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Background: Accumulative evidences have indicated that oxidative-stress and over-activation of N-methyl-
D-aspartate receptors (NMDARs) are important mechanisms of brain injury. This study investigated the
neuroprotection of Kukoamine A (KuA) and its potential mechanisms.
Methods: Molecular docking was used to discover KuA that might have the ability of blocking NMDARs.
Furthermore, the MTT assay, the measurement of LDH, SOD and MDA, the flow cytometry for ROS, MMP and
Annexin V-PI double staining, the laser confocal microscopy for intracellular Ca2+ and western-blot analysis
were employed to evaluate the neuroprotection of KuA.
Results: KuA attenuated H2O2-induced cell apoptosis, LDH release, ROS production, MDA level, MMP loss, and
intracellular Ca2+ overload (both induced byH2O2 and NMDA), aswell as increased the SOD activity. In addition,
it could modulate the apoptosis-related proteins (Bax, Bcl-2, p53, procaspase-3 and procaspase-9), the SAPKs
(ERK, p38), AKT, CREB, NR2A and NR2B expression.
Conclusions:All the results indicated that KuA has the ability of anti-oxidative stress and this effectmay partly via

blocking NMDARs in SH-SY5Y cells.

General significance: KuA might have the potential therapeutic interventions for brain injury.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

According to the report ofWorldHealthOrganization (WHO), stroke
will be an important reason of death and disability in the year 2020 and
ischemic stroke of which is 67.3% to 80.5% [1]. In the process of ischemic
stroke or reperfusion, a large number of ROS are generated and the
reactive oxygen species (ROS) could easily attack the membrane that
constitutes with high content of polyunsaturated such as neuronal cell
membrane and mitochondrial membrane [2–5]. At the same time,
ROS can break the balance between oxidants and antioxidants leading
to oxidative stress and play a crucial role in brain injury. So how is
ROS generated? Accumulative studies have shown that excessive stim-
ulation of NMDARs causes numbers of Ca2+ influx and the increased
Ca2+ leads to oxidative stress which is themain step of ischemic stroke
[6–8]. Therefore, the antagonists of NMDAR are considered to be a kind
of potential drug for curing ischemic stroke. However, the existing
NMDAR antagonists MK-801 cannot protect neurons against oxidative
stress bringing about a bad outcome in clinical trials for treatment of
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ischemic stroke [9,10]. So it is urgent to find a bioactive compound
with the anti-oxidative stress ability and the capacity of blocking
NMDARs in clinical trials for the treatment of ischemic stroke.

Molecular docking helps in the drug design process and could
reduce the number of candidates for experimental validation [11].
Computational methods are the successful tools in the area of drug
designing and screening activity auxiliary and could speed up the
process of screening potent functional components with the desired
biological activity. Complementary to experimental work, molecular
dockingmethods have been used to predict and conjecture the relation-
ship between bioactivity and action mechanism [12]. Discovery Studio
(DS) is one of the commonly used docking software for structure
based bioactive screening and underlying mechanism prediction [13].
So far thousands of the natural products have been separated and the
traditional drug development methods cannot meet the requirements
of high-throughput screening. Thus, molecular docking was used
in this study to discover a potential bioactive compound from TCM
database [14].

Cortex lycii radicis, a traditional Chinese herb, was generally used as
a tonic and reported to exhibit hypotensive, hypoglycemic, antipyretic
and anti-stress ulcer activity in animal experiment [15,16].
KuA is a major bioactive component in Cortex lycii radicis and the
chemical structure was shown in Fig. 1. Up to now, the only confirmed
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Fig. 1. Chemical structure of Kukoamine A.

288 X.-L. Hu et al. / Biochimica et Biophysica Acta 1850 (2015) 287–298
pharmacological effect of KuA is the anti-hypertension effect in a rat
model [17], but the neuroprotective effects of KuA and its underlying
mechanism are unknown.

In our research, NMDARs as a target inmolecular dockingwere used
to screen out KuA. H2O2-induced cell injurymodelwas used to study the
anti-oxidative stress ability of KuA and its potential mechanisms. And
simultaneously NMDA-induced Ca2+ overload model was used to
preliminary verify the blocking capacity of KuA on NMDARs. Then
molecular docking was employed to simulate the possible combination
between KuA and NMDARs.

2. Materials and methods

2.1. Reagents and antibodies

KuA was purchased from the Chengdu Biopurify Phytochemicals
Ltd. (China) with greater than 98.22% purity. Antibodies for p-AKT and
t-AKT were purchased from Bioworld Technology (Inc. Minneapolis,
USA). Antibodies for p-ERK1/2, t-ERK, p-JNK, t-JNK, p-p38, t-p38,
p-CREB, t-CREB, t-NR2A and t-NR2Bwere purchased fromCell Signaling
Technology (Inc. USA). Antibodies for cytochrome c (A-8), Bcl-2 (C21),
Bax (P-19), caspase-3, caspase-9, p53 and anti-mouse β-actin (C4)
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The
secondary antibodies were purchased from ZSGB-BIO (Beijing, China).
The enhanced chemiluminescent (ECL) plus reagent kit was obtained
from the Beyotime Institute of Biotechnology (Nanjing, China). The
H2O2 was purchased from Sigma (Sigma, USA).

