39]. This
allows to eliminate any influence related to the
eventual autofluorescence. Statistical analysis was
performed on Graph Pad Prism 3.03 using two-way
ANOVA test. Values of p < 0.05 were considered as
statistically significant.

Results
QU decreases intracellular H,O, content

H,0, content was measured by H,DCF-DA in U937
cells incubated for 2, 4 and 6 h with QU 10, 50 and
100 pM (Figure 1). As shown in Figure la, the
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fluorescence emitted by H,DCF-DA, which is directly
proportional to the amount of H,O, present in the
cell, was progressively reduced in the presence of
increasing doses of QU, even after 2 h of incubation.
The effect was particularly evident at the doses of 50
and 100 pM, and was well maintained after 4
(Figure 1b) and 6 h (Figure 1c) of incubation. These
data indicate that QU exerts an anti-oxidant effect,
particularly at high doses, towards basal H,O,
content.

In order to have direct evidence of this effect, H,O,
was added to cell cultures: U937 were pre-incubated
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Figure 1. Flow cytometric analysis of U937 after H,DCF-DA
staining. U937 were incubated for 2(a), 4(b) and 6h (c),
respectively) in absence (CTR) or presence of QU 10, 50,
100 M. (d) U937 were pre-incubated in absence (CTR) or in
presence of QU 100 pM for 2 h, and then in the presence of H,O,
during the last 15 min.

for 2h with QU (100 wM), washed and exposed to
50 oM H,O, for 15 min. As shown in Figure 1d, cells
treated with H,O, alone (green line) showed an
increased fluorescence when compared to untreated
cells (black line). As expected, U937 cells pre-
incubated with QU (red line) showed a diminished
H,0, content. When QU-treated cells were exposed
to H,O, (blue line), their fluorescence was much
lower than that of cells treated with H,O, alone, and
was similar to that of untreated cultures. The same
effect was also found for the two lower doses of QU
(data not shown), and demonstrated the ability of QU
to reduce H,O, content.

These experiments were repeated a minimum of
three times. Either the actions of QU on basal levels of
H,0, or to H,O, added to the cultures were
statistically significant, as shown in Figure 2a and b,
respectively.

QU-nduced reduction of H,O, content is not due to its
toxiciry

To be sure that the reduction of H,DCF-DA
fluorescence measured in cells incubated with QU
was due to a real anti-oxidant capacity of QU and not
to the presence of metabolically inactive cells, i.e. not
viable cells, we used a multiparametric cytofluori-
metric analysis that allowed us to discriminate
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Figure 2. (a) H,0O, basal levels were measured by H,DCF-DA
staining in U937 incubated in absence (CTR) or in presence of QU
10, 50, 100 M for 2 h. (b) H,O, was added to the cultures during
the last 15min after a pre-incubating in absence (CTR) or in
presence of QU 10, 50, 100 uM for 2h. Results were expressed as
median of fluorescence intensity (linearized values) =S.E.M. The
value of p has been obtained by two-way ANOVA test, considering
all samples.
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apoptotic, necrotic and viable cells. For this purpose,
cells were stained simultaneously by different probes:
Hoechst 33342, H,DCF-DA, PI and ANX-V. As
shown in Figure 3, fluorescence signals were analyzed
after eliminating cell debris by applying the region
depicted in the inserts present in panels a and b.
Inserts show cell physical parameters, i.e. forward
scatter (FSC) vs side scatter (SSC), the former
referring to cell volume and the latter to cell
complexity/density. Then, we have drawn quadrants
on ANX-V ws. PI dot plot (panels a and b) to
discriminate viable (ANX-V ™ and PI  cells, present in
the lower left quadrant, painted in green), early
apoptotic (ANX-V' and PI™ cells, lower right
quadrant, red) and late apoptotic cells (ANX-V* and
PI' cells, upper right quadrant, blue). These three
populations were also discriminated by physical
parameters. Viable cells were characterized by low
SSC and high FSC, corresponding to cells with
normal morphology; early apoptotic cells, by high
SSC and low FSC; late apoptotic cells, by the highest
SSC. It is noteworthy that the incubation with QU
per se for 12h provoked an increase of apoptotic and
dead cells.

