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Galangin decreases p-tau, Af},, and f3-secretase levels, and
suppresses autophagy in okadaic acid-induced PC12 cells via
an Akt/GSK3p/mTOR signaling-dependent mechanism

LIPING HUANG'?, MINGQIN LIN?, XIAOQIN ZHONG>>, HONGYAN YANG? and MINZHEN DENG>?

ISchool of Chemistry and Chemical Engineering, Lingnan Normal University, Zhanjiang, Guangdong 524048;

2College of Pharmacy, Hainan Medical University, Haikou, Hainan 571199; 3Department of Neurology,

Guangdong Provincial Hospital of Chinese Medicine, The Second Affiliated Hospital of Guangzhou University of

Chinese Medicine; 4Guangdorlg Provincial Academy of Chinese Medical Sciences; 5The Second Clinical College

of Guangzhou University of Chinese Medicine, Guangzhou, Guangdong 510120, P.R. China

Received January 21, 2018; Accepted October 19, 2018

DOI: 10.3892/mmr.2019.9824

Abstract. Okadaic acid (OA)-induced neurotoxicity may be
considered a novel tool used to study Alzheimer's disease
(AD) pathology, and may be helpful in the development
of a novel therapeutic approach. It has been reported that
galangin inhibits B-site amyloid precursor protein-cleaving
enzyme | expression, which is a key enzyme for amyloid 3
(AP) generation and is a potential drug candidate for AD
therapy. However, further studies are required to confirm
its neuroprotective effects in other AD models. The present
study aimed to explore the neuroprotective effects of galangin
on OA-induced neurotoxicity in PC12 cells. The cells were
divided into the following groups: Control group, model
group (175 nM OA for 48 h) and galangin groups (0.25, 0.5
and 1 ug/ml). Beclin-1, phosphorylated (p)-protein kinase B
(Akt), p-glycogen synthase kinase (GSK)3p and p-mechanistic
target of rapamycin (mTOR) expression was also measured in
the following PC12 cell groups: Control group, model group,
3-methyladenine group (5 nM), rapamycin group (100 nM)
and galangin group (1 pg/ml). The levels of (3-secretase, AP,
and p-tau were detected by ELISA, Beclin-1 expression was
examined by immunohistochemistry and the protein expres-
sion levels of p-Akt, p-mTOR p-GSK3p, and Beclin-1 were
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detected by western blotting. Galangin treatment enhanced cell
viability in cells treated with OA, and decreased [3-secretase,
AP,, and p-tau levels. In addition, it suppressed Beclin-1
and p-GSK3p expression, but promoted p-Akt and p-mTOR
expression by regulating the Akt/GSK3p/mTOR pathway.
These results indicated that galangin protected PC12 cells
from OA-induced cytotoxicity and inhibited autophagy via the
Akt/GSK3B/mTOR pathway, thus suggesting that it may be
considered a potential therapeutic agent for AD.

Introduction

Alzheimer's disease (AD) is a common progressive neurode-
generative disease associated with increasing age, which is
characterized by the abnormal deposition of senile plaques and
intracellular neurofibrillary tangles owing to the formation of
extracellular amyloid 3 (Af) protein and hyperphosphorylation
of tau protein in the brain (1). Enhanced brain A and amyloid
precursor protein (APP) aggregation is closely associated with
the development of AD (2). Extracellular amyloid plaques
identified in AD, including AB,_4, and A, 4,, are derived from
the larger APP by [3-secretase and y-secretase (3). An inhibitor
of y-secretase, semagacestat, has been reported to cause neuro-
toxicity, thus its clinical application is limited; therefore, a safe
and effective suppressor of [3-secretase may be considered a
promising treatment approach (4,5).

Galangin is a natural flavonol, which is extracted from
Alpinia officinarum (6). It has been reported that galangin
exerts anti-inflammatory effects on mast cell-derived allergies
and collagen-induced arthritis via the suppression of receptor
activator of nuclear factor (NF)-«B ligand-induced activation
of Janus kinase, p38 and NF-xB pathways (7). In addition to
these effects, galangin has been considered as a potential
drug candidate for AD therapy. It may decrease levels of
[B-secretase and acetylated H3 in the 3-secretase promoter
regions via upregulation of endogenous histone deacety-
lase 1 (HDAC1)-mediated deacetylation in SH-SYSY cells (8).

