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Abstract Ginkgolide and bilobalide are major trilactone con-
stituent of Ginkgo biloba leaves and have been shown to exert
powerful neuroprotective properties. The aims of this study
were to observe the inhibitory effects of ginkgolide and
bilobalide on the activation of microglial cells induced by
oxygen—glucose deprivation and reoxygenation (OGD/R)
and the specific mechanisms by which these effects are medi-
ated. For detecting whether ginkgolide and bilobalide in-
creased cell viability in a dose-dependent manner, BV2 cells
were subjected to oxygen—glucose deprivation for 4 h follow-
ed by 3 h reoxygenation with various concentrations of drugs
(6.25, 12.5, 25, 50, and 100 pg/ml). The extent of apoptosis
effect of OGD/R with or without ginkgolide and bilobalide
treatment were also measured by Annexin V-FITC/PI stain-
ing. Similarly, the levels of pro-inflammatory cytokines
TNF-«, IL-13, IL-6, IL-8, and IL-10 were detected using a
specific Bio-Plex Pro™ Reagent Kit. The effects of
ginkgolide and bilobalide on protein levels of TLR2/4,
MyD88, p-TAKI1, p-IKKf3, p-IkBx, NF-kB p65, Bcl-2,
Bax, Bak, RIP3, cleaved-Caspase-3, cleaved PARP-1 and cel-
lular localization of NF-kB p65 were evaluated by Western
blot and double-labeled immunofluorescence staining, respec-
tively. OGD/R significantly decreased the cell viability and
increased the release of IL-1f3, IL-6, IL-8, IL-10, TNF-x in
BV2 microglia cells; these effects were suppressed by
ginkgolide and bilobalide. Meanwhile, ginkgolide and
bilobalide also attenuated the OGD/R-induced increases in
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TLR2, TLR4, MyDS88, Bak, RIP3 levels and reversed cleaved
caspase-3/caspase-3, Bax/Bcl-2 and cleaved PARP-1/PARP-1
ratio. Furthermore, ginkgolide and bilobalide also downregu-
lated p-TAKI, p-IkBe, and p-IKK {3 and inhibited the OGD/
R-induced transfer of NF-kB p65 from cytoplasm to nucleus
in BV2 microglia cells. The results showed that ginkgolide
and bilobalide can inhibit OGD/R-induced production of in-
flammatory factors in BV2 microglia cells by regulating the
TLRs/MyD88/NF-kB signaling pathways and attenuating in-
flammatory response. The possible mechanism of anti-
inflammatory and neuroprotective effects of ginkgolides re-
sults from the synergistic reaction among each monomer
constituents.

Keywords Ginkgolides - Bilobalide - BV2 microglia cells -
TLRs - Cerebral ischemia - NF-kB - Inflammatory

Introduction

Ischemic stroke, also known as cerebral infarction, is a com-
mon and life-threatening neurological disease with substantial
morbidity and mortality global, which brings a great burden to
the family and society (Murray and Lopez 1997; Go et al.
2014; Jauch et al. 2013). About 87 % of stroke cases are due
to sudden occlusion of a blood vessel by a thrombus or em-
bolism (Go et al. 2014). Rapid reperfusion in ischemic area as
soon as possible and rescuing dying neuron, vascular endo-
thelial cells after cerebral ischemia is critical in the therapy of
ischemic cerebrovascular incidents. However, perhaps sur-
prisingly, the occurrence of reperfusion usually cause deterio-
ration of brain injury and a profound inflammatory response
(Eltzschig and Eckle 2011; Iadecola and Alexander 2001). It
represents the most important reason in the cause of brain
failure (Nagy et al. 2005; Schaller and Graf 2004). Although
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the mechanisms of cerebra ischemia and reperfusion (I/R)
injury are complex and involve the interactions of numerous
pathophysiological processes, i.e., oxygen free radical injury,
excitatory amino acid neurotoxicity, intracellular calcium
overload, etc., increasing evidence shows that inflammation
is involved in stroke progression (Eltzschig and Eckle 2011;
Iadecola and Alexander 2001, Broughton et al. 2009, Doyle
et al. 2008). Mounting evidence indicates that brain ischemia
triggers inflammatory responses and leads to microglia acti-
vation, which produces more cytotoxic substances including
TNF, IL-13, iNOS, and other pro-inflammatory mediators
and results in more neuronal damage (ladecola and Anrather
2011; Kaushal and Schlichter 2008). Inhibition of microglia
activity in early stage of cerebral ischemia reperfusion can
reduce cerebral infarction volume, thus exerting brain protec-
tion effect (Son et al. 2009). Recently, researches showed that
using cell cycle inhibitor, roscovitine, can inhibit microglia
proliferation and production of inflammatory cytokines such
as IL-1p3, MIP-1«, and NO and reduced the number of cell
cycle-related proteins including cyclin A, cyclin B, and cyclin
E in rat cerebral ischemia model and oxygen—glucose depri-
vation (OGD) of BV2 cells; these changes all contributed to
neuroprotection in ischemia (Zhang et al. 2009b). There is
also direct evidence of neuronal degeneration and microglia
activation after transient cerebral ischemia (Moon et al. 2009).
Therefore, the anti-inflammatory activities of the agents that
target activated microglia cells induced by I/R may be crucial
to promote the survival of neurons.

Toll-like receptors (TLRs) was first discovered in the em-
bryos of Drosophila melanogaster in 1980. By now, 10 func-
tional TLRs in humans and 12 in rodents have been
indentified respectively (Akira 2009). Many studies demon-
strated that TLR2/4-induced innate immune and inflammatory
response might play an important role than other TLRs during
the course of brain damage caused by ischemia/reperfusion
(Winters et al. 2013; Zwagerman et al. 2010; Lehnardt et al.
2007; Tang et al. 2007; Hyakkoku et al. 2010). Moreover,
TLR2 and TLR4 were mainly expressed in microglia
(Takeda and Akira 2005). Cerebral ischemic/reperfusion pro-
mote TLR2/4 combined with their endogenous ligands, HSPs
or HMGBI, and leads to recruitment/activation of MyD88,
the interleukin-1 (IL-1) receptor-associated kinase, the tumor
necrosis factor (TNF) receptor-associated factor 6 (TRAF6),
and the transforming growth factor beta-activated kinase
1(TAK1), thereby activating the transcription factor and in-
creasing expression of pro-inflammatory cytokine such as
TNF-«, IL-13, and IL-6 (Vabulas et al. 2001; Park et al.
2006). Among the transcription factors that involved in the
transcription of pro-inflammatory genes, NF-kB is perhaps
the most important one (Kacimi et al. 2011; Wang et al.
2007). The IkBs are phosphorylated by cytokine-responsive
IkB kinase (IKK) at serine residues 32 and 36 when NF-«B
were activated by a variety of stimuli including oxidative
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stress, hypoxia, and several inflammatory mediators, which
trigger its ubiquination/degradation and subsequent release
of NF-kB, which then translocates to the nucleus and facili-
tates the transcription of several pro-inflammatory cytokines
(Baeuerle and Baltimore 1996). Microglia NF-«kB activation
has been proposed to promote brain damage via induction of
pro-inflammatory cytokines (Huang et al. 2001; Zhang et al.
2005).

