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The aim of the present study was to investigate the protective effect of hypaconitine on apoptosis 
induced by H2O2 and the underlying molecular mechanism in cardiac myocytes. First, cardiac myocytes 
were pretreated with different concentrations (0, 62.5, 125, and 250 ng/ml) of hypaconitine before 
exposure to 100 µM H2O2. Cell viability, apoptosis, and activation of caspase-3 and -9, p38 mitogen-
activated protein kinases (MAPK), and nuclear factor κB (NF-κB) p65 protein were examined. In our 
study, H2O2 treatment resulted in a dose-dependent increase in the number of apoptotic cells. In 
addition, caspase-3 and -9, total and phorspho-p38 MAPK and phorspho-NF-κB p65, measured by 
western blot, were markedly activated by H2O2 treatment and, apoptosis induced by H2O2 was 
significantly reduced by pretreatment with hypaconitine in a dose-dependent manner. Similarly, the 
activation of caspase-3 and -9, phorspho-p38 MAPK, and phorspho-NF-κB p65 was blocked by 
hypaconitine; the strongest effect was observed at 250 ng/ml. In conclusion, in this study, we first 
demonstrated that hypaconitine protects cardiac myocytes from apoptosis triggered by H2O2 in a dose-
dependent manner ranging from 62.5 to 250 ng/ml. In addition, our results, at least partially, showed 
that hypaconitine inhibited cell apoptosis via blocking the activation of 3 important signaling pathways, 
MAPK pathway, NF-κB pathway, and caspase pathway, mediated by H2O2. 
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INTRODUCTION 
 

Heart failure is a leading cause of morbidity and mortality 
worldwide, and is accompanied by progressive left 
ventricular remodeling characterized by hypertrophy of 
the myocytes, impaired vascularization in the heart, 
abnormal extracellular matrix composition (fibrosis), and 
elevated cardiac myocytes cell death (Eguchi et al., 
2008). In heart failure after pressure-overload-induced 
cardiac hypertrophy, apoptosis of cardiac myocytes is 
proposed to be a critical point in the transition between 
compensatory hypertrophy and heart failure (Yamaguchi 
et al., 2003). Much attention has therefore focused on the  
 
 
 
*Corresponding author. E-mail: fangkun2010@hotmail.com. 

role of apoptosis  and/or  necrosis  of  contractile  cardiac 
myocytes in the development of cardiac pathologies 
(Clerk et al., 2007). 

Oxidative stress is considered a major apoptotic 
stimulus in many cardiovascular diseases, and reactive 
oxygen species (ROS) can, in fact, trigger myocyte 
apoptosis by upregulating proapoptotic genes, which are 
inhibited by antioxidants (Xu and Wang, 2008). In vitro 
and in vivo studies have demonstrated that generation of 
reactive oxygen species (ROS) may activate necrosis, 
apoptosis, even hypertrophy in cardiac myocytes (Sheng 
et al., 2007). Furthermore, caspase, nuclear factor κB 
(NF-κB), and p38 mitogen-activated protein kinases 
(MAPK) signaling pathways are suggested to be involved 
in  cardiac  myocytes  apoptosis   (Zhuang   et al.,   2007;  
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Wang et al., 1998). Convincing data has been 
accumulated in the treatment of oxidative  stress-induced 
cell injury by using natural products or plant extracts. For 
example, the investigations by Tuo et al. (2004) have 
demonstrated that onychin could exhibit a protective 
effect against lysophosphotidylcholine-mediated 
cardiovascular injury by preserving endothelium-
dependent relaxation of rabbit aortic rings. Hypaconitine 
is a constituent of the aconite root, a traditional Chinese 
medicine that has been frequently prescribed to relieve 
muscular pain. In addition, it was concluded that 
hypaconitine, not aconitine, was the main constituent 
responsible for the action of the aconite root (Kimura et 
al., 1998; Muroi et al., 1990). Because higher doses of 
hypaconitine exhibit neuromuscular blocking effects that 
help relieve muscular pain, many studies focused their 
attention on its nerve toxicity (Kimura et al., 1998; Muroi 
et al., 1990), and few studies have focused on its 
beneficial effect on cardiac myocytes and the underlying 
mechanism. 

