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Hispidin, a phenolic compound from Phellinus linteus (a medicinal mushroom), has been shown to
possess strong anti-oxidant, anti-cancer, anti-diabetic, and anti-dementia properties. However, the
cardioprotective efficacy of hispidin has not yet been investigated. In the present study, we investigated
the protective effect of hispidin against oxidative stress-induced apoptosis in H9c2 cardiomyoblast cells
and neonatal rat ventricular myocytes. While the treatment of H9c2 cardiomyoblast cells with
hydrogen peroxide caused a loss of cell viability and an increase in the number of apoptotic cells,
hispidin significantly protected the cells against hydrogen peroxide-induced cell death without any
cytotoxicity as determined by XTT assay, LDH release assay, Hoechst 33342 assay, and Western blotting
of apoptosis proteins such as caspase-3, Bax, and Bcl-2. Our data also shows that hispidin significantly
scavenged intracellular ROS, and markedly enhanced the expression of antioxidant enzymes such as

heme oxygenase-1 and catalase, which was accompanied by the concomitant activation of Akt/GSK-3β
and ERK1/2 phosphorylation in H9c2 cardiomyoblast cells. The effects of hispidin on Akt and ERK
phosphorylation were abrogated by LY294002 (a PI3K/Akt inhibitor) and U0126 (an ERK1/2 inhibitor).
The effect of hispidin on GSK-3b activities was also blocked by LY294002. Furthermore, inhibiting the
ed.
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Akt/GSK-3β and ERK1/2 pathway by these inhibitors significantly reversed the hispidin-induced Bax
and Bcl-2 expression, apoptosis induction, and ROS production. These findings indicate that hispidin
protects against apoptosis in H9c2 cardiomyoblast cells exposed to hydrogen peroxide through

reducing intracellular ROS production, regulating apoptosis-related proteins, and the activation of the
Akt/GSK-3β and ERK1/2 signaling pathways.

& 2014 Elsevier Inc. All rights reserved.
Introduction

Cardiovascular diseases are the leading causes of death and disability
worldwide [1]. One of the most important presentations of cardio-
vascular diseases is ischemia, which leads to tissue hypoxia, cellular
apoptosis, and organ dysfunction in severe situations [2]. Cardiac
myocyte apoptosis, which causes massive cell loss and eventually
affects the long-term prognosis, is involved in the pathogenesis of
various cardiovascular diseases such as myocardial infarction, ische-
mia/reperfusion (I/R) injury, and heart failure. It has always been a
major focus of medical research [3,4].

Oxidative stress, which is caused by the accumulation of
intracellular reactive oxygen species (ROS) or reactive nitrogen
species (RNS), is one of the leading factors triggering cardiomyo-
cyte apoptosis [5]. These species are generated constantly in vivo,
and can cause oxidative damage to DNA, proteins, and lipids,
resulting in cellular apoptotic death [6]. I/R is a major cause of
oxidative stress in cardiomyocytes. This oxidative stress damages
secondary cardiomyocytes during reperfusion therapy in acute
myocardial infarction cases [7]. Hence, the modulation of intra-
cellular ROS levels and regulation of apoptotic cascade are
considered crucial therapeutic strategies for treating CVD.

Phellinus linteus is a species of fungus belonging to the Hymeno-
chaetaceae family native mainly to tropical America, Africa, and East
Asia (in particular China, Japan, and Korea) [8]. It has been reported
that polyphenols, polysaccharides, and other components of
P. linteus have antioxidant activities [9,10]. Furthermore, in an
attempt to employ P. linteus in western therapies, many researchers
have investigated the effects of the extracts from the fruit bodies or
mycelia of P. linteus on in vitro and in vivo activities [8]. Among these
extracts hispidin, a PKC inhibitor, has been shown to possess strong
antioxidant, anticancer, and antidiabetic properties [11,12]. However,
no study has examined the action of hispidin against oxidative stress
or the detailed molecular mechanism underlying its cardioprotective
efficacy.

