Acta Pharmacologica Sinica

ARTICLE

www.nature.com/aps

q

Check for
updates

DLO0410 ameliorates cognitive deficits in APP/PS1 transgenic
mice by promoting synaptic transmission and reducing

neuronal loss
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At present, few available drugs can be used to either improve pathological features or prevent the progression of Alzheimer's
disease (AD). DL0410 ((1,1’-([1,1'-biphenyl]-4,4’-diyl) bis (3-(piperidin-1-yl) propan-1-one) dihydrochloride) is a multiple-target small
molecule that has been found to reverse cognitive impairment in different animal models of AD. In this study we evaluated the
cognition-improving effects of DL0410 in APP/PS1 transgenic mice and explored the underlying mechanisms. APP/PS1 transgenic
mice were administered DL0410 (3, 10, 30 mg: kg’1~d’1, ig) for 2 months. We found that DL0410 administration significantly
ameliorated cognitive deficits in both the nest-building and Morris water maze tests. In electrophysiological analysis of
hippocampal slices, we showed that DL0410 administration significantly enhanced the field EPSP slope and HFS-induced LTP in
CA1 area. Furthermore, we revealed that DL0410 administration significantly increased the phosphorylation of AKT and the activity
of GSK-3f in the hippocampus and cortex. Moreover, DL0410 administration dose-dependently increased the expression level of
phosphorylated ERK1/2 in the hippocampus and cortex. In addition, DL0410 dose-dependently decreased the neuronal loss by
decreasing the production of AB deposition, inhibited glial overactivation, and the production of inflammatory cytokines such as
TNF-q, IL-13, and IL-6. We conclude that DL0410 ameliorates cognitive deficits in APP/PS1 transgenic mice by promoting synaptic
transmission via activating the AKT/GSK-3f and MAPK/ERK signaling pathway and reducing neuronal loss. DL0410 may be an
effective agent for AD treatment in the future.
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INTRODUCTION

Alzheimer’s disease (AD) is a complex and progressive neurode-
generative disease. It is estimated that over 2.1 billion people will
be affected worldwide by the year 2050 [1], and it is becoming the
great health care challenge in the 21st century. At present, little is
known about the cause of AD, and no curative treatments are
available. 3-Amyloid protein (AB) deposits and neurofibrillary
tangles (NFTs) are the typical pathological features of AD, but
clinical trials targeting AP, including MK-8931 and solanezumab,
have all failed [2-5]. Hence, it is important and necessary to
identify treatment strategies besides single-target drugs based on
the AB cascade hypothesis. A growing number of researchers have
determined that multitarget drugs may be potentially helpful for
curbing the progression of AD.

Increasing evidence has demonstrated that the progressive loss
of synapses is an important characteristic of AD. Synapses are the
sites of memory storage in the nervous system and the
mechanism by which information is transferred, suggesting a
relationship between synaptic plasticity degeneration and cogni-
tive decline in AD [6, 7]. Long-term potentiation (LTP) has been
widely used for evaluating synaptic plasticity both in vitro and

in vivo. In terms of pathological mechanisms, the PI3K/AKT/GSK-
3B and MAPK/ERK signaling pathways play an important role in
AD. AKT (also known as protein kinase B) is a serine/threonine
kinase that is believed to promote cell viability in many different
cell types, including neurons, by phosphorylating and then
inactivating downstream molecules such as the serine/threonine
kinase glycogen synthase kinase-3 (GSK-3(3) and the apoptosis-
inhibiting factor Bcl-2. GSK-3 has also been reported to be an
important kinase in tau phosphorylation in the central nervous
system [8-11]. In addition, the MAPK/ERK signaling pathway and
downstream transcription factors are associated with the activa-
tion of genomic programs involved in synaptic plasticity and the
encoding of long-term memories [12, 13].

DL0410 is a multitarget small molecule that was selected from
more than 100 000 compounds using high-throughput screening
assays for AChE inhibitors, BUChE inhibitors and H3R antagonists
[14-16], and its chemical structure is shown in Fig. 1. DL0O410 has
been shown to reverse cognitive impairments in AD animal
models, including an AB,_s-induced amnesia mouse model, an
APP/PS1 transgenic mouse model and a scopolamine-induced
mouse model [17-20]. DL0O410 can significantly improve learning
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and memory ability in the above mouse models. An investigation
of the pathology and mechanisms of action indicated that DL0410
can reduce amyloid plaque deposition and mitochondrial
damage, increase cholinergic neurotransmission and upregulate
the neurotrophic CREB/BDNF signaling pathway. However, the
mechanism of action of DL0410 in improving learning and
memory ability is still unclear.

In the present study, we explored the effect of DL0O410 on
cognitive impairments of APP/PS1 mice and further investigated
the potential mechanism by which DL0410 promotes
synaptic transmission through the AKT/GSK-3B and ERK signaling
pathways and reduces neuronal loss by decreasing A3 deposition
and inhibiting neuroinflammation and neuronal apoptosis.
This study provides strong evidence for the anti-AD effect of
DLO410.

