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Abstract

Doxorubicin, a widely used chemotherapeutic agent, can give rise to severe cardiotoxicity by inducing cardiomyocyte apoptosis. Dracoce-
phalum rupestre Hance, a Chinese traditional herb, has therapeutic potential for cardiovascular diseases. Naringenin-7-O-glucoside is the main
active constituent of D. rupestre and there is increasing interest in its therapeutic applications. The aim of this study was to evaluate the effects of
naringenin-7-O-glucoside on cardiomyocyte apoptosis induced by doxorubicin. Cell viability was detected by MTT assay. Naringenin-7-O-
glucoside (10, 20, and 40 μM) significantly enhanced cardiomyocyte proliferation relative to that of doxorubicin. Furthermore, naringenin-7-O-
glucoside increased the protein levels of heme oxygenase-1 (HO-1) and Bcl-2 in cardiomyocytes (as detected by Western blotting) and suppressed
the mRNA expression of caspase-3 and caspase-9 (as detected by RT-PCR). These results suggest that naringenin-7-O-glucoside has protective
effects against doxorubicin-induced apoptosis, effects which could underlie the use of naringenin-7-O-glucoside therapeutic agent for treating or
preventing cardiomyopathy associated with doxorubicin.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Doxorubicin is an anthracycline antibiotic with a broad
spectrum of activity and high potency against human
malignant neoplasms. However, its clinical use is limited
by its severe cumulative dose-related cardiotoxicity, which
leads to the development of cardiomyopathy (Shan et al.,
1996; Gorelik et al., 2003) and heart failure (Keefe, 2001).
It has been demonstrated that the development of doxor-
ubicin cardiomyopathy involves apoptosis of cardiomyocytes
(L'Ecuyer et al., 2006; Takemura and Fujiwara, 2007). Since
cardiomyocyte apoptosis contributes to the development of
myocardial dysfunction in heart failure, inhibition of
doxorubicin-induced cardiomyocyte apoptosis may provide
new opportunities for the prevention and treatment of
doxorubicin-induced heart failure (Christiansen and Autsch-
bach, 2006).

Flavonoids, a group of polyphenols, possess potent cardio-
protective efficacy and significantly reduce the risk of
cardiovascular disease (Bast et al., 2007; Du et al., 2007;
Peluso, 2006; Huxley and Neil, 2003). Some research groups
have reported that flavonoids exhibit protective effects against
cardiomyopathy and cardiomyocyte apoptosis induced by
doxorubicin (Bagchi et al., 2003; Hüsken et al., 1995). The
Chinese traditional medicine Dracocephalum rupestre Hance, a
wild perennial herb found throughout western China, is a rich
resource of flavonoids (Wu and Li, 1977). Therefore, it has
therapeutic potential for cardiovascular diseases. In our
continuous search for cardioprotective substances from natural
products, naringenin-7-O-glucoside, a major active flavonoid
isolated from D. rupestre Hance, has attracted our interest as a
compound potentially able to prevent cardiomyocyte apoptosis
induced by doxorubicin.
In the present study, we investigated the effects of

naringenin-7-O-glucoside on cardiomyocyte apoptosis induced
by doxorubicin. The results demonstrated that naringenin-7-O-
glucoside was able to attenuate doxorubicin-induced H9C2 cell
apoptosis, having an effect comparable to that of quercetin.
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2. Materials and methods

2.1. Chemicals and materials

Naringenin-7-O-glucoside was isolated from D. rupestre
Hance in our laboratory (Ren et al., 2003; Ren et al., 2005) and
dissolved in dimethylsulfoxide (DMSO) for the in vitro
bioassay.
Dulbecco's modified Eagle's medium (DMEM) was pur-

