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Abstract Wogonin, a flavonoid isolated from Scutellaria
baicalensis Georgi, has been reported to exhibit a variety of
biological effects including anti-cancer effects. It has a pro-
apoptotic role in many cancer types. However, the molecular
mechanisms of wogonin in treating neuroblastoma remain elu-
sive. In the present study, twomalignant neuroblastoma cell lines
(SK-N-BE2 and IMR-32 cells) were treated with different doses
of wogonin (0–150 μM). Wogonin showed significant cytotoxic
effects in SK-N-BE2 and IMR-32 cells in a dose- and time-
dependent manner. Treatment of SK-N-BE2 and IMR-32 cells
with 75 μΜ wogonin for 48 h significantly promoted apoptosis,
the release of cytochrome c, altered the expression of certain
members of Bcl-2 family (Bcl-2, Bax and Bid), and increased
the activation of caspase-3, caspase-8, caspase-9, and PARP-1,
which demonstrated that the cytotoxic effect of wogonin in SK-
N-BE2 and IMR-32 cells is mediated by mitochondrial dysfunc-
tion. Moreover, wogonin induced the expression of endoplasmic
reticulum (ER) stress-related proteins (GRP78/Bip and GRP94/
gp96) and activation of caspase-12 and caspase-4 in SK-N-BE2
and IMR-32 cells. In addition, wogonin increase the expression
of IRE1α and TRAF2, and phosphorylation of ASK1 and JNK
in SK-N-BE2 and IMR-32 cells. Knockdown of IRE1α by
siRNA not only markedly inhibited wogonin-induced up-regula-
tion of IRE1α and TRAF2, and phosphorylation of ASK1 and
JNK but also reduced wogonin-induced cytotoxic effects and
mitochondrial dysfunction in SK-N-BE2 and IMR-32 cells.
These results indicated that wogonin could induce apoptosis,
mitochondrial dysfunction, and ER stress in SK-N-BE2 and
IMR-32 cells by modulating IRE1α-dependent pathway.
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Introduction

Malignant neuroblastoma is the most commonly seen
extracranial childhood solid tumor derived from sympa-
thetic nervous system that mostly affects the adrenal
gland, and it often metastasizes to other body parts in-
cluding the chest, neck, lymph nodes, pelvis, liver, and
bone (Brodeur 2003; Irshad et al. 2004). Malignant neu-
roblastoma is currently being treated by surgery, radio-
pharmaceutical treatment, and chemotherapy. However,
the prognosis of high-risk neuroblastoma patients is usu-
ally poor (Chakrabarti et al. 2013; Schor 2009).
Therefore, development of more effective chemopreven-
tive and chemotherapeutic agents for the treatment of
malignant neuroblastoma is imperative.

Wogonin is one of the major flavonoids found from the
root of the Chinese herb Scutellaria baicalensis Georgi (also
called Huang-Qin), which is widely used for the treatment of a
serial of diseases for its anti-viral, anti-bacterial, anti-inflam-
matory, anti-oxidant, and anti-cancer effects (Gasiorowski
et al. 2011; Li-Weber 2009). Previous studies both in vitro
and in vivo have shown that wogonin may have anti-cancer
effects in various types of cancer, such as human colorectal
cancer (He et al. 2013), lung cancer (Gao et al. 2011), gall-
bladder carcinoma (Dong et al. 2011), breast cancer (Huang
et al. 2012), hepatocellular carcinoma (Xu et al. 2013), osteo-
sarcoma (Lin et al. 2011), and glioma cancer (Lee et al. 2012;
Tsai et al. 2012).
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Apoptosis is the major mechanism for cancer cell elimina-
tion. Apoptosis can be induced through different pathways,
including mitochondrial-mediated apoptotic pathway
(Brenner et al. 2009; Chiantore et al. 2009; Huang et al.
2014; Xu et al. 2014) and endoplasmic reticulum (ER) stress
(Boyce et al. 2006; Breckenridge et al. 2003; Hetz 2012).
Previous studies also have shown that wogonin could trigger
apoptosis of human osteosarcoma cells (Lin et al. 2011), he-
patocellular carcinoma cells (Xu et al. 2013), gastric carcino-
ma (Yang et al. 2012), and glioma cancer cells (Tsai et al.
2012) through ER stress-dependent apoptotic pathways.
Moreover, wogonin could elicit a potent pro-apoptotic effect
in human lung cancer cells (Gao et al. 2011), breast cancer
cells (Zhang et al. 2013), and myeloma cells (Huang et al.
2012) though a mitochondrial-dependent manner. Although
the anti-cancer effects of wogonin have been reported in many
types of carcinoma cells, its effects on malignant neuroblasto-
ma and its action mechanisms are not known.