2.2. Computational methods

2.2.1. Virtual screen to find potential NMDAR antagonists
To find new NR2B antagonists, molecular docking was used in this

study. X-ray crystal structure of NMDARs (PDB ID:3QEL) was obtained
from the Protein Data Bank (PDB) (http://www.wwpdb.org). The
SYBYL 6.9.1 software was used to prepare the protein required in
docking. Ligands and water molecules were removed from the crystal
structures of the protein, and hydrogen atoms were added. Charges
were assigned to the atoms according to the method of AMBER7FF99.
A short minimization (100 steepest descent steps with Tripos force
field) was performed to release internal strain. At our screening,
LibDock/DS (Discovery Studio 3.0) module was used to screen more
than 30,000 compounds from a Traditional Chinese Medicine (TCM)
database, all the compounds were docked into the active site of
NMDARs to identify ligands which geometrically fit within the active
site.

2.2.2. Analysis of the relationship between NMDARs and KuA
Complex/DS module was used to analyze the geometric binding

pattern and the energy binding pattern. NMDARs were defined as the
receptor and KuA as the ligand. The active-pocket of NMDARs is located
in NR2B subunit. A 2D diagram of their interaction is manifested to
confirm, and their docking pose was presented for the analysis of the
interactions, including hydrogen bond, hydrophobic bond, π–π interac-
tion and so on.

2.3. Cell culture

Human neuroblastoma SH-SY5Y cells were cultured in DMEM-F12
(1:1) medium supplemented with 10% FBS. Cells were incubated at 37
°C in a humidified atmosphere incubator of 5% CO2. The culture
medium was changed every other day and the cells were subcultured
once they reached 70–80% confluence. SH-SY5Y cells were seeded in
different kinds of culture dish for 24 h and pretreated with different
concentrations of KuA (final concentrations: 5, 10, 20 μΜ) for 12 h,
then added H2O2 (final concentrations: 600 μM) for 3 h. After these
treatments, the supernatant or the cells were used for the subsequent
experiments.

2.4. Cell viability assay

MTT assaywas used to determine the protective effect of KuA on cell
survival. The cells were cultured in 96-well plates (1 × 105 cells/ml), at
the end of indicated treatments, the medium was replaced with fresh
medium containing MTT (0.5 mg/ml) incubated for 4 h at 37 °C and
the formed insoluble formazan crystals were dissolved by addition of
150 μl DMSO, the absorbance at 490 nmwas measured by a microplate
reader (Elx800 Bio-Tek, USA).

2.5. Lactate dehydrogenase (LDH) release

The cytotoxicity of H2O2 and the protective effect of KuA were
further evaluated by LDH assay, which was based on the principle that
the leakage of cytosolic LDH increased as the number of dead cells
increases. The cells were cultured in 96-well plates (1 × 105 cells/ml)
and at the end of indicated treatments, the supernatant was collected
to detect the LDH release according to the manufacturer's instructions.
The LDH release was quantified by measuring absorbance at 450 nm
with a microplate reader (Elx800 Bio-Tek, USA).

2.6. Hoechst 33342 staining

SH-SY5Y cellswere seeded into 6-well plates (2× 105 cells/well) the
cells were treated as described earlier. After these treatments, the cells
were washed with PBS solution and loaded with 10 μg/ml Hoechst
33342 dye for 15 min in the dark. Then the cells were visualized
under a fluorescence microscope (IX71, Olympus, Japan) and cell
images were recorded.

2.7. Annexin V-FITC and propidium iodide (PI) double staining assay

Early apoptosis and necrosis were identified by means of double
fluorescence staining with Annexin V and PI. It was dyed by a commer-
cially available kit (BD Pharmingen, CA, USA) according to the
manufacturer's instructions. In brief, SH-SY5Y cells were seeded in 6-
well plates (2 × 105 cells/well), at the end of indicated described, the
cells were collected and washed twice with cold PBS. Then 1 × 105

cells were loaded with PI (5 μl final concentration: 50 μg/ml) and
Annexin V-FITC (5 μl final concentration: 6 μg/ml) at room temperature
for 15 min in the dark and detected by flow cytometer (Becton Dickin-
son, NJ, USA).

2.8. Intracellular reactive oxygen species (ROS) assay

ROS is one of vital etiological factors of oxidative stress, which could
activate the apoptotic cascades. SH-SY5Y cells were cultured in 6-well
plates (2 × 105 cells/well) and were collected at the end of indicated
treatments. A commercial Reactive Oxygen Species Assay Kit (Beyotime
Biotechnology, Nanjing, China) was used to detect the ROS production.

http://www.wwpdb.org


Table 1
The docking score values of the five ligands.

