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Comparing the role of Ginkgolide B and Ginkgolide K on
cultured astrocytes exposed to oxygen-glucose deprivation
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Abstract. Ginkgolide B (GB) and ginkgolide K (GK) are two
main active monomers of ginkgolides that present a unique
group of diterpenes found naturally in the leaves of the Ginkgo
biloba tree. Astrocytes are the most abundant cell type within
the central nervous system (CNS) and serve essential roles
in maintaining healthy brain function. The present study
compared the biological effects of GB and GK on astrocytes
exposed to oxygen-glucose deprivation (OGD). The results
demonstrated that GB and GK exhibit many different actions.
The level of the platelet-activating factor (PAF) was elevated
on astrocytes exposed to OGD, and inhibited by GB and GK
treatment. Although GB and GK inhibited the expression
of p-NF-kB/p65, GK exerted stronger anti-inflammatory
and antioxidant effects on astrocytes exposed to OGD than
GB by inhibiting interleukin (IL)-6 and tumor necrosis
factor-a, and inducing IL-10 and the nuclear factor-erythroid
2-related factor 2/HO-1 signaling pathway. When compared
with GB treatment, GK treatment maintained high levels of
phosphoinositide 3-kinase/phosphorylated-protein kinase B
expression, and induced a marked upregulation of Wnt family
member 1 and brain derived neurotrophic factor, indicating
that GK, as a natural plant compound, may have more attrac-
tive prospects for clinical application in the treatment of
neurological disorders than GB.

Correspondence to: Professor Bao-Guo Xiao, Department of
Neurology, Huashan Hospital, State Key Laboratory of Medical
Neurobiology, Fudan University, 12 Wulumuqgi Middle Road,
Shanghai 200040, P.R. China
E-mail: bgxiao@shmu.edu.cn

Professor Wei Xiao, State Key Laboratory of New-Tech for Chinese
Medicine Pharmaceutical Process, 58 Haichang Road, Lianyungang,
Jiangsu 222047, P.R. China

E-mail: kanionlunwen@163.com

Key words: ginkgolide B, ginkgolide K, astrocyte, oxygen-glucose
deprivation

Introduction

Astrocytes are one of the most abundant cell types within
the central nervous system (CNS) and play essential roles
in maintaining healthy brain function, including providing
structural support, regulating blood flow, modulating
neuronal metabolism, and maintaining the extracellular
microenvironment (1,2). They are also a critical structural
and functional part of synapses (3,4) and the neurovascular
unit (5,6), and communicate with neurons and endothelial
cells (7,8), contributing to angiogenesis, neurogenesis, and
synaptic plasticity. Additionally, astrocytes are primary
responders to CNS injury such as infection, trauma, ischemia
and neurodegenerative disease, where they either exert critical
beneficial neuroprotective and neurorestorative effects or
play detrimental roles by triggering glutamate excitotoxicity,
inflammatory molecule release and oxidative stress (9-11).
Thus, to develop successful clinical neuroprotective and
neurorestorative strategies, further investigation targeted
on astrocytes is need for a promising therapeutic target of
pharmacological and cell-based approaches.

Ginkgolide extracted from the Ginkgo biloba leaves have been
documented to possess a broad spectrum of pharmacological
properties, including neuroprotection, anticancer, cardioprotec-
tion and stress alleviating, and potential benefits against ischemic
stroke, Alzheimer's disease (12,13) and psychiatric disorders (14).
Ginkgolide B (GB) is a primary active monomer of ginkgolide
that inhibits the activity of platelet-activating factor (PAF) by
binding to its membrane receptor (15). BN 52021 has a protective
effect against myocardial ischemia/reperfusion (IR) dysfunc-
tion (16), cerebral ischemic damage and the neurological deficits
of mice after middle cerebral artery occlusion (MCAO) (17). GB
also efficiently alleviates spinal cord injury by inhibiting STAT1
expression (18) and protects human umbilical vein endothelial
cells via pregnane X receptor activation (19). GB treatment has
been shown to significantly decrease intracranial pressure (ICP)
and improve cerebral perfusion pressure (CPP) as well as reduce
the lactate/pyruvate ratio (LPR) in patients with non-traumatic
severe acute hemorrhagic stroke (20). Therefore, GB appears
to benefit tissue protection by different mechanisms in several
disorders.