MATERIALS AND METHODS

Drugs and reagents

DLO0410 (purity > 98%) was obtained from the Institute of Materia
Medica, Chinese Academy of Medical Sciences (Beijing, China).
Donepezil hydrochloride was purchased from the Ji-nan Chenghui
Shuangda Chemical Industry Limited Company (Ji-nan, China).
Memantine was purchased from Shanghai Jingchun Chemical
Industry Limited Company (Shanghai, China). Primary antibodies
against PB-amyloid precursor protein (APP) and brain-derived
neurotrophic factor (BDNF) were purchased from Abcam (Cam-
bridge, UK). Primary antibodies against AKT, p-AKT, GSK-33, p-GSK-
3B (Ser-9), Bax, Bcl-2, and p-ERK were purchased from CST
(Danvers, MA, USA). An anti-rabbit IgG HRP-linked antibody and an
anti-mouse IgG HRP-linked antibody were purchased from
Shanghai Yisheng Biotechnology Limited Company (Shanghai,
China). TNF-q, IL-1$3, and IL-6 ELISA assay kits were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).

Animals and treatment
APP/PS1 double transgenic mice (strain name, B6C3-Tg (APPswe/
PEN1dE9) 85Dbo/J) and wild-type (WT) C57/BL6J mice were
purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China). Mice were housed 4-5 per cage at
23+ 2°C under a 12/12-h day/night cycle and free access to food
and water. All experimental procedures were conducted in
accordance with institutional guidelines and ethics and were
approved by the Animal Care and Use Committee of the Chinese
Academy of Medical Sciences and Peking Union Medical College.
Nine-month-old APP/PS1 mice and age-matched WT mice were
randomly divided into seven groups: the WT group, APP/PS1
group, 3mg/kg memantine group, 3 mg/kg donepezil group
and 3, 10, and 30 mg/kg DL0410 groups. DL0410, memantine, and
donepezil were dissolved in distilled water and were administered
to the mice by oral gavage once daily for 8 weeks. Meanwhile, the
WT mice received distilled water in the same manner. The body
weight of each mouse was recorded twice per week (Fig. 1).

Nest-building test

To evaluate the social behavior of the mice, a nest-building test
was performed as previously described [17, 21, 22]. APP/PS1 mice
and WT mice were singly housed in for 24 h for acclimation. On
the first day of testing, 12 pieces of soft paper (4 cm x 4 cm) were
placed in the cage for nesting. The next day, nesting building was
scored based on a 5-point scale as follows: 1= paper not
noticeably touched, 2 = paper partially torn up, 3 = paper mostly
shredded on one side but no perceivable nest shape, 4=a
recognizable but flat nest, 5 = a nearly perfect or perfect nest.

Morris water maze test

To determine the spatial learning and memory abilities of the
mice, the Morris water maze test was used [19, 23]. The water
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maze apparatus consisted of a circular water tank (100cm in
diameter, 35 cm high). The tank was divided into four quadrants
and filled with white opaque water at 23 +1°C. A small hidden
platform (10cm x 6.5 cm x 21.5cm) was placed in the center of
the northeast quadrant of the tank and submerged 1cm below
the water surface. In the acquisition trial, each mouse was
subjected to two trials per day for five consecutive days. The
latency required for the mice to find the hidden platform was
recorded. After 5 days of training, the platform was removed, and
the mice were allowed to swim freely for 60s. The time for the
mouse to first cross the area in which the platform had been
located before and the distance traveled in the platform quadrant
was recorded. All data were recorded with an automatic video
system.

Electrophysiological recordings

After several behavioral tests, the mice were anaesthetized with
10% chloral hydrate (0.04mL/10g), and the brains were
removed, cut into 400-um thick hippocampal slices and then
incubated in oxygenated artificial cerebrospinal fluid containing
124 mM NacCl, 3 mM KCl, 2.4 mM CaCl,, 1.3 mM MgSOy,, 1.25 mM
NaH,PO,4, 26 mM NaHCOs, and 10 mM glucose (pH 7.4) at room
temperature [24]. The slices were allowed to recover for 1-4 h in
the artificial cerebrospinal fluid before being placed in the
recording chamber for experiments. Stimulation intensity was
adjusted to evoke ~50% of the maximal response of the field
excitatory postsynaptic potential (fEPSP) [25, 26]. Stimulus
responses and input/output (I/0) functions were generated
using systematic variation of the stimulus current (100-1000 pA)
to evaluate synaptic potency before the induction of LTP. fEPSPs
were evoked in the DG region using 0.1 Hz stimulation. After
obtaining a steady state baseline response, LTP was induced
using high-frequency stimuli protocols of 100 Hz (10 bursts of
20 stimuli, 0.2 ms stimulus duration, 10 s interburst interval) at a
stimulus intensity that evoked an fEPSP of ~80% of the
maximum response. The fEPSP slope was recorded for the
periods of 40, 50, 60, 70, and 80 min after HFS to determine any
changes in the synaptic response of CA1 neurons.

