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Abstract The treatment of AD is a topic that has puzzled
researchers for many years. Current mainstream theories still
consider Af3 to be the most important target for the cure of AD.
In this study, we attempted to explore multiple targets for AD
treatments with the aim of identifying a qualified compound
that could both inhibit the aggregation of A3 and block the
RAGE/Af axis. We believed that a compound that targets both
A and RAGE may be a feasible strategy for AD treatment. A
novel and small natural compound, Matrine (Mat), was iden-
tified by high-throughput screening of the main components of
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traditional Chinese herbs used to treat dementia. Various ex-
perimental techniques were used to evaluate the effect of Mat
on these two targets both in vitro and in AD mouse model. Mat
could inhibit AB42-induced cytotoxicity and suppress the A3/
RAGE signaling pathway in vitro. Additionally, the results of
in vivo evaluations of the effects of Mat on the two targets were
consistent with the results of our in vitro studies. Furthermore,
Mat reduced proinflammatory cytokines and A3 deposition
and attenuated the memory deficits of AD transgenic mice.
We believe that this novel, multi-target strategy to inhibit both
A and RAGE, is worthy of further exploration. Therefore,
our future studies will focus on identifying even more effective
multi-target compounds for the treatment of AD based on the
molecular structure of Mat.

Keywords Matrine - Alzheimer’s disease - Receptors for
Advanced glycation end product - 3-Amyloid peptide

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder that affects the elderly. Abnormal accumulation of 3
amyloid peptide (A) results in insignificant neurotoxicity in
the nervous system, and this neurotoxicity is recognized as
one of the most important hallmarks of AD and the underlying
pathological processes [1-3]. Af3 is generated through the
sequential proteolytic processing of amyloid precursor protein
(APP) by (3-site APP cleaving enzyme 1 (BACEL) and -
secretase. The over production or insufficient clearance of
A3 aggregates results in the formation of oligomers to fibrils
and amyloid plaques under the pathological conditions of AD,
and these aggregates contribute to neuronal deterioration in
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AD patients [4—6]. Current research has demonstrated that A3
aggregation, particularly of A3 oligomers, is correlated
with the degree of cognitive deficits, likely because A3
oligomers exhibit the greatest neurotoxicity in AD [7, 8].
Therefore, identifying a way to prevent A3 overproduc-
tion or A3 aggregation, which would help inhibit A(3-
induced neurotoxicity, is a promising avenue for AD
therapy [9-12].

Several compounds have been reported that could inhibit
Af-induced neurotoxicity in vitro and that have been shown
to reduce or improve cognitive deficits in a transgenic mouse
model of AD [13—-19]. Furthermore, Af3 inhibitors that target
the key secretase of the APP pathway have also shown poten-
tial utility for the treatment of AD [20-24]. However, due to
obstacles of the effective use of such drugs, such as the drug
delivery method, the blood brain barrier (BBB) and safety, to
date, drugs that target the secretases involved in the A3 and
APP pathways have not yet shown encouraging results in
clinical trials [25, 26].

Receptor for advanced glycation end products (RAGE)
is an important cell surface receptor that contains an ex-
tracellular V domain and a Cl domain that can bind mul-
tiple ligands, including AB. AR/RAGE signaling has been
reported to perturb the APP pathway and to induce neu-
roinflammation, ultimately impairing neuronal function and
contributing to the pathogenesis of AD [27-30]. Abnormal
overexpression of RAGE is found in the hippocampus of
AD mice and AD patients, while the severity of AD is
also well correlated with the level of RAGE expression
[31, 32]. Moreover, A3 clearance via RAGE-mediated
transport across the BBB contributes to the progressive
accumulation of A3 in sporadic AD [33, 34]. All of the
AD-related research into RAGE function has suggested
that RAGE 1is a potential new therapeutic target for AD
[35-38].

Previous studies led us to believe that focusing on a sin-
gle target may not be the most effective way to develop an
effective AD treatment. Rather, cooperative, multi-target
therapy may have more potential [39, 40]. We hypothesized
that a compound that targeted both A3 and RAGE might be
a more promising strategy for the treatment of AD. In this
study, we screened natural, small-molecule compounds with
double targets that could both inhibit the aggregation of A3
and block the AB/RAGE axis. Herein, we report a novel,
natural small compound Matrine (Mat), which was identified
by a high-throughput screening of the main components of
traditional Chinese herbs used to treat dementia. We ana-
lyzed the effects of Mat as an inhibitor of A3 aggregation
and a blocker of the A(3-mediated RAGE signaling pathway
in vitro and evaluated the effects of Mat over a 30-day
treatment course in the APP/PS1 double transgenic mouse
model of AD in an attempt to explore the treatment of AD
multi-target drugs.
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Materials and Methods
Preparation of A342 Aggregates

Human A (342 was purchased from Sigma-Aldrich (St. Louis,
MO, USA). AP42 was dissolved in 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) to 1 mg/mL, sonicated in a water bath for
10 min, vacuum-dried, and then dissolved in dimethyl sulfox-
ide (DMSO, Sangon Biotech, Shanghai, China) to 1 mg/mL.
The fresh AB42 solutions (A42 monomers) were stored at
—80 °C before use.

