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Doxorubicin (DOX) is a highly effective antineoplastic drug. However, DOX-induced apoptosis in
cardiomyocytes leads to irreversible degenerative cardiomyopathy and heart failure, which limits DOX
clinical application. Leonurine is a special alkaloid for Herba leonuri, a traditional herb with cardioprotective
effects. In current study, we investigated possible protective effects of Leonurine against DOX-induced
cardiomyopathy in H9c2 cells. DOX-injured H9c2 cell model was made by application of 2 µM DOX. Leonurine
was added to cells 2 h before DOX treatment. Pre-treated with Leonurine could attenuate DOX-induced
apoptotic death of H9c2 cell, reduce MDA formation and intracellular Ca2+ overload. Leonurine also
attenuated DOX-induced high expression of Bax, increased Bcl-2 expression in both protein and mRNA level.
Myocardial mitochondrion is the target organelle of DOX-induced toxicity in cardiomyocytes. Leonurine
moderated the dissipation of mitochondrial membrane potential (ΔΨm) caused by DOX treatment. Our
results indicated that Leonurine attenuated DOX-induced apoptosis in H9c2 cell by increasing anti-oxidant,
anti-apoptotic ability and protecting mitochondrial function.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
The anthracyclin drug doxorubicin (DOX) is a quinine-containing
antitumor antibiotic with broad antitumor spectrum. It is commonly
used to treat a variety of cancers, including severe leukemias,
lymphomas, and solid tumors (Young et al., 1981; Hortobagyi, 1997;
Singal and Iliskovic, 1998). Its clinical use is limited by its serious
cardiotoxicity: irreversible degenerative cardiomyopathy and heart
failure (Singal and Iliskovic, 1998). The mechanism of DOX-induced
cardiotoxicity has not been fully understood although it has been used
for more than 20 years. It is very different from its antineoplastic
activity, which occurs primarily through inhibition of topoisomerase II
and DNA synthesis (Myers, 1998). One hypothesis was that DOX-
induced cardiotoxicity is primarily mediated by the generation of
reactive oxygen species (ROS) in cardiomyocytes and increased
oxidative stress in the cardiomyocyte mitochondria (Myers et al.,
1977; Doroshow and Davies, 1986). Generation of ROS also resulted in
elevation of intracellular Ca2+- concentration ([Ca2+]i) (Kim et al.,
2006). Oxidative stress is now considered a major contributor as a
trigger for cardiomyocyte cell death by apoptosis or cell necrosis (Wu
et al., 2002; Li et al., 2006). These are mechanisms involved in DOX-
induced cardiotoxicity.

Herba leonuri, also named Chinese Motherwort, is a well-known
traditional Chinese medicine with versatile effects, including cardio-
protective effects (Liu et al., 2007). The major ingredients in H. leonuri
+86 21 64042268.
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include alkaloids, flavonoids, diterpenoids, saponin, proteins and so
on (Liu et al., 2007). Leonurine is a kind of alkaloid and it is special for
H. leonuri. Studies with purified HL extracts including Leonurine
demonstrated that H. leonuri had cardioprotective effects both in vivo
and in vitro (Sun et al., 2005). In this study, we used chemically
synthesized Leonurine to examine the effect of Leonurine with DOX-
injured H9c2 cell model. Our results indicated Leonurine had
protective effects against DOX-induced cell apoptosis.

2. Material and methods

2.1. Chemical synthesis of Leonurine

Leonurine was synthesized from syringic acid by carbonylation,
reaction with SOCl2, Gabriel reaction et al. (Zhu et al., 2005; Sugiura
et al., 1969). The structure of molecular was identified by 1H NMR, 13C
NMR and EIMS. HPLC analysis showed the purity was N99%.