Congo red staining

For Congo red staining, paraffin sections (5 um thick) were used as
described [27]. Briefly, coronal sections were deparaffinized in
xylene and rehydrated. Then, the slides were treated with a
working sodium chloride solution (sodium chloride-saturated 80%
alcohol containing 0.01% sodium hydroxide) for 20 min at room
temperature, stained with Congo red solution (0.2% in 80%
ethanol) for 1h, dehydrated with 95% and 100% alcohol and
covered with a coverslip. In this staining protocol, amyloid
deposits were stained red. For the quantification of senile plaques,
three fields of the hippocampus or cortex were chosen from each
slide. Each individual field was imaged at X400 magnification and
analyzed using Image-Pro Plus 6.0 software (Media Cybernetics
Inc,, Bethesda, MD, USA).

Immunohistochemical analysis
Three mice per group were selected randomly and anesthetized
by i.m. injection of 10% chloral hydrate (0.04 mL/10g). The mice
were perfused with saline solution followed by 4% paraformalde-
hyde. The brains were removed and fixed in 0.05M phosphate
buffer (pH 7.4) containing 4% paraformaldehyde overnight.

Brain slices (3 um thick) were blocked with 5% goat serum for 1
h, and the slices were then treated with anti-glial fibrillary acidic
protein (GFAP) (1:200, Abcam, Cambridge, MA, USA) and anti-
ionized calcium-binding adapter molecule 1 (Iba-1) (1:50, Abcam)
antibodies overnight at 4 °C. After rinsing with PBS, the slides were
incubated with secondary antibody for 1 h at room temperature.
For the quantification of the mean integral optical density, three
fields of the hippocampus were chosen from each slide. Each
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individual field was imaged at x400 magnification. Imaging
analysis was performed using Image-Pro Plus 6.0 software.

Nissl staining

After fixation, the tissues were dehydrated and embedded in
paraffin. Sections (4 um) were prepared and subjected to Nissl
staining based on the manufacturer’s instructions. Neurons were
distinguished from glial cells by the presence of a nucleolus. Each
individual field was imaged at X200 magnification. The number of
neurons was determined by using Image-Pro Plus 6.0 software.

ELISA assay

TNF-q, IL-6, and IL-1P3 levels in the mouse brains were measured
with a sensitive and specific ELISA according to the manufacturer’s
instructions (Thermo Fisher Scientific, Waltham, MA, USA). The
absorbance was read at 450 nm with a 96-well plate reader.

Western blot assay

Mouse brain tissues were lysed in RIPA lysis buffer containing
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 20mM EDTA, 50 mM
sodium fluoride, 1 mM sodium orthovanadate, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS) with
a protease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). After centrifugation at 13 000 x g for 20 min at 4 °C, the
supernatants were collected.

Thirty micrograms of the protein samples were separated on
10% SDS-polyacrylamide gels and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). The membranes were blocked with
5% BSA and 0.05% Tween-20 in TBS for 1h at 37°C The
membranes were incubated with the following primary antibodies
overnight at 4°C: anti-B-amyloid precursor protein, anti-BDNF
(1:10000, Abcam), anti-AKT, anti-AKT, anti-GSK-3, anti-phospho-
GSK-3B (Ser-9), anti-Bax, anti-Bcl-2, and anti-phospho-ERK1/2
(1:1000, CST). After washing, the immunoblots were incubated
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with HRP-conjugated secondary antibodies (anti-mouse and anti-
rabbit, 1:2000, Cell Signaling Technology) for 2h at room
temperature. The proteins were detected by ECL Western blotting
kits (CoWin Bioscience Co., Beijing) using the ChemiDoc-It™
imaging system (UVP, CA, USA). The results were quantified using
Quantity one software.

Statistical analysis

All data are presented as the mean + SEM. Statistical analysis was
performed by using SPSS software (version 16.0, SPSS Inc,
Chicago, IL, USA). Differences in the escape latency in the Morris
water maze test were analyzed using two-way ANOVA with
repeated measures. The other data were analyzed by one-way
ANOVA followed by Tukey's post hoc test for multiple compar-
isons. P < 0.05 was considered significant for all tests.

RESULTS

DL0410 improved the learning and memory of APP/PS1 transgenic
mice in the behavioral tests

DL0410 improved the nesting score of the mice in the nest-building
test. The nest-building test reflects the ability of mice to perform
daily activities, which is reported to be reduced significantly in AD
mice due to AB-related neurotoxicity. In this study, the nesting
ability of APP/PS1 mice was significantly reduced compared with
that of WT mice (P < 0.05), while DL0410 (3 mg/kg) increased the
nesting ability (P < 0.05, Fig. 2).

