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BACKGROUND AND PURPOSE
Doxorubicin-based chemotherapy induces cardiotoxicity, which limits its clinical application. We previously reported the
protective effects of quercetin against doxorubicin-induced hepatotoxicity. In this study, we tested the effects of quercetin on
the expression of Bmi-1, a protein regulating mitochondrial function and ROS generation, as a mechanism underlying
quercetin-mediated protection against doxorubicin-induced cardiotoxicity.

EXPERIMENTAL APPROACH
Effects of quercetin on doxorubicin-induced cardiotoxicity was evaluated using H9c2 cardiomyocytes and C57BL/6 mice.
Changes in apoptosis, mitochondrial function, oxidative stress and related signalling were evaluated in H9c2 cells. Cardiac
function, serum enzyme activity and reactive oxygen species (ROS) generation were measured in mice after a single injection
of doxorubicin with or without quercetin pre-treatment.

KEY RESULTS
In H9c2 cells, quercetin reduced doxorubicin-induced apoptosis, mitochondrial dysfunction, ROS generation and DNA
double-strand breaks. The quercetin-mediated protection against doxorubicin toxicity was characterized by decreased
expression of Bid, p53 and oxidase (p47 and Nox1) and by increased expression of Bcl-2 and Bmi-1. Bmi-1 siRNA abolished
the protective effect of quercetin against doxorubicin-induced toxicity in H9c2 cells. Furthermore, quercetin protected mice
from doxorubicin-induced cardiac dysfunction that was accompanied by reduced ROS levels and lipid peroxidation, but
enhanced the expression of Bmi-1 and anti-oxidative superoxide dismutase.

CONCLUSIONS AND IMPLICATIONS
Our results demonstrate that quercetin decreased doxorubicin-induced cardiotoxicity in vitro and in vivo by reducing oxidative
stress by up-regulation of Bmi-1 expression. The findings presented in this study have potential applications in preventing
doxorubicin-induced cardiomyopathy.

Abbreviations
CK, creatine kinase; DSB, double-strand break; MDA, malondialdehyde; MMP, mitochondrial membrane potential; ROS,
reactive oxygen species; SOD, superoxide dismutase
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Table of Links

LIGANDS

Doxorubicin
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This Table lists the protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and
the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Doxorubicin, an anthracycline antibiotic, is commonly used
to treat several types of cancer. A limitation of doxorubicin-
based chemotherapy is the severe adverse effects to non-
tumour tissues such as the heart, liver and kidney (Silber and
Barber, 1995) caused by the therapy. The maximum allowable
dose of doxorubicin during cancer treatment is limited by the
risk of developing congestive heart failure (Steinherz et al.,
1991).

Several key studies found that the damaging effects of
doxorubicin on cardiomyocytes is through the disruption of
mitochondrial function and the generation of reactive
oxygen species (ROS), such as hydrogen peroxide, superoxide
and hydroxyl radicals (Wallace, 2003; Mukhopadhyay et al.,
2009; Pereira et al., 2011). Cardiomyocytes are more suscep-
tible to doxorubicin-induced free radical-mediated damage
because these cells have relatively low levels of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase
(Doroshow et al., 1980; Kalyanaraman et al., 2002), which
provide protection by converting hydrogen peroxide into
water and oxygen. Thus, doxorubicin-induced cardiotoxicity
can be prevented by quenching the ROS generated by doxo-
rubicin in cardiomyocytes (Peng et al., 2005; Kaiserova et al.,
2007).

The iron-chelating, antioxidant and carbonyl reductase-
inhibitory characteristics of flavonoids make them attractive
compounds for mitigating anthracycline-induced cardiotox-
icity. Quercetin (3,3′,4′,5,7-pentahydroxyflavone), an impor-
tant dietary flavonoid present in several fruits and vegetables,
exhibits antioxidant, anti-inflammatory and anti-cancer
properties (Gibellini et al., 2011). Quercetin scavenges super-
oxide anion, singlet oxygen and lipid peroxy radicals
(Morales et al., 2012; Ertuğ et al., 2013) and inhibits copper-
catalysed oxidation (Filipe et al., 2004). Several reports dem-
onstrate that quercetin scavenges ROS and inhibits the
activation of ERK and MAP kinase in ROS-induced cardio-
myopathy (Kyaw et al., 2004; Angeloni et al., 2007). Further-
more, quercetin protects H9c2 cardiomyocytes from the
oxidative stress induced by H2O2 through its antioxidant
activity and it modulates the apoptosis signal transduction
pathway (Angeloni et al., 2007). Quercetin was more effective
than other flavonoids such as naringenin, pycnogenol and
trolox, in protecting against daunorubicin-induced cytotox-
icity in H9c2 cardiomyocytes (Mojzisová et al., 2009). Querce-
tin enhances the therapeutic efficacy of doxorubicin in

highly invasive breast cancer cells and simultaneously
reduces doxorubicin-induced toxic side effects (Staedler et al.,
2011). We have previously demonstrated that quercetin
protects mice from doxorubicin-induced hepatotoxicity
while potentiating the anti-hepatoma activity of doxo-
rubicin (Wang et al., 2012). Similarly, quercetin attenuated
doxorubicin-induced cardiotoxicity in vivo (Pei et al., 2007)
and protected cardiomyocytes from doxorubicin-induced
toxicity by chelating iron, inducing antioxidant activity and
inhibiting carbonyl reductase (Kaiserova et al., 2007).

The present study was undertaken to elucidate the
molecular mechanisms underlying the protection by querce-
tin of myocardial cells against doxorubicin-induced toxicity
in vitro and in vivo. We found that quercetin attenuated
doxorubicin-induced cardiotoxicity by reducing oxidative
stress. Our results demonstrated that quercetin decreased
doxorubicin-induced ROS levels and DNA damage to
maintain cardiac cell viability, through up-regulated Bmi-1
expression.