Ginkgolide K (GK, C20H2209 as shown in Fig. 1, with one
more hydroxyls than GB), a derivative compound of GB and
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isolated from the leaves of the Ginkgo biloba, can markedly
improve neural cytotoxicity and shows neuroprotective effects.
GK has been reported to exhibit protective effects against
glutamate cytotoxicity and H,0O,-induced cytotoxicity in PC12
cells (21,22). GK also protects the heart against endoplasmic
reticulum stress by activating the inositol-requiring
enzyme la/X box-binding protein-1 pathway (23), and against
acute ischemic stroke caused by MCAO through antioxidative
effects (24). To the best of our knowledge, there has been no
comparative study of GB and GK or a study examining the role
of GK on astrocytes exposed to oxygen-glucose deprivation
(OGD).

However, whether GK can also exert effects on astrocytes,
which are the most abundant cell population in the brain, is
unknown. In the present study, we used primary astrocytes that
were exposed to OGD for a cell model of ischemic stroke to
evaluate how GK influences astrocyte function to potentially
affect neuronal survival and recovery after ischemia.

Materials and methods

Ethical Statement. The present study was approved by the
Ethics Committee of Fudan University (Shanghai, China),
based on the recommendations established in the Guide
for the National Science Council of the Republic of China.
The protocols were approved by the Ethics Committee of
Fudan University. The approval number from the IRB is
20150572A259°. This manuscript was written in accordance
with the ARRIVE (Animal Research: Reporting in vivo
Experiments) guidelines. Pregnant C57/B6 female mice
were housed 1 per cage in a temperature-controlled room
(22°C+£1°C) under a 12-hour dark/light cycle with free access
to water and food in the Animal House of Fudan University.
Newborn mice (<24 h) were sacrificed by decapitation, and the
brains were removed.

Drugs and reagents. GB and GK were extracted and separated
from ginkgo leaf by recrystallization and high-performance
liquid chromatography (HPLC) separation and had a purity
>98%. GB and GK were dissolved in dimethyl sulfoxide
(DMSO; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany)
before the experiment. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum, 100 U/ml penicillin, and
100 pg/ml streptomycin were obtained from Gibco (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). All other reagents
were from Sigma-Aldrich (Merck KGaA) unless otherwise
stated.

Primary astrocyte culture and treatment. Primary cortical
astrocytes were prepared from newborn mice at postnatal 24 h
as previously described with minor modifications (25). Briefly,
meninges-free cortices were cut into small cubes (<1 mm?) and
digested with 0.25% trypsin at 37°C for 15 min. The suspension
of tissue fragments was passed through a 40-ym cell strainer
and allowed pre-adherence for 1 h to remove contamination
from fibroblasts. The supernatant containing unattached cells
was transferred to 25 or 75-cm? flasks (Corning, Inc., Corning,
NY, USA) and cultured in an incubator with 5% CO, at 37°C.
The culture medium was changed with complete DMEM every
3-4 days. When the cultures reached 80-90% confluence, cells
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were sub-cultured for another 7 days before they were used. The
purity of astrocytes in cultures was determined by staining for
astrocytic marker glial fibrillary acidic protein (GFAP). More
than 95% cells showed GFAP immunoreactivity in the cultures.

For OGD, cells were exposed to 95% nitrogen and 5% CO,
maintained by constant gas flow at 37°C in all experiments
(Forma Anaerobic System; Thermo Fisher Scientific, Inc.).
Oxygen tension was maintained at 1-2% during the duration
of the test. The media used in these experiments consisted of
sugar-free culture medium containing salts, 10% fetal bovine
serum, 100 U/ml penicillin, and 100 gg/ml streptomycin. Control
groups were grown under standard culture conditions (5% CO,
and 95% oxygen).

Astrocytes were exposed to OGD for 3 h followed by
re-oxygenation for 24 h. Before re-oxygenation, cells were
washed in PBS, and the medium was replaced with complete
DMEM containing glucose and 10% fetal bovine serum. At
the same time, GB and GK (30 yg/ml, dissolved in DMSO)
were added to different cell cultures (ratio of GB/GK:
medium=1:1,000). The same volume of DMSO was added as
a control.

Inthe preliminary experiments, we used the SH-SYSY/AS3T
cells to observe the effect of GK with different concentra-
tions (2, 10, 30 and 50 ug/ml). The results showed that only
high concentrations (30 and 50 ug/ml) of GK can promote
autophagy to degrade alpha-synuclein and induce the BDNF
in the SH-SYS5Y/AS3T cells. Therefore, in this study, we used
30 ug/ml of GK.

