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Abstract
Purpose The anthracycline antibiotic doxorubicin (DOX)
has been used successfully for treating various types of can-
cers. However, the therapeutic eYcacy of DOX was greatly
restricted by its cumulative dose-related cardiotoxicity and
common side eVects such as bone marrow and immune
suppression. Quercetin had better cardioprotective and
hepatoprotective activities. The present study was to
observe whether quercetin could improve therapeutic index
of DOX and explore its mechanisms.
Methods EVects of quercetin on doxorubicin (DOX)-
induced cytotoxicity were investigated in 4T1 cells and
murine spleen cells by methylthiazoletetrazolium assay,
Xow cytometry and single cell gel electrophoresis. InXu-
ences of quercetin on therapeutic eYcacy and systemic tox-
icity of DOX were evaluated in BALB/c mice with 4T1
breast cancer. Hypoxia-inducible factor-1 alpha (HIF-1�) in
tumor and normal cells was examined to explore mecha-
nisms of quercetin by Western blot and enzyme-linked
immunosorbent assay.
Results In vitro, quercetin at dose less than 100 �M had
only slight eVects on cell viability and DOX-induced cyto-
toxicity in 4T1 cells under normoxia, but it could reverse

4T1 cell resistance to DOX under hypoxia and protect
spleen cells against DOX-induced cytotoxicity. In vivo,
quercetin suppressed tumor growth and prolonged survival
in BALB/c mice bearing 4T1 breast cancer. Importantly,
quercetin enhanced therapeutic eYcacy of DOX and simul-
taneously reduced DOX-induced toxic side eVects. Further
study showed that quercetin suppressed intratumoral HIF-
1� in a hypoxia-dependent way but increased its accumula-
tion in normal cells. HIF-1� siRNA abolished eVects of
quercetin on both tumor and normal cells.
Conclusions These results suggested that quercetin could
improve therapeutic index of DOX by its opposing eVects
on HIF-1� in tumor and normal cells, and was a promising
candidate as anticancer agents.

Keywords Quercetin · Doxorubicin · Therapeutic index · 
HIF-1� · Breast cancer

Introduction

Breast cancer is the most common cancer and the second
major cause of cancer deaths in women [1]. Despite
advances in early detection and therapeutic approaches in
the past few years, breast cancer, especially advanced
breast cancer, remains the poor prognosis [2]. The high
mortality rate of breast cancer is mostly due to the low ther-
apeutic selectivity of antitumor agents and the high rate of
metastasis and recurrence [3]. The anthracycline antibiotic
DOX is one of the most eVective anticancer drugs for treat-
ing various types of cancers. In most advanced breast can-
cer, DOX is a main option and can improve both the
quantity and quality of the patients’ lives [4]. However, the
therapeutic eVectiveness of DOX is greatly limited by con-
ventional toxicities and dose-dependent cardiotoxicity,
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especially when administered as a combination of more
than two drugs [5]. Therefore, the new combination treat-
ment of DOX and other agents with increased eYcacy and
low toxicity is necessary.

Flavonoids have recently received much attention as
potential chemopreventive and chemotherapeutic agents
[6]. Quercetin is one of the most frequently studied dietary
Xavonoids which is ubiquitous in various vegetables, fruits,
seeds, nuts, tea and red wine [7]. Due to very promising for
cancer prevention and treatment in preclinical models and
clinical trials [8, 9], quercetin has become a prospective
anticancer drug candidate. Several studies showed that
quercetin was especially relevant for gynecological cancers
such as breast cancer [10, 11]. This was well in agreement
with experimental facts that quercetin had potent inhibitory
action on human breast cancer cells with selective cytotox-
icity [12]. Taking potential cardioprotective and hepatopro-
tective eVects of quercetin into account [13, 14], together
with the antioxidant capacity in human lymphocytes and
pro-oxidant activities in many cancer cell lines [15, 16], we
hypothesis that quercetin might synergistically potentiate
the antitumor eVects of DOX and simultaneously protect
normal cells against DOX-induced damages. To verify this
hypothesis, we assessed the biological activities of querce-
tin alone and in combination with DOX in the mouse 4T1
cell line in vitro and in BALB/c mice bearing 4T1 breast
cancer. Further, we exploited the mechanisms that querce-
tin suppressed tumor cells and simultaneously protected
normal cells.

