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Baicalein prevents human prion protein-induced
neuronal cell death by regulating JNK activation
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Abstract. Prion diseases are neurodegenerative disorders char-
acterized by the accumulation of an abnormal isoform of the
protease-insensitive isoform (PrPSc) of prion protein. Human
prion protein fragment 106-126 [PrP (106-126)] contains most of
the pathological characteristics associated with PrPSc. Although
a number of compounds have been identified to inhibit PrP
accumulation or dissolve fibrils and aggregates in vitro, there
is currenlty no treatment available for these progressive neuro-
degenerative diseases. Baicalein, the dried root of Scutellaria
baicalensis (S. baicalensis) Georgi (known as Huang-qin
in traditional Chinese medicine) has been reported to exert
neuroprotective effects on neurodegenerative diseases. In the
present study, we investigated the effects of baicalein on the
development of prion diseases using SH-SY5Y and SK-N-SH
cells in vitro. We found that baicalein protected the cells against
PrP-induced neuronal cell death by inhibiting the production of
reactive oxygen species (ROS) and mitochondrial dysfunction
using ROS detection assay and MTP assay. We demonstrated
that baicalein treatment regulated the phosphorylation of c-Jun
N-terminal kinase (JNK) by using western blot analysis and
Annexin V assay. Our data suggest that baicalein has potential
for use as a therapeutic drug for the treatment of various neuro-
degenerative diseases, including prion diseases.

Introduction

Transmissible spongiform encephalopathies (TSEs) are fatal
neurodegenerative diseases in humans and animals (1) that
share a pathognomonic triad as a common histopathological
trait: the spongiform vacuolation of grey matter, neuronal
cell death, glial cell proliferation and, occasionally, amyloid
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deposition (2). One of the fundamental events related to TSE
pathogenesis is the refolding of a host-encoded glycoprotein,
the cellular prion protein (PrPC), into a protease-insensitive
isoform (PrPSc) that aggregates into deposits of misfolded
protein (3). Conversion into PrPSc is driven by the transition of a
large N-terminal region of PrPC from a random coil to a 3-sheet
structure, which becomes predominant over the a-helix content
(43 vs. 30%) (3). The synthetic human prion protein peptide
(PrP) (106-126) corresponds to amino acid residues 106-126 of
the prion protein placed in the flexibly disordered N-terminal
domain. PrP (106-126) maintains some of the pathogenic and
physiological properties of PrPSc, including the induction of
the apoptosis of hippocampal neurons and the proliferation
of astrocytes (4). Several biochemical and biological proper-
ties of PrPSc (B-sheet-rich structure, amyloidogenesis, and
neurotoxic and gliotrophic effects) have been discovered (4-7)
from an analysis of the biological activity of different amino
acid segments, a peptide encompassing amino acids 106-126 of
the PrP sequence [PrP (106-126)] and its ability to reproduce
in vitro. The relevance of the 106-126 sequence in PrP biological
activity was further demonstrated by the observation that this
fragment contains the amyloidogenic palindrome AGAAAAGA
sequence (amino acids 113-120), which is the most conserved
region within PrP molecules of different species (8).

The treatment of neurotoxic and neurodegenerative diseases
involves limiting reactive oxygen species (ROS) production
and oxidative stress. A prevoius study addressed neurode-
generation from a similar mechanistic standpoint based on
ROS and oxidative stress (9). Low levels of ROS, such as
superoxide anion (O,%), hydroxyl radical (HO"), and H,O,, serve
as signaling molecules in various cellular pathways that lead
to growth and survival. However, high levels of ROS induce
cellular damage and death through the oxidation of lipids,
proteins and DNA (10,11). Mitochondrial failure caused by the
aggregation of misfolded proteins is a hallmark of neurodegen-
erative disorders, including Alzheimer's disease, Parkinson's
disease and prion diseases (12-14). PrP (106-126), a neurotoxic
prion protein, induces mitochondrial dysfunction that results in
neurotoxicity (15).

The dried root of Scutellaria baicalensis (S. baicalensis)
Georgi has been used traditionally as a Chinese herbal medi-
cine (Huang-qin). Flavonoids extracted from S. baicalensis are
effective in treating the hypoxic brain, chemical neuronal cell
damage and cognitive impairment (16,17). One of the flavanoids,
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baicalein, has been shown to have antioxidant activity (18), exert
protective effects against the cytotoxicity induced by oxidative
stress (19), as well as some beneficial effects on the cardiovas-
cular system (20,21), among other biological activities (22-24).
A recent study demonstrated that baicalein exerts neuroprotec-
tive effects in patients with Parkinson's disease (25).