Morphological observation. For astrocyte morphology
observation, astrocytes were washed in PBS, fixed with
4% paraformaldehyde and stained with the anti-GFAP
antibody. The cells were observed under a fluorescence micro-
scope (BX60; Olympus Imaging America Inc., Center Valley,
PA, USA).

Cell viability. The cell viability was measured using an
3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Briefly, a total of 10 1 MTT (5 mg/ml in PBS,
BDH Chemicals) was added to each 96-well containing 200 ul
medium before the conduction of incubation at 37°C for 4 h.
The reaction was stopped by the addition of 100 1 DMSO. The
optical density (OD) was measured at 570 nm by a Synergy H1
microplate reader (BioTek Instruments, Inc., Winooski, VT,
USA), and the results were expressed as an OD value.

LDH release. Cell cytotoxicity was quantitatively assessed by
measuring the activity of LDH released from the damaged cells
into the culture medium. At the end of culture, the supernatants
that contained detached cells were centrifuged at 2000 rpm
for 10 min. The supernatant was then used for the LDH
activity assay. The enzyme was quantified by using an assay
kit according to the manufacturer's protocol. The absorbance
of the samples was read at 440 nm using a microplate reader
(Synergy H1; BioTek Instruments, Inc.). The LDH release was
expressed as a percentage of experimental vs. 100% damaged
cells.

Enzyme-linked immunosorbent assay (ELISA). The quantity
of interleukin (IL)-1p, IL-6, IL-10, TNF-a, and PAF released
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Figure 1. Structure and cytotoxicity of GB and GK. (A) The structure of GB and GK. (GB molecular formula: C,,H,,0,y; and GK molecular formula: C,,H,,0,).
(B) Immunostaining of GFAP in primary cultured astrocytes (scale bars, 20 gm). (C) The viability and level of cell death of astrocytes exposed to OGD or
OGD+GB/GK. Cell viability was measured by MTT assay, and cell death was measured by LDH. Quantitative results are the mean + standard error of the
mean, and analyzed from three independent experiments with similar results. "P<0.05, as indicated. GB, ginkgolide B; GK, ginkgolide K; OGD, oxygen-glucose
deprivation; GFAP, glial fibrillary acidic protein; LDH, lactate dehydrogenase; MTT, 3-(4,5-dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide.

by astrocytes was measured by ELISA. Supernatants from
different cultures were collected and centrifuged at 2000 rpm
for 10 min to remove cell debris. The concentrations of IL-1f,
IL-6, IL-10, TNF-a and PAF in supernatants were measured

using commercial immunoassay kits (IL-1f, IL-6, IL-10, and
TNF-a from R&D System and PAF; Cloud-Clone Corp.,
Houston, TX, USA) following the manufacturer's instructions
and quantified by reference to standard curves.
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Western blot analysis. Protein from astrocytes was extracted
on ice with RIPA buffer plus protease inhibitor and phospha-
tase inhibitor cocktail (both Thermo Fisher Scientific Inc.).
Protein concentration was determined by BCA Protein Assay
(Thermo Fisher Scientific Inc.). Protein extracts (30 ug) were
separated by SDS-PAGE and transferred onto nitrocellulose
membranes (AmershamProtran 0.2 NC; GE Healthcare Life
Sciences, Chicago, IL, USA). The membranes were then incu-
bated with anti-p-NF-kB/p65 (Cell Signaling Technology,
Inc., Danvers, MA, USA), anti-Nrf2, anti-heme oxygenase-1
(HO-1; both Abcam, Cambridge, MA, USA), anti-Nlrp3,
anti-PI3K, anti-p-Akt (all Cell Signaling Technology, Inc.),
anti-WNT-1 (Abgent Inc., San Diego, CA, USA), anti-Fzd1
(R&D Systems, Inc., Minneapolis, MN, USA), anti-f3-catenin
(Cell Signaling Technology, Inc.), anti-BDNF (Abcam),
anti-GDNF (Santa Cruz Biotechnology, Inc., Dallas, TX,
USA), and anti-f-actin (Cell Signaling Technology, Inc.)
antibodies overnight at 4°C. Bands were visualized by
HRP-conjugated secondary antibodies and chemilumines-
cence (ECL) kit (EMD Millipore, Billerica, MA, USA) under
a ChemiDoc XRS+ system (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA).