In the present report, we first investigated whether 
hypaconitine was involved in the protection of cardiac 
myocytes from H2O2-induced apoptosis. To explore the 
molecular mechanisms involved in the antiapoptotic 
effect of aconitine, the present study further examined 
how hypaconitine modulated the activity of MAP kinases 
and NF-κB p65 and the expression of cleaved caspase-3 
or -9 involved in oxidant-triggered apoptosis. 

 
 
MATERIALS AND METHODS 

 
All cell culture medium components were purchased from Invitrogen 

Life Technologies unless otherwise noted. H2O2 was purchased 
from Sigma (St. Louis, MO, USA) and prepared immediately in 
phosphate buffered saline (PBS) at 10, 25, 50, 100, 200, or 400 µM 
before use. Hypaconitine (Lot number 6798–9403, Beijing Drug 
Administration, Beijing, China, purity≥98%) was dissolved in 
Dulbecco’s modified Eagle’s medium (DMEM) at 2000 ng/ml. It was 
diluted to 62.5, 125, 250, 500, 1000, and 2000 ng/ml, respectively 
as final concentrations. Annexin V/FITC Kit was purchased from 
Bender MedSystems GmbH (Vienna, Austria). Antibodies used in 

the western blot analysis were rabbit anti-active caspase-3 and 
caspase-9 polyclonal antibodies (Chemicon, CA, USA) recognizing 
only the cleaved large subunit (17 kDa of caspase-3 and 37 kDa of 
caspase-9) and rabbit polyclonal antibody against β-actin was 
purchased from Santa Cruz Biotechnology, Inc., USA (43 kDa ). 
Phospho-p38 MAPK (38 kDa), total p38 MAPK (38 kDa) and 
phospho-NF-κB p65 (65 kDa, recognizing phosphorylation at the 
Ser536 position) were from Cell Signal (Beverly, MA, USA).  

 
 
Cell culture 

 
H9c2 cells, a clonal line of cardiac myocytes derived from 
embryonic rat heart tissue, were purchased from the American Type 
Culture Collection (ATCC, Manassas, VA, USA). Following the 
protocol provided by ATCC, the cells were cultured in complete 
medium consisting of Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% fetal bovine serum (FBS), 4 mM L-
glutamine adjusted to contain  1.5 g/L  sodium  bicarbonate,  4.5 g/L  

  
 
 
 
glucose, and 1% (v/v) penicillin and streptomycin. The cultures 
were maintained at 37°C in a 5% CO2 humidified atmosphere. 
 
 
Cell viability assay (MTS) 
 

Cell viability was quantified on the basis of metabolic activity with 
the MTS assay (Promega, Madison, WI) according to the 
manufacturer’s protocol. Cardiac myocytes were seeded at a 
density of 5 × 10

4
/well in a 96-well plate in DMEM with 5% FBS. 

The cultures were incubated for 3 h at 37°C in serum-free medium 
containing 20 μl/well of the MTS tetrazolium compound. The 
absorbance of formazan products was photometrically measured at 

490 nm with a microplate reader. The cell viability was expressed 
as absorbance (OD). 
 
 
Flow cytometry analysis 
 
Recovery of the cells was monitored by examining the levels of 
apoptosis. Annexin V binding and propidium iodine (PI) staining 
was determined by flow cytometry. The cells were washed with ice-

cold PBS and double stained with FITC-coupled Annexin V protein 
and PI for 20 min. Flow cytometry was performed with a 488-nm 
laser coupled to a cell sorter (FacsCalibur; BD Biosciences, San 
Jose, CA). Cells stained with both PI and Annexin V were 
considered necrotic and cells stained only with Annexin V were 
considered apoptotic. 
 
 
Western blot analysis 

 

The expression of caspase-3, caspase-9, phospho-p38 MAPK, total 
p38 MAPK, and phosphor-NF-κB p65 was detected by western blot. 
Cells were washed with PBS (4°C) and harvested under non-
denaturing conditions by incubation (4°C/5 minutes) with lysis buffer 
as described above. Western blot was performed as described 
above. The immuno-blot was incubated for 16 h with monoclonal 
anti-β-actin antibody, rabbit anti-cleaved caspase-3 and -9, p38 

MAPK, antiphospho-p38 MAPK antibody, and rabbit antiphospho-
NF-κB p65 antibody in PBS-Tween. The membrane was washed 
and incubated for 2 h at room temperature with a peroxidase-
labeled goat anti-rabbit or anti-mouse immunoglobulin. After further 
washing, the proteins were detected by ECL chemiluminescence 
(from Amersham International, England). For the semi-quantitative 
determination of protein expression, western blotting images of 
some experiments were scanned on a flatbed scanner and the 
density of the bands were quantitated using ImageQuant software 
(Molecular Dynamic, Sunnyvale, CA). Densitometry results were 
reported as percentages of medium control after normalization with 
the average arbitrary integrated values of the β-actin signal. 
 