Cell Culture and MTT Analysis

SH-SYS5Y cells (Biowit Technologies, Shenzhen, China) were
cultured in DMEM (HyClone, Logan, UT, USA) that was
supplemented with 10 % FBS (Gibco, Grand Island, NY,
USA), 100 U/ml penicillin G, and 0.1 mg/ml streptomycin
(HyClone, Logan, UT, USA) at 37 °C in a humidified incu-
bator (ESCO, Changi, Singapore) containing 5 % CO,. The
cells were grown to 75 % confluence in 96-well cell culture
plates. After culturing for 1 day to allow for cell attachment,
the cells were treated with 10-uM fresh AP42 and A342
oligomers, respectively, adding with 10 uM (low dose) or
50 uM (high dose) Mat (Chengdu Biopurify Phytochemicals
Ltd, Sichuan, China) for 12, 24, and 72 h at 37 °C. Cells that
did not receive treatment were used as a blank control. Cell
viability was determined by measuring cellular redox activity
with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). MTT (10 uL of 5 mg/mL) was added to each
well, and the plates were allowed to incubate at 37 °C for 4 h.
Then, 150 pL DMSO was added to each well with shaking for
10 min. The assay was quantified using an automatic micro-
plate spectrophotometer (BioTek, Vermont, USA) at 490 nm.
Averages from three replicate wells were used for each con-
dition. Cell viability was calculated by dividing the absor-
bance of wells containing samples by the absorbance of wells
containing medium alone (without DMSO) and multiplying
by 100 %.

TEM

Mat (50 uM) was incubated with or without 20-uM
fresh AB42/APB42 oligomers for 12, 24, and 72 h at
37 °C. The sample was spotted onto a 230-mesh
Formvar-coated copper grid for 30 min and then
displaced with an equal volume of 2.5 % (v/v) glutaral-
dehyde in water for 5 min. Then, the grids were stained
with 10 pL 3 % (v/v) filtered uranyl acetate that was
filtered in water for 3 min. The grids were then dried
and examined with a transmission electron microscope
(FE-TEM, JEOL JEM-1400, Japan) with an accelerating
voltage of 80 kV.



Mol Neurobiol (2017) 54:1939-1952

1941

ThT Staining Analysis

Thioflavin T (ThT)-induced fluorescence assay was used to
measure A342 formation using a Hitachi F-2500 Spectro
Fluorophotometer. Mat (50 uM low dose or 200 uM high
dose) was incubated with or without 20-uM Ap42/A[342
oligomers for 12, 24, or 72 h at 37 °C, with the periodic
addition of 990 uL of 3 uM ThT in 50-mM phosphate buffer
(pH 6.0). Each assay was performed in triplicate, and fluores-
cence intensities were measured at 450 nm (excitation) and
485 nm (emission) under time-resolved fluorescence mode.

MST Assays

Microscale thermophoresis (MST) is a novel method to detect
interactions between proteins or between proteins and small
molecules, such as ligands, and this method has been de-
scribed in detail elsewhere [41, 42]. Interactions between pur-
chased human RAGE protein (Catalog Number: 11629-
HCCH, Sino Biological Inc.) and Mat were measured using
MST with a Monolith NT.115 (Nano Temper Technologies
GmbH). The RAGE protein was labeled with a fluorescent
dye (NT-647) using Monolith NT Protein Labeling Kits
(amine reactive) according to the manufacturer’s protocol.
The concentration of the labeled RAGE protein was held con-
stant at 50 nM, while the concentration of Mat was varied
between 0.03 and 1000 uM. The assay was performed in
MST buffer that contained 50 mM Tris-HCI1 (pH 7.6),
150 mM NaCl, 10 mM MgCl,, and 0.05 % Tween 20. The
samples were loaded into MST NT.115 premium capillaries
after they were incubated at room temperature for 10 min.
Thermophoresis was measured with 20 % LED power and
40 % infrared laser power, and the data were analyzed using
Nano temper Analysis software, v.1.5.41.

Stable Transfection with Lentivirus

The primers for amplification and identification were designed
based on the coding sequence of the human RAGE gene in
Gene Bank (NCBI Reference Sequence: Chromosome 6-
NC _000006.12) using Primer Premier 5.0 software. The
primers used were as follows: pLVX-AGER-MIul-
F5'-CGGACGCGTGCCACCATGGCAGCCGGAACAG
CAGTTGGAGCCTGGGTGC3', and pLVX-AGER-Notl-
RS'"-ATTTGCGGCCGCTCAAGGCCCTC
CAGTACTACTCTCGC-3". The RAGE fragment was ampli-
fied by PCR and recovered through agarose gel electrophore-
sis. Then, the cloning vector pLVX-mCM V-tdTomato-PGK-
Puro(Amp*) and the RAGE fragment were digested with the
restriction enzymes Mlu I and Not I, respectively (1215 bp),
and then connected to a construct shuttle plasmid using T4
DNA Ligase (New England Biolabs, Ipswich, MA, USA).
The products were transformed into JM109 competent cells