It has been reported that there is a close association
between abnormal degradation of misfolded proteins and
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AD pathogenesis (9); overaccumulation of Af} can lead to
it autonomously aggregating into oligomers, which block
proteasome function and clog neuronal processes (10).
Hyperphosphorylation of tau means it cannot bind to
microtubules, thus resulting in self-aggregation of tau into
neurofibrillary tangles, which injure axonal transport and
normal neuronal function (11). The effects of autophagy in AD
are contradictory, or the level of autophagy initiation varies
with disease progression. On the one hand, the autophagy-initi-
ation Beclin-1 protein is reduced in early AD (12). However,
transcriptional data indicate the factors of autophagy activa-
tion were upregulation in AD brains (13). Further studies are
required to clarify the level of autophagic activity during the
different stages of AD. Okadaic acid (OA) has also been used
to study AD in numerous species. OA is able to inhibit protein
phosphatase 2A (PP2A) activity, thereby causing tau hyper-
phosphorylation in the AD brain (14). The present study aimed
to determine the potential mechanisms underlying the effects
of galangin on autophagy in OA-induced PCI12 cells.

Materials and methods

Materials and reagents. Galangin (lot no. 111699-200501)
was purchased from the National Institute of Control of
Pharmaceutical and Biological Products (Beijing, China). OA
(cat. no. 78111-17-8) was purchased from Shanghai Adamas
Reagent Co. Ltd. (Shanghai, China). 3-methyladenine (3MA;
cat. no. M9281) and rapamycin (cat. no. V900930) were
purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany). Dulbecco's modified Eagle's medium (DMEM),
PBS and fetal bovine serum (FBS) were purchased from
Gibco (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). The ELISA kits for phosphorylated (p)-tau (cat.
no. P261FC), B-secretase enzyme (cat. no. BO96FC) and Af,,
(cat. no. A227FC) were purchased from Hermes Criterion
Biotechnology (Elixir Canada Medicine Company Ltd.,
Vancouver, Canada).

OA and galangin preparation. OA was diluted to 10 pg/ml
with PBS containing 0.001% dimethyl sulfoxide (DMSO), and
was stored in sterile microcentrifuge tubes and maintained at
20°C. For use, it was diluted to various concentrations with
high glucose DMEM containing 10% FBS. Galangin was
diluted to 1 pg/ml with PBS containing 0.001% DMSO, and
was stored in sterile microcentrifuge tubes and maintained at
-20°C. For use, it was diluted to various concentrations with
high glucose DMEM medium containing 10% FBS.

Experimental design. Highly differentiated PC12 cells (Type
Culture Collection of the Chinese Academy of Sciences,
Shanghai, China) were grown in DMEM supplemented with
10% FBS. The cells were incubated at 37°C, in an atmosphere
containing 5% CO, for 48 h; the media were replaced daily.
Cells were divided into a control group, AD model group,
galangin groups (0.25, 0.50 or 1.00 pg/ml galangin), 3SMA
group (5 nM 3MA) and rapamycin group (100 nM rapamycin).
With the exception of the control group cells, PC12 cells in
all other groups were treated with OA (175 nM) for 48 h,
following pretreatment for 0.5 h with galangin (0.25, 0.50 and
1.00 ug/ml), 3MA (5 nM) or rapamycin (100 nM).
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Cell Counting Kit (CCK)-8 assay. Cell viability was deter-
mined using a CCK-8 kit (Dojindo Molecular Technologies,
Inc.,Japan),according to the manufacturer's protocol. The PC12
cell groups with various concentrations of OA (0-250 nM)
were seeded at a density of 1x10° cells/well in 96-well plates
and were cultured at 37°C in an atmosphere containing 5%
CO, for 12, 24 and 48 h. The PC12 cell groups treated with
175 nM OA + galangin (0.25, 0.50, 0.75 and 1.00 ug/ml) were
seeded at a density of 1x10° cells/well in 96-well plates and
were cultured at 37°C in an atmosphere containing 5% CO,
for 48 h. Subsequently, 10 1 CCK-8 (0.5 g/l) was added and
the cells were incubated for 2 h at 37°C in an atmosphere
containing 5% CO,. The optical density (OD) of each group
was measured at a wavelength of 450 nm; OD values were
used to calculate cell viability.