Ginkgo biloba is an ancient Chinese tree that has been
cultivated and held sacred for its health-promoting properties.
Substantial basic research and clinical evidence indicate that
concentrated and partially purified extracts of G. biloba leaves
possesses many beneficial effects against some kind of neural
and vascular damage (Maclennan et al. 2002, Xia and Fang
2007, Zhu et al. 2004, Wang et al. 2004). EGb-761, a patented
extract of G. biloba, has been shown to have neuroprotective
effects against various cardiovascular and neurological disor-
ders and have been wildly used to treatment ischemia,
Alzheimer’s disease, and dementia (Ahlemeyer and
Krieglstein 2003, Chandrasekaran et al. 2003, Andrieu et al.
2008, van Dongen et al. 2000). G. biloba extract contains two
groups of bioactive constituents, the flavonoids (24 %) and the
terpenoids (6 %), while ginkgolide and bilobalide are two
primarily constituents of the terpenoid fraction (Jaracz et al.
2004) the main compound structure were shown in Fig. 1.
Ginkglolides, including ginkgolide A, B, C, J, K, L, and M,
were found to be specific and selective antagonists of platelet-
activating factors (Kleijnen and Knipschild 1992, Desquand
et al. 1986, Braquet 1986). Ginkgolid B is one of the major
components of terpenoid fraction of G. biloba extract which
has antioxidative, vascular, and neuroprotective effects
(Maclennan et al. 2002). Ample data showed that ginkgolid
B possesses a remarkable neuroprotective property against
ischemia-induced impairments in vivo (Liu et al. 2010, Lv
et al. 2011b) and in vitro (Peng et al. 2010, Wu et al. 2009)
by antagonizing PAF, inhibiting thrombosis, scavenging oxy-
gen free radicals, and inhibiting inflammation after cerebral
ischemia (Xia and Fang 2007). In addition, ginkgolid A and
ginkgolid B could reduce infarction volume and protect neu-
rons in rat permanent middle cerebral artery (MCA) models
(Nietal. 2011), and the protective effects were associated with
the inhibition of NF-«B signaling pathway (Wang et al. 2008),
while PAF is one of the most potent mediators in many in-
flammatory processes via activation of the nuclear transcrip-
tion factor NF-kB (De Plaen et al. 2000, Ko et al. 2006).
Bilobalide has multiple mechanisms of action, including pres-
ervation of mitochondrial ATP synthesis, inhibition of apopto-
tic damage, and suppression of hypoxia-induced membrane
deterioration against cerebral ischemia and neurodegeneration
(Defeudis 2002). Recently, study showed that neuroprotective
effects of bilobalide on cerebral ischemia and reperfusion in-
jury are associated with inhibition of pro-inflammatory medi-
ator production and down-regulation of JNK1/2 and p38
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MAPK activation (Jiang et al. 2014). Taking together, all of
these studies clearly show that neuroprotective effects of
ginkgolides are closely related to anti-inflammatory pathways,
although its specific mechanisms were not well understood.

In the present study, we hypothesized that TLRs/MyD88/
NF-kB pathways could be a therapeutic target of ginkgolides
and bilobalide in condition of cerebral ischemia reperfusion
injury. We investigated, therefore, whether the neuroprotec-
tive effects of ginkgolides and bilobalide were by regulating
TLRs/MyD88/NF-kB pathways and reducing the production
of pro-inflammatory in BV2 microglia after oxygen—glucose
deprivation and reoxygenation (OGD/R).

Methods
Materials

BV2 mouse microglia cell line was purchased from Kunming
Institute of Botany, Chinese Acasdemy of scuences
(Kunming, China). Active pharmaceutical ingredients of
ginkgolides (GAPIs, containing GA, GB, and GK),
ginkgolide A (GA, HPLC-purity > 97.4 %), ginkgolide B
(GB, HPLC-purity > 99.2 %), ginkgolide K (GK, HPLC-pu-
rity > 98 %), and Bilobalide (BB, HPLC-purity > 98 %) were
separated by Kanion (Kanion Pharmaceutical, Co., China).

Cell culture and grouping

BV2 cells were maintained in high glucose DMEM medium
containing 10 % FBS and 1 % penicillin—streptomycin and
incubated at 37 °C in a humid atmosphere containing 95 % air
and 5 % CO,. After expansion, cells after passage 3 were used
for all the experiments. In order to examine whether GAPIs,
GA, GB, GK, and BB increased cell viability in a dose-
dependent manner, BV2 microglia were performed OGD for
4 h followed by reoxygenation for additional 3 h with various
concentrations of drugs (6.25, 12.5, 25, 50, and 100 pg/ml)
treatment.

Oxygen—glucose deprivation and reoxygenation and drug
administration

BV2 cells at the density of 1.0 x 10%mL were seeded into
95 ¢cm? cell culture dish; after 24 h fusion, cells were treated
differently depending on the purpose the cells were used for.
Briefly, the normal cultured BV2 cells without any treatment
were used as control. The cells were preformed in OGD ex-
periment, culture medium was replaced into glucose-free
DMEM, and the culture dish was placed into a sealed chamber
with persistent low flow (20 L/min) of 95 % N, and 5 % CO,
mixture to expel oxygen for 20 min; subsequently, the air inlet
and the outlet of the tubes were clamped, and the chamber was

placed into CO, incubator. After 4 h OGD, oxygen—glucose
deprivation was terminated by exposing cells at normal cul-
ture conditions (37 °C, 95 % air, 5 % CO,) and incubated with
50 ug/ml GAPIs, GA, GB, GK, and BB for 6 h (total protein
assays) or 1 h (protein kinase assays).