In this study, we investigated the molecular mechanisms of
wogonin regarding its anti-tumor effect on malignant neuro-
blastoma cell lines (SK-N-BE2 and IMR-32 cells) by exam-
ining mitochondrial dysfunction- and ER stress-dependent ap-
optosis pathways. In addition, we also investigated IRE1α-
dependent pathway and its role in wogonin-induced apoptosis
of SK-N-BE2 and IMR-32 cells.

Materials and Methods

Cell Culture

SK-N-BE2 and IMR-32 human malignant neuroblastoma
cells were obtained from the Cell Center of the Chinese
Academy of Medical Sciences (Beijing, China). SK-N-BE2
cell line was propagated in RPMI 1640 (Mediatech,
Manassas, VA, USA) while IMR-32 cell line was propagated
in DMEM (Mediatech, Manassas, VA, USA), and both
growth media were supplemented with 10 % fetal bovine
serum (Atlanta Biologicals, Lawrenceville, GA, USA) and
1 % penicillin and 1 % streptomycin (GIBCO, Grand Island,
NY, USA). The cells were then allowed to grow at 37 °C in
humidified 5 % CO2, 95 % air for 24 h prior to treatment.
Wogonin (3MA, Sigma Chemical, St. Louis, MO, USA) were
dissolved in dimethyl sulfoxide (DMSO) to make stock solu-
tions, and aliquots were stored at −20 °C until further used.
Concentration of DMSO in all experiments was maintained at
less than 0.01 % that did not affect cell growth or death.

Cell Viability Assay

Cell viability was assessed using the MTT assay. Cells were
plated at a density of 105 cells per well into 96-well plates in
L-15 medium with 10 % fetal bovine serum. After overnight

growth, cells were exposed to different concentrations of
wogonin for 48 h in 5 % CO2 incubator at 37 °C. At the end
of treatment, 20 μl of 0.5 %MTTwas added to the medium and
incubated for 4 h at 37 °C. The supernatant was removed and
0.1 ml DMSO was used to dissolve precipitate. Then, formazan
crystals formed by mitochondrial reduction of MTT were solu-
bilized in DMSO and absorbance was read at 540 nm using a
microplate reader (BioRad, Hercules, CA, USA).

Annexin V-FITC and Propidium Iodide Staining

Double staining for Annexin V-FITC and propidium iodide (PI)
was performed to estimate the apoptotic rate of SK-N-BE2 and
IMR-32 cells. Briefly, SK-N-BE2 and IMR-32 cells were treated
with 75 μM wogonin for 48 h. Subsequently, SK-N-BE2 and
IMR-32 cells were trypsinized and washed twice with PBS, and
centrifuged at 800 rpm for 5 min. Then, 1×106 cells were
suspended in binding buffer and double-stained with Annexin
V-FITC and PI for 30 min at room temperature. After that, the
fluorescence of each sample was quantitatively analyzed by
FACS calibur flow cytometer and CellQuest software. The re-
sults were interpreted as follows: PI positive and Annexin V-
FITC-positive stained cells were considered in apoptosis.

Small RNA Interference (siRNA)

The siRNA constructs used were obtained as the siGENOME
SMARTpool reagents (Dharmacon, Lafayette, CO), the
siGENOME SMARTpool IRE1α (M-004951-01-0010). The
non-targeting siRNA control, SiConTRolNon-targeting
SiRNA pool (D-001206-13-20), was also obtained from
Dharmacon. Cells were transfected with 50–100 nM siRNA
in Opti-MEM medium (Invitrogen, Carlsbad, CA) with 5 %
fetal calf serum using Lipofectamine reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s transfection
protocol. Twenty-four hours after transfection, the cells were
treated with or without 75 μΜ wogonin for 48 h before quan-
titation of apoptotic cells byMTTassay and flow cytometry or
the protein expression by western blot analysis. Efficiency of
siRNAwas measured by western blot analysis.