DL0410 rescued the cognitive ability of mice in the Morris water
maze test. The Morris water maze test is widely used to evaluate
spatial learning and memory ability in rodents. In the acquisition
training, the escape latency was dependent on both time and
group. The escape latency in all groups decreased fromd 1tod 5,
and there was a significant difference between the APP/PS1 group
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Fig. 2 DLO410 treatment improved the ability of nest building in APP/PS1 mice (n = 10-12). Data are expressed as mean + SEM. a Images
of nest-building results of DL0410-treated mice and wild-type groups. b Nest score of DL0410-treated mice and wild-type groups. P <0.05 vs

WT group, *P <0.05, #P < 0.01 vs APP/PS1 group.

and the WT group. DL0410 reduced the escape latency
significantly on the fourth and fifth days (P <0.05 for 10 mg/kg
DL0410 and P < 0.05 for 30 mg/kg DL0410 on the fourth and fifth
days, Fig. 3a). The swimming speed was not significantly different
among the groups in the acquisition training (Fig. 3b).

In the probe trial, APP/PS1 mice presented significantly higher
escape latency (the time for the mouse to first cross the area in
which the platform had been located before) than that of WT mice
(P<0.001). DLO410 (10mg/kg and 30mg/kg) decreased the
escape latency (P<0.01 for 10 mg/kg DL0410 and P<0.05 for
30 mg/kg DL0410, Fig. 3d). As shown in Fig. 3e-g, APP/PS1 mice
exhibited significantly fewer target crosses and shorter search
time and distance traveled in the target quadrant (P<0.001).
DL0410 showed a trend of increasing the number of crosses,
search time and distance traveled in the target quadrant.
Moreover, 3 mg/kg DL0410 significantly increased the search time
(P<0.05), and 3mg/kg and 10mg/kg DL0410 significantly
increased the distance traveled in the target quadrant (P <0.01
for 3 mg/kg DL0410 and P < 0.05 for 10 mg/kg DL0410).

DL0410 promoted synaptic transmission in APP/PS1 transgenic
mice

DL0410 enhanced LTP in the hippocampal CA1 region. Synaptic
transmission, which is reflected by LTP, a hallmark of synaptic
plasticity, is the most relevant factor for learning and memory. To
assess the effects of DL0410 on LTP, we measured excitatory
postsynaptic potentials (EPSP) in hippocampal slices (six slices per
mouse). The average traces were recorded before and after the
induction of LTP in the hippocampal CA1 region in the WT, APP/
PS1, and DL0410 groups (Fig. 4a). As shown in Fig. 4b, c, the EPSP
slope in the WT group increased after HFS, and the EPSP slope in
the APP/PS1 group was lower than that in the WT group (P < 0.01).
DL0410 (30 mg/kg) significantly enhanced the EPSP slope at 10,
20, 30, 40, and 50 min after HFS.

DL0410 activated the AKT-GSK-3p signaling pathway in the
hippocampus and cortex

AKT, also known as PKB, plays an important role in synaptic plasticity
and memory formation [28]. GSK-3B, a subtype of GSK-3, is a
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substrate of AKT. GSK-3B is a major regulation of NMDA receptor-
dependent LTP, which is involved in learning and memory [29]. It
has been reported that the inhibition of GSK-3(3 prolongs long-term
memory and enhances LTP [30]. In this study (as shown in Fig. 5), the
expression of phosphorylated AKT in the cortex and hippocampus
was significantly reduced in the APP/PS1 group compared with the
WT group (P<0.05 in the cortex and hippocampus), and DL0410
(10 mg/kg and 30 mg/kg) increased the expression of phosphory-
lated AKT in the cortex and hippocampus (P < 0.05 for 10 mg/kg in
the cortex, P<0.01 for 10 and 30 mg/kg in the hippocampus). In
addition, compared with that in the brains of WT mice, the activity of
GSK-3 was enhanced in the cortex and hippocampus of the brains
of APP/PS1 mice (P < 0.05 in the cortex, P <0.01 in the hippocam-
pus). DL0410 (10 mg/kg and 30 mg/kg) decreased the activity of
GSK-3B (P<0.05 for 10mg/kg in the cortex, P<0.05 for 10 and
30 mg/kg in the hippocampus).

DL0410 increased the phosphorylation of ERK in the
hippocampus

Extracellular signal-regulated kinase (ERK) is a member of the
MAPK family, which plays a key role in neuronal survival and
synaptic development. In our study, the western blotting results
showed that the expression of phosphorylated ERK1/2 was
reduced in the cortex and hippocampus of APP/PS1 mice
compared with WT mice (P < 0.05 for the cortex and hippocampus,
Fig. 6a—d). DL0410 showed a trend of increasing the level of
phosphorylated ERK1/2 expression in the cortex and hippocam-
pus, and 30 mg/kg DL0410 significantly increased this level in the
hippocampus (P < 0.05).