No. Compound name LibDock score

Control Ifenprodil 135
1 Oxypeucedaninhydrabutanolate 140
2 Polygonimitin C 139
3 Kukoamine A 137
4 Loganin 136
5 Harpagide 136
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In brief, the cells were incubated with DCFH-DA (10 μM, 37 °C, 20min),
then the cells were washed twice with PBS and intracellular ROS
was detected by flow cytometer (Becton Dickinson, NJ, USA) using
excitation/emission of 488/525 nm, respectively. All values for each
treatment group had been normalized to the control group.
2.9. Superoxide dismutase (SOD) activity and the malondialdehyde (MDA)
level

SH-SY5Y cells were cultured in 6-well plates (2 × 105 cells/well) and
were collected at the end of indicated treatments. Then the cells were
scraped from the plates into ice-cold RIPA analysis buffer (Beyotime
Biotechnology, Nanjing, China). Protein concentration was determined
by the BCA protein assay kit (Beyotime Biotechnology, Nanjing,
China). The determinationmethod ofMDAand SOD (Beyotime Biotech-
nology, Nanjing, China) was conducted according to the manufacturer's
protocol.
Fig. 2. Neuroprotection of KuA in SH-SY5Y cells. (A) Cytotoxic effect of different concentration
(C) Dose-dependent protective effect of pretreatment with KuA against H2O2-induced cytotoxi
by LDH release. (E) Themorphologyof the SH-SY5Y cells followedby above treatmentswith an i
represented as mean ± S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 com
2.10. Measurement of mitochondrial membrane potential (MMP)

The MMP was a sign of early apoptosis. In our study, MMP was
detected by fluorescent dye Rhodamine 123 (Sigma. USA). SH-SY5Y
cells were cultured in 6-well plates (2 × 105 cells/well) and were
collected at the end of indicated treatments. After that, the cells were
dyed with Rhodamine 123 (10 μg/ml) and incubated for 20 min at 37
°C in the dark, after washing twice with PBS, the fluorescence was
estimated at an excitation/emission of 485/535 nm by using a flow
cytometer (Becton Dickinson, NJ, USA). All values for each treatment
group had been normalized to the control group.

2.11. Calcium imaging

Ca2+ influx is a momentous mechanism in NMDAR-mediated cell
apoptosis. A laser scanning confocal microscope was used to real-time
monitor the condition of Ca2+ influx. SH-SY5Y cells were cultured in
three 3.5 mm plates (2 × 105 cells/well) for 24 h, then KuA (20 μM)
was added to the cells, meanwhile, equal DMEM culture fluid was
added to the control and model cells for 12 h. After these treatments,
the supernatant was discarded and cells were incubated with 2.5 μM
fluo-3/AM (Beyotime, China) at 37 °C for 30 min. Then the cells were
washed twice using Mg2+-free Extracellular Solution (ECS) containing
(in mM): NaCl 140, KCl 3, CaCl2 2, HEPES 10, glucose 10, adjusted to
pH 7.2–7.3 with NaOH and cultured with the original medium for
another 30 min. The dye-loaded cells (green fluorescence) were
measured with a laser scanning confocal microscope (LEICA). For
model group, before being exposed to H2O2 (600 μM) or NMDA
(1 mM), the dye-loaded cells were scanned for 4 min to obtain a basal
level of intracellular Ca2+. Then H2O2 or NMDA was applied to the
s of H2O2 in SH-SY5Y cells. (B) 5–40 μΜ KuA treated alone had no effect on cell viability.
city in SH-SY5Y cells. (D) Protective effect of the plasma membrane damage was analyzed
nvertedmicroscope. All the groupswere treatedwith less than 0.01%DMSO. The datawere
pared with control and *p b 0.05 and **p b 0.01 compared with H2O2 treatment cells.
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Fig. 3. Effects of KuA on apoptotic andMMP in SH-SY5Y cells. (A) Hoechst 33342 staining (B) Distribution of viable (lower left, Annexin V− PI−) necrotic (upper left, Annexin V− PI+) late
apoptotic (upper right, Annexin V+ PI+) and early apoptotic (lower right, Annexin V+ PI−) (C) Bar graphs showed the quantitative results of AV-PI. (D) ΔΨm was analyzed by flow
cytometry (E) Bar graphs showed the quantitative analysis for MMP. The data were represented as mean ± S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 compared
with control and *p b 0.05 and **p b 0.01 compared with H2O2 treatment cells.
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cultures. And for the control group, an equal amount of ECS as the H2O2

or NMDA in model group was added. The images were recorded every
10s with a laser scanning confocal microscope.