Cell viability assays

Freshly collected BV2 cells were counted (>93 % viability)
and dispensed into a 96-well plates at the final density of
3.0 x 10%ells/100 pl/well. After a 24-h incubation to allow
cell attachment, the cells without any treatment were used as
control, and the others were incubated with glucose-free
DMEM and executed OGD for 4 h; subsequently, GAPIs,
GA, GB, GK, and BB were added into during 3 h reoxygen-
ation. Cell viability was evaluated with the Cell Titer 96®
Aqueous Non-Radioactive Cell Proliferation Assay
(Promega, Madison, WI, USA) according the instruction of
the manufacture. In brief, at the end of OGD/R, 20 uL of MTS
was added to each well. Cell viability was determined by
measuring the absorbance at 490 nm using a microplate spec-
trophotometer (Molecular Devices Flex Station 3, America).
Six replications of each sample were analyzed in each group.
The extent of apoptosis was detected by using Annexin V-
FITC/PI ( propidium iodide) detection kit (Beyotime,
Nantong, China) as described in the manufacturer’s instruc-
tion. Briefly, cells at the density of 2.0 x 10° cells/500 pl/well
were plated into 24-well plate; after 24 h incubation, cells
were performed 4 h OGD followed by 50 pg/ml ginkgolides
and BB respectively for additional 3 h at 37 °C, 5 % CO,.
Subsequently, all cells were harvested and carefully washed
with 1x PBS for three times. After centrifugation at 1000g for
5 min, the cell pellets were resuspended in 195 pul annexin V-
FITC binding buffer and gently mixed by adding another 5 uLL
annexin V-FITC. Thereafter, 10 uL of PI (50 mg/mL) was
added, and the suspension was then incubated in the dark for
20 min at room temperature. The fluorescence of these cells
was analyzed by NovoCyte D2040R flow cytometry (ACEA
Biosciences, San Diego, CA, USA) using the NovoExpress
1.1.0 software. Three replications of each sample were ana-
lyzed in each group.

Measurements of secreted inflammatory cytokines in BV2
cells

Levels of TNF-«, IL-1f3, IL-6, and IL-10 in each group were
detected by Bio-Plex 200 System (Bio-Rad Laboratories,
Hercules, CA, USA). Cell seeding and treatment of BV2 cells
were the same as those described in cell viability assays.
Briefly, after a 4-h OGD followed by 3-h incubation with
50 pg/ml ginkgolides and BB respectively at 37 °C, 5 %
CO,, the cells were centrifuged at 4 °C, 450 g for 10 min,
and 50 pl of supernatant was then collected at —80 °C for
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cytokines detection. Cytokines assays were preformed accord-
ing to the protocol provided by the manufacturer of the com-
mercially available Bio-Plex Pro™ Reagent Kit (Bio-Rad
Laboratories, Hercules, CA, USA). Six replications of each
sample were analyzed in each assay.

Western blotting analysis

The levels of TLR2/4, MyD88 (Abcam, Cambridge, UK), p-
TAKI (Thermo Fisher, USA), p-IKK 3, Bak, PARP-1, RIP3
(Cell signaling technology, CST, Co., USA), p-IkB«, Bcl-2,
Bax, and Caspases-3 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) in the BV2 cells and NF-«kB p65 (Cell Signaling
Technology, CST, Co., USA) expression in nuclear and cyto-
plasmic fraction of microglia cells were analyzed by Western
blotting. In brief, the cells were washed with cold 1x PBS and
harvested under non-denaturing conditions by incubation at
4 °C with lysis buffer which contain protease inhibitor and
phosphorylase inhibitor for 10 min. The cell lysates were cen-
trifuged at 14,000g for 10 min at 4 °C to remove insoluble
precipitates. The protein content in each sample was deter-
mined by the method of Bradford. Total protein (50 png) from
culture cells was denatured and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) con-
taining 10 % acrylamide gels and subsequently transferred
electrophoretically to PVDF membranes. After nonspecific
binding sites were blocked 2 h with TBST (Tween Tris buft-
ered saline) containing 5 % BSA or skimmed milk, the mem-
brane was then incubated with corresponding primary anti-
bodies diluted 1:1000 overnight at 4 °C. After washing with
1x TBST, the samples were subsequently incubated with
horseradish peroxidase-conjugated goat anti-rabbit secondary
antibody (1: 2000 dilution, Cell signaling technology, CST,
Co., USA) for 2 h and visualized on Chemi Doc XRS + de-
tection system (Bio-Rad Laboratories, Hercules, CA, USA).
Histone and GAPDH were used as a loading control of nucle-
ar and cytoplasmic fraction, respectively.

Immunofluorescent analysis

To determine the expression and localization of NF-kB p65 in
BV2 cells, double-labeled immunocytochemistry was per-
formed. In briefly, the cells were fixed with 4 % (v/v) parafor-
maldehyde in 1x PBS at room temperature for 15 min and
washed with 1x PBS for 3 times, then blocked with 1 % (w/v)
BSA in 1x PBS containing 0.3 % (v/v) Triton X-100 at room
temperature for 30 min. The primary antibody against NF-xB
p65 (1: 100 dilution, Cell signaling technology, CST, Co.,
USA) was incubated at 37 °C for 2 h. Subsequently, cells were
incubated with goat anti-rabbit [gG-CFL 488 (1: 250 dilution,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 37 °C for
1 h. After washing with 1x PBS for 3 times, cell nuclei were
stained using Hoechst 33258 (Sigma-Aldrich, St. Louis, MO,
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USA) at a final concentration of 2 pg/ml at 37 °C for addi-
tional 15 min. Fluorescent images were visualized under by a
fluorescence reverse microscope (Leica DMI 4000B, Leica
Co., Germany). The fluorescent intensity of nucleus and cy-
toplasm in each group was quantitated by Image J software;
the nucleus/cytoplasm ratio was then calculated.

Statistical analysis

All data were presented as mean =+ standard deviation (SD).
Statistical analysis was performed using one-way ANOVA
with Tukey’ s post doc method using the software of SPSS
Statistics V17.0. Differences were considered statistically sig-
nificant when a P value is <0.05.

Results

GAPIs increased cell viability in BV2 microglia cells
exposed to OGD/R

In order to ensure the consistency of results, we firstly opti-
mized the effects of different time duration of OGD on BV2
cell viability with MTS assay. As shown in Fig. 2a, cell via-
bility decreased to about 81, 62, 47, and 45 % after OGD 1-
4 h followed by reoxgenation for 3 h respectively.
Subsequently, we detected the effects of different duration of
reoxygenation on BV2 cells viability. OGD 4 h/reoxgenation
for 1, 3, and 6 h all reduced cell viability, but no significantly
changes occurred at 12 and 24 h timepoint compared with
control group. GAPIs could increase the cell viability after
4 h OGD followed by 1 and 6 h reoxygenation and augment
cell viability by 10.8, 75.7, and 23.1 % respectively. The peak
time of the protective effect of GAPIs was at reoxygenation 3-
h timepoint and then decreased. The protective effect of
GAPIs cannot be evaluated at 12 and 24 h timepoint due to
the recovery of cell viability as time goes on (Fig. 2b).

Ginkgolides and BB exerted its neuroprotection to BV2
microglia cells in a dose-dependent manner

Based on the results of optimized OGD and reoxygenation
time above, subsequently, we investigated whether the neuro-
protective effects of ginkgolides and BB in a dose-dependent
or dose-independent manner. MTS assay was performed in
BV2 cells after subject to OGD for 4 h followed by
reoxgenation for 3 h. As the results were shown in Fig. 2c,
GAPIs, GB, GK, and BB significantly increased MTS OD
value of OGD/R BV2 cells under the concentration of 100,
50, and 25 pg/ml respectively. In general, ginkgolides and BB
may play a neuroprotective role in OGD/R BV2 microglia cell
in a dose-dependent manner, while GAPIs, GK, and BB, at the
dose of 12.5 and 6.25 pug/ml, have no effects on promoting
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cell activities compared with the model group. GAPIs, GA,
GB, GK, and BB at the concentration of 100 pg/ml exhibit
almost 72.5, 16, 41.0, 24.8, and 56.6 % protection rate after
4 h OGD followed by 3 h reoxgenation. Furthermore, we
speculated the effective dose of GA may be more than
50 pg/ml or within the scope of 50 and 100 pg/ml because
GA at the concentration of 25 pg/ml has no protective effect
on cell viability (P > 0.05).