Methods

Cell culture and treatment
Rat embryonic ventricular myocardial H9c2 cells were pur-
chased from Cell Bank (Chinese Academy of Sciences). Cells
were cultured in RPMI-1640 (Gibco, Life Technologies Inc.,
Grand Island, NY, USA) with 10% FBS in a humidified incu-
bator at 37°C with 5% CO2. Bmi-1 Smartpool si-RNA (siBmi-
1), purchased from Dharmacon (Dharmacon, Abgene Ltd.,
Epsom, UK), was used to transfect sub-confluent H9c2 cells.
The cells were transfected using the Lipofectamine RNAiMAX
(Invitrogen Corp., Carlsbad, CA, USA) reverse transfection
protocol according to the manufacturer’s instructions. Fol-
lowing transfection, the cells were incubated for 48 h prior to
treatments. A scrambled pool of siRNA served as the control.
Bmi-1 over-expressed vector pGC-FU-GFP-Bmi-1 and pGC-
FU-GFP control were purchased from GeneChem (Shanghai,
China). Cells were infected with the lentivirus and
selected under puromycin, according to the manufacturer’s
instructions.

MTT cell viability assay
The cells were plated in triplicate wells in 96-well plates (5 ×
103 cells per well) overnight and incubated with doxorubicin
(doses: 0–16 μM) with/without quercetin (doses: 50 or
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100 μM) containing complete RPMI-1640 medium for 48 h.
MTT (0.5 mg/mL) was added to the medium for the last 4 h
of incubation. The surviving cells converted MTT into
formazan, which generated a blue-purple colour when dis-
solved in DMSO and was measured at 570 nm using an
ELX800 Microplate Reader (Bio-Tek Instruments Inc., Win-
ooski, VT, USA). The relative percentage of cell survival was
calculated by dividing the absorbance of treated cells by the
control in each experiment.

Apoptosis assay
Apoptosis was determined using the Annexin V-FITC
apoptosis detection kit (BD Biosciences), according to
the manufacturer’s protocol, to discriminate between live
cells (Annexin-V−/PI−), apoptotic cells (Annexin-V+/PI− and
Annexin-V+/PI+) and dead cells (Annexin-V−/PI+). The
stained cells were analysed by FACSCalibur using CellQuest
software (Becton Dickinson, San Jose, CA, USA). Hoechst
33258 staining method was also used to determine apoptosis.
After drug treatment, the cells were washed with PBS, the
nuclei were stained with 2 μg·mL−1 Hoechst 33258 for 10 min
and stained cells were analysed using a Zeiss fluorescence
microscope (Carl Zeiss, Oberkochen, Germany).

Electron microscopy
Cell samples were harvested by low-speed centrifugation
(200× g), washed twice with PBS and fixed in 1.4% glutaral-
dehyde fixation buffer for 2 h at room temperature. Sample
sections (50 nm) were obtained using standard procedures
and the sections were briefly stained with lead citrate
(2–5 min). Transmission electron microscopic analysis was
performed with a Philips 410 (Philips, Amsterdam, the Neth-
erlands) at the acceleration voltage of 60 kV.

Detection of mitochondrial membrane
potential (MMP)
The cells were harvested and stained with JC-1 according to
the manufacturer’s protocol and analysed with FACSCalibur.
Cells on glass coverslips were stained with JC-1, analysed by
a Zeiss LSM 710 confocal microscope system (Carl Zeiss) and
processed with ZEN software (Carl Zeiss). Moreover, cells
were evaluated after staining with TMRM, another MMP-
dependent dye, according to the manufacturer’s protocol.

Mitochondrial and intracellular ROS levels
MitoSOX Red and CM-H2DCFDA were used to detect mito-
chondrial and intracellular peroxides. Cells on glass cover-
slips were stained with 5 μM MitoSOX Red for 30 min at
37°C; images obtained by a Zeiss LSM 710 confocal micro-
scope system (Carl Zeiss) and MitoSOX dye intensities were
normalized to the intensity average of control cells and at
least 100 cells were analysed with ZEN LE software. The har-
vested cells were stained with 10 μM CM-H2DCFDA for
30 min at 37°C, washed twice with PBS and quantified by
FACSCalibur using CellQuest software. The blank samples
without dye were evaluated to exclude autofluorescence.

Real-time polymerase chain reaction (qPCR)
Total cellular RNA was isolated using the RNeasy Mini kit.
Reverse transcription was performed using the SuperScript II

Reverse Transcriptase according to the manufacturer’s recom-
mendations. Bmi-1, Nox1, p47 and actin were subjected to
qPCR in triplicate for each sample, as previously described
(Dong et al., 2011). The primer sequences were obtained from
the Universal Probe Library (Roche, Basel, Switzerland). The
2-ΔΔCq value determination method was used to compare the
fold differences in expression.

Immunoblotting and
immunofluorescence staining
Immunoblotting was performed as described in our previous
study (Dong et al., 2011). Immunofluorescence staining was
performed on cells plated on coverslips. The cells were fixed
in 3.7% formaldehyde for 15 min, washed three times with
PBS and permeabilized with 0.25% Triton X-100 in PBS for
10 min. Mouse monoclonal anti-phospho-γ-H2AX and Alex
Fluor568 goat anti-mouse IgG were used as primary and sec-
ondary antibodies respectively. Images were obtained using a
Zeiss HBO-100 fluorescence microscope.

Comet assay
To detect DNA double-strand breaks (DSBs), a neutral comet
assay was performed with the CometAssay kit (Trevigen,
Gaithersburg, MD, USA), according to the manufacturer’s
guidelines. H9c2 cells were harvested after the treatment,
separated by electrophoresis in the CometSlides and stained
with SYBR Green Gold (Trevigen). Images were obtained with
the Zeiss fluorescence microscope. The degree of DNA
damage was compared in the groups by measuring the tail
lengths with CometAssay IV software.

Ethics statement and animal
treatment protocols
All animal care and experimental procedures were in strict
accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of Zhejiang University
and were approved by the Committee on the Ethics of
Animal Experiments of Sir Run Run Shaw Hospital (Permit
Number: 20120906). All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 174 animals were used
in the experiments described here.