2.12. Western-blot analysis

The potential mechanisms of KuA on NMDARs were verified
by western-blot assay. SH-SY5Y cells were cultured in 6-well plates
(2 × 105 cells/well) and were collected at the end of indicated
treatments. Then the RIPA lysis buffer (1% NP-40, 0.5% deoxycholate,
0.1% SDS) was used to crack the cells for collecting the cytosolic
proteins. Protein concentration was determined by BCA assay. The
samples containing 50 μg of protein from each treatment condition
was separated by SDS/PAGE and transferred to PVDF membranes
(Millipore Corporation). Total proteins were blocked with 5% non-fat
milk and phosphorylation proteins were blocked with 5% BSA,
which were dissolved in TBST for at least 1 h at room temperature.
Finally, the membranes were washed three times and incubated with
individual primary antibodies (Bax at 1:1000, Bcl-2 at 1:1000,
procaspase3 at 1:800, procaspase9 at 1:800, cytochrome c at 1:1000,
p53 at 1:800, ERK and p-ERK at 1:800, JNK and p-JNK at 1:800, p38
and p-p38 at 1:800, AKT and p-AKT at 1:800, NR2A and NR2B at

image of Fig.�3


Fig. 4. The effects of KuA on ROS production, SOD activity and MDA level.(A) the intracellular ROS production was detected by flow cytometry. (B) Bar graphs showed intracellular ROS
production relative to the control group. (C) Bar graphs represented the activity of SOD. (D) Bar graphs displayed quantitative analysis ofMDA level. The datawere represented asmean±
S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 compared with control and *p b 0.05 and **p b 0.01 compared with H2O2 treatment cells.
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1:1000, CREB and p-CREB at 1:1000) shaking overnight at 4 °C. After
three times of washingwith TBST buffer, the membranes were incubat-
ed with the anti-rabbit or anti-mouse IgG secondary antibody
(1:12000) in TBST for 1 h at room temperature, followed by three
times of washing. At the end of each treatment the binding of antibody
was detected with BeyoECL Plus. The results were expressed as the
percentage of control, which was deemed to be 100%.

2.13. Statistical analysis

Datawere analyzed by SigmaPlot 12.5 software and the results were
represented as the mean ± S.E.M. Statistical significance was analyzed
with one-way analysis of variance followed by a Tukey's HSD-post hoc
test. Differenceswith p value less than 0.05were considered statistically
significant.

3. Results

3.1. Virtual screen of the TCM database to find potential NMDAR
antagonists

Molecular docking was used to get potential NMDAR antagonists
from virtual screening of TCM database [14]. The Lipinski rule
(Mr ≤ 500, log P ≤ 5, hydrogen bond donor groups ≤ 5, hydrogen
bond acceptor groups ≤ 10) [17] and the LibDock score, which are a
comprehensive scoring function in DS 3.0 software were used to screen
the appropriate compounds. Its ligand, ifenprodil, was conducted as a
control. According to the rule and LibDock score, we chose the most
suitablefive compounds (Table 1), and these compoundswere proceed-
ing to detect the cell survival of H2O2-induced cell apoptosis by MTT
assay. As a result, KuA exerted the best neuroprotection among the
five compounds. (Data are not shown).
3.2. KuA prevents SH-SY5Y cells from H2O2-induced cytotoxicity

Just like in Section 3.1, KuA exhibited the best neuroprotective activ-
ity. As shown in Fig. 2A, H2O2 decreased cell viability in a dose-
dependent manner. Different concentrations of KuA alone cannot affect
the cell viability (Fig. 2B). The effect of KuA against H2O2-induced cell
death was shown in Fig. 2C, after being exposed to 600 μΜ of H2O2 for
3 h, cell viability was reduced to 53.00± 2.60% of control. Pretreatment
with KuA (5, 10, 20 μΜ) could prevent cell death and improve cell
viability to 61.66 ± 2.51%, 75.33± 2.08%, and 90.01± 1.00% of control,
respectively. The neurotoxicity of H2O2 and the protective effect of KuA
were further evaluated by LDH assay. As shown in Fig. 2D, the LDH
release in H2O2-stimulated group (480.66 ± 12.02 U/L) was much
more than the control group (60.33 ± 2.60 U/L). In contrast, KuA
(5, 10, 20 μΜ) pretreatment lowered the LDH release in a dose-
dependent manner (171.00 ± 1.53, 122.00 ± 1.86, 75.66 ± 1.86 U/L).
The protective effect of KuA was further confirmed morphologically by
an inverted microscope (Fig. 2E), control cells exhibited uniformly
dispersed chromatin, normal organelle and intact cell membrane. Cell
exposure to 600 μΜ of H2O2 for 3 h showed typical characteristics of
apoptosis, including the condensation of chromatin, the shrinkage of
nuclear and the appearance of apoptotic bodies. However, the number
of cells with nuclear condensation and fragmentation were markedly
decreased when the cells pretreated KuA (5, 10, 20 μΜ) for 12 h.
Hoechst 33342 staining shows that many small bright blue dots
representing DNA condensation or nuclear fragmentation were
observed after cells were treated with H2O2 for 3 h. However,

