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Protective roles of isoastilbin against Alzheimer's disease
via Nrf2-mediated antioxidation and anti-apoptosis
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Abstract. By analyzing the L-glutamic acid (L-Glu)-induced
apoptosis of PCI12 cells and an AICl; combined with
D-galactose (D-gal)-developed Alzheimer's disease (AD)
mouse model, the protective effects of isoastilbin (IAB)
against AD were systematically investigated in the present
study. Pre-incubation with IAB for 3 h prior to treatment with
25 mM L-Glu decreased cell viability and inhibited apoptosis,
suppressed the accumulation of intracellular reactive oxygen
species, and restored mitochondrial membrane potential in
PC12 cells induced by L-Glu. In mice with AD, the reduced
escape latency time in the water maze test, suppressed chronic
movement in the center area of an open field test and enhanced
ability to seek hidden food in a Y maze test indicated that
abnormal behaviors had improved after 28 days of treat-
ment with IAB. Furthermore, IAB reduced the deposition of
amyloid B (AP) and the expression of phosphorylated-Tau in
the mouse brain and enhanced the serum levels of Ap. IAB
ameliorated the oxidative stress via modulating the levels
of associated enzymes and improved the functioning of the
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central cholinergic system, as indicated by an increase in
acetylcholine and choline acetyltransferase concentrations.
The expression levels of acetylcholine esterase were reduced
in the mouse brain in response to IAB pre-treatment. In cells
and brain tissue, IAB regulated the expression levels of pro-
and anti-apoptotic proteins and enhanced the nuclear levels of
NF-E2p45-related factor 2 (Nrf2); subsequently, IAB further
enhanced the expression of superoxide dismutase 1, catalase,
and heme oxygenase-1 and -2. The findings of the present study
indicated that the protection of IAB against AD is at least
partially associated with its antioxidation and anti-apoptotic
properties.

Introduction

Alzheimer's disease (AD), due to neuron loss and synaptic
degeneration, is characterized by a significant decline in
cognitive function and poor prognosis, which accounts for
60-70% of all types of dementia (1,2). Although the aggregated
amyloid § (AP) titanium and hyper-phosphorylated (p-) Tau
may exhibit neurotoxicity in the development of AD, the exact
therapeutic targets have not been successfully identified due
to the complex mechanism associated with the pathogenesis
of this disease (3). Among the various hypotheses, the occur-
rence of oxidative stress and neuronal apoptosis in AD has
been accepted. Oxidative stress, represented by the over-accu-
mulation of reactive oxygen species (ROS), is responsible for
the damage to the mitochondria, membrane lipids, and nucleic
acids (4). Oxidative stress promotes A} aggregation, which
exhibits a direct toxic effect to its surrounding neurons, leading
to the susceptibility of neurons to free radicals, particularly
ROS (5,6).

As a major cellular source of ROS, mitochondria serve
an important role in the pathophysiology of neurode-
generative diseases (7). The disruption of mitochondrial
homeostasis caused by the high levels of ROS further leads to
the over-production of ROS and other cytokines, such as cyto-
chrome c, which induces the cell apoptosis program (8,9). The
extremely high levels of glutamate (Glu) associated with ROS
accumulation, a central nervous neurotransmitter, damages
neurons (10); however, during the onset of oxidative stress,
the transcription factor NF-E2p45-related factor 2 (Nrf2)
helps maintain cellular redox homeostasis, and supports the
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structure and functional integrity of the mitochondria (11).
Furthermore, the deletion of Nrf2 can increase the intracel-
lular levels of AP in mice with AD (12).