Materials and methods

Materials

Quercetin, yellow powder, purity 95% (HPLC), was from
Shanxi Huike Botanical Development Co. (China), dis-
solved to 50 mmol/l in dimethyl sulfoxide and diluted with
the medium. DOX was provided by Haizheng Corp.
(Zhenjiang, China). RPMI1640 medium was from Invitro-
gen (Carlsbad, CA). Fetal bovine serum (FBS), penicillin,
and streptomycin were from Gibco BRL (Rockville, MD).
Apoptosis detection kit was from BD Pharmingen (San
Diego, CA). Concanavalin A (Con A), methylthiazoletetra-
zolium (MTT) and anti-actin were from Sigma Chemical
(St. Louis, MO, USA). Anti-HIF-1� was from BD Biosci-
ences Co. (San Jose, CA). HIF-1� enzyme-linked immuno-
sorbent assay (ELISA) kit was from Wuhan USCN
Sciences Co. Ltd. (China). A secondary antibody (sheep
anti-mouse IgG horseradish peroxidase-linked antibody)
was from Sino-American Biotechnology Co. Ltd. (China).
Enhanced chemiluminescence substrate was from ECL
Plus (Germany). Vascular endothelial growth factor

(VEGF), interferon-gamma (IFN-�) and interleukin-2, -4,
-10 (IL-2, IL-4, IL-10) ELISA kits were from R&D
Systems (Minneapolis, MN). siRNA speciWc to HIF-1�
was designed and synthesized by GenePharma Company
(Shanghai, China). All other reagents were of analytical
grade from commercial sources.

Animal

Pathogen-free female BALB/c mice weighing 18–22 g
were from Beijing Weitonglihua Animal Co. The mice
were maintained in a pathogen-free animal facility for at
least 1 week before each experiment. The animal use com-
mittee of Pharmacy College of Henan University approved
all animal study protocols described in this publication, and
experiments were conducted in compliance with the guide
for the care and use of laboratory animals.

Cell culture

The murine breast cancer (4T1) cells were purchased from
American Type Culture Collection (ATCC; Manassas,
VA). Cells were cultured in RPMI1640 medium supple-
mented with 10% heat-inactivated FBS, 100 units/ml peni-
cillin, 100 �g/ml streptomycin, and 2 mmol/l glutamine.
All cells were incubated at 37°C with 5% CO2. Hypoxia
treatment was performed by placing cells in a modular
incubator chamber (Billups-Rothenberg, Del Mar, CA)
Xushed with a mixture of gas consisting of 1% O2, 5% CO2,
and 94% N2.

Cell proliferation assay

4T1 cells (5 £ 103 cells/well) were plated in 96-well plates
and allowed to attach overnight. Cells were then treated
with quercetin or DOX at various concentrations or the
vehicle (DMSO, Wnal concentration 0.2%) and incubated
under normoxia or hypoxia at 37°C for 72 h. Cell prolifera-
tion was examined using MTT assay as previously
described [17], and the IC50, deWned as the concentration
of drug required to block 50% cell viability, was deter-
mined using SPSS software (version 10.0, SPSS Inc.,
Chicago, IL).

