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Abstract Oxidative glutamate toxicity is involved in
diverse neurological disorders including epilepsy and
ischemic stroke. Our present work aimed to assess pro-
tective effects of huperzine A (HupA) against oxidative
glutamate toxicity in a mouse-derived hippocampal HT22
cells and explore its potential mechanisms. Cell survival
and cell injury were analyzed by MTT method and LDH
release assay, respectively. The production of ROS was
measured by detection kits. Protein expressions of BDNF,
phosphor-TrkB (p-TrkB), TrkB, phosphor-Akt (p-Akt),
Akt, phosphor-mTOR (p-mTOR), mTOR, phosphor-p70s6
(p-p70s6) kinase, p70s6 kinase, Bcl-2, Bax, and B-actin
were assayed via Western blot analysis. Enzyme-linked
immunosorbent assay was employed to measure the con-
tents of nerve growth factor, brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4
(NT-4). Our findings illustrated 10 uM HupA for 24 h
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significantly protected HT22 from cellular damage and
suppressed the generation of ROS. Additionally, after
treating with LY294002 or wortmannin [the selective
inhibitors of phosphatidylinositol 3 kinase (PI3K)], HupA
dramatically prevented the down-regulations of p-Akt,
p-mTOR, and p-p70s6 kinase in HT22 cells under oxida-
tive toxicity. Furthermore, it was observed that the protein
levels of BDNF and p-TrkB were evidently enhanced after
co-treatment with HupA and glutamate in HT22 cells. The
elevations of p-Akt and p-mTOR were abrogated under
toxic conditions after blockade of TrkB by TrkB IgG.
Cellular apoptosis was significantly suppressed (decreased
caspase-3 activity and enhanced Bcl-2 protein level) after
HupA treatment. It was concluded that HupA attenuated
oxidative glutamate toxicity in murine hippocampal HT22
cells via activating BDNF/TrkB-dependent PI3K/Akt/
mTOR signaling pathway.

Keywords Huperzine A - Oxidative glutamate toxicity -
HT?22 cells - Brain-derived neurotrophic factor -
Phosphatidylinositol 3 kinase - Apoptosis

Introduction

Glutamate toxicity is known to be involved in many neu-
rological disorders including Alzheimer’s disease,
ischemic stroke, Parkinson’s disease, epilepsy, and
depression (Coyle and Puttfarcken 1993; Mao et al. 2015;
Simonian and Coyle 1996). It was previously investigated
that glutamate toxicity contributed to cell death mainly via
N-methyl-D-aspartate (NMDA) receptor-activated excito-
toxicity and non-receptor-mediated oxidative stress (Choi
1988; Mattson 2000). Specially, the neurons are susceptible
to oxidative stress.

@ Springer


http://dx.doi.org/10.1007/s10571-015-0276-5
http://crossmark.crossref.org/dialog/?doi=10.1007/s10571-015-0276-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10571-015-0276-5&amp;domain=pdf

916

Cell Mol Neurobiol (2016) 36:915-925

Oxidative glutamate damage was previously triggered
by the high concentrations of glutamate, which prevented
the synthesis of the intracellular anti-oxidant (glutathione)
due to the breakdown of the cystine/glutamate antiporter,
finally contributing to the elevated production of reactive
oxygen species (ROS) and consequently induction of
neuronal apoptosis (Jia et al. 2013; Murphy et al. 1989). It
was found that the immortalized hippocampus-derived
HT?22 cells, which had the characteristics of lacking the
functional ionotropic glutamate receptor (Jeong et al.
2010), were considered as a very useful cell model for
investigating oxidative glutamate impairment excluding
glutamate receptor-mediated excitotoxicity.