The occurrence of AD is rapidly increasing worldwide,
and according to statistics, there are >40 million patients
globally (13). As the prevention and treatment of AD has
been a serious challenge, potential agents applied in clinics
have failed to effectively treat patients with AD. In addition,
the adverse effects of these agents have been noted, including
gastrointestinal discomfort, difficulty sleeping and muscle
spasms (14). Herbal compounds have been reported as a large
and underappreciated source of potential agents to treat or
prevent AD (15,16). Evodiamine treatment resulted in the
return of AD-associated symptoms via modulating oxidative
stress-mediated apoptosis in L-glutamate (L-Glu)-damaged
HT?22 cells, and a mouse model with AICl;- and D-galactose
(D-gal)-induced AD (17). Polysaccharides extracted from
Sparassis crispa (18) and Armillaria mellea (19) have been
successfully confirmed to exert neuroprotective effects against
AD. Isoastilbin (IAB), a dihydroflavonol glycoside compound
(Fig. 1A), is widely distributed in Rhizoma Smilacis glabrae
and Astragalus membranaceus. The majority studies of
IAB have focused on its extraction and purification from
herbs (20,21). A study reported the antioxidative effects of
IAB (22); however, astilbin, the isomer of IAB, was reported
to improve the cognitive abilities of a transgenic mouse with
AD via regulating the protein kinase B/glycogen synthase
kinase-3f signaling pathway (23). Based on the pharmaco-
logical activity of astilbin and the antioxidative properties of
IAB, we hypothesized that IAB may exhibit neuroprotective
effects against AD.

In the present study, the protective effects of IAB on
restoring L-Glu-induced PC12 cell apoptosis, and reducing
AICl;- and D-gal-induced AD-associated symptoms in Balb/c
male mice were investigated. To the best of our knowledge, the
present study is the first to report of the potential therapeutic
properties of IAB against AD in an apoptotic cell model and in
mice with AD-associated symptoms. The results may provide
insight into the application of IAB in the adjuvant therapy
of AD.

Materials and methods

Cell culture. PC12 cells (CRL-1721; American Type Culture
Collection, Manassas, VA, USA) were cultured in Dulbecco's
Modified Eagle's medium (DMEM; Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) containing
5% horse serum (HS; Invitrogen; Thermo Fisher Scientific,
Inc.), 10% fetal bovine serum (FBS; Invitrogen Thermo
Fisher Scientific, Inc.), penicillin (100 U/ml) and streptomycin
(100 pg/ml) (Invitrogen; Thermo Fisher Scientific, Inc.), under
a humidified atmosphere containing 5%/95% CO,/air at 37°C.

PC12 cells underwent differentiation for 48 h at 37°C
with 50 ng/ml nerve growth factor (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) dissolved in DMEM containing
1% FBS, 1% HS and 100 U/ml of penicillin/streptomycin.

Cell viability and caspase activity analysis. PC12 cells were
seeded into 96-well plates (8,000 cells/well/100 pl), pre-treated
with 10 or 30 uM of TIAB (purity, 295%; Shanghai Yuanye
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Biotechnology Co.,Ltd.,Shanghai,China) for3hat37°C,and then
co-incubated with 25 mM of L-Glu for another 24 h at 37°C. Cell
viability was detected by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2-H-tetrazolium bromide (MTT; cat. no. R20228,
Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China)
assay (19), it was used according to the manufacturer's proto-
cols. A total of 100 ul dimethyl sulfoxide was used to solubilize
purple formazan crystals, then analyzing the absorbance using
a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) at a wavelength of 490 nm. The activity of caspase-3 was
analyzed using a commercial kit, it was used according to the
manufacturer's protocols (cat. no. G007; Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The experiments
were repeated eight times.

Cell apoptosis assay. PC12 cells were seeded into 6-well
plates at 5x10° cells/well/ml, and pre-treated with 10 or 30 uM
of IAB for 3 h at 37°C, and then co-incubated with 25 mM of
L-Glu for another 24 h at 37°C. The rate of cell apoptosis was
determined via the early apoptosis and late apoptosis of cells,
which was analyzed by propidium iodide/Annexin V staining
(EMD Millipore, Billerica, MA, USA) using a Muse™ Cell
Analyzer flow cytometer (EMD Millipore, Billerica, MA,
USA); the data was analyzed by Muse 1.4 Analysis. The
experiments were repeated eight times.

