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Introduction: Alzheimer’s disease (AD) is a progressive brain disorder, and one of the most common
causes of dementia and amnesia. Due to the complex pathogenesis of AD, the underlying mechanisms
remain unclear. Although scientists have made increasing efforts to develop drugs for AD, no effective
therapeutic agents have been found.
Objectives: Natural products and their constituents have shown promise for treating neurodegenerative
diseases, including AD. Thus, in-depth study of medical plants, and the main active ingredients thereof
against AD, is necessary to devise therapeutic agents.
Methods: In this study, N2a/APP cells and SAMP8 mice were employed as in vitro and in vivo models of
AD. Multiple molecular biological methods were used to investigate the potential therapeutic actions of
oxyphylla A, and the underlying mechanisms.
Results: Results showed that oxyphylla A, a novel compound extracted from Alpinia oxyphylla, could
reduce the expression levels of amyloid precursor protein (APP) and amyloid beta (Ab) proteins, and
fibrillary
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ze.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2021.09.002&domain=pdf
https://doi.org/10.1016/j.jare.2021.09.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:simonlee@umac.mo
https://doi.org/10.1016/j.jare.2021.09.002
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare


Y. Bian, Y. Chen, X. Wang et al. Journal of Advanced Research 34 (2021) 1–12
attenuate cognitive decline in SAMP8 mice. Further investigation of the underlying mechanisms showed
that oxyphylla A exerted an antioxidative effect through the Akt-GSK3b and Nrf2-Keap1-HO-1 pathways.
Conclusions
Taken together, our results suggest a new horizon for the discovery of therapeutic agents for AD.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder char-
acterized by progressive decline in memory and learning, which
leads to a highly compromised quality of life [1]. Apart from the
cognitive deficits, studies have emphasized that muscle atrophy
and motor impairment also occur in patients suffering from AD
[2,3]. Although considerable effort has been made over the past
few years, the pathogenesis of AD still remains unclear. Senile pla-
ques and neurofibrillary tangles (NFTs) are two primary hallmarks
of sporadic AD [4,5]. Amyloid beta (Ab) peptide and abnormal
phosphorylated tau protein are responsible for the formation of
senile plaques and NFTs, respectively. Ab peptides consist of amy-
loid monomers, which are derived from amyloid precursor pro-
teins (APP). APP undergoes a proteolytic process via b-secretase
and c-secretase, the APP cleaving enzyme, ultimately leading to
the formation of Ab fragments and neurological damage [6,7].
The accumulation of abnormally phosphorylated tau protein could
lead to the formation of NFTs (sometimes presenting as paired
helical filaments (PHF)), and finally to progression of the patholog-
ical process of AD [8]. Thus, Ab and NFTs, and the underlying mech-
anisms thereof, are potential therapeutic targets for AD treatment.
Moreover, studies have also shown that increased oxidative stress
and activation of associated pathways contribute to the pathogen-
esis of AD. Researchers found that patients with AD exhibited an
obvious change in oxidative stress biomarkers and mediators [9].
Nuclear factor erythroid-derived 2-related factor 2 (Nrf2) is a mas-
ter transcription factor involved in the regulation of redox-related
genes. When activated, the antioxidant response element (ARE) in
promoters of redox-related genes cause an antioxidant cascade
reaction [10,11]. Several endogenous antioxidant enzymes, such
as heme oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreduc-
tase1 (NQO1), can be further modulated by Nrf2 in the cascade
reactions of oxidant stress [12]. Nrf2 activity is also tightly linked
with Keleh-like ECH-associated protein (Keap1) [13]. Meanwhile,
as a small kinase, glycogen synthase kinase 3 (GSK3) plays a
well-established role in the pathogenesis of AD. Several studies
demonstrated that GSK3, especially GSK3b, is associated with the
pathology of both Ab and phosphorylated tau in AD [14]. There is
evidence that the inhibition of GSK3 by lithium had beneficial
effects in transgenic mouse models overexpressing APP intracellu-
lar domain [15]. Recent studies have also found that suppression of
GSK3b activity improved cognitive deficits and reduced the oxida-
tive stress response [13]. However, due to the multiple phosphory-
lated sites of GSK3 (>20) [14], no effective disease-modifying
treatment impeding or reversing the progress of AD is currently
available. Thus, anti-oxidant stress might be a potential target for
therapeutic interventions.

In the history of AD research, animal models have proven to be
among the most important research tools, and have long been uti-
lized. Senescence-accelerated mouse prone 8 (SAMP8) mice were
derived from an AKR/J breeding colony [16]. Abiogenetic cognitive
deficits and memory loss at certain ages were found in SAMP8
mice [16,17]. Studies showed age-associated pathological changes,
such as phosphorylation of tau protein, Ab accumulation and
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blood–brain barrier dysfunction in the hippocampus of SAMP8
mice. These pathological alterations may result in behavioral
and learning disturbances, as well as memory loss [18]. Therefore,
the evidence suggests that SAMP8 mice could be a useful model
of AD.