Analysis of p-tau, AB,, and B-secretase. The cells were
treated as aforementioned prior to ELISA. Briefly, the media
from treated PCI12 cells were collected and centrifuged at
10,000 x g for 10 min at 4°C. Subsequently, the supernatant
was collected, and p-tau, Af,, and P-secretase expression was
measured using ELISA kits, according to the manufacturer's
protocol (Hermes Criterion Biotechnology; Elixir Canada
Medicine Company Ltd.).

Western blot analysis of p-Akt, p-GSK3f, p-mTOR and
Beclin-1 expression. PC12 cells were harvested and lysed using
phenylmethanesulfonyl fluoride lysis buffer (Sigma-Aldrich;
Merck KGaA). The lysates were incubated for 30 min at 4°C,
centrifuged at 13,000 x g for 15 min at 4°C, and total protein
was extracted and quantified using a bicinchoninic acid kit
(Wuhan Boster Biological Technology, Ltd., Wuhan, China).
Subsequently, 40 ug protein was separated by 10% SDS-PAGE
and transferred onto polyvinylidene difluoride membranes.
The membranes were blocked in 5% bovine serum albumin
(BSA; cat. no. 810652, Merck KGaA) for 1 h at 4°C and were
incubated with primary antibodies against GAPDH (cat.
no. ab8245; Abcam), p-Akt (cat. no. 9275S; Cell Signaling
Technology, Inc., Danvers, MA, USA), Akt (cat no. 4691S;
Cell Signaling Technology, Inc.), p-GSK3p (cat. no. ab75745;
Abcam), GSK3p (cat. no. ab131356; Abcam), p-mTOR (cat.
no. ab109268; Abcam), mTOR (cat. no. ab134903; Abcam)
and Beclin-1 (cat. no. ab62557; Abcam) overnight at 4°C (all
1:1,000). Subsequently, the blots were washed and incubated
with their respective horseradish peroxidase (HRP)-conjugated
immunoglobulin G (anti-mouse and anti-rabbit) secondary
antibodies (1:2,000; cat nos. 7076S and 70748, respectively;
Cell Signaling Technology, Inc.) at room temperature for 1 h.
GAPDH was used as an internal control. Bound secondary
antibodies were visualized using an enhanced chemilumi-
nescence kit (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) using Image Lab 4.1 software (Bio-Rad Laboratories,
Inc.). Western blotting was repeated at least three times for
each condition. After development, the band intensities were
semi-quantified with Image-Pro Plus software version 6.0
(Media Cybernetics, Inc., Rockville, MD, USA).

Immunocytochemistry. The cells (1x10° cells/well) were
treated with cell culture medium (control group), 175 nM
OA (model group), 3MA (5 nM), rapamycin (100 nM) or
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galangin (1 ug/ml) + 175 nM OA for 48 h. Following fixa-
tion in 4% paraformaldehyde at 4°C for 60 min, the cells were
washed with PBS and incubated with 300 x1 BSA for 20 min
at room temperature. Subsequently, cells were incubated
with anti-Beclin-1 antibody (cat. no. ab62557; 1:50 dilution;
Abcam) for 1 h at 37°C. After washing with PBS, cells were
incubated with HRP-conjugated anti-rabbit immunoglobulin
(Ig)G (1:200; cat no. 7074S; Cell Signaling Technology,
Inc.) for 20 min at 37°C. The cells were washed again with
PBS and amplified with avidin biotin-peroxidase complex
(ABC) labeling by adding 300 ul streptavidin (S)ABC (cat
no. SA1021; Wuhan Boster Biological Technology, Ltd.) for
20 min overnight. Thereafter, the cells were washed and were
stained with 300 ul 3,3'-diaminobenzidine (cat no. AR1022;
Wuhan Boster Biological Technology, Ltd.) for 5 min at
room temperature. Subsequently, the nuclei were stained with
hematoxylin at room temperature for 5 min. Finally, images
were obtained using a light microscope (U-SPT; Olympus
Corporation, Tokyo, Japan). Brown staining indicated positive
expression, and the darker the color, the more expression of
Beclin-1. Data were analyzed using ImagelJ software v1.48
(National Institutes of Health, Bethesda, MD, USA); the
integrated optical density (IOD) of the positive neurons and
the area of image were used to calculate the average optical
density (AOD), according the following formula:

10D
AOD = ——x 100
Area

Immunofluorescence. The cells (1x10° cells/well) were treated
with cell culture medium (control), 175 nM OA (model), 3MA
(5 nM), rapamycin (100 nM) or galangin (1 gg/ml) + 175 nM
OA for 48 h. After fixation in 4% paraformaldehyde for 60 min
at 4°C, cells were washed with PBS and 300 ul BSA was added
for 20 min at room temperature. Subsequently, the cells were
incubated with rabbit anti-Beclin-1 antibody (1:50 dilution;
Abcam) for 1 h at 37°C. After washing with PBS, cells were
incubated with Alexa 488-conjugated anti-rabbit IgG (1:200;
cat no. 44128S; Cell Signaling Technology, Inc.) for 30 min
at 37°C. The cells were washed again with PBS and 300 pl
SABC-fluorescein isothiocyanate was added for 30 min at
37°C in the dark. Thereafter, the cells were washed and 300 ul
DAPI was added for 5 min at room temperature to stain the
nuclei (Wuhan Boster Biological Engineering, Wuhan, China).
Finally, images of the cells were captured using a light micro-
scope (U-SPT; Olympus, Tokyo, Japan). Data were analyzed
using ImagelJ software v1.48 (National Institutes of Health);
the AOD was calculated as aforementioned.

Statistical analysis. Data are expressed as the means =+ stan-
dard deviation, and significant differences among different
groups were determined by one-way analysis of variance
followed by a Bonferroni post hoc test for multiple compari-
sons. The experiments were repeated at least three times.
Correlations among p-tau, AP,,, B-secretase, p-Akt, p-GSK3,
p-mTOR and Beclin-1 expression were determined using
Pearson's correlation analysis. All statistical analyses were
performed using SPSS statistical software version 13.0 (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.
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Results

Effects of OA on the viability rates of PCI2 cells. The effects
of various concentrations of OA on the viability rates of PC12
cells are shown in Fig. 1. Cell viability rates were similar at 12
and 24 h, but were reduced at 48 h following exposure to 50
and 175-225 nM OA. In addition, the cell viability rates were
highest at 24 h, followed by at 12 and 48 h following treat-
ment with 75-150 nM OA, and were highest at 12 h, followed
by at 24 and 48 h following treatment with 225-250 nM OA.
Therefore, treatment with 175 nM OA for 48 h was selected in
this experiment, as it reduced viability by 50%.

Effects of various concentrations of galangin on OA-induced
cytotoxicity in PCI2 cells. PC12 cells were incubated with
various concentrations of galangin (0.25, 0.50, 0.75 and
1.00 pg/ml) in the presence of 175 nM OA for 48 h, and
CCK-8 assays were used to detect the effect of galangin. The
results demonstrated that, compared with in the control group,
OA decreased cell viability, whereas galangin significantly
increased the viability of PC12 cells in a concentration-depen-
dent manner (P<0.01; Fig. 2). These results indicated that
galangin may alleviate cellular damage caused by OA, thus
suggesting that galangin has a neuroprotective effect.

Galangin decreases [3-secretase, p-tau and AB42 levels. The
cells were treated as aforementioned and media were collected
for p-tau, AB,, and B-secretase measurement. p-tau, Af,,
and B-secretase levels were increased in the model group
compared with in the control group (P<0.01). Conversely,
p-tau, AP, and B-secretase levels were significantly decreased
in the galangin-treated groups compared with in the model
group (P<0.05). The findings indicated that p-tau, Af,, and
[-secretase levels were reduced with increases in the dose of
galangin (Fig. 3).

Effects of galangin on the expression levels of p-Akt, p-GSK3f,
p-mTOR and Beclin-1 in PCI2 cells treated with OA. The cells
were treated as aforementioned, with untreated cells used as
a control. The expression levels of p-Akt and p-mTOR were
decreased (P<0.01), whereas the expression levels of p-GSK3f
and Beclin-1 were increased (P<0.05), in the model group
compared with in the control group. In addition, galangin
evidently increased p-Akt and p-mTOR expression (P<0.01),
and significantly attenuated p-GSK3p and Beclin-1 expres-
sion (P<0.01), compared with in the model group. In addition,
pretreatment with the autophagy inhibitor 3MA significantly
increased p-Akt and p-mTOR expression, but decreased
p-GSK3p and Beclin-1 expression, compared with in the model
group (P<0.01). Conversely, pretreatment with the autophagy
activator rapamycin significantly reduced p-Akt and p-mTOR
expression, but increased p-GSK3f and Beclin-1 expression
compared with in the model group (P<0.05; Fig. 4).

