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Abstract

Quercetin is one of the most ubiquitous bioflavonoids in foods of plant origin. Although quercetin is generally considered to provide
protection against oxidative injury and inflammation, recent studies have demonstrated that its cytoprotective effects occur within a narrow
concentration range. We attempted to examine the concentration-dependent effect on proliferation and inflammation in the primary culture of
rat aortic smooth muscle cells. We demonstrate that quercetin inhibited [*H]thymidine incorporation into rat aortic smooth muscle cells only
at concentrations =50 pM in a concentration-dependent manner. Nevertheless, quercetin, at concentrations = 100 pM, reduced cell
viability; this was further characterized as being due to apoptosis, which occurred through the proteolytic activation of pro-caspase-3.
Additionally, the phosphorylation of c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (p38MAPK) substantially
increased in rat aortic smooth muscle cells exposed to 100 pM quercetin, results which differ from observations by others and ourselves of
cells exposed to =50 uM quercetin. Unlike P-JNK and P-p38, the phosphorylation of extracellular signal-regulated kinase 1/2 (ERK1/
ERK?2) was not significantly affected by the concentration-dependent effects of quercetin. Surprisingly, the adverse effects of higher
concentrations of quercetin could be ameliorated by adding the antioxidants, catalase, and N-acetylcysteine (NAC). Furthermore, the
electrophoretic mobility shift assay (EMSA) showed that rat aortic smooth muscle cells exposed to quercetin at concentrations of =50 uM
caused concentration-dependent inhibition of nuclear factor kappa B (NF-xkB) activity, whereas concentrations of = 100 uM resulted in
increased NF-«B binding activity. We demonstrate for the first time that quercetin at low concentrations has antiproliferative and
antiinflammatory effects, but at concentrations of = 100 pM, is likely to induce the opposite effects on rat aortic smooth muscle cells.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Atherosclerosis is a chronic pathological process of mul-
tiple oxidative insults. Although the underlying mechanism
has not yet been fully determined, it is believed that oxidation
and inflammation are two crucial events involved in the
development of atherosclerosis. In response to injury and
various stimuli, the activated vascular endothelium produces
cytokines and growth factors, which promote the growth and
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migration of rat aortic smooth muscle cells, are key events in
the formation of atherosclerotic lesions in humans.
Quercetin (3,3" ,4’ ,5,7-pentahydroxyflavone) is one of
the most ubiquitous bioflavonoids in foods of plant origin.
In one estimate, humans normally consume approximately 1
g of flavonoids per day (Afanas’eva et al., 2001). Several
studies have found that quercetin has antioxidative, free
radical-scavenging, anticancer, and antiinflammatory activ-
ities (Chen et al., 2001a,b; Fisher-Dzoga et al., 1973; Shen
et al., 2002). Additionally, quercetin inhibits the prolifera-
tion and migration of aortic smooth muscle cells, which
coincides with the inhibition of p38 mitogen-activated
protein kinase (p38 MAPK) phosphorylation (Alcocer
et al., 2002). These findings suggest new insights and a
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rationale for the potential use of quercetin in the prophylaxis
of cardiovascular diseases.

In contrast, the biological effects of quercetin are matters
of debate due to its inconsistent actions. For example,
quercetin has been shown to be mutagenic in prokaryotes,
as well as in in-vitro studies of mammalian cell lines
(Aravindakshan et al., 1985). Additionally, quercetin causes
cytotoxic effects on tumor cells in culture; however, 4-
methylcatechol, its metabolite produced in the intestinal tract
after ingestion, promotes rather than suppresses tumors in the
rat stomach, despite its in-vitro cytotoxic activity (Morita et
al., 2003). Furthermore, there are many reports describing
how polyphenols act as pro-oxidants in the presence of metal
ions (Nakayama, 1994). It has also been shown that quercetin
itself has some intrinsic cytotoxicity at concentrations ex-
ceeding 75 uM in cultured renal tubular cells (Kuhlmann et
al., 1998). Therefore, in view of the unavoidability of ingest-
ing quercetin via a normal diet, there is a need to reevaluate
the potential risk to humans due to quercetin ingestion.