In the present study, investigated the effects of baicalein on
human prion protein-induced neuroblastoma cell apoptosis, as
well as the cellular responses to prion protein-related apoptotic
signaling, ROS and mitochondrial dysfunction. We also exam-
ined whether the inhibition of c-Jun N-terminal kinase (JNK)
reduces the neuronal apoptosis caused by the prion peptide. Our
results suggest that baicalein protects against PrP (106-126)-
induced apoptosis, the production of ROS and mitochondrial
dysfunction. Regulating the JNK pathway prevented neurotox-
icity in neuroblastoma cells caused by the prion peptide.

Materials and methods

Cell culture. The human neuroblastoma cells (SH-SYS5Y;
SK-N-SH) were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA). The cells were
cultured in minimum essential medium (MEM; Invitrogen-
Gibco, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen-Gibco), 100 U/ml penicillin and
0.1 mg/ml gentamycin in a humidified incubator maintained at
37°C and 5% CO,. The cells were treated for 1 h with baica-
lein (Sigma-Aldrich, St. Louis, MO, USA) and then exposed
to 50 mM PrP (106-126) for 24 h with or without the JNK
inhibitor, SP600125 (Sigma-Aldrich). Untreated cells were used
as controls.

PrP (106-126) treatment. PrP (106-126) was synthesized as
previously described (8). The synthetic PrP (106-126) peptide
(sequence, Lys-Thr-Asn-Met-Lys-His-Met-Ala-Gly-Ala-Ala-
Ala-Ala-Gly-Ala-Val-Val-Gly-Gly-Leu-Gly) was synthesized
by Peptron (Seoul, Korea). The peptide was dissolved in sterile
dimethyl sulfoxide at a stock concentration of 10 mM and
stored at -4°C.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. TUNEL assay was carried out to measure
the stage of cellular apoptosis by a TUNEL-based assay kit
(BioVision, Mountain View, CA, USA). TUNEL analysis
was performed according to the manufacturer's instructions.
Propidium iodide (PI) was employed to show the cell nuclei.

Annexin V assay. Apoptosis in the detached cells (SH-SY5Y
and SK-N-SH) was assessed using an Annexin V assay kit
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) according to
the manufacturer's instructions. Annexin V levels were deter-
mined by measuring fluorescence at an excitation wavelength
of 488 nm and an emission wavelength of 525/30 nm using a
Guava easyCyte HT System (Millipore, Bedford, MA, USA).

DCFH-DA assay and visual detection. The SH-SYSY cells
were incubated in MEM containing 10 M 2'7'-dichlorodi-
hydrofluorescein diacetate (H,-DCFDA) at 37°C for 30 min.
The cells were washed with phosphate-buffer saline (PBS)
and lysed in lysis buffer (25 mM HEPES; pH 7.4, 100 mM
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NaCl, 1 mM EDTA, 5 mM MgCl,,0.1 mM DTT and protease
inhibitor mixture). The cells were transferred to a clear 96-well
plate, and fluorescence emissions were measured at 515 nm
(bottom read mode) with an excitation wavelength of 488 nm,
using a SpectraMax® M2 (Molecular Devices, Sunnyvale, CA,
USA). The SH-SYSY cells were cultured on coverslips in a
24-well plate in MEM containing 10 xM H,-DCFDA at 37°C
for 30 min. The cells were washed with PBS, mounted with
DakoCytomation fluorescent medium (Dako, Carpinteria, CA,
USA) and visualized using a fluorescence microscope (Nikon
Eclipse 80i; Nikon Corporation, Tokyo, Japan).

Mitochondrial transmembrane potential (MTP) assay. The
change in MTP was evaluated using the cationic fluorescent
indicator, JC-1 (Molecular Probes, Eugene, OR, USA), in which
J-aggregates in intact mitochondria become fluorescent red
with an emission at 583 nm, indicating high or normal MTP
and fluorescent green with an emission at 525 nm, indicating
low MTP when it remains in the monomeric form in the cyto-
plasm. The SH-SYSY cells were incubated in MEM containing
10 uM JC-1 at 37°C for 15 min, washed with PBS, and then
transferred to a clear 96-well plate. JC-1 aggregate fluorescence
emissions were measured at 583 nm with an excitation wave-
length of 488 nm, and JC-1 monomer fluorescence intensity
was measured with excitation and emission wavelengths of 488
and 525 nm, respectively, using a Guava easyCyte HT System
(Millipore). The SH-SYSY cells were cultured on coverslips in
a 24-well plate, incubated in MEM containing 10 yuM JC-1 at
37°C for 15 min, and washed with PBS. Finally, the cells were
mounted with DakoCytomation fluorescent medium (Dako,
Carpinteria, CA, USA) and visualized under a fluorescence
microscope (Nikon Eclipse 80i; Nikon Corporation).