DL0410 reduced neuronal loss in APP/PS1 transgenic mice

DL0410 decreased amyloid plaque deposits via inhibiting the
expression of APP in the hippocampus and cortex. The accumula-
tion of extracellular AR is a classical pathological marker of AD
patients, and Congo red dye is a basic dye with high affinity for AR
plaques. The results showed that the number of senile plaques in
the hippocampus of the APP/PS1 mice was significantly increased
compared with that in the WT mice (P <0.01, Fig. 7a). DL0410 (3,
10, and 30 mg/kg) significantly reduced senile plaque deposition

Acta Pharmacologica Sinica (2020) 41:599-611
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The APP protein is through to maintain the development of
nerves, promote the formation of synapses and participate in the
formation of AB, and it is degraded via the nonamyloidogenesis
pathway under physiological conditions. However, it is degraded
by beta-secretase (BACET) in the amyloidogenic pathway under
pathological conditions, and A, which further aggregates and
precipitates in the brain, is produced. We further investigated
the expression of APP and BACE1 using Western blotting.
Compared with that in WT mice, the expression of the APP
protein was significantly increased in APP/PS1 mice (P<0.01).
DL0410 significantly reduced the expression of the APP protein in
the cortex and hippocampus of APP/PS1 mice (P<0.05). The
expression of BACE1 showed a tendency to be increased in the
cortex and hippocampus of APP/PS1 mice and to be decreased by
DL0410, but the differences were not significant.

DL0410 inhibited glial activation and reduced inflammatory factor
levels in the hippocampus and cortex. In the brains of AD patients
and transgenic AD mice, activation of astrocyte and microglial was
observed around AP plaque, indicating that neuroinflammation
may be involved in brain damage [31, 32]. In this study, the results
showed that the expression of GFAP and Iba-1 in the CA1 region
of the hippocampus in APP/PS1 mice was significantly upregu-
lated compared with that in WT mice (P <0.01 for GFAP, P < 0.05
for Iba-1). Moreover, the astrocytes and microglia in APP/PST mice
were activated and exhibited swelling soma and more processes.
DL0410 (30 mg/kg) downregulated the expression of GFAP (P <
0.05) and inhibited the activation of astrocytes and microglia in
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the brain. However, the inhibitory effect of DL0410 on the
expression of Iba-1 was not statistically significant.

TNF-a is produced by monocytes/macrophages and appears to
be the earliest and most important inflammatory factor in the
inflammatory response. IL-6 can induce B cell differentiation and
induce T cell activation, which is an initiator of the inflammatory
reaction. IL-1p is derived from microglia and macrophages and is
involved in the occurrence of inflammation. In our study, the
results showed that the levels of TNF-a and IL-6 in the APP/PS1
group were significantly increased compared with those in the WT
group (P < 0.05, Fig. 8b1, b2, b3). DL0410 (10 mg/kg and 30 mg/kg)
significantly decreased the levels of TNF-a and IL-6 (P < 0.05). No
significant difference was observed in the level of IL-1(.

DL0410 ameliorated apoptosis-related protein expression and
neuronal loss in the hippocampus and cortex. Bcl-2 and Bax are
important molecules for apoptosis; Bcl-2 inhibits apoptosis, and
Bax promotes apoptosis. In this study, the expression of Bcl-2 and
Bax was investigated, as shown in Fig. 9a. Compared with that in
WT control mice, the ratio of Bcl-2/Bax in the cortex and
hippocampus was significantly reduced in APP/PST mice (P<
0.01 for the cortex and hippocampus), and apoptosis was induced.
DL0410 (30 mg/kg) increased the ratio of Bcl-2/Bax in the cortex
and hippocampus (P < 0.05 for the cortex and hippocampus) and
inhibited apoptosis.

Nissl staining was employed to detect histomorphological
changes in the cerebral cortex and neurons in the CA3 region of
the hippocampus. Photomicrographs of the cerebral cortex and
the CA3 region of the hippocampus were taken under a x20
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Fig. 5 DLO410 increased the expression of phosphorylated AKT and GSK-3p in the cerebral cortex and hippocampus in APP/PS1 mice.
Data are expressed as mean + SEM (n = 3). a The Western blotting results of the effects of DL0410 on AKT-GSK-3f signal pathway in the
cerebral cortex and hippocampus. b The Western blotting results of the effects of DL0410 on AKT-GSK-3p signal pathway in the hippocampus.
c-d Quantification analysis of Western blotting results both in cerebral cortex and hippocampus. The expression of phosphorylated AKT in the
cortex and hippocampus was significantly reduced in APP/PS1 group, and DL0410 increased the expression of phosphorylated AKT in the
cortex and hippocampus. The activity of GSK-3p was enhanced in the cortex and hippocampus, while DL0410 decreased the activity of GSK-