The primordial role of inflammation in atherosclerosis is
increasingly recognized by researchers. Nuclear factor kap-
pa B (NF-kB) has been shown to orchestrate the transcrip-
tion of a cassette of genes of great relevance to
atherogenesis (Chen et al., 2002; Wilson et al., 2002;
Yamamoto and Gaynor, 2001). In particular, it is a key
regulator of atherogenic gene expression regulated by risk
factors, including angiotensin II, thrombin, advanced gly-
cated endproducts, etc. (Hattori et al., 1999; Kaur et al.,
2003; Minami and Aird, 2001; Phillips and Kagiyama,
2002). However, the relationship between quercetin and
the activation of NF-kB is also inconsistent. For instance,
quercetin has been shown to exert inhibitory effects on the
activation of NF-kB in murine fibroblast L-TK cells induced
by interlukin-1 and hypoxia (Muraoka et al., 2002). On the
contrary, it is reported that quercetin induces apoptosis and
NF-kB in growing murine L1210 lymphocytic leukemic
cells potentiated by TNF-alpha (Orzechowski et al., 2000).

We speculated that the above-described discrepancies
might be due to the effects of quercetin being tissue and
concentration dependent. We proposed that quercetin might
exert its biological effects like a double-edged sword,
dependent on its concentrations. Therefore, we set out to
examine the diverse effects of quercetin on rat aortic smooth
muscle cells in a concentration-dependent manner, which
might provide some important information on the amount of
quercetin that should be consumed for protecting blood
vessels, without resulting in any unexpected injuries.

2. Materials and methods
2.1. Agents
Quercetin, catalase, N-acetylcysteine (NAC), 3-(4,5-di-

methyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), dithiothreitol (DTT), HEPES, and sodium dodecyl

sulfate (SDS) were purchased from Sigma (St. Louis, MO,
USA). Rabbit polyclonal antiphosphospecific extracellular
signal-regulated kinase 1/2 (ERK1/ERK2), antiphosphospe-
cific p38 MAPK, and antiphophospecific c-Jun N-terminal
kinase (JNK) antibodies were purchased from New England
Biolabs (Beverly, MA, USA). Anti-ERK1/ERK2, anti-p38
MAPK, and anti-JNK antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum, and
tissue culture reagents were obtained from Invitrogen
(Carlsbad, CA, USA). Protein assay agents were purchased
from Bio-Rad (Hercules, CA, USA). The gel-shift kit was
from Panomics (Redwood City, CA, USA).

2.2. Isolation and primary culture of rat aortic smooth
muscle cells

Rat arotic smooth muscle cells were isolated from the
thoracic aorta of male prague—Dawley rats (200—-250 g)
using the explant technique (Fisher-Dzoga et al., 1973).
Briefly, after removal of the endothelium and adventitia, the
aortic explants were cultured in DMEM and supplemented
with 10% fetal bovine serum, penicillin (100 units/ml),
streptomycin (100 pg/ml), and 25 mM HEPES (pH 7.4).
After 2 weeks, cells that had migrated out of the explants
were removed by trypsinization and successively subcul-
tured. The purity and identity of cells were examined by
immunostaining using antibody specific against smooth
muscle cell a-actin. Cells from passages 5 to 12 were used
for the experiments.

2.3. MTT assay

The viability of cells was determined based on the
activity of mitochondrial dehydrogenase to reduce MTT to
formazan. Briefly, cells were plated in 24-well plates at a
density of (2—5) x 10%cells/well treated with DMSO or
varying concentrations of quercetin for 24 or 48 h. MTT
was then added to each well, and incubation continued for 4
h in the culture. The formazan formed was dissolved by
overnight incubation with 10 mM HCI containing 10%
SDS, and then measured at a wavelength of 570 nm.

2.4. PH]Thymidine incorporation

As previously described (Jain etal., 1996; Lin etal., 2002),
cells at a density of 1 x 10* cells/cm® were applied to 24-well
plates in a growth medium (DMEM plus 10% fetal bovine
serum). After the cells had grown to 70%—80% confluence,
they were rendered quiescent by incubation for 72 h in
DMEM containing 0.04% fetal bovine serum. The concen-
tration of quercetin, as indicated, or dimethyl sulfoxide
(DMSO) in 10% fetal bovine serum was added to the cells,
and the mixture was allowed to incubate for 24 h. During the
last 4 h of the incubation with or without quercetin, [*H]thy-
midine was added at 1 uCi ml~' (1 pCi=37 kBq). The
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incorporated [*H]thymidine was extracted in 0.2 N NaOH
and measured in a liquid scintillation counter.