It is well known that neurotrophins are a family of
proteins, which contain four major subtypes including
nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4
(NT-4). There is ample evidence supporting that neu-
rotrophins are closely associated with the development of
nervous system including neuronal survival, differentia-
tion, and apoptosis (Huang and Reichardt 2003). Indeed,
activation of NGF was reported to attenuate oxidative
stress damage in PC12 cells (Jackson et al. 1990) and be
involved in the neuroprotection of huperzine A (HupA)
against H,O,-induced damage in the human neuroblastoma
cell line (SH-SY5Y) (Tang et al. 2005). In addition, BDNF
also improves neurological function in adults (Wang et al.
2010). Activating endogenous BDNF activity could exert
protective roles against ischemic, traumatic, and toxic brain
lesions (Beck et al. 1994; Kazanis et al. 2004). In the
meantime, pretreatment with BDNF could also evidently
protect hippocampal neurons from glutamate toxicity and
the protection might be linked with mediating phos-
phatidylinositol 3 kinase (PI3K) and Ras/mitogen-activated
protein kinase (MAPK) pathways (Almeida et al. 2005).
However, suppression of BDNF level or its effect was
shown to aggravate neuronal death following ischemic
insults in rats (Larsson et al. 1999). Taken together, these
findings implicate that pharmacological strategies for
augmenting neurotrophins level may provide a promising
therapeutic potential of oxidative damage and glutamate
toxicity.

HupA, an important lycopodium alkaloid purified from
the plant Qian Ceng Ta (Huperzia serrata), is currently
widely used for treating Alzheimer’s disease in clinical
practices due to its well-known inhibitory effect on
acetylcholinesterase (Wang et al. 2006). Additionally, a
previous investigation also revealed that HupA attenuated
oxidative injury via changing the expressions of apoptosis-
regulatory genes in PC12 cells (Wang et al. 2001). Fur-
thermore, Wang et al. found that HupA treatment signifi-
cantly inhibited neuronal impairment in C6 rat glioma cells
subjected to oxygen-glucose deprivation, and inhibition of
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NF-kappa B-mediated inflammatory pathway was involved
in its neuroprotection (Wang and Tang 2007). However, it
remains elusive whether HupA has protection against
glutamate-induced oxidative damage in hippocampal HT22
cells. Besides, since neurotrophins play a critical role in
cellular survival, we hypothesize that it involves in the
HupA’s neuroprotection against oxidative glutamate dam-
age. Therefore, our present study aimed to investigate the
protective effect of HupA on immortalized hippocampus
HT?22 cells under glutamate exposure and further figure out
its potential molecular mechanisms.

Materials and Methods
Chemicals and Reagents

HupA was provided by Tau Biotec (the purity of more than
98 %, Shanghai, China). Glutamate and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium  bromide
(MTT) were from Sigma Chemical Co., (St. Louis, MO,
USA). Dulbecco’s modified Eagle’s medium (DMEM),
trypsin, and fetal bovine serum (FBS) were purchased from
GIBCO Invitrogen (Carlsbad, CA, USA). LY294002, a
specific inhibitor of PI3K, was acquired from Cell Sig-
naling Technology (Beverly, MA, USA). Lactate dehy-
drogenase (LDH) release assay kit was bought from
Jiancheng Bioengineering Institute (Nanjing, China). The
BCA protein assay kit was supplied from Beyotime Insti-
tute of Biotechnology (Nantong, China). An enhanced
chemiluminescence kit was from Pierce (Pierce, CA,
USA). The anti-BDNF, anti-TrkB, anti-phospho-Akt, anti-
Akt, anti-B-actin, anti-Bax, anti-Bcl-2, and horseradish
peroxidase (HRP)-conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The anti-phospho-TrkB was from Cell Signal-
ing Technology (Beverly, MA, USA). Anti-TrkB IgG used
for blocking TrkB receptor was bought from R&D Systems
Inc. (Minneapolis, MN, USA).

Cell Culture and Drug Treatments

Immortalized mouse hippocampal HT22 cells (a gift from
professor Wei-Lin Jin, School of Life Sciences and
Biotechnology, Shanghai Jiao Tong University, China)
were grown in DMEM containing 10 % (v/v) FBS and
incubated in a humidified atmosphere (95 % air, 5 % CO2)
at 37 °C. The human neuroblastoma SH-SYS5Y cell line
was acquired from Shanghai cell bank of Chinese Acad-
emy of Sciences (Shanghai, China) and cultivated in MEM/
F12 medium supplemented with 10 % (v/v) FBS at 37 °C
in 5 % CO2. After that, hippocampal HT22 cells were
maintained with serum-free medium 2 h before drug
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treatments. They were interfered with anti-TrkB IgG or
LY294002 prior to HupA treatment.