image of Fig.�4


Fig. 5.H2O2-induced calcium imaging of SH-SY5Y cells. (A) The green fluorescence under the laser scanningmicroscope at different times showed the concentration of calcium in SH-SY5Y
cells, which was stable during the experiment. (B) The control group fluorescence intensity of the Ca2+ was stable during detection by a laser scanning microscope (n = 15 cells).
(C) 600 μΜ of H2O2 was able to evoke strong fluorescence intensity (n = 15 cells) and 20 μΜ of KuA (n = 15 cells) significantly reduced the fluorescence intensity in SH-SY5Y cells.
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pretreatment with KuA attenuated these features of apoptosis, indicat-
ing that KuA has an anti-apoptotic effect in H2O2-treated cells (Fig. 3A).
3.3. KuA attenuated H2O2-induced apoptosis and ΔΨm loss in SH-SY5Y
cells

Hoechst33342 staining was performed to investigate whether
KuB inhibited H2O2-induced cell apoptosis. As shown in Fig. 3A, DNA
condensation and nuclear fragmentationwere presented in cells treated
with H2O2. However, pretreatment with KuB inhibited these character-
istics of apoptosis.

AnnexinV-PI double staining assay was used to further distinguish
the features of apoptotic and necrotic cells in response to H2O2 with or
without KuA. As shown in Fig. 3B and C, a typical representative
dot plot analysis of control cells showed total apoptotic cells (7.34 ±
0.39% p b 0.01) and late apoptotic cells (5.50 ± 0.64% p b 0.01).
Compared with the control, H2O2 significantly increased the number
of total apoptotic cells (29.00 ± 1.47% p b 0.01) and late apoptotic
cells (27.14 ± 2.1% p b 0.01). Pretreatment with KuA (5, 10, 20 μM)
decreased total apoptotic cells (17.00 ± 0.66% p b 0.01) and late
apoptotic cells (16.43 ± 0.86% p b 0.01); total apoptotic cells (12.04 ±
1.17% p b 0.01) and late apoptotic cells (10.21 ± 0.41% p b 0.01); and
total apoptotic cells (6.13 ± 1.03% p b 0.01) and late apoptotic cells
(5.18 ± 0.43% p b 0.01), respectively. These data showed that KuA
protects SH-SY5Y cells by attenuating H2O2-induced apoptosis.

The effect of KuA on H2O2-induced ΔΨm loss was examined by flow
cytometry. As shown in Fig. 3D, KuA could increase theMMP. KuA could
improve the MMP to 49.88± 1.11%, 76.43± 0.79%, and 91.56± 1.35%,
respectively against H2O2-inducedΔΨm(31.33± 2.12%) loss in a dose-
dependent manner (Fig. 3E). The data were expressed as the ratio
comparing to control. All the results indicated that KuA attenuated the
cell apoptosis by enhancing the ΔΨm.

3.4. KuA attenuated the ROS production and the MDA level and improved
the SOD activity in SH-SY5Y cells

To determine the effect of KuA on the ROS generation induced by
H2O2, we performed flow cytometry analysis using the ROS-sensitive
fluorescence probe, DCFH-DA. The results were shown in Fig. 4A and
B, exposure to H2O2 could cause an elevation of the intracellular ROS,
which was about 2.0-fold relative to that of control cells. Pretreatment
with KuA (5, 10, 20 μΜ) suppressed the elevation of intracellular ROS.
These results indicated that KuA had the ability to scavenge ROS
induced by H2O2.

To examine the SOD activity, the principle of the method was based
on the inhibition of NBT reduction by the xanthine–xanthine oxidase
system as a superoxide generator. As shown in Fig. 4C, being exposed
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Fig. 6. NMDA-induced calcium imaging of SH-SY5Y cells. (A) The green fluorescence under the laser scanning microscope at different times showed the concentration of calcium in SH-
SY5Y cells, which was stable during the experiment. (B) The control group fluorescence intensity of the Ca2+ was stable during detection by a laser scanning microscope (n= 15 cells).
(C) NMDA (1 mM) was able to evoke strong fluorescence intensity (n = 15 cells) and 20 μΜ of KuA (n = 15 cells) significantly reduced the fluorescence intensity in SH-SY5Y cells.
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to H2O2 could cause a reduction of the SOD activity to 0.56± 0.15 units
compared with control cells, and pretreatment with KuA (5, 10, 20 μΜ)
could improve the SOD activity effectively. The results indicated that
KuA could prevent the decrease of H2O2-induced SOD activity.