2.5. DNA ladder assay

Following DMSO or quercetin treatment, adherent and
nonadherent cells were pooled and subjected to protease K
digestion at 56 °C for 10 min. After spinning for 5 min at
300 x g, the supernatant was collected, and genomic DNA
was extracted using a QIAmp DNA Mini Kit. DNA prep-
arations were analyzed by 2% agarose gel electrophoresis
and stained with ethidium bromide.

2.6. Western blots

Western blot analysis was carried out using the following
antibodies: pro-caspase-3, a-tubulin, and total and phosphor-
ylated MAPK subfamilies. To prepare whole-cell lysates, cells
were washed twice with ice-cold phosphate-buffered saline
(PBS), resuspended in ice-cold extraction buffer [10 mM Tris,
pH 7.0; 140 mM NaCl; 5 mM DTT; 0.5% Nonidet P-40; 1 mM
Na3;VOy; 1 mM phenylmethylsulfonyl fluoride (PMSF); 1 ng/
ml leupeptin; and 1 pg/ml aprotinin], incubated on ice for 30
min, and vortexed every 10 min, followed by centrifugation at
12,000 rpm for 30 min at4 °C. Whole-cell lysates (80 pg) were
electrophoresed on a 10% SDS-polyacrylamide gel and then
transblotted onto a Hybond-P membrane (Pharmacia, Hong
Kong). Membranes were blocked in PBS containing 0.1%
Tween-20 and 5% skim milk at room temperature for 30 min.
For the detection of pro-caspase-3, a-tubulin, and total and
phosphorylated MAPK subfamilies, blots were incubated with
the indicated antibodies (with dilutions used according to the
manufacturer’s instructions) in blocking buffer for 1 h at room
temperature. After three washes with PBS containing 0.1%
Tween-20, blots were incubated with alkaline phosphase/
peroxidase-conjugated goat antirabbit immunoglobulin G
(IgG)/antimouse IgG (1:2000) for 1 h at room temperature,
followed by another washing. Expression of protein was
detected by an enhanced chemiluminescence system.

2.7. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) was
performed as previously described (Wung et al., 1997). To
prepare nuclear protein extracts, cells in 10-cm? dishes after
treatment with various concentrations of quercetin for 6 h, as
indicated, were washed twice with ice-cold PBS and scraped
off into 1 ml of PBS. After centrifugation of the cell
suspension at 500 X g for 3 min, the supernatant was re-
moved, and cell pellets were subjected to NE-PER ™ nuclear
extraction reagents (Pierce, Rockford, IL, USA), with the
addition of 0.5 mg/ml benzamidine, 2 pg/ml aprotinin, 2 pg/
ml leupeptin, and 2 mM PMSF. The subsequence procedures
of nuclear protein extraction followed the manufacturer’s
instructions. The fraction containing the nuclear protein was
used for the assay or was stored at — 70 °C until use. The

sequence of the oligonucleotides used was AGTTGAGGG-
GACTTTCCAGGC for NF-kB binding (Promega, Madison,
WI, USA). The oligonucleotides were end-labeled with
biotin. Extracted nuclear protein (10 pg) was incubated with
10 ng of biotein-labeled DNA at 15 °C for 30 min in 2 pul of
5 X binding buffer containing 1 pg of poly deoxyinosine-
deoxycytidine (dI-dC). For competition with unlabeled oli-
gonucleotides, a 100-fold molar excess of unlabeled oligo-
nucleotides relative to the biotin-labeled probe was added to
the binding assay. The mixtures were electrophoresed on 5%
nondenaturing polyacrylamide gels and then transblotted
onto a Hybond N" membrane (Pharmacia). Blots were
incubated with blocking buffer, followed by additional strep-
tavidin-horseradish peroxidase (HRP) conjugates. Blots were
imaged by means of an enhanced chemiluminescence system.