(Biowit Technologies, Shenzhen, China) that were coated on
selective LB plating medium (Amp*, 100 pg/ml). Selected
monoclonal colonies were identified by gene sequencing.
The pLVX-RAGE-mCM V-tdTomato-PGK-Puro plasmid was
extracted from the colony along with the lentiviral packaging
mixture. These were then co-transfected into 293T cells
(Biowit Technologies Shenzhen, China) to package the rLv-
hAGER using the HET kit (Biowit Technologies, Shenzhen,
China) according to the manufacturer’s instructions. After 24
and 48 h, the supernatant containing the rLv-RAGE was col-
lected, concentrated, and purified. Prior to the transfection ex-
periments, the SH-SYSY cells were grown to 80 % confluence
in 24-well cell culture plates. The next day, the cells were
transferred into fresh media that contained 6 pg/ml polybrene
and transduction-ready lentiviral particles at a multiplicity of
infection (MOI) of 20, which had been determined in prelim-
inary trials. The cells were then washed with phosphate-
buffered saline (PBS) and returned to growth media after
24 h. Stable clones were selected from colonies that survived
exposure to a titrated lethal dose of puromycin antibiotic after
several passages. The transfection efficiency was analyzed by
PCR, immunofluorescence, and Western blotting analysis.

Animals and Administration

The APP/PS1 transgenic mice (B6C3-Tg (APPswe,
PSEN1dE9) 85Dbo/J) were purchased from the Model
Animal Resource center of Nanjing University (Nanjing,
China). The mice were housed in a controlled animal facility
(22-25 °C, 40-60 % relative humidity) with a 12:12-h light—
dark cycle and allowed free access to rodent chow and water.
Ten-month-old mice were separated into four groups: high-
dose Mat-treated AD mice (n=4), low-dose Mat-treated AD
mice (n=4), AD control mice (n=4) and WT control BALB/
C mice (n=4). The mice in the Mat-treated groups received
intraperitoneal (I.P.) injections of a daily dose of 50 (low dose)
or 100 mg/kg (high dose) Mat (dissolved in physiological
saline) for 4 weeks. The mice in the AD control and WT
groups were treated with physiological saline (0.9 %). After
the last administration of the 30-day treatment, the mice were
trained and tested on the Morris water maze (MWM).

MWM Test

The effect of Mat on the spatial cognition of the AD mice was
investigated through the MWM test, including a 5-day place
navigation test and a 1-day spatial probe test. The maze
(Zhongshidichuang Science and Technology Development
Co., Ltd, Beijing, China) consisted of a circular pool (diameter
of 120 cm and height of 30 cm) that was filled with
antholeucin water (25.0+1.0 °C) and that also contained a
white-painted circular platform in the center of one quadrant
that was submerged 1 cm below the surface of the water. Each
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mouse was given three tests on each day of the 5-day place
navigation test. In each test, the mouse was allowed to swim
for a maximum of 90 s to find the hidden platform and was
then allowed to have a 30-s rest period on it. Mice that were
unable to locate the platform within the allotted time period
were guided to it. The spatial probe test was accomplished in
the pool without the platform and was used to measure the
time the mouse spent swimming in the quadrant where the
platform had been previously located, for a total of 120 s.
The swimming activity of each mouse was monitored and
recorded using a video camera and then analyzed by software.

Sample Preparation

At the end of the MWM test, the mice were anesthetized and
transcardially perfused with ice-cold saline and 4 % parafor-
maldehyde and then sacrificed by decapitation. The brains
were removed. Half of each brain was fixed overnight and
embedded in paraffin for histochemical analysis. The other
half was used for the Western blotting and ELISA assays.

Immunohistochemistry and Immunohistochemical
Analysis

The embedded brains were sectioned at a thickness of 15 um
in the coronal plane. The coronal paraffin sections were
dewaxed, rehydrated, and then treated in citric acid buffer
(pH 6.0) in a 95 °C water bath for 20 min to expose the
epitope. After the sections were washed three times with
PBS (pH 7.4), they were treated with 3 % H,O, for 10 min
to quench endogenous peroxidase activity and then incubated
with 5 % goat serum for 30 min. The primary antibodies were
applied separately, and the sections were incubated overnight
at 4 °C. After the excess primary antibody was removed, part
of the section was incubated with the secondary antibody
(HRP-conjugate goat anti-rabbit IgG) for 1 h followed by
DAB staining. After staining, the section was dehydrated,
coverslipped, and examined by microscopy. The other part
of section was incubated with the fluorescent secondary anti-
body (DyLight 488-conjugate goat anti-rabbit IgG) in dark
place for 1 h, then mounted with antifade solution, and exam-
ined by fluorescence microscopy. All sections were processed
under the same standardized conditions, and the relative in-
tensity was analyzed by ImagelJ software.

Western Blotting

Homogenates of the mouse brains and harvested cells were
lysed in RIPA buffer (Solarbio, Beijing, China), which
contained protease inhibitor cocktail (Roche Applied
Science, Mannheim, Germany), and then centrifuged at
12000g for 10 min at 4 °C. The supernatants were collected,
and equal amounts of extracted protein were separated by
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12 % SDS-PAGE. After immunoblotting the proteins onto
PVDF membranes (Millipore, Billerica, MA), the membranes
were then blocked with 5 % nonfat milk for 1 h at room
temperature and separately incubated with various primary
antibodies overnight at 4 °C. The antibodies that were used
included the following: rabbit anti-amyloid oligomer (1:2000;
Millipore), rabbit anti-RAGE (1:2000; Cell Signaling
Technology, Danvers, MA), rabbit anti-BACE1 (1:2000;
Abcam, Cambridge, UK), mouse anti-APP (1:2000;
Millipore), rabbit anti-NFkB p65 (1:800, Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-GAPDH
(1:1000; Cell Signaling Technology), and anti-beta-actin
(1:2000; Earth, CA, USA). The membranes were washed
three times with PBS containing 0.1 % Tween-20 and then
incubated for 1 h with the appropriate species-specific horse-
radish peroxidase (HRP)-conjugated secondary antibody. The
immunoreactive membranes were visualized with the Pro-
light HRP Chemiluminescent Kit (Tiangen, Beijing, China).
Exposures were recorded on X-ray film. (3-Actin and GAPDH
were used as invariant controls. Variations in density between
the target protein bands and the control bands were deter-
mined using software Image-Pro plus 6.0.