3p. P<0.05 P<0.01 vs WT group; *P<0.05 vs APP/PS1 group.

objective lens, as shown in Fig. 9b. Compared with that in WT
mice, the number of neuronal cells was decreased in the cerebral
cortex and the CA3 region of the hippocampus in APP/PS1 mice
(P<0.01 for the cortex and hippocampus). In addition, neuronal
cells in the cerebral cortex and the CA3 region of the
hippocampus were loosely arranged. The number of neuronal
cells in the 30 mg/kg DL0410-treated group was increased both in
the cerebral cortex and the CA3 region of the hippocampus (P <
0.05 for the cortex and hippocampus).

DISCUSSION
AD is the most prevalent neurodegenerative disorder, and the
pathogenesis is still incompletely unclear. Until now, only four
cholinesterase inhibitors and one NMDAR antagonist have been
approved by the FDA for AD treatment. Synaptic dysfunction and
neuron loss, which are the basis of cognitive impairments, occur
throughout the pathogenesis of AD. It has been reported that
DL0410 can improve cognitive defects, reduce AP deposition,
inhibit oxidative reactions, and ameliorate mitochondrial function
in a number of AD models [17, 19, 20]. Based on a previous study,
we further clarified the beneficial effects of DL0410 in AD via
promoting synaptic function and reducing neuronal loss in APP/
PS1 mice.

Nine-month-old APP/PST mice were subjected to 8 weeks of
treatment with DL0410 (ig), and two commonly used behavioral
methods, the nest building and MWM tests, were conducted to
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evaluate cognition and spatial memory. The nest-building test
reflects the ability of mice to perform daily activities. The
instinctive behavior is lost in mice with cognitive deficits
[33, 34]. In this test, APP/PS1 mice lost the ability to build nests,
and the nesting scores were lower than those of wild-type mice.
DL0410 (3 mg/kg) restored the ability to perform daily activities,
and DL0410-treated mice built fine nests. The Morris water maze is
a typical test measuring spatial learning and memory [23]. In the
acquisition trial, APP/PS1 mice spent more time finding
the platform. In the probe trial, APP/PST mice presented higher
escape latencies (the time for the mice to first cross the area in
which the platform had been located before), fewer crosses,
shorter search times and shorter distances traveled in the target
quadrant. DL0410 (10 mg/kg and 30 mg/kg) effectively decreased
the escape latency, 30 mg/kg DL0410 increased the search time,
and 3mg/kg and 10mg/kg DL0410 increased the distance
traveled in the target quadrant, indicating that DL0410 improved
spatial learning and memory ability. Moreover, our results showed
that the therapeutic effect of 3 mg/kg DL0410 on ameliorating
learning and memory impairments matched that of the positive
control drugs (3 mg/kg donepezil and 3 mg/kg memantine), and
the therapeutic effect of 10 mg/kg and 30 mg/kg DL0O410 was
even better than that of the positive control drugs.

Synaptic damage is the pathological basis of cognitive
dysfunction. Several studies have shown a strong relationship
between synaptic deficits and the degree of memory impairment
in AD. Moreover, synapse changes have been detected in the
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Fig. 6 DLO0410 increased the expression of phosphorylated ERK1/2 in the cerebral cortex and hippocampus in APP/PS1 mice. Data are
expressed as mean + SEM (n = 3). a The Western blotting results of the effects of DL0410 on phosphorylated ERK1/2 in the cerebral cortex and
hippocampus. b The Western blotting results of the effects of DL0410 on phosphorylated ERK1/2 in the hippocampus. c-d Quantification
analysis of Western blotting results both in cerebral cortex and hippocampus. DL0410 increased the level of phosphorylated ERK1/2
expression in the hippocampus significantly, while only the rising tendency of phosphorylated ERK1/2 expression was observed in cerebral

cortex. P<0.05 vs WT group; *P <0.05 vs APP/PS1 group.

neocortex and hippocampus of AD patients, even in very early
stages, and in mild cognitive impairment (MCI) patients [35].
Histological studies have demonstrated that the hallmarks of
synaptic alterations include decreased synaptic density, impaired
synaptic transmission and defected synaptic plasticity [36, 37].
Hence, the concept of synaptic repair has been proposed to
prevent the pathophysiology of AD [38]. In previous studies, we
found that the number of synapses and the thickness of the PSD
in the hippocampal CA1 region are reduced in APP/PS1 mice and
that DL0410 reverses these changes by ameliorating synaptic
structure [20]. Synaptic plasticity is the basis of learning
and memory, and LTP is considered the gold standard of
synaptic plasticity in the hippocampus [39, 40]. Based on previous
studies, we further detected LTP to confirm its effect.
The results demonstrated that LTP was significantly inhibited
in the hippocampal CA1 area in APP/PS1 mice and that
DL0410 remarkably enhanced LTP and thus enhanced synaptic
plasticity.