Preparation and culture of splenocyte

Spleen was aseptically taken from female BALB/c mice,
crushed gently and separated into single cells by squeezing
in 10 ml D-Hank’s solution. After lysis of the erythrocytes
with 10 ml of sterile 0.01 mol/l Tris–0.83% NH4Cl, single
cell suspension was washed twice with D-Hank’s and was
resuspended in RPMI1640 medium supplemented with
10% heat-inactivated FBS, 100 units/ml penicillin, 100 �g/ml
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streptomycin. Cell viability was evaluated by trypan blue
exclusion and only cell preparations with more than 95%
viability were used. Cells were plated in 96-well plates at a
density of 2 £ 105 cells/well and treated for 72 h with quer-
cetin or DOX at various concentrations in the presence of
5 �g/ml Con A. Cell proliferation was determined by MTT
assay as previously described [17].

Transfer of HIF-1� siRNA to cells

4T1 (2 £ 105 cells/well) and spleen cells (2 £ 107 cells/
well) were seeded into six-well plates the day before trans-
fection. After 24 h (30–40% conXuence), the media were
replaced with media without serum or antibiotics. Cells
were then transfected with the speciWc siRNA to HIF-1�
using Lipofectamine 2000 reagent (Invitrogen) in accor-
dance with the manufacturer’s instructions. After 5 h, the
transfection media were replaced with regular complete
medium. After 72 h, cells were harvested or treated as
needed for further experiments.

Single cell gel electrophoresis

DNA strand break formations in the murine spleen cells
were determined using the comet assay as previously
described with minor modiWcations [18]. Murine spleen
cells were cultured in complete RPMI1640 medium con-
taining 5 �g/ml of Con A and were treated with DOX
2 �M or indicated concentrations of quercetin for 24 h
under normoxia and hypoxia. Slides previously covered
with 100 �l 1% NMP (normal melting point) agarose in
PBS buVer were covered with a second layer consisting
of 80 �l 0.75% LMP (low melting point) agarose and
20 �l cell suspension (2 £ 104 cells). After storage for
30 min at 4°C to allow solidiWcation of the second layer,
slides were immersed in lysis buVer (2.5 mmol/l NaCl,
100 mmol/l EDTA, 10 mmol/l Tris–base, and 1% Triton
X-100, pH 10) for 1 h at 4°C. Then the slides were trans-
ferred to an electrophoresis box containing an alkaline
solution at pH 13 (300 mmol/l NaOH, 1 mmol/l
Na2EDTA) for 40 min unwinding time at 4°C. Electro-
phoresis was conducted at 300 mA and 25 V for 15 min.
Following three times neutralization using neutralization
buVer (0.4 mmol/l Tris–HCl, pH 7.5), slides were stained
with 20 �g/ml PI. Analysis of comet appearance was
performed on an Olympus BX60 Xuorescence micro-
scope at 200£ magniWcation. For each individual exper-
iment, at least two times 100 cells were analyzed
randomly per treatment, using a comet image analysis
software program (Comet 5.0, Kinetic Imaging Ltd.,
Liverpool, UK). DNA damage was deWned as the prod-
uct of tail length and the fraction of total DNA in the
comet tail.

Apoptosis assay

Apoptotic and/or necrotic cells were evaluated by Annexin
V binding and 7-AAD uptake using an Annexin V-FITC/7-
AAD kit as described by the manufacturer. BrieXy, 4T1
cells were plated at a density of 5 £ 105 cells/well into six-
well plates for 24 h. The cells were treated with DOX
0.5 �mol/l or quercetin 50 �mol/l for 72 h under hypoxia.
The cells were washed with cold PBS and resuspended in
Annexin V binding buVer. The cells were stained with
Annexin V-FITC for 15 min, washed, and then stained with
7-AAD. The samples were analyzed by Xow cytometer
with CellQuest Pro software.

