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Ginkgo biloba extract protects human neuroblastoma
SH-SYSY cells against oxidative glutamate
toxicity by activating redoxosome-p66Shc
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Abstract. Ginkgo biloba extract (GBE), a traditional Chinese
herbal medicine component, is widely used to alleviate symp-
toms of neurodegenerative diseases. It has been confirmed that
GBE exerts its pharmacological effect mainly due to its antiox-
idant activity; however, the molecular mechanism responsible
for this effect remains unclear. The aim of the present
study was to investigate the detailed mechanism of GBE,
the main component of Gingko biloba dropping medicine,
against oxidative glutamate toxicity in human neuroblas-
toma SH-SYSY cells. The SH-SY5Y cells were untreated or
pretreated with GBE followed by glutamate stimulation. Cell
viability was assessed using an MTT assay. In addition, oxida-
tive stress indexes, including intracellular ROS generation and
NADPH oxidase and caspase activity, were also measured.
The protein expression of key signaling factors involved in
the redoxosome-p66Shc pathway was evaluated to elucidate
the neuroprotective effect of GBE. The results showed that
GBE treatment significantly attenuated the glutamate-induced
cytotoxicity in SH-SYSY cells by suppressing oxidative stress.
A mechanical study revealed that redoxosome-p66Shc acti-
vation was associated with glutamate-induced cytotoxicity,
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which caused mitochondrial dysfunction and cell death.
Interestingly, GBE treatment attenuated the activation of
redoxosome-p66Shc in a dose-dependent manner, which
suggested that the protective effect of GBE on SH-SY5Y cells
against oxidative glutamate toxicity may be mediated by the
modulation of redoxosome-p66Shc signaling. The current
findings contribute to a better understanding of the therapeutic
effect of GBE and indicate that redoxosome-p66Shc signaling
might be a novel therapeutic target in the prevention and/or
treatment of neurodegenerative diseases.

Introduction

Neurotransmitters, referred as endogenous chemicals, play
important roles in the regulation of brain functions such as
memory, mode and behaviors (1). These functions are abnormal
when excessive excitatory release of neurotransmitters occurs,
leading to neurodegenerative diseases such as Alzheimer's
disease, Parkinson's disease and Huntington's disease (2,3).
Glutamatergic dysfunction is the key incentive factor to the
occurrence and development of specific neurodegenerative
diseases (4). A high concentration of glutamate accumulated
in the brain resulted in oxidative toxicity and then, neuron
death (5,6). The mechanism involved in oxidative glutamate
toxicity is complex and largely unknown. Therefore, investi-
gating the molecular mechanism underpinning the neuronal
cell damage upon glutamate-associated oxidative stress is
highly desired, which contributes to elucidating the pathogen-
esis of neurodegenerative diseases and developing therapeutic
regimens against these diseases.

Ginkgo biloba extract (GBE), the traditional Chinese phar-
macopoeia, is used world widely as a herbal medicine against
a variety of ailments due to its effect in ameliorating cerebral
blood flow as well as antioxidant, anti-inflammatory and
antiplatelet properties (7,8). It has been marketed in different
formulations, mainly as capsules and Gingko Biloba Dropping
pills. It is well known that GBE has neuroprotective effect,
which is largely due to its antioxidant activity (9). For instance,
literature has showed that GBE exerts its neuroprotective effect
via scavenging free radicals and neutralizing ferryl ion-induced
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peroxidation (10). However, the detailed mechanism underpin-
ning the antioxidant activity of GBE against brain nerve cell
injury remains unclear. In this study, we explored the neuro-
protective effect of GBE against oxidative glutamate toxicity
in human neuroblastoma SH-SY5Y cells (11-15), and also
investigated the associated molecular mechanism.

