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Abstract: Amyloid-B (AB) is considered partially responsible for cognitive dysfunction in Alzheimer’s disease (AD).
Resveratrol is known as an anti-neurotoxicity potential natural product, however low blood-brain-barrier (BBB) per-
missibility and low oral-bioavailability (OB) are the main limitations on its clinical potential. In this study, we illus-
trated that Pterostilbene (PTS), a kind of resveratrol analog which showed higher scores on BBB and OB, could
overcome AB-induced neurotoxicity in vitro and in vivo. In silico simulation indicated PTS binding with PDE4A may
contribute to its anti-apoptosis and anti-neurotoxicity effects. Behavioral tests further confirmed PTS’ potential of
overcoming memory deficits in APP/PS1 mice (AD model). Interestingly, PTS also rescued the reducing in dendritic
spine density in APP/PS1 mice based on Golgi-Cox staining. Besides, as results of reversing AB-induced decreases
in cyclic-AMP level, PTS increased the pVASP, pCREB, BDNF, and PSD95 expression. Overall, PTS protects neurons
against AB-induced neurotoxicity and cognitive dysfunction through regulating the PDE4A-CREB-BDNF pathway.
Therefore, targeting on PDE4A, PTS would be a qualified natural product for alleviating AB-induced neurotoxicity in

AD.
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Introduction

With an ever-increasing population, the inci-
dence of Alzheimer’s disease (AD) in the United
States will increase from the current population
of 4 million to 14 million in 2050 [1]. Although
various efforts have been made to reveal the
molecular basis of this chronic disease, little
advancement has been made in affirming the
pathogenesis. Among the varied hypotheses,
amyloid-B (AB) hypothesis may be the most
acceptable interpretation of AD pathology. Sin-
ce none of the therapy strategy directly target-
ing AB presents a convincing result on clinical
trial [2], discovering novel targets to overcome
AB-induced neurotoxicity is very urgent for AD
therapy.

Phosphodiesterase (PDE) has been reported to
be a valuable drug target in many diseases,
such as Parkinson’s disease [3] and AD [4].

Among 11 subtypes in PDE superfamily, PDE4
and PDE2 are two members involved in neuro-
degeneration disease [5]. PDE4A and PDE4D
are the most studied PDE4 variants [6], as well
as PDE2A3 in PDE2 family [7]. PDE4 specially
dehydrates cyclic adenosine monophosphate
(cAMP) but not cyclic guanosine monophos-
phate (cGMP), while PDE2 targets on both of
the cyclic nucleotides [8]. Studies have shown
that they also affect the neuronal cell survival,
and may be invovled in neurodegenerative pro-
cesses when functioning incorrectly [9]. CAMP
response element binding protein (CREB) is one
of the critical targets of cAMP and cGMP in neu-
ronal signaling [10, 11]. Studies have shown
that CREB is associated with up-regulation of
growth factors, neurotransmitters, and other
signaling molecules which have important roles
in neuroplasticity and neuronal survival [5]. In
vitro, elevated cAMP can rapidly recruit tyro-
sine-kinase B (TrkB) receptors, which are the


http://www.ajtr.org

Pterostilbene attenuates amyloid-f3 induced neurotoxicity

major receptors of brain-derived neurotrophic
factor (BDNF), thus enhancing the response to
these neurotrophic factors, which is vital for
neuronal growth and survival [12]. As a major
activator of CREB, down-regulation of AC/cA-
MP/PKA signaling can also explain the loss of
synaptic plasticity and memory loss in AD [13].

In these years, many studies have confirmed
Resveratrol’ neuroprotective effects on AD in
several models, both in vivo and in vitro. How-
ever, the effects of Resveratrol are limited due
to its low oral-bioavailability (OB) [14]. Compare
to Resveratrol, its structural analog Pteros-
tilbene (PTS) presents higher blood-brain-barri-
er (BBB) permeability and OB (data collected in
TCMSP database). PTS is a phenolic compound
originally extracted from sandalwood and later
found in fruits such as blueberries and grapes,
which are beneficial for neuronal function and
cognition during aging [15]. Several studies
have demonstrated PTS’ effects on AB-induced
neurotoxicity in vivo and in vitro [16-18], how-
ever, its target protein or signal pathway has
not been fully revealed. In this study, we pre-
dicted a new target of PTS, PDE4A, and illus-
trated that PTS overcome AB caused neurotox-
icity in vivo and in vitro through PDE4A-CREB-
BDNF pathway.

Material and methods
Animals

Eight-month-old male APP/PS1 transgenic mice
and littermate wild-type (WT) C57BL/6 mice
were purchased from the Cyagen Biosciences
(Guangzhou, China). Mice were housed with
ambient temperature and humidity controlled
to 25°C and 50%, and 12 h of light/dark cy-
cles. Each mouse was allowed to adapt to the
environment for 5 days before any treatment.
All animal experiments were performed accord-
ing to the NIH Guide for the Care and Use of
Laboratory Animals and approved by the Ins-
titutional Animal Care and Use Committee of
the Shaanxi Fourth People’s Hospital (China).