 
Statistical analysis 
 

The results were expressed as the mean ± SD. For multiple 
comparisons, data were subjected to one-way ANOVA followed by 
Fisher’s multiple comparison test. p < 0.05 was considered 
statistically significant.  

 
 
RESULTS 
 
Effects of H2O2 on apoptosis of cardiac myocytes 
 
A  number  of  studies  have  shown  that   H2O2,   as   an  
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Figure 1.  H2O2-induced apoptosis in a dose-dependent manner in H9c2 cells. 

 
 
 
example of oxidative stress, induces apoptosis of cardiac 
myocyte in vitro (Aoki et al., 2002). Moreover, cell 
apoptosis measurement determined the optimum 
concentration of H2O2 that induces apoptosis in our cell 
model. In the initial study, H9c2 cells were exposed to 
increasing concentrations (0~400 µM) of H2O2 for 24 h. 
As shown in Figure 1, the percentage of apoptotic cells 
was 1.51% in the absence of H2O2, and steadily 
increased to 13.26% when the cells were exposed to 25 
µM; 94.2% of cells were apoptotic when treated with 400 
µM. At 100 µM, the percentage of apoptotic cells was 
43.72%. 
 
 
Effect of hypaconitine on the viability of cardiac 
myocytes 
 
In the initial experiments, 100 µM H2O2 was the optimal 
concentration. Next, we wanted to identify the safe 
dosage of hypaconitine in cardiac myocytes. The 
cytotoxic effects of hypaconitine were evaluated by the 
MTS assay 24 h after the treatment of H9c2 cells with 
concentrations of hypaconitine ranging from 0 to 2000 
ng/ml. Although no cytotoxicity was evident at 
concentrations below 250 ng/ml, there was a significant 
(p = 0.00) dose-dependent decrease in cell number at 
concentrations above 250 ng/ml; 2000 ng/ml resulted in 
more than 50% loss in cell viability compared to the basal 

level (Figure 2). In the end, we used hypaconitine in our 
following experiments at concentrations of 62.5, 125, and 
250 ng/ml. 
 
 
Hypaconitine blocked H9c2 cells apoptosis and the 
decrease in viability induced by H2O2 

 
To assess the effect of hypaconitine on H2O2-induced 
decreased viability and apoptosis, cells were randomly 
divided into 6 study groups and then incubated for 24 h 
(Table 1). In this part, the exposure of H9c2 cells to 100 
µM H2O2 for 24 h resulted in an obvious decrease in cell 
viability as measured by MTS, p=0.000 vs group1 (Figure 
3). When the cells were pretreated with hypaconitine 
(0~250 ng/ml) for 2 h, the cell damage was significantly 
attenuated in a concentration-dependent manner (p = 
0.000 every group vs the group2) and reached the best 
protective effect at 250 ng/ml (Figure 3). In other words, 
pretreatment with hypaconitine (0~250 ng/ml) dose-
dependently inhibited H2O2-induced H9c2 cell injury. 
When H9c2 cell apoptosis was quantified by flow 
cytometry, the control group had 2.54± 0.23% of cells 
were in the early phase of apoptosis (Annexin V-positive 
and PI-negative) (Figure. 4). An increase in the number of 
apoptotic cells (45.98± 4.94%) was observed in the H2O2 
alone-treated group with a lower number of living cells. 
Pretreatment with hypaconitine (62.5, 125, 250 ng/ml)  for  
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Figure 2. Confirmation of the safe dose of hypaconitine in H9c2 cells. 

 
 
 

Table 1. Groups in different culture conditions in this study. 

 

Condition/group 1 2 3 4 5 6 

H2O2 (µM) 0 100 100 100 100 0 

Hypaconitine (ng/ml) 0 0 62.5 125 250 250 

 
 
 

 

  
  
A

b
s
o

rb
a
n

c
e

 a
t 

4
9

0
 n

m
 (

O
D

) 

 
 
Figure 3. Cytoprotective effect of hypaconitine on decreased H2O2-induced cell viability. 
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Figure 4. Inhibition of H2O2-triggered apoptosis by hypaconitine. 