Oxyphylla A [19] is a novel compound extracted from Alpinia
oxyphylla (known as Yi Zhi in Chinese). Alpinia oxyphylla has been
used historically in traditional Chinese herbal formulas as a treat-
ment of brain-related disorders, such as memory loss and learning
dysfunction caused by neurodegenerative disease [20,21]. In recent
years, pharmacological studies have demonstrated the potential
neuroprotective effects of ethanolic extracts of Alpinia oxyphylla
(AOE) in models of Parkinson’s disease (PD) [22]. Our previous
study showed that oxyphylla A could protect against neuronal
damage both in vivo and in vitro [19,23,24]. In this study, we aimed
to further investigate the therapeutic effect of oxyphylla A on cog-
nitive deficits in vivo, and the mechanisms underlying the regula-
tion of amyloid proteins in vitro.

Material and methods

Animals and treatment

Eight-month-old SAMP8 mice were selected for this study of
the therapeutic effects of oxyphylla A on cognitive deficits.
SAMR1 mice of the same age were used as the negative control.
The animals were purchased from Zhishan (Beijing) Institute of
Healthcare Research Co., Ltd. All animals were maintained in
standard cages in an individually ventilated cage (IVC) system,
and maintained under a 12 h:12 h light/dark cycle. Sufficient food
and water were provided, and the temperature was maintained at
25 �C. The mice were divided into five groups: SAMR1, SAMP8,
Donepezil-treated (1 mg/kg) and oxyphylla A-treated (10 or
20 mg/kg) groups. Donepezil was employed as the positive
control. All drugs were dissolved in 20% PEG and 80% distilled
water, and the animals were treated once a day for 6 weeks via
oral gavage. Body weight was monitored and recorded weekly,
while the survival rate was recorded daily during the 6-week
study period. All animals were sacrificed under anesthesia
(intraperitoneal injection of 40 mg/kg sodium pentobarbital) by
cervical dislocation after 6 weeks of drug administration. The
brains of the animals were dissected and different parts (cortex,
hippocampus) were isolated on ice. Then, the brain tissues were
placed directly into a �80 ℃ refrigerator before further experi-
ments. The animal experiments in this study were in compliance
with the ARRIVE Guidelines.

Morris water maze

The Morris water maze (MWM) equipment (SLY WMS Morris
Water Maze System) was purchased from Beijing Sunny Instru-
ments Co., Ltd. (Beijing, China). The equipment included a black
circular pool and self-contained camera mounted on the top of
the pool. The pool is 120 cm in diameter and 40 cm in height.
Before every experiment, the pool is filled with non-toxic
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white-colored water (24–26 �C, 30 cm in depth). Four equal quad-
rants were created and a white escape platform was placed in one
of the quadrants. The platform is 8 cm in diameter and located
1 cm below the surface of the colored water. The experiment
was performed in a quiet, temperature-controlled (25 ℃) room.
The MWM was performed twice (weeks 3 and 6). Mice first per-
formed a navigation test for 5 consecutive days. The details of
the training and testing are provided in the supplementary
material.

Grip force test

Grip strength was measured by a grip strength meter (Yiyan
Technology Ltd., Shandong, China) every 3 weeks. The mice in each
group were positioned horizontally so that they could grasp the
grip bar. Then, the grip bars were pulled back gradually until the
mice released the bar. After repeating this process three times,
the peak force of the paws was measured. The average result of
the three measurements was analyzed.

Rota-rod test

The rota-rod test was performed every 3 weeks. Before the test,
all mice were trained on the instrument (Yiyan Technology Ltd.,
Shandong, China) at 5 rpm for 5 min, for adaptation. After training,
the mice were tested and the trial sustained for 10 min. The rota-
tion speed was 22 rpm. The mice were allowed to run until they
were exhausted and dropped off the rod three times within
5 min, or after 10 min had elapsed. The total distance was
analyzed.

Cell culture and treatments

N2a/APP cells, also called NaS cells, were kindly gifted by Dr. Jia-
hong Lu (University of Macau) and cultured in full DMEM medium
(supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) PS, and
1% (v/v) G418). N2a/APP cells were established by transfecting and
expressing human Swedish mutant APP695 gene stably in the
mouse neuroblastoma N2a cell line. A wild-type N2a cell line
(N2a/WT) was purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA) and cultured according to the pro-
tocol of the ATCC. All cells were cultured in a humidified incubator
under conditions of 37 �C and 5% CO2.

N2a/WT cells were considered as the control group and the
N2a/APP cells were treated with either 0.1% (v/v) DMSO or drug.
For the drug treatment, cells were seeded in plates and treated
with various concentrations of oxyphylla A when they reached
70% confluence. In the following experiments, cells were treated
with LY294002 for 2 h and then incubated with oxyphylla A for
another 24 h. The control group was treated with DMSO only. Both
oxyphylla A and LY294002 were dissolved in DMSO to obtain stock
solution (200 mM for oxyphylla A and 10 mM for LY294002).
Details of the reagents used for cell culture and drug treatment
are provided in the supplementary material.