chased from Gibco BRL (Grand Island, NY, USA). Fetal bovine
serum was bought from Tianjin TBD Biotechnology Develop-
ment Center (Tianjing, China). Pepstatin A, Hoechst 33258,
phenylmethylsulfonyl fluoride (PMSF), ethylenediaminetetraa-
cetic acid (EDTA), and 3-[4,5-dimethyl-2-thiazolyl]-2,5-diphe-
nyl-2-tetrazolium bromide (MTT) were purchased from Sigma.
Dithiotreitol (DTT) was bought from Merck. Annexin V-FITC
kit was purchased from Jingmei Biotech (Shenzhen, China).
Diethylpyrocarbonate (DEPC), acrylamide, RNase inhibitor,
and leupeptin were bought from Amresco. 3,3′-Diaminobenzi-
dine tetrahydrochloride substrate kit (DAB) was bought from
Zhongshan Goldenbridge Biotechnology LTD (Beijing, China).
Polyvinylidene difluoride (PVDF) was bought from Millipot.
RNA PCR kit was bought from TaKaRa. An antibody against
HO-1 was purchased from Chemicon. Antibodies against Bcl-2,
β-actin and horseradish peroxidase-conjugated secondary anti-
body were obtained from Boster Biological Technology LTD
(Wuhan, China).

2.2. Cell culture

Rat cardiac H9C2 cells (ATCCRockville, MD) were cultured
in DMEM supplemented with 10% fetal bovine serum, 100U/ml
of penicillin, 100 μg/ml of streptomycin and 5% CO2 at 37 °C.
The cells were fed every 2–3 days and subcultured once they
reached 70–80% confluence. Cells were plated at an appropriate
density according to each experimental design.

2.3. MTT assay

A modified MTT assay was used to determine cell viability
(Cao and Li, 2004). The H9C2 cells were incubated with
chemicals in DMEM supplemented with 0.5% fetal bovine
serum at 37 °C for 24 h, and then treated with MTT solution
(final concentration, 0.5 mg/ml) for 4 h at 37 °C in 96-well
plates. The supernatants were removed carefully, followed by
the addition of 100 μl DMSO to each well to dissolve the
precipitate. Then, the absorbance was measured at 570 nm in a
microplate reader (Synergy HT).

2.4. Fluorescent staining of nuclei with H33258

The nuclei of H9C2 cells were stained with chromatin dye
(Hoechst 33258) (Du et al., 2007). The cells were fixed with
3.7% paraformadehyde for 10 min, washed twice with PBS, and
incubated with 10 μM Hoechst 33258 in PBS at room tem-
perature for 30 min. After three washes, the cells were observed
under a fluorescence microscope (IX-7, Olympus, Japan).

2.5. DNA fragmentation assay

The DNA fragmentation assay was performed according to
the method of Herrmann et al. (1994). Briefly, after being
harvested, the cell samples were washed with PBS and pelleted
by centrifugation. The cell pellets were then treated for 10 s with
lysis buffer (1% NP-40 in 20 mM EDTA, 50 mM Tris–HCl, pH
7.5). After centrifugation for 5 min at 1600 ×g, the supernatant
was collected and the extraction was repeated with the same
amount of lysis buffer.
The supernatants (and resuspended nuclei as control for the

complete recovery of the apoptotic DNA fragments) were added
to 1% sodium dodecyl sulphate (SDS) and treated for 2 h with
RNase inhibitor (final concentration 5 μg/μl) at 56 °C, followed
by digestion with proteinase K (final concentration 2.5 μg/μl)
for at least 2 h at 37 °C. After addition of 1/2 vol. 10 M
ammonium acetate, DNAwas precipitated with 2.5 vol. ethanol,
dissolved in gel loading buffer, and separated by electrophoresis
in 2% agarose gels containing 0.1 μg of ethidium bromide, and
visualized under UV light.

2.6. Flow cytometric detection of apoptosis

FITC-Annexin V/propidium iodide (PI) double staining was
performed as follows (Spallarossa et al., 2005). After being
washed twice with PBS, cells (1×106) were resuspended in
binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl,
and 2.5 mM CaCl2), and FITC-Annexin V and PI, at
concentrations of 1 μg/ml, respectively, were added. The
mixture was incubated for 10 min in the dark at room
temperature, and then cellular fluorescence was measured by
flow cytometry analysis with a FACS-SCAN apparatus
(FACSCalibur; BD Biosciences, USA).