Cell Viability and LDH Release Assay

Cell viability of HT22 or SH-SYS5Y cells was detected
using MTT, a specific indicator of the mitochondrial
activity of living cells, according to the previous reports
(Wang et al. 2011). For short, cells were seeded into the
96-well plates with a density of about 1 x 10* cells per
well and maintained in a humidified atmosphere (95 % air,
5 % CO2) at 37 °C overnight prior to conduction of
experiments. After drug treatments, the cultures were
washed with PBS for three times, and then the cells in each
well were incubated with 10 pl of MTT (final concentra-
tion, 0.5 mg/ml) for 3 h at 37 °C. Subsequently, the culture
medium was removed, and 100 pl of DMSO was added to
dissolve the formazan crystals in living cells. Absorbance
at 490 nm was read with a Sunrise RC microplate reader
(Tecan Group, Maennedorf, Switzerland). Cell viability
was represented as the percentage of control cells. The
LDH release assay was employed to assess the membrane
integrity after drug treatments and could evaluate cell
injury. In our present study, HT22 cells were cultivated in
96-well plates at a density of 1 x 10* cells per well and
grown to about 70 % confluence. After drug administra-
tions, the amounts of LDH released into the media were
measured using the commercial assay kits according to the
manufacturer’s protocols.

ROS Measurement

Mouse hippocampal HT22 cells were cultivated at a den-
sity of 2.5 x 10* cells/well in 24-well plates. After
adherence, cells were incubated with HupA for 24 h, fol-
lowed by treatment with 5 mM glutamate for 12 h. After
washing with PBS, cells were stained with 20 uM carboxy-
H,DCFDA (Invitrogen) in DMEM for 1 h in a 37 °C
incubator. Cells were observed under a laser-scanning
confocal microscope (Nikon, Japan) with an excitation
wavelength of 490 nm and an emission wavelength of
525 nm. Fluorescence intensity was calculated using a
Multilabel counter (Perkin-Elmer 1420, MA, USA).

Western Blot Analyses

After drug treatments, cells were washed three times with
ice-cold PBS and suspended in RIPA lysis buffer (50 mM
Tris—=HCI, 150 mM NaCl, 10 % glycerol, 1 % Nonidet
P-40, 5 mM EDTA, and 1 mM phenylmethylsulfonyl flu-
oride, pH 7.5). After centrifugation at 13,200 g for 20 min
at 4 °C, the supernatant was collected, and total protein
concentration was determined by the commercial BCA

assay kit. Proteins (30 pg) were separated on 8 or 10 %
SDS-polyacryl-amide gels (SDS-PAGE) and then trans-
ferred electrophoretically onto nitrocellulose membranes.
After blocking the membranes with 5 % fat-free milk for
1 h at room temperature, target proteins were immunode-
tected with the following primary antibodies: rabbit anti-
BDNF (1:200), rabbit anti-phospho-TrkB (1:1000), rabbit
anti-TrkB (1:500), rabbit anti-Bax (1:200), rabbit anti-Bcl-
2 (1:200), rabbit anti-phospho-Akt (1:200), rabbit anti-Akt
(1:300), and mouse anti-B-actin (1:2000), overnight at
4 °C. The membranes were then incubated with the second
antibodies (1:5000) for 2 h at room temperature. Immun-
odetection was performed using an enhanced chemilumi-
nescence kit, and the intensities of the protein bands were
subsequently quantified using Quantity One software
(BioRad, CA, USA). For the quantification of phosphory-
lated proteins, it was normalized to the total amount of
proteins.

Determinations of NGF, BDNF, NT-3, and NT-4
by Enzyme-Linked Immunosorbent Assay (ELISA)
Assay

After drug administration, HT22 cells from different
groups were lysed in a cold buffer containing HEPES
25 mM, MgCl,-6H,0 5 mM, EDTA-2Na, 5 mM, pH 7.4,
0.5 % (v/iw) Triton X-100, DTT 5 mM, PMSF 2 mM,
Pepstation A 10 pg/mL and Leupeptin 10 pg/mL. The
lysates were then centrifugated at 10,000 g for 10 min, and
the supernatants were obtained. Protein contents were
quantified by Coomassie blue method. The concentrations
of NGF, BDNF, NT-3, and NT-4 were measured by
respective commercial Emax® Immunoassay kits accord-
ing to manufacturer’s instructions.