Western blot analysis

Whole-cell extracts were prepared from quercetin-treated or
-untreated cells cultured in six-well plates. After incubation,
cells were harvested and resuspended in lysis buVer, washed
with ice-cold PBS and lysed in extraction buVer (40 mM
Tris–HCl, pH 7.5, 150 mM KCl, 1 mM EDTA, 1% Triton
X-100, 100 mM NaVO3, 1 mM PMSF) supplemented with
the protease inhibitor cocktail. The protein (50 �g) was sep-
arated on 8% SDS-PAGE and transferred onto a PVDF
membrane (Roth, Karlsruhe, Germany). The membranes
were blocked with 5% non-fat milk in Tris-buVered saline
(TBS) at 4°C, and then incubated with mouse anti-HIF-1�
monoclonal antibody (1:500), or mouse anti-�-actin in TBS
containing 5% non-fat milk for 1 h at room temperature.
Horseradish peroxidase-linked anti-mouse IgG (1:1,000)
was used as a secondary antibody (in TBS containing 5%
non-fat milk for 30 min at room temperature), and antigen–
antibody complexes were detected using an enhanced
chemiluminescence kit (ECL Plus, Amersham, Freiburg,
Germany). The relative density of the band was calculated
by comparing the ratio of intensity of HIF-1� and �-actin.

In vivo tumor models

4T1 cells (1 £ 105 cells suspended in 0.1 ml PBS) were
injected into the second mammary fat pad of 7–8-week-old
BALB/c mice. The mice were kept in a pathogen-free envi-
ronment and checked twice weekly. When the tumors
reached a size of 200–400 mm3 (2 weeks after tumor
implantation), mice were randomized into one of four
experimental groups (15 per group) and treatment was initi-
ated according to the indicated schedule/dose. Quercetin
(100 mg/kg) or vehicle, formulated in 0.5% CMC-Na, was
administered daily by oral gavage for 3 weeks; DOX
(5 mg/kg), formulated in 0.9% NaCl, was injected intrave-
nously on days 1, 8 and 15 after grouping. Tumors were
measured with calipers twice weekly, and tumor volume
was calculated using the following formula: tumor volume
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(mm3) = [(width)2 £ length]/2. Treatment-related toxicity
was determined by mouse weights weekly.

Five mice in each group were killed at day 22 after treat-
ment. Tumors were dissected and weighed. Regional lymph
nodes and lungs were collected and evaluated for metasta-
ses. Serum cytokines including IFN-�, IL-2, IL-4, IL-10
were determined by ELISA according to manufacturer’s
instructions. Spleens were removed and examined for cell
apoptosis and HIF-1� level. Hearts were removed and pre-
pared sections for cardiac toxic assay. VEGF and HIF-1� in
tissues were measured by ELISA as described by the manu-
facturer. The total number of hematopoietic cells in bone
marrow and leukocytes from blood was counted using a
Zeiss microscope.

The remaining mice in each group were used for survival
analysis. Kaplan–Meier plots were constructed to show the
percentage of animals remaining in the study as a function
of time following treatment. Statistical signiWcance
between the treated versus control groups was evaluated by
log-rank analysis using SPSS software.

The tissue samples of tumor and spleen were prepared as
described previously [19]. BrieXy, fresh tissue was frozen in
liquid nitrogen and chopped. 0.2 g tissue was resuspended in
1 ml lysis buVer (10 mM HEPES, pH 7.6, 2 mM DTT, 1 mM
Na2VO4, 100 mM NaF, 0.4 mM PMSF, 0.1 mM EGTA,
10 mM Na4P2O7, 1£ protease inhibitor cocktail) for 15 min
on ice. After centrifugation at 1,500 rpm for 5 min, superna-
tants were used as tissue extracts. The pellet was resuspended
in 300 �l lysis buVer (20 mM HEPES, pH 7.5, 400 mM
NaCl, 10 mM NaF, 10 mM PNPP, 1 mM Na2VO4, 0.1 mM
EDTA, 10 �M Na2MoO4, 10 mM �-glycerophosphate, 20%
glycerol, 1 mM DTT, and 1£ protease inhibitor cocktail) for
30 min at 4°C, then centrifuged at 40,000 rpm for 1 h, the
supernatants were used as nuclear extracts.