2.7. Reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA was isolated from H9C2 cells using Trizol
(Invitrogen). First-strand cDNAs were generated by reverse tran-
scription using oligo (dT) from RNA samples. Primer sequences
(Sbsgene, Shanghai, China) are shown below. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), LP: 5′-GAGGGGCCATC-
CACAGTCTTCTG-3′, RP: 5′-CCCTTCATTGACCTCAACTA-
CATGGT-3′;HO-1,LP: 5′-AGCGAAACAAGCAGAACCCA-3′,
RP: 5′-GATGCTCGGGAAGGTGAAAA-3′; Caspase-9, LP: 5′-
CCCCACCCTCACTTTGCT-3′, RP: 5′-TGGAGGACCAGGCT-
CACTTA-3′; Caspase-3, LP: 5′-AGGCTACCATCCTT-
CAGTG-3′, RP: 5′-TCTCCTTTCCTTACGCTCT-3′; Bcl-2,
LP: 5 ′ -GACGCGAAGTGCTATTGGT-3 ′ , RP: 5 ′ -
TCAGGCTGGAAGGAGAAGAT-3′. After cDNA synthesis,
PCR was performed, using the following conditions: 95 °C
for 3 min; 94 °C for 30 s; 58 or 60 °C for 30 s (depending on
the sequences of the primers); and 72 °C for 1 min, 72 °C for
5 min for 30 cycles. PCR products were electrophoresed in
2% agarose gel and visualized with ethidium bromide (EB).
The relative expression was quantified densitometrically
using the Alphalmager™ 2200 System (Alpha Innotech
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Corporation) and calculated according to the reference bands
of GAPDH.

2.8. Western blot analysis

Treated cells (1×107 cells) were collected and washed with
ice-cold PBS and resuspended in 75 μl of RIPA buffer (50 mM
Tris–HCl, pH 7.4, 5 mM EDTA, 1% Triton-X 100, 0.5%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 60 mM DTT,
1 mM PMSF, 2 μg/ml leupeptin, 5 μg/ml pepstatin A). Cell lysis
was carried out at 4 °C by vortexing for 15 s, and the cell
suspension was then stored for 10 min in ice. After centrifuga-
tion at 13,000 ×g for 10 min, the supernatant was separated and
stored at −70 °C until use.
The protein concentration was determined using the

Bradford protein assay kit (Beyotime Institute of Biotechnol-
ogy, Beijing, China). After addition of sample loading buffer,
protein samples were electrophoresed on a 15% SDS–
polyacrylamide gel. Proteins (25 μg) were transferred to
PVDF blots at 150 mA for 2 h. The blots were blocked for
2 h at room temperature in PBST (PBS and 0.1% Tween 20, pH
7.4, containing 5% non-fat dried milk). Sheets were incubated
with rabbit anti-HO-1 antibody (1:500), rabbit anti-Bcl-2
antibody (1:200) and rabbit anti-beta-actin antibody (1:200) in
PBSTwith 5% non-fat dried milk. Following three washes with
PBST, the blots were incubated with horseradish peroxidase-
conjugated goat antirabbit monoclonal antibody (1:2000) for
beta-actin and HO-1 or Bcl-2 in PBST with 5% non-fat dried
milk for 2 h at room temperature. Then sheets were washed
again three times in PBST buffer, and transferred proteins were
incubated and visualized with DAB substrate solution for
10 min, according to the manufacturer's instructions.

2.9. Statistical analysis

All data are expressed as means±S.E.M. from at least three
independent experiments. Differences between mean values of
multiple groups were analyzed by Student's t-test. Statistical
significance was considered at Pb0.05.

3. Results

3.1. Naringenin-7-O-glucoside protects H9C2 cells from
doxorubicin-induced cytotoxicity

H9C2 cells were treated with naringenin-7-O-glucoside (10,
20, 40, and 80 μM) in the absence of doxorubicin for 24 h and
then the rates of cell growth inhibition were evaluated based on
the OD value as estimated with the MTT assay. As shown in
Fig. 1A, naringenin-7-O-glucoside at each of these concentra-
tions alone did not cause any apparent cytotoxicity.
To analyze the protective effects of naringenin-7-O-

glucoside on doxorubicin-induced cytotoxicity in H9C2
cells, cell proliferation was examined after incubation with
naringenin-7-O-glucoside in the presence of doxorubicin. As
shown in Fig. 1B, naringenin-7-O-glucoside (10, 20,
40 μM) pretreatment had a significant protective effect

against doxorubicin-mediated cytotoxicity in a dose-depen-
dent manner at low doses. The protective effect decreased at
doses higher than 80 μM.