 
 
 
2 h decreased the apoptotic rate to 32.07± 3.92, 
20.72±3.69, and 7.85±0.91%, respectively (Figure 4). 
Moreover, administration of hypaconitine (250 ng/ml) 
alone caused not only no alteration in cell viability but 
also no changes in the percentage of living and apoptotic 
cells compared to normal control values.  
 
 
Mechanism of hypaconitine defending against 
oxidative injury of H9c2 induced by H2O2 

 
Cell fate in response to severe stress will depend on the 
balance between antiapoptotic and proapoptotic factors 
(Cieslak and Lazou, 2007). Our foregoing data showed 
that hypaconitine pretreatment enhanced the H2O2-
induced suppressed viability and decreased apoptosis. 
To further confirm that hypaconitine possesses 
antiapoptotic properties in cardiac myocytes under 
oxidative stress and to explore its signaling pathways, 
cleaved caspase-3 and -9, and phosphorylation of p38 
MAPK  and   NF-κB   p65   were  examined   by   western 

blotting. Figure 5A to C show that H2O2 stimulation 
triggered the activation of the above signaling molecules, 
as assessed by their protein levels using specific 
antibodies. These data indicated that apoptosis 
increasing was induced by H2O2 in a dose-dependent 
manner and it followed the activity increasing of the 
caspase-, p38 MAPK-, and NF-κB-dependent pathway in 
H9c2 cells. However, the expression of caspase-9 and -3 
decreased significantly when hypaconitine was used 
before treatment with H2O2 (Figure 5A), which showed 
that hypaconitine could protect against oxidative injury, at 
least partially, via reducing cleavage of caspase-3 and -9. 

In agreement with the data of caspase-3 and -9, protein 
expression studies showed that hypaconitine reduced the 
enhancement of phospho-NF-κB p65 protein levels 
(Figure 5C) and the phospho-p38/p38 MAPK ratio (Figure 
5B) induced by H2O2 in cardiac myocytes in a dose-
dependent manner. In addition, hypaconitine treatment 
alone did not influence these protein levels (Figure 5A to 
C). These data suggest that hypaconitine will also exert 
its antiapoptotic effect by decreasing phospho-NF-κB p65  
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Figure 5. Effect of hypaconitine on H2O2 induced early 
intracellular signaling events.           

 
 
 
protein levels and the phospho-p38/p38 MAPK ratio in 
oxidatively stressed cardiac myocytes. 
 
 
DISCUSSION 
 
Heart failure is a common end-stage event resulting from 
various cardiovascular diseases, and it is now well 
established that apoptosis of cardiac myocytes is an 
important component of cardiac remodeling, ultimately 
leading to heart failure (Eguchi et al., 2008). Oxidative 
stress has been shown to trigger apoptosis of cardiac 
myocytes in myocardial infarction, ischemia-reperfusion 
injury, cardiomyopathy, atherosclerosis, and heart failure 
(Wang et al., 2005; Haunstetter and Izumo, 1998). This 
study was undertaken to examine the effect of 
hypaconitine on H2O2-induced apoptosis of H9c2 cells 
and the possible molecular mechanisms involved. 

It is widely accepted that high concentrations of H2O2 or  

 
 
 
 
high levels of oxidative stress promote cardiac myocyte 
death, but some groups have reported that lower, 
nontoxic concentrations of H2O2 promote cytoprotection 
or growth (Clerk et al., 2007). Similarly, in our study, 
when cardiac myocytes were exposed to increasing 
concentrations of H2O2 ranging from 25 to 400 µM for 24 
h, the percentage of apoptotic cells (assessed by annexin 
V binding and PI staining) was significantly increased 
from 13.26 to 94.2% in a dose-dependent manner. As 
shown in Figure 1, H2O2 at 10 µM had no effect on cell 
survival (1.87% apoptotic cells vs. 1.51% H2O2-untreated 
cells), and we did not observe any cell-growth promoting 
effect. Maybe, this effect will be noticed at a 
concentration below 10 µM. H2O2 used at a concentration 
of 100 µM in this study, which has been reported to be in 
the range that mainly induces cell apoptosis but little 
necrosis (Xu and Wang, 2008), caused 43.72% apoptosis 
of cardiac myocytes in our study. Thus, in our 
subsequent study, 100 µM was chosen as the optimal 
concentration. 