Effects of ginkgolides and bilobalide on the levels of IL-13,
IL-6, IL-8, IL-10, and TNF-« in BV2 microglia cells
after OGD/R

To determine further whether ginkgolides and BB treatment

could associate with reduction of pro-inflammatory mediator
secretion, IL-1f3, IL-6, IL-8, IL-10, and TNF-x concentration
was measured in OGD/R-induced BV2 microglia cells by
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Fig. 2 Effects of ginkgolides and bilobalide on cell viability of BV2
microglia cells exposed to OGD/R. a Effects of different time duration
of OGD on BV2 microglia cells. After exposure to OGD for 1, 2, 3, and
4 h, cell viabilities were tested using MTS assay by absorbance at 490 nm.
b Effects of different time duration of reoxygenation on BV2 microglia
cells. After exposure to OGD for 4 h, BV2 cells were reoxygenated for 1,
3, 6, 12, and 24 h with 50 pg/ml GAPIs treatment respectively; cell
viabilities were tested using MTS assay by absorbance at 490 nm. ¢
Effects of ginkgolides on cell viability of BV2 microglia cells exposed

to OGD/R. BV2 cells were subjected to 4 h OGD followed by
reoxygenation for additional 3 h with various concentrations of GAPIs,
GA, GB, GK, and BB (6.25, 12.5, 25, 50, and 100 pg/ml) treatment; cell
viabilities were tested using MTS assay by absorbance at 490 nm. All the
results were expressed as MTS OD values. Each value indicates the
mean + SD and is representative of results obtained from six wells in
all experiments. “P < 0.0001, “*P < 0.001, “**P < 0.05, as compared
with control group; *P < .05, **P < 0.01, ***P < (.001, as compared
with model group

@ Springer



1042

Zhou et al.

Bio-Plex 200 System using Bio-Plex Pro™ Reagent Kit. As
the results were shown in Fig. 3, in comparison with the con-
trol group, the levels of IL-1f3, IL-6, IL-8, IL-10, and TNF-o¢
significantly increased in OGD/R group. To our expectation,
treatment with 50 pg/ml GAPIs, GA, GB, and BB led to an
inhibition on IL-1(3, IL-6, IL-10, and TNF-« secretion. While
no significant reduction was observed in secretion of IL-1f3 in
GK group, as well as IL-8 in GA, GK, and BB groups
(P > 0.05) compared with the model group (Fig. 3a, c).

Effects of ginkgolides and BB on the expression of TLR2,
TLR4, and MyD88 in BV2 microglia cells after OGD/R

To further investigate whether ginkgolides and BB treatment
would regulate the TLRs pathway induced by OGD/R in vitro,
we also examined the expression of TLR2, TLR4, and
MyDS88 in OGD/R-induced BV2 cells by Western blot. We

Fig. 3 Effects of ginkgolides and a
bilobalide on the levels of 40-
inflammatory cytokines in BV2
microglia cells. After exposure to
OGD for 4 h, BV2 cells were
reoxygenated for additional 3 h
with 50 pg/ml GAPIs, GA, GB,
GK, and BB treatment
respectively; subsequently,
inflammatory cytokines a IL-1f3,
b IL-6, ¢ IL-8, d IL-10, and e
TNF-« levels in cell supernatant
were detected by Bio-Plex Pro™
Reagent Kit according to
manufacturer’s instructions.

L-1B level (pg/mi)

Fig. 4 Effects of ginkgolides and bilobalide on the expression of TLR2, >
TLR4, and MyD88 in BV2 microglia cells after OGD/R. a, b Kinetics of
OGD/R-induced increase in the levels of TLR2, TLR4 in BV2 microglia
cells. ¢ Western blot analysis of TLR2, TLR4, and MyD88 expression in
BV2 microglia cells after 4 h OGD followed by reoxygenation for
additional 6 h with 50 pg/ml of GAPIs, GA, GB, GK, and BB
treatment. d Concentration-dependent effects of GB treatment on
TLR2, TLR4, and MyD88 protein levels in BV2 microglia cells. After
BV2 cells exposure to OGD for 4 h, BV2 cells were reoxygenated for
either 6 or 6 h followed by treatment with 25, 50, 100 pg/ml GB
respectively. GAPDH was used as the loading control. Western blot
images are representative of three independent experiments. Each data
point is a mean = SD (n = 3). “P < 0.01, “*P < 0.05, °*"P < 0.001, as
compared with corresponding control group; *P < 0.05, **P < (.01,
##kP < ().001, as compared with corresponding model group

firstly optimized the effects of different time duration of OGD
and reoxygenation on protein expression in BV2 cells. As
shown in Fig. 4a, BV2 cells were exposed to OGD for 2, 4,
5, and 6 h, and TLR2 and TLR4 levels were increased and
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peaked at the timepoint of 4 h in the same time and then
declined. Subsequently, we investigated the effects of different
time of reoxygenation on protein expression. As shown in
Fig. 4b, OGD 4 h/R 3, 6, and 12 h increased TLR2 and
TLR4 levels in a time-dependent manner. Therefore, we
choose OGD 4 h/R 6 h as the experimental condition for
assessing drug efficacy in the following study. To our expec-
tation, after the cells were exposed to 4 h OGD followed by
6 h reoxygenation, there was a significantly increased expres-
sion of TLR2, TLR4, and MyD88 in comparison with that of
control group (1.29, 3.20, and 1.29-fold relative to control,
respectively). In cells treated with 50 pg/ml GAPIs, GA,
GB, GK, and BB during reoxygenation, there was a remark-
able decrease in the levels of TLR2 and TLR4, as compared
with model group. Meantime, with the exception of GA,
MyDS8S levels were also significantly decreased by treatment
with 50 pg/ml GAPIs, GB, GK, and BB (Fig. 4c¢).
Concentration-dependent elevation indicated that TLR2 and
TLR4 levels were significantly decreased by treatment BV2
microglia cells with GB over a concentration range of 25—
100 pg/ml, while low or high dose of GB could not reduce
MyD88 level, with no remarkable change compared with the
model group. An amount of 50 ug/ml GB significantly re-
duced the MyD88 level, indicating that moderate dose of
GB had an inhibitory effect (Fig. 4d).