Materials and methods

Chemicals and reagents. GBE was provided by Wanbangde
Pharmaceutical Group Co., Ltd. Chemicals such as
L-glutamate, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dip
henyltetrazolium bromide), DCFH-DA and DMSO were
obtained from Sigma-Aldrich; Merck KGaA. Antibody were
obtained from Santa Cruz Biotechnology,Inc.or Abcam: p-SRC
(ab40660, Abcam), SRC (ab109381, Abcam), p-VAV2 (ab86695,
Abcam), Vav2 (ab52640, Abcam), p-p66Shc (ab68166, Abcam),
p66Shc (ab33770, Abcam), cytochrome ¢ (ab133504, Abcam),
[-actin (sc-58673, Santa Cruz Biotechnology, Inc.), prohibitin
(sc-377037, Santa Cruz Biotechnology, Inc.), Goat Anti-Rabbit
IgG H&L (HRP) (ab7090, Abcam), Goat Anti-Mouse IgG
H&L (HRP) (ab205719, Abcam). Racl activity assay kit was
obtained from Cell Biolabs. Amplex Red hydrogen peroxide/
peroxidase assay kit was obtained from Thermo Fisher
Scientific, Inc. Caspase-3 Activity assay kit was obtained from
Abcam. Other chemicals and reagents used in this study were
obtained from Beyotime.

Cell culture and treatment. Human neuroblastoma SH-SY5Y
cells were purchased from the American Type Culture
Collection (ATCC). Cells were maintained in culture
medium of DMEM (Gibco; Thermo Fisher Scientific, Inc.)
containing 10% fetal bovine serum (FBS, Gibco; Thermo
Fisher Scientific, Inc.) with addition of antibiotics (100 U/ml
penicillin and 100 ug/ml streptomycin, Gibco; Thermo Fisher
Scientific, Inc.) at 37°C under 5% CO,. Cells were treated with
compounds (Glutamate: 50 mM or GBE: 25, 50 and 100 pg/ml)
or transfected with the gene-specific siRNAs (p66Shc: Sense
:5'-AUGAGUCUCUGUCAUCGCUTT-3!, antisense: 5'-AGC
GAUGACAGAGACUCAUTC-3") using Lipofectamine 2000
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the previous study (16).

Cell viability assay. MTT assay was used to determine cell
viability. Briefly, cells with or without treatment were incu-
bated with 0.5 mg/ml MTT solution (100 pl) for 3 h at 37°C.
The culture medium was then replaced with DMSO (150 pl).
The absorbance was recorded at a wavelength of 490 nm using
the microstrip reader (Bio-Rad Laboratories).

Oxidative markers analysis. DCFH-DA staining was adopted
to assess intracellular ROS generation. Briefly, cells with or
without treatment were incubated with DCFH-DA (10 uM) for
15 min at 37°C. ROS concentration was analyzed using the
fluorescence microscope (Leica Microsystems). Intracellular
H,0, level was measured by Amplex Red assay as previously
reported (17,18).

NOX activity analysis. NOX activity was determined by
luminescence assay using lucigenin as the electron acceptor

generated by the NADPH oxidase complex according to the
previous study (19). Cells with or without treatment were soni-
cated in PBS buffer containing 1 mM MgCl,, | mM EGTA
and protease inhibitors. The lysates (250 pg/ml of protein)
were then incubated with 20 yM lucigenin and 100 M
NADPH. The emitted luminescence was detected by the
luminometer (FluoStar Optima, BMG Labtech). Typically,
the readings of the luminescence increased linearly within
5 min and the slope of the trend line was defined as the rela-
tive NOX activity.

Cytochrome c release analysis. The cytosol and mitochondrial
fractions were prepared for cytochrome c release analysis
according to the previous study (20). After treatment, mito-
chondrial and cytosolic fractions were extracted from the cells
using Cell Mitochondria Isolation Kit (Beyotime) according to
the manufacturer's instructions. The levels of mitochondrial
cytochrome ¢ (Mito Cyto ¢) and cytosolic cytochrome ¢
(Cyto Cyto ¢) were determined by western blot analysis.
B-actin was used as loading control for cytosolic fraction
and prohibitin was used as loading control for mitochondrial
fraction.

Western blot analysis. Total protein extract (20 ug) from
cultured cells was separated by SDS-PAGE and electro-
phoretically transferred to polyvinylidene fluoride (PVDF)
membrane (Beyotime). Target protein was probed by
primary antibody (1:1,000) followed with horseradish perox-
idase-conjugated secondary antibody (1:500). The protein
signals were detected with chemiluminescence (ECL) detec-
tion reagent (Beyotime) and exposed in a dark room. Image J
was used to quantify band densities with normalization to
that of f-actin or prohibitin.