2.2. Cell culture and viability assay

Rat embryonic ventricular myocardial H9c2 cell line and two kinds
of human carcinoma cell line (hepatoma HepG2 cell and oral
epidermoid carcinoma KB cell) were used in this study. Cells were
cultured in Dulbecco's modified Eagle's medium (DMEM, GIBCO,
Invitrogen, Carlsbad, California) containing 10% fetal bovine serum
(Invitrogen),100 U/ml penicillin, and 100 µg/ml streptomycin at 37 °C
in a humidified atmosphere of 5% CO2. Cells were always used at b80%
of confluence. Except additional statement, application of different
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concentrations of Leonurinewas performed 2 h before DOX treatment
in all experiments. Cells were cultured with 2 µM DOX (Sigma, St
Louis, Mo) for 24 h to make the cell injury model.

For viability assay, cells were seeded at densities of 4×104 cells/ml
forH9c2 cells,1×105 cells/ml forHepG2cells and 6×104 cells/ml forKB
cells into 96-well plates.1 µMDOXwasused forHepG2 cell. Cell viability
was measured by MTT assay by adding 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (250 µg/ml; Sigma, St Louis, Mo) for
4 h, and the optical density was read at 570 nmwith microplate reader
(Tecan infinite 200).

2.3. Fluorescent staining of nuclei

H9c2 nuclei were stained with chromatin dye (Hoechst 33258).
Briefly, cells were fixed with 3.7% paraformaldehyde for 10 min at
room temperature, washed twice with phosphate buffered solution
(PBS), and incubated with 10 µM Hoechst 33258 in PBS at room
temperature for 30min. After threewashes, cells were observed under
a confocal microscope (LSM 510, ZEISS).

2.4. Measurement of malonaldehyde (MDA) level

H9c2 cells were cultured in 6-well plates. A cell lysis buffer (RIPA
buffer, 150 mM NaCl, 1% N-40, 0.5% deoxycholate, 0.1% sodium
dodecylsulfate, 50 mM Tris-hydrochloric acid, 2 mM phenylmethylsul-
fonyl fluoride, and proteinase inhibitor cocktail, pH 7.4) was used to
collect cell samples. MDA level was detected with thiobarbituric acid-
reactive substances assay and the experiment was carried out with a
commercial kit (Jiancheng, Nanjing, China) according to the manufac-
turer's introduction. MDA values were expressed as nmol/g protein.

2.5. Measurement of [Ca2+]i

[Ca2+]i was measured using Ca2+ indicator Fluo 3-AM (Dojindo
Laboratoies). Briefly, H9c2 cells were collected by trypsinization and
centrifugation, and then loaded with Fluo 3-AM (3 µM) at 37 °C for
30 min. Excess extracellular dye was removed by washing three times
with PBS, and additional 30 min was allowed to hydrolyze Fluo 3-AM.
Changes in fluorescence intensity (FI) were determined at 480 nm
excitation/530 nmwithmicroplate reader (Tecan infinite 200). [Ca2+]i
was represented as the FI ratio comparing with normal cells.

2.6. Western blot analysis

Cultured H9c2 cells were harvested by scraping and centrifugation,
washed with PBS, and re-suspended in RIPA buffer. Soluble proteins
were collected by centrifugation at 12,000 g. Protein lysates were
subjected to 12% SDS-PAGE and transferred onto a PVDF membrane
(Millipore Corporation). After blocking with 5% skim milk, the
membranes were incubated with the respective primary antibodies
(Bcl-2, 1:200; Bax, 1:200, Santa Cruz, USA) in PBS 0.1% Tween-20
overnight at 4 °C. The membranes were then incubated with the
appropriate secondary horseradish peroxidase-conjugated anti-rabbit
IgG antibodies at a 1:10,000 dilution (Jackson ImmunoResearch
Laboratories Inc., USA). Immunoreactive proteins were then visualized
using ECL. The signals were quantified by densitometry using a
Western blotting detection system (Alpha Innotech, USA). GAPDH
served as the loading control.