We then focused our attention on the analysis of
viable cells (i.e. those colored in green). In the
presence of QU 100 wM, these cells showed a decrease
in H,O, content (note the shift to the left of H,DCF-
DA fluorescence in panel d if compared with panel c;
numbers indicate the linearized median fluorescence
values). Moreover, most cells with a decreased
H,DCF-DA fluorescence did not exhibit markers of
apoptosis (indeed, they were AnxV , see panel f vs.
panel e), and showed a normal DNA content (panel h
vs. panel g). The same results were observed at
different times of incubation: 4, 6, 12, 16 h and for the
doses 10 and 50 puM (data not shown). Thus, QU
induces cell death in a given amount of cells (those red
and blue), but has an anti-oxidant effect on the
majority of cells, that are viable (green).

QU decreases GSH and H,O, content, but increases
O, content

We analyzed the relationship between GSH, O, and
H,O0, content in cells exposed to QU. A staining with
MBB, H,DCF-DA and HE was then performed in
cells treated for 6 or 12 h with 100 puM QU (Figure 4).
Panels a—c show control, untreated cells; in all panels
of this figure different colors were assigned to cells
with normal (red), low (blue) or extremely low (green)
H,0, content. As described before, the treatment
with QU for 6 h provoked a relevant decrease in H,O,
content (panel d). This phenomenon was
accompanied by an increase in the number of cells
with a reduced GSH content (panel e). After 6 h of
treatment, in comparison with control cells (panel b),
those with a decreased H,O, content also displayed

Quercetin and GSH content 1253

a diminished content of O, (panel e). Interestingly,
the population with intermediate H,O, content
started to change physical parameters (panel f, blue
cells). After 12h of incubation with QU, cells with
intermediate H,O, and low GSH content increase the
production of O, (panel h), and assumed the physical
characteristics typical of apoptotic cells (panel 1).

QU provokes a collapse of mitochondrial membrane
potential (As,) in hving cells

We finally analyzed the relationship between GSH
content and Ay, in living cells, i.e. those with the
plasma membrane intact, that does not allow the
entrance of PI into the cell (Figure 5). Panels a—c
show control cells. In panel a, viable cells are painted
in blue, those that incorporated low amount of PI in
red (these cells are typically ANX-V*, ie. early
apoptotic, and are well visible in Figure 3b, lower right
quadrant. Note that, for technical reasons, in these
experiments the amplification of the photomultiplier
for the collection of the fluorescence signal from PI
was set at a different level, and thus in Figure 5 cells
with low PI incorporation are much brighter than
those in Figure 3). The population of cells that
assumed high amount of PI, i.e. those frankly necrotic
or cellular debris, are painted in green (well visible in
panel g). Untreated cells had high Ay, (in blue, panel
b) and high GSH content (in blue, panel c); note that
cells with low Ay, had also reduced GSH content
(panel ¢).

Treating cells for 6h with 100 pM QU did not
provoke a dramatic increase in PI* cells (apoptotic or
necrotic, panel d), but resulted in the onset of a
population with intermediate Ay, (panel e, blue
arrow); all living cells also displayed a reduced GSH
content (note the shift to the left in panel f). Among
them, those with intermediate Ails,, had a further
decrease in GSH (panel f, blue arrow). It is
noteworthy that, in living cells, the decrease in GSH
content occurred in cells with still a high Ay, (panel f,
red arrow).

Incubation with QU for 12 h resulted in a significant
increase in PIT cells, either apoptotic or necrotic
(panel g), as already observed and reported in detail
in Figure 3b. Living cells displayed a consistent
decrease in Ay, (note the lowering of blue cells in
panel h), along with a significantly reduced GSH
content (panel i).