Because the daily intake of quercetin in the human diet
has been estimated to be in the range of 2–40 mg, we selected
a dose of 100 mg·kg−1 of quercetin for the mouse experiments
in this study. C57BL/6 female mice aged 8–10 weeks were
randomly divided into 4 groups. The first group received
saline (i.p., n = 25). Mice in the second group were treated
with a single dose of doxorubicin (20 mg·kg−1, i.p., n = 30).
Quercetin was administered (100 mg·kg−1, p.o., n = 25) to the
mice in the third group once daily for 10 days. Mice in the
fourth group were pretreated with quercetin daily for 5 days
prior to a single dose of doxorubicin (n = 30). For survival
determination, mice mortality was monitored (n = 10 in each
group) for 5 weeks after doxorubicin injection. Mice in other
groups were killed and weighed 5 days after doxorubicin
injection. A blood sample from each animal was collected in
tubes, and serum was separated by centrifugation at 200× g/
15 min for determination of creatine kinase (CK), LDH, SOD
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and malondialdehyde (MDA) by commercial enzyme assay
kits [CK/LDH assay kit, Biosino Bio-technology and Science
Inc., Beijing, China; SOD/MDA assay kit, DiaSys Diagnostic
Systems (Shanghai) Co., Ltd, Shanghai, China] according to
the manufacturer’s instructions. The measurements were per-
formed with a 7020 chemistry analyzer (Hitachi, Tokyo,
Japan). For determination of the histopathological changes,
hearts of mice from the various treatment groups were col-
lected, weighed and divided into two parts. The top half of
each heart was processed for histological analysis. The
bottom half was placed embedded in tissue-freezing medium,
frozen at −80°C and processed for DHE staining according to
the instructions. Tissue sections were imaged using a Zeiss
fluorescent microscope. Part heart tissues were subjected to
Western blot analysis for Bmi-1.

Measurement of cardiac function
Because 20 mg·kg−1 doxorubicin treatment induced high
mortality (25%) and extremely weakened the mice, a single
dose of 10 mg·kg−1 doxorubicin was used to measure cardiac
function (n = 6 in each group). Transthoracic echocardiogra-
phy was measured with a 14 MHz linear array probe (a diag-
nostic ultrasound system Nemio SSA-550A, Toshiba, Tokyo,
Japan) after sodium pentobarbital administration (50 mg·kg−1

of body weight, i.p.) for 10 min.

Histopathology
Tissue samples (hearts and livers) were fixed in 10% formol
saline for 24 h and embedded in paraffin, cut in 5 μm
sections, stained with Harris haematoxylin & eosin and
evaluated for any structural changes under a bright field
microscope. Standard immunoperoxidase procedures were
used to visualize Bmi-1 in samples. Briefly, sections were
deparaffinized, blocked with goat serum, followed by incuba-
tion with anti-Bmi-1(1:150) overnight at 4°C. After incuba-
tion with HRP-linked secondary antibody for 30 min, the
sections were counterstained with Mayer’s haematoxylin.
The TUNEL positive cells in heart sections were detected
using ApopTag Plus Peroxidase in Situ Apoptosis Detection
Kit according to the manufacturer’s protocol.

Data analysis
Resulsst are expressed as means ± SEM. Mean values for more
than three groups were compared by one-way ANOVA, followed
by Tukey’s multiple comparison test. Differences with P <
0.05 were considered significant.

Materials
Doxorubicin, quercetin, MTT, anti-GAPDH, anti-rabbit or
mouse IgG HRP were purchased from Sigma (St. Louis, MO,
USA). JC-1, Mitosox Red, TMRM and 7′-dihydroethidium
(DHE) were from Molecular Probes (Eugene, OR, USA); Alex
Fluor®568 goat anti-mouse IgG, DMSO, CM-H2DCFDA and
SuperScript II Reverse Transcriptase were from Invitrogen-Life
Technologies (Merelbeke, Belgium); RNeasy Mini kit was from
Qiagen (Shanghai, China); apoptosis detection kit, anti-Bcl-2
and anti-Bid antibodies were from BD Biosciences (San Jose,
CA, USA); anti-p16, anti-p53 and anti-p19 antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-
phospho-γ-H2AX, anti-Bmi-1 antibodies and ApopTag® Plus
Peroxidase in Situ Apoptosis Detection Kit were from Milli-

pore Inc. (Billerica, MA, USA); anti-Rad51 was from Epitomics
Inc. (Burlingame, CA, USA); anti-Ku70, anti-PARP, anti-Bmi-1
and anti-cleaved caspase-3 antibodies were from Cell Signal-
ing Technology (Beverly, CA, USA); Fluo 4-AM was from
Dojindo Laboratories (Kumamoto, Japan).

Results

Quercetin protected H9c2 cardiomyocytes
from doxorubicin-induced cell death
H9c2 cells were treated with various concentrations of
doxorubicin and the cell numbers were evaluated using an
MTT assay to investigate the ability of quercetin to protect
cardiomyocytes against doxorubicin-induced cytotoxicity.
Doxorubicin treatment for 48 h reduced the number of
cardiomyocytes in a dose-dependent manner (Figure 1A).
However, the doxorubicin-induced reduction in cell numbers
was prevented by 2 h of pre-treatment with 50 μM quercetin
and 100 μM quercetin (Figure 1A). The peak doxorubicin
concentration during anti-cancer therapy is 5 μM in human
plasma (Minotti et al., 2004). Quercetin alone (<200 μM) did
not affect the cell numbers (data not shown). Thus, for all in
vitro studies, the H9c2 cells were incubated for 24 h with
5 μM doxorubicin, with or without 100 μM quercetin pre-
treatment, unless otherwise specified.

Doxorubicin induces cell death through apoptosis. Car-
diomyocyte apoptosis was observed by electron microscopy,
as illustrated in Figure 1B. Compared with the control, the
doxorubicin-treated cells exhibited typical apoptotic mor-
phology, characterized by homogeneous condensation of
chromatin to one side or to the periphery of the nuclei and
apoptotic body formation with nuclear fragmentation.
However, the majority of the cells were normal under doxo-
rubicin treatment with quercetin pre-treatment. Flow cyto-
metric analysis (Figure 1C) showed that the proportion of
apoptotic cells was increased concentration-dependently by
doxorubicin (2, 4 and 8 μM) and that quercetin pre-treatment
clearly mitigated the doxorubicin-induced apoptosis. Cardio-
myocyte apoptosis was also studied in terms of PARP cleavage
and caspase-3 activation. Treating the cardiomyocytes with
doxorubicin dramatically increased the levels of cleaved
PARP and caspase-3, which was inhibited by quercetin pre-
treatment (Figure 1D).