Western Blot Analysis

For the western blot analysis, SK-N-BE2 and IMR-32 cells
were harvested, washed once in ice-cold phosphate-buffered
saline, gently lysed in ice-cold lysis buffer (250 mM sucrose,
1 mM EDTA, 0.05 % digitonin, 25 mM Tris, pH 6.8, 1 mM
dithiothreitol, 1 μg/ml leupeptin, 1 μg/ml pepstatin, 1 μg/ml
a p r o t i n i n , 1 mM be n z am i d i n e , a n d 0 . 1 mM
phenylmethylsulfonyl fluoride) for 30 min, and centrifuged
at 12,000 rpm at 4 °C. Protein concentration was measured
using BioRad Bradford protein assay reagent and subjected to
SDS-PAGE. Proteins were transferred to polyvinylidene

J Mol Neurosci (2015) 56:652–662 653



fluoride membranes and incubated successively in 5 % bovine
serum albumin in Tris-buffered saline-Tween 20 buffer
(TBST) (25 mmol/l Tris, pH 7.5, 150 mmol/l NaCl, and
0.1 % Tween 20) for 1 h, then incubated overnight at 4 °C
with specific antibodies (Table 1) followed by reaction with
horseradish peroxidase-labeled secondary antibody (Santa
Cruz Biotechnology) for 1 h. After each incubation, mem-
branes were washed extensively in TBST and the immunore-
active band was detected using ECL-detecting reagents.

Cytochrome c Release Assay

After cells were incubated with 75 μMwogonin for 48 h, SK-N-
BE2 and IMR-32 cells were collected by centrifugation at 800×g
for 5 min at 48 °C and washed with ice-cold PBS. The fraction-
ation of the mitochondrial protein and cytosolic protein was ex-
tracted according to the instruction of Mitochondrial Protein
Extraction kit (KeyGen), respectively. Cell nuclear and cytoplas-
mic fractions were prepared using a nuclear/cytosol fractionation
kit of Biovision Inc. (Moutain View, CA) according to the man-
ufacture’s direction. Western blot analysis was used to detect
cytochrome c of cytosolic fraction and mitochondrial fraction
with cytochrome c antibody.

Data Analysis

Statistical calculations of the data were performed using t test
when two groups are compared. One-way ANOVA followed

by Tukey multiple comparison test was used when three or
more groups were compared. In all cases, values of P<0.05
were considered statistically significant.

Results

Effect ofWogonin on Cytotoxicity of SK-N-BE2 and IMR-32
Cells

We performed the MTT assay to evaluate the effect of
wogonin against SK-N-BE2 and IMR-32 cells’ cytotoxicity.
According to the pre-experiment, we applied wogonin in the
doses of 10, 25, 50, 75, 100, and 150 μM. As illustrated in
Fig. 1a, b, wogonin inhibited the cell viability of SK-N-BE2
and IMR-32 cells in a dose-dependent manner and the effect
was predominant at 50–150 μM. In addition, we applied
75 μM wogonin in the time of 6, 12, 24, 48, 72, and 96 h.
We found that 75 μM wogonin inhibited the cell viability of
SK-N-BE2 and IMR-32 cells in a time-dependent manner
(Fig. 1c, d) and the effect was predominant at 48–96 h.
Therefore, SK-N-BE2 and IMR-32 cells treated with 75 μM
wogonin for 48 h was chosen for the subsequent experiments.

Effect of Wogonin on Apoptosis of SK-N-BE2 and IMR-32
Cells

To further investigate whether wogonin could induce the ap-
optosis of SK-N-BE2 and IMR-32 cells, the cells were treated
with 75 μM wogonin for 48 h. As shown in Fig. 2a, b,
Annexin V-FITC/PI staining analysis showed that the percent-
ages of apoptotic cells were increased in SK-N-BE2 and IMR-
32 cells treatment with 75 μM wogonin for 48 h.

Effect of Wogonin on Activation of Caspases Family
in SK-N-BE2 and IMR-32 Cells

The caspase pathway, which is activated both extrinsically and
intrinsically, is the major mechanism of apoptosis in most
cellular systems (Fadeel et al. 2005). Treatment of SK-N-
BE2 and IMR-32 cells with 75 μM wogonin for 48 h indeed
resulted in strong activation of cleaved caspase-8, caspase-9,
and caspase-3. The data in Fig. 3 clearly indicated that
wogonin activated the intrinsic caspase cascade leading to
caspase-9 followed by caspase-3 activation that resulted in
poly ADP-ribose polymerase (PARP)-1 cleavage in SK-N-
BE2 and IMR-32 cells.