Statistical analysis

Data are mean § SD, the diVerences in the mean values
among diVerent groups were carried out by a one-way anal-
ysis of variance (ANOVA) followed with a post hoc test
(Dunnett’s multiple comparison test). The diVerences of
the variables between groups were performed with the Stu-
dent’s t test using SPSS 10.0 program, p < 0.05 was consid-
ered as statistically signiWcant.

Results

Quercetin exhibits preferential activity against 4T1 cells 
in a hypoxia-dependent manner in vitro

We Wrst investigated the eVects of quercetin alone and in
combination with DOX on 4T1 cell viability using MTT

assay. As shown in Fig. 1a, unlike DOX displaying a potent
anti-proliferative activity against 4T1 cells, quercetin at
dose less than 100 �M had only slight eVects on cell viabil-
ity and DOX-induced cytotoxicity in 4T1 cells under nor-
moxia. Interestingly, quercetin showed an anti-proliferative
eVect on 4T1 cells in a dose-dependent manner under
hypoxia, its IC50 was 51.42 �M (Fig. 1b). Importantly,
quercetin at low dose that had a little eVect on tumor cells
signiWcantly enhanced cytotoxicity of DOX and reversed
the hypoxia-conferred tumor resistance to DOX in 4T1
cells under hypoxia (Fig. 1c). IC50 of DOX was 0.29 �M
under normoxia versus 1.58 �M under hypoxia in 4T1
cells, whereas IC50 of DOX in combination with quercetin
10 or 25 �M was 0.40 and 0.31 �M, respectively, under
hypoxia. Consistently, quercetin 50 �M synergistically pro-
moted DOX-induced apoptosis in 4T1 cells under hypoxia
(Fig. 1d, e). Surprisedly, under normoxia, quercetin signiW-
cantly decreased the cytotoxicity of DOX compared with
DOX alone in spleen cells, IC50 of DOX in combination
with quercetin 10 or 25 �M was increased by three- and
fourfold, respectively, compared with that of DOX alone
(Fig. 2a, b). We further conWrmed the protective eVect of
quercetin 10 or 50 �M on spleen cells against DOX-
induced cytotoxicity by single cell gel electrophoresis
(Fig. 2c, d).

Antitumor eVects of quercetin alone and in combination 
with DOX in vivo

Based on the preferential activity of quercetin shown in
4T1 cells in vitro, we explored the antitumor activity
of quercetin alone and in combination with DOX in vivo
using an implant model of 4T1 breast cancer. As shown in
Fig. 3, mice treated with quercetin 100 mg/kg day or DOX
5 mg/kg had statistically signiWcantly smaller tumors than
untreated mice at days 7, 14, and 21 following initiation of
treatment, combination treatment with quercetin and DOX
signiWcantly resulted in a greater antitumor eVect compared
with either agent alone (Fig. 3a). The median survival times
for quercetin-treated mice were 55 days (95% CI 50–
60 days, p < 0.01, Kaplan–Meier curves, log-rank test) ver-
sus 38 days (95% CI 36–40 days) for untreated mice
(Fig. 3b), whereas it was 65 days (95% CI 45–85 days,
p < 0.01) for combination-treated mice. In contrast, treat-
ment with DOX alone did not signiWcantly increase the
median survival times (p > 0.05).

The 4T1 breast cancer can spontaneously metastasize
from the primary tumor in the mammary gland to multiple
distant sites, especially lung. To extend our observations in
this model, we also explored the eVects of quercetin alone
and in combination with DOX on lung metastasis. As
shown in Fig. 3c, quercetin treatment signiWcantly resulted
in less metastatic nodes in lung than untreated control,
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combination treatment was signiWcantly more active. Unex-
pectedly, mice treated with DOX alone developed similar
lung metastasis to untreated mice, likely due to systemic
toxicity. This was also conWrmed by metastatic tumor
weight in lung calculated by subtracting mean weight of
lung without tumor from tumor-bearing lung (Fig. 3d).