Therefore, in this study, we investigated the protective effect of
hispidin on H9c2 cardiomyoblasts against H2O2 and its effects on
signaling pathways involved in cell death and survival. We found
that hispidin protected against H2O2-induced H9c2 cardiomyo-
blast oxidative apoptotic injury mainly by activating the Akt/GSK-
3β and ERK1/2 signaling pathways, which played an important
role in mediating the anti-apoptotic effect of hispidin.
Materials and methods

Materials and reagents

Hispidin was purchased from Sigma-Aldrich (St. Louis, MO, USA)
and dissolved in 0.05% DMSO, followed by further dilution in
DMEM without fetal bovine serum (FBS) (Thermo Fisher Scientific
Inc., Waltham, MA, USA). Cell culture materials were purchased
from Thermo Fisher Scientific. Hydrogen peroxide was purchased
from Sigma-Aldrich. All antibodies were purchased from Cell
Signaling Technology, Inc. (Beverly, MA, USA). General laboratory
reagents were purchased from Sigma-Aldrich.

Cell culture

Rat embryonic cardiomyoblast-derived H9c2 cells were obtained
from the American Type Culture Collection (Rockville, MD, USA).
The cells were maintained in DMEM with 10% FBS and 1%
penicillin/streptomycin under an atmosphere of 95% air and 5%
CO2 at 37 1C, and trypsinized every 3–5 days. Two days before
experiments, the cells were seeded on glass coverslips or plastic
wells at a quantity to achieve �90% confluency. DMSO (0.05%)
was present in the buffer to dissolve the hispidin, and had no
effect on the H2O2-induced cytotoxicity at this concentration.

Isolation and culture of neonatal rat ventricular myocytes

Primary culture of cardiomyocytes was performed according to
previous methods [13]. Cells were isolated from 1- to 2-day-old
Sprague-Dawley rats by enzymatic digestion with 0.1% trypsin and
0.03% collagenase. After isolation, cells were plated onto laminin-
coated 35-mm dishes at a density of 1�103 cells/mm2 and cultured
for 48 h in Dulbecco's modified Eagle's medium and Medium 199
(4:1) containing 10% fetal calf serum, 4 mM L-glutamine, 100 units/ml
penicillin/streptomycin, and 0.1 mM 5-bromo-2-deoxyuridine.
5-Bromo-2-deoxyuridine was used to inhibit fibroblast proliferation.
The animal experiments were conducted according to protocols that
follow the National Institutes of Health standards and the guidelines
for the Care and Use of Experimental Animals.

Cell viability and morphological changes

Cell viability was determined by XTT (2,3-bis [2-methyloxy-4-nitro-
5-sulfophenyl]-2H-tetrazolium-5-carboxanilide) (Biological Indus-
tries Co. Beit Haemek, Israel) and lactate dehydrogenase (LDH)
assays (Roche Diagnostics, Ltd., Lewes, East Sussex, UK). Briefly,
H9c2 cells were seeded at 1�104 cells/well in 96-well plates. After
1 h of treatment with different hispidin concentrations followed by
6 h of incubationwith 600 μMH2O2, 50 μl of XTT solutionwas added
to each well. After an additional 2 h, the cell viability was deter-
mined by measuring the absorbance at 460 nm using a microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). For the
LDH assay, after H9c2 cells were seeded into 96-well plates and
subjected to the aforementioned treatment with hispidin and H2O2,
the reaction buffer was added to each well, and the whole mixture
was incubated for 30 min at room temperature. The reaction was
then stopped by adding 2 mol/L HCl, and the absorbance was



Fig. 1 – The protective effect of hispidin on H2O2-treated H9c2 cells. (A) Chemical structure of hispidin. (B) Effect of hispidin on H2O2-
induced cell death. H9c2 cells were pre-cultured in serum-free medium in the presence or absence of hispidin (1, 3, 10 and 30 μM)
for 1 h and then stimulated further with 600 μM H2O2 for an additional 6 h, during which the XTT reagent was added at the end of
hour 4, and the entire culture mixture was further incubated for 2 h. The absorbance was determined with an enzyme-linked
immunosorbent assay reader at a wavelength of 460 nm. (C) Effect of hispidin on lactate dehydrogenase (LDH) release in H2O2-treated
H9c2 cells. H9c2 cells were pretreated with different concentrations of hispidin for 1 h and further incubated with 600 μMH2O2 for 6 h,
during which LDH reagent was added at the end of hour 4, and the entire culture mixture was further incubated for the remaining 2 h.
Absorbance was determined with a spectrophotometer at a wavelength of 420 nm. (D) The cytotoxic effect of hispidin (1–100 μM) on
H9c2 cells was measured by the XTT assay following a 24 h incubation. (D) Cell morphology was observed after 6 h of H2O2 exposure.
H2O2 resulted in abnormal cell morphology, whereas hispidin pretreatment resulted in dose-dependent protection from the H2O2-
induced morphological changes. Representative images were taken from three independent experiments (magnification�40). Data are
mean7standard error (n¼3). ♯♯Po0.01 vs. untreated cells; nPo0.05 and nnPo0.01 vs. H2O2 alone.
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measured with a spectrophotometer at a wavelength of 420 nm.
Morphological changes in the cells were observed, and images were
captured under an inverted microscope connected to a digital
camera (Canon Inc., Tokyo, Japan).