3.2. Effects of naringenin-7-O-glucoside on
doxorubicin-induced apoptosis in H9C2 cells

To determine the effects of naringenin-7-O-glucoside on
apoptosis induced by doxorubicin in H9C2 cells, we examined
cell morphology after Hoechst 33258 staining. As shown in Fig.
2, doxorubicin induced rapid changes in the nuclear morphol-
ogy of H9C2 cells, with heterogeneous intensity and chromatin
condensation being apparent under fluorescence microscope.
Normal cells were seen as round-shaped nuclei with a
homogeneous fluorescence intensity. Pretreatment with 10,
20, and 40 μM naringenin-7-O-glucoside significantly pro-
tected the cells from the morphological changes induced by
doxorubicin. The effect decreased at doses higher than 80 μM.
Then, we analyzed chromosomal DNA fragmentation by

agarose gel electrophoresis. As shown in Fig. 3, chromatin of
H9C2 cells underwent internucleosomal cleavage after treat-
ment with doxorubicin, as demonstrated by the formation of
characteristic ladder pattern of DNA migration. Naringenin-7-
O-glucoside (10, 20, and 40 μM) pretreatment significantly
prevented DNA fragmentation, further confirmed by flow
cytometric detection. As shown in Fig. 4, naringenin-7-O-

Fig. 1. Protective effects of naringenin-7-O-glucoside pretreatment on
doxorubicin-mediated cytotoxicity in H9C2 cells. Proliferation of H9C2 cells
exposed to naringenin-7-O-glucoside in the absence (A) or presence (B) of
doxorubicin in vitro. Cells were incubated without or with naringenin-7-O-
glucoside (10, 20, 40, 80 μM) and quercetin (10, 20 μM) for 24 h, followed by
incubation with (20 μM) doxorubicin for another 24 h. After this incubation, cell
viability was determined with the MTT assay. Nor: normal cells; Dox:
doxorubicin; Nar: naringenin-7-O-glucoside; Que: quercetin. Values represented
means±S.E.M. (n=3). #Significantly different from normal; ⁎Significantly
different from doxorubicin.
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glucoside (10, 20, and 40 μM) pretreatment provided a signifi-
cant protective effect against doxorubicin-mediated apoptosis.

3.3. Effects of naringenin-7-O-glucoside on the mRNA
expression of caspase-3, caspase-9, Bcl-2, and HO-1

To investigate the mechanisms by which naringenin-7-O-
glucoside prevented doxorubicin-induced apoptosis in H9C2
cells, we investigated the mRNA expression of caspase-3,
caspase-9, Bcl-2, and HO-1. As shown in Fig. 5, the addition of
doxorubicin to the cells induced a drop in the mRNA expression
of Bcl-2 and an increase in the expression of caspase-3 and
caspase-9. Naringenin-7-O-glucoside pretreatment (10, 20 μM)
significantly prevented the decrease in Bcl-2 expression and the
increase in caspase-3 and caspase-9 mRNA expression.
Furthermore, doxorubicin decreased the expression of HO-1
mRNA in cardiomyocytes. Naringenin-7-O-glucoside (10, 20,
and 40 μM) increased the expression of HO-1 mRNA
significantly.

3.4. Effects of naringenin-7-O-glucoside on the protein level of
Bcl-2, and HO-1

Western blot analysis was performed to explore the effects of
naringenin-7-O-glucoside on the protein level of HO-1 and Bcl-
2 in H9C2 cells. As shown in Fig. 6, naringenin-7-O-glucoside
(10, 20, and 40 μM) pretreatment significantly upregulated the
protein level of HO-1 and Bcl-2.