Real-Time PCR Analysis

Total RNA from homogenates of the mouse brains and the
harvested cells was isolated using TRIzol (Invitrogen, CA,
USA), according to the manufacturer’s instructions. Equal
amounts of total RNA were treated with DNase I and then
reverse transcribed into complementary DNA (cDNA) using
the RevertAid First Strand cDNA Synthesis Kit (Thermo,
Waltham, MA, USA). The real-time PCR amplification was
performed using the SYBR green method on a Light-Cycler
96 system (Roche Applied Science, Laval, Quebec, Canada).
Each cDNA sample was tested in triplicate. The cDNA levels
for each template were normalized with GAPDH using the
27AAC method. The primers included the following:
BACE1: sense, TGGAGGGCTTCTACGTTGTCTT, anti-
sense, CCTGAACTCATCGTGCACATG; NF-«kB: sense,
ATCTGCCGAGTGAACCGAAACT, anti-sense,
CCAGCCTGG TCCCGTGAAA; and GADPH: sense,
ACCCACTCCTCCACCTTTGA, anti-sense,
CTGTTGCTGTAGCCAAATTCGT.

ELISA Assay

The AP42 levels in the cells and cell secretions were
determined using the Human Amyloid beta peptide 1-42
(AP 1-42) ELISA Kit (Cusabio, Wuhan, China) according
to the manufacturer’s protocols. Briefly, the cell extracts
and the collected DMEM were added to a 96-well ELISA
plate and then reacted with appropriate primary antibodies
and HRP-conjugated secondary antibodies. 3,3',5,5'-
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Tetramethylbenzidine (TMB) was used as the substrate,
and the results were quantified using an automatic
micro-plate spectrophotometer at 450 nm. Averages from
two replicate wells were used for each sample. All quan-
titative analyses were performed by the external standard
method, producing a standard curve with a correlation
coefficient >0.99.

HPLC Analysis

The BALB/C mice were used to determine the efficiency
with which Mat crossed the BBB. Mat was administered
I.P. at 100 mg/kg. Serum and brain samples were then
extracted at 30 min, 1 h, 2 h, and 4 h (four mice for
each time point) and processed to determine the concen-
tration of Mat by high-performance liquid chromatography
(HPLC). All HPLC analyses were performed on the Bio-
Rad Dio Flow HPLC System with the following parame-
ters: The detector was set at 210 nm, the flow rate was
set at 1.0 mL/min, the temperature was set at 25 °C, the
injection volume was 5 pL, and a Nova-park C18 column
(3.9 mmx150 mm, 4 um) was used. All quantitative
analyses were performed according to the external stan-
dard method, using Mat as an analytical standard to pro-
duce the standard curve.

Molecular Docking

Docking experiments were performed in the program
AutoDock 4.0. The 3D structure of FA was built via
the Insight II/Builder program and then solvated with
a box of TIP3P water molecules that extended 10 A
from the boundary of any protein atoms. An appropriate
number of counter ions were added to neutralize the
system, and then the FA was optimized by energy min-
imization and molecular dynamics simulations. The
crystal structures of the A{342 monomer (PDB ID:
1Z0Q) and extracellular domain of RAGE (PDB ID:
4LP5) were chosen for the docking study. The structural
integrity of each model was visually examined using DS
Visualizer 3.1(http://accelrys.com/products/
discoverystudio/visualization-download.php) [43].

Statistical Analysis

The data presented in this study were obtained from at
least three independent experiments for each experimen-
tal condition. The data are expressed as the mean=the
SEM, either Student’s 7 test or two-way ANOVA (SPSS,
version 14.0). For comparisons between control and ex-
perimental results, *p<0.05 and **p<0.01 were consid-
ered significant. Multiple comparisons were performed
with Duncan’s test.

Results

Mat Inhibits the A 342-Induced Cytotoxicity by Inhibiting
the Aggregation of A[342

The effects of Mat on A 3-induced neurotoxicity were analyzed
in vitro and in SH-SY5Y cells. As shown in Fig. 1a, b, the high
doses of Mat significantly increased the viability of cells treated
with fresh A342 monomers in 24 and 72 h (»p=0.0236 and
p=0.0369, respectively) and with A342 oligomers in 12, 24,
and 72 h (p=0.0041, p=0.0018, and p=0.013, respectively).
Then, the ThT fluorescence intensity assay was performed to
detect the effect of Mat on A342 aggregation, and the results
showed that Mat exhibited an inhibitory effect whether the A3
start the aggregation from the state of monomers or oligomers
(Fig. 1c, d). Furthermore, to investigate the effect of Mat on the
aggregation of A342, we observed the status of A3 aggrega-
tion under the destabilizing influence of the small molecule Mat
using transmission electron microscopy (TEM). As shown in
Fig. le, f, Mat (50 uM) remarkably inhibited or changed the
aggregation of A3 from monomers to oligomers or to the final
state of fibrils. When Mat was acting on preformed Af3 oligo-
mers, we also observed that Mat inhibited or altered the Af3
state transition from oligomer to fibril (Fig. 1g, h), suggesting
that Mat could prevent AR42 from aggregating or fibrillating
along the typical progression of A(342 aggregation. This effect
may, therefore, weaken A [3-induced neurotoxicity.