Assessment of apoptotic cell death

Hoechst 33342 staining (BD Biosciences, Franklin Lakes, NJ, USA),
which distinguishes apoptotic cells from normal cells based on
nuclear chromatin condensation and fragmentation, was used for
the qualitative and quantitative analyses of the apoptotic cardi-
omyoblast. H9c2 cells were cultured at 1�104 cells/well on
8-well chamber slides for 24 h. After the aforementioned treat-
ment with hispidin and H2O2, the cells were incubated with
2 μg/mL Hoechst 33342 for 15 min, washed twice with
phosphate-buffered saline, and visualized by fluorescence micro-
scopy (FV-1000 spectral, Olympus, Tokyo, Japan).

Measurement of intracellular ROS

The generation of intracellular ROS in H9c2 cells was measured using
the green fluorescence probe 6-carboxy-20,70-dichlorofluoroscein dia-
cetate (DCF-DA; Invitrogen, Rockville, MD, USA). Cells were seeded at
1�104 cells/well in 8-well cell culture slides (SPL, Seoul, Korea) and
subjected to the aforementioned hispidin and H2O2 treatment. Then,
the cells were stained with 10 μM DCF-DA at 37 1C for 30min and
observed with a confocal microscope system (FV-1000 spectral,
Olympus, Tokyo, Japan). The cells were plated onto clear-top, black-
welled 96-well plates (SPL) at 1�104 cells/well to measure ROS by
fluorometric analysis. After the cells were treated with hispidin and
H2O2 they were loaded with 10 μM DCF-DA at 37 1C for 30min, and
fluorescence was measured with a fluorometer (Victor 3, Perkin-
Elmer, Waltham, MA, USA; excitation¼485 nm, emission¼535 nm).

Western blotting

Cell lysates were separated by sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis containing 12% acrylamide gels according to
a method described previously [14]. The supernatant protein con-
centrations were determined using Bio-Rad DC Protein Assay
Reagents (Hercules, CA, USA). The proteins were transferred to PVDF
membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK),
which were blocked overnight at 4 1C in Tris-buffered saline contain-
ing 0.1% Tween 20 and 5% BSA. The membranes were incubated
overnight at 4 1C with specific antibodies diluted to 1:1000. Immune
complexes were incubated for 1 h with a peroxidase-conjugated
secondary antibody diluted to 1:5000. After applying the secondary
antibody, the blots were incubated in an Enhanced Chemilumines-
cence Western Blotting Detection System (Thermo Fisher) and
exposed to photographic film. The band intensity was measured
using quantification software (Bio-Rad). The band intensities were
quantified using Scion-Image software for Windows.

Statistical analysis

The experimental results are expressed as mean7standard error.
A one-way analysis of variance was used for multiple comparisons
(GraphPad Prism version 4.00 for Windows, San Diego, CA, USA).
Dunnett's test was applied if there was a difference among the
treated groups. Po0.05 was considered significant.
Results

Effects of hispidin on cell viability, LDH release, and
morphological changes

To evaluate whether hispidin protects H9c2 cardiomyoblast cells from
oxidative stress, we examined the direct cytotoxic effect of 600 μM
H2O2 on H9c2 cells in the present and absence of hispidin for 6 h. The
data shown in Fig. 1B indicates that hispidin protects against 600 μM
H2O2-induced cytotoxicity in a concentration-dependent manner. The
cell viability was significantly decreased after 600 μMH2O2-treatment
(43.773.1%, Po0.01) compared to the non-treated group. As the
concentration of hispidin was increased to 3, 10, and 30 μM, the cell
viability was significantly increased to 52.777.2% (Po0.01), 69.77
3.0% (Po0.01), and 105.777.6% (Po0.01), respectively (Fig. 1B).
As shown in Fig. 1C and E, pretreatment with 3, 10, and 30 μM
hispidin reduced H2O2-induced LDH release while recovering the
H2O2-induced abnormal morphological changes in a concentration-
dependent manner. However, hispidin did not influence cell viability
in cultured H9c2 cells at all concentrations up to 100 μM (Fig. 1D).