Quercetin attenuated doxorubicin-induced
mitochondrial dysfunction in H9C2 cells
Myocardial mitochondria are the target organelles of
doxorubicin-induced toxicity in cardiomyocytes. The inner
matrix of some mitochondria in the doxorubicin-treated cells
showed increased electron density but quercetin pre-
treatment maintained the normal mitochondrial morphol-
ogy (Figure 2A). Mitochondrial dysfunction is an early
indicator of doxorubicin-induced apoptosis (Green and
Leeuwenburgh 2002). To determine whether doxorubicin
induced apoptosis through disrupting MMP and how querce-
tin affected this process, changes in MMP were observed
using the confocal ratio imaging of JC-1 fluorescence. The
red/green ratio in doxorubicin-treated cells decreased, which
indicates disruption of the MMP (Figure 2B) and quercetin
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pre-treatment increased MMP to near normal levels, thereby
confirming the protective effect of quercetin on MMP integ-
rity (Figure 2C). To confirm the above results, mitochondrial
depolarization was also evaluated by TMRM staining. Querce-
tin effectively prevented doxorubicin-induced mitochondrial
depolarization (data not shown). Doxorubicin induces apop-
tosis through the mitochondrial pathway in cardiomyocytes.
The expression levels of Bcl-2 family proteins were assessed to
elucidate the molecular mechanisms involved in the anti-
apoptotic effect of quercetin. Doxorubicin down-regulated
the expression of the anti-apoptotic Bcl-2 and up-regulated
expression of the pro-apoptotic Bid in H9c2 cells, whereas
quercetin maintained Bcl-2 expression and repressed Bid
expression (Figure 2D). p53 is involved in doxorubicin-
induced cardiomyocyte apoptosis; hence, we checked the p53
expression levels. doxorubicin dramatically increased p53
expression, whereas quercetin partially reduced doxorubicin-
induced p53 expression (Figure 2D).

Quercetin inhibited doxorubicin-induced
oxidative stress in H9C2 cells
Doxorubicin causes cellular and genetic damage by increasing
intracellular ROS levels. Hence, we assayed the effect of
quercetin on doxorubicin-induced mitochondrial ROS and
the total cellular ROS levels in H9c2 cells. Mitochondrial
superoxide production was measured with MitoSOX Red
under a confocal microscope. MitoSOX Red fluorescence in
doxorubicin-treated cells increased by 5.6-fold compared with
the untreated control and the quercetin-treated cells, which
suggested a significant increase in mitochondrial ROS produc-
tion by doxorubicin (Figure 3A). Interestingly, quercetin pre-
treatment dramatically inhibited mitochondrial superoxide
production, as indicated by reduced fluorescence. The total
cellular ROS levels were measured via FACS-based quantifica-
tion of fluorescent CM-H2DCF. As shown in Figure 3B, H9c2
cells displayed marked total cellular ROS accumulation after

Figure 1
Quercetin (QCT) protected against doxorubicin-induced cell death in H9c2 cardiomyocytes. (A) H9c2 cells were treated with doxorubicin (Dox;
0–16 μM) for 48 h with and without quercetin pre-treatment (50 and 100 μM) and the surviving cells were measured using an MTT assay. Data
represent the mean ± SEM (n = 3). *P < 0.05, **P < 0.01 for each group versus doxorubicin without quercetin. (B) Electron microscopic evaluation
of apoptosis. H9c2 cells treated with doxorubicin (5 μM) for 24 h with and without quercetin pre-treatment (100 μM) were stained and viewed
under EM. Doxorubicin-treated cells showed homogeneous chromatin condensation within the nucleus, and control cells showed normal nuclear
morphology. (C) H9c2 cells were treated with doxorubicin (2, 4, 6 and 8 μM) for 24 h with and without quercetin pre-treatment (100 μM), and
apoptotic cells were analysed by flow cytometry using Annexin-V/PI staining. Quercetin inhibited doxorubicin-induced apoptosis. n = 3 in each
group. *P < 0.05, **P < 0.01 for each group versus Dox. (D) Cleaved PARP and caspase-3 expression were assessed through Western blot analysis.
GAPDH served as the loading control. Quercetin inhibited doxorubicin-induced cleaved PARP and caspase-3 expression (data are representative
of three independent cell cultures).
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24 h of treatment with 5 μM doxorubicin, whereas cellular
ROS accumulation was clearly inhibited in the cells pre-
treated with quercetin. The mean fluorescence density
increased above that of the control in the doxorubicin-treated
cells (2 -8 μΜ). However, pre-treatment with quercetin
blocked this increased fluorescence (Figure 3C). The mRNA
levels of NADHP oxidase involved in ROS production (Nox1
and p47-phox) were compared through reverse transcription
quantitative PCR (Figure 3D). The doxorubicin treatment
increased Nox1 expression by 80-fold and increased p47-phox
by 2.2-fold, but the quercetin pre-treatment prevented this
increased expression of these genes (Figure 3E).

H9c2 cells were stained to identify the γ-H2AX foci, which
co-localized with DNA double stranded breaks (DSB) in situ to
determine DNA damage. Doxorubicin markedly increased
γ-H2AX foci formation and this was greatly diminished in the
quercetin-pre-treated cells (Figure 4A). A similar result was

obtained via a neutral comet assay. The doxorubicin-treated
cells exhibited much longer comet tails than control cells,
indicating that doxorubicin-treated cells contained more DSBs
(Figure 4B) and quercetin pre-treatment effectively inhibited
tail formation. We examined the effect of quercetin treatment
on the expression of the proteins involved in the repair of
doxorubicin-induced DSBs. The level of Rad51 increased fol-
lowing quercetin treatment in H9c2 cells, but the level of Ku70
expression did not change (Figure 4C). These results indicate
that quercetin mitigates the genotoxic effects of doxorubicin.