Immunocytochemistry. Cells were fixed for 20 min with
4% paraformaldehyde, blocked with Triton X-100 containing
blocking buffer, and then incubated with antibodies against
GFAP (Abcam) at 4°C overnight. After the cells were washed
with PBS, the secondary antibody Alexa Fluor 555 goat
anti-rabbit IgG (Thermo Fisher Scientific Inc.) was added.
Immunoreactive cells were observed under fluorescence
microscopy (BX60; Olympus Imaging America Inc.) by two
investigators.

Statistical analysis. Data were presented as the mean =+ stan-
dard error of the mean. The raw data were analyzed by using
one-way analysis of variance with Tukey's post hoc test, using
GraphPad Prism 5.0 package (GraphPad Software, Inc, La
Jolla, CA, USA). P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

The structure and cytotoxicity of GB and GK. Fig. 1A illus-
trates the structure of GB and GK. GB (molecular formula:
C20H24010) is one of the diterpenes that occurs naturally in
the leaves of the Ginkgo biloba (25). GK (molecular formula:
C20H?22009) is a derivative compound of GB. The morphology
of astrocytes stained with GFAP was not abnormal after
treatment with OGD, OGD+GB or OGD+GK; however, the
number of GFAP-positive cells appeared to be reduced in
astrocytes treated with OGD alone (Fig. 1B). The viability
of astrocytes exposed to OGD for 3 h declined by 26.8%
compared with the viability of astrocytes exposed to normoxic
conditions (OD 0.77+0.05 vs. 1.039+0.03), while the viability
of OGD astrocytes treated with GB and GK for 24 h was not
significantly different from that of astrocytes exposed to OGD
alone (Fig. 1C). The LDH release from OGD astrocytes with
or without GB/GK treatment was similar to that from cells
exposed to normoxia (Fig. 1C). The results demonstrate that
the concentration of GB and GK used in this experimental
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Figure 2. Effect of GB and GK on PAF inhibition in OGD astrocytes. Primary
astrocytes were exposed to OGD for 3 h. At the beginning of re-oxygenation,
GB and GK (30 ug/ml, dissolved in DMSO) were added. The same volume
of DMSO was added as a control. Following 24 h, the supernatants were
collected for the PAF assay. Quantitative results are the mean + standard
error of the mean, and analyzed from three independent experiments with
similar results. ‘P<0.05, as indicated. GB, ginkgolide B; GK, ginkgolide K;
OGD, oxygen-glucose deprivation; PAF, platelet-activating factor; OD,
optical density; DMSO, dimethyl sulfoxide.

did not influence the viability or death of cultured primary
astrocytes.

Effect of GB and GK on PAF inhibition in OGD astrocytes.
As shown in Fig. 2, PAF was xulated in cultured primary
astrocytes treated with OGD for 3 h (P<0.05). Both GB and
GK, as PAF antagonists, effectively inhibited the level of PAF
compared with OGD treatment alone (P<0.05 for both).

Effect of GB and GK on the anti-inflammatory and antioxidant
capacity of OGD astrocytes. In this study, both GB and GK
inhibited the expression of p-NF-kB/p65 (Fig. 3A) (P<0.001
for both), but neither changed Nlrp3 expression in OGD
astrocytes (Fig. 3A) (P>0.05). Compared to OGD astrocytes
and GB-treated OGD astrocytes, OGD astrocytes treated with
GK released less IL-6 and TNF-a and produced more IL-10
(Fig. 3B) (P<0.001 and P<0.01 for IL-6, respectively, P<0.001
for TNF-a, and P<0.05 for IL-10). These results show that
both GB and GK suppressed the expression of p-NF-kB/p65
and that GK more effectively inhibited the production of
inflammatory IL-6 and TNF-a in OGD astrocytes. We
measured antioxidative Nrf2 and HO-1 expression by western
blot analysis. As shown in Fig. 4, although GB increased the
expression of Nrf2, GK more efficiently induced the expression
of Nrf2 (Fig. 4) (P<0.05 vs. OGD astrocytes treated with GB).
Simultaneously, HO-1 expression was significantly elevated
in OGD astrocytes treated with GK (Fig. 4) (P<0.05). These
results indicate that GK efficiently induced the expression of
antioxidative Nrf2 and HO-1 in OGD astrocytes.