Drug treatments

ABQ5_35 (@b120480) and PKG inhibitor KT5823
(@b120423) were purchased from Abcam com-
pany. PTS (4-[(E)-2-(3,5-Dimethoxyphenyl)ethe-
nyllJphenol), Rolipram (4-(3-cyclopentyloxy-4-
methoxyphenyl)pyrrolidin-2-one) were obtained
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from Sigma-Aldrich (St. Louis, MO, USA). PKA
inhibitor H89 (S1582) was purchased from
Selleck company (Shanghai, China). PTS (5, 10,
20 mg/kg, p.o.) was orally administrated con-
stantly once per day for 13 days. Rolipram was
dissolved in 0.5% dimethyl sulfoxide (DMSO)
and was administrated 30 minutes before the
behavioral tests. H89 (1 pL, 5 nmol) and KT-
5823 (1 uL, 2 nmol) were administered 30 min-
utes ahead of PTS or Rolipram treatment.
Daniela. Puzzo et al. reviewed the AD rodent
models and described the APP/PS1 mice as
exhibiting short-term memory deficit, long-term
memory deficit, basal synaptic transmission
and AP pathology from age of 3 months, 6
months, 6 months and 3 months, respectively
[19]. We used 8-month APP/PS1 transgenic
mice that presented learning and memory
impairment by behavioral tests.

Pharmacokinetic comparison

The pharmacological parameters of PTS and
Resveratrol were searched from Traditional Ch-
inese Medicine System Pharmacology Data-
base and Analysis Platform (TCMSP, available
online: http://Isp.nwsuaf.edu.cn/tcmsp.php), or
in ingredient chemical database, respectively.
BBB permeability, OB, drug-likeness (DL) evalu-
ation and Caco-2 permeability were selected
for comparison. In the TCmsp database, the
BBB parameter is defined as NO BBB permea-
bility when BBB < -0.3, partial BBB permeability
when -0.3 < BBB < 0.3, high BBB permeability
when BBB > 0.3. When searching in the TCMSP
database, we set the BBB parameter as BBB >
0.3. Here, OBioavail 1.1, a reliable in silico
model [20], was used to calculate the OB of
structurally diverse drugs and drug-like com-
pounds. Since there is often a good correlation
between the absorption of human oral drugs
and their apparent permeability coefficients in
human intestinal epithelial (Caco-2) cells. Caco-
2 cell monolayers are commonly used to pre-
dict the fraction of oral dose absorbed and
compound’s intestinal absorption. In the TC-
MSP database, the founders calculate the Ca-
co0-2 permeability model based on 100 drug
compounds and displays an optimal statistical
result (R?2 > 0.8). Considering that the com-
pound having Caco-2 < -0.4 is impermeable,
the threshold of Caco-2 permeability is set to
-0.4.
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Docking and molecular dynamics simulation
assays

Following Yilixiati Xiaokaiti's assay [21], the
molecular docking and molecular dynamics
simulation (MD) were briefly described as bel-
low, CDOCKER algorithm in Discovery Studio
(DS) 2.5 (Accelrys Software Inc., San Diego, CA)
was used to evaluate the potential molecular
binding mode between PTS and PDE4A, PDE4D
or PDE2A proteins in this study. Dell optipl-
ex755 server was used to run the program
(Round Rock, TX). The crystal structure of
PDE4A (PDE4A, PDB ID: 318V), PDE4D (PDE4D,
PDB ID: 4W10) and PDE2A (PDE2A, PDB ID:
4D08) were obtained from Protein Data Bank
(http://www.rcsb.org/pdb/). The protein was
refined with CHARMm after the water mole-
cules in the protein were removed, PTS was
docked into the proteins at the same binding
site as the internal ligand with proper parame-
ter setting, respectively. Starting from PTS con-
figuration, a set of 10 different orientations we-
re randomly generated. Once the ligand has
been docked into the active site, a molecular
dynamics (MD) simulation was performed con-
sisting of a heating phase from 50 K to 300 K
with 2000 steps, followed by a cooling phase
back to 50 K with 5000 steps. The energy
threshold of van der Waals force was set to 50
K. In addition, the simulation results were fur-
ther improved by running a short energy minimi-
zation comprising 500 steps of descent fol-
lowed by 500 steps of conjugate gradient using
an energy tolerance of 0.001 kcal/mol. It was
considered as a failure when a docking did not
have any output pose. Accuracy test was car-
ried out by calculating the root mean square
deviation (RMSD) after re-docking the internal
ligand with the algorithm into the protein.