Effect of Wogonin on Expressions of Bcl-2 Family Proteins
in SK-N-BE2 and IMR-32 Cells

The proteins in Bcl-2 family are major regulatory proteins
associated with apoptosis. As depicted in Fig. 4, Bcl-2, an

Table 1 Specific antibodies used in the experiment

Number Antibody name Company Dilution

1 Bax Santa Cruz Biotechnology 1:500

2 Bid Santa Cruz Biotechnology 1:500

3 Bcl-2 Santa Cruz Biotechnology 1:500

4 Cytc Santa Cruz Biotechnology 1:500

5 Caspase-3 Cell Signaling 1:500

6 Caspase-8 Cell Signaling 1:500

7 Caspase-9 Cell Signaling 1:500

8 RARP-1 Cell Signaling 1:500

9 GRP78 Millipore 1:8,000

10 GRP94 Millipore 1:8,000

11 p-ASK Santa Cruz Biotechnology 1:800

12 ASK Santa Cruz Biotechnology 1:1,000

13 TRAF2 Cell Signaling 1:1,000

14 IRE1α Millipore 1:800

15 Caspase-4 Cell Signaling 1:500

16 Caspase-12 Cell Signaling 1:500

17 β-actin Santa Cruz Biotechnology 1:800

18 p-JNK Cell Signaling 1:500

19 Tubulin Santa Cruz Biotechnology 1:800
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apoptotic suppressor, was markedly lower after treatment with
75 μM wogonin for 48 h. In contrast, Bax and Bid, the pro-
apoptotic proteins, expressions were significantly higher after
treatment with 75 μMwogonin for 48 h, suggesting a balance
towards induction of mitochondrial dysfunction.

Effect of Wogonin on Release of Cytochrome c in SK-N-BE2
and IMR-32 Cells

Cytochrome c is released from the mitochondria into the cy-
tosol to activate mitochondria-dependent caspase cascade.

Fig. 1 Effect of wogonin on cell viability in SK-N-BE2 and IMR-32
cells. Cell viability was assayed by the MTT method. a Effect of
different doses of wogonin on the cell viability of SK-N-BE2 cells. b
Effect of different doses of wogonin on the cell viability of IMR-32
cells. c Effect of 75 μM wogonin on the cell viability of SK-N-BE2

cells in a time-dependent manner. d Effect of 75 μM wogonin on the
cell viability of IMR-32 cells in a time-dependent manner. All data are
presented as means±SD. (n=6, *P<0.05, **P<0.01 significantly
different from the control group). The control group set at 100 %

Fig. 2 Effect of wogonin on the apoptosis rate in SK-N-BE2 and IMR-
32 cells. Leukemia cell apoptosis discriminated by the Annexin V/PI flow
cytometric assay method, which could detect cells in an earlier stage of
the apoptotic pathway and distinguish among apoptotic cells. aWogonin

treatment (75 μM) induced apoptosis of SK-N-BE2 cells. b Wogonin
treatment (75 μM) induced apoptosis of IMR-32 cells. Data were
shown as mean±SEM (n=6, *P<0.05 significantly different from the
control group)
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Next, we examined the levels of cytochrome c in both mito-
chondrial and cytosolic fractions. Treatment of SK-N-BE2

and IMR-32 cells with 75 μM wogonin for 48 h decreased
the level of cytochrome c in the mitochondria and

Fig. 3 Effect of wogonin on the activation of caspase-dependent
apoptotic signaling in SK-N-BE2 and IMR-32 cells. a The activations
of caspase-3, caspase-8, caspase-9, and RARP-1weremeasured in SK-N-
BE2 and IMR-32 cells with 75 μM wogonin treatment for 48 h by

western blotting assay. b–e The bar chart showed the ratio of cleaved
caspase-3, caspase-8, caspase-9, and RARP-1 to β-actin at each group.
These data are means±SEM. (n=6, **P<0.01 significantly different
from the control group)

Fig. 4 Effect of wogonin on the
activation of mitochondrial-
dependent apoptotic signaling in
SK-N-BE2 and IMR-32 cells. a
The expressions of Bax, Bid, and
Bcl-2 were measured in SK-N-
BE2 and IMR-32 cells with
75 μM wogonin treatment for
48 h by western blotting assay. b–
d The bar chart showed the ratio
of Bax, Bid, and Bcl-2 to β-actin
at each group. These data are
means±SEM. (n=6, *P<0.05,
**P<0.01 significantly different
from the control group)
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concomitantly increased the level of cytochrome c in the cy-
tosol, confirming the mitochondrial release of cytochrome c
into the cyotosol (Fig. 5).