AKT-GSK-33 and Ras-MEK-ERK1/2 signaling cascades may be
involved in synaptic strength and promote long-term neuroprotec-
tion against a variety of insults. AKT is a serine/threonine kinase that
is an important downstream protein in the phosphatidylinositol-3-
kinase (PI3K) signaling pathway. Biochemical analyses have
demonstrated that LTP is associated with the activation of the
domain of the downstream substrate AKT by PI3K [28]. GSK-3f is
the downstream protein of AKT, which can be activated by
phosphorylation at Tyr-216 and inhibited by phosphorylation at
Ser-9 [41-43]. It has been reported that the GSK-3B inhibitors
lithium chloride and kenpaullone can enhance synaptic strength by
activating NMDA receptors [30, 44]. Electrophysiological data has
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shown that the upregulation of ERK1/2 phosphorylation can induce
LTP in the CA1 region [45]. Previously, we discovered that DL0410
decreases the phosphorylation level of NMDAR2B and increases the
phosphorylation level of CAMKIL In the current study, we further
found that p-AKT and p-GSK-3f3 were significantly decreased in the
hippocampus and cortex of APP/PS1 mice. DL0410 increased the
phosphorylation level of AKT and inhibited GSK-3B activity by
increasing the phosphorylation level of GSK-3B (Ser-9). The ERK1/2
pathway is involved in interacting with synaptic structural proteins
and participates in synaptic plasticity, ultimately affecting cognitive
function [46, 47]. In the present study, the expression of
phosphorylated ERK1/2 was significantly decreased in the cortex
and hippocampus of APP/PS1 mice, and DL0410 increased the level
of phosphorylated ERK1/2 expression. In summary, our results
suggested that DL0410 might reverse synaptic dysfunction via the
AKT-GSK-3B and ERK1/2 signaling pathways.

Strong evidence has indicated that AD is caused by the toxicity
of the AB peptide, either in the form of microaggregates or
amyloid deposits [36]. All AD-causing mutations in APP, PS1, and
PS2 increase AP deposition, and excessive levels of A peptide in
the brain are responsible for the development and pathology of
AD, including amyloid plaques, NFTs, synapse failure, and eventual
neuronal death [48, 49]. Animal tests have confirmed that the
intracerebroventricular injection of AP can induce cognitive
impairments, electrophysiological changes, and histopathological
injuries [19]. In the current study, we found that DL0410 decreased
the expression of the APP protein in the cortex and hippocampus
of APP/PS1 mice but did not alter the expression of BACE1, the key
enzyme responsible for AR production. In addition, Congo red
staining results also confirmed that DL0410 effectively removed
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Fig.7 DLO0410 decreased amyloid plaques deposits and the expression of APP protein in APP/PS1 mice. Data are expressed as mean + SEM
(n = 3). a Images of senlle placi es stained with Congo red in the hlppocampus b Quantification analysis of amyloid plaques numbers. P <
0.01 vs WT group; *P<0.05, *P < 0.01 vs APP/PST group. c-f The expression of APP protein was significantly increased in the cortex and
hippocampus. However, no sngnlﬁcant differences on the expression of BACE] protein between WT group and APP/PS1 group were observed.
DL0410 decreased APP protein level in cerebral cortex and hippocampus. P <0.01 vs WT group; *P <0.05 vs APP/PS1 group.
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Fig. 8 DL0410 inhibited glia activation and reduced the level of inflammatory mediators in APP/PS1 mice. Data are expressed as mean +
SEM (n = 3). a The immunohistochemistry results were analysed by an astrocytic marker GFAP and microglia marker Iba-1. a1 Represensive
images of GFAP and lba-l positive immunoreactive staining in the CA1 region of hippocampus. Magnification: x400. a2-a3 Quantification
analysis of immunoreactivity. The expression of GFAP and Iba-1 in CA1 region of hippocampal in APP/PS1 mice was upregulated significantly.
DL0410 could downregulate the expression of GFAP. ‘P < 0.05, P < 0.01 vs WT group; *P < 0.05 vs APP/PS1 group. b1-b3 The levels of TNF-a
and IL-6 in the APP/PS1 group were significantly increased, while only rising tendency was observed in the levels of IL-1p. DL0410 could
significantly decrease the levels of TNF-a and IL-6. "P < 0.05 vs WT group; *P < 0.05 vs APP/PS1 group.

senile plaque deposits in the hippocampus of APP/PS1 mice.
These results are consistent with those of a previous study [20],
and we further confirmed that DL0410 did not reduce AP
deposition by inhibiting the expression of BACE1. Hence, other
molecular mechanisms by which DL0410 reduces A3 deposition
and aggregation in APP/PS1 transgenic mice require further
research.