Behavioral tests

The Morris Water Maze test was carried out
according to the previous description [22].
Initially, mice were given cued training for 3
days, and the position of the platform was
marked using flag. Between different trials
(four trials per day), the position of the platform
and the orientation of the mouse being intro-
duced into the pool were altered. The next day
after the whole cued training, animals were
given acquisition training for 6 days, and the tri-
angular flag was taken away during this stage.
During the whole training, the position of the
platform remained static for every rodent sam-
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ple, the trials were performed according to the
operation of the cued training phase. Later, a
probe trial was performed on the following day,
during this stage, the platform was taken away,
and every mouse was introduced from a novel
entry point. The mouse then swam freely for 60
s, while the swimming track was recorded.

Step-down passive avoidance test (PA) was de-
monstrated to memory consolidation and me-
mory retention studies. For the acclimation,
mice were placed into the grid of step-down
apparatus 24 h prior to the tests. The appara-
tus was a plastic box (30 cm x 30 cm x 40 cm
high); the ground in the box consisted of paral-
lel stainless steel bars (0.3 cm diameter spaced
1 cm apart). There was a Cylindrical plastic
platform (5 cm x 5 cm x 5 cm) on the center of
the grid floor. The test consisted of two parts:
the training session and the retention session.
During the training session, the animals were
trained by placing them on the steel grids and
then an electric shock was delivered to their
paws via the rods of the grid floor (1 Hz, 0.5 s,
45 V DC) until they stepped up onto the plat-
form. The time taken to jump onto the platform
(reaction time) and the number of electric
shocks they received were recorded. After 24 h,
retention test session was performed, mice
were placed on the steel grids, but not shocked,
the latency to jump down into the steel ground
in the dark chamber was recorded. 300 S was
set as the max latency time [23, 24].

Novel object recognition test (NORT) was car-
ried out in memory ability study. Animals were
individually placed in a square cage and allowed
to explore two identical objects placed in cer-
tain positions in the cage for 5 min (acclimation
period). Then the cage was cleaned (to remove
any scent), a novel object was put in to replace
one of the two identical previous objects, and
the mouse was then put back in the cage for
another 5 min (test period). Time interacting
with each object (nose within 1 cm of the
object) was recorded. After 24 h, the test peri-
od was carried out, with the same original
object but a different novel object. Values rep-
resent the percentage of time spent with the
novel object vs. the total time spend with either
object [25].

Golgi-Cox staining assay

Golgi-Cox staining was carried out with the FD
Rapid Golgi Stain Kit (FD Neuro Technologies,
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Columbia, MD, USA). Initially, mice were anes-
thetized then euthanized, the brains were dis-
sected immediately and rinsed with PBS. The
brains were then immerged in a mixture of FD
Solution 1 (A:B = 1:1) for 14 days in darkness
at room temperature, and then transferred to
FD Solution C and kept at 4°C for 72 h in the
dark. Solution C was changed after the first 24
h. 120 uym brain sections were cut using a Leica
freezing microtome. Each section was mounted
on gelatin-coated slides, and dried overnight.
Then the sections were immerged in a mixture
of FD Solution 2 (D:E:Milli-Q water = 1:1:2) for
10 min. After Milli-Q water washing, the slides
were dehydrated in 50%, 70%, 95%, and pure
alcohol and cleared in Xylene for 3 times, and
coverslipped. Dendritic spine was imaged us-
ing an Olympus BX-51 microscope (Wetzlar,
Germany).

Mouse primary neuron culture

Briefly described, the day 18 timed pregnant
WT C57BL/6 mice were firstly anesthetized,
and then the embryos were quickly removed
from the uterus. Under sterile conditions, the
embryonic brain was dissected and the cortical
tissue was isolated. Carefully removed the dura
mater and pia mater separately, then cut the
cortical tissue into small pieces. After being cut
into small pieces, 50 yL of 2.5% trypsin and 50
pL of 2 mg/mL DNase | were added into 1 mL
minced tissue suspension in PBS and incubat-
ed at 37°C for 23 min. The digestion was termi-
nated by adding FBS and centrifuged at 300 x
g for 5 min at 4°C. The neurons were then
resuspended in Neurobasal Medium (2% B27,
2 mM glutamine). The neuronal suspensions
were subsequently plated on poly-D-lysine-
coated 24-well plates. The cultures were main-
tained at 37°C with 5% CO,,. Replace half of the
old medium with an equal amount of fresh
medium once every three days. The cultures
could be used for experiments on culture day
10. To induce cell injury, cells were incubated
with 20 uM AR for 48 hours.

Cell viability analysis

Primary neurons were seeded in 96-well plates
(3000 cells/well) and treated with the PTS at
various concentrations (10° to 10“ mol/L) or
vehicle (0.1% DMSO). Cell viability was exam-
ined with a CellTiter 96® AQueous One Solution
Cell proliferation assay (MTS) assay.
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TUNEL staining

Terminal deoxynucleotidyl transferase-mediat-
ed dUTP-biotin nick end labeling (TUNEL) stain-
ing was performed using a TUNEL Apoptosis
Assay Kit (solarbio, Beijing, China). Apoptotic
cell nuclei were stained with fluorescein-dUTP,
Hoechst was used to stain all cell nuclei. Briefly,
the drug-treated primary neuron cells were
fixed with paraformaldehyde for half an hour,
gently rinsed with PBS, added with Triton-X-100
(0.2%) for 10 min at room temperature. Add the
newly prepared TUNEL assay solution and incu-
bate at 37°C in the dark for 1 h, observed using
a fluorescence microscope.