Caspase-3 Activity Assay

HT?22 cells were cultivated on 6-well plates with a density
of 2 x 10° cells per well, before pre-incubation of different
drugs. Protein samples were prepared as indicated in
Western blot analysis., 50 pg of total protein was added to
a reaction buffer containing Ac-DEVD-pNA (2 mM),
incubated at 37 °C for 4 h, and the absorbance of yellow
pNA was determined by a spectrometer at 405 nm. The
specific caspase-3 activity which was normalized for total
protein in HT22 cells was then given as fold of the baseline
caspase-3 activity of control group.

Statistics
All experiments mentioned above were repeated for at least

three times. The data were represented as mean + standard
deviation (SD). Statistically significant differences were
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performed by the analysis of variance in SPSS 13.0 soft-
ware (SPSS, Inc., Chicago, IL). A p value of less than 0.05
was considered statistically significant.

Results

HupA Attenuated Oxidative Damage in HT22 Cells
Under Glutamate Exposure

To evaluate the neuroprotection of HupA against oxidative
glutamate toxicity in HT22 cells, the best concentrations of
glutamate and HupA were firstly explored in our present
investigation. The cell viability and LDH content in the
media were determined by MTT method and LDH release
assay kit according to manufacturers’ instructions. It was
noteworthy that the cell viability of HT22 cells was sig-
nificantly diminished in a dose- and time-dependent man-
ner under glutamate stimulation (0-5 mM) (Fig. la).
Nearly, a 70 % reduction of cell viability was found after
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Fig. 1 HupA attenuated neuronal impairment in HT22 cells under
glutamate stimulation. Cell viability of HT22 cells subjected to
different concentrations of glutamate (0—5 mM) was analyzed by
MTT method (a). Nearly, a 70 % reduction of cell viability was found
after glutamate exposure at the concentration of 5 mM for 12 h. The
addition of glutamate of 5 mM for 12 h was selected in the
subsequent experiments. HupA by the concentrations of 0-10 pM
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glutamate exposure at the concentration of 5 mM for 12 h.
Thus, the addition of glutamate of 5 mM for 12 h was
selected in the subsequent experiments. Figure 1b reveals
that HupA by the concentrations of 0—10 uM did not have
any significant toxic effects on the cell viability of HT22
cells. It was also noted that 10 uM of HupA treatment for
24 h exerted the most evident protection to HT22 cells than
any other concentration after glutamate exposure (Fig. 1c¢).
LDH release assay also confirmed this phenomenon
(Fig. 1d). In fact, the notion that huperzine A improved cell
viability was also confirmed in the human neuroblastoma
SH-SYS5Y cell line, as displayed in supplementary data
(S-Fig. 1).

HupA Suppressed Glutamate-Induced Generation
of ROS in HT22 Cells

To investigate whether HupA had a protective effect on
oxidative glutamate damage, the production of ROS was
measured using corresponding detection kits in our present
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did not have any significant toxic effects on the cell viability of HT22
cells (b). It was also noted that 10 uM of HupA treatment for 24 h
evidently promoted the recovery of HT22 cells after glutamate
exposure (c¢). LDH release assay also confirmed the protection of
HupA against glutamate insults in HT22 cells (d). Results were
presented as mean =+ standard deviation (SD) (n = 8). **p < 0.01
versus control group; *p < 0.01 versus glutamate-treated group
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work. It was obvious to observe that treatment of HT22
cells with glutamate led to remarkable elevation of ROS
(Fig. 2, p < 0.01). Nevertheless, pretreatment with HupA
significantly prevented the increased ROS level induced by
glutamate.