We measured antioxidative Nrf2 and HO-1 expression by
Western blot. As shown in Fig. 4, although GB increased the
expression of Nrf2, GK more efficiently induced the expression
of Nrf2 (Fig. 4) (P<0.05 vs. OGD astrocytes treated with GB).
Simultaneously, HO-1 expression was significantly elevated
in OGD astrocytes treated with GK (Fig. 4) (P<0.05). These
results indicate that GK efficiently induced the expression of
antioxidative Nrf2 and HO-1 in OGD astrocytes.
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Figure 3. Anti-inflammatory effects of GB and GK in OGD astrocytes. Primary astrocytes were exposed to OGD for 3 h. At the beginning of re-oxygenation,
GB and GK (30 ug /ml, dissolved in DMSO) were added. The same volume of DMSO was added as a control. Following 24 h, the supernatants were collected for
ELISA assay, and the cells were collected for western blotting. (A) The protein expression of p-NF-kB/p65 and Nlrp3 by western blot, and (B) the concentrations of
IL-1B, IL-6, IL-10 and TNF-a by ELISA. Semi-quantitative results are presented as the mean + standard error of the mean, and analyzed from three independent
experiments with similar results. "P<0.05, “P<0.01 and ““P<0.001, as indicated. GB, ginkgolide B; GK, ginkgolide K; OGD, oxygen-glucose deprivation; p-, phos-
phorylated; NF-xB, nuclear factor-kB; NIrp3, NLR family pyrin domain containing 3; IL-, interleukin; TNF-a., tumor necrosis factor-a; DMSO, dimethyl sulfoxide.

Effect of GB and GK on PI3K/Akt pathway of OGD-astrocytes.  role of GB and GK on PI3K/Akt pathway of OGD-astrocytes.
Phosphorylated PI3K/Akt pathway serves an anti-inflam-  As shown in Fig. 5, after OGD-astrocytes cells were treated
matory role through suppressing the phosphorylation of  with GB, the expression of PI3K and p-Akt was inhibited
downstream NF-«kB (26). Besides, the activation of Nrf2 can  compared with OGD-astrocytes alone (for PI3K P<0.05, and
be modulated via PI3K/Akt pathway (27). We compared the for p-AKT P=0.084), although the latter did not reach statistical
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Figure 4. Antioxidative effects of GB and GK in OGD astrocytes. Primary astrocytes were exposed to OGD for 3 h. At the beginning of re-oxygenation,
GB and GK (30 pg/ml, dissolved in DMSO) were added. The same volume of DMSO was added as a control. Following 24 h, the cells were collected to
measure the expression of Nrf2 and HO-1 by western blotting. Semi-quantitative results are the mean =+ standard error of the mean, and analyzed from three
independent experiments with similar results. "P<0.05, as indicated. GB, ginkgolide B; GK, ginkgolide K; OGD, oxygen-glucose deprivation; Nrf2, nuclear
factor-erythroid 2-related factor 2; DMSO, dimethyl sulfoxide; HO-1, heme oxygenase-1.

significance. However, the treatment of GK on OGD-astrocytes
showed higher expression of PI3K and p-AKT compared with
GB (Fig. 5) (P<0.05, respectively).

Effect of GB and GK on the WNT-1-FzdI-f3-catenin pathway
in OGD astrocytes. The secreted Wntl ligand binds to its
corresponding receptor, Fzd1, which activates the downstream
WNT pathway that regulates neuronal proliferation and
differentiation (28) and promotes angiogenesis (29). Compared
with OGD treatment alone and OGD treatment with GB, GK
treatment induced the expression of WNT-1 (Fig. 6) (P<0.05
and P<0.01, respectively), but did not enhance the expression
of either Fzd1 or -catenin in OGD astrocytes (Fig. 6).

The PI3K/Akt pathway mediates BDNF effects (30),
while BDNF promotes the growth of neurons in vitro through
crosstalk with the WNT/B-catenin pathway (31). As shown in
Fig. 7, GK treatment induced the expression of BDNF (Fig. 6)
(P<0.05, respectively) but not GDNF compared with OGD
treatment alone and OGD treatment with GB.