2.7. RNA extraction, RT-PCR and semiquantitative analysis

Total RNA from cultured H9c2 cells was isolated using Trizol
(Invitrogen, Carlbad, CA) according to themanufacturer's instructions.
Reverse transcription (RT) was carried out with 2 µg total RNA and
Oligo dT primers using cDNA with PrimeScript™ 1st Strand cDNA
Synthesis Kit (TAKARA Bio, China). PCR reactions were performed
with Taq polymerase (TAKARA Bio, China) and the PCR products were
separated on a 2.0% agarose gel. The optical density of the bands were
visualized by and analyzed with Fluor Chem SP system (USA). The
level of expression of each gene was normalized by that of GAPDH.

Primer sequences are as follow: Bcl-2 5′-CGGGAGAACAGGGTATGA-
3′ and 5′-CAGGCTGGAAGGAGAAGAT-3′; Bax 5′-GCAGGGAGGATGGC-
TGGGGAGA-3′ and 5′-TCCAGACAAGCAGCCGCTCACG-3′; GAPDH 5′-
TTCAACGGCACAGTCAAGG-3′ and 5′-CGGCATGTCAGATCCACAA-3′.

2.8. JC-1 staining

Loss of mitochondrial membrane potential (ΔΨm) was assessed by
fluorescence microscope (IX71, Olympus) by 5,5′, 6,6′-tetrachloro-1, 1′,
3,3′-tetraethylbenzimidazole-carbocyanide iodine (JC-1; Beyotime,
China) staining. H9c2 cells were stained with JC-1 for 15 min at 37 °C
after 18 h incubation with 1 µM DOX. Cells on chamber slides were
scannedwith fluorescencemicroscope. Fluorescencewas analyzedwith
a Texas red-FITC filter cube. Red emission of the dye represented a
potential-dependent aggregation in the mitochondria, reflecting ΔΨm.
Green fluorescence represented themonomeric form of JC-1, appearing
in the cytosol aftermitochondrialmembranedepolarization. Cell treated
with 10 µM carbonyl cyanide m-chlorophenylhydrazone (CCCP) was
used as negative control. CCCP is a protonophore which can cause
dissipation of ΔΨm.

2.9. ΔΨm measurement

JC-1 was used to measure ΔΨm of H9c2 cells. Cells were seeded
into 6-well plates and exposed to 1 µM DOX for 18 h with or without
2 h pre-treatment of 10 µM Leonurine. Total cells were collected into
1.5 ml tubes and incubated with JC-1 for 20 min at 37 °C. The
fluorescence was detected with a microplate reader (Tecan infinite
200). The wavelengths of excitation and emission were 514 nm and
529 nm for detection of monomeric form of JC-1. 585 nm and 590 nm
were used to detect aggregation of JC-1. The ratio of aggregated JC-1
and monomeric JC-1 represented ΔΨm of H9c2 cells.

2.10. Statistical analysis

Values are shown as means±S.E.M. The significance of differences
between groups was evaluated with t tests or one-way ANOVA
followed by the Newman–Keuls multiple comparison tests. Values of
Pb0.05 were considered significant. All statistics were carried out
using SPSS 15.0 for Windows.

3. Results

3.1. Leonurine reduced DOX-induced H9c2 cell death

DOX treatment triggers H9c2 cell death. As shown in Fig. 1A, cell
viability fell to 35.6±0.5% with the exposure to 1 µMDOX for 24 h. Pre-
treatment with different concentrations of Leonurine could not reverse
DOX-induced cell death dramatically, but it could attenuate DOX
cytotoxicity. No clear dose response could be found from 1 µM to
100 µM. The viabilities were 50.9±5.6%, 50.6±3.7% and 48.7±1.9% for
Leonurine 1, 10, and 100 µM, respectively. Statistical difference could be
found while comparing with DOX treatment only (Pb0.05, n=3).
Similar result could be conformed by Hoechst staining (Fig. 1B). The
apoptosis nuclei were showed as bright ones. The number of apoptosis
cell was less in Leonurine pre-treated cell than in DOX group. Leonurine
could protect against DOX-induced apoptosis of H9c2 cells.