HupA Protected HT22 Cells from Oxidative
Glutamate Toxicity via Activating PI3K/Akt/mTOR
Signaling Pathway

To investigate whether PI3K/Akt/mTOR signaling path-
way was involved in the HupA’s neuroprotection against
HT?22 cells after glutamate insults, LY294002, a specific
inhibitor of PI3K, was employed in our current work. As
displayed in Fig. 3a, pretreatment with 10 uM HupA
remarkably augmented the cell viability of HT22 cells after
glutamate exposure compared with the vehicle-treated
group (p < 0.01). However, the protection of 10 uM HupA
was obviously blocked by 10 uM LY294002 for 1 h, while
administration of LY294002 alone did not influence the
cell viability of HT22 cells. In addition, we further verified
our results via adding another inhibitor of PI3K, namely,
wortmannin prior to treatment with HupA and glutamate.
Furthermore, we also investigated whether the PI3K
downstream target, Akt was altered in murine HT22 cells
subjected to the glutamate insults. Immunoblot analysis
revealed that exposure of glutamate to HT22 cells exhib-
ited the significant reductions of p-Akt>*™’? and
p-Akt™3% (Fig 3b—d). Nevertheless, this phenomenon
was markedly reversed after HupA treatment, in compar-
ison to the vehicle group. Interestingly, HupA-activated
Akt phosphorylation in HT22 cells was completely abro-
gated after PI3 K was blocked by 10 uM LY294002 for
1 h or 100 nM wortmannin for 1 h. Meanwhile, an obvious
decrease of p-mTOR protein was observed in HT22 cells in
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Fig. 2 HupA suppressed the production of ROS in HT22 cells under
glutamate stimulation. Cells were treated with 10 uM of HupA for
24 h, followed by treatment of 5 mM glutamate for 12 h. Results
were presented as mean £ SD (n = 8). *¥p < 0.01 versus control
group; ##p < 0.01 versus glutamate-treated group

response to glutamate stimuli and HupA treatment signif-
icantly increased the phosphorylation of mTOR in HT22
cells (Fig. 3e, f). Blockade of PI3K by LY294002 or
wortmannin evidently prevented HupA-activated p-mTOR
protein levels in HT22 cells subjected to oxidative gluta-
mate toxicity.

HupA Enhanced p70s6 Kinase Phosphorylation
in HT22 Cells After Oxidative Glutamate Damage

The phosphorylation of p70s6 kinase was further deter-
mined in immortalized HT22 cells. It was noteworthy that
there was a remarkable decrease of the p70s6 kinase
phosphorylation in HT22 cells stimulated with 5 mM
glutamate (Fig. 4). Pretreatment with HupA obviously
enhanced p-p70s6 kinase protein level (p < 0.01). The
elevated phosphorylated p70s6 kinase protein expression
was evidently blocked by the mTOR inhibitor, namely,
rapamycin (100 nM for 15 min) prior to the exposure to
HupA (p < 0.01). Throughout our investigation, the total
protein expression of p70s6 kinase was not changed among
different groups.

HupA-Stimulated PI3BK/Akt/mTOR Signaling
in HT22 Cells was Regulated by BDNF/TrkB
Pathway Under Glutamate Exposure

Since neurotrophins were known to play a critical role in
cell survival, ELISA analysis was employed to detect the
protein expressions of the major neurotrophins, namely,
NGF, BDNF, NT-3, and NT-4 in HT22 cells under gluta-
mate insults. As seen in Fig. 5a, d, exposure of HT22 cells
to glutamate exhibited evident reductions of NGF, BDNF,
NT-3, and NT-4 (p < 0.01). However, HupA treatment
only enhanced the protein level of BDNF in HT22 cells
under glutamate damage (p < 0.01). The elevated BDNF
protein level caused by HupA was also verified by
immunoblot assay in HT22 cells after glutamate exposure
(Fig. 6). It was well known that BDNF exerted protective
effects against cell injury via binding and activating its
specific receptor, TrkB. Subsequently, the phosphorylated
forms of TrkB protein were detected in our current work.
Obviously, HupA treatment activated phosphorylation of
TrkB protein in HT22 cells after glutamate stimulation
(Fig. 5e). To explore whether BDNF/TrkB pathway could
regulate PI3 K/Akt/mTOR signaling in HT22 cells when
treated with HupA, TrkB IgG was also used to inhibit TrkB
receptor in our present study. It was found that the
enhanced phosphorylations of Akt and mTOR proteins
caused by HupA were both prevented in HT22 cells treated
with 0.5 pg/ml TrkB IgG for 4 h before adding glutamate
and HupA (p < 0.01, Fig. 5f-h). Nevertheless, adding
TrkB IgG alone did not exert significant effects on the
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Fig. 3 HupA protected HT22 cells from glutamate toxicity via
activating PI3K/Akt/mTOR signaling pathway. The promotion of cell
viability in HT22 cells after HupA treatment was blocked by 10 uM
LY294002 for 1 h in response to glutamate stimuli (a). The
suppression of HupA’s protection against glutamate toxicity was also
confirmed by another PI3K inhibitor, wortmannin (100 nM for 1 h)
(a). The representative immunoblot images of p-Akt>™’® and
p-Akt™3%® wwere displayed, and the quantitative analysis was