Inhibitory effect of hispidin on intracellular ROS
generation by H2O2

Hispidin was found to exhibit quenching effects against free
radicals [11,12]. Therefore, we determined whether hispidin
shows a potent ROS-scavenging effect. Using confocal imaging
(Fig. 2A and B, 6.5-fold vs. the normal control group, Po0.01) and
a fluorescence assay (Fig. 2C, 15572.8%, vs. the normal control
group, Po0.01) we observed an increased level of intracellular
ROS production in H9c2 cells exposed to H2O2, which was
reduced 6.1-fold (Po0.05), 3.6-fold (vs. H2O2-treated group,
Po0.01), and 1.8-fold (Po0.01) and decreased to 149.574.2%
(P40.05), 13173.1% (vs. H2O2-treated group, Po0.01), and
105.174.2.% (Po0.01), respectively, following hispidin pretreat-
ment at concentrations of 3, 10, and 30 μM.
Next, the expression levels of antioxidant proteins such as heme

oxygenase (HO-1), catalase (CAT) and superoxide dismutase (SOD,
Cu/ZnSOD and MnSOD) were examined in the H9c2 cells under
H2O2 exposure by Western blotting analysis to determine whether
the regulation of antioxidant enzymes is involved in the scavenging
properties of hispidin against H2O2-induced oxidative stress.
As shown in Fig. 2D, hispidin doses of 3, 10, and 30 μM significantly
increased the expression of HO-1 and CAT compared to those in cells
treated with H2O2 alone. However, Cu/ZnSOD and MnSOD protein
expression did not increase with hispidin treatment.

Inhibitory effects of hispidin on H2O2-induced apoptosis
in H9c2 cells

Hoechst 33342 staining was performed to improve the XTT and LDH
results and characterize the type of cell death involved in the
experiments. We evaluated the effect of hispidin regarding DNA
fragmentation, which is a hallmark of apoptosis [15]. As shown in
Fig. 3A and B, Hoechst 33342 assay revealed that H2O2 increased DNA
fragmentation which is in accordance with a previous study that
showed that ROS induces apoptotic damage such as DNA fragmenta-
tion [14,16]. H2O2 caused an increase in Hoechst-positive cells (bright
blue, 74.778.5% vs. the normal control group, Po0.01), whereas the
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Fig. 2 – Effect of hispidin on intracellular reactive oxygen species (ROS) generation. After 1 h of pretreatment with or without hispidin
(3, 10, and 30 μM), the cells were exposed to H2O2 for 6 h and assayed for ROS generation using DCF-DA fluorescence.
(A) Confocal microscopy images of cells fluorescently stained with DCF-DA (magnification �40, scale bar¼50 μm). (B) Bar graphs
depict the percentage of fluorescent-positive cells detected by confocal images upon staining with fluorescent dye. (C) Fluorescence
was measured with a fluorometer (excitation¼485 nm, emission¼535 nm). (D) Effects of hispidin on expression of antioxidant
proteins in H2O2-treated H9c2 cells. The cells were pre-incubated with various concentrations of hispidin for 1 h and stimulated with
600 μM H2O2 for 6 h. The cells were then lysed, and the proteins were detected by immunoblotting. (E) Densitometry scanning
analysis of HO-1 and catalase. β-actin was used for normalization. Microscopic images and Western blot images are representative of
three independent experiments. Data are mean7standard error (n¼3). ♯♯Po0.01 vs. untreated cells; nnPo0.01 vs. H2O2 alone.
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Fig. 3 – Effect of hispidin on H2O2-induced apoptosis in H9c2 cells. Apoptotic cells were examined under a fluorescence microscope at
200� magnification after Hoechst 33342 staining (scale bar¼50 μm). (A) After 1 h of pretreatment with or without different
concentrations of hispidin the cells were exposed to H2O2 and stained using Hoechst 33342, and then the cells were visualized
under a fluorescence microscope. Apoptotic cells were identified as those with nuclei exhibiting brightly stained condensed
chromatin (Hoechst-positive cells). (B) The apoptotic rate was determined by calculating the percentage of Hoechst-positive cells
over total cells. Arrows indicate apoptotic cell nuclei (Hoechst-positive cells). (C) Effects of hispidin on the expression of apoptosis-
related proteins in H2O2-treated H9c2 cells. The cells were pre-incubated with various concentrations of hispidin for 1 h and
stimulated with 600 μM H2O2 for 6 h. The cells were then lysed, and the proteins were detected by immunoblotting.
(D) Densitometry scanning analysis of cleaved caspase-3, Bax, and Bcl-2 expression, and Bcl-2/Bax ratio. β-actin was used for
normalization. Microscopic images and Western images are representative of three independent experiments. Data are
mean7standard error (n¼3). ♯♯Po0.01 vs. untreated cells; nnPo0.01 vs. H2O2 alone.
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number of Hoechst-positive cells was reduced to 67.077.5% (P40.05),
46.379.3% (Po0.01), and 24.077.5% (Po0.01) when cells were
pretreated with 3, 10, and 30 μM hispidin, respectively.