ROS levels and the dissipation of mitochondrial membrane
potential (MMP). PC12 cells were seeded into 6-well plates at
5x10° cells/well/ml, and pre-treated with 10 and 30 M of IAB
for 3 h, and then co-incubated with 25 mM of L-Glu for another
12 h at 37°C. The ROS levels were analyzed by staining with
2,7-dichlorofluorescein diacetate (DCFH-DA; Sigma-Aldrich;
Merck KGaA) according to a previous study (24). The
alterations in MMP were analyzed with 5,5',6,6'-tetra-
chloro-1,1',3,3'-tetracthylbenzimidazolylcarbocyanine iodide
(Sigma-Aldrich; Merck KGaA) staining as described (25).
Alterations in fluorescent intensity were analyzed using a
fluorescent microscope (magnification, x200; CCD camera,
Axio Observer Z1; Zeiss AG, Oberkochen, Germany). The
experiments were repeated eight times. Quantification of data
was conducted with Image J software version 1.46 (National
Institutes of Health, Bethesda, MD, USA) and expressed as
the green fluorescence intensity for intracellular ROS levels,
and the ratio of red to green fluorescence intensity for MMP
detection.

Experimental protocol on the mouse model with AD. The
present study was approved by the Animal Ethics Committee
of Jilin University (no. 20170206). A total of 36 Balb/c
male mice (10-weeks old, 23-35 g) were obtained from Bethune
Medical College, Jilin University (Changchun, China) were
housed in cages under a temperature of 23+1°C and humidity
of 40-60% with sufficient water and food, and under a 12 h
light/dark cycle.

A total of 24 mice were subcutaneously injected with
120 mg/kg of D-gal and intragastrically administered
20 mg/kg of AICI; once per day for 56 days. At the 29th day,
the mice were randomly divided into two groups and intra-
gastrically administered normal saline solution (n=12) or
40 mg/kg of IAB (n=12) once daily for 28 days. The other
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Figure 1. (A) Structural formula of IAB. (B) IAB enhanced cell viability of PC12 cells exposed to 25 mM L-Glu for 24 h (n=9). (C) IAB reduced the high
activity of caspase-3 caused by L-Glu in PC12 cells (n=9). (D) IAB reduced the apoptosis rate PC12 cells exposed to L-Glu for 24 h. Data are expressed as the
mean + standard deviation. (n=9). #P<0.01 and *#P<0.001 vs. CTRL. "P<0.01 and ““P<0.001 vs. L-Glu-treated cells. AV, Annexin V; CTRL, control; IAB,

isoastilbin; L-Glu, L-glutamic acid; PI, propidium iodide.

12 mice were treated with normal saline solution for 56 days
and served as control group. On days 54, 55 and 56, behav-
ioral tests, including a Morris water maze test (17), an open
field test (17) and the Y maze test (26), were respectively
performed as previously described without modifications.
At the end of the experiments, blood samples were collected
from the caudal vein under anesthesia with 400 mg/kg (10%)
chloral hydrate, and the whole brains, kidney and spleen were
collected following euthanasia by injection with 150 mg/kg
(1.5%) pentobarbital, after standing at 25°C for 30 min, blood
samples were centrifuged at 300 x g for 10 min at 25°C twice
to obtain serum.

Levels of neurotransmitters and factors associated with
oxidative stress, and AB1-42 detection. In each group, six
mice were randomly selected for the detection of biochemical
indexes. The levels of ROS (cat. no. E-20634), superoxide
dismutase (SOD; cat. no. E-20347), and glutathione peroxidase
(GSH-Px; cat. no. E-20584) and AB1-42 (cat. no. E-20118) in
the serum and brains, and the levels of acetylcholine (Ach)
(cat. no. E-20535), Ach esterase (AchE; cat. no. E-2143) and
choline acetyltransferase (ChAT; cat. no. E-21422) in brains
were detected by commercialized ELISA kits (Shanghai
Yuanye Biological Technology Co., Ltd.).