Mat Suppressed the A3/RAGE Signaling Pathway
and Bound to the RAGE Protein in Vitro

The RAGE-overexpressing SH-SYSY cell line was used as a
cell model to assess the effect of Mat on the A3/RAGE sig-
naling pathway. As shown in Fig. 2a—d, the lentiviral vector
carrying the RAGE gene was successfully transfected into the
SH-SYS5Y cell line, and the western blot assay showed that the
RAGE protein were overexpressed in SH-SYSY cell lines.
Then, AB42 (5 uM) were added to the culture medium of
RAGE overexpressed cells as the ligands of RAGE, and two
doses of Mat (10 and 50 uM ) were added to evaluate the
effect of Mat on RAGE signal activation. The results of west-
emn blotting showed that Mat dose-dependently inhibited the
elevated expression levels of NF-kB (p=0.0374 and
p=0.0041, respectively) and BACE1 (p=0.028 and
p=0.031, respectively) (Fig. 2e, f), suggesting the inhibiting
effect of Mat on RAGE signal pathway. Furthermore, to de-
termine whether Mat bound to RAGE through a direct inter-
action, we performed MST experiment to assess the binding
affinity between RAGE and Mat. We found that RAGE ex-
hibited moderate binding affinity for Mat (KD =23923.8 uM)
(Fig. 2g). These results suggest that Mat has a binding affinity
with RAGE and could inhibit the downstream AR/RAGE
signal pathway.
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Fig. 1 The effect of Mat on A342 aggregation and A42-induced neu-
rotoxicity. a The effects of Mat on A 342 monomer-induced neurotoxicity
in SH-SY5Y cells. b The effect of Mat on AR42 oligomer-induced neu-
rotoxicity in SH-SYSY cells. ¢ ThT fluorescence assay-based evaluation
of the inhibitory effect of Mat on A[342 aggregation. d ThT fluorescence
assay-based evaluation of the inhibitory effect of Mat on A342 oligomer
aggregation. e, f The influence of Mat on the aggregation of freshly

Mat Attenuates the Memory Deficits of APP/PS1
Transgenic Mice

We further evaluated the effect of Mat on learning and mem-
ory in APP/PS1 transgenic mice by the MWM test. Mat was
administered to 10-month-old APP/PS1 transgenic mice for
4 weeks and then be tested. As shown in Fig. 3a, compared to
the mean escape latency of the control group, the APP/PS1
transgenic mice significantly increased over the 4 days of
learning-memory training. Compared with the APP/PS1 trans-
genic mice, the Mat (high dose)-treated APP/PS1 transgenic
mice showed remarkable improvements over the last 2 days of
the learning-memory training (Fig. 3b). In the probe trial, the
number of platform crossings made by the high dose-treated
Mat mice was greater than the number made by the AD mice
(p=0.0489). The high dose-treated Mat mice also spent more
time in the target quadrant than the AD mice (p=0.0321)
(Fig. 3c). The percentage of total distance spent in the target
quadrant by the Mat (high dose)-treated APP/PS1 transgenic
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prepared AR42 based on TEM observations. g, h The influence of Mat
on Af342 oligomer aggregation based on TEM observations. The MTT
assay and the ThT fluorescence assays were performed in triplicate.
Values are presented as the mean = SEM; *p < 0.05 and **p < 0.01, versus
Af3 oligomers (0Afp). The TEM images were acquired at 80 kV. The
scale bar is 100 nm

%

mice was increased compared to percentage for the control
APP/PS1 transgenic mice (p =0.0488) (Fig. 3d). These results
suggested that the high dose of Mat significantly improved the
memory deficits of the APP/PS1 transgenic mice. However,
no significant differences were observed between the Mat
(low dose)-treated APP/PS1 transgenic mice and the control
APP/PS1 transgenic mice in the above test.

Mat Inhibited the Formation of Senile Plaques
and Reduced the Levels of A342 Oligomers
in the Hippocampus of APP/PS1 Transgenic Mice