The regulatory effects of hispidin on the expression of apoptotic
regulatory proteins such as caspase-3, Bax, and Bcl-2 were examined
to further confirm the anti-apoptotic effect of hispidin on H2O2-
mediated apoptosis. As shown in Fig. 3C and D, H2O2 treatment is
associated with a significant increase in cleaved caspase-3 and Bax
and decreased Bcl-2 compared to those in the control. Hispidin
significantly decreased cleaved caspase-3 and Bax expression in
H2O2-treated H9c2 cells, while increasing Bcl-2 expression. In
addition H2O2 treatment resulted in a decreased Bcl-2/Bax ratio
compared to the normal control group, while hispidin recovered the
ratio of Bcl-2/Bax proteins in a dose-dependent manner (Fig. 3D).
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nPo0.05 and nnPo0.01 vs. H2O2 alone.
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Effects of hispidin on H2O2-induced
dephosphorylation of Akt, extracellular
regulated kinase (ERK)1/2, glycogen synthase
kinase-3β (GSK-3β), p38 mitogen activated
protein kinase (MAPK) and JNK

The activation of the phosphatidylinositol-3-kinase (PI3K)/
Akt pathway in H9c2 cells suppresses apoptosis and promotes cell
survival, and MAPKs are involved in the regulation of apoptosis and
anti-apoptosis [17,18]. Thus, to explore the potential signaling
Fig. 5 – Effects of PI3K/Akt and ERK1/2 inhibitors on hispidin-induc
pre-cultured in serum-free medium in the presence or absence of
(U0126, 10 μM) with or without 30 μM hispidin for 1 h, and then stim
death and ROS generation were assessed by XTT assay and DCF-DA
cells were examined under a fluorescence microscope at 200� m
(D) Apoptotic index was determined by calculating the percentage
lysed, and the proteins were detected by immunoblotting. (F) Dat
after densitometric quantification. ♯♯Po0.01 vs. untreated cells; nnP
pathways contributing to the anti-apoptotic effect of hispidin, we
examined Akt/GSK-3β and MAPK activation. As shown in Fig. 4A
H2O2 treatment decreased Akt, GSK-3β and, ERK1/2 phosphorylation
compared to the control, but the decreased phosphorylation of these
kinases was recovered by hispidin in a concentration-dependent
manner. However, no significant alterations in p38 and JNK phos-
phorylation were observed following hispidin pretreatment of H2O2-
exposed H9c2 cells. These results indicate that the Akt/GSK-3β and
EKR1/2 signaling pathways may participate in the anti-apoptotic
function of hispidin on H2O2-exposed H9c2 cells.
ed apoptosis and ROS generation in H9c2 cells. H9c2 cells were
PI3K/Akt inhibitor (LY294002, 10 μM) and ERK1/2 inhibitor
ulated further with 600 μM H2O2 for an additional 6 h. (A) Cell
assay, as described in Figs. 1 and 2, respectively. (C) Apoptotic

agnification after Hoechst 33342 staining (scale bar¼50 μm).
of Hoechst-positive cells over total cells. (E) The cells were then
a are mean7S.E.M. for at least three independent experiments
o0.01 and nnnPo0.001 vs. hispidin-treated cells.
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Effect of pharmacological inhibition of Akt/GSK-3β and
ERK1/2 signaling pathway on protection of hispidin against
H2O2-induced apoptosis in H9c2 cells