The MDA level was tested according to the red production of MDA
and TBD reaction, measured by Microplate Reader. The result was
shown in Fig. 4D that H2O2-stimulated could increase the MDA level
to 4.4 ± 0.33 μmol/mg, and pretreatment with KuA (5, 10, 20 μΜ) for
12 h could decrease the MDA level significantly. The results suggested
that KuA could prevent the increase of H2O2-induced MDA level.

3.5. KuA decreased H2O2-induced Ca2+ influx in SH-SY5Y cells

A laser scanningmicroscopewas used to detect the Ca2+ in SH-SY5Y
cells after H2O2 exposure, the calcium concentration in SH-SY5Y cells
with orwithout H2O2 and KuAwas detected (Fig. 5A, B and C). The fluo-
rescence intensity can be regarded as an indicator of cytoplasmic Ca2+

concentration. The concentration of Ca2+ in SH-SY5Ywas stable during
our detection time, and H2O2 (600 μΜ) evoked an elevation of Ca2+

concentration in SH-SY5Y cells. However, the slow reduction in the
next 22 min stayed at a relatively higher stage. Pretreatment with KuA
(20 μΜ) could attenuate calcium influx after H2O2 exposure.

3.6. KuA decreased NMDA-induced Ca2+ influx in SH-SY5Y cells

NMDA-induced Ca2+ influx in SH-SY5Y cell model was used to
state the links between KuA and NMDARs. As shown in Fig. 6A, the
intracellular Ca2+ was kept at a stable level. However, NMDA (1 mΜ)
evoked an elevation of Ca2+ concentration in SH-SY5Y cells. It kept a
high stage from 18 min to 26 min (Fig. 6B). And pretreatment with
KuA (20 μΜ) could attenuate calcium influx after NMDA exposure
(Fig. 6C).

3.7. KuA modulated H2O2-induced apoptosis-related protein expression in
SH-SY5Y cells

The expression of apoptosis-related proteins, including Bcl-2, Bax,
cytochrome c, procaspase-3, procaspase-9 and p53 were detected by
western-blot assay and β-actin was served as the internal standard. As
shown in Fig. 7A, compared with the H2O2 alone group, pretreatment
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Fig. 7. KuA regulated the expression of H2O2-induced apoptosis-related proteins in SH-SY5Y cells. Western blot and quantitative analyses for (A) the expression of Bcl-2 and Bax and their
ratio; (B) the expression of cytochrome c; (C) the expression of procaspase-3; (D) the expression of procaspase-9; and (E) the expression of p53. The data were represented as mean ±
S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 compared with control and *p b 0.05 and **p b 0.01 compared with H2O2 treatment cells.

Fig. 8.KuA on the expression ofMAPKs, AKT and CREB in SH-SY5Y cells. The cells were incubatedwith KuA (20 μM) for 12 h, then stimulatedwith orwithout H2O2 (600 μM) for indicating
periods. (A) The bands of phosphor- and total-ERK1/2, JNK1/2, p38, AKT and CREB. (B) Curve charts showed a quantitative analysis of p-AKT/AKT, p-p38/p38, p-JNK1/2/JNK1/2, p-ERK1/2/
ERK1/2 and p-CREB/CREB, respectively. The data were represented as mean ± S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 compared with control and *p b 0.05,
**p b 0.01 compared with H2O2 treatment cells.
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Fig. 9. Effects of KuA on the expression of NR2A and NR2B, whichwere detected by western-blot assay, and the quantitative analysis for (A) the expression of NR2A, (B) the expression of
NR2B, and (C) the NR2A/NR2B ratio. The data were represented as mean ± S.E.M. of three independent experiments. &p b 0.05 and &&p b 0.01 compared with control and *p b 0.05,
**p b 0.01 compared with H2O2 treatment cells.
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with KuA significantly increased the ratio of Bcl-2/Bax. KuA can also
increase the expression of procaspase-3 and procaspase-9 in a dose-
dependent manner (Fig. 7B). In contrast, the high levels of cytochrome
c and p53 observed in the H2O2 group were decreased with KuA
pretreated in a dose-dependent manner (Fig. 7C–E).

3.8. The effects of KuA on the expression of MAPKs, AKT and CREB in SH-
SY5Y cells

To identify themechanisms of anti-apoptosis by KuA, the expression
of MAPKs, AKT and CREB were measured by western-blot assay. There
were almost no detectable phosphorylation of p38, JNK1/2, and AKT in
unstimulated cells, while pretreatment with KuA (5, 10, 20 μΜ) could
decrease the phosphorylation of p38 and increase the phosphorylation
of ERK1/2, AKT and CREB. However, KuA had little influence on the
expression of JNK1/2 (Fig. 8A–F) These results suggested that KuA
decreases cell apoptosis involved in ERK1/2, p38, AKT and CREB
pathways.