Discussion

Quercetin has been widely analyzed because of its
multiple effects: antiallergenic, anti-inflammatory,
anti-proliferative, anti-viral and anti-oxidant [12,40].
The mechanisms at the basis of these actions
are still unclear. In particular, the effect of QU
on cell oxidative balance reveals contradictory
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Figure 3. Cytofluorimetric analysis of U937 stained with ANX-V and PI (a, b); H,DCFDA and PI (c, d); H,DCF-DA and ANX-V (e, f);

H,DCF-DA and Hoechst 33342 (g, h). Cells were incubated in absence (CTRL, left column) or in presence of QU 100 wM (right column) for
12 h. Physical parameters (FSC vs SSC) are shown in the inserts of panels a and b. The figure is representative of three separate experiments.
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Figure 4. Cytofluorimetric analysis of U937 cells incubated for 6 and 12 h with 100 wuM QU. Dot plots represent GSH vs H,O, content (left
column, panels a, d and g), GSH and O, content (middle column, panels b, e and h) and physical parameters SSC vs FSC (right column,
panels ¢, f and i). For details, see text in “Results”. Numbers indicate the percentages of cells. The figure is representative of three separate

experiments.

results [41-43]. The polyphenolic structure of QU
allows scavenging of free radicals, and when QU reacts
with ROS, potentially harmful oxidation products are
formed [19]. Moreover, ROS have a double effect: if
they are over-produced and inefficiently scavenged,
they can damage several macromolecules. However,
they can act as signaling molecules of great
importance for signal transduction [4,5]. Mitochon-
dria have a primary role in ROS production, because
part of oxygen used in the respiratory chain is

converted to free radicals that cause several injuries
to these organelles [7]. Antioxidants are part of a
complex network where scavengers, enzymes and
vitamins modulate oxidative balance in cell.

The aim of the present study was to understand, at
least in part, the role of QU in the anti/pro-oxidant
network. We have used an original approach that
utilizes polychromatic flow cytometry supported
by excitation with multiple sources (two lasers and
one UV lamp), and have been able to show
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Figure 5. Cytofluorimetric analysis of U937 cells incubated for 6 and 12 h with 100 wM QU. Dot plots represent permeability to propidium

iodide and GSH content (left column, panels a, d and g), mitochondrial membrane potential, i.e. JC-1 monomers and JC-1 aggregates
(middle column, panels b, e and h) and JC-1 aggregates and GSH content (right column, panels c, f and i). For details, see text in “Results”.
Numbers indicate the percentages of cells. The figure is representative of three separate experiments.

simultaneously, for the first time, several parameters
and activities in the same cell. Indeed, we could
analyze GSH content, hydrogen peroxide and super-
oxide content, mitochondrial membrane potential,
early and late apoptosis and cell viability. This
approach is particularly significant since now different
functional parameters linked to oxidative metabolism
can now be analyzed in intact and living cells.

In order to investigate the effects of QU on ROS
production, and the correlation with mitochondria
membrane potential and cell viability, we have
tested different doses and periods of exposure to the

drug. As reported in previous studies [20,21], QU
exerts an apoptotic action, which contrasts with its
well-known anti-oxidant effect. The simultaneous
analysis of H,O,, O, , GSH and Ay, helped us in
clarifying the role of QU on the cell oxidative
balance. High doses of QU (50 and 100 pM)
caused a decrease in H,O, levels after 2h of
treatment; this effect was also maintained for long
periods of incubation (until 24 h). While QU 10 pM
slightly influenced H,O, production for short times,
for longer exposures the effect on H,O, levels
was similar to that observed for the higher doses.
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The activity of QU as H,0O, scavenger was
confirmed when H,0, was added to cell cultures.
The reduction in H,O, levels indicated a minor
exposure to this radical in cells and therefore, QU
probably exerted an anti-oxidant effect, which was
more effective for high doses. The simultaneous
analysis of H,O, content, PS exposition, DNA
content and plasma membrane integrity ensures
that reduced fluorescence of H,DCF-DA observed
in treated cells was due to a real antioxidant action
of QU and not to its toxicity. However, as also
demonstrated in other studies [19], QU exhibited
simultaneously an apoptotic action on cell culture
for prolonged exposure times.