Analysis of cAMP and cGMP concentrations

The primary neuron cells were maintained in
Neurobasal Medium including 2% B27, 2 mM
glutamine, cultured at 37°C in 5% CO,. Cells
were plated at 1 x 10° cells/well into 6-well
plates for all the tests and were treated with
different drugs for 24 h before tests [26]. After
24-hour treatment with PTS or rolipram, cells
were treated with 0.1 M HCI containing 0.5%
Triton X-100 and incubated for 10 min at room
temperature. Then, the samples were centri-
fuged for 10 min (800 x g) to precipitate cellu-
lar debris. Cyclic AMP and cGMP were exam-
ined with Enzyme-linked immunosorbent assay
(ELISA).

Western blot analysis

Briefly, primary neuron cells were lysed, then
quantified proteins using the BCA assay. An
equal amount of protein samples was subject-
ed to SDS-PAG and electro-transferred to a
0.45 pm polyvinylidene difluoride membranes.
The membranes were probed with primary an-
tibodies as well as with a GAPDH antibody
(1:3000) as a loading control. The membranes
were then incubated with secondary antibody
for 1 h followed with triple 10-min wash in TBS-
T. Bands were visualized with an enhanced che-
miluminescence (ECL) system. Data within a
linear range were quantified using Quantity One
software (BioRad).

Statistical analysis

All data are presented as the means + SEM.
Statistical analysis was conducted with SPSS
18.0 and GraphPad Prism 6.0. Multiple com-
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Table 1. PTS exhibits higher score on drugga-
ble character-parameters than Resveratrol in
TCMSP (Traditional Chinese Medicine System
Pharmacology database)

Parameters Pterostilbene  Resveratrol
Molecular Weight 256.32 228.26
BBB 0.49 0.18
DL evaluation 0.14 0.11
OB 77.54% 19.07%

Caco-2 permeability 1.20 0.80

Pterostilbene shows higher BBB score (the higher of

the score, the easier to deliver through the blood brain
barrier), higher drug like index score (the higher of the
DL, the more probability of this molecule are developed
into a market medicine.), higher oral bioavailability (OB)
(the higher OB, the higher concentration of the original
molecule in the blood) and higher Caco-2 permeability
score (the higher of Caco-2 score means the molecule is
the more permeable in intestine). All these data indicate
Pterostilbene may be more a compound of more poten-
tial to be a market drug for Alzheimer’s disease.

parisons among vehicle and treatment groups
were operated by one-way ANOVA followed by
Bonferroni correction. P < 0.05 was considered
statistically significant.

Results

PTS presents more potential druggable char-
acters than resveratrol

To identify the advantage of PTS’ effect on
memory deficit, four ADME standards in differ-
ent parameters (BBB, DL, OB, and Caco-2 per-
meability) were used to compare PTS and
Resveratrol (Table 1). As BBB is the first key
factor on estimating a medicine against central
neuro system disease. We found BBB index of
PTS was 0.49, which was higher than the stan-
dard permeable index, as well as it was higher
than BBB index of Resveratrol (0.18). In next
step, assuring molecules with a high DL index
could increase the possibility of therapeutic
success, and the higher DL value a molecule
had, the larger possibility it might possesses
certain biological properties. DL(PTS) =0.14 and
DL(RGS) =0.11, both of them were lower than the
system threshold of DL = 0.20. PTS exhibited
more favorable DL features than Resveratrol.
OB and Caco-2 permeability should also be
assessed to ensure the reliability of screening
model [27]. As a result, PTS exhibited proper
oral bioavailability (OB = 77.54%), which was
much higher than that of Resveratrol (OB =
19.07%). In addition, to evaluate the absorption
property, we searched the Caco-2 permeability
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Table 2. PTS shows higher interaction-energy
score with PDE4A than with PDE2A or PDE4D
in Docking simulation

-CDOCKER INTERACTION ENERGY

Receptor (kcal/mol)
Pterostilbene Initial ligand
PDE2A 33.3183 52.5304
PDE4A 36.926 39.643
PDE4D 35.907 50.034

The lower of the -CDOCKER INTERACTION ENERGY, the
stronger affinity between Pterostilbene and the PDE
protein.

of PTS and Resveratrol. The results showed
that PTS (Caco-2 = 1.20) was found meeting
the threshold requirement of Caco-2 permea-
bility (> -0.4).