3.9. Effects of KuA on the expression of NR2A- and NR2B-containing
NMDARs

As it represented in Fig. 9A and B, the results of western-blot showed
that exposure to H2O2 could decrease the expression of NR2A subtype
and increase the expression of NR2B subtype in SH-SY5Y cells, whereas
pretreatment with KuA (5, 10, 20 μΜ) for 12 h significantly increased
the expression of NR2A subtype and decrease the over expression of
NR2B subtype induced by H2O2 in a dose-dependent manner. KuA
could also increase the ratio of NR2A/NR2B (Fig. 9C).

3.10. Molecular docking simulated the interaction between KuA and
NMDARs

To gain further insight into the interaction mechanisms between
KuA and NMDARs, computational docking was performed to dock KuA
with NMDARs. In the KuA-NMDAR complex, hydrogen bonds were
formed at the KuA moiety with the active residues Gln110, Ala107
and Asn334 in the pocket. And the Tyr109 can also form π–π stacking
interaction with KuA. (Fig. 10A, B and C).

4. Discussion

The present study identified that treatment with KuA could reduce
apoptotic cell death in H2O2-stimulated SH-SY5Y cells. Our data showed
that the potential mechanisms of this anti-apoptotic performance were
partly involved in NMDARs. In addition, NMDA-stimulated SH-SY5Y cell
model suggested that KuA restrained Ca2+ influx. Then how does KuA
achieve an antioxidant effect and how is the relationship of KuA and
NMDARs?

As is known to all, Oxygen free radicals and lipid peroxidation are
believed to play vital roles in neuronal cell death [18,19]. Actually, a
lot of studies suggest that excitatory amino acids (EAAs) and lipid
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Fig. 10.Molecular docking for the interaction between KuA and NR2B-containing NMDARs. Representative bindingmode of themost stable docking poses of KuA with NMDARs. (A) The
complete view of the docking pose of KuA. NMDARswere expressed as a solid ribbon diagram and KuA as a stick depiction. (B) The close-up view of the calculated KuA-NMDAR complex
docking modes. (C) The two-dimensional diagram of KuA combines with NMDARs. Hydrogen bond interactions between KuA and NMDAR residues were presented as blue dots and π–π
stacking interaction between them were presented as red full line.
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peroxidation interact with each other and lead to cell death as a ripple
effect showed that MDA increases significantly in the injured hemi-
sphere. SOD represents the most important line of defense against
oxidative stress catalyzing the dismutation reaction of superoxide
anion to hydrogen peroxide. In our study, treatmentwith KuA increased
the reduced activity of SOD and decreased theMDA level. This indicated
that KuA effectively confront the oxidative stress in the first place.

Mitochondrial dysfunction is the sign of early apoptosis in both
H2O2 and NMDAR-induced cell apoptosis. As described previously,
mitochondrial membrane permeabilization, which directly affects the
mitochondrial membrane potential (MMP), regulated by proteins of
Bcl-2 family is considered as irreversible apoptotic pathway [20,21].
The anti-apoptotic factor Bcl-2, residing in the outer mitochondrial
membrane, inhibits cytochrome c release and the pro-apoptotic factor
Bax residing in the cytosol and promotes the mitochondrial membrane
permeabilization, delivering apoptotic signaling when translocates
from the cytoplasm to the mitochondria [22]. Increasing mitochondrial
permeabilization results in the release of cytochrome c from the
mitochondria [23] and releasing cytochrome c triggers activation
of caspase-9 and then the caspase-9 activates caspase-3, which
induces cell death. Meanwhile, mitochondrial dysfunction leads to mi-
tochondrial ROS easily spreading throughout the cytoplasm, further
resulting in intracellular ROS generation, and creating a free radical
vicious cycle of injury [24]. Our data showed that KuB prevented
H2O2-induced intracellular ROS production, ΔΨm loss, caspase-9 and
caspase-3 degradation. In addition, decreasing Bcl-2/Bax ratio could
be used to indicate the state of mitochondria [25,26]. Oxidative
stress causes neuronal apoptosis which was strengthened by the pro-
apoptotic factor p53, which could further lower the Bcl-2/Bax ratio
[27]. In the same way, the high expression of p53 in H2O2-stimulated
cells was also reduced by KuB. Altogether, the present data indicated
that KuB provides neuroprotection via the preservation of mitochondri-
al function in SH-SY5Y cells.