Long time of exposure to QU resulted in a
reduction in GSH content, suggesting the inability
of QU to cope with ROS for such period. As
previously reported, reacting with ROS QU can
form potentially harmful oxidation products, which
are inactivated by different molecules, preferentially
reduced glutathione. Thus we propose that QU can
exert an anti-oxidant effect in the presence of high
levels of GSH. However, long exposure to QU
results in a consumption of GSH and, as a
consequence, reactive radical intermediates of QU
could not be scavenged anymore. As a conse-
quence, the pro-oxidant effect of this molecule
could prevail over the antioxidant effect. In fact,
after 12h of incubation with QU 100 puM we found
two cell populations with different O, content, and
cells with higher O, content showed a massive
GSH depletion. Moreover, these cells had the
physical characteristic of apoptotic cells. In cells
treated with QU 100 wM, the simultaneous analysis
of H,O, and O, showed that the anti-oxidant
activity of QU for short time (6h) affected more
intracellular content of H,O, than of O,. When
cells were treated with QU for a long period, they
showed an increase in O,, a simultaneous loss in
GSH content, and a total mitochondrial depolariz-
ation. Thus, it appears that prolonged or strong
treatment with QU induces depletion of GSH
stores. As a consequence, ROS are no longer
scavenged and the pro-oxidant effect prevails on the
anti-oxidant effect.

In conclusion, QU seems to exhibit a double action,
anti- and/or pro-oxidant, which depends on cell
oxidative balance and GSH content. Probably, when
anti-oxidant system becomes inefficient, the conse-
quent over production of ROS alters the cell redox
state, and apoptotic program is activated. The
polychromatic flow cytometric approach, which has
been used to obtain the data presented here, is likely
the best technology for understanding and better
clarifying at the single cell level the complex
relationship among anti-proliferative, pro-apoptotic,
anti- and pro-oxidant effects of QU as well as of other
molecules.

Quercetin and GSH content 1257

Acknowledgements

This work was partially supported by grants from
COFIN 2004 and FIRB to AC. We thank Fondazione
Cassa di Risparmio di Modena, Space Import-Export
srl (Milan, Italy) and Partec GmbH (Muenster,
Germany) for continuous support.

References

[1] Hyman M, Pizzorno ], Weil A. A rational approach to
antioxidant therapy and vitamin E. Altern Ther Health Med
2005;11:14-17.

[2] Hogg N. Free radicals in disease. Semin Reprod Endocrinol
1998;16:241-248.

[3] CookJA, Gius D, Wink DA, Krishna MC, Russo A, Mitchell
JB. Oxidative stress, redox, and the tumor microenvironment.
Semin Radiat Oncol 2004;14:259-266.

[4] AdlerV, Yin Z, Tew KD, Ronai Z. Role of redox potential and
reactive oxygen species in stress signaling. Oncogene
1999;18:6104-6111.

[5] Hensley K, Robinson KA, Gabbita SP, Salsman S, Floyd RA.
Reactive oxygen species, cell signaling, and cell injury. Free
Radic Biol Med 2000;28:1456—-1462.

[6] Taylor JM, Crack PJ, Gould JA, Ali U, Hertzog PJ, Iannello
RC. Akt phosphorylation and NF-kappaB activation are
counterregulated under conditions of oxidative stress. Exp Cell
Res 2004;300:463-475.

[7] Nohl H, Gille L, Staniek K. Intracellular generation of reactive
oxygen species by mitochondria. Biochem Pharmacol
2005;69:719-723.

[8] Polla BS, Kantengwa S, Francois D, Salvioli S, Franceschi C,
Marsac C, Cossarizza A. Mitochondria are selective targets for
the protective effects of heat shock against oxidative injury.
Proc Natl Acad Sci USA 1996;93:6458—-6463.

[9] Papa S, Skulachev VP. Reactive oxygen species, mitochondria,
apoptosis and aging. Mol Cell Biochem 1997;174:305-319.

[10] Prior RL. Fruits and vegetables in the prevention of cellular
oxidative damage. Am J Clin Nutr 2003;78:570S—-578S.

[11] Jassim SA, Naji MA. Novel antiviral agents: A medicinal plant
perspective. ] Appl Microbiol 2003;95:412—427.