Ginkgolides and BB downregulated the levels of p-TAK1,
p-IKKf3, and p-IkBx in BV2 microglia cells after OGD/R

Next, we wondered if there were any changes in the key ki-
nase expression in TLR signaling pathways downstream.
Figure 5 showed that p-TAK1, p-IKK(, and p-IkBx expres-
sion was low in normal BV2 cells; however, their expression
significantly increased and peaked at the timepoint of 1 h after
4 h OGD, with or without total protein decreasing. An amount
of 50 pg/ml GB treatment significantly inhibited upregulation
of kinase levels induced by OGD/R. Therefore, OGD 4 h/R
1 h might be the appropriate conditions for evaluating
ginkgolides and BB efficacy. As the results were shown in
Fig. 6, OGD 4 h/R 1 h induced a significant increase in p-
TAK1, p-IKKf3, and p-IkBx levels compared to those in the
control group (2.06, 1.57, and 1.42-fold relative to control,
respectively). GAPIs, GB, GK, and BB at 50 pg/ml signifi-
cantly blocked upregulation of p-TAK1, p-IKK 3, and p-IkBx
levels in OGD/R-induced BV2 microglia cells, while GA, in
addition to inhibition of increasing p-IkBx levels, have no
effects on the expression of p-TAK1 and p-IKK{ in OGD/
R-induced BV2 microglia cells. The concentration-dependent
elevation was also observed for GB-treated cells over a con-
centration range of 25-100 pg/ml. Figure 7 showed that low
dose of GB could not reduce the p-TAKI, p-IKKf3, and p-
IkBx, with no significant change compared with the model
group. Exposure under moderate or high dose of GB
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significantly reduced the p-TAK1, p-IKK 3, and p-IkBx levels
in BV2 microglia cells exposed to OGD/R.

Ginkgolides and BB reduced the transfer of NF-xB p65
from cytoplasm to nucleus in BV2 microglia cells

TLR2/4 activates major signal transduction pathways through
distinct adaptor proteins capable of contributing to cellular
responses. Specifically, activation of NF-kB is a central event
leading to inflammation, which is characterized by the trans-
location of p65 from cytoplasm to the nucleus. In this study,
we examined the localization of NF-kB p65 in BV2 cells in
different conditions by double-labeled immunofluorescent.
As shown in Fig. 8, NF-kB p65 was expressed mainly in the
cytoplasm (green) in control group, while translocated to the
nucleus in model group (Fig. 8 OGD/R group). Merged im-
ages (blue green) indicated that OGD/R induced most of the
NF-kB p65 protein transfer from cytoplasm to the nucleus.
Treatment with 50 pg/ml GAPIs, GA, GB, GK, and BB could
markedly reversed NF-kB p65 immunostaining to almost the
basal levels and redistribute it in the nucleus and cytoplasm.
GAPIs, GB, and BB exerted much stronger inhibition effect
among five drugs.

The above results were proved by the experiment on the
protein expression of NF-kB p65 nuclear and cytoplasmic
fractionation of BV2 cells. As shown in Fig. 9, the expression
of NF-kB p65 in nuclear and cytoplasmic fractionation in
model group, respectively, increased by 5.09-fold and de-
creased by 3.09-fold relative to the corresponding control
group. Consistent with immunofluorescent staining results,
50 ug/ml GAPIs, GA, GB, GK, and BB could significantly
decrease NF-kB p65 levels in the nucleus (2.11, 1.19, 1.04,
0.88, and 1.10-fold, respectively), accompanied with in-
creased its levels in the cytoplasma (2.00, 1.26, 1.07, 1.12,
and 1.81-fold, respectively). These observations indicated
NF-kB p65 translocation from cytoplasm to the nucleus were
attenuated by moderate doses of GAPIs, GA, GB, GK, and
BB.

Ginkgolides and BB inhibited OGD/R induced apoptosis
in BV2 microglia cells

MTS assay showed that ginkgolides and BB at 25-100 pg/ml
played an excellent cytoprotection after exposure to OGD 4 h/
R 6 h. To quantify the extent of OGD/R-exposed apoptosis,
the percentage of apoptotic cells was measured by flow cy-
tometry at the indicated times after staining with Annexin V-
FITC and PI. Flow cytometer results indicated that the per-
centage of apoptotic cells was increased after the cells exposed
to OGD 4 h/R 6 h (14.13 = 1.5 % in OGD /R group versus
2.04 +0.08 % in Control group), while the cell death percent-
age declined significantly in 50 pg/ml ginkgolides and BB
treatment group (8.62 + 1.27 % in GAPIs group,
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Fig. 5 Kinetics of OGD/R-induced increase in the levels of kinases
expression in BV2 microglia cells. After exposure to OGD for 4 h,
BV2 cells were reoxygenated for either 0.5, 1, 2,3 hor0.5,1,2,3 h
followed by treatment with 50 pg/ml GB respectively. Representative
graph a and quantitative data b p-TAK1, ¢ p-IKKf3, and d p-IkBx

8.29 £ 0.52 % in GA group, 7.56 = 0.81 % in GB group,
6.14+0.69 % in GK group, 5.41 £0.19 % in BB group versus
14.13 £ 1.5 % in OGD/R group respectively) (Fig. 10). To
investigate whether ginkgolides and BB had protective effects
against the mitochondrial apoptotic events induced by OGD/R
in vitro, the protein levels of Bcl-2 family members, which
included pro-apoptotic protein (Bax, Bak, cleaved PARP-1,
cleaved Caspase-3) and anti-apoptotic protein (Bcl-2), were
tested. Our results showed that Bak level, Bax/Bcl-2, cleaved
caspase-3/caspase-3, and cleaved PARP-1/PARP-1 ratio were
all significantly increased after the cells exposed to OGD4h/
R6h (1.62, 2.57, 1.89, and 1.41-fold relative to control).
GAPIs, GA, GB, GK, and BB at 50 pug/ml significantly de-
creased the Bak level, Bax/Bcl-2 ratio, cleaved caspase-3/cas-
pase-3, and cleaved PARP-1/PARP-1 ratio (Fig. 11b—e), indi-
cating that ginkgolides and BB inhibited apoptosis by regu-
lating both pro- and anti-apoptotic proteins in OGD/R-
exposed BV2 microglia cells. However, BB had no inhibitory
effect on degradation of PARP-1 (Fig. 11e) that reveals their
anti-apoptotic mechanisms are not exactly the same. Some

b B TAK1
ES p-TAK1(Thr184/187)

Relative desity

Relative desity

levels in BV2 microglia cells. GAPDH was used as the loading control.
Western blot images are representative of three independent experiments.
Each data point is a mean = SD (n = 3). “P < 0.01, “*P < 0.05, as
compared with corresponding control group; *P < 0.05, **P < (.01,
##%P < (.001, as compared with corresponding OGD 4 h/R group

other studies reported that endogenous receptor-interacting
protein 3(RIP3) has been involved in ischemia/reperfusion
injury (Yin et al. 2015; Vieira et al. 2014). RIP3 is a key
molecular “switch” in tumor necrosis factor-induced apopto-
sis, necrosis, and necroptosis (Welz et al. 2011; Sosna et al.
2014), and we examined RIP3 expression in OGD/R-induced
BV2 microglia cells and the role of ginkgolides and BB. The
results showed that RIP3 level was significantly increased
after OGD 4 h/R 6 h injury (2.1-fold relative to control), while
elevated RIP3 expression was downregulated by 50 pg/ml
ginkgolides and bilobalide in different degrees (Fig. 111).
The results suggested ginkgolides and BB might have inhibi-
tion effect on necrosis by preventing RIP3 expression.