4. Discussion

Although doxorubicin is an effective anticancer chemother-
apeutic agent, its clinical use is limited by cumulative dose-related
cardiotoxicity, which may lead to severe and irreversible
cardiomyopathy (Gewirtz, 1999; Kim et al., 2006a) and heart
failure (Keefe, 2001). A proposedmechanism of cardiotoxicity of
doxorubicin is that it causes cardiomyocyte apoptosis. Studies
have shown that the apoptosis of cardiomyocytes, as character-
ized by caspase activation, caspase-mediated proteolytic

Fig. 2. Morphology of apoptotic H9C2 cells. H9C2 cells were treated without (A) or with 10 (C), 20 (D), 40 (E) and 80 μM (F) naringenin-7-O-glucoside for 24 h,
followed by incubation with 10 μM doxorubicin (B) for another 24 h. The cells were then subjected to H33258 staining and viewed under a fluorescence microscope
(magnification, ×400).
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degradation, and internucleosomal DNA cleavage, contributes
to the development of myocardial dysfunction in heart failure
(Maejima et al., 2005). Doxorubicin-induced apoptosis is
mediated by a decreased the expression of Bcl-2 and an
increased the expression of caspase-3 in cardiomyocytes (Wu et
al., 2002; Bagchi et al., 2003; Takemura and Fujiwara, 2007).
Bcl-2 is known as a critical inhibitor of apoptosis and prevents
the release from mitochondria into the cytosol of apoptogenic
factors, including cytochrome c and apoptosis-inducing factor.
Bcl-2 overexpression has been shown to block cell death.
Caspase-3 activation is a key step in apoptosis. Accordingly,
inhibition of doxorubicin-induced cardiomyocyte apoptosis by
modulation of the factors that control apoptosis may provide
new opportunities for the prevention and treatment of
doxorubicin-induced cardiomyopathy (Christiansen and
Autschbach, 2006; Narula et al., 1999; Takemura and Fujiwara,
2007).
Naringenin-7-O-glucoside is a major bioactive constituent of

D. rupestre Hance. In this study, we first investigated its
protective effect against doxorubicin-induced cardiotoxicity.
The results showed that treating cells with doxorubicin resulted
in cell viability loss. However, pretreatment with different
concentrations (10, 20, 40 μM) of naringenin-7-O-glucoside
greatly decreased the loss of cell viability (Fig. 1B). These
results indicate that naringenin-7-O-glucoside significantly
protected H9C2 cells from doxorubicin-induced cytotoxicity.
Then, we explored whether naringenin-7-O-glucoside has a

protective effect against cardiomyocyte apoptosis. Doxorubi-
cin-treated cells stained with the fluorescent DNA-binding dye,
Hoechst 33258, displayed typical morphological features of
apoptosis with sickle-shaped nuclei. Naringenin-7-O-glucoside
pretreatment prevented these morphological changes (Fig. 2).
Apoptosis was also analyzed by DNA ladder assay and flow

cytometry. The results showed that naringenin-7-O-glucoside
treatment significantly prevented DNA fragmentation and
inhibited cardiomyocyte apoptosis induced by doxorubicin
(Figs. 3 and 4).
To further investigate the mechanisms of naringenin-7-O-

glucoside in preventing doxorubicin-induced apoptosis in
H9C2 cells, we investigated apoptosis-related gene expression.
Naringenin-7-O-glucoside decreased the mRNA expression of
caspase-3 and caspase-9, and increased the expression of Bcl-2
mRNA and the Bcl-2 protein level. Furthermore, we found that
naringenin-7-O-glucoside upregulated the expression of HO-1,
which is the microsomal inducible enzyme converting heme
into carbon monoxide, free ferrous iron, and biliverdin, which
is subsequently reduced to bilirubin (Maines, 2005; Ryter et al.,
2006). Recent study has shown the critical importance of HO-1
expression in mediating antiapoptotic effects (Kim et al.,
2006b). HO-1 overexpression could decrease apoptotic cell
death by enhancing Bcl-2 and depressing caspase-3 expression
(Wang et al., 2004). Induction of HO-1 by chemical inducers
or selective overexpression is cytoprotective both in vitro and
in vivo (Nakahira et al., 2003; Nath, 2006). In addition, it has
been demonstrated that carbon monoxide might possess
antiapoptotic properties (Brouard et al., 2000; Liu et al.,
2003). Therefore, the specific activation of HO-1 gene
expression by pharmacological modulation may represent a
novel target for therapeutic intervention of cytotoxicity induced
by doxorubicin. Our experiments showed that after pretreat-
ment with naringenin-7-O-glucoside, levels of HO-1 mRNA
and protein were found to be greatly elevated in cardiomyo-
cytes. The induction of HO-1 may provide a protective effect
against doxorubicin toxicity. Naringenin-7-O-glucoside signif-
icantly attenuated doxorubicin-mediated apoptotic death of