To assess the effect of Mat on A levels in vivo, we investi-
gated the levels of senile plaques and A3 oligomers in the
hippocampus of the AD model mice following the treatment
with Mat (high dose). As shown in Fig. 4, the APP/PS1 trans-
genic mice showed remarkable A3 plaques in hippocampus
compare to Mat-treated AD mice (Fig. 4a, b), and the immu-
nofluorescence assay showed that the A3 was reduced in the
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Fig. 2 The effect of Mat-mediated inhibition on the downstream RAGE
pathway and the binding affinity between RAGE and Mat. a PCR-based
identification of the transgenic SH-SYSY cell line that stably expressed
the RAGE gene (1215 bp). M indicates the marker, ‘-’ indicates the SH-
SYSY cell line, and ‘+’ indicates the RAGE transgenic SH-SYS5Y cell
line. b Immunofluorescence assay using anti-RAGE antibodies in the
RAGE overexpressing SH-SY5Y cell line. ¢ Brightfield image of the

brain of Mat-treated AD mouse than the control APP/PS1
transgenic mice (Fig. 4c, d), and the relative plaque burden
area assay showed that Mat could reduce A3 plaques by
53.89 % (Fig. 4¢). Moreover, using the anti-Af3 oligomer
antibody, western blotting assay showed that the Mat-treated
mice showed lower level of A3 oligomers (p=0.0354)
(Fig. 41), and the ELISA analysis also revealed that the level
of soluble A3 was reduced after the Mat treatment
(p=0.0003) (Fig. 4g). These results indicate that Mat admin-
istration reduced the A3 plaques and Af3 oligomers in vivo.

Mat Weakens the RAGE Signaling Pathway
and Proinflammatory Cytokines in APP/PS1 Transgenic
Mice

We also analyzed the levels of proteins that were associ-
ated with the RAGE signaling pathway, APP, BACEI, and
NF-kB in the Mat-treated AD mouse model. As shown in
Fig. 5a, western blotting analysis showed that the APP

RAGE overexpressing SH-SYSY cell line. d Western blotting assay for
the RAGE protein in the RAGE transgenic SH-SYS5Y cell line. e, f
Western blotting assay for NF-«kB (e) and BACEI! (f) with the treatment
with the low and high doses of Mat under A3 stimulation in RAGE-
overexpressing cell line. The data are the mean+SEM; *p<0.05 and
*#p <0.05, versus the control RAGE transgenic SH-SY5Y cell line

expression level was not influenced by Mat (p=0.471)
(Fig. 5a), whereas the protein levels of NF-kB and
BACEIl in the Mat-treated mice were significantly lower
than those in the control AD mice (p=0.0364 and
p=0.0198, respectively) (Fig. 5b, ¢). Moreover, ELISA
analysis indicated that the proinflammatory cytokines
TNF-oc and IL-13 were downregulated in the Mat-treated
group (p=0.0157 and p=0.0122, respectively) (Fig. 5d, e),
which is consistent with the trend of the expression levels
of NF-kB. These results suggested that Mat downregulated
the RAGE signaling pathway and ultimately delayed the
inflammatory process in AD mouse model. In addition, we
detected the concentration of Mat in the brains of mice
with the administration of high dose of Mat over a period
of time (0.5, 1, 2, and 4 h), and the HPLC assay demon-
strated that an effective concentration of Mat was found in
the brain of Mat-treated mouse in 1 h, suggesting that the
high dose of Mat administration could be transported
through the BBB (Fig. 51).
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platform. a The influence of Mat on swimming times during the
training test; the mean escape latency reflects every group that was
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Fig.4 Matreduced Af levels in the hippocampus of the APP/PS1 trans-
genic mice. a, b The immunohistochemistry assay showed the Af3
plaques in hippocampus in the control/ high dose Mat-treated AD mice.
¢, d The immunofluorescence assay showed the A3 plaques of brain in
the control/ high dose Mat-treated AD mice. e The relative plaque burden
area assay showed that Mat reduced A3 plaques by 53.89 % compared to
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Fig. 5 The effect of Mat treatment on the expression levels of APP,
BACEI, NF-kB, and the proinflammatory factors IL-13 and TNF-« in
the AD mouse model. a—¢ Western blotting assays showed the protein
expression levels of APP (a), BACELI (b), and NF-kB (c¢) in the hippo-
campus of the high-dose Mat-treated/control AD mice. d, e ELISA assay

Molecular Docking Analysis Predicts Interactions
between Mat and the Two Target Proteins: A 342
Monomers and RAGE

Molecular docking analysis between Mat and the two target
proteins, A (342 monomers and RAGE, was preformed to pre-
dict whether Mat interacted directly with the two targets and
explored the molecular mechanism underlying this effect. The
small molecule Mat (Fig. 6a, b) was constructed and solvated,
energy was minimized, and the potential energy of the molec-
ular system dropped to a stable level which was consistent
with previous research (Fig. 6¢) [44]. As shown in Fig. 6e, f,
the major interaction were found in the middle region of the
A 342 monomer (Fig. 6f, residues 14-30 were colored cyan)
which were stabilized mainly by Van Edward force, the total
interaction energy was —8.69 kcal/mol. For the docking anal-
ysis between Mat and the other target RAGE, we choose the
Crystal structure of RAGE V domain which has been reported
as the ligand binding region of RAGE [45, 46]. Considering
that Mat is a small hydrophobic molecule, three regions for
potential for Mat binding were found in the V domain of
RAGE (Fig. 6g), zone 1 with the positive charge-rich region,
and zone 2 and zone 3 with the hydrophobic region (green
area, orange area, and pink area in Fig. 6g, respectively), and
the docking analysis showed that Mat has no significant

showed the expression levels of TNF-« (d) and IL-1{3 (e) in the hippo-
campus of the Mat-treated AD mice. f HPLC assay was performed on the
brain and serum samples from the BALB/c mice which administered the
high dose of Mat. The data are the mean+ SEM; *p <0.05, versus the
control AD mouse model

interaction with zone 1 and zone 2; however, a strong interac-
tion was found in zone 3 (—38.96 kcal/mol). As shown in
Fig. 6h, hydrogen bonds were formed between the carbonyl
of Mat and amide group of Lys37, with the further analysis,
and we confirmed that besides the hydrogen bonding interac-
tion between Mat and Lys37 (-14.51 kcal/mol), Val35, Leu36,
leu34, and Ile26 contribute to the stable interaction through
the hydrophobic interaction (7.07, 4.70, 2.38, and 2.19 kcal/
mol, respectively). Based on the above data, we speculate that
Mat may downregulate the AB/RAGE signal pathway
through block the binding between RAGE V domain and
ligands.