PTS presents most potential affinity with
PDE4A

As the screening-selected compound, PTS was
docked with the potential targets. The CDOC-
KER INTERACTION ENERGY between PDE4A,
PDE4D, PDE2A, and their initial ligands were
shown in Table 2. The algorithm output told us
PDE4A was simulated as the receptor of stron-
gest affinity with PTS (-36.926 kcal/mol).

Figure 1A and 1B displayed the 3D structure of
PTS and Resveratrol. PTS molecule was dis-
played using a ball and stick model and the
PDE4A protein was displayed using a macro-
molecular secondary structural model (Figure
1C). The 2D diagram simulation presented the
OD1 in the ASP413 amino acid residue form-
ed H-bonds with H35 of PTS. Pi-Sigma bond
was detected between the ligand molecule
PTS and HG11 in ILE548 amino acid residue
of acceptor PDE4A, as well as a Pi-Pi conjugat-
ed bond between PTS and PHE584 residue of
acceptor protein (Figure 1D). In next step, the
best pose of PDE4A-PTS-complex from virtual
screening and CDOCKER was selected, and the
apo-form of protein (4W10) was subjected to
200 ns molecular dynamics (MD) simulations
using Discovery Studio version 2.5. The stabili-
ty of the protein was analyzed by H-bonds num-
ber (Figure 1E) and plotting root mean square
deviation (RMSD) (Figure 1F). The RMSD plot of
apo-form of protein and PDE4A-PTS-complex
structure had shown deviation between 0.3
and 1.35 A (Figure 1F). The Rg is also calcu-
lated to analyze the folding pattern of the
protein during simulation [21] and is defined
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Figure 1. Molecular docking and molecular dynamics simulation between PTS and PDE4A protein using the CDOCK-
ER algorithm. 3D structure of PTS (A) and Resveratrol (B). (C) The interaction residues and bonds in the PTS-PDE4A
interaction. PTS molecule was displayed using a ball and stick model and the PDE4A protein was displayed using a
macromolecular secondary structural model. (D) 2D-diagram interaction analysis between PTS and PDE4A. Change
in the H-bond numbers (E) and the RMSD (F) in the 125 ns molecular dynamics simulation between PTS molecule

and PDE4A receptor protein.

as the root mean square distance of the col-
lection of atoms from their common center of
gravity. The results of gyration showed not
much deviation in the folding pattern of pro-
tein (data is not shown). The overall simulation
of PDE4A-PTS-complex showed more stability
(-12585.238 kcal/mol) than an apo-form of
protein (-12438.166 kcal/mol) variation in en-
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ergy parameters with respect to time and tem-
perature.

PTS reverses memory impairment of APP/PS1
mice in rodent behavioral tests

To evaluate if PTS reversed memory impair-
ment of transgenic AD model mice, we detect-
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Figure 2. PTS-pretreatment (p.o.) reverses AB-induced memory impairment by behavioral test (MWM test, PA test
and NORT). (A) Experimental timeline for drug treatments. (B) Learning curve in the MWM after treatment with PTS
(mean + SEM, n = 8 for each condition). **P < 0.01, vs. WT mice group. #*P < 0.05, vs. vehicle-treated APP/PS1
transgenic mice group. During the 24 h probe trails of the MWM task, the latency to get the platform (C), platform
crossing time in the platform area (D) were tested after PTS treatment for 14 days (mean + SEM, n = 8), as well as
the retention in the PA test (E) and the ratio index in the NORT (F). P < 0.01, *"P < 0.001, vs. vehicle treated wild
type mice group. *P < 0.05, #P < 0.01, #*P < 0.001 vs. vehicle-treated APP/PS1 transgenic mice group. *P < 0.05,
%3P < 0.05, vs. PTS (20 mg/kg) treated APP/PS1 mice group. All the behavioral tests were performed 24 h after last

drug treatment.

ed the mice memory performance in MWM and
NORT in APP/PS1 transgenic mice treated with
or without PTS at variant dosages (Figure 2A).
After 6 blocks of acquisition training, all ani-
mals successfully located the platform, but the
latencies to arrive the platform in groups are
apparently different. Latencies to platform-
reaching for PTS (20 mg/kg) treated AD model
mice were significantly shorter than that of
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vehicle treated AD model mice (P < 0.01), which
showed obvious longer latencies than vehicle
treated control mice (P < 0.01) (Figure 2B). The
24 h memory retention for the platform loca-
tion was observed on the probe trial. Compared
to vehicle-treated group, PTS (10 mg/kg and
20 mg/kg) significantly shorten the elongation
of latencies in AD model mice (P < 0.05, P <
0.01) (Figure 2C), as well as its apparently
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Figure 3. PTS (20 mg/kg) rescues the decrease in dendritic spine density in
APP/PS1 mice based on Golgi-Cox staining. All three spine types can easily
be seen following the Golgi staining. Staining was consistent across the entire
length of the dendrite and the dendrite was isolated from other neurons. Rep-
resentative photomicrograph of Golgi-Cox staining (A) and quantitative analysis
results (B). Scale bar, 100 times magnification. “*P < 0.001, vs. vehicle treated
wild type mice group. #*P < 0.05, #P < 0.01, vs. vehicle-treated APP/PS1 trans-
genic mice group. ¥P < 0.01, vs. PTS (20 mg/kg) treated APP/PS1 mice group,

n=4.