Fig. 4. Flow cytometric detection of apoptosis: FITC-Annexin V/PI double
staining. Flow cytometric analysis of DNA fragmentation for H9C2 cells after
naringenin-7-O-glucoside or quercetin treatment. Cells were exposed to
different concentrations (10, 20, 40 μM) of naringenin-7-O-glucoside and
quercetin (20 μM) for 24 h, followed by incubation with doxorubicin (10 μM)
for another 24 h. After this incubation, the cells were harvested and stained with
FITC-Annexin V/PI, followed by flow cytometric analysis.

Fig. 3. DNA laddering assays. Gel electrophoresis of DNA extracted from H9C2
exposed to doxorubicin (10 μM) plus naringenin-7-O-glucoside (10, 20, 40 μM)
for 24 h. Lane 1 and lane 7: the molecular weight marker; Lane 6: doxorubicin;
Lane 5: normal cells; Lane 4: naringenin-7-O-glucosid 40 μM; Lane 3:
naringenin-7-O-glucosid 20 μM; Lane 2: naringenin-7-O-glucosid 10 μM.
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H9C2 cells in a dose-dependent manner at low doses, but the
effect decreased at higher doses. Taken together, it is possible
to speculate that HO-1 may be actively involved in the cellular

defense against the cardiotoxicity of doxorubicin, and that
the induction of HO-1 might contribute to the antiapoptotic
properties.

Fig. 6. Effects of naringenin-7-O-glucoside on Bcl-2 and HO-1 protein expression in H9C2 cells. After 24 h of treatment without (normal) or with naringenin-7-O-
glucoside (10, 20, 40 μM) or quercetin (20 μM), cardiomyocytes were incubated with 10 μM doxorubicin for 24 h. Cell lysates were probed with antibodies against
Bcl-2 and HO-1. Immunoblots shown are representative of four experiments.

Fig. 5. Effects of naringenin-7-O-glucoside on caspase-3, caspase-9, Bcl-2 and HO-1 mRNA expression in H9C2 cells. After 24 h of treatment without (normal) or
with naringenin-7-O-glucoside (10, 20, 40 μM) or quercetin (20 μM), cardiomyocytes were incubated with 10 μM doxorubicin for 24 h. Normalization relative to
GAPDH was performed. Nor: normal cells; Dox: doxorubicin; Nar: naringenin-7-O-glucoside; Mar: the molecular weight markers; Que: quercetin. Results presented
in bar graphs are the means±S.E.M. of four separate experiments. #Pb0.05, ##Pb0.01 compared with normal and ⁎Pb0.05, ⁎⁎Pb0.01 compared with doxorubicin.
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In conclusion, for the first time we have found that
naringenin-7-O-glucoside could ameliorate doxorubicin-
induced apoptosis in H9C2 cells. The protective effects of
naringenin-7-O-glucoside were not only related to modulation
of apoptosis-related gene (Bcl-2, caspase-3, and caspase-9)
expression, but also to modulation of HO-1 expression. These
results indicate that naringenin-7-O-glucoside from D. rupestre
Hance might be useful for treating or preventing cardiomyo-
pathy associated with doxorubicin as a result of its antiapoptotic
properties.

Acknowledgment

This project was supported by a grant from the National
Natural Science Foundation of P.R. China (No. 30472072).