Cell viability and toxicity

Thiazolyl bluet tetrazolium bromide (MTT) assay and lactate
dehydrogenase activity (LDH) assay were used to measure cell via-
bility and toxicity. N2a/WT and N2a/APP cells (8 � 103 cells/well)
were seeded in a 96-well plate for 12 h. After incubation with oxy-
phylla A (12 lM � 400 lM) for 24 h, the supernatant was removed
for cytotoxicity analysis by LDH assay, while the remaining cells
were used for cell viability analysis by MTT. The absorbance at
570 nm for MTT and 490 nm for LDHwas measured using a Spectra
Max M5 instrument (Molecular Devices, Sunnyvale, CA, USA). The
3

optical density (OD) of each treatment group was compared with
the control group. Details of the kit used for the MTT and LDH
assays are provided in the supplementary material.
Determination of intracellular reactive oxygen species (ROS)

To detect intracellular ROS, probe 20,70-dichlorofluorescein diac-
etate (DCFH-DA; Beyotime Biotechnology, Shanghai, China) was
applied for further testing. N2a/WT and N2a/APP cells (12 � 103

cells/well) were seeded in a 12-well plate for 12 h. After treated
with oxyphylla A for 24 h, cells from all groups were incubated
with DMEM containing 10 lM DCFH-DA for 30 min before flow
cytometry analysis. The increase in fluorescence was measured
by the BD Accuri C6 Flow Cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and at least 10,000 events were acquired for further
calculation. All data were analyzed by FlowJo software (FlowJo,
LLC; BD Bioscience, NJ, USA) and the fluorescence intensity was
normalized to the control group (N2a/WT group).
Preparation of brain tissue, whole cell, cell cytoplasmic and
nuclear protein

For protein extraction fromwhole cells andmouse brain tissues,
all samples were washed in PBS three times and incubated with
RIPA lysis buffer for 30 min on ice (containing 1% phenylmethyl-
sulphonyl fluoride and 1% protease inhibitor cocktail), and then
homogenized and centrifuged. Then, the supernatant was collected
and stored under 4 ℃ for further western blot analysis, as
described below. Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, Shanghai, China) was used in for subcellular protein
extraction according to the manufacturer’s protocol. BCA protein
kit assay was used to determine the protein concentrations. Details
of the reagents used for protein extraction are provided in the sup-
plementary material.
Western blot

Proteins were separated on either 10% or 12% Tris-HCl polyacry-
lamide gels (Bio-Rad, Hercules, CA, USA) according to the molecu-
lar weight of proteins by gel electrophoresis, and transferred onto a
polyvinylidene difluoride (PVDF) membrane. Membranes were
blocked with 5% BSA in TBST, followed by incubation with specific
primary antibodies (diluted in TBST, 1:1000) overnight at 4 �C, and
then incubated with corresponding HRP-conjugated, anti-rabbit/
mouse secondary antibodies (diluted in TBST, 1:5000) for 1 h at
room temperature. ECL Select Western Blotting Detection Regent
kit (GE Healthcare, Chicago, IL, USA) was used in the protein band
detection process. The Bio-Rad ChemiDoc XRS Imaging System was
used to scan the membranes, and the band intensity was analyzed
by Bio-Rad Quantity One Software (Bio-Rad, CA, USA).
RNA extraction, reverse transcription and q-PCR

Total RNA was extracted from the mouse brain using TRIzol
regent (Life Technologies, Eugene, OR, USA) according to the man-
ufacturer’s protocol. Total RNA extraction from cells was done
using the RNAprep Pure Cell/Bacteria Kit (TIANGEN, Beijing, China)
according to the manufacturer’s protocol. Single-strand cDNA was
reverse-transcribed from the extracted RNA using the SuperScriptTM

III First-Strand Synthesis System following the manufacturer’s
instructions. q-PCR was performed on an Agilent Mx3005P QPCR
System (Agilent Technologies, Santa Clara, CA, USA) using SYBR�

Premix Ex TaqTM II (Tli RNaseH Plus; Takara Bio Inc., Shiga, Japan).
More specific information on the reactions is provided in the sup-
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plementary material [25]. Forward (F-) and reverse (R-) primers
are listed in the supplementary material.
Immunofluorescence assay

N2a/WT and N2a/APP cells (6 � 103 cells/well) were seeded in a
24-well plate for 12 h. After incubation with oxyphylla A for 24 h,
cells from all groups were fixed with 3.7% PFA for 15 min at room
temperature. Then, the PFA was removed and 0.3% (v/v) Triton X-
100 (diluted in PBS) was added for permeabilization for 20 min.
After permeabilization, cells were blocked with 2% BSA (diluted
in PBS) for 1 h. Primary antibody (Nrf2, 1: 500; Proteintech, Rose-
mont, IL, USA) was added to 2% BSA and incubated with the cells at
4 ℃ overnight. The cells were further incubated with secondary
antibody (Alexa Fluro 488 Rabbit Anti-Goat IgG, 1:1000; Cell Sig-
naling Technology, Danvers, MA, USA) for 1 h. DAPI (diluted in
PBS, 1:1000) was applied for nuclear staining. Images were taken
using the IX73 florescence microscope (Olympus, Tokyo, Japan).
Luciferase reporter gene assay

In brief, pARE-luc reporter plasmid was transfected into cells
after the cells had reached 60–70% confluence. Lipo8000 Transfec-
tion Reagent was used in the transfection process according to the
manufacturer’s protocol. Co-transfection with Renilla luciferase
reporter plasmid (pRL-TK) was done to control transfection effi-
ciency. After transfection for 24 h, the transfected cells were sub-
jected to further treatment. The luciferase activities of the cell
samples were measured and analyzed by the Dual-Luciferase
Reporter Assay. The source and information of the pARE-luc repor-
ter plasmid are listed in the supplementary material.
Ethics statement