EVects of quercetin on systemic toxicity of DOX

Due to protective eVect of quercetin on spleen cells against
DOX-induced cytotoxicity in vitro, we intended to test
whether quercetin could protect normal cells against DOX-
induced systemic toxicity. Hematopoietic system was

investigated by blood leukocytes and bone marrow cells.
Immune system was examined by spleen cell apoptosis and
serum cytokines including the type 1 cytokines IFN-� and
IL-2, and the type 2 cytokines IL-4 and IL-10. As shown in
Fig. 4a–d, normally, DOX alone resulted in severe systemic
toxicity including body weight lose, hematopoietic damage,
immune suppression and cardiotoxicity. Quercetin alone
had little eVects on above system apart from serum cyto-
kines, whereas administering quercetin in combination with
DOX abrogated the above systemic toxicity. In addition,
quercetin also reduced DOX-induced spleen cell apoptosis
in vivo (Fig. 4d, e). Representatively, DOX alone caused
severe histopathologic lesions, the muscle Wbers showed

Fig. 1 EVects of quercetin on cell viability and DOX-induced cyto-
toxicity in 4T1 cells, cells were treated for 72 h. Quercetin had only
slight eVects on cell viability and DOX-induced cytotoxicity under
normoxia (a) but showed an anti-proliferative eVect in a dose-depen-
dent manner and enhanced DOX-induced cytotoxicity under hypoxia
(b) examined by MTT assay. Quercetin reduced IC50 of DOX under
hypoxia but not under normoxia (c). Quercetin synergistically pro-

moted DOX-induced apoptosis under hypoxia (d, e). Cells’ apoptosis
was examined by double staining with Annexin V-FITC and 7-AAD,
earlier apoptotic cells are only stained by Annexin and later apoptotic
cells are double stained by Annexin and 7-AAD, apoptotic cells in-
clude earlier apoptotic cells and later apoptotic cells. Results represent
mean values of three independent experiments. Compared with
DOX-treated cells alone, **p < 0.01
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varying degrees of damage ranging from loss of striation to
complete fragmentation, whereas quercetin alone or in
combination with DOX showed no signs of toxicity to mus-
cle Wbers in heart sections, as shown in Fig. 4f.

The mechanisms that quercetin suppressed tumor cells 
and simultaneously protected normal cells

Based on hypoxia-dependent activity of quercetin on 4T1
cells in vitro, we investigated eVect of quercetin on HIF-1�
level by Western blot. As expected, treatment with querce-
tin 10 �M signiWcantly induced HIF-1� degradation in 4T1
cells under hypoxia but not under normoxia. By contrast,
quercetin 10 �M promoted HIF-1� accumulation in spleen
cells under normoxia (Fig. 5a). The similar results were
obtained using other dose of quercetin (data not shown). To
conWrm similar eVect of quercetin on HIF-1� level in vivo,
we examined tissue HIF-1� level by ELISA. As shown in
Fig. 5b and c, quercetin reduced cytoplasm and nuclear
HIF-1� level in tumor, but increased them in spleen. This
was further conWrmed by tissue VEGF which is an acti-
vated product of downstream signals in the HIF-1 system

(Fig. 5d). These results suggested that the mechanisms that
quercetin suppressed tumor cells and simultaneously pro-
tected normal cells were likely due to opposing regulation
of HIF-1�. To verify this precise mechanism, we transfec-
ted HIF-1� siRNAs into 4T1 and spleen cells and observed
eVects of quercetin on cell viability again in 4T1 and spleen
cells. As shown in Fig. 6a–d, HIF-1� siRNA downregu-
lated HIF-1� expression and abrogated eYcacy of querce-
tin, including activities of quercetin alone (Fig. 6c) and
eVect on DOX-induced cytotoxicity (Fig. 6d) in 4T1 and
spleen cells.