References

Bagchi, D., Sen, C.K., Ray, S.D., Das, D.K., Bagchi, M., Preuss, H.G., Vinson,
J.A., 2003. Molecular mechanisms of cardioprotection by a novel grape seed
proanthocyanidin extract. Mutat. Res. 523-524, 87–97.

Bast, A., Kaiserová, H., den Hartog, G.J., Haenen, G.R., van der Vijgh1, W.J.,
2007. Protectors against doxorubicin-induced cardiotoxicity: flavonoids.
Cell Biol. Toxicol. 23, 39–47.

Brouard, S., Otterbein, L.E., Anrather, J., Tobiasch, E., Bach, F.H., Choi,
A.M., Soares, M.P., 2000. Carbon monoxide generated by heme
oxygenase-1 suppresses endothelial cell apoptosis. J. Exp. Med. 192,
1015–1026.

Cao, Z., Li, Y., 2004. Potent induction of cellular antioxidants and phase 2
enzymes by resveratrol in cardiomyocytes: protection against oxidative and
electrophilic injury. Eur. J. Pharmacol. 489, 39–48.

Christiansen, S., Autschbach, R., 2006. Doxorubicin in experimental and
clinical heart failure. Eur. J. Cardiothorac. Surg. 30, 611–616.

Du, Y., Guo, H., Lou, H., 2007. Grape seed polyphenols protect cardiac cells
from apoptosis via induction of endogenous antioxidant enzymes. J. Agric.
Food Chem. 55, 1695–1701.

Gewirtz, D.A., 1999. A critical evaluation of the mechanisms of action proposed
for the antitumor effects of the anthracycline antibiotics adriamycin and
daunorubicin. Biochem. Pharmacol. 57, 727–741.

Gorelik, J., Vodyanoy, I., Shevchuk, A.I., Diakonov, I.A., Lab, M.J., Korchev,
Y.E., 2003. Esmolol is antiarrhythmic in doxorubicin-induced arrhythmia
in cultured cardiomyocytes determination by novel rapid cardiomyocyte
assay. FEBS Lett. 548, 74–78.

Herrmann, M., Lorenz, H.M., Voll, R., Grünke, M., Woith, W., Kalden, J.R.,
1994. A rapid and simple method for the isolation of apoptotic DNA
fragments. Nucleic Acids Res. 22, 5506–5507.

Huxley, R.R., Neil, H.A., 2003. The relation between dietary flavonoid intake
and coronary heart disease mortality: a meta-analysis of prospective cohort
studies. Eur. J. Clin. Nutr. 57, 904–908.

Hüsken, B.C., de Jong, J., Beekman, B., Onderwater, R.C., van der Vijgh, W.J.,
Bast, A., 1995. Modulation of the in vitro cardiotoxicity of doxorubicin by
flavonoids. Cancer Chemother. Pharmacol. 37, 55–62.

Keefe, D.L., 2001. Anthracycline-induced cardiomyopathy. Semin. Oncol. 4,
2–7.

Kim, S.Y., Kim, S.J., Kim, B.J., Rah, S.Y., Chung, S.M., Im, M.J., Kim, U.H.,
2006a. Doxorubicin-induced reactive oxygen species generation and

intracellular Ca2+ increase are reciprocally modulated in rat cardiomyocytes.
Exp. Mol. Med. 38, 535–545.

Kim, H.J., So, H.S., Lee, J.H., Lee, J.H., Park, C., Park, S.Y., Lee, Y.H., Youn,
M.J., Kim, S.J., Chung, S.Y., Lee, K.M., Park, R., 2006b. Heme oxygenase-
1 attenuates the cisplatin-induced apoptosis of auditory cells via down-
regulation of reactive oxygen species generation. Free Radic. Biol. Med. 40,
1810–1819.

L'Ecuyer, T., Sanjeev, S., Thomas, R., Novak, R., Das, L., Campbell, W.,
Heide, R.V., 2006. DNA damage is an early event in doxorubicin-
induced cardiac myocyte death. Am. J. Physiol. Heart Circ. Physiol.
291, H1273–H1280.

Liu, X.M., Chapman, G.B., Peyton, K.J., Schafer, A.I., Durante, W., 2003.
Antiapoptotic action of carbon monoxide on cultured vascular smooth
muscle cells. Exp. Biol. Med. (Maywood) 228, 572–575.