All experiments involving animals were conducted according to
the ethical policies of, and procedures approved by, the Research
Ethics Committee of Institute of Chinese Medical Sciences, Univer-
sity of Macau (UMARE-007–2016 and UMARE-AMEND-042).
Statistical analysis

Statistical analyses were performed, and figures generated,
using GraphPad Prism statistical software (version 7.0; GraphPad
Software Inc., San Diego, CA, USA). All data are expressed as the
mean ± SD, and statistical significance was determined by one-
way ANOVA with Dunnett’s test applied for multiple comparisons.
Differences were accepted as significant at P < 0.05.
Results

Cytotoxic effects of oxyphylla A on N2a/APP and N2a/WT cells

Before further exploration of the underlying mechanisms of
oxyphylla A, the cytotoxic effects of various concentrations of oxy-
phylla A were evaluated in N2a/WT and N2a/APP cells. Cells were
incubated with oxyphylla A (12–400 lM) for 24 h, and cell viability
and cell toxicity were assessed by MTT and LDH assay. A
concentration-dependent cytotoxic effect of oxyphylla A was
found on N2a/WT and N2a/APP cells. The results showed that
400 lM oxyphylla A decreased cell viability slightly (Fig. 1 b, d).
On the other hand, the results of LDH assay revealed a similar cyto-
toxic effect of oxyphylla A between N2a/WT and N2a/APP cells
(Fig. 1 c, e). These results indicated that oxyphylla A was relatively
safe from 12 to 200 lM on N2a/WT and N2a/APP cells.
4

Oxyphylla A attenuated the expression of amyloid proteins (APP, Ab1-
40 and Ab1-42) in N2a/APP cells

Ab is the essential hallmark of the development of AD, and we
hypothesized that oxyphylla A exerts its neuroprotective effects
through regulating amyloid proteins expression. To test this
hypothesis, N2a/APP and N2a/WT cells were further investigated.
The N2a/APP cell is a mouse neuroblastoma cell line that stably
expresses the human APP695 gene. After treatment with various
concentrations of oxyphylla A (12.5–100 lM) for 24 h, cells were
collected and protein was extracted for western blot. We chose
the concentration of oxyphylla A according to our pilot experiments
and previous results from our lab. The results showed that the
expression levels of APP, Ab1-40 and Ab1-42 in N2a/APP cells were
decreased by oxyphylla A in a dose-dependent manner (Fig. 2 a, b).
Compared to the vehicle group, 100 lM of oxyphylla A enhanced
the down-regulation of APP, Ab1-40 and Ab1-42. Further, we
extracted mRNA to determine if oxyphylla A can affect genes asso-
ciated with the proteolytic enzymes of amyloid proteins. As shown
in Fig. 2, 100 lM of oxyphylla A significantly decreased the mRNA
levels of Bace1, which encodes for the beta site APP-cleaving
enzymes, Psen1 and Psen2, which encode for presenilin proteins
constituted of the gamma-secretase intramembrane protease com-
plex in N2a/APP cells (Fig. 2 c, d, e). These results indicated that oxy-
phylla A exerted its neuroprotective effects by down-regulating
amyloid proteins and related genes in an in vitro AD model.

Oxyphylla A activated Nrf2 through the Akt/GSK3b pathway in N2a/
APP cells

In some previous studies, oxidative stress proved to be a crucial
mechanism underlying the pathogenesis of AD. Nrf2, a mediator of
anti-oxidative stress, could act as a key regulator of antioxidation.
Akt/GSK3b was also found to be associated with the activation of
Nrf2. Thus, we next investigated if the neuroprotective effects of
oxyphylla A involved the Akt/GSK3b and Nrf2/Keap1/HO-1 path-
ways. After treating N2a/APP cells with oxyphylla A, the ROS level
was examined by flow cytometry, while phosphorylated and total
protein levels of Akt, GSK3b, KEAP1, NQO1, HO-1, cytoplasmic and
nuclear Nrf2 were determined by Western blotting. Our results
showed that oxyphylla A reduced the ROS level (P = 0.0588)
(Fig. 4 b, c) in N2a/APP cells. Further, the results of western blot
showed that oxyphylla A up-regulated p-Akt (ser473), p-GSK3b
(ser9), cytoplasmic and nuclear Nrf2 expression in N2a/APP cells
in a concentration-dependent manner (Fig. 3 a–d). On the other
hand, as a master regulator of the antioxidant response, Keap1
was significantly decreased by oxyphylla A (Fig. 3 e, f). Meanwhile,
HO-1 and NQO1 which are the downstream target genes of Nrf2,
were increased by oxyphylla A (Fig. 3 e, f). Furthermore,
immunofluorescence staining indicated that, after treating N2a/
APP cells with 100 lM oxyphylla A, Nrf2 translocated from the
cytoplasm to nucleus (Fig. 4 a). The results of luciferase reporter
gene assay showed that oxyphylla A could activate the antioxidant
responsive element (ARE), which was responsible for the activation
of downstream antioxidant enzymes (Fig. 4 d). Consistent results
were observed in the changes of mRNA levels of Hmox1 and
Nqo1 (encoding for HO-1 and NQO1, respectively) (Fig. 4 e, f). These
results suggested that oxyphylla A might exert its neuroprotective
effects through the Akt-GSK3b and Nrf2/Keap1/HO-1 pathways.