3.2. Leonurine reduced DOX-treated H9c2 cell's MDA level and [Ca2+]i

MDA is a product of lipid peroxidation. Results of cell MDA levels
were shown in Fig. 2A. MDA level was quite low in normal cells. DOX



Fig. 3. Effect of Leonurine on DOX-induced Bcl-2 and Bax mRNA expression change in
H9c2 cells. A. PCR products were electrophoresed on a 2% agarose gel. Lane 1: control;
lane 2: DOX; lane 3: Leo 1 µM; lane 4: Leo 10 µM. B. Normalized expression level. Data
are mean±S.E.M (n=3). #Pb0.05 vs. control; ⁎Pb0.05 vs. DOX.

Fig. 1. Effect of Leonurine (Leo) on DOX-induced H9c2 cell death. A. MTT assay.
Viabilities of H9c2 cells which were treated with 2 µM DOX for 24 h with or without
pre-treatment of different concentrations of Leo. Data are mean±S.E.M (n=3)
⁎Pb0.05 vs. DOX. B. Hoechst staining. DOX: cells were exposed to 1 µM DOX for 24 h;
Leo: cells were pre-treatedwith 10 µM Leo for 2 h before exposure to DOX. Arrows show
apoptotic cells. ×200.
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increased cell MDA level significantly, indicating the high oxidative
stress caused by DOX treatment. Leonurine could depress the DOX-
induced formation of MDA (Pb0.05). Our result suggested the anti-
oxidant effect of Leonurine. Similar result was found in [Ca2+]i. DOX
Fig. 2. Treatment of Leonurine inhibited DOX-induced MDA formation and [Ca2+]i
overload. A. MDA level. B. Relative Ca2+ concentration. Data are mean±S.E.M (n=3).
#Pb0.05 vs. control; ⁎Pb0.05 vs. DOX.
treatment increased [Ca2+]i (Fig. 2B). Pretreatment of Leonurine
inhibited DOX-induced [Ca2+]i rise in a dose-dependent manner.
Significant difference was determined in 10 µM Leonurine (Pb0.05).

3.3. Expression of Bcl-2 and Bax

Expression levels of apoptosis-related proteins were examined at
both protein and mRNA level. Bcl-2 protein is known to promote cell
survival as well as to suppress cell death by various apoptotic stimuli
(Sutton et al., 1997). Bax, a propoptotic protein, can integrate into the
outer mitochondrial membrane in response to apoptotic stimuli
inducing cytochrome c release via mitochondrial permeability transi-
tion pore (MPTP) formation (Antonsson, 2004). In this study, DOX-
induced apoptosis accompanying with decreased the expression of
Bcl-2 (protein level: 0.85±0.08; mRNA level: 0.84±0.09) and
increased the Bax expression (protein level: 1.21±0.05; mRNA
level: 1.21±0.05) (Figs. 3 and 4). The change of Bax was statistically
significant (Pb0.05). Pre-treatment with 1 µM or 10 µM Leonurine
Fig. 4. Effect of Leonurine on DOX-induced Bcl-2 and Bax protein expression change in
H9c2 cells. Detail information is as defined in Fig. 3 legend.



Fig. 6. Effect of Leonurine on DOX's antineoplastic activity. HepG2 and KB cell viabilities
after DOX treatment for 24 h with or without pre-treatment of different concentrations
of Leo. Data are mean±S.E.M (n=3).
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prevented the decrease in the expression of Bcl-2 protein (1 µM: 1.01±
0.16; 10 µM: 1.35±0.04, Pb0.05, vs. DOX) whereas it suppressed the
increase of Bax expression (1 µM: 0.93±0.10; 10 µM: 0.85±0.06, both
Pb0.05, vs. DOX). The changes of mRNA expression level were
coordinative with the results of protein. Our results indicated that Leo-
nurine had anti-apoptotic effect. High dose Leonurine (10 µM) had a
marked effect.