[12] Di Carlo GMN, Izzo AA, Capasso F. Flavonoids: Old and new
aspects of a class of natural therapeutic drugs. Life Sci
1999;65:337—-353.

[13] Sahu SC, Gray GC. Pro-oxidant activity of flavonoids: Effects
on glutathione and glutathione S-transferase in isolated rat
liver nuclei. Cancer Lett 1996;104:193—-196.

[14] Metodiewa D, Jaiswal AK, Cenas N, Dickancaite E, Segura-
Aguilar J. Quercetin may act as a cytotoxic prooxidant after its
metabolic activation to semiquinone and quinoidal product.
Free Radic Biol Med 1999;26:107-116.

[15] Galati G, Sabzevari O, Wilson JX, O’Brien PJ. Prooxidant
activity and cellular effects of the phenoxyl radicals of dietary
flavonoids and other polyphenolics. Toxicology 2002;
177:91-104.

[16] Oyama Y, Fuchs PA, Katayama N, Noda K. Myricetin and
quercetin, the flavonoid constituents of Ginkgo biloba extract,
greatly reduce oxidative metabolism in both resting and
Ca(2+)-loaded brain neurons. Brain Res 1994;635:125—129.

[17] Murota K, Terao ]. Antioxidative flavonoid quercetin:
Implication of its intestinal absorption and metabolism. Arch
Biochem Biophys 2003;417:12—-17.

[18] Heijnen CG, Haenen GR, van Acker FA, van der Vijgh W7,
Bast A. Flavonoids as peroxynitrite scavengers: The role of the
hydroxyl groups. Toxicol In Vitro 2001;15:3-6.

[19] Boots AW, Kubben N, Haenen GR, Bast A. Oxidized
quercetin reacts with thiols rather than with ascorbate:

RIGHTS LI MN Kiy



1258

[20]
[21]
[22]
[23]
[24]

d

8

3 [25]

5

= [26]

iS]

2

5

= [27]

&3

£

? [28]

5

>

g 29

= _? [29]

22 [30]

8=

55

§ 2 [31]

2p

£

S

E

£

S

B [32]

®

S

[

3

[a)]

il

[hd

)

g

[ad

8

[T

R. Ferraresi et al.

Implication for quercetin supplementation. Biochem Biophys
Res Commun 2003;308:560—-565.

Tokalov SV, Kind B, Wollenweber E, Gutzeit HO. Biological
effects of epicuticular flavonoids from Primula denticulata on
human leukemia cells. J Agric Food Chem 2004;52:239-245.
Kothan S, Dechsupa S, Leger G, Moretti JL, Vergote ],
Mankhetkorn S. Spontaneous mitochondrial membrane
potential change during apoptotic induction by quercetin in
K562 and K562/adr cells. Can ] Physiol Pharmacol
2004;82:1084—-1090.

Santos AC, Uyemura SA, Lopes JL, Bazon JN, Mingatto FE,
Curti C. Effect of naturally occurring flavonoids on lipid
peroxidation and membrane permeability transition in
mitochondria. Free Radic Biol Med 1998;24:1455—-1461.
Skulachev VP. Cytochrome c in the apoptotic and antioxidant
cascades. FEBS Lett 1998;423:275-280.

Yoshida M, Yamamoto M, Nikaido T. Quercetin arrests
human leukemic T-cells in late G1 phase of the cell cycle.
Cancer Res 1992;52:6676—-6681.

Kobayashi T. Effect of flavonoids on cell cycle progression in
prostate cancer cells. Cancer Letters 2002;176:17—-23.
Gamet-Payrastre L, Manenti S, Gratacap MP, Tulliez J, Chap
H, Payrastre B. Flavonoids and the inhibition of PKC and PI
3-kinase. Gen Pharmacol 1999;32:279-286.

Csokay B, Prajda N, Weber G, Olah E. Molecular mechanisms
in the antiproliferative action of quercetin. Life Sci
1997;60:2157-2163.

Shapiro AB, Ling V. Effect of quercetin on Hoechst 33342
transport by purified and reconstituted P-glycoprotein.
Biochem Pharmacol 1997;53:587-596.