Caspase activity analysis. Caspase activity was assessed using
fluorometric assay (Beyotime). Cells with or without treatment
were lysed and protein lysate was incubated with caspase-3
substrate DEVD-AFC at 37°C for 30 min. The caspase activity
was assessed with the spectrofluorometer (Molecular Devices)
(excitation wavelength at 400 nm, emission wavelength at
505 nm).

Statistical analysis. Statistical analysis was performed using
SPSS 16.0 software package. All data were done in triplicates
and the results were from three independent studies. Results
of multiple experiments were expressed as means + SD.
Statistical comparisons were made by Student's t-test between
two groups and one-way ANOVA followed by Tukey's post
hoc test among multiple groups. P<0.05 was accepted as
statistically significant.

Results

GBE attenuates glutamate-induced cytotoxicity. The
SH-SYSY cells were pre-treatment with or without GBE at a
range of concentrations (0, 25, 50, 100 pg/ml) for 24 h, and
followed with glutamate incubation (50 mM, 6 h). Cell viability
was evaluated using MTT assay. Upon GBE pre-treatment
(up to 100 ug/ml), cell viability was not significantly
affected, which suggested that GBE is non-toxic to the cells
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Figure 1. Protective effect of GBE against Glu-induced cytotoxicity in SH-SY5Y cells. (A) Cells were treated with various concentrations of GBE (0, 25, 50,
100 pg/ml) for 24 h and cell viability was evaluated using an MTT assay. (B) Cells were pretreated with various concentrations of GBE (0, 25, 50, 100 pzg/ml)
for 24 h and then exposed to Glu (50 mM) for 6 h. After incubation, cell viability was evaluated using an MTT assay. “P<0.01 vs. control; “P<0.05 and *P<0.01

vs. Glu alone. Glu, glutamate; GBE, Ginkgo biloba extract.
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Figure 2. Protective effect of GBE against Glu-induced oxidative injury in SH-SYS5Y cells. Cells were pre-treated with various concentrations of GBE (0, 25,
50, 100 pg/ml) for 24 h and then exposed to Glu (50 mM) for 2 h. (A) ROS level was evaluated using CM-H2DCFDA. (B) H,O, level was evaluated using an
Amplex Red assay. “P<0.01 vs. control; “P<0.01 vs. Glu alone. Glu, glutamate; GBE, Ginkgo biloba extract; ROS, reactive oxygen species.

(Fig. 1A). Comparing the groups treated with glutamate, GBE
dose-dependently attenuated the glutamate-induced cytotox-
icity (Fig. 1B). Such findings demonstrated the protective effect
of GBE against glutamate-induced toxicity in SH-SY5Y cells.

GBE attenuates glutamate-induced oxidative injury. The
effect of GBE against glutamate-induced oxidative injury in
SH-SYS5Y cells was further evaluated with the measurement of
ROS and H,0,. As shown in Fig. 2, exposure of cells to gluta-
mate (50 mM) for 2 h resulted in the significantly upregulated
levels of intracellular ROS and H,0,, potentiating the oxidative
toxicity of glutamate. However, cells pre-treated with GBE (0,
25,50, 100 pg/ml, 24 h) prior to glutamate incubation resulted
in a dose-dependent attenuation of ROS and H,0O, generation
(Fig. 2). These results indicated that GBE exerted its protec-
tive effect against glutamate-induced toxicity by attenuating
oxidative stress in SH-SY5Y cells.

GBE attenuates glutamate-induced redoxosome activation.
To examine the molecular mechanism responsible for the
neuroprotective effect of GBE, redoxosome activity was
measured. As shown in Fig. 3, glutamate treatment (50 mM,
2 h) induced the upregulated phosphorylation of Src tyrosine
and Vav2 tyrosine, which in turn induced the increased expres-
sion of active Racl-GTP, leading to NADPH oxidase (NOX)
activation in the Racl-GTP-dependent manner. However, the
incubation of Rac inhibitor (NSC23766, 80 uM, 6 h) or NOX
inhibitor (VAS2870, 10 uM, 6 h) potently protected the cells
from the cytotoxic effect of glutamate (Fig. 4). Furthermore,
the pre-treatment of GBE (0, 25, 50, 100 pg/ml, 24 h) prior to
glutamate incubation (50 mM, 6 h) resulted in a dose-dependent
attenuation of redoxosome activation.