To determine whether the increased phosphorylation of Akt/GSK-
3β and ERK1/2 pathways contributes to the cardioprotective effect
β-actin

β-actin
of hispidin we pretreated H9c2 cells with LY294002 (PI3K
inhibitor, 10 μM) and U0126 (MEK inhibitor, 10 μM), and applied
H2O2 for 6 h in the absence or presence of hispidin (30 μM)
treatment. As shown in Fig. 5 A and B, both LY294002 and U0126
alone did not alter cell viability or ROS production. However,
pretreatment with both LY294002 and U0126 antagonized the
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Fig. 6 – Effects of hispidin in neonatal rat ventricular myocytes. (A) Neonatal rat ventricular myocytes were pre-cultured in the
presence or absence of hispidin (3, 10, and 30 μM) for 1 h and then stimulated further with 600 μM H2O2 for an additional 6 h,
during which the XTT reagent was added at the end of hour 4, and the entire culture mixture was further incubated for 2 h. The
absorbance was determined with an enzyme-linked immunosorbent assay reader at a wavelength of 460 nm. (B) After 1 h of
pretreatment with or without hispidin (3, 10, and 30 μM), neonatal rat ventricular myocytes were exposed to H2O2 for 6 h and
assayed for ROS generation using DCF-DA fluorescence. Fluorescence was measured with a fluorometer (excitation¼485 nm,
emission¼535 nm). Representative images were taken from three independent experiments. Data are mean7standard error
(n¼3). ♯♯Po0.01 vs. untreated cells; nPo0.05 and nnPo0.01 vs. H2O2 alone.
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protective effect of hispidin against H2O2-induced cell viability
and ROS production. When cells were pretreated with LY294002,
U0126, and hispidin, the cell viability of cells exposed to H2O2

decreased by 32.178.9% (Po0.01, n¼3), ROS production
increased by 37.175.7% (Po0.01, n¼3), and apoptosis increased
by approximately 2.2-fold (Po0.01, n¼3) compared to the levels
of cells treated with hispidin alone. This was further examined by
Western blot analysis, in which the effect of each inhibitor was
confirmed by reduced Akt/GSK-3β and ERK1/2 phosphorylation.
As shown in Fig. 5E, pretreatment with LY294002 and U0126
prevented the increased phosphorylation of Akt (99.070.9%
reduction, Po0.01), GSK3-β (61.175.7% reduction, Po0.01) and
ERK1/2 (69.374.7% reduction, Po0.01) by hispidin in H2O2-
treated H9c2 cells compared to cells treated with hispidin alone.
In addition, LY294002 and U0126 reversed the protective effects
of hispidin on H2O2-inudced apoptosis as determined by
apoptosis-related proteins such as Bax and Bcl-2 expression.
These results suggest that the cytoprotective effect of
hispidin on the H2O2-induced apoptosis of H9c2 cells is mediated
at least in part through the Akt/GSK-3β and ERK1/2 signaling
pathways.

Effect of hispidin on cell viability, intracellular ROS
generation of cultured neonatal rat ventricular myocytes

The protective properties of hispidin in H9c2 cells may also be
different from those functionally expressed in cardiac myocytes.
Therefore, the effect of hispidin in neonatal rat ventricular
myocytes was further evaluated. As shown in Fig. 6, hispidin
protected against H2O2-induced cytotoxicity of neonatal rat
ventricular myocytes in a concentration-dependent manner. The
cell viability was significantly decreased after 600 μM H2O2-
treatment (54.176.9%, Po0.01) compared to the non-treated
group. As the concentration of hispidin was increased to 3, 10,
and 30 μM, the cell viability was increased to 53.278.4% (P40.05,
NS), 67.078.4% (Po0.05), and 84.675.8% (Po0.01), respectively
(Fig. 6A). Similarly, the results of intracellular ROS production
showed the same protective pattern in neonatal rat ventricular
myocytes (Fig. 6B).
Discussion