Activated intracellular JNK and p38 signaling were involved in
regulating many cellular events such as oxidative-stress induced cell
death [26,28]. Thus we studied the effect of KuA on H2O2-induced
phosphorylative p38 and JNK1/2. Consisting with the previous study
that H2O2 has the capacity of activating p-p38, p-JNK1/2 and studies
have shown that JNK is also related to neuronal cell death [29], but
our data showed that KuA could only inhibit the phosphorylation of
p38 while had little effect on the expression of p-JNK1/2. These results
indicated that the protective effect of KuA on H2O2-induced cell injury
was regulated via p38 SAPK dependent pathway. In contrast to p38,
AKT, a pathway downstream of PI3K, is a key factor to regulate cell
survival after cerebral ischemia and could phosphorylate procaspase-9
which could ulteriorly inhibit the caspase family [30,31]. This is consist
with our results that KuA could increase the expression of p-AKT and
further influence caspase expression compare with H2O2-stimulated
group. At the same time, the ERK-CREB pathway, which regulates
transcription of potential neuroprotective genes, such as Bcl-2 and
brain derived neurotrophic factor is most frequently associated with
cell survival activity [32,33]. Our data showed that H2O2 could inhibit
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the phosphorylation of AKT, CREB and ERK1/2, however, pretreatment
with KuA could reverse this tendency. It preliminarily indicated that
KuA provided neuroprotection which might involve in PI3K/AKT and
ERK/CREB signaling pathway. In addition, previous study have shown
that activated NR2B-containing NMDARs could inactivate ERK/CREB
[34] and our result revealed that H2O2-stimulated SH-SY5Y cells
increased the NR2B expression but pretreatment with KuA could
downregulate NR2B and upregulate p-ERK and p-CREB expression.
This is to largely extent indicated the anti-apoptotic induced by H2O2

might via NMDARs and further influenced the ERK/CREB pathway.
All the results suggested that KuA has anti-oxidative stress ability.

However, as mentioned previously that NMDARs were used as a target
in our screening, sowhether KuA has effect on this receptor andwheth-
er its anti-oxidative stress via NMDARs is very exciting. A lot of research
has detected the expression of NMDA receptors in SH-SY5Y cell lines
and the cell was being used to study NMDARs by some individuals
[35–38]. It has been reported that H2O2 could activate NMDARs which
could further lead to intracellular calcium overload [39,40]. Therefore,
we treated SH-SY5Y cells with H2O2 again in our subsequent experi-
ments and the expression of NR2A, NR2B and the concentration of
intracellular Ca2+, which is the first step of NMDAR activation, was
detected to assess the effect of KuA on NMDARs. To our joy that the
data showed KuA could effectively prevent Ca2+ influx compare with
H2O2 group and we ulteriorly found that KuA could also upregulate
NR2A expression, downregulate NR2B expression and increase the
ratio of NR2A/NR2B (Fig. 9C). These results suggested that KuA prevent
H2O2-induced cell death might involved in NMDAR-Ca2+ pathway.
However, H2O2 not a specific NMDAR agonist and it might via generat-
ing oxidative stress, which promotes the tyrosine phosphorylation of
NMDAR subunits and increased tyrosine phosphorylation of NMDAR
subunits has been reported to potentiate receptor function and exacer-
bate NMDAR-induced cell injury [41]. Therefore, N-methyl-D-aspartate
(NMDA), a NMDAR agonist, was used to further verify the blockade ef-
fect of KuA onNMDARs. Ditto, the result of calcium image indicated that
KuA could restrain NMDA-induced calcium influx effectively. Both H2O2

and NMDA-induced model explained that KuA might have a potential
capacity of blocking NMDARs. But what is the possible combination
mode and how is the combined? LibDock/DS was utilized to simulate
the relationship of KuA-NMDAR complex. Promisingly, the result
showed that there are three hydrogen bonds and one π–π stacking
that were formed at the KuA moiety. It suggested that KuA could well
combinewith NR2B-containing NMDARs and at least 17 active residues
existed in the catalytic unit of NMDARs, including Tyr109, Ser132,
Gln110, Ile335, Glu236, Gln105, Asp104, Asn334, Glu106, Glu235,
Thr233, Ala107, Arg115, Pro177, Thr174, Gly112 and Ile133. These ac-
tive residues make KuA stably locate in the active pocket of NMDARs.
Further, as shown in Fig. 10C, the four active residues directly connected
with KuA, Gln110, Ala107, Asn334 and Tyr109, existing in the active
pocket were might be potential new key residues for NMDARs.
5. Conclusions

In summary, we believed that the neuroprotective effect of KuAwas
demonstrated for the first time. The anti-oxidative stress ability of
KuA was verified by H2O2-induced cell injury model and the potential
mechanisms of its anti-oxidative stress may involve in mitochondrial-
apoptosis pathway, p38 SAPK pathway and NR2A, NR2B-containing
NMDA receptor. The result of NMDA-induced Ca2+ influx and molecu-
lar docking showed that KuA simultaneously has the ability of blocking
NMDARs. Therefore, we boldly speculate that the anti-oxidative stress
of KuA may not only be an antioxidant to itself but also via NMDARs
and these make KuA to be a candidate for ischemic stroke therapy.
However, the existing experiment results cannot adequately demon-
strate KuA as a NMDARs antagonist, so in vitro and in vivo research
will be further studied.
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