Inhibition of the Akt/GSK3b pathway attenuated the activating effects
of oxyphylla A on Nrf2 and reversed its down-regulation of APP, Ab1-
40 and Ab1-42 in N2a/APP cells

To further confirm whether oxyphylla A activated the Nrf2/
Keap1/HO-1 pathway through the Akt/GSK3b pathway, we investi-



Fig. 1. Cell viability and cell toxicity of oxyphylla A on N2a/WT and N2a/APP cells. Cells in different groups were incubated with various concentrations of oxyphylla A (12–
400 lM) for 24 h. MTT and LDH were employed to assess cell viability and toxicity. (a) The chemical structure of oxyphylla A. (b) and (c) Statistical analysis of the cell viability
and toxicity of oxyphylla A on N2a/WT cells. (d) and (e) Statistical analysis of the cell viability and toxicity of oxyphylla A on N2a/APP cells. The data are expressed as the
mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, compared to the control group; ###P < 0.001, compared to the Triton X-100 group.
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gated whether the Akt pathway inhibitor modulated the antioxi-
dant effect of oxyphylla A in N2a/APP cells. The western blot
results showed that pre-incubation of LY294002 for 2 h followed
by 24 h-treatment of oxyphylla A partially abolished the antioxi-
dant effect of oxyphylla A in N2a/APP cells. Compared to the oxy-
phylla A-treated group, the increased expression levels of p-Akt
(ser473), p-GSK3b (ser9), HO-1, cytoplasmic and nuclear Nrf2 were
reversed by LY294002 (Fig. 5 a–f). Similar results were also
observed in terms of the expression levels of APP, Ab1-40, Ab1-
42 and the luciferase reporter gene assay of ARE (Fig. 5 g, h and
Fig. S 3). These data indicated that oxyphylla A activated the
Nrf2/Keap1/HO-1 pathway partially through the Akt/GSK3b
pathway.

Oxyphylla A ameliorated cognitive deficits and improved muscle
strength and endurance in SAMP8 mice

To evaluate the therapeutic effect of oxyphylla A on cognitive
deficits, the Morris water maze (MWM) was used. As shown in
5

the experimental diagrams, the MWM was performed in weeks 3
and 6. During the 6-day behavioral test, navigation trials were per-
formed from day 1 to day 5, with the spatial probe test performed
on the last day (Fig. 6 a). Fig. 6 shows representative patterns of the
different groups by week. The SAMP8 group showed obvious defi-
cits in spatial memory. The results also showed a significant
decrease in the latency to find the target platform, and erratic
swimming behavior in comparison with the oxyphylla A mouse
groups (Fig. 6 b). Statistical analysis showed that the oxyphylla A
group (10 mg/kg, 20 mg/kg) had a shorter latency to find the plat-
form and faster swimming velocity compared to the SAMP8 group
(Fig. 6 c, d). Moreover, mice in the oxyphylla A group showed bet-
ter performance in the spatial probe test. On day 6, SAMP8 mice
treated with oxyphylla A spent more time in the target quadrant
and platform area compared to the vehicle group (Fig. 6 f, g). The
results of the navigation and spatial probe tests indicated that oxy-
phylla A started to exert a therapeutic effect in week 3, which per-
sisted to week 6 (Fig. 6 c–f). These results indicated that oxyphylla
A had improved impaired cognitive function.



Fig. 2. Effects of oxyphylla A on the expression levels of APP, Ab1-40 and Ab1-42. (a) N2a/APP and N2a/WT cells were incubated with oxyphylla A (12.5–100 lM) and DMSO,
respectively, for 24 h. Western blot was used to detect the expression levels of APP, Ab1-40 and Ab1-42. (b) Statistical analysis of the expression levels of APP, Ab1-40 and
Ab1-42. (c)–(e) Relative mRNA levels of Bace1, Psen1 and Psen2. The data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, compared to
the N2a/APP group; #P < 0.05, ##P < 0.01, compared to the N2a/WT group.