3.4. ΔΨm in H9c2 cells

JC-1 could aggregate in normal mitochondria and present red
fluorescence (Fig. 5A). Exposure of H9c2 cells to DOX (1 µM) for 18 h
resulted in dissipation of ΔΨm, which was shown as increased green
fluorescence (Fig. 5B) by JC-1 staining. Pre-treated with Leonurine
(10 µM) could moderate the dissipation indicating the protective
effect of Leonurine (Fig. 5C). CCCP renders the mitochondrial inner
membrane permeable to protons and causes dissipation of the proton
gradient across the innermitochondrial membrane (Fig. 5D). The ratio
of red and green fluorescence also used to demonstrate DOX's toxicity
in mitochondria and the protective effect of Leonurine (Fig. 5E). In
Fig. 5. Effect of Leonurine on DOX-induced dissipation of ΔΨm in H9c2 cells. Red
fluorescence represents the mitochondrial aggregate form of JC-1, indicating intact
mitochondrial membrane potential. Green fluorescence represents the monomeric
form of JC-1, indicating dissipation of ΔΨm. A. normal cells; B. DOX treated cells; C. pre-
treated with 10 µM Leo before DOX treatment; D. CCCP treated cells. ×200. E. Ratio of
red fluorescence to green fluorescence. Data are mean±S.E.M (n=6). #Pb0.05 vs.
control; ⁎Pb0.05 vs. DOX.
normal cells, JC-1 aggregated inmitochondria and the ratiowas 58.49±
1.91. DOX treated cells showed the lower ratio (38.28±2.64, Pb0.05, vs.
control, n=6) because monomeric form JC-1 appeared in cytosol,
which indicated the dissipation of ΔΨm. Cells pre-treated with Leo-
nurine demonstrated attenuation of the dissipation of ΔΨm (48.74±
1.88, Pb0.05, vs. control and DOX, n=6).

3.5. Antineoplastic activity of DOX

HepG2 and KB cells were used to determine the effect of Leonurine
on DOX's antineoplastic activity. For the two cell lines, the viabilities of
Leonurine pre-treated cells were 40.9±3.8% and 47.1±2.7%, 37.5±
6.0% and 44.6±1.4%, 35.2±8.9% and 49.3±1.9% for 1 µM, 10 µM and
100 µM Leonurine respectively. As shown in Fig. 6, no significant
difference could be found comparing with DOX treatment only (49.6±
3.6% and 53.3±6.4%). Combining with high concentration of Leonurine,
DOX seemed to have stronger antineoplastic effect. Our results indicated
that pre-treatment of Leonurine did not affect the antineoplastic activity
of DOX on these two carcinoma cell lines.

4. Discussion

In the present study, we examined the protective effect of Leo-
nurine against DOX-induced cardiotoxicity with an in vitro model of
H9c2 cell line. Pre-treated with Leonurine could attenuate DOX-
induced apoptotic death of H9c2 cell, reduce MDA formation and
inhibit [Ca2+]i elevation. The increased expression level of Bcl-2 and
decreased level of Bax indicated that pharmacological precondition-
ing with Leonurine could enhance cell anti-apoptotic effect. Leonurine
also inhibited DOX-induced ΔΨm dissipation. The increased anti-
oxidant effect, anti-apoptotic effect and mitochondrial protective
effect were leading to Leonurine's protective effect. However, pre-
treatment of Leonurine did not reduce the antineoplastic activity of
DOX.

The target organelle of DOX-induced toxicity in cardiomyocytes is
mitochondria. DOX accumulated inmitochondria and themitochondrial
concentration of DOX was several folds greater than the simultaneous
clinical relevant serum concentration (Konorev et al., 1999), which leads
to increased oxidative stress. DOX-induced cardiotoxicity is known to be
causedmainlybyROSgeneration (Singal et al.,1997). Thequininemoiety
of DOX is prone to the generation of ROS through enzymatic mechanism
in mitochondrial respiratory chain (Shadle et al., 2000). DOX mediated
alteration of Ca2+ homeostasis is another possible mechanisms of
cardiotoxicity. Studies have demonstrated that DOX-induced ROS
generation and apoptosis were inhibited by reducing [Ca2+]i level
using a Ca2+ chelator (Kalivendi et al., 2001; 2005). Increase of [Ca2+]i
level could induce alteration of energy metabolism and promote ROS
generation (Przygodzki et al., 2005). ROS and Ca2+ are two highly
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correlative key roles in DOX-induced cardiotoxicity. Another work of our
group demonstrated the anti-oxidant effect of Leonurine using hypoxia
model (Liu et al., in press). Chen's study showed that Leonurine could
cause endothelium-independent vasorelaxation by inhibiting the Ca2+