GBE inhibits redoxosome-dependent p66Shc activation. To
investigate whether glutamate-induced redoxosome activation
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Figure 3. Protective effect of GBE against Glu-induced redoxosome activation in SH-SY5Y cells. Cells were pretreated with various concentrations of GBE
(0,25, 50, 100 pg/ml) for 24 h and then exposed to glutamate (50 mM) for 2 h. (A) Protein levels of p-SRC, SRC, p-Vav2 and Vav2 were evaluated by western
blot analysis. (B) Representative Racl western blot is shown. (C) NADPH oxidase activity was measured. “P<0.01 vs. control; #P<0.01 vs. Glu alone. Glu,
glutamate; GBE, Ginkgo biloba extract; p, phosphorylated; SRC, proto-oncogene tyrosine-protein kinase Src; Vav2, guanine nucleotide exchange factor VAV2.
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Figure 4. Effect of redoxosome inhibitors against glutamate-induced oxidative stress in SH-SYSY cells. Cells were pretreated with Rac inhibitor N (80 M) or
NADPH oxidase inhibitor V (10 M) for 6 h and then exposed to Glu (50 mM) for 2 h. (A) ROS level was evaluated using CM-H2DCFDA. (B) H,0, level was
evaluated using an Amplex Red assay. “P<0.01 vs. control; #P<0.01 vs. Glu alone. N, NSC23766; V, VAS2870; Glu, glutamate; ROS, reactive oxygen species.

impacts on p66Shc activity, the expressions of p-p66Shc and
distribution of p66Shc were measured with or without GBE
pre-treatment. As shown in the Fig. 5, glutamate treatment
(50 mM, 2 h) induced p66Shc serine36 phosphorylation and
mitochondrial translocation of p66Shc. However, Rac inhibitor
(NSC23766, 80 uM, 6 h) or NOX inhibitor (VAS2870, 10 M,
6 h) incubation blocked the effect of glutamate on p66Shc
activation. Moreover, cells pre-treated with GBE (0, 25, 50,
100 pg/ml, 24 h) prior to glutamate incubation (50 mM, 2 h) led
to a dose-dependent attenuation of p66Shc activation (Fig. 6).

GBE attenuates glutamate-induced mitochondrial
dysfunction. Mitochondria translocation of p66Shc induces
mitochondrial dysfunction. Thus, we also assessed the

mitochondrial function in cells with or without GBE
pre-treatment. As shown in the Fig. 7, glutamate treatment
(50 mM, 6 h) resulted in the reduced mitochondrial membrane
potential (MMP), increased cytochrome c release and acti-
vation of caspase-3. However, p66Shc inhibition blocked
glutamate-induced mitochondrial dysfunction. Furthermore,
cells pre-treated with GBE (0, 25, 50, 100 pg/ml, 24 h) prior
to glutamate incubation (50 mM, 6 h) showed the decreased
mitochondrial dysfunction dose-dependently (Fig. 8).

Discussion

Gingko biloba extract (maidenhair tree) is a traditional
Chinese medicine, which has been clinically adopted in the
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Figure 5. Role of p66Shc in glutamate-induced redoxosome activation in SH-SY5Y cells. Cells were pretreated with Rac inhibitor NSC23766 (80 M) or
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mitochondrial fraction.

treatment of various neurodegenerative diseases for hundreds
of years (21). For example, EGb761, one of the standard
extracts isolated from Ginkgo biloba leaves, has been used in
treating neurological diseases including Alzheimer's disease,
Parkinson's disease and Huntington's disease (22,23). GBE
of Gingko Biloba Dropping is another standard exact, which
is prepared through alcohol extraction and then purification
with a macroporous resin column. Considering national phar-
macopoeia standards, the quality indexes of GBE are quite
standardized: Flavonoid glycosides =24%, terpene lactones
=6%, ginkgolic acids <5 or 10 ppm. The most important flavo-
noids of GBE are glycosides of kaempferol, quercetin, and
isorhamnetin with glucose or rhamnose. Ginkgolides, only
present in Ginkgo biloba extract but any other living species,
can be divided into types A, B, C, and J (a very small quantity).
Its other clinically important ingredients are not well studied,
such as procyanidins, catechins and organic acids (24).