Fig. 3. Effects of oxyphylla A on the activity levels of the Akt/GSK3b and Nrf2/Keap1/HO-1 pathways in N2a/APP cells. N2a/APP cells were incubated with various
concentrations of oxyphylla A, while N2a/WT cells were incubated with DMSO for 24 h. Western blot was applied to detect the expression levels of total and phosphorylated
proteins. (a)–(d) Western blot results and statistical analysis of the expression levels of p- GSK3b (ser9), p-Akt (ser473), Nrf2, Keap1, HO-1 and NQO1. The data are expressed
as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, compared to the N2a/APP group.
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Fig. 4. Effects of oxyphylla A on the activity of the Akt/GSK3b and Nrf2/Keap1/HO-1 pathways in N2a/APP cells. N2a/APP cells were incubated with various concentrations of
oxyphylla A, while N2a/WT cells were incubated with DMSO for 24 h. (a) Representative immunofluorescence images of the translocation of Nrf2 from cytoplasm to nucleus.
(b) and (c) Effects of oxyphylla A on ROS levels. (d) Firefly luciferase reporter plasmids carrying pARE-luc promoters were transfected into N2a/APP cells before oxyphylla A
treatment. The Renilla luciferase reporter plasmid (pRL-TK) was used to normalize the transfection efficiency. Relative luciferase units (RLU) were statistically analyzed. (e)
and (f) Relative mRNA levels of Hmox1 and Nqo1. The data are expressed as the mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, compared to the N2a/APP
group.
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Studies have proven that loss of muscle mass and movement
impairment are related to cognitive deficits in AD penitents. There-
fore, in this study, the grip force and rota-rod tests were applied to
assess muscle strength and endurance. The results of the grip force
test showed that oxyphylla A (10 mg/kg, 20 mg/kg) improved the
strength of the fore limb, which in turn indicates that oxyphylla
A was beneficial in terms of reversing the decline in muscle
strength (Fig. 6 h, j). In the rota-rod test, compared to the SAMP8
group, the oxyphylla A group mice were capable of staying on
the rod for longer, and walked a greater distance (Fig. 6 i, k). This
suggests that oxyphylla A (10 mg/kg, 20 mg/kg) positively influ-
enced the decreased muscle endurance of the SAMP8 mice.

Oxyphylla A attenuated amyloid proteins, and activated the Nrf2/
Keap1/HO-1 and Akt/GSK3b pathways in SAMP8 mice

Based on the above in vitro results, we examined whether oxy-
phylla A could reduce the expression level of amyloid proteins
in vivo. SAMR1 and SAMP8 mice were used in this investigation.
The protein levels of APP, Ab1-40 and Ab1-42 were analyzed by
western blot, and were shown to be significantly decreased by oxy-
phylla A (10 and 20 mg/kg) compared to the vehicle group (Fig. 7
a–d). Furthermore, as shown in the Fig. 7, compared to the vehicle
group, oxyphylla A (10 and 20 mg/kg) increased the expression
level of Nrf2 and its downstream target proteins, HO-1 and
NQO1, in both the hippocampus and cortex. Meanwhile, the regu-
latory protein of Nrf2, the level of Keap1 was significantly
decreased by oxyphylla A (20 mg/kg) in the cortex (Fig. 7 a–d).
According to our in vitro study, Nrf2 could be regulated by the
Akt/GSK3b pathway. Similarly, oxyphylla A increased the levels
of phosphorylated Akt (ser473) and GSK3b (ser9) in the cortex
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and hippocampus of SAMP8 mice (Fig. 7 e–h). All of these data
were consistent with our previous in vitro study.

Discussion

In this study, the neuroprotective effects and possible mecha-
nisms of action of oxyphylla A were investigated in vivo and
in vitro. Our data firstly showed that the expression levels of APP,
Ab1-40 and Ab1-42 were decreased by oxyphylla A in N2a/APP
cells. Further investigation of the mechanisms in vitro showed that
the neuroprotective effects of oxyphylla A were partially meditated
by the suppression of oxidant stress via activation of Nrf2 through
the Akt/GSK3b pathway. Similar results were obtained in SAMP8
mice. We also found in behavioral tests that oxyphylla A could
ameliorate cognitive deficits, restore motor functions and improve
muscle strength in SAMP8 mice. Taken together, our findings sug-
gested that oxyphylla A could be used as a therapeutic intervention
for AD and associated neurodegenerative conditions.

In the study of AD, animal models are essential for understand-
ing the pathogenesis and mechanisms. Moreover, animal models
make it possible to test therapeutic strategies that cannot be read-
ily used for humans. Due to the impossibility of rodents sponta-
neously developing AD for research purposes, different transgenic
mouse lines harboring human genes such as Psen1, APP, APOE e4,
and ob (leptin), etc., have been employed in this research field
[26–29]. However, senescence-accelerated-prone mice were estab-
lished through phenotypic selection. SAMP8 mice, as a SAMP sub-
strain, can exhibit serious age-associated symptoms including the
deposition of amyloid b-peptide, cognitive decline and increased
oxidative stress [16,30]. Thus, we used SAMP8 mice as a model
of spontaneous AD in the present study. Considering that the onset