Traditionally, hypaconitine from Fuzi is decocted with 
other herbal medicines, such as Panax ginseng, and is 
generally used in heart failure and other kinds of heart 
diseases (Luo et al., 2008). In the present study 
demonstrated, for the first time, a direct antiapoptotic 
effect of hypaconitine in cultured H9c2 cells. In H2O2-
induced cell injury, when H9c2 cells were preincubated 
with hypaconitine for 2 h, the safe concentration of 62.5-
250 ng/ml of hypaconitine considerably boosted cell 
viability determined by the MTS assay. Meanwhile, 
hypaconitine significantly reduced the apoptotic rate of 
H9c2 cells as demonstrated in Figures 3 and 4. This 
effect became even more apparent when the 
concentration of hypaconitine increased from 62.5 to 250 
ng/ml, which caused significant reduction of cell death 
compared with the cells treated with H2O2 only. 

Furthermore, we showed that the 3 important signaling 
pathways involving p38 MAPK, NF-κB, and caspase 
activated by H2O2 were inhibited by hypaconitine in 
oxidatively stressed cardiac myocytes. Functionally, 
caspase-3 is a critical effector caspase of the apoptotic 
process and caspase-9 is an initiator of caspase-3 in the 
mitochondria-dependent pathway (Jiang et al., 2005). In 
our present study, H2O2 treatment significantly activated 
caspase-9 and caspase-3 in H9c2 cells. However, 
western blot analysis also showed that hypaconitine 
pretreatment remarkably suppressed proteolytic 
activation of caspase-3 and caspase-9 (Figure 5A). 
Further, oxidants can trigger the activation of multiple 
signaling pathways including the phosphorylation 
cascades leading to the activation of MAPKs, NF-κB 
(Wang et al., 1998) and the expression enhancing of Bax 
(Wu and Hu, 2011). Previous studies have shown that 
p38 MAPK is a downstream effector of the H2O2-induced 
apoptotic process (Tuo et al., 2004). Several groups 
observed increased p38 MAPK activity with apoptosis in 
stressed  H9c2  cells,  neonatal  cardiac  myocytes,  adult  



 
 
 
 
myocytes, and reperfused hearts. These results suggest 
that p38 MAPK may play a critical role in the 
development of cardiac apoptosis (He et al., 1999; 
Hreniuk et al., 2001; Yue et al., 2000). Consistent with 
these results, in our study, robust phospho-p38 MAPK 
was activated by H2O2 in H9c2 cells (Figure 5B). Among 
the potential MAPK-regulated transcription factors, NF-κB 
is known to be activated in response to oxidative stress 
(Wang et al., 1998). Although most published reports 
have provided evidence suggesting that NF-κB is 
antiapoptotic, whether this transcription factor acts as a 
proapoptotic or antiapoptotic factor may depend on the 
cell type and the activating pathway (Wang et al., 1998). 
It was therefore of interest to determine the effect of NF-
κB on the cellular response to H2O2 in our model. In 
keeping with our previous data, treatment with H2O2 also 
resulted in the remarkable activation of phospho-NF-κB 
p65 in our cells as shown in Figure 5C and, both the 
activation of phospho-p38 MAPK and phospho-NF-κB 
p65 were significantly suppressed by hypaconitine 
pretreatment in a dosage-dependent manner. The level 
of phospho-p38 MAPK and phospho-NF-κB p65 returned 
almost completely to the normal level when the 
concentration of hypaconitine was 250 ng/ml (Figure 5B 
and C). Further, hypaconitine treatment alone did not 
affect the protein level of cleaved caspase-3 and -9, the 
ratio of phospho-p38/p38 MAPK, and the protein level of 
phospho-NF-κB p65 (Figure 5A to C).  

In conclusion, the results of our study demonstrated 
that hypaconitine protects cardiac myocytes in a dose-
dependent manner against H2O2-mediated cytotoxicity 
and apoptosis. We clearly showed that hypaconitine 
inhibited apoptotic cell death in part mediated via 
activation of 3 important signaling pathways, MAPK 
pathway, NF-κB pathway, and caspase pathway, which 
are triggered by H2O2. Thus, hypaconitine may be an 
effective drug for protection cardiac myocytes from 
apoptosis in treating heart failure. 
 