2.8. Assay of intracellular reactive oxygen species

Intracellular reactive oxygen species production was mea-
sured by using the fluorescent dye 2’ ,7' -dichlorofluorescein
diacetate (DCF-DA; Molecular Probes, Eugene, OR, USA)
with the ACAS interactive laser cytometer (Meridian Instru-
ments, Okemos, MI, USA). Cells were preincubated with 10
uM DCF-DA in DMEM for 30 min at 37 °C before treatment.
After exposure to the dye, the cells were rinsed with Tyrode’s
solution and examined by using the laser cytometer at 37 °C.
Excitation of dichlorofluorescein (DCF) was achieved by
using the 488-nm line of a 20-mW argon—ion laser. The
emission above 515 nm was quantitated from two-dimen-
sional scans generated by using a 1-um laser beam and an X-
Y scanning stage to obtain a fluorescence value from single
cells. To provide a valid comparison, the same acquisition
parameters were used for all observations. Quantification of
the levels of DCF fluorescence was assessed on a relative
scale from 0 to 4000 units. Baseline values from cells treated
with DMSO were used as control. Values represent the
mean + S.D. of DCF fluorescence from 20 randomly selected
cells for each experiment in the four investigations.

2.9. Statistical analysis

Values are expressed as the mean £ S.D. The signifi-
cance of the difference between the control and each
experimental test condition was analyzed by Student’s #-
test, and between two experimental groups was estimated by
one-way analysis of variance. A value of p<0.05 was
considered statistically significant.

3. Results

3.1. Cytotoxicity induced by quercetin at concentrations of
2100 uM in rat aortic smooth muscle cells

Although quercetin is generally considered to
provide protection against oxidative injury, a recent study
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demonstrated that its cytoprotective effect occurs with-
in a narrow range of concentrations (Kuhlmann et al.,
1998). As shown in Fig. 1, cell growth, as assessed by
the MTT assay for a period of 2 days, was markedly
reduced in rat aortic smooth muscle cells exposed to
quercetin in a concentration-dependent manner, particu-
larly in cells exposed to quercetin at concentrations of
Z 100 pM.

To further examine the specificity of a direct effect of
quercetin on cellular proliferation, we performed [*H]thy-
midine incorporation in rat aortic smooth muscle cells in the
presence of various concentrations of this compound. The
results on Fig. 1B show that quercetin in the presence 10 to
50 uM quercetin inhibited [*H]thymidine incorporation into
cells in a concentration-dependent manner. In contrast,
quercetin at = 100 pM exerted a mitogenic effect on cells
due to the increased amounts of [*H]thymidine incorporated
into the cells.
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Fig. 1. Effect of quercetin on cell growth. (A) Effect of quercetin on cell
viability. Cells plated at 5 x 10° cells/well in 24-well plates were treated
with DMSO or quercetin at the indicated concentrations. Cell viability was
determined by the MTT assay at given time points. Data shown are the
mean + S.D. of three independent experiments. (B) The differential growth
pattern of cells in the presence of quercetin. To study the effect of
quercetin on cell proliferation, [*H]thymidine incorporation was investi-
gated after cells release from quiescence by incubation in culture media
supplemented with 10% fetal bovine serum and DMSO and indicated
concentrations of quercetin in DMSO. Data shown are the mean + S.D. of
three independent experiments. A value of *p<0.05 was considered
statistically significant.

3.2. DNA fragmentation and attenuated pro-caspase-3 in
rat aortic smooth muscle cells treated at higher concen-
trations of quercetin

To characterize whether the cell death induced by quer-
cetin at concentrations = 100 uM results from apoptosis, we
examined the integrity of chrosomal DNA of cells exposed
to various concentrations of quercetin by electrophoretic
analysis. Cell growth was arrested by maintaining cells in
serum-deprived culture medium for 72 h, and the effect of
various concentrations of quercetin on rat aortic smooth
muscle cells in DMEM supplemented with 2% fetal bovine
serum was examined. As shown in Fig. 2A, the appearance
of DNA was observed in cells exposed to quercetin at
concentrations of Z 100 uM. The evidence for apoptotic
cell death was further confirmed by Western blot analysis of
pro-caspase-3 in protein preparations. Results in Fig. 2B
demonstrate attenuated amounts of pro-caspase-3 in cells
treated with increasing concentrations of quercetin.