Fig. 5. The role of Akt in the antioxidative effects of oxyphylla A on N2a/APP cells. N2a/APP cells were incubated with oxyphylla A for 24 h, with or without pretreatment with
the Akt pathway inhibitor LY294002 for 2 h. Western blot was applied to assess the expression levels of total and phosphorylated proteins. (a)–(h) Western blot results and
statistical analysis of the expression levels of p-Akt, p- GSK3b, Nrf2, HO-1, NQO1, APP, Ab1-40 and Ab1-42 in N2a/APP cells. The data are expressed as the mean ± SD of three
independent experiments. *P < 0.05, **P < 0.01, compared to the N2a/APP group with treatment of LY294002 and oxyphylla A; #P < 0.05, ##P < 0.01, compared to the N2a/APP
group with treatment of 0.1% (v/v) DMSO.
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of impairment in learning ability and loss of memory started from
8 months old, with disease severity increasing thereafter [31,32],
8-month-old SAMP8 mice were selected for this experiment. Our
data showed that oxyphylla A could significantly ameliorate cogni-
tive deficits in the MWM test. In the acquisition phase, the SAMP8
mice in the oxyphylla A groups showed a shorter latency to find
the target platform compared to the vehicle group, in both week
3 and week 6. However, a statistically significant difference in
swimming velocity between the oxyphylla A and vehicle groups
was only observed in week 6. These results suggested that oxy-
phylla A could improve the impaired spatial memory of SAMP8
mice, and was as effective as donepezil (positive control). Similar
results in terms of the duration of time that the animal stayed in
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the target quadrant were obtained in the subsequent spatial probe
trial. However, no significant difference was observed between the
oxyphylla A and vehicle groups in terms of the frequency of cross-
ing the platform, either in week 3 or week 6. This may due to the
individual differences. In addition, our swimming velocity and
time spent in target quadrant data showed that oxyphylla A exhib-
ited more positive effects in week 6. This suggested that after oral
intake of oxyphylla A, more than 3 weeks is required to observe
improvement in AD symptoms in SAMP8 mice. As it has been
accepted widely that the MWM task is a hippocampus-
dependent task [33,34], the hippocampus might be involved in
the therapeutic effects of oxyphylla A. More specifically, failing to
recall spatial cues reflects a deterioration of spatial memory, which



Fig. 6. Behavioral analysis of the effects of oxyphylla A on SAMP8 mice in the MWM, grip force and rota-rod tests. (a) Experimental paradigm of the MWM. Five groups were
devised in this study: the SAMR1, SAMP8, Donepezil-treated (1 mg/kg) and oxyphylla A-treated (10 or 20 mg/kg) groups. The animals were treated with different drugs by
oral gavage, once a day for 6 weeks. The behavioral tests were performed in weeks 3 and 6. (b) Representative swimming patterns of all groups. (c) Latencies to find the target
platform on different days in the navigation test. (d) Average swimming velocity. (e) Statistical analysis of latencies in the navigation test. (f) Frequencies of crossing the
platform in the spatial probe test. (g) Time spent in the target quadrant during the spatial probe tests. (h) Experimental paradigm of the grip force test. (i) Statistical analysis
of muscle strength in all groups. (j) Experimental paradigm of the Rota-rod test. (k) Statistical analysis of muscle endurance in all groups. The data are expressed as mean ± SD,
n = 6–8 per group. *P < 0.05, **P < 0.01, compared to the SAMP8 group; #P < 0.05, ##P < 0.01, compared to the SAMR1 group.
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Fig. 7. Effects of oxyphylla A on the expression levels of amyloid proteins in SAMP8mice. The animals in all groups were treated with various drugs by oral gavage, once a day
for 6 weeks. When the experiment ended, all animals were sacrificed and different brain regions (hippocampus and cortex) were collected for western blot. (a–(d) Western
blot results and statistical analysis of APP, Ab1-40 and Ab1-42 expression levels in the hippocampus and cortex of SAMP8 mice. (e)– (h) Western blot results and statistical
analysis of p-Akt, p- GSK3b, Nrf2, Keap1, HO-1 and NQO1 expression levels in the hippocampus and cortex of SAMP8 mice. The data are expressed as the mean ± SD, n = 6 per
group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, compared to the SAMP8 group; #P < 0.05, ##P < 0.01, ###P < 0.001, compared to the SAMR1 group.
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might be caused by hippocampal dysfunction [35]. Therefore, fur-
ther study is required to investigate the relationship between the
therapeutic effects of oxyphylla A and hippocampal dysfunction.
Other than cognitive deficits, 15–50% patients suffering from AD
develop motor symptoms such as decreased locomotor ability
[36,37]. In our study, muscle strength was assessed by the grip
force test and muscle endurance by the rota-rod test. The data
showed that, compared to the SAMR1 group, muscle strength
was decreased in the SAMP8 group and restored in the oxyphylla
A treatment groups. Moreover, oxyphylla A improved the decline
in locomotor activity in the SAMP8 group. These results indicated
that oxyphylla A might be beneficial with respect to motor symp-
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toms. Since motor symptoms and signs could reflect the develop-
ment in neurodegenerative diseases such as AD, further study of
the role of oxyphylla A in motor dysfunctions, as mentioned above,
may be worthwhile.

As one of the cardinal hallmarks of AD, the aggregation of amy-
loid plaques is a key factor underlying dementia and cognitive dys-
function during progression of the disease. Amyloid b proteins
exert destructive actions in the brain, including reducing synaptic
plasticity, inhibiting long-term potentiation in the hippocampus
and producing ROS, etc. [38,39]. Thus, we investigated whether
oxyphylla A exerted its neuroprotective effects through attenuat-
ing Ab and oxidative stress. For this purpose, we used a mouse neu-
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roblastoma (N2a) cell that was stably transfected with human
APP695 genes to reproduce the overexpression of APP. Our results
showed that oxyphylla A significantly reduced the expression
levels of APP, Ab1-40 and Ab1-42. In addition, oxyphylla A down-
regulated the mRNA level of Bace1, as well as Psen1 and Psen2, sig-
nificantly. Bace1 is responsible for encoding b-secretase enzyme 1,
which catalyzes APP proteolysis and Ab fragment formation. On
the other hand, Psen1 and Psen2 encode presenilin proteins, which
are catalytic components of c-secretase enzyme responsible for
final cleavage of APP to generate Ab. The data showed that oxy-
phylla A mediated the down-regulated expression of Bace1, Psen1
and Psen2. These results suggested that this natural small molecule
might exert its therapeutic effects partially through inhibiting the
generation of Ab. Further investigations should be conducted at the
protein levels of b-secretase and c-secretase enzymes, and other
associated mechanisms.