Western blot analysis. The SH-SYS5Y and SK-N-SH cells were
lysed in lysis buffer {25 mM HEPES [4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid], pH 7.4, 100 mM NaCl,
1 mM EDTA, 5 mM MgCl,, 0.1 mM dithiothreitol and a
protease inhibitor mixture}, whole cell proteins were elec-
trophoretically resolved by 10-15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto a
nitrocellulose membrane. Immunoreactivity was detected
through sequential incubation with primary antibodies,
horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagents provided with the
West Save Gold Detection kit (AbFrontier Co., Ltd., Seoul,
South Korea). The primary antibodies used for immunob-
lotting were anti-phospho-SAPK/JNK (Cat. no. 9255; Cell
Signaling Technology, Danvers, MA, USA), anti-phospho-Akt
(Cat. no. 2118-1; Epitomics, Burlingame, CA, USA) and anti-f3-
actin (A5441; Sigma-Aldrich). Images were examined using a
Fusion FX7 imaging system (Vilber Lourmat, Torcy Z.I. Sud,
France). The densitometry of the signal bands was analyzed
using Bio-1D software (Vilber Lourmat).

Statistical analysis. The unpaired t-test or Welch's correction
was used for comparison between the two groups. For multiple
comparison, the one-way ANOVA followed by the Tukey-
Kramer test was used. All statistical analyses were performed
using GraphPad Prism software. Results were considered
significant for values P<0.05, P<0.01 or P<0.001.
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Results

Baicalein inhibits PrP (106-126)-induced neuronal apoptosis.
Baicalein has been shown to exert neuroprotective effects
against neuronal impairment (26). In this study, we examined
whether baicalein protects neuronal cells against prion-medi-
ated neurotoxicity. Initially, we investigated the effects of
baicalein on PrP (106-126)-induced neurotoxicity in SH-SY5Y
and SK-N-SH cells using an Annexin V assay. The SH-SY5Y
and SK-N-SH cells were exposed to baicalein with or without
PrP (106-126). The cell viability of the PrP (106-126)-treated
cells decreased by approximately 42% compared with that of
the control SH-SY5Y cells and by 33% compared with that of
the control SK-N-SH cells. The viability of the cells treated
with baicalein only was similar to that of the untreated controls.
Baicalein treatment inhibited the PrP (106-126)-induced
neurotoxicity of the SH-SY5Y and SK-N-SH cells (Fig. 1A
and B). We used a TUNEL assay (Fig. 1C) and microscopic
imaging (Fig. 1D) and demonstrated that the apoptotic process
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Figure 1. Treatment with baicalein inhibits the prion protein peptide
(PrP) (106-126)-induced neuronal apoptosis. (A) SH-SYS5Y and SK-N-SH
neuronal cells were pre-treated with various concentrations of baicalein
(1 h) and then exposed to 50 pM PrP (106-126) for 24 h. Cell viability was
measured by Annexin V assay. The cells were treated with FITC-Annexin V,
which binds to phosphatidylserine on the plasma membrane during apoptosis.
(B) The bar graph shows the average numbers of Annexin V-negative cells.
(C) Representative immunofluorescence images of TUNEL-positive (green)
SH-SYS5Y cells 24 h following exposure to 50 M PrP (106-126) in the absence
or presence of baicalein (1 h). The cells were counterstained with PI (red) to
show all cell nuclei. (D) The treated cells were photographed using a light
microscope (original magnification, x100). ““P<0.001, significant differences
when compared with the controls and each treatment group. Bai, baicalein;
PrP, PrP (106-126).

in the PrP (106-126)-treated cells led to the emission of green
fluorescence, indicating DNA strand breakage. Baicalein
treatment recovered the cell death induced by PrP (106-126)
treatment as measured by cell density (Fig. 1D). These results
indicate that baicalein is effective in preventing PrP (106-126)-
induced apoptosis in SH-SY5Y and SK-N-SH cells.