protein levels of p-Akt and p-mTOR in HT22 cells under
glutamate stimulation.

HupA Modulated Apoptosis-Related Protein Levels
in HT22 Cells Under Oxidative Glutamate Toxicity

Finally, the effects of HupA on apoptosis-related proteins
were investigated in HT22 cells following glutamate
insults in our present investigation. Caspase-3 was the
major molecule responsible for apoptosis execution. Thus,
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conducted using SPSS 13.0 software (b). ¢, d showed that the
phosphorylations of Akt5™7® and Akt™3" were both suppressed by
PI3K inhibitors (LY294002 and wortmannin). HupA-activated phos-
phorylation of mTOR was also abrogated in HT22 cells after
blockade of PI3K by LY294002 or wortmannin (e, f). Results were
presented as mean + SD (n = 8). *¥p < 0.01 versus control group;
#1h < 0.01 versus glutamate-treated group; **p < 0.01 versus glu-
tamate-induced cell death in the presence of HupA

caspase-3 activity was analyzed by colorimetric methods in
the first place. Our results depicted that caspase-3 activity
was found to be obviously elevated in neuronal HT22 cells
during the stimulation of glutamate versus the control
group and HupA significantly suppressed this index
(p < 0.01, Fig. 7a). Meanwhile, Bcl-2 family proteins were
critical to neuronal survival and we speculated that they are
involved in the neuroprotection of HupA against oxidative
glutamate toxicity in murine HT22 cells. Our Western blot
results indicated that there was an evident decrease of Bcl-
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Fig. 4 HupA enhanced p70s6 kinase phosphorylation in HT22 cells
after glutamate oxidative glutamate toxicity. The phosphorylation of
p70s6 kinase was detected by Western blot analysis. After mTOR was
suppressed by its specific inhibitor, rapamycin (100 nM for 15 min),
the elevated phosphorylated p70s6 kinase protein expression induced
by HupA was markedly prevented in HT22 cells under glutamate
insults. Results were presented as mean + SD (n = 8). **p < 0.01
versus control group; *p < 0.01 versus glutamate-treated group;
**p < 0.01 versus glutamate-induced cell death in the presence of
HupA

2 protein in HT22 cells after the incubation of 5 mM
glutamate for 12 h, while the elevated Bax protein level
was found compared to the control group (p < 0.01,
Fig. 7b—d). However, HupA treatment remarkably aug-
mented the protein level of Bcl-2 in HT22 cells stimulated
with glutamate, although no significant alteration of Bax
protein level was observed under the same experimental
conditions.

Discussion

The major findings of our present investigation disclosed
that HupA exerted neuroprotective effects against oxida-
tive glutamate toxicity in immortalized hippocampal HT22
cells. What’s more, HupA treatment remarkably activated
the phosphorylations of Akt and mTOR. Besides, the ele-
vation of BDNF was found in HT22 cell co-treated with
glutamate and HupA, while there were no alterations of
NGF, NT-3, and NT-4 in cultured HT22 cells. In the
meantime, after blockade of TrkB by TrkB IgG, the
phosphorylated forms of Akt and mTOR were both dra-
matically abrogated in HT22 cells under glutamate insults.
These findings suggest that BDNF/TrkB pathway was
involved in the modulations of HupA on PI3 K/Akt/mTOR
signaling.