Effect of Wogonin on ER Stress-Associated Proteins
of SK-N-BE2 and IMR-32 Cells

Because ER stress was one of the mechanisms of apoptotic
process, we examined the effect of wogonin on the expressions
of ER stress-associated proteins in SK-N-BE2 and IMR-32
cells. Firstly, using western blot analysis, we examined whether
wogonin affected expression of ER stress-associated proteins,
such as glucose-regulated protein (GRP78)/the immunoglobu-
lin heavy chain binding protein (Bip) andGRP94/gp96. Results
showed expressions of GRP78 and GRP94 increased after
treatment with 75 μM wogonin for 48 h (Fig. 6a–c). Wogonin

also induced activation of caspase-4 and caspase-12 (Fig. 6a–e),
which were closely related to ER stress-induced cell death.
Collectively, these data suggested a role for ER stress in
wogonin-induced apoptosis of SK-N-BE2 and IMR-32 cells.

Wogonin Induces Mitochondrial Dysfunction
Through IRE1α-Dependent Pathway in SK-N-BE2
and IMR-32 Cells

Previous studies have shown that the c-Jun N-terminal kinase
(JNK) pathway could be activated by ER stress following
recruitment of TRAF2 by the IRE1 cytosolic kinase to form
a TRAF2-ASK1-IRE1 complex (Urano et al. 2000). As
depicted in Fig. 7, increased expression of IRE1α, TRAF2,
p-ASK, and p-JNK was markedly measured after treatment
with 75 μM wogonin for 48 h. To further explore the role of

Fig. 5 Effect of wogonin on the release of cytochrome c in SK-N-BE2
and IMR-32 cells. a The levels of cytochrome c in bothmitochondrial and
cytosolic fractions was measured in SK-N-BE2 and IMR-32 cells with
75 μMwogonin treatment for 48 h by western blotting assay. Expression
of COX-4 and tubulin was used for monitoring mitochondrial release of

cytochrome c into the cytosol. b, c The bar chart showed the ratio of
cytochrome c to COX-4 in mitochondrial and tubulin in cytosolic
fractions at each group. These data are means±SEM. (n=6, *P<0.05
significantly different from the control group)

Fig. 6 Effect of wogonin on the ER stress in SK-N-BE2 and IMR-32
cells. a The expressions of GRP78, GRP94, cleaved caspase-4, and
caspase-12 were measured in SK-N-BE2 and IMR-32 cells with 75 μM
wogonin treatment for 48 h by western blot analysis. b–e The bar chart

showed the ratio of these ER stress-related proteins to β-actin at each
group. These data are means±SEM. (n=6, *P<0.05, **P<0.01
significantly different from the control group)
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IRE1α-dependent pathway in wogonin-induced apoptosis,
SK-N-BE2 and IMR-32 cells were transfected with or without
IRE1α siRNA for 24 h. Twenty-four hours later, SK-N-BE2
and IMR-32 cells were treated with wogonin for 48 h, and
levels of IRE1α, p-ASK1, p-JNK, and TRAF2 were analyzed
by western blot. As shown in Fig. 7, the activation of IRE1α-
dependent pathway was markedly inhibited in cells
transfected with IRE1α siRNA following treatment with
wogonin. Furthermore, inhibition of IRE1α markedly
inhibited wogonin-induced cytotoxic effects (Fig. 8a), in-
crease of apoptotic ratio (Fig. 8b), and cleaved caspase-
3 and caspase-9 (Fig. 9a–d) and Bax/Bcl-2 (Fig. 9a–f)
in both cell lines. These results indicated that the pro-
apoptotic effects of wogonin in SK-N-BE2 and IMR-32

cells were associated with the activation of the IRE1α-
dependent pathway.