Discussion

Astrocytes are the most numerous non-neuronal cell type in the
brain, stimulating neurite outgrowth and promoting neuronal
survival and regeneration through bi-directional communica-
tion between astrocytes and neurons in the brain. The recent

discovery that astrocytes can differentiate into neurons under
some microenvironments has dramatically expanded our
knowledge of the regulation of astrocytes to neurons (32).
In addition to providing support to neurons, astrocytes can
also secrete a series of pro-inflammatory cytokines that
modify the microenvironment (33,34), which is crucial for the
pathological processes of the brain (35). In the present study,
we found that both GB and GK inhibited the expression of
inflammatory p-NF-kB/p65, and GK upregulated the expres-
sion of antioxidative Nrf2 and HO-1 in OGD astrocytes, which
could have a neuroprotective effect through anti-inflammatory
and anti-oxidative actions. Interestingly, our study found that
compared with GB, GK induced astrocytic production of IL-10
and decreased IL-6 and TNF-a expression. These results
demonstrated that GK shows stronger anti-inflammatory and
antioxidant effects on OGD astrocytes.

Nrf2 signaling in astrocytes has been suggested as an impor-
tant therapeutic target for brain disorders (36). The activation
of the Nrf2/HO-1 axis plays a pivotal role in coordinating the
antioxidant response and maintaining redox homeostasis (27).
The depletion of Nrf2 induced the activation of NF-«B and
the expression of TNF-a, IL-1f, IL-6 and MMP9 resulting in
more cell death in astrocytes after scratch injury, suggesting that
Nrf2 may be an important target for anti-inflammation (37,38).
The activation of NF-kB induced by LPS was attenuated by
various Nrf2 activators, such as sulforaphane and curcumin (39),
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Figure 5. Effect of GB and GK on the PI3K-AKT signaling pathway in OGD astrocytes. Primary astrocytes were exposed to OGD for 3 h. At the beginning
of re-oxygenation, GB and GK (30 ug/ml, dissolved in DMSO) were added. The same volume of DMSO was added as a control. Following 24 h, the cells
were collected to measure the expression of PI3K and p-AKT by western blotting. Semi-quantitative results are the presented as the mean + standard error
of the mean, and analyzed from three independent experiments with similar results. “P<0.05, as indicated. GB, ginkgolide B; GK, ginkgolide K; OGD,
oxygen-glucose deprivation; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; p-, phosphorylated; DMSO, dimethyl sulfoxide.

indicating that depletion of Nrf2 induces augmentation of NF-xB
activity and the inflammatory response in the lung, brain, and
intestine (40). In this study, GK treatment inhibited the expression
of p-NF-kB/p65 and upregulated the Nrf2 pathway, indicating
potential complicated crosstalk between NF-kB and Nrf2,
which may contribute to the improvement in the inflammatory
microenvironment of the brain and promote neuroprotection and
nerve regeneration. In this study, the inhibition of NF-xB and
TNF-a in OGD astrocytes treated with GK might be related to
the increased expression of IL-10 (41-43). Additionally, a series
of studies have demonstrated that the activation and nuclear
translocation of Nrf2 and the expression of various antioxidant
enzymes can be mediated via the PI3K/Akt pathway (44.,45).
PAF is a pleiotropic endogenous phospholipid that mediates
a diverse range of physiologic and pathologic processes. PAF
is produced by different cells, including mast cells, basophils,
neutrophils, eosinophils, fibroblasts, platelets, endothelial cells,
and even cardiac muscle cells (46). PAF is also synthesized in
cultured neurons following stimulation with neurotransmitters
such as NMDA and glutamic acid (47). However, microglia
has a chemotactic response to PAF, revealing that PAF is one
of the key mediators in neuron-microglia interactions (47).
Additionally, endothelial cells were found to produce PAF
after stimulation by hypoxia or inflammatory mediators (48).
In this study, PAF was also produced by astrocytes and was
induced by OGD. Both GB and GK inhibited the release of
PAF from OGD astrocytes. Because the PAF receptor is also
expressed on neurons (49), PAF released from OGD astrocytes

also induces neuronal toxicity via a paracrine pathway.
Reducing PAF neurotoxic effects in the CNS with open new
therapeutic targets.

PAF has been reported to cause apoptosis in enterocytes
by inhibiting the PI3K/Akt signaling pathway (50). However,
there is no reason to believe that the GK-induced upregulation
of PI3K/Akt expression is related to PAF inhibition because
GB also inhibited PAF but did not increase the expression of
PI3K/Akt. There is growing evidence to indicate crosstalk
between the Nrf2 and PI3K/Akt pathways in response to
oxidative insults (51,52). Previous research has demonstrated
that the PI3K/Akt pathway plays a critical role in modulating
Nrf2/HO-1 protein expression as an upstream signaling
molecule (53). In our present study, a difference in PI3K/Akt
expression was observed between OGD astrocytes treated
with GB and GK, and this difference was possibly mediated
by different modes of action.