Galangin inhibits OA-induced autophagy in PCI2 cells. The
detailed mechanism underlying the suppressive effects of
galangin was investigated. OA significantly increased Beclin-1
expression compared with in the control group (P<0.05).
Conversely, pretreatment with galangin prior to exposure to
OA significantly suppressed Beclin-1 expression (P<0.01). In
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Figure 1. Effects of various concentrations of OA on the viability rates of
PCI12 cells. Cell viability rates were decreased in a dose-dependent manner;
175 nM OA was selected for subsequent experiments, as it reduced viability
by 50%. “P<0.05, “P<0.01 vs. the 0 nM group in 48 h. "P<0.05 vs. the 0 nM
group in 24 h. OA, okadaic acid.
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Figure 2. Viability of OA-stimulated PC12 cells treated with various concen-
trations of galangin (0.25,0.50,0.75 and 1.00 yug/ml) for 48 h. “P<0.01 vs. the
model group. OA, okadaic acid.

addition, pretreatment with the autophagy activator rapamycin
promoted activation of Beclin-1 expression (P<0.05), whereas
pretreatment with the autophagy inhibitor 3MA suppressed
Beclin-1 expression (P<0.01; Fig. 5).

Correlation analysis. Finally, the associations between p-tau,
AP.,, P-secretase, p-Akt, p-GSK3p, p-mTOR and Beclin-1
expression levels were investigated using Pearson correla-
tion analysis (Table I). Pearson analysis demonstrated that
there were significant positive correlations between p-tau
and AB,,/p-secretase/p-GSK3p (0.839/0.733/0.789, respec-
tively; P<0.01), AB,, and B-secretase/p-GSK3p/Beclin-1
(0.978/0.507/0.618, respectively; P<0.01 or P<0.05), 3-secretase
and Beclin-1 (0.701; P<0.05), and p-Akt and p-mTOR (0.826;
P<0.01). In addition, there were significant negative correla-
tions between [-secretase and p-Akt/p-mTOR (-0.692/-0.715;
P<0.05), p-Akt and Beclin-1 (-0.990; P<0.01), and p-mTOR
and p-GSK3f/Beclin-1 (-0.761/-0.918; P<0.01).

Discussion

Autophagy is an essential degradation pathway involved in
the clearance of abnormal protein aggregates and protein
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Figure 3. Galangin decreases 3-secretase, p-tau and Af,, levels. PCI12 cells
were pretreated with or without galangin (0.25,0.50 and 1.00 yg/ml) for 0.5 h
prior to treatment with OA (175 nM) for 48 h. The media were collected for
[-secretase, p-tau and Af,, measurement using ELISA. Data are expressed
as the means + standard deviation. "P<0.05, "P<0.01 vs. the model group. Af,
amyloid §; OA, okadaic acid; p, phosphorylated.

homeostasis in neuronal and non-neuronal cells (15). A
previous study suggested that autophagy initiation by
Beclin-1 may be involved in the pathogenesis of AD (16).
Targeting AP, tau and B-secretase has long been believed to
be a viable strategy for drug discovery against AD (13). AP
has been reported to be associated with autophagy, and is
able to induce reactive oxygen species (ROS) accumulation
and apoptotic cell death (17). Excessive ROS production has
been suggested to serve a role in the initiation of autophagic
cell death (18). In addition, AP, 4, can induce autophagic
cell death in human glioma and human neuroblastoma cell
lines (19). The AP-loading of autophagosomes could lead
not only of the extracellular secretion of AP, but of its lyso-
somal degradation, in which APP, (3-secretase (BACEI) and
v-secretase reside. Studies have confirmed that autophagy is
essential for AP secretion effectively, since loss of the Atg7
gene in APP transgenic mice results in reduced extracellular
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Figure 4. Effects of galangin on the protein expression levels of p-Akt, p-GSK3p, p-mTOR and Beclin-1. PC12 cells were pretreated with 3MA (5 nM),
rapamycin (100 nM) and galangin (1.00 gxg/ml) for 0.5 h prior to exposure to OA (175 nM) for 48 h. Protein expression levels of p-Akt and p-mTOR were
significantly increased; however, p-GSK3f and Beclin-1 protein expression was clearly decreased in response to galangin. Representative western blot images
are shown. A, control group; B, model group; C, 3-methyladenine group; D, rapamycin group; E, galangin group. Data are expressed as the means + standard