Discussion

Recently, traditional Chinese medicines have been followed
with interest as a new source of anti-cancer drugs (Li-Weber
2009). So far, much effort has been put on the development of
agents that can effectively induce the apoptosis of cancer cells.
Clinically, S. baicalensis has been used in Chinese medicine
as a traditional adjuvant for cancer chemotherapy. However,
the molecular mechanisms of their actions are still largely

Fig. 7 Effect of wogonin on the
IRE1α-dependent pathway in
SK-N-BE2 and IMR-32 cells. a, b
The expression levels of IRE1α,
TRAF2, p-ASK1, and p-JNK
were measured in SK-N-BE2 and
IMR-32 cells with 75 μM
wogonin by western blot analysis.
SK-N-BE2 and IMR-32 cells
were transfected with either
control siRNA or with a specific
IRE1α siRNA sequence at 50 nM
for 24 h. c, f The bar chart showed
the ratio of IRE1α, TRAF2, p-
ASK1, and p-JNK to β-actin at
each group. These data are means
±SEM. (n=6, *P<0.05,
**P<0.01 significantly different
from the control group; #P<0.05
significantly different from the
wogonin treatment group)
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unknown. This study presents data showing that wogonin, a
major constituent of S. baicalensis, induces apoptosis of hu-
man malignant neuroblastoma cells by up-regulating mito-
chondrial dysfunction and ER stress-dependent pathway.
These results implied that an adjuvant therapy with wogonin
might have potential therapeutic benefits for malignant
neuroblastoma.

In this study, we firstly investigated whether wogonin in-
duced apoptosis in SK-N-BE2 and IMR-32 cells. MTT assay
demonstrated that wogonin inhibited cell viability of SK-N-
BE2 and IMR-32 cells in a dose- and time-dependent manner,
and the effect was predominant with a concentration of 75μM
wogonin for 48 h. Meanwhile, flow cytometry analysis indi-
cated that 75μMwogonin for 48 h effectively induced N-BE2
and IMR-32 cells apoptosis. These results suggested that
wogonin-induced inhibition of cell viability of SK-N-BE2 is
a causal factor responsible for their own apoptosis.

Apoptosis is an active gene-directed form of cell death that
is different from cell necrosis with respect to its morphologi-
cal, biochemical, pharmacological, and biological signifi-
cance (Wang et al. 2014). Apoptosis is a widely accepted
important mechanism that contributes to cell growth reduction
and is a major method of anti-cancer properties to eliminate
cancer cells (Kelloff et al. 2000). Apoptosis is controlled by
both extrinsic and intrinsic pathways (Chiantore et al. 2009).
The extrinsic pathway involves the death receptor, in which
the death domains target caspase-8 combined with their cor-
responding ligands. The activation of caspase-8 then activates
caspase-3 to ultimately induce apoptosis. Caspase-3 is a mem-
ber of the caspase family enzymes, which are the major in-
ducers of apoptosis. Caspase-3 activity is often measured in
the context of research into anti-tumor drugs that target apo-
ptosis (Du et al. 2013; He et al. 2014). In the present study, we
investigated whether wogonin could induce apoptosis of SK-
N-BE2 and IMR-32 cells through regulating the extrinsic

pathway. The expressions of cleaved caspase-3, caspase-8,
and caspase-9 were increased after being treated with 75 μM
wogonin for 48 h, which might be the reason for pro-apoptotic
effects of wogonin in SK-N-BE2 and IMR-32 cells.

The intrinsic pathway (mitochondrial pathway) of apopto-
sis is associated with DNA damage. DNA-damaging reagents
directly or indirectly activate the mitochondrial pathway
resulting in the release of mitochondrial cytochrome c into
the cytoplasm. Cytochrome c combines with the caspase-9
precursor to form an apoptosis complex. The activation of
caspase-9 then activates caspase-3 and PARP to induce apo-
ptosis (Meier and Vousden 2007). We examined the levels of
cytochrome c in both mitochondrial and cytosolic fractions.
Treatment of SK-N-BE2 and IMR-32 cells with 75 μM
wogonin for 48 h caused the mitochondrial release of cyto-
chrome c into the cytosol leading to the activation of the final
executioner caspase-3 that fragmented the DNA repair en-
zyme PARP-1, fulfilling a pre-requisite of DNA fragmenta-
tion for apoptotic death in both malignant neuroblastoma cell
lines.