Quercetin exerted its protective effect by
up-regulating Bmi-1 expression in H9C2 cells
Bmi-1 has an important role in the response to DNA damage
(Ismail et al., 2010; Gieni et al., 2011), in mitochondrial func-
tion and in ROS homeostasis (Chatoo et al., 2009). We first
determined the effects of quercetin on Bmi-1 expression

Figure 2
Quercetin (QCT) maintained mitochondrial function in H9c2 cells. (A) Electron microscopic evaluation of mitochondrial morphology. H9c2 cells
treated with doxorubicin (Dox; 5 μM) for 24 h with and without 100 μM quercetin pre-treatment were stained. The doxorubicin-treated cells
showed increased electron density, whereas the control cells showed normal mitochondrial morphology. (B) Effect of quercetin (100 μM) on the
collapse of MMP in H9c2 cells treated with doxorubicin (5 μM) for 24 h. JC-1 was observed as green fluorescent monomers in the cytosol or as
red fluorescent aggregates in intact mitochondria. The reduction in red fluorescence intensity indicates the collapse of the mitochondria with
intact membrane potential. The micrographs were recorded under confocal microscopy (Zeiss) at 40× magnification. (C) The red JC-1 fluorescence
intensity was quantified by FACS and the relative fluorescence changes are shown. JC-1 red was reduced to 30% of the control levels in the
doxorubicin-treated cells (24 h). Quercetin effectively prevented the breakdown of the MMP. n = 3 in each group. **P < 0.01 each group versus
Dox. (D) Bcl-2, Bid and p53 expression were assessed through Western blot analysis. GAPDH served as the loading control. Quercetin inhibited
doxorubicin-induced Bid and p53 expression and maintained Bcl-2 expression. Data are calculated as ratios of target protein levels to those of
GAPDH. Ratios are compared with the ratios in control samples set at 1 (data are representative of three independent cell cultures).
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levels in H9c2 cells. The mRNA expression level of Bmi-1 was
increased by 2.3-fold that of control cells, and longer incu-
bation times (8 and 24 h) with quercetin did not increase the
Bmi-1 expression further. Western blot analysis confirmed the

gene expression results (Figure 5A). Quercetin also increased
Bmi-1 expression in primary cardiomyocytes (data not
shown). In H9c2 cells (Figure 5B), doxorubicin alone
decreased Bmi-1 and markedly raised the expression of the

Figure 3
Quercetin (QCT) reduced doxorubicin(Dox)-induced ROS generation in H9c2 cells. (A) Assessment of mitochondrial superoxide production.
MitoSOX Red staining revealed increased superoxide anion in doxorubicin-treated cells, but quercetin reduced the red staining to almost normal
levels, as in the control cells. **P < 0.01 each group versus Dox. (B) Cells were stained for intracellular ROS using CM-H2DCFDA, a fluorescent
marker of ROS, and were assayed via flow cytometry. (C) Fluorescence intensity was measured through flow cytometry in individual cells and
plotted. Quercetin effectively attenuated doxorubicin-induced total ROS generation. n = 3 in each group. *P < 0.05, **P < 0.01 each group versus
Dox. (D) The mRNA levels of p47 and Nox1 were measured through qPCR and normalized against actin. Quercetin significantly inhibited
doxorubicin-induced Nox1 and p47 mRNA expression. n = 3 in each group. *P < 0.05, ***P < 0.001 each group versus Dox (data are representative
of three independent cell cultures).
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Bmi-1 targeting proteins, p16INK4a and p19ARF, compared with
control and those treated with quercetin alone. Quercetin
pre-treatment repressed the increased p16INK4a and p19ARF

expression induced by doxorubicin and restored Bmi-1
expression to near normal levels (Figure 5B). Smartpool
(Bmi-1 siRNA) was used to knockdown Bmi-1 to determine
the role of Bmi-1 on the effects of quercetin in doxorubicin-
treated H9c2 cells. Bmi-1 knockdown in H9c2 cells increased
the number of apoptotic cells in the control and the cells
treated with quercetin alone and now quercetin pre-
treatment did not attenuate doxorubicin-induced apoptosis

(Figure 5C). Similarly, Bmi-1 knockdown in H9c2 cells
increased ROS generation in the control and the cells treated
with quercetin alone and quercetin pre-treatment did not
attenuate doxorubicin-induced ROS generation (Figure 5D).
Furthermore, Bmi-1 overexpression in H9c2 cells significantly
decreased doxorubicin-induced apoptosis from 25 to 10%
(Figure 5E). quercetin pre-treatment further decreased the
number to 6% in control cells and 2% in Bmi-1 overexpressed
cells respectively. Thus, up-regulation of Bmi-1 expression
accounted for the protective effects of quercetin against
doxorubicin-induced cardiotoxicity in H9c2 cells.

Figure 4
Quercetin (QCT) reduced doxorubicin(Dox)-induced DNA damage in H9c2 cells. (A) Representative staining of the γ-H2AX in cells. The
percentage of cells that exhibited γ-H2AX intranuclear foci was determined by counting at least 50 cells. Quercetin attenuated doxorubicin-
induced γ-H2AX foci formation. **P < 0.01 each group versus Dox. (B) DNA double-strand breaks measured using a neutral comet assay. Quercetin
also effectively attenuated doxorubicin-induced comet tail formation. **P < 0.01 each group versus Dox. (C) Western blot analysis was performed
for Ku70, Rad51 and GAPDH served as the loading control. Data are calculated as ratios of target protein levels to those of GAPDH. Ratios are
compared with the ratios in control samples set at 1. Doxorubicin had no effect on Ku70 expression, but it reduced Rad51 expression. Quercetin
maintained Rad51 expression (data are representative of 3 independent cell cultures).