It is well known that glutamate is the major excitatory
neurotransmitter in the central nervous system and plays a

critical role in the modulation of cognition and the devel-
opment of CNS including synaptic plasticity (Danbolt
2001). However, excessive generation of glutamate con-
tributes to marked cell damage and oxidative glutamate
toxicity is associated with the pathogenesis of diverse
neurological disorders such as epilepsy, ischemic stroke,
and Alzheimer’s disease (Coyle and Puttfarcken 1993; Mao
et al. 2015; Simonian and Coyle 1996). Therefore, the
in vitro oxidative glutamate toxicity model can be used as a
very useful model to assess the protective effects of drugs
against neurological diseases. It was previously reported
that extremely high concentration of glutamate could
induce the evident oxidative cell damage (Jia et al. 2013;
Murphy et al. 1989) and manipulation of oxidative injury
might be beneficial to amelioration of glutamate-induced
toxicity. In our present work, HT22 cells were employed as
it lacked the functional ionotropic glutamate receptor and it
was an ideal cell model for exploring the pathogenesis of
oxidative glutamate damage excluding glutamate receptor-
mediated excitotoxicity. Actually, oxidative injury was
previously reported to be triggered in HT22 cells under
glutamate stimulation, and the medicinal herb Gastrodia
elata remarkably prevented oxidative glutamate toxicity
(Han et al. 2014). Besides, several previous investigations
illustrated that suppression of ROS production by various
substances such as kaempferol (Yang et al. 2014), aceto-
genin A (Lee et al. 2015), pinacidil (Shukry et al. 2015), or
herbal mixture (Ahn et al. 2015) could remarkably atten-
uate cell apoptosis in mouse hippocampal HT22 cells.
Similarly, results from our current study illustrated that
HupA pretreatment dramatically suppressed ROS accu-
mulation and subsequent neuronal damage in HT22 cells.
In fact, it was previously found that HupA exerted neuro-
protective roles against Alzheimer and global cerebral
ischemic animal models (Wang et al. 2011; Zhou et al.
2001). The dose range of HupA (0-100 puM) was also used
to explore whether it had toxic effects on HT22 cells in our
present work. It was obvious that HupA treatment by the
concentration of 10 uM did not exert any significant toxic
action on HT22 cells and this concentration caused the
maximal neuroprotection against neurons in response to
glutamate stimuli. In line with our results, Wang et al.
reported that HupA at the concentration of 10 uM exhib-
ited the most evident neuroprotection in SH-SY5Y cell
models (Wang et al. 2011).

Neurotrophins are a family of proteins and have been
demonstrated to induce the survival, differentiation, and
function of neurons in the CNS (Huang and Reichardt
2003). Generally, there are at least four subtypes of neu-
rotrophins, namely, NGF, BDNF, NT-3, and NT-4. In our
current work, BDNF was observed to be evidently
enhanced after co-treatment with HupA and glutamate,
while no alterations of NGF, NT-3, and NT-4 were found
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Fig. 5 HupA-stimulated PI3K/
Akt/mTOR signaling in HT22
cells was regulated by BDNF/
TrkB pathway under glutamate
exposure. The protein contents
of NGF (a), BDNF (b), NT-3
(¢), and NT-4 (d) were
measured via ELISA analysis
and it was found that only
BDNF content was significantly
elevated in HT22 cells after co-
treatment with HupA and
glutamate. HupA treatment also
reversed the decreased protein
expression of phosphorylated
TrkB in glutamate-stimulated
HT22 cells (e). When treated
with 0.5 pg/ml TrkB IgG for

4 h prior to the additions of
glutamate and HupA, the
enhanced phosphorylations of
Akt (f, g) and mTOR (h) caused
by HupA were found to be
dramatically suppressed in
HT22 cells. Results were
presented as mean £ SD

(n = 8). *¥*¥p < 0.01 versus
control group; ™p < 0.01 versus
glutamate-treated group;