Bcl-2 family members are key regulators of apoptosis. The
ratio between anti-apoptotic (Bcl-2) and pro-apoptotic (Bax
and Bid) members in Bcl-2 family is considered to be a deter-
minant factor for tissue homeostasis because it influences the
sensitivity of cells to inducers of apoptosis (Brenner and Mak
2009; Youle and Strasser 2008). Our result showed a decrease
of Bcl-2 protein followingwogonin treatment, while increased
expressions of pro-apoptotic Bax and Bid were observed in
wogonin-treated SK-N-BE2 and IMR-32 cells. Therefore,
wogonin might initiate mitochondrial dysfunction which in-
duced caspase-dependent apoptotic signaling.

Nowadays, there has been increasing awareness regarding
the role of the ER stress in the homeostasis of the cancer cell
(Lin et al. 2011; Tsai et al. 2012; Xu et al. 2013; Yang et al.
2012). ER stress occurs when ER homeostasis is lost due to an

Fig. 8 Effect of IRE1α on wogonin-induced cytotoxic effects and
apoptosis in SK-N-BE2 and IMR-32 cells. a Effect of wogonin on the
cell viability of SK-N-BE2 and IMR-32 cells after transfected with either
control siRNA or with a specific IRE1α siRNA sequence at 50 nM for
24 h. b Effect of wogonin on the level of apoptosis in SK-N-BE2 and

IMR-32 cells after transfected with either control siRNA orwith a specific
IRE1α siRNA sequence at 50 nM for 24 h. These data are means±SEM.
(n=6, *P<0.05, **P<0.01 significantly different from the control group;
#P<0.05 significantly different from the wogonin treatment group)
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overload of protein folding in the ER. Abnormal ER function
can cause ER stress, which results in unfolded protein re-
sponse, including the key signaling proteins: IRE1-TRAF2-
ASK, act as the sensors of ER stresses. Although the UPR is
primarily a pro-survival response, under the circumstance of
prolonged or enhanced ER stress, the UPR switches to cause
cell apoptosis (Boyce and Yuan 2006; Breckenridge et al.
2003; Brenner and Mak 2009). Here, we observed that
wogonin up-regulated the expressions of p-ASK, IRE1α,
and TRAF2 in SK-N-BE2 and IMR-32 cells. Activation of
caspase-4 and caspase-12 localized in the ER, exerting the
pro-apoptotic actions of ER stress, has been reported (Boyce
and Yuan 2006; Breckenridge et al. 2003). In agreement with
the effect of wogonin on ER stress, wogonin induced

expression and activation of caspase-4 and caspase-12.
Some ER chaperone genes, including GRP78 and GRP94,
were activated after 75 μM wogonin treatment for 48 h in
SK-N-BE2 and IMR-32 cells. This finding suggested that
the apoptosis induced by wogonin in SK-N-BE2 and IMR-
32 cells is with ER stress involvement.

Previous studies have also shown that ER stress may acti-
vate the mitogen-activated protein kinases. The JNK pathway
was activated following the binding of IRE1 to the scaffold
molecule TRAF2 (Urano et al. 2000; Nishitoh et al. 2002) and
consequently activated ASK1/JNK (Nishitoh et al. 2002). In
the present study, the activation of ASK1 and IRE1α was
consistent with the activation of the JNK pathway suggesting
that JNK was activated in response to wogonin-induced ER

Fig. 9 Effect of IRE1α on
wogonin-induced mitochondrial-
dependent apoptotic signaling in
SK-N-BE2 and IMR-32 cells. a, b
The expression of cleaved
caspase-3, cleaved caspase-9,
Bax, and Bcl-2 were measured in
SK-N-BE2 and IMR-32 cells
with 75 μM wogonin treatment
for 48 h by western blotting assay.
c–f The bar chart showed the ratio
of cleaved caspase-3, cleaved
caspase-9, Bax, and Bcl-2 to β-
actin at each group. These data are
means±SEM. (n=6, *P<0.05,
**P<0.01 significantly different
from the wogonin treatment
group)
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stress. The almost complete loss of JNK activation and
wogonin-induced apoptosis by inhibition of IRE1α strongly
argues that IRE1α-dependent pathway is an essential cell
death-signaling pathway in response to wogonin treatment.

In summary, this study demonstrated that wogonin induced
mitochondrial dysfunction, ER stress, and caspase-dependent
apoptosis in human malignant neuroblastoma SK-N-BE2 and
IMR-32 cells lines, which was associated with the up-
regulated IRE1α-dependent pathway (Fig. 10). Therefore,
we suggested that wogonin might be effective in the treatment
of malignant neuroblastoma.
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