Immunohistochemistry. Similar to a previous study, immuno-
histochemical analysis was conducted to analyze the levels of
AP1-42 and p-Tau (Ser404) in the brain (27). In each group,
the brain tissues of six other mice were fixed with 4% formalin
solution at 25°C for 1 week, then sliced into 5 ym-thick

sections, which prepared for analysis. Briefly, after antigen
retrieval via heating in 0.01 mol/l citrate buffer at 98°C, the
slides were blocked in 3% hydrogen peroxide for 10 min, and
2% goat serum for 2 h at room temperature, respectively. The
slides were then exposed to antibodies of AB1-42 (1:200, cat.
no. bs-0877R; BIOSS, Beijing, China) and p-Tau (Ser404,
1:200, cat. no. bs-2392R; BIOSS) overnight at 4°C, followed
by incubation with a horseradish peroxidase-conjugated
secondary antibody (cat. no. SH-0032; Bejing Dingguo
Changsheng Biotechnology Co., Ltd., Beijing, China) at a
dilution of 1:2,000 for 4 h at 4°C. 3,3'-diaminobenzidine and
Mayer's hematoxylin were applied for 5 min at 25°C, the slides
were solidified with a neutral resin and photographed by the
Olympus IX73 optical microscope (Olympus Corporation,
Tokyo, Japan).

Terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling (TUNEL) assay. TUNEL was applied to analyze
the occurrence of apoptosis in the brain by observing the
number of positive cells in the field of view (19). Following
deparaffinization, the brain slides from six mice of each group
were washed with PBS and covered with permeabilization
reagent (20 pg/ml Proteinase K). The brain slides were incu-
bated with TdT reaction mixture in the dark for 1 h at 37°C,
and then analyzed three fields per view under a Nikon Eclipse
TE 2000-S fluorescence microscope (magnification, x200)
Images were collected with a CCD camera.

Histological analysis. The whole brains, kidney and spleen of
six mice from each group were preserved in 10% formaldehyde
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solution at 25°C for 1 week. Following dehydration using 100,
95, 80,70 and 50% ethanol and distilled water in sequence, the
samples were embedded in paraffin wax and sliced into joint
cavity sections of 5 ym thickness. Following H&E staining for
10 min at 25°C, light microscopy was performed at x100 (for
brain slides) or x200 (for kidney and splenic slides) to analyze
histopathological alterations within the tissues, three fields per
view were analyzed.

Western blotting. PC12 cells were seeded into 6-well plates at
5x10° cells/well/1 ml, and pre-treated with 10 or 30 uM of IAB
for 3 h, and then co-incubated with 25 mM of L-Glu for another
24 h. Radioimmunoprecipitation assay buffer (Sigma-Aldrich;
Merck KGaA) containing 1% protease inhibitor cocktail
(Sigma-Aldrich; Merck KGaA) was used to lyse the treated
cells and collected brain tissues. The nuclear fractions of cells
and tissue samples to determine Nrf2 expression were obtained
using a nuclear pulp separation kit (cat. no. BB-36021-2;
BestBio, Shanghai, China), which was used according to the
manufacturer's protocols, The protein concentration of the
samples was detected by a Bicinchoninic Acid kit; 40 ug of
samples were separated via 12% SDS-PAGE, electrotrans-
ferred onto 0.45 pm nitrocellulose membranes (Bio Basic,
Inc., Toronto, Canada), and then incubated with primary anti-
bodies including B-cell lymphoma 2 (Bcl-2; sc-70411), B-cell
lymphoma-extra large (Bcl-xL; sc-8392), Bcl-2-associated X
(Bax; sc-7480), cleaved caspase-3 (sc-136219), cleaved
caspase-9 (sc-56076), Nrf2 (sc-722), heme oxygenase-1 (HO-1;
$¢-390991), HO-2 (sc-17786), superoxide dismutase 1 (SODI;
sc-271014), oxidative enzyme catalase (CAT; sc-271803) and
GAPDH (sc-365062 Santa Cruz Biotechnology, Inc., Dallas,
TX,SA) at dilution of 1:1,000 at 4°C overnight. The membranes
were then exposed to horseradish peroxidase-conjugated
secondary antibodies (sc-516102; Santa Cruz Biotechnology,
Inc.) at dilution of 1:2,000 for 4 h at 4°C. The protein blots
were detected using enhanced chemiluminescence detection
kits (GE Healthcare, Chicago, IL, USA), and analyzed with
ImagelJ software version 1.46 (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. Data were expressed as the mean =+ stan-
dard deviation for in vitro experiments and the mean + standard
error of mean for in vivo experiments. Software SPSS 16.0
(SPSS, Inc., Chicago. IL, USA) was used to analyze the data
via one-way analysis of variance, followed by a Duncan's
multiple range test. P<0.05 was considered to indicate a statis-
tically significant difference.