Astrocytes have been suggested to maintain neuronal
activity and modulate neuronal networks. Thus, their
structural integrity and sustained function are essential
for neuronal viability (54). The Wnt/f3-catenin signaling
pathway has been intensely studied as a critical regulator of
cell proliferation and cell fate during development, including
neural development (55,56). Recently, the Wntl-regulated
frizzled-1/Fzd/p-catenin signaling pathway was demonstrated
to act as a candidate regulatory circuit by controlling dopami-
nergic neuron-astrocyte crosstalk (57) or protecting cells from
ApB-oligomers toxicity (58). Most interestingly, we found that
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Figure 6. Effect of GB and GK on the WNT-1/Fzd1/p-catenin signaling pathway in OGD astrocytes. Primary astrocytes were exposed to OGD for 3 h. At
the beginning of re-oxygenation, GB and GK (30 ug/ml, dissolved in DMSO) were added. The same volume of DMSO was added as a control. Following
24 h, the cells were collected to measure the expression of WNT-1, Fzdl and f-catenin by western blotting. Semi-quantitative results are the presented as
the mean + standard error of the mean, and analyzed from three independent experiments with similar results. "P<0.05 and “P<0.01, as indicated. GB,
ginkgolide B; GK, ginkgolide K; OGD, oxygen-glucose deprivation; WNT-1, Wnt family member 1; Fzd1, frizzled class receptor 1; DMSO, dimethyl sulfoxide.
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Figure 7. Effect of GB and GK on neurotrophic factors BDNF and GDNF in OGD astrocytes. Primary astrocytes were exposed to OGD for 3 h. At the
beginning of re-oxygenation, GB and GK (30 pg/ml, dissolved in DMSO) were added. The same volume of DMSO was added as a control. Following 24 h,
the cells were collected to measure the expression of BDNF and GDNF by western blotting. Semi-quantitative results are presented as the mean =+ standard
error of the mean, and analyzed from three independent experiments with similar results. "P<0.05, as indicated. GB, ginkgolide B; GK, ginkgolide K; OGD,
oxygen-glucose deprivation; BDNF, brain derived neurotrophic factor; GDNF, glial cell derived neurotrophic factor; DMSO, dimethyl sulfoxide.
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compared to GB, GK treatment obviously induced the upregu-
lation in WNT1 expression but did not influence the expression
of Fzd or B-catenin in OGD astrocytes. Secreted WNT1 mole-
cules have been shown to be important not only for healthy
brain development but also for neurogenesis (59,60). Our
results are consistent with the current opinion that astrocytes in
the adult brain, in addition to providing structural support for
neurons, also perform numerous functions that include forming
neuronal-glial-vascular units. Here, our results suggest that GK
treatment induced the expression of WNT1 in OGD astrocytes.
Since knocking down WNT1 in midbrain astrocytes abol-
ished DA neuroprotection, defining the Wntl/Fzd-1/B-catenin
pathway as a novel astrocyte-neuron signaling system required
for survival and protection of adult midbrain DA neurons may
be necessary (57). BDNF is postulated to be a direct target of the
WNT pathway in glia. A previous study showed that the WNT
signaling pathway might directly induce BDNF expression
in Muller glia of the retina (61). In fact, BDNF and GDNF, as
secretory cytokines, should be able to determine the content in
the supernatant, but unlike other cytokines, the measurement of
BDNF and GDNF content in the supernatant is relatively complex
and unstable by ELISA method. In this study, we detected
protein level in cell extracts by Western blot. Our data do not
exclude the possibility that indirect regulation of BDNF expres-
sion by WNT signaling may occur, possibly via WNT-dependent
induction (62). In conclusion, this is the first comparative study
between the effects of GB and GK on OGD astrocytes, demon-
strating that these compounds have some different biological
effects. PAF expression was elevated in OGD astrocytes and
inhibited by both GB and GK treatment. Although both GB
and GK inhibited the expression of p-NF-kB/p65, GK showed
stronger anti-inflammatory and antioxidant effects in OGD
astrocytes. Compared to GB treatment, GK treatment resulted in
a higher expression of PI3K and p-Akt and induced upregulation
of WNT1 and BDNF expression, indicating that GK, as a natural
plant compound, may have more attractive prospects for clinical
application in the treatment of neurological disorders than GB.
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