3.3. Concentration-dependent effects of quercetin on the
MAPK pathway

Results shown in Fig. 1B suggest that quercetin caused a
differential effect on rat aortic smooth muscle cells prolifer-
ation. Therefore, the concentration-dependent effects of
quercetin on the signal transduction pathway in cells were
investigated. We performed Western blot analysis of total
and phosphorylated ERK1/ERK2, JNK, and p38MAPK
exposed to a range of 10—100 uM quercetin. Cells were
rendered quiescent for 72 h in DMEM medium containing
0.04% fetal bovine serum and were then treated with DMSO
or indicated concentrations of quercetin for 5 or 10 min,
respectively. Crude cell lysates were harvested and analyzed
for total and phosphorylated MAPKs by Western blots.
Phosphorylated ERK1/ERK2 (p44/p42) was detected in cells
treated with DMSO (Fig. 3, lane 1), and a slight decline in
the levels of these species was observed within 5 and 10 min
in cells exposed to increasing concentrations of quercetin
(Fig. 3, lanes 2—9). Conversely, the levels of phosphorylated
p38 and JNK were increased in cells exposed to the high
concentration of 100 uM quercetin for 10 min (Fig. 3, lane
9), as compared with cells incubated at concentrations of
quercetin below 100 uM (Fig. 3, lanes 2—8). A discrepancy
in the levels of phosphorylated p38 and JNK was not
apparent in cells exposed to increasing concentrations of
quercetin with 5 min of treatment (Fig. 3, lanes 2—5).

3.4. Concentration-dependent effects of quercetin on NF-kB
DNA-binding activity in rat aortic smooth muscle cells

NF-«B plays an important role in the inducible expres-
sion of various cellular genes mostly related to inflamma-
tion. Quercetin has been shown to enhance or inhibit the
activity of NF-«B in response to various stimuli in various
tissues (Muraoka et al., 2002). Therefore, the discrepant
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Fig. 2. Apoptosis in rat aortic smooth muscle cells exposed to = 100 pM
quercetin. (A) DNA fragmentation in rat aortic smooth muscle cells. Cells
were exposed to the indicated concentrations of quercetin in DMEM
supplemented with 2% fetal bovine serum for 2 days. Chromosomal DNA
was then isolated 2 days after treatment with quercetin and analyzed by 2%
agarose gel electrophoresis. (B) Western blot analysis of pro-caspase-3 in
cells exposed to increasing concentrations of quercetin. Crude cell lysates
were prepared, and the level of pro-caspase-3 was examined. a-Tubulin was
used as an internal control. Bar charts in the lower part of Panel B show the
band intensity of normalized pro-caspase-3 protein in terms of a-tubulin by
densitometry (IS-1000 Digital Imaging System). Data were derived from
three independent experiments and are presented as the mean + S.D.
**p<0.01 indicates significant differences from the DMSO-treated group.

effects of quercetin on NF-kB DNA binding activity might
be tissue and stress dependent. We set out to examine
whether the effect may also result from a concentration-
dependent effect of quercetin in cell culture. Cells were
cultured in the presence of quercetin, and nuclear proteins
were extracted after 6 h. The mobility shift of biotin-labeled
oligonucleotides harboring NF-«B recognition sequences
was assayed by incubation with nuclear proteins. Fig. 4
depicts a representative gel shift assay for NF-xB oligonu-

cleotides after 6 h of cell treatment, showing two protein—
DNA complexes (kB-I and «kB-II). Quercetin, at a concen-
tration of 10—50 puM, caused a decline in the binding activity
of kB-I in a concentration-dependent manner. This inhibition
disappeared, and eventually, increased binding activity of
kB-I was detected in aortic smooth muscle cells exposed to
quercetin at = 100 uM. A similar pattern of DNA binding
activity in cells was observed in the kB-II complex with
respect to the concentrations of quercetin used. The intensity
of these complexes was reduced by an unlabeled NF-xB
consensus oligonucleotides added in a 100-fold molar excess
to the binding reaction (Fig. 4, lane 7).