 
ACKNOWLEDGEMENTS 
 
This work was supported by grants from the Traditional 
Chinese Medicine Foundation (NO. 2008CA047 and 
NO.2006Y007), and the Medical and Health Science 
Foundation (No. 2006B033) of Health Bureau of 
Hangzhou, China. 
 
 
REFERENCES 

 
Aoki H, Kang PM, Hampe J, Yoshimura K, Noma T, Matsuzaki M, 

Izumo S (2002). Direct activation of mitochondrial apoptosis 

machinery by c-Jun N-terminal kinase in adult cardiacmyocytes. J. 
Biol. Chem., 277(12): 10244-10250. 

Cieslak D, Lazou A (2007). Regulation of BAD Protein by PKA, PKCδ 

and phosphatases in adult Rat cardiac myocytes subjected to 
oxidative stress. Mol. Cells, 24(2): 224-231. 

 

 

Li et al.          819 
 
 
 
Clerk A, Kemp TJ, Zoumpoulidou G, Sugden PH (2007). Cardiac 

myocyte gene expression profiling during H2O2-induced apoptosis. 
Physiol. Genomics, 29(2): 118-127. 

Eguchi M, Liu Y, Shin EJ, Sweeney G (2008). Leptin protects H9c2 rat 
cardiomyocytes from H2O2-induced apoptosis. F.E.B.S. J., 275(12): 
3136-3144. 

Haunstetter A, Izumo S (1998). Apoptosis: basic mechanisms and 
implications for cardiovascular disease. Circ. Res., 82(11): 1111-
1129. 

He H, Li HL, Lin A, Gottlieb RA (1999). Activation of the JNK pathway is 
important for cardiomyocyte death in response to simulated ischemia. 
Cell Death Differ., 6(10): 987-991. 

Hreniuk D, Garay M, Gaarde W, Monia BP, McKay RA, Cioffi CL 
(2001). Inhibition of c-Jun  N-terminal kinase 1, but not c-Jun N-
terminal kinase 2, suppresses apoptosis induced by 

ischemia/reoxygenation in rat cardiac myocytes. Mol. Pharmacol., 
59(4): 867-874. 

Jiang B, Xiao W, Shi Y, Liu M, Xiao X (2005). Heat shock pretreatment 

inhibited the release of Smac/DIABLO from mitochondria and 
apoptosis induced by hydrogen peroxide in cardiomyocytes and 
C2C12 myogenic cells. Cell Stress Chaperones., 10(3): 252-262. 

Kimura M, Muroi M, Kimura I, Sakai S, Kitagawa I (1998). Hypaconitine, 
the dominant constituent responsible for the neuromuscular blocking 
action of the Japanese-sino medicine "Bushi" (aconite root). Jpn. J. 

Pharmacol., 48(2): 290-293. 
Luo J, Min S, Wei K, Cao J (2008). Ion channel mechanism and 

ingredient bases of Shenfu Decoction's cardiac electrophysiological 

effects. J. Ethnopharmacol., 117(3): 439-445. 
Muroi M, Kimura I, Kimura M (1990). Blocking effects of hypaconitine 

and aconitine on nerve action potentials in phrenic nerve-diaphragm 

muscles of mice. Neuropharmacol., 29(6): 567 -572. 
Sheng R, Gu ZL, Xie ML, Zhou WX, Guo CY (2007). EGCG inhibits 

cardiomyocyte apoptosis in pressure overload-induced cardiac 

hypertrophy and protects cardiomyocytes from oxidative stress in 
rats. Acta Pharmacol. Sin., 28(2): 191-201. 

Tuo QH, Wang C, Yan FX, Liao DF (2004). MAPK pathway mediates 

the protective effects of onychin on oxidative stress-induced 
apoptosis in ECV304 endothelial cells. Life Sci., 76(5): 487-497. 

Wang X, Martindale JL, Liu Y, Holbrook NJ (1998). The cellular 

response to Oxidative stress: influences of mitogen-activated protein 
kinase signalling pathways on cell survival. Biochem. J., 333(Pt2): 

291-300. 