reverse effects on the platform crossing num-
ber (P < 0.01, P < 0.001) (Figure 2D). Further,
PKA inhibitor H89 blocked PTS’s effects (P <
0.05), but PKG inhibitor KT5823 did not (Figure
2C and 2D). As the positive control, selective
PDE4 inhibitor Rolipram showed a significant
change in the latency (P < 0.01) but not in plat-
form crossing times.

We also confirmed PTS’ effects with PA test.
The animals were tested 24 h after acclimation,
APP/PS1 transgenic AD model mice presented
shorter latencies than vehicle treated control
mice (P < 0.01). A dose-dependent elongation
on latencies was observed in PTS treated
groups, especially, the latency in PTS (20 mg/
kg) treated mice was significantly longer than
APP/PS1 mice (P < 0.01) (Figure 2E). As the
positive control, selective PDE4 inhibitor Ro-
lipram also showed a significant change in the
latency (P < 0.05).

NORT was analyzed at 24 h after acclimation.
Compared with the vehicle treated control
group, APP/PS1 mice presented a remarkably
lower ratio index (P < 0.001). Ratio index in PTS
(20 mg/kg) treated group significantly ascend-
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ed back to the same level
as the vehicle treated con-
trol mice (P < 0.001). Besi-
des, H89 blocked the re-
serve effect of PTS on NOR
ratio index (P < 0.05), but
KT5823 did not (Figure 2F).

LSd/ddv

PTS rescues the decrease
in dendritic spine density
in APP/PS1 mice

Synaptic failure is known to
be one of the pathological
processes of AD. We used
Golgi-Cox staining to asse-
ss dendritic spine density
(Figure 3A). The dendritic
spine density in APP/PS1
mice was significantly re-
duced compared to wild
type mice. While PTS (20
mg/kg) treatment signifi-
cantly rescued the decre-
ase in dendritic spine den-
sity (P < 0.01), and this ef-
fect was blocked by H89
(Figure 3B). A similar en-
hancing effect of Rolipram
and Resveratrol on total dendritic spine in the
hippocampal CA1l region was also noted in
APP/PS1 mice. These findings suggest that
PTS can alleviate hippocampal dendritic injury
in APP/PS1 mice.

PTS protects primary neurons against AB-
induced cell toxicity

Primary neurons were treated with PTS at dif-
ferent dosages for 24 h, as well as treated with
1 x 10® mol/L for different time spans, with or
without being exposed to AB for 48 h. PTS (1 x
10° mol/L) obviously overcame AB-induced
cells toxicity (Figure 4C and 4D). As the positive
control, Rolipram reversed AB-induced cell tox-
icity (Figure 4C). PTS 24 h treatment showed a
remarkable reverse effect on AB-induced cell
toxicity (Figure 4D). No significant effect was
found when vehicle-treated cells were exposed
to PTS (Figure 4A and 4B).

PTS protects primary neuron cells against ApB-
induced apoptosis

Neuronal cell death is a major causal factor in
the development of AD. We used TUNEL stain-
ing to detect apoptosis of primary neurons.

Am J Transl Res 2019;11(10):6356-6369
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Figure 4. The effects of PTS on cell viability of primary neurons with or without
AB-treated in dose-dependent and time dependent manners. Cell viability was
measured by MTS assay. (A) PTS showed no-significant effect on the viability
of primary neurons. The cells treated with the indicated concentrations of PTS
for 24 h were assessed for viability via the MTS assay. The data represent the
means + SEM, n = 5. (B) No significant change in the viability with the time-
dependent treatment of PTS. The effects of PTS on cell viability of Ap-treated
primary neurons in dose-dependent (C) and time dependent manners (D). Data
represent mean + SEM, "P < 0.01, *"P < 0.001 vs. the non-AB-treated group
(control). #P < 0.05 compared to the vehicle treated AR group.
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Figure 5. PTS (1 x 10° mol/L)
protects against Ap-induced
apoptosis in primary neuron
cells. The effect of PTS treat-
ment on cell apoptosis was
assessed by TUNEL staining
in primary neuron cells. Rep-
resentative images (A) and
quantitative analysis results
(B) of TUNEL staining. "™P <
0.001, vs. vehicle treated wild
type mice group. P < 0.05, #P
< 0.01, vs. vehicle-treated AB
group. **P < 0.01, vs. 1 x 10°
mol/L PTS treated APP/PS1
mice group, n = 4.