deviation (n=3). "P<0.05, “P<0.01 vs. the model group; *P<0.01 vs. the rapamycin group. Akt, protein kinase B; GSK, glycogen synthase kinase; mTOR,
mechanistic target of rapamycin; OA, okadaic acid; p, phosphorylated.
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Figure 5. Effects of galangin on Beclin-1 expression in OA-stimulated PC12 cells (magnification, x200). Cells were pretreated (0.5 h) with 5 nM 3MA,
100 nM rapamycin and 1.00 yg/ml galangin and were then exposed to OA (175 nM) for 48 h. (A) Beclin-1 expression, as determined by IF and AOD analysis.
(B) Beclin-1 expression, as determined by immunocytochemistry and AOD analysis. Data are expressed as the means + standard deviation. "P<0.05, “P<0.01

vs. the model group; #P<0.01 vs. the rapamycin group. A, control group; AOD, average optical density; B, model group; C, 3-methyladenine group; D,
rapamycin group; E, galangin group; IF, immunofluorescence; OA, okadaic acid.
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Table I. Correlations between p-tau, Af,,, B-secretase, p-Akt, p-GSK3f, p-mTOR and Beclin-1 in the OA model group.

Gene
Gene p-tau APy, [-secretase p-Akt p-GSK3p p-mTOR Beclin-1
p-tau 1.000 0.839° 0.733° -0.231 0.789° -0.282 0.240
Ay 1.000 0.978° -0.622* 0.507* -0.688* 0.618
[-secretase 1.000 -0.692* 0.434 -0.715° 0.701*
p-Akt 1.000 -0.171 0.826° -0.990°
p-GSK3; 1.000 -0.761° 0.242
p-mTOR 1.000 -0.918°
Beclin-1 1.000

"P<0.05 (two-tailed) and *P<0.01 (two-tailed). AP, amyloid B; Akt, protein kinase B; GSK, glycogen synthase kinase; mTOR, mechanistic

target of rapamycin; OA, okadaic acid; p, phosphorylated.

AP plaques and promoted AP accumulation (20,21). Research
revealed that autophagy plays dual roles in the release of AP
to the extracellular space. Exposing the neurons to rapamycin,
autophagy enhanced and AP secretion decreased. Conversely,
inhibition of autophagy by spautin-1, which decreased AP
secretion (22). According to one study, age-induced reduc-
tion of autophagy-related gene expression is associated with
onset of AD and tau seems to mediate the neuronal toxicity of
AP (23). Pimozide reduces toxic forms of tau in tauC3 mice
via AMP-activated protein kinase-mediated autophagy (24).
AD is the most common neurodegenerative disorder in the
elderly, and it has previously been confirmed that BACEI at
the mRNA and protein level is decreased in SH-SY5Y cells
treated with galangin (8). However, to the best of our knowl-
edge, the effects and mechanism of galangin on autophagy in
the OA-induced PCI12 cell model has not been reported.

In vivo and in vitro, OA leads to AP deposition and
subsequent neuronal degeneration, synaptic loss, memory
impairment and tau hyperphosphorylation, all of which
resemble AD pathology (25,26). OA also induces neurotox-
icity of the SH-SYSY cell line and cultured neuronal cells,
resulting in the development of pathological conditions similar
to AD (27). Neurotoxicity induced by OA, which is associ-
ated with abnormally phosphorylated tau protein, promotes
AD-like pathology (28). The results of the present study indi-
cated that there was evident neurotoxicity in PC12 cells treated
with OA (75-250 nM) for 48 h. In addition, galangin exerted
dose-dependent neuroprotective effects on PC12 cells treated
with 175 nM OA.