BJPQuercetin attenuates Dox cardiotoxicity

British Journal of Pharmacology (2014) 171 4440–4454 4447



Quercetin attenuated doxorubicin-induced
acute cardiotoxicity in mice
The general appearance of mice in all four groups was
observed daily after the 20 mg·kg−1 doxorubicin treatment.
Mice in the doxorubicin-treated group appeared weak, lethar-
gic and lost weight, and 90% had died by 10 days after

treatment (Figure 6A). However, these signs were less severe
in the mice treated with doxorubicin + quercetin and mor-
tality was reduced to 30% by 10 days. Quercetin alone caused
no deaths over the observation period (30 days). Doxorubicin
treatment significantly decreased the heart weight (34%)
and the heart-to-body weight ratio (Figure 6B) 5 days after
doxorubicin treatment compared with the control, but the

Figure 5
Quercetin (QCT) up-regulated Bmi-1 expression in H9c2 cells. (A) Effect of quercetin on Bmi-1mRNA and protein expression levels as a function
of time. Quercetin treatment for 2 h increased Bmi-1 expression. *P < 0.05 each group versus the control. (B) H9c2 cells treated with doxorubicin
(Dox; 5 μM) for 24 h with and without 100 μM quercetin pre-treatment and Western blot analysis was performed for Bmi-1, p16Ink4a, p19Arf and
GAPDH served as the loading control. Quercetin inhibited doxorubicin-induced p16Ink4a and p19Arf expression and maintained Bmi-1 expression.
(C, D) H9c2 cells were transfected with scrambled siRNA (siCon) or siBmi-1. After 2 days, the expressions of Bmi-1 and GAPDH (loading control)
were determined using Western blot analysis. The cells were then treated with doxorubicin (5 μM) for 24 h with and without 100 μM quercetin
pre-treatment. Apoptotic cells (C) and ROS generation (D) were analysed through flow cytometry using Annexin-V/PI and CM-H2DCFDA staining.
n = 3 in each group. Quercetin had no protective effect in Bmi-1-depleted H9c2 cells. (E) Nuclear staining of H9c2 cells with Hoechst 33258. After
infection with pGC-FU-GFP control or pGC-FU-GFP-Bmi-1, cells treated with doxorubicin (5 μM) for 24 h with and without 100 μM quercetin
pre-treatment, then stained with Hoechst 33258 and visualized using a fluorescent microscope. The percentage of apoptotic cells was calculated
by counting the number of the cells with nuclear condensation relative to the total number of the cells. At least 300 cells were counted in each
group (data are representative of three independent cell cultures).
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heart-to-body weight ratio in the quercetin + doxorubicin
group was similar to those of the control and the quercetin-
treated groups. In accordance with these findings, serum CK,
a marker of myocarditis, was significantly increased (P < 0.01)
in the doxorubicin group compared with the control and the
quercetin treatment groups (Figure 6C). The CK level was
significantly decreased in the quercetin + doxorubicin group
(P < 0.01) compared with the doxorubicin group. Further-
more, to determine the level of apoptosis in doxorubicin-

treated hearts, a TUNEL assay was performed. As shown in
Figure 6D, a significant larger number of TUNEL positive
nuclei (about sixfold) were detected in doxorubicin-treated
hearts compared with other groups, which showed very low
level of TUNEL positive nuclei.

We evaluated the effects of quercetin on acute cardiac
dysfunction using 10 mg·kg−1 doxorubicin because treatment
with 20 mg·kg−1 induced high morbidity. As shown in
Figure 6E and F, mice treated with quercetin alone did not

Figure 6
Quercetin (QCT) attenuated doxorubicin-induced acute cardiac functional loss. (A) Survival curve for mice after doxorubicin (Dox) injection.
Results were examined by a Kaplan–Meier survival curve analysis. n = 10 in each group. (B) Mice were treated with doxorubicin (20 mg·kg−1, i.p.)
with and without quercetin pre-treatment (100 mg·kg−1, p.o.). Body weight and heart weight were recorded. HW, heart weight; BW, body weight;
HW/BW, heart weight to body weight ratio. Quercetin attenuated doxorubicin-induced heart and body weight loss. n = 10–15 in each group, *P
< 0.05 each group versus Dox. (C) Serum CK activity was measured in mice treated as (A). Quercetin reduced doxorubicin-induced CK activation.
n = 5–10 in each group, **P < 0.01 each group versus Dox. (D) Heart sections were subjected to analysis for TUNEL. Quercetin reduced the number
of TUNEL positive cardiomyocytes induced by doxorubicin treatment. n = 4–5 sets of hearts. (E) Mice were treated with a doxorubicin (10 mg·kg−1,
i.p.) with or without pre-treatment of quercetin (100 mg·kg−1, p.o.). Representative echocardiographic images were taken after 5 days. (F) Cardiac
function was measured after 5 days. LVEF, left ventricular ejection fraction; LVFS, left ventricular fractional shortening; LVEDD, left ventricular
end-diastolic dimension; LVESD, left ventricular end-systolic dimension. Quercetin prevented the doxorubicin-induced loss of cardiac function. n
= 5 in each group, * P < 0.05 each group versus Dox.
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exhibit abnormal cardiac function compared with the vehicle
controls. Doxorubicin alone significantly caused cardiac
dysfunction, which was characterized by decreased left
ventricular ejection fraction, left ventricular fraction shorten-
ing, as well as increased left ventricular end-systolic
dimension. Quercetin pre-treatment prevented doxorubicin-
induced loss of cardiac function. Taken together, these results
indicate that quercetin pre-treatment significantly attenuated
doxorubicin-induced acute cardiotoxicity.

Quercetin reduced doxorubicin-induced
oxidative stress in mice
ROS overproduction is involved in the pathogenesis of
doxorubicin-induced cardiomyopathy (Sag et al., 2013).