Results

IAB protects PCI2 cells against L-Glu-induced damage. 1AB
significantly improved the viability of >30% L-Glu-damaged
PC12 cells compared with cells treated with L-Glu alone
(P<0.01; Fig. 1B); however, IAB alone exhibited no signifi-
cant effects on cell viability in normal PC12 cells (Fig. 1B).
Compared with L-Glu-treated PC12 cells, IAB, particularly
at 30 M, significantly reduced caspase-3 activity by 39.1%
(P<0.001; Fig. 1C). PC12 cells exposed to 25 mM L-Glu
demonstrated an apoptosis rate of 18%, which decreased to
7.98% in 30 uM IAB pre-treated PC12 cells (P<0.05; Fig. 1D).
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IAB restores ROS-mediated MMP dissipation in L-Glu-
damaged PCI2 cells. A significantaccumulation of intracellular
ROS (P<0.001; Fig. 2A) and dissipation of MMP (P<0.001;
Fig. 2B) were observed in PC12 cells exposed to 25 mM L-Glu
for 12 h compared with the control. Pre-incubation with IAB
significantly suppressed the over-accumulation of ROS, as
indicated by the reduced green fluorescence (P<0.05; Fig. 2A),
and restored the dissipation of MMP, as indicated by the
enhanced red/green fluorescence (P<0.01; Fig. 2B).

Significantly low expression levels of Bcl-2 (P<0.01) and
Bcel-xL (P<0.01), and high expression levels of Bax (P<0.001)
and cleaved casapase-3 (P<0.001) and -9 (P<0.001) in PC12
cells were noted after 24-h exposure to L-Glu compared with
the control (Fig. 2C). Conversely, 3-h pre-incubation with
IAB significantly reversed these alterations induced by L-Glu
(P<0.01, Fig. 2C).

L-Glu exposure resulted in significant reductions in the
expression of Nrf2 (P<0.01), HO-1 (P<0.01), HO-2 (P<0.05),
SOD1 (P<0.001) and CAT (P<0.001) in PC12 cells compared
with the control, but were strongly enhanced by IAB treatment
(10 and 30 M) after 24-h co-incubation (P<0.01; Fig. 2D).

IAB alleviates the behavioral symptoms and reduced the
apoptotic rate, ABI1-42 levels, and P-Tau aggregations in
brains of AD mice. The experimental protocol conducted
with mice was presented in Fig. 3A. In addition, IAB did not
exhibit adverse effects on organs, including the brain (Fig. 3B),
kidneys (Fig. 3C), and spleen (Fig. 3D) of AD mice as analyzed
by H&E staining.

The learning and memory abilities of mice with mice were
analyzed by behavioral tests. In an open field test, a significant
time spent in the central area with chaotic movement without
purpose was observed in AD mice; however, this duration was
significantly reduced in IAB-treated mice (P<0.01; Fig. 4A).
In the Morris water maze test, compared with heathy mice,
AD mice spent more time finding the platform hidden in the
water and exhibited more chaotic movement. Conversely, [AB
administration led to a 32.8% reduction in escape latency
time (P<0.01; Fig. 4B). In the Y maze test, it took AD mice
nearly twice as long to find hidden food compared with the
heathy mice (P<0.001; Fig. 4C). IAB administration led to a
30.9% reduction in the seeking time for hidden food (P<0.01;
Fig. 4C).

The apoptotic status of neurons was detected by TUNEL
staining, and a number of TUNEL-positive cells were observed
in the brains of the vehicle-treated AD mice, as indicated by the
enhanced green fluorescence intensity (Fig. 4D). The number
of TUNEL-positive cells was notably reduced following
4 weeks of treatment with IAB (Fig. 4D).