Maejima, Y., Adachi, S., Morikawa, K., Ito, H., Isobe, M., 2005. Nitric oxide
inhibits myocardial apoptosis by preventing caspase-3 activity via S-
nitrosylation. J. Mol. Cell. Cardiol. 38, 163–174.

Maines, M.D., 2005. The heme oxygenase system: update 2005. Antioxid.
Redox Signal. 7, 1761–1766.

Nakahira, K., Takahashi, T., Shimizu, H., Maeshima, K., Uehara, K., Fujii, H.,
Nakatsuka, H., Yokoyama, M., Akagi, R., Morita, K., 2003. Protective role
of heme oxygenase-1 induction in carbon tetrachloride-induced hepatotoxi-
city. Biochem. Pharmacol. 66, 1091–1105.

Narula, J., Pandey, P., Arbustini, E., Haider, N., Narula, N., Kolodgie, F., Dal
Bello, B., Semigran, M.J., Bielsa-Masdeu, A., Dec, G.W., Israels, S.,
Ballester, M., Virmani, R., Saxena, S., Kharbanda, S., 1999. Apoptosis in
heart failure: release of cytochrome c from mitochondria and activation of
caspase-3 in human cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 96,
8144–8149.

Nath, K.A., 2006. Heme oxygenase-1: a provenance for cytoprotective
pathways in the kidney and other tissues. Kidney Int. 70, 432–443.

Peluso, M.R., 2006. Flavonoids attenuate cardiovascular disease, inhibit
phosphodiesterase, and modulate lipid homeostasis in adipose tissue and
liver. Exp. Biol. Med. (Maywood) 231, 1287–1299.

Ren, D., Lou, H., Ji, M., 2005. Studies on constituents of Dracocephalum
rupestra. Chin. Pharm. J. 40, 1695–1696.

Ren, D.M., Lou, H.X., Ma, B., Ji, M., 2003. Determination of naringenin-7-O-
glucoside and eriodictyol-7-O-glucoside in Dracocephalum rupestra and its
different parts by HPLC. Nat. Prod. Res. Dev. 15, 229–231.

Ryter, S.W., Alam, J., Choi, A.M., 2006. Heme oxygenase-1/carbon
monoxide: from basic science to therapeutic applications. Physiol. Rev.
86, 583–650.

Shan, K., Lincoff, A.M., Young, J.B., 1996. Anthracycline-induced cardiotoxi-
city. Ann. Intern. Med. 125, 47–58.

Spallarossa, P., Fabbi, P., Manca, V., Garibaldi, S., Ghigliotti, G., Barisione, C.,
Altieri, P., Patrone, F., Brunelli, C., Barsotti, A., 2005. Doxorubicin-induced
expression of LOX-1 in H9c2 cardiac muscle cells and its role in apoptosis.
Biochem. Biophys. Res. Commun. 335, 188–196.

Takemura, G., Fujiwara, H., 2007. Doxorubicin-induced cardiomyopathy from
the cardiotoxic mechanisms to management. Prog. Cardiovasc. Dis. 49,
330–352.

Wang, X.H., Wang, K., Zhang, F., Li, X.C., Qian, X.F., Cheng, F., Li, G.Q., Fan,
Y., 2004. Alleviating ischemia-reperfusion injury in aged rat liver by
induction of heme oxygenase-1. Transplant. Proc. 36, 2917–2923.

Wu, S., Ko, Y.S., Teng, M.S., Ko, Y.L., Hsu, L.A., Hsueh, C., Chou, Y.Y., Liew,
C.C., Lee, Y.S., 2002. Adriamycin-induced cardiomyocyte and endothelial
cell apoptosis: in vitro and in vivo studies. J. Mol. Cell Cardiol. 34,
1595–1607.

Wu, Z.Y., Li, X.W., 1977. Flora Reipularis Sinicase (Zhongguo Zhiwu Zhi),
vol. 65. Science Press, Beijing, pp. 378–380.

53X. Han et al. / European Journal of Pharmacology 581 (2008) 47–53