Discussion
Stroke is the main reason of morbidity and mortality in

humans which arises from occlusion or hemorrhage of blood
vessels. Many drugs show the neuroprotective effects such as
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Fig. 6 Effects of ginkgolides and
bilobalide on the expression of p- a

E3 TAK1
£ p-TAK1(Thr184/187)

T

TAK1, p-IKKf{ and p-IkB«x in

TAKA ‘—-—————_.‘

BV2 microglia cells after OGD/R. pTAKThrigars?) | - —h

After exposure to OGD for 4 h,
BV2 cells were reoxygenated for

IKKB ‘-—-——_.—_‘

either 1 h or 1 h followed by

p-IKKB (Ser 177) ‘-—' — e —— - ‘

treatment with 50 pg/ml GAPIs,

IKBa ‘-————-‘—-‘-‘

Relative density

GA, GB, GK, and BB

p-KBa (Ser 3236) ‘- -

respectively. Representative

GAPDH ‘——-———‘

graph a and quantitative data b p-
TAKI, ¢ p-IKK(, and d p-IkBx
levels in BV2 microglia cells.
GAPDH was used as the loading
control. Western blot images are
representative of three
independent experiments. Each
data point is a mean = SD (n = 3).
“P<0.05 °""P<0.01,as
compared with corresponding
control group; *P < .05,

*%P < ().01, as compared with
corresponding model group

Ctrl  Model GAPIs GA

(2]

Relative density

a
TAK1 |—- — — — — |
p-TAK1(Thr184/187) | — - |
I e ——

p-IKKB (Ser 177)

IKBa
p-IKBa(Ser 32/36)

GAPDH

OGD4h/R1h . 4+ 4+ 4 "

Ginkgolide B(pg/ml) _ - 25 50 100
E3 KK

c B3 p-IKKB (Ser177)
0.6+ s

2

‘@

c

[T}

T

[

=

5

(]

©

& ob‘a\ » e S

GB(pg/ml)

Fig. 7 Concentration-dependent effects of GB treatment on p-TAK1, p-
IKKf3 and p-IkBe levels in BV2 microglia cells after OGD/R. After BV2
cells exposure to OGD for 4 h, BV2 cells were reoxygenated for either 1 h
or 1 h followed by treatment with 25, 50, 100 pg/ml GB respectively.
Representative graph a and quantitative data b p-TAK1, ¢ p-IKK{ and d
p-IkBo levels in BV2 microglia cells. GAPDH was used as the loading
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Fig. 8 Cellular location of NF- a

kB p65 in BV2 microglia cells

exposed to OGD/R. After

exposure to OGD for 4 h, BV2 Ctrl
cells were reoxygenated for either
1 hor 1 h followed by treatment
with 50 pg/ml GAPIs, GA, GB,
GK, and BB respectively. Cells
were subjected to
immunocytochemical analysis
with an antibody directed against
NF-kB p65 (green). To reveal
nuclear morphology, the nuclei
were stained with Hoechst 33258
(blue). The fluorescence was
imaged by a fluorescence
microscopy. Representative
images (a) and quantitative data
of nucleus/cytoplasm ratio (b) are
shown, indicative of at least three
independent experiments.

“P < 0.05, as compared with 0GD 4R 1n
control group; *” P< (.01 as +GK
compared with model group
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NMDA receptor antagonist, calcium antagonists, and pituitary
adenylate cyclise-activating polypeptide (PACAP) (Neuhaus
et al. 2012; Zhang et al. 2012; Qin et al. 2012). Nowadays,
more and more attention have been focused on pharmacody-
namic constituents from natural medicines in ischemic stroke
therapy (Hou et al. 2012; Wang et al. 2012b; Luan et al. 2013).
Ginkgolides and bilobalide, which are the main bioactive ter-
penoid fraction isolated from the G. biloba leaves, have been
shown to possess various biological functions, including anti-
inflammation, anti-apoptotic properties, anti-oxidation, and
Ca** influx, thus exhibiting therapeutic potential for the treat-
ment of ischemic stroke (Gu et al. 2012; Ma et al. 2012;
Schwarzkopf et al. 2013). Due to the demonstration of its
broad pharmacological effects both in vivo and in vitro, how-
ever, the effects of ginkgolides and bilobalide on microglia
cells have not yet been fully reported.

It is well known that activated microglia become hypertro-
phic, undergo rapid proliferation, and migrate to inflammatory
sites where they produce excess amounts of neurotoxic and
pro-inflammatory mediators that mediate neuronal damage
(Vilhardt 2005, Smith et al. 2012). Microglia activation can
influence the survival of neural cells through release of pro-
inflammatory and cytotoxic factors such as IL-1f3, IL-6,
TNF-&, MIP-1a, NO, and ROS (Dheen et al. 2007; Nishi
et al. 2005). Thus, agents that inhibit the secretion of these
inflammatory mediators involved in OGD/R-activated mi-
croglia cells are appealing for improving the survival of neu-
rons. In this study, the effects of ginkgolides and bilobalide on
OGD/R-induced inflammatory responses and TLRs signaling

Nucleus

(o3

Nucleus/Cytoplasm ratio

were comprehensively investigated in BV2 microglia cells.
By validating the inhibitory effects of ginkgolides and
bilobalide on various inflammatory factors and NF-«B signal-
ing pathways mediated by TLRs, our results clearly clarified
the pharmacological properties exhibited by ginkgolides and
bilobalide in OGD/R-induced inflammatory.

In order to obtain reliable evaluation of the activity of
ginkgolides and bilobalide, we firstly optimized the OGD
and reoxygenation time in BV2 cells. Figure 2a, b showed
that cell viability significantly decreased to 45 % and GAPIs
exhibited maximal protective effect when BV2 microglia cells
exposed to 4 h OGD followed by 3 h reoxygenation. No
significant alteration in OD value at 12 and 24 h timepoint
due to the recovery of cell viability; these were not consistent
with previous studies (Qin et al. 2012; Qin et al. 2013).
Therefore, OGD 4 h/R 3 h might be the optimal time to eval-
uate ginkgolides and bilobalide efficacy, but not reoxygena-
tion for 12 h or longer. 100, 50, and 25 pg/ml GAPIs, GB,
GK, and BB treatment under the determined optimal condi-
tion significantly improved BV2 microglia cell viability sup-
pressed by OGD/R, thus indicating the protective effects of
ginkgolides and bilobalide in this process. GAPIs, GB, and
BB showed excellent protective effects among all the drugs
(Fig. 2¢).