Central to pathogenesis of AD, the levels of Af, the prin-
cipal constituent of neuritic plaques (28), were detected in the
present study. Compared with healthy mice, significantly low
serum levels of AP1-42 and high cerebral levels of AB1-42
were noted in the vehicle-treated AD mice compared with in
healthy mice (P<0.05; Fig. 4E); however, IAB administration
for 4 weeks resulted in a 29.8% increase in the serum levels of
AP1-42 (P<0.05) and a 22.9% reduction in the cerebral levels
of AB1-42 (P<0.05; Fig. 4E). Immunohistochemical analysis
further confirmed that the suppressive activities of IAB on
AP1-42 in the mouse brains resulted in fewer neuritic plaques
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Figure 2. IAB ameliorates L-Glu-induced mitochondrial apoptosis in PC12 cells via regulation the Nrf2 pathway. (A) IAB suppressed the over-accumulation
of ROS in PC12 cells exposed to L-Glu for 12 h (n=9). (B) IAB restored L-Glu-induced mitochondrial membrane potential dissipation after 12-h co-incubation
(n=9). Data are expressed as mean + standard deviation. (n=9).(C) IAB enhanced the expression levels of Bcl-2 and Bcl-xL, and reduced the expression levels
of Bax, cleaved caspases-3 and -9 in PC12 cells exposed to L-Glu for 24 h (n=6). (D) IAB strongly enhanced the expression levels of Nrf2, HO-1, HO-2,
SODLI and CAT in PC12 cells exposed to L-Glu for 24 h (n=6). Quantification data was normalized by GAPDH. The mean fold of band intensity compared
with CTRL group was presented respectively. "P<0.05,"P<0.01 and **P<0.001 vs. CTRL. “P<0.01 and ““P<0.001 vs. L-Glu-treated cells. Bcl-2, B-cell
lymphoma-2; Bax, Bcl-2-associated X; Bel-xL, Bel-extra large; CAT catalase; CTRL, control; HO, heme oxygenase; [AB, isoastilbin; L-Glu, L-glutamic acid;
Nrf2, NF-E2p45-related factor 2; ROS, reactive oxygen species; SOD, superoxide dismutase.

in JAB-treated mice than in AD mice (Fig. 4F). Furthermore,
the expression levels of p-Tau were notably enhanced in the
brains of vehicle-treated AD mice, but were significantly
reduced upon treatment with IAB (Fig. 4G).

IAB regulates the levels of cholinergic neurotransmitters
in mice with AD. The dysregulated levels of cholinergic
neurotransmitters is responsible for the characteristic memory

impairment associated with AD (29). Significant reductions in
the levels of Ach (P<0.05) and ChAT (P<0.01), and increased
levels of AchE (P<0.01) were observed in the brains of the
vehicle-treated AD mice compared with the control (Fig. 5).
After 4 weeks of treatment with IAB, a 24.9 and 25.3%
increase in the cerebral levels of Ach (P<0.05; Fig. 5A) and
ChAT (P<0.05; Fig. 5C) were observed, respectively, and a
30.6% reduction in the cerebral levels of AchE were detected
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Figure 3. (A) Schematic of animal experiments. No notable pathological alterations were noted in the (B) brain (magnification, x100; scale bar, 100 ym),
(C) kidney (magnification, x200; scale bar, 50 zm) and (D) spleen (magnification, x200; scale bar, 50 ym) among all experimental mice (n=6). CTRL, control;

D-gal, D-galactose; IAB, isoastilbin.

(P<0.05; Fig. 5B). These findings suggests that may IAB
improve cholinergic dysfunction.

IAB regulates Nrf2 signaling to modulate the levels of pro- and
antioxidative factors in mice with AD. The brain is sensi-
tive to oxidative stress; consequently, the over-accumulation
of ROS may affect the expression of f-amyloid precursor
protein (APP) and mitochondrial DNA, which further leads
to neuronal apoptosis (30). Compared with in healthy mice,
significantly higher levels of ROS, and notably lower levels
of SOD and GSH-Px were detected in the serum and brains
of vehicle-treated AD mice (P<0.05; Fig. 6A-F). In the serum
of AD mice, IAB significantly reduced ROS levels by 17.9%
(P<0.05; Fig. 6A), and enhanced the levels of SOD by 21.4%
(P<0.05; Fig. 6B) and GSH-Px by 71.6% (P<0.01; Fig. 6C). In
the brains of mice with AD, IAB significantly reduced ROS

levels by 29.7% (P<0.01; Fig. 6D), and enhanced the levels
of SOD by 94.2% (P<0.001; Fig. 6E) and GSH-Px by 80.7%
(P<0.001; Fig. 6F).