Ap is generated through serial cleavage of APP.
[-secretase is a key enzyme for AP production, and is a
promising target for AD therapy (29). OA-induced PP2A
gene regulation and kinase remodeling serve a crucial role
in the generation of abnormal p-tau, which results in neuro-
toxicity and an AD-like pathology (30). To investigate the
neuroprotective effects of galangin on OA-induced PC12
cell injury, B-secretase, p-tau and Af,, levels were detected
following treatment with galangin (0.5 h) and OA (48 h). A
recent study indicated that galangin reduces [-secretase at
the mRNA and protein level, and Af levels in SH-SY5Y cells
through the upregulation of endogenous HDACI-mediated

deacetylation (8). The results of the present study also demon-
strated that galangin increased cell viability and significantly
decreased [-secretase, p-tau and Af,, levels. These results
indicated that pretreatment with galangin protected PC12
cells from OA-induced cytotoxicity.

The mechanism underlying the effects of galangin
on OA-induced PCI12 cell autophagy was also examined.
Autophagy serves an important role in clearing AP aggre-
gates and preserving neuronal function in AD (31). Beclin-1
is an autophagy-associated protein, which is involved in the
initiation of autophagy (32). It has previously been reported
that Beclin-1 deficiency increases the expression of APP and
APP-like proteins, accelerates Af accumulation and promotes
neurodegeneration in mice, indicating that Beclin-1 may be
involved in the pathogenesis of AD (33); the present study results
in OA-induced PC12 cells are consistent with this finding. The
present results demonstrated that OA could activate autophagy
and increase the expression of Beclin-1. Conversely, galangin
significantly decreased Beclin-1 expression, thus suggesting
that galangin may suppress OA-induced autophagy. In other
words, galangin has the pharmacological effect of alleviating
AD: the autophagy of the model group is up-regulated, and the
autophagy is down-regulated after treatment with galangin. It
is concluded that galangin has a certain effect of autophagy
inhibition to OA induced PCI12 cells. Furthermore, Beclin-1
expression was significantly reduced in response to pretreat-
ment with the autophagy inhibitor 3MA; however, Beclin-1
expression was significantly enhanced following pretreatment
with the autophagy activator rapamycin.

To elucidate the precise molecular mechanism under-
lying the effects of galangin on autophagy in OA-treated
PC12 cells, the present study focused on the Akt/mTOR and
Akt/GSK-3p pathways. Akt has a key role in regulating cell
signals that are important for cell death and survival (34).
mTOR, which functions downstream of Akt, is mainly medi-
ated by phosphoinositide 3-kinase/Akt signaling transduction
and suppresses autophagy (35); therefore, the present study
used the classic mTOR inhibitor rapamycin to investigate the
effects of mTOR on autophagy. GSK3, as an integrator of Akt
and Wnt signals, also serves a central role in the regulation
of mTOR during synaptic plasticity (36). GSK3p has also
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been identified as serving a prominent role in the formation of
abnormal protein accumulation, which is important in AD (37).
The present study revealed that p-Akt and p-mTOR levels
were decreased, whereas p-GSK3f was increased in the OA
treatment group compared with in the normal control group.
However, galangin increased levels of p-Akt and p-mTOR, but
reduced levels of p-GSK3f, compared in with the OA treat-
ment group. These results indicated that galangin attenuated
autophagy through modulation of the Akt/GSK3p/mTOR
pathway.

Finally, significant positive correlations were detected in
the present study, including between Beclin-1 and [3-secretase,
and Ap,, and p-GSK3p/p-tau, whereas there were significant
negative correlations between Beclin-1 and p-Akt/p-mTOR,
[-secretase and p-Akt/p-mTOR, and Af,, and p-Akt/p-mTOR.
These findings indicated that galangin decreased [3-secretase,
AP, p-tau and Beclin-1 levels, which may interact with the
Akt/GSK3p/mTOR pathway in PC12 cells following OA
treatment.

In conclusion, galangin attenuated OA-induced autophagy
via the Akt/GSK3pB/mTOR pathway. Galangin promoted Akt
and mTOR phosphorylation, but suppressed GSK3[ phos-
phorylation, which served to inhibit autophagy. The findings
of the present study indicated that galangin may be a potential
preventive drug for AD.
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