Treatment with baicalein exerts inhibitory effects on
PrP (106-126)-mediated ROS production and mitochondrial
dysfunction. Oxidative stress is responsible for the neuronal cell
death associated with prion diseases. Therefore, in this study, we
investigated the mechanisms through which baicalein induces
resistance to PrP (106-126) by assessing the antioxidant properties
and generation of ROS in neuronal cells following tretment with
baicalein. As shown in Fig. 2A and B, DCFH-DA fluorescence
increased following treatment with PrP (106-126), whereas it was
inhibited by baicalein treatment in a dose-dependent manner.
We also assessed whether the protective effects of baicalein on
PrP (106-126)-induced neurotoxicity are related to the preven-
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Figure 2. Treatment with baicalein exerts inhibitory effects on prion protein peptide (PrP) (106-126)-induced reactive oxygen species (ROS) production and
mitochondrial dysfunction. (A) SH-SY5Y cells were exposed to baicalein (1 h) and then treated with 50 uM PrP (106-126) for 24 h. Representative histogram
of DCF fluorescence as measured by flow cytometry. DCF fluorescence results from the oxidation of 2',7'-dichlorofluorescein diacetate (DCFH-DA) by H,0,.
(B) The bar graph indicates the average numbers of DCF-positive cells. (C) Treated cells were used to measure the JC-1 mono form (green) by flow cytometry. R1
represents the population of JC-1 monomeric cells. (D) Representative images of J-aggregate formation in SH-SY5Y cells treated as described in (A). ““P<0.001,
significant differences when compared with the controls and each treatment group. Bai, baicalein; PrP, PrP (106-126).

tion of mitochondrial dysfunction. The SH-SYSY cells were
pre-incubated with 10 ym baicalein for 12 h and then exposed to
50 ym PrP (106-126). The PrP (106-126)-treated cells displayed
increased JC-1 monomers (58.2%), indicating low MTP values,
whereas baicalein treatment reduced PrP (106-126)-induced
JC-1 monomers (24.3%) in a dose-dependent manner, indicating
high MTP values (Fig. 2C). In accordance with these results,
the fluorescence microscopy images (Fig. 2D) showed cells with
green fluorescence (JC-1 monomer form) following treatment
with PrP (106-126), indicating lower MTP, whereas the control
cells and baicalein-treated cells displayed red fluorescence

(JC-1 aggregate form), indicating high MTP values. These data
demonstrate that baicalein reduces ROS production and attenu-
ates mitochondrial dysfunction induced by PrP.

Baicalein mediates survival and death signals. We then
investigated whether baicalein exerts an effect on cell growth
and death signals. Akt promotes growth factor-mediated cell
survival both directly and indirectly. JNK is activated by
PrP (106-126)-induced apoptosis (27). In addition, baicalein
attenuates astroglial activation by downregulating the activa-
tion of JNK (28). Therefore, in this study, we examined Akt
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Figure 3. Baicalein mediates survival and death signals. (A) SH-SYSY cells
were treated with various concentrations of baicalein. The treated cells
were assessed for phosphorylated Akt (p-Akt) and phosphorylated c-Jun
N-terminal kinase (p-JNK) production by western blot analysis. Results were
normalized to those of $-actin. (B) The bar graph indicates the average p-JNK
activity ratio. (C) The bar graph indicates the average p-Akt activity ratio.
“P<0.05, “P<0.01 and ""P<0.001, significant differences between the controls
and each treatment group. Bai, baicalein; PrP, prion protein peptide (106-126);
adj. volume, adjustment of volume (band volume minus background volume).

and JNK activation in neuronal cells following treatment with
baicalein and PrP (106-126). Our results demonstrated that
baicalein reversed the inhibition of Akt activation induced
by treatment with PrP (106-126) and blocked JNK activation
which was induced by PrP (106-126) (Fig. 3). These results
suggest that baicalein exerts a protective intracellular signal.
It can thus be hypothesized that the protective effects of baica-
lein may be inhibited by an Akt inhibitor. This suggests that
baicalein plays a role similar to that of a JNK inhibitor under
apoptotic conditions. Taken together, our results suggest that
treatment with baicalein inhibits the PrP (106-126)-induced
apoptosis of neuronal cells by regulating JNK. Therefore, this
was examined in the following experiment.