Shapiro H. Functional parameters Practical flow cytometry.
3rd ed. New York: Wiley-Liss; 1995. p 318—320.

Plasier B, Lloyd DR, Paul GC, Thomas CR, Al-Rubeai M.
Automatic image analysis for quantification of apoptosis in
animal cell culture by annexin-V affinity assay. J Immunol
Methods 1999;229:81-95.

Cossarizza A, Baccarani-Contri M, Kalashnikova G, Fran-
ceschi C. A new method for the cytofluorimetric analysis of
mitochondrial membrane potential using the J-aggregate
forming lipophilic cation 5,5,6,6'-tetrachloro-1,1',3,3/-tetra-
ethylbenzimidazolcarbocyanine iodide (JC-1). Biochem Bio-
phys Res Commun 1993;197:40-45.

Salvioli S, Storci G, Pinti M, Quaglino D, Moretti L, Merlo-
Pich M, Lenaz G, Filosa S, Fico A, Bonafe M, Monti D,
Troiano L, Nasi M, Cossarizza A, Franceschi C. Apoptosis-
resistant phenotype in HL-60-derived cells HCW-2 is related
to changes in expression of stress-induced proteins that impact

[33

[}

(34]

(35]

(36]

(37]

(38]

(39

—

[40]

[41

—

(42]

[43]

on redox status and mitochondrial metabolism. Cell Death
Differ 2003;10:163—-174.

Hedley DW, Chow S. Evaluation of methods for measuring
cellular glutathione content using flow cytometry. Cytometry
1994;15:349-358.

Zhao H, Kalivendi S, Zhang H, Joseph ], Nithipatikom K,
Vasquez-Vivar J, Kalyanaraman B. Superoxide reacts with
hydroethidine but forms a fluorescent product that is distinctly
different from ethidium: Potential implications in intracellular
fluorescence detection of superoxide. Free Radic Biol Med
2003;34:1359-1368.

Benov L, Sztejnberg L, Fridovich I. Critical evaluation of the
use of hydroethidine as a measure of superoxide anion radical.
Free Radic Biol Med 1998;25:826—-831.

Brubacher JL, Bols NC. Chemically de-acetylated 2/,7'-
dichlorodihydrofluorescein diacetate as a probe of respiratory
burst activity in mononuclear phagocytes. ] Immunol Methods
2001;251:81-91.

Walrand S, Valeix S, Rodriguez C, Ligot P, Chassagne J,
Vasson MP. Flow cytometry study of polymorphonuclear
neutrophil oxidative burst: A comparison of three fluorescent
probes. Clin Chim Acta 2003;331:103—-110.

Mazzini G, Ferrari C, Erba E. Dual excitation multi-
fluorescence flow cytometry for detailed analyses of viability
and apoptotic cell transition. Eur J Histochem
2003;47:289-298.

Pincelli C, Sevignani C, Manfredini R, Grande A, Fantini F,
Bracci-Laudiero L, Aloe L, Ferrari S, Cossarizza A, Giannetti
A. Expression and function of nerve growth factor and nerve
growth factor receptor on cultured keratinocytes. J Invest
Dermatol 1994;103:13-18.

Ross JA, Kasum CM. Dietary flavonoids: Bioavailability,
metabolic effects, and safety. Annu Rev Nutr 2002;22:19—34.
Galati G, O’Brien PJ. Potential toxicity of flavonoids and other
dietary phenolics: Significance for their chemopreventive
and anticancer properties. Free Radic Biol Med 2004;
37:287-303.

Mertens-Talcott SU, Bomser JA, Romero C, Talcott ST,
Percival SS. Ellagic acid potentiates the effect of quercetin on
p21vafl/eirl - 553 and MAP-kinases without affecting intra-
cellular generation of reactive oxygen species in vitro. ] Nutr
2005;135:609-614.

Chow JM, Shen SC, Huan SK, Lin HY, Chen YC. Quercetin,
but not rutin and quercitrin, prevention of H,O,-induced
apoptosis via anti-oxidant activity and heme oxygenase 1 gene
expression in macrophages. Biochem Pharmacol
2005;69:1839-1851.

RIGHTS LI MN Kiy