Discussion

Breast cancer treatment requires the joint eVorts of a multi-
disciplinary team. Currently, neoadjuvant systemic therapy
is an important tool in not only assessing tumor response to
an agent but also studying the mechanisms of action of the
agent and its eVects at the cellular level [20]. The more
eVective and less toxic treatment should be based on
knowledge of the beneWts and potential acute and late toxic

Fig. 2 EVects of quercetin on cell viability and DOX-induced cyto-
toxicity in spleen cells, cells were treated for 72 h. Quercetin signiW-
cantly decreased DOX-induced cytotoxicity (a) and increased IC50 (b)
compared with DOX alone under normoxia examined by MTT assay.
Quercetin protected spleen cells against DOX-induced cytotoxicity

under normoxia examined by single cell gel electrophoresis (bright-
Weld microscopy £40) (c, d). Results represent mean values of three
independent experiments. Compared with DOX-treated cells alone,
*p < 0.05 and **p < 0.01
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eVects of each of the therapy regimens. In this article, we
reported a new strategy for breast cancer therapy by combi-
nation with quercetin and DOX.

Despite the anti-proliferative eVects in many cancer cell
lines, the role of quercetin as single agent for cancer treat-
ment appears to be limited. In this study, we showed that
quercetin had a more poor eVect against 4T1 breast cancer
under normoxia and exhibited an antitumor activity under
hypoxia in vitro. Interestingly, quercetin in combination
with DOX had preferential activity against 4T1 cells in
vitro and in vivo. In order to show the greater antitumor
eVect of combination treatment compared with DOX alone,
the concentration of quercetin in the in vitro studies was
chosen through the signiWcant downregulation of HIF-1�
and the less growth inhibition in cancer cells under
hypoxia, the dose of quercetin in the in vivo studies was
based on the optimal dose that resulted in the greatest anti-
tumor eVect as single agent (date not shown), simulta-
neously, we selected the maximum tolerated dose of DOX
in vivo. In our studies, quercetin could promote cytotoxic-
ity of DOX in tumor cells and simultaneously protected
normal cells against DOX-induced damages in vitro and in
vivo, therefore, enhanced the therapeutic index of DOX.

In previous studies, quercetin could inhibit HIF-� pro-
tein accumulation and induce DNA strand breaks in cancer
cells [21]. This eVect was the possibility that quercetin
could also lead to relatively toxicity in normal cells. How-
ever, under the same in vitro and in vivo experimental con-
ditions, quercetin had selective even opposing eVects in
tumor cells and normal cells. To explore this mechanism,
we examined the eVect of quercetin on HIF-� in cancer and
normal cells. Surprisedly, quercetin promoted HIF-� degra-
dation in cancer cells but increased its accumulation in nor-
mal cells, whereas HIF-� siRNA could abrogate eYcacy of
quercetin. Therefore, the diVerent eVects of quercetin on
cancer and normal cells were due to the opposing regula-
tion of HIF-�, likely to the biological diVerences between
normal and cancer cells, it was not simply explained by
previous mechanism that quercetin increased the intracellu-
lar level of HIF-1� by inhibiting HIF-prolyl hydroxylase
and chelating cellular iron ions [22, 23]. In addition, in this
study, it should be noted that the best protective eVect of
quercetin on spleen cells was related to used dose and cell
number, the optimal dose was 25 �M in MTT assay and
50 �M in single cell gel electrophoresis although quercetin
inhibited tumor cells in a dose- and hypoxia-dependent

Fig. 3 EVects of quercetin on orthotopic growth and lung metastasis
of 4T1 breast cancer. Quercetin inhibited orthotopic growth of 4T1
breast cancer (a) and prolonged life span (b) in BALB/c mice bearing
tumor, combination treatment with quercetin and DOX signiWcantly
resulted in a greater antitumor eYcacy compared with either agent

alone (n = 10 per group). DOX alone did not reduced metastatic nodes
(c) and metastatic tumor weight (d) in lung, combination treatment also
resulted in a greater antimetastatic eYcacy compared with either agent
alone (n = 5 per group). Compared with DOX-treated mice alone,
*p < 0.05 and **p < 0.01
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manner, this implied that quercetin had more complicated
mechanisms.