**p < 0.01 versus glutamate-
induced cell death in the
presence of HupA
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Fig. 6 HupA augmented BDNF protein level in HT22 cells under
glutamate toxicity. Results were presented as mean + SD (n = 8).
##p < 0.01 versus control group; *p < 0.01 versus glutamate-treated

group

in murine HT22 cells. Furthermore, TrkB, a high affinity
receptor for BDNF was also explored in neuronal HT22
cells under oxidative toxic conditions. It was illustrated
that the phosphorylation of TrkB (activated form of TrkB)
was significantly decreased in mouse hippocampal HT22
cells subjected to glutamate insults and this phenomenon
was evidently reversed after HupA treatment. Particularly,

BDNF/TrkB has been shown to activate PI3 K/Akt sig-
naling pathway, subsequently contributing to neuronal
survival under a wide range of circumstances (Brunet et al.
2001). To figure out whether HupA protected HT22 cells
from oxidative glutamate toxicity via mediating BDNF/
TrkB-PI3 K/Akt signaling pathway, we further detected
the phosphorylations of Akt, mTOR, and p70s6 kinase in
the presence of TrkB IgG or PI3 K inhibitor LY294002.
Our present study showed that inhibition of TrkB by TrkB
IgG prevented the elevated phosphorylation of Akt. In the
meantime, pharmacological suppression of PI3 K by
LY294002 significantly abrogated the increased phospho-
rylations of mTOR and p70s6 kinase after HupA treatment.
Furthermore, the inhibitions of TrkB by TrkB IgG or PI3 K
by wortmannin also verified our findings as mentioned
above. Taken together, these results indicated that HupA
protected against oxidative glutamate toxicity in hip-
pocampal HT22 cells and its neuroprotection might be at
least modulated by BDNF/TrkB-dependent PI3 K/TrkB/
mTOR signaling pathway. Similarly, a previous investi-
gation illustrated that BDNF/TrkB signaling could activate
PI3K/TrkB pathway and subsequently suppressed cellular
apoptosis following ischemic insults (Yao et al. 2012).
There is compelling evidence supporting that cellular
apoptosis is triggered by two major pathways, namely,
death receptor and cell stress (Bao et al. 2013). These
pathways are dependent on caspase-3 activation, and cas-
pase-3 is considered as an executioner molecule in the

Fig. 7 HupA modulated a
gpoptosis—related protein levels 600 - BCl-2 e o e -
in HTZZ cells under glutamate o ek B -actin Gy i G- -
toxicity. a Revealed that g= b
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alteration of Bax protein was HupA - - +
observed in HT22 cells after co-
treatment with glutamate and c d
HupA. Results were presented as S 207 s 31 sk
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pathogenesis of apoptosis (Mao et al. 2012). Bcl-2 family
proteins have been also reported to be involved in the
modulation of cell apoptosis. It is well known that Bcl-2
functions in preventing apoptosis, while Bax serves as a
proapoptotic molecule (Mao et al. 2012). In fact, it was
previously investigated that mitochondrial Bcl-2 protein
level was significantly diminished, while elevated Bax
level was observed after exposure to high concentration of
glutamate (10 mM) in hippocampal HT22 neurons, finally
contributing to oxidative stress-induced cell apoptosis
(Yang et al. 2012). In consistent with our current work,
lower glutamate exposure (5 mM) resulted in evident
reduction of Bcl-2 and increased Bax protein level. Fur-
thermore, the altered expressions of Bcl-2 and Bax caused
by glutamate were remarkably reversed by HupA treat-
ment. These findings hinted that the neuroprotection of
HupA against glutamate toxicity might involve the modu-
lation of Bcl-2 and Bax proteins in hippocampal HT22
cells.

Conclusions

It was concluded that HupA effectively ameliorated
oxidative glutamate toxicity in immortalized hippocampal
HT22 cells and its neuroprotection might be associated
with modulating PI3K/Akt/mTOR signaling dependent of
BDNF/TrkB pathway. The molecular mechanism can be
served as the potential therapeutic targets for attenuating
glutamate toxicity-associated neurological disorders,
including epilepsy, ischemic stroke, depression, and Alz-
heimer’s disease in future. Further investigations are
essential to validate our findings.
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