3.5. Attenuation of quercetin-induced oxidative stress and
cytotoxicity by catalase and NAC

We hypothesized that the increased phosphorylation of
JNK and p38 and the apoptotic death induced by quercetin
at concentrations = 100 pM might be attributable to quer-
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Fig. 3. Western blot analysis of MAPKSs in rat aortic smooth muscle cells
after exposure to various concentrations of quercetin. Cells were rendered
quiescent for 72 h with 0.04% fetal bovine serum, followed by treatment
with DMSO (lane 1) and indicated concentrations of quercetin for 5 and 10
min (lanes 2—5 and 6-9, respectively). Preparations of cell extracts, gel
electrophoresis, and Western blots are described in Materials and methods.
Individual MAPK was identified by its size (kDa), and (P) designates
phosphorylated MAPK. Bar charts in the lower panel show the band
intensity of normalized p44-P, p54-P, and p38-P proteins by densitometry.
Data were derived from three independent experiments and are presented as
the mean + S.D. *p<0.05 and **p <0.01 indicates significant differences
from the DMSO-treated group.
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cetin-induced oxidative stress. Fig. SA showed the produc-
tion of reactive oxygen species by quercetin at the concen-
tration of >100 pM, which is analyzed the fluorescent
product DCF, a peroxidative productive of DCF-DA. We
also set out to determine the effect of the antioxidants,
catalase and NAC, on the signal transduction pathway; it
clearly showed that catalase at concentrations of 200 and 350
U/ml and NAC at concentrations of 5 to 10 mM were able to
reverse the phosphorylation of JNK and p38 to the level of
control cells (Fig. 5B). Consistently, catalase and NAC
inhibited DNA fragmentation by 200 pM quercetin (Fig.
5C), suggesting that oxidative stress is indeed involved in the
cytotoxicity induced by higher concentrations of quercetin.

4. Discussion

In this study, we investigated the concentration-depen-
dent effects of quercetin on rat aortic smooth muscle cells
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Fig. 4. Binding activity of NF-xB in rat aortic smooth muscle cells exposed
to various concentrations of quercetin. Cells were cultured and treated with
increasing concentrations of quercetin as indicated. Nuclear proteins were
assayed for NF-«B binding activity by EMSA. 100 X cold denotes a 100-
fold molar excess of unlabeled oligonucleotides relative to the biotin-
labeled probe; this was added to the binding assay for competition with the
unlabeled oligonucleotides. Mobility of specific NF-kB complexes is
indicated. Bar charts in the lower panel show the band intensity of kKB-I by
densitometry. Data were derived from four independent experiments and
are presented as the mean + S.D. **p<0.01 indicates significant differ-
ences from the DMSO-treated group.
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Fig. 5. Quercetin at high concentrations of = 100 pM quercetin induced
intracellular reactive oxygen species in rat aortic smooth muscle cells (A)
and effect of antioxidants on the phosphorylation of JNK and p38 (B) and
DNA fragmentation (C) in cells exposed to 200 uM quercetin. Cells were
pretreated with 200 or 350 U/ml catalase and 5 or 10 mM NAC for 30 min
prior to adding 200 uM quercetin, followed by incubation for 10 min in
DMEM supplemented with 10% fetal bovine serum (B) and for 24 h in
DMEM, supplemented with 2% fetal bovine serum (C), by the method
described in Fig. 2. Bar charts in the lower part of Panel B show the band
intensity of normalized p54-P and p38-P proteins by densitometry. Data
were derived from three independent experiments and are presented as the
mean + S.D. “p<0.05 vs. quercetin alone, *p<0.05 and **p<0.01 vs.
DMSO-treated group.

proliferation and viability. Alcocer et al. (2002) showed that
quercetin in a range of concentrations (10—200 uM) inhibits
the proliferation in human aortic smooth muscle cells in a
concentration-dependent manner and arrests cells at the G0/
G1 phase of the cell cycle. The results of our study
confirmed those findings and showed that quercetin at a
range of 10—200 uM decreased cell numbers in rat aortic
smooth muscle cells and that quercetin at a range of 10—50
1M caused a gradual decrease in [*H]thymidine incorpora-
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tion (Fig. 1). In contrast, results of this study also showed
that quercetin at concentrations of = 100 pM increased cell
proliferation in a [*H]thymidine incorporation experiment
and phosphorylation of stress- and mitogen-related protein
kinases, including JNK and p38, and eventually led to
cellular death.