In the brains of AD mice, notably increased expression
levels of pro-apoptotic proteins, including Bax (P<0.001;
Fig. 6G) and cleaved caspases-3 (P<0.01; Fig. 6G) and -9
(P<0.001; Fig. 6G), and the low levels of anti-apoptotic proteins,
such as Bcl-2 (P<0.01) and Bcl-xL (P<0.01), were observed
(Fig. 6G). The expression levels were similar to the control
after 4 weeks of treatment with IAB (P<0.01; Fig. 6G), all were
strongly improved to a healthy standard after four-week IAB
administration (Fig. 6G). Additionally, the notably reduced
levels of proteins associated with antioxidation, including Nrf2
(P<0.001), HO-1 (P<0.01),HO-2 (P<0.01), SODI1 (P<0.001) and
CAT (P<0.001), were detected in the brains of mice with AD
(Fig. 6G). On the contrary, the suppressed expression of these
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Figure 4. IAB improves AD-like behaviors, and inhibits AB1-42 deposition and p-Tau accumulation in mice with D-gal and AlCl;-induced AD. Compared with
vehicle-treated AD mice, 28-day administration of IAB reduced (A) the escape latency time in the Morris water maze test, (B) the time spent in the central
area in open field test and (C) the time to seek hidden food in the Y maze test. Data are expressed as mean + standard error of the mean. (n=12). #P<0.01 and
##P<0.001 vs. CTRL, "P<0.01 vs. vehicle-treated AD mice. (D) IAB suppressed the apoptosis in the brain of AD mice (n=12). (E) IAB enhanced the serum
levels of AB1-42, and reduced the cerebral levels of Af1-42 in AD mice as detected via ELISA. Data are expressed as mean + standard error of the mean. (n=6).
7P<0.05 vs. CTRL, "P<0.05 vs. vehicle-treated AD mice. (F) Ap deposits in the brain of AD mice were significantly decreased by IAB detecting by immuno-
histochemistry. Magnification, x200 (n=6). Arrows show Af deposit. (G) Increased expression of p-Tau in the brain of AD mice was significantly suppressed by
IAB as detected by immunohistochemistry. Magnification, x200 (n=6). Arrows show neurofibrillary tangle induced by P-Tau. Af, amyloid 3; AD, Alzheimer's

disease; CTRL, control; D-gal, D-galactose; IAB, isoastilbin.

proteins induced by the occurrence of oxidative stress within
the AD process markedly recovered following IAB treatment,
which resulted in >50% upregulation (P<0.01; Fig. 6G).

Discussion

Apoptotic neurons have been detected in patients with AD (31).
Based on our preliminary experiments, the neuroprotective
effects of numerous natural compounds including IAB, astilbin
and curculigoside were screened in L-Glu-damaged PC12 cells,
and the results revealed that IAB exhibited the best protective
effects than the other compounds. In the present study, IAB
significantly reduced L-Glu-induced apoptosis of PC12 cells
and apoptosis in the brains of mice with AD, which was
induced with AICl; and D-gal. The notably high levels of Glu
in brains is responsible for the occurrence of oxidative stress, as
indicated by the over-accumulation of ROS, which opens mito-
chondrial permeability transition pores, resulting in the further