Discussion

The treatment of AD is a topic that has puzzled researchers for
many years as the currently used drugs, which target AChE or
NMDA receptors, can only improve the symptoms of AD and
cannot reverse or even delay the development of AD.
Accordingly, new strategies are needed for more effective
treatment of AD. Though controversial, the current main-
stream theory still considers A3 the most important target
for the cure of AD. In this study, we sought to identify a
compound that could delay the pathological process of AD
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Fig. 6 Molecular docking assay between Mat and A(342 monomers/
RAGE-V domain. a The chemical structure of the Mat. b The ball-and-
stick model of the Mat molecule that was used for the docking simula-
tions. ¢ Variation in the potential energy, determined by energy minimi-
zation and molecular dynamics simulations for Mat. d The main interac-
tion energy between Mat and A{342 monomers/RAGE-V domain. e
Docking complex of Mat with A342 monomer. f Molecular surface

through various mechanisms, based on the A3 hypothesis.
Therefore, we attempted to explore multi-target treatment of
AD. As the first target, we sought a compound that could
attenuate A3-induced neurotoxicity by inhibiting A} aggre-
gation. When we considered past drug development, the key
secretases of the APP pathway were still not clearly progress
[47-49]. Therefore, RAGE was chosen as the second thera-
peutic target in our study due to its close association with the
pathological development of AD [29, 31, 35, 36, 38, 50].
The active compounds of 16 traditional Chinese herbal
compounds (Cistanche, Epimedium, Acorus gramineus,
Poria, Astragalus, fleece-flower root, Rhodiola, Polygala,
Gynostemma, Tianma, Angelica, Sophora, Rehmannia,
Cnidium fruit, Alpinia oxyphylla Miqand, and Ligustrum
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representation of A342 monomer with mat, residues 14-30 were colored
cyan. g Docking conformation of RAGE-V domain with Mat, zone 1,
zone 2, and zone 3 were colored green, orange, and pink. h A close-up of
the interaction between RAGE-V domain with mat. i Mat and the impor-
tant residues at zone 3, the names of residue were colored cyan, and the
hydrogen bond was colored green (color figure online)

lucidum) which have the potential treatment of Alzheimer’s
disease in Chinese medicine theory were recruited and
screened. The screening process was conducted according to
the steps and principles as follows: (1) For the consideration of
the effective of drug to cross the BBB, the candidate com-
pounds should have the limitation of Molecular Weight
(MW) (approximately less than 600) and less hydrogen bond
(less than 3); (2) we first screened if the active compounds
have significant effect on inhibiting the A{3-induced neurotox-
icity and could disturb the A3 aggregation; (3) docking anal-
ysis was then used to simulate the interaction of the first
screened compounds with A342 monomer molecular and
RAGE V domain respectively to provide the crucial reference
and information of the molecular simulation; and (4) at last
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screened candidate compounds were evaluated for the effect
on RAGE target in vitro, and the final screened compounds
will be evaluated in AD mouse model. Through the screening
process, we finally identified a novel candidate drug, Matrine
(Mat), which could both inhibit AP42-induced cytotoxicity
by inhibiting the A{342 aggregation and suppress the A3/
RAGE signaling pathway in vitro, and our in vivo study dem-
onstrated that Mat administration ultimately reduced A
levels and chronic inflammation as well as attenuated memory
deficits in the APP/PS1 transgenic mice model (Fig. 7).

We believe that inhibiting the aggregation of Af is still a
viable strategy for the development of drugs for the prevention
of AD. Structural analyses of A3 aggregates have suggested
that amino acid residues 13-38 of Af42 comprise the main
region involved in the formation of A3 (3-strand structure
[51-54]. Our docking simulations showed that Mat interacted

@ AB42 [«—| APP
| e ey

A B 42 oligomers -+ A B 42 plaques
s | '
A B 42 aggregate stress

Pro inflammatory
3 cytokines

Neurodegeneration and cell death

Alzheimer’s Disease

Fig. 7 A simplified schematic illustration of Mat alleviates the
development of AD. Mat inhibits the A3 aggregation, leading to reduce
Afp-induced neurotoxicity. Meanwhile, Mat blocks the ligand binding site
of RAGE and weakens the activation of the RAGE pathway with the
stimulation of A{3. Furthermore, the Mat-induced reduction in A3 levels
and chronic inflammation may also contribute to the reduction in the
activation of the downstream RAGE signal pathway. In addition, due to
the ability of Mat to reduce inflammation, it may also contribute to the
anti-inflammatory response, in addition to inhibiting the RAGE signaling
pathway. Taken together, the results indicate that Mat is a potential com-
pound with multiple targets that can be used for AD treatment