Stiko et al. (1996) indicated that a low level of
oxidative stress may induce proliferative events, and that
with an increased intensity of stress, cell growth gradually
ceases, and subsequent cellular death occurs. In agreement
with those findings, results of our study showed that
quercetin at concentrations of = 100 uM had a mitogenic
effect on rat aortic smooth muscle cells and caused
increased DNA synthesis (Fig. 1B), resulting in cellular
death (Fig. 1A). Fig. SA showed the direct evidence of
quercetin-induced intracellular reactive oxygen species
production at high concentrations of = 100 uM, which
can be reversed by adding NAC. Furthermore, the results
of our study also showed that this cellular damage was
further characterized as apoptotic cell death, with evidence
of DNA fragmentation (Fig. 2A) and attenuated levels of
pro-caspase-3 (Fig. 2B). Likewise, these effects could be
inhibited by adding antioxidants, including catalase and
NAC (Fig. 5B). Based on all of these findings, we suggest
that reactive oxygen species are involved in quercetin-
induced cytotoxicity and that cells exposed to quercetin at
concentrations exceeding 50 uM experienced increased
oxidative cell injury, which induced apoptosis through
the proteolytic cleavage of pro-caspase-3.

To our knowledge, this is the first study to show that
quercetin exerts its antiproliferation/proliferation and anti-
oxidant/pro-oxidant effects on rat aortic smooth muscle cells
in a concentration-dependent manner. But the mechanism
for generating reactive oxygen species and downstream
signaling remains to be elucidated. The activation of the
NAD(P)H enzymatic system is regarded as the most impor-
tant source of the primordial oxygen radical, superoxide, in
the vessel wall, and Rac1GTPase plays a pivotal role in this
activation (Bhunia et al., 2002). Therefore, further research
is needed to investigate how genes involved in the gener-
ation of reactive oxygen species are transactivated by a high
concentration of quercetin to induce oxidative stress in rat
aortic smooth muscle cells.

Intracellular oxygen radicals regulate gene transcription.
NF-kB has been identified as a peroxide-activated transcrip-
tion factor in eukaryotic cells, and its DNA binding and
transactivation are strongly activated by H,O, (Meyer et al.,
1993). After activation, this factor induces transcription of a
number of genes involved in inflammatory and immune
responses (Collart et al., 1990). Interestingly, the findings in
our study support these notions by showing that quercetin at
higher concentrations resulted in oxidative stress and en-
hanced the binding activity of NF-«xB (Fig. 4), whereas this
compound at lower concentrations, as an antioxidant,
inhibited its activity in a concentration-dependent manner.
The findings of our study once again demonstrate that

quercetin exerts an antioxidant/prooxidant effect on rat
aortic smooth muscle cells dependent on the concentrations
of quercetin used.

To sum up, we suggest that the inhibitory effect of
quercetin on rat aortic smooth muscle cells growth in our
model is related to quercetin-induced oxidative stress at
higher concentrations. Concentrations of quercetin of
Z 100 uM are cytotoxic to cells, and the cytotoxicity is
related to the generation of hydrogen peroxide and reactive
oxygen species under the primary culture conditions. This
conclusion is supported by the findings that the addition of
catalase and NAC can neutralize the cytotoxic pro-oxidant
action of quercetin. Results of our findings are confined to
in-vitro study, but cells used in this study directly outgrew
from the thoracic aorta of rat, which might approximately
reflect in-vivo condition. The problem associated with the
uncommon application of quercetin to the treatment of
human diseases is due to its poor absorptive efficacy and
higher effective doses required, although quercetin has
been extensively studied to have beneficial effects on
humans. Therefore, before quercetin enters trials for car-
diovascular diseases, the issue of the bioavailable concen-
tration after quercetin ingestion in humans needs to be
further investigated; this will provide more information on
the optimal amount of quercetin that should be consumed
to protect blood vessels.
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