dissipation of MMP (32). As of the feedback loop between the
increased production of ROS and mitochondrial dysfunction,
pro-apoptotic cytokines, such as cytochrome c are released
from the mitochondria and bind to apoptotic protease activating
factor 1 (33,34). This complex recruits caspase-9 to activate
caspase-3 via proteolytic cleavage (35,36). Consequently,
caspase-3 is the executor of the apoptotic program (37). In
L-Glu-damaged PC12 cells and the brains of mice with AD,
IAB significantly reduced the expression of caspase-9 and -3,
and regulated the expression of Bcl-2 family members, which
suggests the inhibition of mitochondria-mediated apoptosis.
Bcl-2 family members, which are located in the membrane of
mitochondria, affect mitochondrial apoptosis (38). The ratio of
pro- and anti-apoptotic members can directly reflect the func-
tion of mitochondria (39,40). Upregulated Bax levels accelerate
apoptosis by permeabilizing mitochondria (41). Conversely, the
enhanced expression of Bcl-2 and Bcl-xL may help improve
MMP (39).
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The transcription factor Nrf2 supports the structural and
functional integrity of the mitochondria (42). In response to
apoptosis, Nrf-2 becomes activated and released, and binds
to corresponding proteins in the nucleus to form dimers (43).
This results in the activation and transactivation of HO-1 and
HO-2, which consequently leads to the enhanced activities
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of SOD and CAT (44,45). As an antioxidant enzyme, SOD1
helps suppress the toxicity of superoxide radicals (46). HO-1
and -2 can be activated by Nrf2 under conditions of oxidative
stress, which provides powerful protection against oxidative
injury (47). These cascade activations may be associated with
the etiology of AD and provide the possibility for screening
therapeutic targets; we speculate that IAB enhanced cascade
activation within the Nrf2 pathway, which may be involved in
the neuroprotection of IAB against AD.

During the development of AD in mice, long-term D-gal
and AICl; administration leads to the accumulation of ROS and
damage to polyunsaturated fatty acids contained in the brain,
which is responsible for the appearance of AD-like symptoms,
including cognitive disorders and dysmnesia (48,49). During this
process, the aggregation of AP can be observed, which induces
cascade reactions, such as mitochondrial dysfunction (40,50),
and triggers the pathological Tau, which in turn contributes to the
formation of neurofibrillary tangles (27). However, Ap plaque
deposition in the brain disturbs the anti- and pro-oxidation
equilibrium and enhances ROS production in particular (51).
Additionally, IAB not only suppressed the abnormal accumula-
tion of APB1-42 and p-Tau in the mouse brain, but also regulated
the redox system via modulating the expression levels including
Bcl-2, Bel-xL, Bax, cleaved caspase-9 and -3 and the activa-
tion of the Nrf2 pathway in mice with AD. Combined with the
occurrence of oxidative stress, oxidized biomolecules and ROS
accumulate in cells, which consequently promotes amyloido-
genic APP processing and A} overproduction (52). Under these
conditions, Nrf2 activates a series of kinases, including SODI,
CAT, and HO-1 and -2, which in eliminate the accumulated
ROS (53). SOD and GSH-Px, which are representative endog-
enous antioxidants, have been recognized as the first-line drugs
to defend against oxidative damage (54). Combined with the
suppressed ROS generation, the cerebral deposition of Af can
be removed from brains, as evidenced by enhanced peripheral
levels (55). As of the activated Nrf2, the inhibited deposition
of AP leads to the fragmentation of p-Tau aggregation (56,57).
These data suggest that the ability of IAB to improve the cogni-
tive performance of mice with AD may be associated with
Nrf2-mediated oxidative stress.

The loss of cholinergic neurotransmission in cerebral areas
is responsible for the cognitive deterioration in patients with
AD (58). Abnormally low levels of Ach and ChAT, and upreg-
ulated levels of AchE were noted in the brains of mice with
AD in the present study, all of which were notably restored by
TIAB. Ach, controlled by the terminating enzyme AchE and the
synthesizing enzyme ChAT (59), stimulates cholinergic func-
tion, and contributes to the storage and recovery of long-term
memory (60); due to increased AchE and decreased ChAT,
cognitive function gradually decreases (29). Under oxidative
stress, increased levels of AchE promote the formation and
deposition of AP plaques (61), which severely damages the
cholinergic system (62). Based on the findings of the present
study, the protective role of IAB in the cholinergic system
against AD were proposed; however, the association between
the cholinergic transmitter and Nrf2-mediated oxidative stress
was not clearly elaborated. This will be investigated in our
ongoing research.

In conclusion, L-Glu-induced apoptosis of PC12 cells, and
AICl;- and D-gal-induced AD mice models were generated in
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the present study. To the best of our knowledge, the present
study is the first to report of the neuroprotection of IAB, and this
property, may be, at least partly, associated with the regulation
of IAB on Nrf2-mediated oxidative stress. The results provide
insight for further study into the protective effects of IAB and
its possibility of clinical application in AD in the future.
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