Therefore, we measured superoxide production via DHE
staining of the frozen heart sections of mice. DHE is a fluo-
rescent dye that specifically reacts with intracellular O2

•− and
is converted into the red fluorescent compound ethidium,
which then binds irreversibly to double-stranded DNA and
appears as punctate nuclear staining (Miller et al., 1998). O2

•−

was detected throughout the heart sections (Figure 7A). DHE
fluorescence was more intense in the doxorubicin-treated
hearts, but quercetin pre-treatment attenuated the fluores-
cence to normal levels, similar to those in the control. We
then examined the effects of quercetin on lipid antioxidative
mechanisms, as SOD activity and lipid peroxidation activity,
as MDA and LDH in serum. As shown in Figure 7B, both MDA
(+164%; P < 0.01) and LDH activities (+468%; P < 0.001) were
markedly increased in the doxorubicin group compared with

Figure 7
Quercetin (QCT) reduced doxorubicin-induced oxidative stress in mice. (A) Mice were treated with doxorubicin (Dox; 20 mg·kg−1, i.p.) with and
without quercetin pre-treatment (100 mg·kg−1, p.o.). Oxidative stress in heart sections was measured by DHE staining. These micrographs are
representative images of DHE-stained heart sections from control, QCT, Dox, quercetin + doxorubicin mice. The relative fluorescence changes are
shown in the adjacent panel. n = 5 in each group, **P < 0.01 each group versus Dox. (B) LDH, MDA and SOD activity in the serum were measured.
quercetin attenuated doxorubicin-induced LDH and MDA activity and maintained SOD activity. n = 5–10 in each group, *P < 0.05, **P < 0.01 each
group versus Dox.
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the control and quercetin-treated groups. Quercetin pre-
treatment reduced MDA activity (by 31%; P < 0.05) and LDH
activity (by 57%; P < 0.01). SOD activity was significantly
down-regulated in the doxorubicin group compared with the
placebo. By contrast, SOD expression was significantly
increased (+18%; P < 0.05) in the quercetin + doxorubicin
group compared with those in the doxorubicin-treated mice.
These results demonstrate that quercetin depresses the high
oxidative stress caused by doxorubicin treatment.

Quercetin up-regulated Bmi-1 expression
in mice
Mouse heart sections were assessed via immunohistochemis-
try (IHC) to investigate the effects of the various treatments
on Bmi-1 expression (Figure 8A). Treatment with quercetin
alone did not change the the proportion of Bmi-1 positive
cells, compared with the vehicle control, whereas doxoru-
bicin treatment decreased the proportion of Bmi-1 positive
cells. Quercetin pre-treatment partly blocked this effect of
doxorubicin. Western blot results confirmed that quercetin
maintained Bmi-1 expression in heart tissues (Figure 8B).

Additional IHC analyses were performed on the liver sec-
tions. We showed in a previous study that quercetin attenu-
ates doxorubicin-induced hepatotoxicity in mice. Similar
trends in Bmi-1 expression in the liver were observed, with
almost all the cells (>90%) being Bmi-1 positive in the
control, QCT and the quercetin + doxorubicin groups,
whereas fewer (<20%) Bmi-1 positive cells were present in the
livers of doxorubicin-treated mice (Supporting Information
Fig. S1). These results are consistent with our in vitro findings.

Discussion

Several mechanisms have been suggested to underlie
doxorubicin-induced cardiotoxicity, such as mitochondrial
dysfunction, enhanced ROS production and apoptosis caused
by doxorubicin-induced DNA damage (Arola et al., 2000;
Yoshida et al., 2009).

Cellular aerobic respiration requires functioning
mitochondria, which are the main source of intracellular
ROS. The potential sources of ROS in cardiomyocytes include
mitochondrial electron transport and NADPH oxidase
(Tsutsui et al., 2006). Mitochondrial dysfunction is an early
indicator of doxorubicin-induced apoptosis (Green and
Leeuwenburgh, 2002). Doxorubicin-induced mitochondrial
dysfunction in cardiac tissue is characterized by inhibition of
oxidative phosphorylation, decreased calcium-loading capac-
ity and increased ROS production (Wallace, 2003; Oliveira
et al., 2006; Kuznetsov et al., 2011; Pereira et al., 2011). Our
results also showed doxorubicin-induced changes in mito-
chondrial morphology and MMP. Quercetin helped H9c2
cells maintain normal mitochondrial morphology and MMP
and it regulated a series of Bcl-2 family genes (Bcl-2 and Bid)
upstream of MMP. In this study, doxorubicin increased the
mitochondrial superoxide and total cellular ROS levels in
H9c2 cells and doxorubicin-treated mice hearts, and querce-
tin pre-treatment significantly reduced ROS generation in
vitro and in vivo. Previous studies have shown that doxoru-
bicin increased the expression and activity of NADHP oxi-
dases, such as Nox1, Nox2, Nox4 and p47phox (Li et al.,
2012; Park et al., 2012). Consistent with these earlier findings,

Figure 8
Quercetin (QCT) up-regulated Bmi-1 expression in mice. (A) Heart sections were subjected to immunohistochemical analysis for Bmi-1. Quercetin
maintained Bmi-1 expression in the heart. n = 4–5 sets of hearts, **P < 0.01 each group versus Dox. (B) Heart tissues were subjected to Western
blot analysis for Bmi-1. Quercetin attenuated doxorubicin-induced Bmi-1 reduction in hearts. Data are calculated as ratios of target protein levels
to those of GAPDH. Ratios are compared with the ratios in control samples set at 1. n = 3 in each group.
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doxorubicin increased Nox1 and p47phox mRNA expression,
especially Nox1 expression in H9c2 cells and quercetin dra-
matically reduced Nox1 expression. A previous study showed
that mitochondrial ROS is essential but not sufficient to
promote cell death, which requires sustained ROS accumula-
tion through the subsequent action of Nox1 (Lee et al., 2006).
Thus, the protective effect of quercetin may be related to
inhibition of NADHP oxidase, especially Nox1 expression
and ROS generation.

DNA damage plays an important role in doxorubicin-
induced lethal cardiomyocyte injury through a pathway
involving p53 and the mitochondrial ROS generation
(L’Ecuyer et al., 2006). Once activated by doxorubicin-
induced oxidative stress, p53 translocates to the nucleus and
induces the expression of genes that prevent cell division and
causes apoptosis (e.g., Bid; Sax et al., 2002). Subsequently, this
promotes mitochondrial ROS production and DNA damage,
resulting in increased cell death (Lebrecht and Walker, 2007).
p53 overexpression represses glutathione S-transferase α1,
NAD(P)H, quinine oxidoreductase and cystine/glutamate
transporter expression, and interferes with the antioxidant
defences activated by Nrf2 (Faraonio et al., 2006). A recent
study indicated that the selective loss of p53 in cardiomyo-
cytes was insufficient to prevent doxorubicin-induced ROS
generation and apoptosis (Feridooni et al., 2011), which sug-
gests that additional p53-independent pathways are involved
in doxorubicin-induced myocardial damage.