Microglia-derived inflammatory factors trigger harmful
downstream signaling pathways and promote harmful actions,
including disruption of neuronal functions and direct neuro-
toxicity (Yun et al. 2011). Cell viability assays show that treat-
ment with ginkgolides and bilobalide at 100—6.25 pg/ml
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Fig. 9 Effects of ginkgolides and bilobalide on the expression of NF-xB
p65 in BV2 microglia cells after OGD/R. After exposure to OGD for 4 h,
BV2 cells were reoxygenated for either 6 h or 6 h followed by treatment
with 50 pg/ml GAPIs, GA, GB, GK, and BB respectively. Representative
graph (a) and quantitative data (b) on the expression of p65 in the
cytosolic and nuclear. GAPDH and histone were used as the loading
control. Western blot images are representative of three independent
experiments. Each data point is a mean = SD (n = 3). “P < 0.05, as
compared with corresponding control group; *P < 0.05, **P < (.01,
##kP < ().001, as compared with corresponding model group

significantly increased cell viability in BV2 cells subjected to
OGD/R, and the dose of 100, 50, and 25 pg/ml was within the
optimal effective range, so we choose the middle dosage
(50 pg/ml) to investigate anti-inflammatory properties of
ginkgolides and bilobalide by detecting proinflammatory cy-
tokine and chemokine levels in culture media. It was observed
that secretion of TNF-«, IL-1f3, IL-6, IL-10, and IL-8 in-
creased above basal levels to different degrees in response to
OGD/R-induced damage of BV2 microglia cells. With the
exception of the effect of the moderate dose of GA, GK, BB
on IL-13 and/or IL-8 secretion, the rest of factors was signif-
icantly decreased by GAPIs, GA, GB, GK, and BB at
50 pg/ml (Fig. 3). Therefore, we hypothesized that the inhibi-
tion of pro-inflammatory secretion might be the synergy with-
in each monomer composition of ginkgolides and BB, which
were confirmed by our following Western blot and immuno-
fluorescence assays.

Although the neuroprotective effects of GB, GK, and BB
have been partly identified in different ways (Ma et al. 2012;
Jiang et al. 2014; Gu et al. 2012), the mechanism of anti-
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inflammatory effects of ginkgolides and BB has not been fully
elucidated, especially the major monomer of ginkgolides and
BB are not been clearly understood. To explore the mecha-
nism by which ginkgolides and BB protected microglia cells
from OGD/R damage, the NF-kB mediated by TLRs was
investigated in ginkgolides and BB-treated BV2 microglia
cells. Various intracellular signaling molecules are involved
in the modulation of NF-kB pathways and production of pro-
inflammatory cytokines in microglia. Relevance of NF-kB
pathway in general inflammatory, as well as immune re-
sponse, has been indicated (Hayden and Ghosh 2008;
Vallabhapurapu and Karin 2009), although little is known
about the relevance of this pathway in OGD/R, which repre-
sents the actual pathological state in ischemic cerebral disease.
TLR-mediated signaling plays a critical role in the induction
of host innate immunity and inflammatory responses (Zhang
et al. 2009a). Furthermore, TLR2/4-deficient mice exhibit a
general advantage after permanent MACO and insensitive to
ischemia-induced upregulation of multiple specific proinflam-
matory cytokines in microglia compared with wild-type (WT)
mice (Pradillo et al. 2009; Weinstein et al. 2010; Ziegler et al.
2007, Lv et al. 2011a). Our Western blot results showed that
OGD 4 h/R 6 h induced BV2 cells activation with upregula-
tion of TLR2/4 protein expression. GAPIs, GA, GB, GK, and
BB at the concentration of 50 pg/ml decreased TLR2/4 pro-
tein levels (Fig. 4c), with the dose-dependent manner ob-
served in response to 25, 50, and 100 pg/ml GB (Fig. 4d).
These observations indicate that activation of TLR2/4 in mi-
croglia could mediate inflammatory response, blockade of
which by ginkgolides and BB could reduce microglia
ischemic/hypoxic injury in the current study.

MyDSS is an essential downstream protein that integrates
and transduces intracellular signals generated by the Toll-like
receptor (Akira and Takeda 2004; O’Neill 2003). Once TLR is
activated, MyDS88 is recruited to TLR domains that link the
TLRs with downstream intracellular signaling cascades
(Jordan et al. 2003, O’Neill 2002). Macrophages from
MyD88 " mice are defective in many TLR4-mediated re-
sponses, such as LPS-induced secretion of IL-6, TNF-«, and
IL-1f3, indicating the importance of MyD88 in TLR4-
mediated signaling (Kawai et al. 1999). Bolanle et al. reported
that the MyD88 pathway directs the expression of neutrophil
chemoattractants following cerebral ischemia (Famakin et al.
2012). In the present study, GAPIs, GB, GK, and BB treat-
ment resulted in marked inhibition of OGD/R-induced
MyD88 expression in BV2 microglia cells. Surprisingly,
GAPIs, GB, and GK could inhibit TLR4 and MyD88 expres-
sion to the level lower than control (Fig. 4c).

Accumulating evidence showed that TLR2 and TLR4 are the
important Toll-like receptors during cerebral ischemia/
reperfusion (Winters et al. 2013; Zwagerman et al. 2010;
Lehnardt et al. 2007; Tang et al. 2007; Hyakkoku et al. 2010). In
downstream activation of NF-kB signaling pathways, these
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Fig. 10 Effect of ginkgolides and bilobalide on OGD/R-induced
apoptosis in BV2 microglia. a After exposure to OGD for 4 h and
reoxygenation for 6 h, BV2 cells were stained with Annexin V and PI
and analyzed by ACEA NovoCyte D2040R. The apoptotic cells (the
annexin V-positive and Pl-negative cells) were indicated as the