Growing evidence indicates that reactive oxygen species (ROS) play
a critical role in many disorders of the cardiovascular system, such
as ischemia–reperfusion (I/R) injury, myocardial stunning, and
atherosclerosis [19]. Furthermore the accumulation of ROS in
mitochondria can lead to apoptotic cell death and ROS may also
have direct effects on cellular structure and function, including
myocardial remodeling and failure [20]. Accordingly, inhibiting ROS
production or the enhancement of ROS scavenging could be used
for treating these cardiovascular disorders. Antioxidant compounds
may be useful for ROS-related diseases, which has resulted in
increasing demand for alternative and safe antioxidants isolated
from natural sources [21]. Hispidin has already been proven to exert
potent free-radical scavenging effects via its antioxidant properties,
which might be used to eliminate the key mediators for the
oxidative stress [22,23]. We examined the effect of hispidin against
the cytotoxicity activity of H2O2 in H9c2 cardiomyoblast cells and
neonatal rat ventricular myocytes (Figs. 1 and 6). Our study
demonstrates a beneficial effect of hispidin on the myocardial
response to oxidative stress. In vitro studies suggest a potential
mechanism of this helpful effect in which hispidin attenuates H2O2-
induced apoptosis in H9c2 cardiomyoblast cells by upregulating
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specific survival proteins such as Akt/GSK-3β and ERK1/2, and
scavenging ROS generation via the activation of heme oxygenase-
1 (HO-1) and catalase (CAT).

The chemical structure of hispidin, 6-(3,4-dihydroxystyryl)-
4-hydroxy-2-pyrone, is very similar to the structure of strong
antioxidants such as resveratrol derivatives found in a number of
plant species [24]. The strong radical scavenging activities of
resveratrol-like stilbene, which is a flavonoid found in grapes, are
associated with the dihydroxyl group in the A ring [25]. It has
been reported that the catechol moiety of hispidin may contribute
to its antioxidative activity [12]. In the present study, hispidin
pretreatment reduced ROS production and increased HO-1 and
CAT expression in H2O2-treated H9c2 cells using H2O2 to generate
intracellular ROS (Fig. 2). These results suggest that the protective
effects of hispidin are due to its role as an ROS scavenger by
increasing the amounts of antioxidant enzymes such as HO-1 and
CAT. Several enzymes convert ROS into compounds that are either
harmless or rapidly metabolized. These enzymes prominently
include SODs that convert superoxide into oxygen and hydrogen
peroxide such as CAT, which converts H2O2 into O2 and water,
thereby aiding in the maintenance of cell membrane integrity and
preventing the activation of cellular signaling processes that may
lead to diseases such as oxidative cardiovascular injury [26–28].
Our findings indicate that hispidin exerts its protective effect in
part by enhancing antioxidant enzyme activity, thereby attenuat-
ing the oxidative damage.

In the present study, cells exposed to H2O2 exhibited distinct
morphological features of apoptosis such as an increase in
Hoechst 33342 staining (Fig. 3). However cells that were pre-
treated with hispidin had a significantly reduced proportion of
apoptotic cells, as shown by morphological changes (Fig. 1E) and
Hoechst 33342 staining (Fig. 3A). The Bcl-2 proteins are the major
regulators of mitochondria permeabilization, which includes pro-
apoptotic (e.g., Bax and Bak) and anti-apoptotic (e.g., Bcl-2 and
Bcl-xL) members. Bax oligomerization at the outer mitochondrial
membrane causes transmembrane pore formation, leading to the
release of pro-apoptotic molecules into the cytoplasm, whereas
Bcl-2 forms heterodimers with a variety of pro-apoptotic proteins,
thereby preventing Bax oligomerization [29]. Evidence in the
present study indicated that hispidin pretreatment increased the
expression of Bcl-2, as it decreased the expression of pro-
apoptotic Bax. Therefore hispidin might exert protective effects
by maintaining mitochondrial function and modulating
the balance of anti-apoptotic protein Bcl-2 and pro-apoptotic
protein Bax, thus inhibiting the release of pro-apoptotic molecules
from the mitochondrial intermembrane space into the cytoplasm
[30].