In our study, we found abnormal AP accumulation, which
might be sufficient to induce neuroinflammatory reactions that
subsequently contribute to cognitive decline, in APP/PS1 mice
[50-52]. Reactive gliosis, including astrocyte and microglial
activation, occurs in response to neuroinflammation and
neurodegeneration [53]. Studies have confirmed that the
activation of astrocytes is involved in the formation and
development of AD. The elevated expression of GFAP is
considered a biomarker of astrogliosis [54]. Microglia are more
sensitive than astrocytes to injury, and Iba-1 is the only marker
of microglial cells [12]. Furthermore, experimental data have
demonstrated that overactivated astrocytes and microglia are
the major sources of inflammatory cytokines (such as TNF-a, IL-
1B, and IL-6) in AD. Thus, neuroinflammation is considered an
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important aspect in the development of dementia [55]. In our
study, we found that GFAP and Iba-1 were overexpressed in the
cortex, while DL0410 attenuated reactive gliosis by reducing the
expression of GFAP and Iba-1. In addition, the levels of
inflammatory cytokines, including TNF-a and IL-6, were sig-
nificantly increased in APP/PS1 mice. DL0O410 decreased the
levels of TNF-a and IL-6. Our results indicated that
DL0410 suppressed neuroinflammation via inhibiting astrocyte
and microglial overactivation and reducing the expression of
inflammatory cytokines.

Neuronal loss is the basis of AD and is considered the most
important structural foundation of AD anatomy. A marked
reduction in the number of neurons can be found in the
entorhinal cortex and hippocampus of AD patients [56, 57]. The
loss of neuronal cells is correlated with prominent extracellular
amyloid pathology and/or the induction of the neuroinflammatory
response [58]. In addition, more than half of hippocampal neurons
are lost in APP/PS1 transgenic mice at the age of 10 months, and
this neuronal loss is associated with the accumulation of
intraneuronal AR [59]. Nissl bodies can reflect surviving neurons,
and under pathological conditions, these neurons they may

Acta Pharmacologica Sinica (2020) 41:599-611
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Fig. 9 DLO410 increased the levels of Bcl-2/Bax protein expression and the number of neuronal cells in the cerebral cortex and
hippocampus in APP/PS1 mice. Data are expressed as mean + SEM (n = 3). a1 The Western blotting results of the effects of DL0410 on the
expression of Bcl-2/Bax in the cerebral cortex. a2 The Western blotting results of the effects of DL0410 on the expression of Bcl-2/Bax in the
hippocampus. a3-a4 Quantification analysis of Western blotting results both in cerebral cortex and hippocampus. The expression of Bcl-2/Bax
was significantly reduced in the cortex and hippocampus in APP/PS1 group, and DL0410 significantly increased the expression of Bcl-2/Bax. b1
The Nissl staining results of the effects of DL0410 on the neuronal cells in the cerebral cortex and hippocampus. b2-b3 Quantification analysis

of the number of neuronal cells both in cerebral cortex and hippocampus. “P < 0.01, “"P < 0.001
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vs WT group; *P < 0.05 vs APP/PS1 group.

SPRINGER NATURE



DL0410 ameliorates cognitive deficits in APP/PS1 mice
W Zhou et al.

610

DL0410

Cognitive \L
impairment

AN

APP/PS1 mice

Neuronal loss

N

Synaptic
transmission
changes

Fig. 10 Molecular mechanism of DL0410 in the improvement of cognitive

dissolve and disappear. As shown by the Niss| staining results, the
number of neurons was decreased in the cerebral cortex and the
CA3 region of the hippocampus, and these neurons were
arranged loosely. DL0O410 increased the number of neurons in
both the cortex and hippocampus. Cell apoptosis is an important
feature of degenerative diseases such as AD. It has been proven
that apoptosis is regulated by Bcl-2 protein family members,
which can be divided into two main categories: those that support
cell survival (e.g., Bcl-2, Bcl-xl, Bcl-w) and those that promote cell
apoptosis (e.g., Bax, Bad, Bak, Bid) [60, 61]. In AD, oxidative stress,
AB deposition, the lack of neurotrophic factors and other insults
are responsible for apoptosis. Taken together, these results
suggest that DLO410 can increase neuronal cell survival via
reducing neuroinflammation and inhibiting apoptosis.

In summary, our results clearly showed that DL0410 ameliorated
cognitive deficits in APP/PST transgenic mice. DL0410 was
effective in improving synaptic dysfunction by activating the
AKT/GSK-3B and MAPK/ERK signaling pathways. On the other
hand, DL0410 reduced neuronal loss by decreasing senile plaque
deposition and inhibiting glial overactivation and neuroinflamma-
tion (Fig. 10). In summary, DL0O410 may represent a promising
candidate agent for AD therapy.
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