Since Ab is one of the most crucial biomarkers of the pathogen-
esis of AD, adverse effects such as oxidative stress induced by Ab
are of concern [40]. Therefore, we further investigated whether
the neuroprotective effect of oxyphylla A involved anti-oxidative
stress and signaling pathways related to oxidative stress regula-
tion. From our flow cytometry data, we found out that 100 lM oxy-
phylla A decreased the ROS level compared to the vehicle group
(P = 0.058). The results of Western blot indicated that oxyphylla
A increased the expression levels of Nrf2, both in cytoplasm and
the nucleus. Nrf2 is well known as a crucial mediator of cellular
detoxification and antioxidant defense. In addition, we found that
oxyphylla A promoted the translocation of Nrf2 from cytoplasm
into the nucleus, and then increased binding between Nrf2 and
ARE to activate target genes such as HO-1 (Hmox1) and NQO1
(Nqo1), in both mRNA and protein [41]. Moreover, our further indi-
cated that the Akt-GSK3b pathway might be involved in the regu-
lation of these antioxidative processes. When seeking to confirm
whether oxyphylla A attenuated oxidative stress through the
Akt-GSK3b pathway, we found that the Akt inhibitor, LY294002,
partially abolished the antioxidative effects of oxyphylla A. Except
for the in vitro results, similar outcomes were obtained in SAMP8
mice. Taken together, these results suggested that oxyphylla A
exerts its neuroprotective effects by attenuating the expression
of Ab and oxidative stress, where these processes are associated
with the Akt-GSK3b pathway. Further investigation is needed to
validate the current finding that Akt is a regulator of the antioxida-
tive effects of oxyphylla A. As GSK3bhas proven to be another key
factor in this pathway, and the phosphorylated form of GSK3b
could be another interesting research target There are several dif-
ferent phosphorylated sites responsible for the inactive or active
status of GSK3b [14]. As a complication, GSK3b plays different roles
in other signaling pathways. GSK3b has been shown to coimmuno-
precipitate with Presenilin-1, which is a critical gene involved in
the generation of Ab and early onset AD [42,43]. In both the patho-
logical and physiological state, active GSK3b has the ability to
phosphorylate over 20 sites on Tau protein, leading to the forma-
tion of NFTs [44,45]. Several studies have shown that inhibition
of GSK3b can induce the activation of Nrf2 under oxidative stress
conditions in AD [46–48]. Therefore, the GSK3b inhibitor has pro-
mise in the development of new therapeutic strategies for AD.
Whether oxyphylla A exerts its neuroprotective effects directly
through other phosphorylated sites of GSK3b remains unknown
and requires further study. Oxidative stress contributes greatly to
AD pathogenesis in the nervous system. Nrf2 has been found to
have protective effects against AD pathogenesis [46]. Even though
there is evidence of low expression of Nrf2 in AD animal models
and patients, paradoxical findings of increased NQO1, p62 and
HO-1 in AD have been provided by other researchers [49,50]. These
contradictory results might be due to differences in stages of AD
and brain regions among studies [51]. To study the neuroprotective
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effects of Nrf2, transgenic technology using lentiviral vector (LV)
has been applied to introduce human genes encoding Nrf2 into
an AD mouse model, and has been proven to significantly amelio-
rate cognitive deficits in APP/PS1 mice [52]. In the present study,
we demonstrated that oxyphylla A up-regulated the expression
of Nrf2, as well as its targets genes such as HO-1 and NQO1, both
in vitro and in vivo. In future studies, we may use the LV to deliver
antisense Nrf2 genes into SAMP8 mice, and will further investigate
the antioxidative effects of oxyphylla A in vivo. Last but not least,
natural products for treating neurodegenerative diseases have
attracted increasing attention in recent years. Researchers have
made some noteworthy breakthroughs. Some natural compounds
(lignans, flavonoids, tannins and polyphenols) have been found
to decrease the symptoms and pathogenesis of various neurode-
generative diseases, including AD [53,54]. Our comprehensive
study of oxyphylla A provides new insight into how this novel
chemical affects AD in experimental models, and its potential as
a therapeutic agent for the management of AD.
Conclusions

In conclusion, as a novel compound extracted from a natural
product, oxyphylla A exhibits promising neuroprotective proper-
ties both in vitro and in vivo ADmodels. Our data revealed that oxy-
phylla A attenuates the expression of Ab and ameliorates cognitive
deficits. Further analysis showed that oxyphylla A exerts its antiox-
idative effect through the Nrf2-Keap1 and Akt-GSK3b pathways. As
natural products and their active constituents become more popu-
lar during the development and discovery of new drugs, our results
suggest a new horizon for the discovery of disease-modifying ther-
apeutic strategies for AD and, potentially, other neurodegenerative
conditions.
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