signaling cascades are involved in induction of proinflammatory
cytokines and chemokines Muzio et al. 2013, McDermott and
O’Neill 2002). NF-kB is activated in neurodegenerative disorders
and in ischemic stroke (Ridder and Schwaninger 2009; Ghosh
etal. 2007). Between TLR receptor and NF-kB transcription fac-
tor, TAK1 is a central target for short-term inhibition of key sig-
naling pathways and neuroprotection in cerebral ischemia and
highly expressed in the brain (Yamaguchi et al. 1995; Neubert
etal. 2011). Acute inhibition of TAK1 protects against neuronal
death in cerebral ischemia (Neubert et al. 2011). In addition,
TAKTI is responsible for activating IKK and the canonical
NF-kB signaling pathway (Shim et al. 2005; Sato et al. 2005).
NF-kB is normally sequestered in an inactive form in the cyto-
plasm bound to IkB proteins, an interaction that regulates its ac-
tivity. Multiple stimuli can activate NF-«B signaling by degrada-
tion of IkB and release of the NF-«kB p65-p50 dimer, which trans-
locates to the nucleus, binds to kB binding sites on DNA, and
regulates transcriptional activation of the target genes (Wong and
Tergaonkar 2009; Hayden and Ghosh 2008). Therefore, we in-
vestigated the changes of IKKf3 and IkBx in the injured BV2
microglia cells and found that OGD/R enhanced IKK[3 and
IkBa phosphorylation in BV2 cells (Fig. 5-7), indicating release
of NF-kB p65 from IkB. Meanwhile, as functional inhibitor of
TLR-mediated NF-kB activation, TAK1 phosphorylation was
significantly downregulated by ginkgolides and BB, as well as
IKK{ and IkBa phosphorylation were also inhibited by
ginkgolides and BB (Fig. 6). In support of this notion, NF-xB
p65 was observed to be reduced in cytoplasmic fraction and in-
creased in nuclear fraction by immunofluorescent and Western

FITC-H

percentage of gated cells. b Relative percentage of the Annexin V-
positive and PI-negative cells. Each data point is a mean + SD (n = 3).
“P < 0.01, as compared with control group; *P < (.05 as compared with
model group

blotanalysis (Figs. 8 and 9). Treatment with GAPIs, GA, GB, GK,
and BB at 50 pg/mL attenuated NF-«kB p65 expression in nuclear
fraction and upregulated it in cytoplasmic fraction, suggesting that
ginkgolides and BB exert its role via interference in NF-«kB sig-
naling pathway. GA, however, can inhibit IkBo phosphorylation
and NF-kB p65 nuclear translocation induced by OGD/R, but has
no effects on MyD88, TAK1, and IKK 3 phosphorylation under
the experimental dose, which represents an unusual regulatory
mechanism compared with the other monomer constituents of
ginkgolides (Figs. 4c and 6b, c). The NF-«B family functions as
transcription factors that regulate a wide range of genes involved
in inflammation, autoimmune responses, cell proliferation, and
apoptosis (Karin 2006; Wang et al. 2012a; Wang and Cho 2010).
Our results showed that the BV2 microglia apoptosis induced by
OGD/R may depend on functional activation of TLRs and
blocked by ginkgolides and BB treatment in vitro. An amount
of 50 ng/mL GAPIs, GA, GB, GK, and BB significantly attenu-
ated cell apoptosis (Fig. 10) and reduced the Bax/Bcl-2 ratio and
the levels of Bak (Fig. 11b, ¢), along with a decrease in OGD/R-
induced cleaved caspase-3 and cleaved PARP-1 activation
(Fig. 11d, e), all of this contribute to the cells to improve their
mitochondria function, reducing cytochrome C release and in-
creasing their anti-apoptotic capacity to prevent OGD/R injury
(Boonyarat et al. 2014). RIP3 is a key “switch” molecule in pro-
grammed necrosis, overexpression, and nuclear translocation of
RIP3 that plays a critical role in the hippocampal neuronal pro-
grammed necrosis induced I/R injury (Yin et al. 2015; Xu et al.
2016; Vieira et al. 2014). These were consistent with our research
that RIP3 level significantly increased after OGD/R injury,
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indicating OGDR-induced RIP3 activation and trigger
necroptosis. Our results also demonstrated that ginkgolides and
BB were effective inhibitors of RIP3 to rescue cell death and
provide neuroprotective effects in certain situation (ischemic
brain injury) (Fig. 11f).

In addition, it would be specially mentioned that the anti-
inflammatory effects and TLR modulation among each monomer
of ginkgolides were not completely consistent according to our
study, and these were confirmed by proinflammatory cytokine
secretion and the expression of TLR signaling pathway-related
proteins. Some monomers on the regulation of inflammatory fac-
tors and protein function were very strong (such as GB and BB),
while the others were relatively weak or even have no effects on
some indicators (such as GA and GK). In general, the differences
in cell viability, inflammatory cytokines secretion, or protein reg-
ulation between these compounds were determined by their own
structure. R 1-hydroxyl (the only difference between GA and GB)
of GB may benefit to form hydrogen bond with water molecules
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or specific target of cells (such as protein, enzyme, etc.), thus
increasing its water solubility and efficacy. While GK has unsat-
urated double bond in five-membered ring, it is easy to conjugate
with adjacent carbonyl and make the electron cloud of the whole
structure stronger. On one hand, it may benefit to form hydrogen
bond with specific targets of cells (such as protein, enzyme, etc.),
buton the otherhand, italso increases its structure rigidity and thus
not conducive to insert into special structure. BB have multiple
hydroxyl and no unsaturated double bond, and it should have
similar biological activity with GB. However, these differences
do not contradict to anti-inflammatory effects and TLRs signaling
regulation; on the contrary, comprehensive effects of ginkgolides
result from the synergistic reaction among each monomer constit-
uent. In summary, the results of the current study suggest that
ginkgolides exhibit significant anti-inflammatory effects during
OGD/R injury by inhibiting upregulation of TLR2/4 and its
downstream MyD88 expression and NF-kB activation.
Meanwhile, inhibition of apoptosis and proinflammatory
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cytokine secretion were contributed to neroprotection of
ginkgolides to BV2 microglia cells. Besides, we investigated
the anti-inflammatory effects of each monomer constituents of
ginkgolides (GA, GB, GK) and BB for the first time and illustrat-
ed that the possible mechanisms of anti-inflammatory and neuro-
protection effects may come from the cooperative action of its
multicomponent. These findings point to a therapeutic potential
for ginkgolides as a useful anti-inflammatory compound in cere-
bral ischemia reperfusion injury.

GAPIs active pharmaceutical ingredients of ginkgolides;
GA, ginkgolide A; GB, ginkgolide B; GK, ginkgolide K;
BB, bilobalide; DMEM, Dulbecco’s modified Eagle’s medi-
um; FBS, fetal bovine serum; MTS, 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium; BSA, bull serum albumin; IL-13, IL-6, IL-10, inter-
leukin-1f3, 6, 10; TNF-«, tumor necrosis factor o; TLRs, toll-
like receptors; MyD88, myeloid differentiation protein 88,
TAKI, transforming growth factor-beta-activated kinase 1;
IkBa, IkappaB-«, IKKf3, IkappaB kinase-o/3; Bcl-2, B cell
lymphoma-2; Bax, Bcl-2 associated X protein; Bak, Bcl-2
homologous antagonist/killer; PARP-1, poly (ADP-ribose)
polymerase-1; Caspase-3, Cysteinyl aspartate specific
proteinase-3; RIP3, receptor-interacting protein 3; I/R, ische-
mia and reperfusion; NF-«kB, nuclear transcription factor kB;
OGD/R, oxygen—glucose deprivation/reoxygenation; PBS,
phosphate buffered saline.
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