influx and the release of intracellular Ca2+ (Chen and Kwan, 2001; Chen
et al., 2001). In the present study, Leonurine reduced lipid peroxidation
product MDA formation. It presented an indirect proof of Leonurine's
anti-oxidant effect. Leonurine also inhibited [Ca2+]i overload. These
results highlight the protective effect of Leonurine.

ROS and Ca2+ are two factors which may trigger cardiomyocyte
apoptosis. Cardiomyocyte apoptosis has been reported in a variety of
cardiovascular diseases, including myocardial infarction, end-stage
heart failure, arrhythmogenic right ventricular dysplasia and DOX-
induced cardiomyopathy (Gustafsson and Gottlieb, 2003). DOX-
induced accumulation of ROS in mitochondria results in dissipation
of the ΔΨm, direct activation of the MPTP, cytochrome c release
followed by caspase-3 activation and DNA fragmentation (Childs et
al., 2002). Mitochondrial fragmentation during apoptosis was
connected with the collapse of the ΔΨm that was considered
a point of no return (irreversible point) in the death cascade
(Zamzami et al., 1995). Members of the Bcl-2 family of proteins are
major regulators of mitochondrial cytochrome c release and down-
stream caspase activation and as such play an important role in the
regulation of cardiomyocyte apoptosis (Sugioka et al., 2003;
Kunisada et al., 2002). The family includes pro-apoptotic (e.g. Bax
and Bid) and anti-apoptotic (e.g. Bcl-2 and Bcl-xL) members. Bcl-2 is
regarded as an important cellular component and it could guard
against apoptotic cell death. Bcl-2 prevents the release from
mitochondria into the cytosol of apoptogenic factors, including
cytochrome c and apoptosis inducing factor. Overexpression of anti-
apoptotic members of Bcl-2 family of proteins has previously been
shown to protect cardiomyocytes from DOX (Chen et al., 2001). Its
anti-apoptotic functions can be antagonized by pro-apoptotic
proteins e.g. Bax. In the present study, DOX treatment induced
apoptosis in H9c2 cells with down-regulated Bcl-2 expression and
increased Bax expression. ΔΨm dissipation presented the dysfunc-
tion of mitochondria. Pre-treatment with Leonurine failed to reverse
the apoptotic effect of DOX dramatically, but it attenuated DOX-
induced high expression of Bax, increased Bcl-2 expression, and
ameliorated apoptosis.

Besides its therapeutic effect, DOX gives researchers a typical
myocardic injury model. Significant efforts have been performed to
decrease DOX-induced cardiotoxicity and enhance its antineoplastic
efficacy. Plants with antioxidative properties have been shown to
have protective effect against DOX-induced cardiotoxicity, such as
plantainoside D, which was isolated from the leaves of Picrorhiza
scrophulariiflora (Kim et al., 2007). Flavonoids, one of the major
components of HL, have been reported to have protective effects
against cardiomyopathy and cardiomyocyte apoptosis induced by
DOX (Bagchi et al., 2003). Leonurine is an important alkaloid of HL.
Its cardioprotective effect may act as a synergistic effect with other
components of HL. The antineoplastic activity study showed that
Leonurine did not affect DOX's anticancer effect in some solid
carcinoma cell lines.

In the present study, we showed the cardioprotective effect of
Leonurine against DOX-induced cardiotoxicity. The protective effect is
associated with the increased anti-apoptotic effect. Thereby, herbal
medicine is a valuable resource for seeking cardioprotective drug and
HL might be one of the good candidates.
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