Wang X, Takahashi N, Uramoto H, Okada Y (2005). Chloride channel 
inhibition prevents ROS dependent apoptosis induced by ischemia-
reperfusion in mouse cardiomyocytes. Cell Physiol. Biochem., 16(4-

6): 147-154. 
Wu X, Hu J (2011). Pretreatment with astragaloside IV protects H9c2 

cells against hydrogen  peroxide-induced apoptosis by scavenging of 
reactive oxygen species and regulation of Bcl-2 and Bax expression. 

J. Med. Plants Res., 5(14): 3304-3311.  
Xu JJ, Wang Y (2008). Propofol attenuation of hydrogen peroxide-

mediated oxidative stress and apoptosis in cultured cardiomyocytes 

involves haeme oxygenase-1. Eur. J. Anaesthesiol., 25(5): 395-402. 
Yamaguchi O, Higuchi Y, Hirotani S, Kashiwase K, Nakayama H, 

Hikoso S, Takeda T, Watanabe T, Asahi M, Taniike M, Matsumura Y, 

Tsujimoto I, Hongo K, Kusakari Y, Kurihara S, Nishida K, Ichijo H, 
Hori M, Otsu K (2003). Targeted deletion of apoptosis signal-
regulating kinase 1 attenuates left ventricular remodeling. Proc. Natl. 

Acad. Sci., 100(26): 15883-15888. 
Yue TL, Wang C, Gu JL, Ma XL, Kumar S, Lee JC, Feuerstein GZ, 

Thomas H, Maleeff B, Ohlstein EH (2000). Inhibition of extracellular 

signalregulated kinase enhances Ischemia/reperfusion-induced 
apoptosis in cultured cardiac myocytes and exaggerates reperfusion 
injury in isolated perfused heart. Circ. Res., 86(6): 692-699. 

Zhuang S, Yan Y, Daubert RA, Han J, Schnellmann RG (2007). ERK 
promotes hydrogen peroxide-induced apoptosis through caspase-3 
activation and inhibition of Akt in renal epithelial cells. Am. J. Physiol. 

Renal. Physiol., 292(1): F440–F447.  

http://www.jbc.org/search?author1=Masunori+Matsuzaki&sortspec=date&submit=Submit
http://www.jbc.org/search?author1=Seigo+Izumo&sortspec=date&submit=Submit
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Clerk%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kemp%20TJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zoumpoulidou%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sugden%20PH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Eguchi%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Liu%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shin%20EJ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sweeney%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muroi%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sakai%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kitagawa%20I%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Jpn%20J%20Pharmacol.');
javascript:AL_get(this,%20'jour',%20'Jpn%20J%20Pharmacol.');
javascript:AL_get(this,%20'jour',%20'Jpn%20J%20Pharmacol.');
http://s.wanfangdata.com.cn/paper.aspx?f=detail&q=%e4%bd%9c%e8%80%85%3a%22Luo%2cJ%22++DBID%3aNSTL_QK
http://s.wanfangdata.com.cn/paper.aspx?f=detail&q=%e4%bd%9c%e8%80%85%3a%22Min%2cS%22++DBID%3aNSTL_QK
http://s.wanfangdata.com.cn/paper.aspx?f=detail&q=%e4%bd%9c%e8%80%85%3a%22Wei%2cK%22++DBID%3aNSTL_QK
http://s.wanfangdata.com.cn/paper.aspx?f=detail&q=%e4%bd%9c%e8%80%85%3a%22Cao%2cJ%22++DBID%3aNSTL_QK
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Muroi%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sheng%20R%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gu%20ZL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Xie%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhou%20WX%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Guo%20CY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20X%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takahashi%20N%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Uramoto%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Okada%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yamaguchi%20O%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Higuchi%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hirotani%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kashiwase%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakayama%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hikoso%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Takeda%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Watanabe%20T%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Asahi%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Taniike%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Matsumura%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tsujimoto%20I%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hongo%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kusakari%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kurihara%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nishida%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ichijo%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Hori%20M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Otsu%20K%22%5BAuthor%5D
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
javascript:AL_get(this,%20'jour',%20'Proc%20Natl%20Acad%20Sci%20U%20S%20A.');
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yue%20TL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wang%20C%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Gu%20JL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ma%20XL%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kumar%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Lee%20JC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Feuerstein%20GZ%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Maleeff%20B%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ohlstein%20EH%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Zhuang%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yan%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Daubert%20RA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Han%20J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Schnellmann%20RG%22%5BAuthor%5D