TUNEL-positive cells, which
were stained with red fluo-
rescence, were not detect-
ed in the control group.
Nuclei were stained by Ho-
echst with blue fluorescen-
ce (Figure 5A). After 20 uM
AB exposure, apoptotic ce-
lls were markedly increas-
ed compared with the con-
trol group (Figure 5B). As
expected, 1 x 10° mol/L
PTS significantly reduced
neurons apoptosis induced
by AB (P < 0.01) (Figure 5B).
As the positive control, Ro-
lipram and Resveratrol also
reduced the apoptosis of
primary neuron cells. While
treatment of PTS plus H89
failed to prevent neuronal
death induced by AB, sug-
gesting H89 blocks neuro-
protective effect of PTS. Th-
ese results, therefore, sug-
gest that PTS protects neu-
rons against apoptosis in-
duced by AB.

PTS reverses AB-induced
decreases in cAMP levels
in primary neurons

The changes in cGMP and
CAMP levels were detected
after treatment with PTS in
AB-exposed primary neuron
cells. The significant decre-
ases in cAMP and cGMP le-
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sion was reduced by AB
treatment (P < 0.001), wh-
ile PTS blocked this reduc-
tion (P < 0.001) (Figure 7D).
As the synaptic biomarker,
PSD95 expression was de-
creased after AB treatment
(P < 0.001) and was recov-
ered when co-treated with
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Discussion

Resveratrol’'s positive effe-
cts on alleviating AD have
been widely reported [28].
In this study, we focused on
a structural analog of Re-
sveratrol, PTS, and its eff-

Time (h)

Figure 6. PTS reverses AB-induced decreases in CAMP levels, but not cGMP in
primary neuron cells. ELISA analysis showed PTS reversed Ap-induced cAMP (A
and C) and cGMP (B and D) reduction in primary neuron cells in dose depen-
dent (A and B) and time dependent (C and D) manners, respectively. The results
represent the mean + SEM, n = 5. "P < 0.05, “P < 0.01 and P < 0.001,
compared vehicle-treated control group. *P< 0.05 and #*#P < 0.01, compared to

vehicle-treated AB group.

vels were observed after AB exposure, and PTS
(1 x 10 mol/L) treatment for 24 h increased
cAMP level (p < 0.01) but not cGMP levels
(Figure 6A and 6B). Similarly, Rolipram in-
creased the cAMP level but not cGMP. Besides,
PTS (1 x 10° mol/L) treatment for 24 h can
achieve the best effect (Figure 6C and 6D).

PTS overcomes the effects of AB-induced de-
creased pVASP"'5 pCREB and BDNF expres-
sion

To further confirm the PTS’s effects on PDE4,
we detected some of the down-stream proteins
of PDE4/cAMP/VASP/CREB/BDNF signal path-
way. As shown in Figure 7A-E, the ratio of phos-
phor-VASPs¢157/VASP and of pCREB/CREB were
reduced by AB treatment (P < 0.001); while PTS
partially blocked this effect at 20 uM for phos-
phor-VASPse157/VASP (P < 0.001) and 10 uM for
pCREB/CREB (P < 0.001), indicating the regula-
tion of PTS in the PDE-mediated cAMP/VASP/
CREB signal pathway (Figure 7B and 7C). We
then analyzed BDNF expression with or without
AB treatment or PTS treatment. BDNF expres-
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Time (h)

ects on APP/PS1 transgen-
ic AD model in vivo and in
vitro. With searching TCM-
SP database, we found PTS
was more druggable than
Resveratrol according to its
several druggable charac-
ters, such as BBB, DL, OB,
and Caco-2 index. Further-
more, we illustrated PDE4A was the essential
target of PTS, which protected primary neuron
cells against AB-induced cytotoxicity.

Considering AD as a central nervous system
disease, we firstly compared the BBB index
between PTS and Resveratrol. PTS exhibited a
much higher BBB index than Resveratrol, which
meant a higher compound concentration in the
brain. In the next step, we investigated the DL
evaluation. DL evaluation is used to assess
whether a compound is chemically suitable for
being a drug, and how a drug-like molecule
affect the parameters of their pharmacokinetic
and pharmacodynamic properties which ulti-
mately affecting their ADME properties [29]. In
Wang's [30] recent work, they develop an in
silico Model to forecast DL index of a com-
pound, which is supported by a database of
6511 structurally diverse drugs and drug-like
molecules from Drug Bank database. Based on
these data, we calculated PTS's DL = 0.14,
which was higher than that of Resveratrol.
Furthermore, by observing OB and Caco-2 per-
meability, PTS performed higher OB index and
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Figure 7. PTS overcomes the effects of AB-induced decreased pVASPs*'" pCREB, BDNF, and PSD95 expression in
primary neuron cells. Western blot analysis showed PTS (10, 20 uM) reversed AB-induced decrease expression of
pVASPs*157  nCREB, BDNF, and PSD95 expression in primary neuron cells (A). Bar charts show the quantification
of pVASP (B), pCREB (C), BDNF (D) and PDS95 (E). The results represent the mean + SEM, n = 3. ***p < 0.001,
compared to vehicle-treated control group. ##p < 0.01 and ###p < 0.001, compared to vehicle-treated AB group.