with A342 mainly through electrostatic interactions and that
the optimal conformation of Mat was approximately localized
to the 20-33 amino acid residues of the A3 monomer, which is
precisely the area that forms (3-sheets. Our ThT fluorescence
assay and the TEM-based observations of the aggregation state
further confirmed that Mat could inhibit A342 monomer-
induced aggregation. Moreover, we also considered that the
transition from monomers to oligomers and from oligomers
to fibrils could result from different conformational transition
processes, however, the crystal structure of the A3 oligomer
remains imperfect as a PDB file. Therefore, we did not specu-
late about the binding site mediating the Mat-Af3 oligomer
interaction in this study. Nevertheless, our in vitro results con-
firmed that Mat has the ability to inhibit the aggregation of Af3
oligomers, and therefore, the inhibitory effect of Mat ultimate-
ly weakened the A3-induced cytotoxicity, as expected.

In recent years, several inhibitors of A3 aggregation, such
as small molecules or peptides, have been reported, while
none of these have made substantial progress in clinical trials
[55, 56]. This shortcoming led us to consider a more effective
strategy for the treatment of AD, wherein a new auxiliary
target could have a synergistic effect on A 3-targeted treatment
of AD. Although much remains to be learned, Af3 is known to
damage neurons in various ways. For example, secreted Af3
binds to RAGE and mediates pathophysiological cellular re-
sponses; this process is thought to be one of the vital pathways
of AD [57-59]. Over-activation of the RAGE pathway in AD
could trigger the NF-kB signaling pathway and cause the in-
flammatory response, thereby increasing the levels of proin-
flammatory cytokines, such as TNF-« and IL-6 [29, 60, 61].
This effect is also accompanied by elevated levels of 3-
secretase (BACE1) and increased Af3 levels in the brain [29,
30]. Moreover, blocking the RAGE-mediated effects delayed
the progression of neurodegeneration and the chronic inflam-
matory response in a mouse model [62, 63], indicating that
regulating or moderately inhibiting the RAGE signaling path-
way may have beneficial therapeutic effects in AD. For this
reason, we thought that regulating RAGE activity would be
more beneficial than blocking it. Our in vitro assays confirmed
that Mat could weaken the Af3-activated RAGE-NF-«B/
BACEI! signaling pathways in the RAGE-overexpressing
SH-SYS5Y cell line. Moreover, the molecular simulations in-
dicated a strong interaction between Mat and a hydrophobic
region of the RAGE V1 domain, which is the binding site of
the A3 ligand. Our MST assay further confirmed the interac-
tion between Mat and the RAGE protein. All of these results
suggest that Mat may suppress the RAGE signaling pathway
by blocking A3 binding to the RAGE V domain.

Mat is a small, natural molecular compound that is derived
from the traditional Chinese herb Sophora flavescens Ait. As
one of the main active components of traditional Chinese
medicine, it has been used to treat several inflammation-
related diseases and also some types of cancer in China. In
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particular, several reports have indicated that it has a benefi-
cial, anti-inflammatory effect in different cell lines and cell
models of disease [64—68]; however, the mechanism of the
anti-inflammatory effect on Mat is still unclear. Our results
showed that Mat could inhibit the A3-RAGE signal pathway,
and as mentioned before, preventing the RAGE signal path-
way could delay the inflammatory response. So, we infer that
Mat may exert the anti-inflammatory effect through inhibiting
the RAGE signal pathway; meanwhile, this may also be one
of the mechanisms for its anti-inflammatory effect, it cannot
be excluded that Mat may inhibit the inflammatory reaction
through the other way in this study and the specific mecha-
nism requires further study.

Some potential limitations of our study should be
discussed. First, we are aware that Mat may not be the most
effective drug for both targets and that the efficiency and effi-
cacy of its delivery can be improved. Yet, we believe that it
was the most suitable compound identified in our first screen-
ing based upon our considerations. In further studies, we will
try to evaluate more compounds that are based on this core
structure but that have been molecularly modified. Second,
there are complicated correlations between the two targets in
the pathological process of AD. For instance, inhibition of the
RAGE pathway consistently reduces A3 levels and inflam-
matory responses. Meanwhile, reducing the neurotoxicity of
A can also reduce RAGE activation and attenuate chronic
inflammation [28, 35, 59, 60] (Fig. 7). Therefore, although we
demonstrated that Mat has an effect on the two targets of AD
in vitro, it is difficult to evaluate the separate effects on each
target or to determine which target of Mat play the more im-
portant role in vivo, or even if Mat reduce the chronic inflam-
mation of AD through the other signal pathway, this is the
results of a combined effect. Consequently, the in vivo results
in this study could confirm that Mat reduced the chronic in-
flammation and A3 deposition, and ultimately attenuated the
memory deficits of AD transgenic mice, and it could have
been caused by the effect of Mat on the above function
(Fig. 7). Third, though the in vivo results were statistically
significant, the number of the mouse group is relatively not
large enough. Anyway, our results demonstrated that Mat
could inhibit AR42-induced cytotoxicity and suppress the
AB/RAGE signaling pathway in vitro, and the evaluations in
vivo on the effects of Mat are consistent with the in vitro
results. And, we believe that this novel multi-target strategy
to inhibit A3 aggregation and block RAGE is worthy of fur-
ther research. Our future studies will focus on identifying even
more effective multi-target compounds for AD treatment
based on the molecular structure of Mat.
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