It is well known that GBE has potent neuroprotective effect,
which is largely due to its anti-oxidant activity. It can alleviate
ischemia, oxidative stress and f-amyloid-induced toxicity (25).
Huang et al have reported that EGb761 can protect SH-SY5Y
neuroblastoma cells against glutamate toxicity via inhibiting
excitotoxicity and calcium influx as well as reducing the expres-
sion of apoptotic markers (26). However, little is known about

GBE. In this study, we investigated the anti-oxidative effect
of GBE, the main active extract from the Ginkgo biloba drop-
ping pills, against glutamate-induced toxicity in SH-SY-5Y
cells. We found that GBE has comparable effect to that of
EGb761 (data not shown). More importantly, we investigated
the molecular mechanism of GBE against glutamate-induced
oxidative toxicity. According to the previous studies, 50 mM of
glutamate is effective to induce oxidative toxicity in SH-SY5Y
cells; while 0-100 ug/ml of GBE was selected as the desired
concentration range to test for its anti-oxidative effect (27-29).

Redox signaling is a key player in the regulation of physi-
ological processes (30). Accumulating evidence reveals that
the abnormality of redox signaling in response to stress leads
to the occurrence and development of neurological disorders
and other diseases (31,32). Redoxosome is a fledgling area of
cellular signaling through superoxide-producing endosomes,
which acts via specific redox modifications on numerous
proteins and enzymes (33). Redoxosome activation includes Src
kinase-dependent Vav2 tyrosine phosphorylation, Racl-GTP
activation and activation of NADPH oxidase (34). In this
study, glutamate treatment remarkably induced oxidative
stress by activating redoxosome signaling, which is associated
with Src-VAV2-Racl-NOX activation; while Rac inhibitor
(NSC23766) or NOX inhibitor (VAS2870) could potently
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alleviate glutamate-induced oxidative toxicity. Consistently,
GBE dose-dependently attenuated the oxidative toxicity
associated with glutamate through inactivating redoxosome
signaling in SH-SYSY cells. p66Shc, a 66 kDa Src collagen
homologue (Shc) adaptor protein, is reported to be downstream
effector of redoxosome signaling in several types of cells (33).
Genetic deletion of p66Shc adaptor protein prevents hypergly-
cemia-induced oxidative stress in endothelial cells (35). p66Shc
Ser36 phosphorylation induces its translocation to the mito-
chondrial intermembrane space, enabling its interaction with

cytochrome ¢ and promoting the transfer of electrons to oxygen
for the generation of hydrogen peroxide and consequently,
activating programmed cell death (36). In this study, p66Shc
inhibition through siRNA silencing potently prevented cells
from the glutamate-induced oxidative toxicity, indicating that
p66Shc activation directly contributes to glutamate toxicity in
a redoxosome dependent manner. In addition, p66Shc activa-
tion reduced MMP, increased the release of cytochrome ¢ and
upregulated caspase-3. Interestingly, p66Shc activation and
mitochondrial dysfunction can be dose-dependently attenuated
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with the pre-treatment of GBE in SH-SY5Y cells. Our results
revealed the novel regulatory mechanism of GBE against
glutamate-induced oxidative toxicity.

In conclusion, this study demonstrated the neuroprotec-
tive effect of GBE against glutamate-induced oxidative
toxicity in SH-SYSY cells, which effect is possibly mediated
through redoxosome-p66Shc signaling (Fig. 9). This provides
new information in the pathogenesis of various neurological
diseases that are induced by oxidative damage, and also form
the basis of the clinical use of GBE in treating these diseases.
In addition, this study suggests that redoxosome-p66Shc
signaling can be a potential therapeutic target in the preven-
tion/treatment of neurological pathologies.
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