Our study demonstrated that quercetin also has potent
antioxidant effects against doxorubicin-induced oxidative
stress in vivo, as evidenced by the inhibition of ROS genera-
tion, reduction in lipid peroxidation activity (MDA and LDH)
and restoration of SOD activity. As an important superoxide
radical scavenger, SOD dismutates superoxide anion to
hydrogen peroxide, which then can be detoxified by
GSH/GSH-Px to yield reduced GSH. In addition to the down-
regulated NADHP oxidase expression, we found that querce-
tin up-regulated Bmi-1 expression in vitro and in vivo, which
participated in the cardioprotective effect of quercetin against
doxrubicin.

Bmi-1, a polycomb group (PcG) protein, is important for
the self-renewal of stem cells (Park et al., 2003). Bmi-1 regu-
lates mitochondrial function by regulating the expression of
genes related to mitochondrial function and ROS generation.
Bmi-1-deficient cells have impaired mitochondrial function
and increased intracellular ROS levels because of the dysregu-
lation of the expression of genes involved in mitochondrial
function. This result suggests that Bmi-1 directly regulates
oxidative stress levels (Liu et al., 2009). Our previous study
showed that Bmi-1 reduced ROS generation by irradiation
and repressed the expression of Nox subunit gene in human
keratinocytes (Dong et al., 2011). Bmi-1 regulates antioxidant
defences in neurons by repressing p53 pro-oxidant activity
(Chatoo et al., 2009). Bmi-1 negatively regulates the Ink4a/Arf
locus, which encodes the tumour suppressor proteins p16INK4a

and p19ARF (Molofsky et al., 2005). ROS signalling activates
p38 and eventually induces the transcriptional repression of
p16Ink4a and p19Arf (Ito et al., 2006). In the current study,
quercetin enhanced Bmi-1 mRNA and protein expression in
H9c2 and primary cardiomyocytes within 2 h, and the
increased expression was maintained for at least 1 day.
Quercetin also attenuated doxorubicin-induced decrease in

Bmi-1 and inhibited the expression of p16INK4a and p19ARF.
Thus, Bmi-1 up-regulation could partly explain the quercetin-
induced inhibition of Nox gene expression (Nox1 and
p47phox) and ROS generation.

Bmi-1 also functions in the DNA damage response
pathway. Bmi-1 is a very early DNA damage response protein
that accumulates at DNA DSB foci and promotes DSB repair
(Ismail et al., 2010). Bmi-1 is required for DNA damage-
induced ubiquitination of histone H2A at lysine 119, and the
loss of Bmi-1 impairs the repair of DNA DSBs through
homologous recombination (Ginjala et al., 2011). We found
that doxorubicin induced DNA DSB, which was shown as
increased γ-H2AX foci formation and comet tails. Quercetin
pre-treatment significantly reduced DSB. Thus, up-regulated
Bmi-1 expression also explains the quercetin-induced reduc-
tion in DSBs and the maintenance of DNA repair capacity of
cardiomyocytes.

Bmi-1 overexpression in H9c2 cells significantly decreased
doxorubicin-induced apoptosis; meanwhile, quercetin pre-
treatment further decreased the number. This result con-
firmed that up-regulation of Bmi-1 by quercetin played an
important role and suggested that there may be other mecha-
nisms also involved in its cardioprotective effects. Quercetin
pre-treatment significantly reduced the G/GO-induced apop-
tosis of mice thymocytes and suppressed DNA binding activ-
ity of redox state-sensitive transcription factors, such as
NF-κB, AP-1 and p53 (Lee et al., 2003). We found that querce-
tin reduced doxorubicin-induced p53 expression, which
could partly explain quercetin attenuation of doxorubicin-
induced apoptosis. Studies showed that doxorubicin also
induces inflammatory effects and increases pro-inflammatory
cytokines (TNF-α, IL-1β and IL-2) in cardiomyocytes, and
anti-inflammatory agents can reduce doxorubicin-induced
cardiotoxicity (Bruynzeel et al., 2007). Quercetin reduced
neuronal apoptosis induced by IL-1β through inhibition of
inflammatory mediators, including IL-6, IL-8 and the
chemokine CCL2 (MCP-1), and the increase in the expression
of SOD and thioredoxin mediators (Sharma et al., 2007).
Recently, quercetin reduced doxorubicin-induced TNF-α and
protected rat cardiomyocytes (Matouk et al., 2013). Thus, the
anti-inflammation effect of quercetin may, in part, be attrib-
uted to its cardioprotective effect against doxorubicin
treatment.

Also, doxorubicin-mediated alteration of Ca2+ homeosta-
sis may be another possible mechanism of cardiotoxicity.
Doxorubicin-induced Ca2+ overload of cardiac cells causes
mitochondrial calcium overloading, resulting in alteration of
energy metabolism and promotion of ROS generation (Kim
et al., 2006). Quercetin is known to inhibit Ca2+-dependent
ATP hydrolysis, ATP-dependent Ca2+ uptake and chelator-
induced Ca2+ release (Shoshan et al., 1980). We found that
quercetin reduced doxorubicin-induced Ca2+ overload (Sup-
porting Information Fig. S2). This may also be one of the
possible mechanisms of cardioprotective effect of quercetin.

In conclusion, the protective role of quercetin against
doxorubicin cardiotoxicity could be ascribed mainly to its
antioxidant activity. The ability to decrease ROS levels and
DNA damage and maintain cardiac cell viability could be due
to quercetin-induced up-regulation of Bmi-1 expression.
Thus, quercetin intake may counteract and prevent
doxorubicin-induced cardiac stress.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:
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Figure S1 Liver sections were subjected to immunohisto-
chemical analysis for Bmi-1. Quercetin maintained Bmi-1
expression in the liver. n = 4–5 sets of livers.
Figure S2 Intracellular Ca2+ concentration was detected by
Fluo 4-AM staining 2 h after doxorubicin treatment with and
without 100 μM quercetin pre-treatment. Quercetin inhibited
doxorubicin-induced Ca2+ overload.
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