In addition, a group of survival protein kinases which include
Akt and ERK1/2 that confer powerful cytoprotection provides an
amenable pharmacological target for cardioprotection [31]. There-
fore we speculate that the anti-apoptotic mechanism of hispidin
may be responsible for the activation of Akt and ERK1/2.Akt,
a serine/threonine kinase, is activated subsequently to the pro-
duction of PIP3 by phosphatidylinositol-3-kinase (PI3K), and
mediates several functions through the phosphorylation and
inactivation of the pro-apoptotic kinase, glycogen synthase
kinase-3 (GSK-3α/β) [32]. Akt directly phosphorylates GSK-3β at
Ser9, which negatively regulates its kinase activity. Thereafter,
phosphorylated GSK-3β inhibits the opening of mitochondrial
permeability transition pores [33]. A number of studies have
shown that GSK-3β is the phosphorylation target of PI3K/Akt
[34,35]. Persistent inhibition of GSK-3β induces compensatory
hypertrophy, inhibits apoptosis and fibrosis, and increases cardiac
contractility [36]. Ischemic preconditioning, an endogenously
triggered cardioprotective stimulus, has also been shown to
enhance the phosphorylation of Akt, which further leads to
phosphorylation and the subsequent inactivation of GSK-3β [37].
So far, three major MAPK signaling pathways – ERK1/2, p38
MAPK, and JNK – have been identified. They are activated in
response to myocardial I/R, and the activation of ERK1/2 (bene-
ficial effect) and p38 MAPK–JNK (a deleterious effect) exerts
opposite effects on myocardial apoptosis and cardiac function
recovery [38]. ERK is known to be a signal of the cardiac
reperfusion injury salvage kinase (RISK) pathway [31]. When
activated in the setting of cardiac I/R, the ERK1/2 cascade plays
an important role in preventing cellular apoptosis [39]. The
activation of either the PI3K/Akt or the ERK1/2 pathway inhibits
the conformational change in Bax required for its translocation to
the mitochondria, therefore preventing apoptosis [40,41]. Further-
more the up-regulation of ERK1/2 and Akt inactivates the caspase
cascade, a proposition which is supported by inhibiting caspase-3
and caspase-9 activation [42,43]. In the present study hispidin
increased the phosphorylation of Akt/GSK-3β and ERK1/2 but not
p38 MAPK and JNK, which are reduced by H2O2 (Fig. 4). We
clearly demonstrated that LY294002, a specific inhibitor of PI3K,
can inhibit the functions of downstream target kinases of PI3K,
and U0126, a specific inhibitor of ERK1/2, significantly reversed
the anti-apoptotic effect of hispidin (Figs. 4 and 5). These findings
suggest an essential role of the Akt/GSK-3β and ERK1/2 pathways
in hispidin anti-apoptotic activity.
One could argue that some proportion of the ability of hispidin to

reduce cardiomyocyte damage caused by oxidative stress could be
due to PKC inhibition. The role of PKC in cardiac I/R is well
documented [32,44,45]. The selective activation of PKCδ causes
increased damage from ischemic insults, both in neonatal cardiac
myocytes and in adult isolated rat cardiac myocytes, whereas its
inhibition results in protection [46]. Furthermore, the disruption of
the PKCε gene abolishes the infarct size reduction that follows
ischemic preconditioning [44]. Drugs that target PKC include
Gö6983, a broad spectrum PKC inhibitor, which restores cardiac
function and attenuates the deleterious effects in isolated perfused
rat heart after PMN-induced I/R injury [47]. PKC inhibition using
Chelerythrine not only inhibited the pro-apoptotic pathways such as
bax and bcl-2 but also led to an activation of anti-apoptotic signals,
including Akt- and Bad-phosphorylation [48]. It is plausible that
hispidin may inhibit PKC activity by binding to its ATP binding sites,
and hence attenuate cardiac contractile dysfunction, a process similar
to the mechanism of action of other PKC inhibitors [49,50].
However, the cardiopharmacological effects of hispidin remain to be
elucidated.
In summary, this study has demonstrated that hispidin prot-

ects cardiomyoblast cells against oxidative stress by regulating
apoptosis-related proteins such as caspase-3, Bax, and Bcl-2, as
well as by the activation of Akt/GSK-3β and ERK1/2 signaling
pathways, and by enhancing anti-oxidant enzyme systems.
Although an animal study is needed hispidin is a promising agent
for the treatment of oxidative-induced heart injury such as
myocardial I/R injury and may have implications for other
diseases associated with ROS, such as neurodegenerative disor-
ders [4].
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