Caco-2 permeability than Resveratrol (Table 1),
which indicated PTS may present a more stable
structure when it is orally administrated. In all
of the four chosen pharmacodynamics and
pharmacokinetic parameters, PTS showed hi-
gher scores than Resveratrol. This indicates
that PTS may perform a higher efficiency on
anti-AB-induced cytotoxicity.

As a classic AD animal model, APP/PS1 trans-
genic mice can partially reproduce memory
deficit and neuropathological features in AD
patients [31]. To assess the effectiveness of
PTS in AD, the selective PDE4 inhibitor rolipram
was used as a positive control treatment in
behavioral testing. Consistent with proven re-
sults, Rolipram can alleviate cognitive deficits
in APP/PS1 mice [32]. In this study, PTS-
preventive treated APP/PS1 mice exhibited
obvious improvement on learning-memory be-
haviors. At a dose of 20 mg/kg, PTS had a sig-
nificant effect on all three sets of behavioral
test.

Hippocampus is considered the main essential
subregion during AD processing. Compared
with other subtypes, changes in PDE4A and
PDE4D levels were found in brains of early
stage AD patients [33], as well as PDE2 enrich-
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es in hippocampus [34]. Therefore, we focused
on PTS’ regulation on function of PDE2 and two
subtypes of PDE4. According to the Discovery
Studio algorithm, the higher of -CDOCKER inter-
action energy, the higher of PTS and target
acceptor infinity. The in silico simulation data
pointed out the highest -CDOCKER interaction
energy score of PTS and PDE4A, which present-
ed the same level as the score of initial ligand
and PDEA4A interaction on its catalytic domain.
For both PDE2 and PDE4D, the -CDOCKER
interaction energy scores were both lower than
that of initial ligand when docking the same
acceptor. These results indicate that PDE4A
may be the target of PDE with highest affinity to
PTS in human brain. In addition, PTS formed
H-bond with ASP413 residue, as well as its aro-
matic ring formed Pi-Pi and Pi-Sigma conjugat-
ed bonds with PHE584 and ILE548 residues,
respectively. Zhao et al. compare PTS with its
three analogs on their affinity with PDE4D with
docking simulation assay and experimental
binding assay [35]. Zhao's study supports our
results, and we further discovered PTS’s poten-
tial as an anti-neurotoxicity agent.

Despite the ligand-receptor affinity was not
detected in this study, but as the substrate of
PDE dehydration, cGMP and cAMP levels were
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observed to test PTS inhibition of PDE cataly-
sis. AB induced decrease in both cGMP and
CAMP levels were partially reversed with PTS
treatment. Vitolo. OV et al. have found that A
plagues reduce cAMP level by binding with a
putative membrane receptor and inhibiting
adenylate cyclase [36]. On the other hand, it is
reported that Forskolin stimulating cAMP, also
induce co-secretion of AR peptides with pep-
tide and catecholamine neurotransmitters [37].
Regarding cAMP as a secondary messenger of
involving in numerous signal pathway regula-
tion, cell secretion of peptides and transmitters
may be one of the downstream of cAMP-medi-
ated signal pathways. PTS raised the cAMP
level in a dose-dependent manner in AB treated
cells. It provides evidence that PTS may elevate
CcAMP levels by inhibiting PDESs’ function.

VASP is phosphorylated by PKA on serine 157
(Ser 157) [38]. We detected the changes in the
downstream proteins of PDE/cAMP signal path-
way. CREB phosphorylation at Ser133 is an
important regulatory site by cGMP and VASP
[39]. A lot of evidence indicates that AR treat-
ment may interfere phosphorylation of CREB
[40] and therefore blocking the expression of
CRE-regulated genes such as BDNF in SH-SY5Y
cells [41]. In this research, it was consistent
with the previous studies which associated AB
neurocytotoxicity with its effects on CREB/
BDNF pathway. Evidence suggests that synap-
tic connections in the hippocampus and neo-
cortex are lost in AD, and this loss is closely
associated with decreased cognitive ability in
AD patients [42]. Post synaptic density protein
(PSD95) is localized at synapses, and its level
is vital for function and structure of brain cells
[43]. We discovered that PTS treatment re-
versed AB-induced decrease in PSD95 level. In
Yang SF’s study [44], they find that PTS treat-
ment decreases nucleus-transportation of CR-
EB, but effect of PTS on CREB expression has
not been reported yet. Therefore, we not only
illustrated that PTS protects primary neuron
cells and APP/PS1 transgenic mice against
AB-induced neurotoxicity, but revealed this
effect was involved in direct binding of PTS on
PDE4A and in regulating the PDE/cyclic-AMP/
CREB/BDNF signaling pathway, which lead to
synaptic junction recovery.
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