Baicalein inhibits PrP (106-126)-induced apoptosis by
inactivating JNK. To investigate whether the inhibition of
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Figure 4. Baicalein inhibits prion protein peptide (PrP) (106-126)-induced
apoptosis by inactivating c-Jun N-terminal kinase (JNK). (A) The SK-N-SH
cells were pre-treated with baicalein (80 xM) and SP600125 JNK inhibitor;
1 uM) (1 h) in each well and then exposed to 50 yuM PrP (106-126) for 24 h.
Treated cells were assessed for phosphorylated JNK (p-JNK) production by
western blot analysis. Results were normalized with those of B-actin. (B) The
bar graph indicates the average p-JNK activity ratio. (C) Cell viability was
measured by Annexin V assay. Cells were treated with FITC-Annexin V,
which binds to phosphatidylserine on the plasma membrane during apop-
tosis. (D) The bar graph indicates the average of Annexin V-negative cells.
“P<0.001, significant differences when compared with the controls and each
treatment group. Bai, baicalein; PrP, PrP (106-126); adj. volume, adjustment of
volume (band volume minus background volume).

JNK exerts neuroprotective effects against PrP (106-126)-
induced neurotoxicity, we analyzed the levels of JNK and cell
viability using a JNK inhibitor (SP600125). We found that the
PrP (106-126)-induced increase in JNK levels was inhibited by
the JNK inhibitor, SP600125, as shown by western blot and
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densitometric analyses (Fig. 4A and B). We also found that the
JNK inhibitor (SP600125) blocked the PrP (106-126)-induced
neuronal apoptosis by inactivating JNK (Fig. 4C and D). The
cells in the first quadrant of the graph in Fig. 4C signify the late
apoptotic condition and those in the fourth quadrant signify the
early apoptotic condition. These results strongly suggest that
treatment with baicalein exerts neuroprotective effects against
neuronal cell apoptosis by inactivating JNK.

Discussion

Baicalein, a flavonoid extracted from the traditional Chinese
herbal medicine, S. baicalensis Georgi (Huang-qin), has been
studied as a chemopreventive agent in neuronal cell and brain
models (28-30). In the present study, we demonstrated that
baicalein protected neuronal cells against PrP (106-126)-
induced neurotoxicity.

Certain studies have suggested that high levels of ROS
induce tissue injury, increase the formation of superoxide and
induce neurotoxicity (31,32). As shown in the present study,
treatment with baicalein attenuated the PrP (106-126)-induced
production of ROS and neurotoxicity in dose-dependent
manner (Figs. 1 and 2). These results indicate that ROS are
associated with neurodegeneration and that baicalein protects
against neurotoxicity induced by ROS. However, we were
unable to demonstrate whether the inhibition of ROS produc-
tion protects against PrP (106-126)-induced neurotoxicity.
Further research on ROS and neurodegeneration is clearly
required.

The mitochondria are the main source of cellular reactive
oxygen, whose production further increases if the mitochon-
dria are damaged (33,34). The contribution of ROS-induced
mitochondrial dysfunction to the neurodegenerative process
may depend on the cell type involved (35). As the mitochon-
dria are both the main producers and targets of ROS, targeting
mitochondrial oxidative damage may be clinically useful in
neurodegeneration. Our data demonstrated that PrP (106-126)
induced mitochondrial dysfunction and that baicalein protected
the neuronal cells against mitochondrial damage (Fig. 2C
and D). Our results are fragmentary, but suggest that baicalein
protects neuronal cells against mitochondrial dysfunction and
neurotoxicity from ROS overproduction induced by PrP.

In addition, we determined whether baicalein affects the
mechanisms related to Akt and JNK signaling. Liu et al (30)
suggested that the neuroprotective effects of baicalein involve
the Akt pathway. Choi ez al (36) proposed that baicalein protects
hippocampal neuronal cells against apoptosis by inhibiting
JNK activation. As expected, the JNK inhibitor, SP600125,
protected the SK-N-SH cells against apoptotic death (Fig. 4C).
However, Akt inhibitors (LY294002 and wortmannin) did
not prevent the neuroprotective effects of baicalein (data
not shown). Akt and JNK signals have been associated with
baicalein, and our results indicate that JNK plays a key role
regulating PrP (106-126)-induced neuronal apoptotic signals.

Several studies have suggested that JNK is associated
with the generation of ROS. Shen ef al (37) demonstrated that
the JNK signal is a key modulator in cell death induced by
ROS. It has also been suggested that the ROS-mediated INK
activation is a critical component deciding the fate of cells in
response to various stressful stimuli, which can be inhibited by
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pre-treatment with antioxidants (38,39). Thus, further research
on the association between JNK and ROS is required.

In conclusion, our results indicate that baicalein protects
neuronal cells against PrP (106-126)-induced neurotoxicity
by inhibiting JNK activation. In addition, baicalein reduces
PrP (106-126)-induced mitochondrial dysfunction and ROS
production. These data may prove useful to future studies
and suggest the potential use of baicalein in the treatment of
neurodegenerative disorders.
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