Several previous reports have proposed that quercetin
without metabolic activation displayed mutagenic activity

in the Ames test and mammalian cells such as hamster
embryo cells, L5178Y mouse cells and Chinese hamster
lung cells [24]. Therefore, the issue of carcinogenicity of
quercetin has received considerable attention. However,

Fig. 4 EVects of quercetin on DOX-induced systemic toxicity in
BALB/c mice. Quercetin prevented DOX-induced reduction in body
weight (n = 10 per group) (a), the number of bone marrow cells and
blood leukocytes (n = 5 per group) (b), serum cytokines including
serum cytokines including the type 1 cytokines IFN-� and IL-2, and the
type 2 cytokines IL-4 and IL-10 (n = 5 per group) (c). Bone marrow

cells (£106 ml¡1) and blood leukocytes (£105 ml¡1) were counted
using a Zeiss microscope. Serum cytokines were examined by ELISA.
Quercetin also prevented DOX-induced spleen cell apoptosis (d) and
cardiac tissue toxicity examined by H&E staining (bright-Weld micros-
copy £10) (e). Compared with DOX-treated mice alone, *p < 0.05 and
**p < 0.01
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Fig. 5 EVects of quercetin on HIF-1� in vitro and in vivo. Quercetin
induced HIF-1� degradation in 4T1 cells under hypoxia but not under
normoxia and promoted HIF-1� accumulation in spleen cells under
normoxia in vitro examined by Western blot (n = 3 per group) (a).
Quercetin reduced cytoplasm and nuclear HIF-1� level in tumor but

increased them in spleen in mice with 4T1 breast cancer examined by
ELISA (n = 5 per group) (b, c). Quercetin had similar eVects on tissue
VEGF levels examined by ELISA (n = 5 per group) to HIF-1� (d).
Compared with DOX-treated mice alone, *p < 0.05 and **p < 0.01

Fig. 6 EVects of HIF-1� siRNA on quercetin activities in vitro.
HIF-1� siRNA downregulated HIF-1� expression (a, b) and abrogated
eYcacy of quercetin, including activities of quercetin alone (c) and
eVect on DOX-induced cytotoxicity (d) in 4T1 and spleen cells.

Results represent mean values of three independent experiments.
Compared with siRNA-treated cells alone or quercetin-untreated cells,
*p < 0.05 and **p < 0.01
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most results published to date have been negative in vivo in
spite of some positive results in vitro [24]. Inversely, quer-
cetin has been reported to protect mice against DMBA-,
BP-, N-methyl-N-nitrosourea-, and BP-7,8-dihydrodiol-9
IQ-epoxide-induced skin tumorigenesis [24]. Mice fed dur-
ing 28 days at doses of 3,000 mg/kg body weight/day of
quercetin did not show any alterations in biochemical
parameters, clinical signs or organ weight [25]. The recent
data related to the genotoxicity of quercetin also supported
the safety of quercetin in addition to food [26, 27].

In conclusion, our data suggest that the combination
treatment of quercetin and DOX provides a novel therapeu-
tic regimen to treat breast cancer. Previous Wnding that
quercetin potentiated the eVect of doxorubicin in a multi-
drug-resistant MCF-7 human breast cancer cell line
extended the possible therapeutic application of quercetin
as a promising anticancer agents either alone or in combi-
nation with other drugs in multidrug-resistant breast cancer
[28]. Although the low oral bioavailability of quercetin
in previous study [29], daily supplementation of healthy
humans with graded concentrations of quercetin for 2-week
dose dependently increased plasma quercetin concentra-
tions but did not aVect antioxidant status, oxidized LDL,
inXammation, or metabolism [30]. A limitation of our study
is that the antitumoral eVect of quercetin was studied only
in established tumor cell lines. It is important to note that
extensive pharmacokinetic and pharmacodynamic testing
and simulation are warranted to optimize the dose regimen
before the application of this strategy in patients with clini-
cal breast cancer.
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