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DL0410 ameliorates cognitive disorder in SAMP8
mice by promoting mitochondrial dynamics and
the NMDAR-CREB-BDNF pathway
Wen-wen Lian1,2, Wei Zhou1, Bao-yue Zhang1, Hao Jia1, Lv-jie Xu1, Ai-lin Liu1 and Guan-hua Du1

Alzheimer’s disease (AD) is a worldwide problem and there are no effective drugs for AD treatment. Previous studies show that
DL0410 is a multi-target, anti-AD agent. In this study, we investigated the therapeutic effect of DL0410 and its action mechanism in
SAMP8 mice. DL0410 (1−10mg·kg−1·d−1) was orally administered to 8-month-old SAMP mice (SAMP8) for 8 weeks. We showed
that DL0410 administration effectively ameliorated the cognitive deficits in the Morris water maze test, novel object recognition
test, and nest building test. We revealed that DL0410 dose-dependently increased the expression levels of the mitochondrial
proteins (PGC-1α, Mitofusin 2, OPA1, and Drp1), and subsequently ameliorated the processes of mitochondrial biosynthesis, fusion,
and fission in the cortex and hippocampus of SAMP8 mice. Furthermore, DL0410 administration promoted the expression of
synaptic proteins (synaptophysin and PSD95) in the brain of SAMP8 mice, and upregulated the protein phosphorylation in NMDAR-
CAMKII/CAMKIV-CREB pathway responsible for the synaptic plasticity. DL0410 administration dose-dependently increased the
expression of BDNF and TrkB, and the neurotrophic effect was mediated via the ERK1/2 and PI3K-AKT-GSK-3β pathways. DL0410
administration upregulated Bcl-2, increased the Bcl-2/Bax ratio and the level of caspase 3 and PARP-1, alleviating neuronal
apoptosis. We proposed that the NMDAR-CREB-BDNF pathway might establish a positive feedback loop between synaptic plasticity
and neurotrophy, with CREB at the center. In summary, DL0410 promotes synaptic function and neuronal survival, thus
ameliorating cognitive deficits in SAMP8 mice via improved mitochondrial dynamics and increased activity of the NMDAR-CREB-
BDNF pathway. DL0410 is a promising candidate to treat aging-related AD, and deserves more research and development in future.
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INTRODUCTION
Alzheimer’s disease (AD), the most common form of dementia in
elderly people, is characterized by impaired learning and memory.
The prevalence of AD continues to increase in China and
worldwide, which makes it one of the greatest health challenges
in the 21st century [1]. Neuropathologically, AD is characterized by
progressive and irreversible degeneration in the brain along with
aging and involves amyloid plaques, neurofibrillary tangles,
neuron and synapse loss, neuroinflammation, and brain atrophy
[2]. Although many studies have examined the pathology of AD
and attempted to develop effective agents, there are still no
curative drugs available to stop or reverse the effects of AD [3].
Considering the multiple factors involved AD, there is a growing
consensus that drugs with multiple targets will probably be
effective in defeating AD [4].
DL0410 (Fig. 1) was first found to be a potent inhibitor against

acetylcholinesterase (AChE) and was subsequently shown to inhibit
butylcholinesterase (BuChE) as well as antagonize the histidine 3
receptor (H3R) [5–7]. The therapeutic effect of DL0410 on amnesia
has been verified in a series of AD-related animal models, including
scopolamine-[8], D-galactose-[9], and Aβ1-42-induced model mice [10]

and APP/PS1 transgene mice [11, 12]. DL0410 showed a beneficial
effect on cognitive defects and was equivalent to or better than the
positive references donepezil and memantine. Several mechanisms
of DL0410, such as AChE inhibition, reduced Aβ generation,
protection of mitochondrial respiration, and inhibition of oxidative
stress and neuroinflammation, have been identified. However, the
key mechanism of DL0410 has not been clarified. As a potential anti-
AD agent with multiple targets, DL0410 should be further
investigated to verify its pharmacologic effect in various animal
models of AD and to further explore its key targets or pathways.
SAMP8 mice exhibit typical features of accelerated aging, with a

short life span and age-related learning and memory deficits
[13, 14]. In addition, SAMP8 mice show key neuropathological
features of AD, such as increased Aβ, abnormal phosphorylation of
Tau, neuronal loss, mitochondrial disorder, and oxidative stress,
which resemble those of AD patients [15]. Therefore, SAMP8 mice
are proposed to be a classical model for sporadic AD and have
been used to characterize memory-enhancing compounds in a
series of studies.
Mitochondria are an energy factory for the physiological

activities of cells, such as neurotransmitter release, ion channel
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activity, and action potentials [16]. Mitochondrial injury can be
caused by many factors, such as Aβ, oxidative stress, and
nutritional deficits. When mitochondria are damaged, they can
affect synaptic signaling and initiate and amplify cell apoptosis
[17]. Synaptic disorder and neuron loss, which might result from
mitochondrial disorder, nutrient deficiency, oxidative stress, and
neuroinflammation, are the final injuries in AD pathology and
further exacerbate the cognitive decline. Previously, DL0410 was
found to improve mitochondrial respiration, as well as ameliorate
neuron and synapse loss in D-galactose-induced aging mice [9].
However, the detailed mechanisms of DL0410 need to be
determined further.
In the present study, we first assessed the therapeutic effect of

DL0410 on SAMP8 mice, further explored its molecular mechanism
from the aspect of synaptic function, neurotrophy and mitochon-
drial dynamics, and finally identified several key molecules and
revealed a positive loop in the treatment of AD. This study suggests
that DL0410 can be used in aging-related dementia and lays a
foundation for its development in the future.

MATERIALS AND METHODS
Drugs and reagents
DL0410 (purity ≥ 98% by High-Performance Liquid Chromato-
graphy (HPLC)) was obtained from the Institute of Materia Medica,
Chinese Academy of Medical Sciences (Beijing, China). Donepezil
was obtained from Shandong Ji-nan Dexinjia Biotechnology
(Ji-nan, China). RIPA (#9806) and primary antibodies against Bax
(#14796), Bcl-2 (#3498), Caspase 3 (#9662), p-CREB (#9198),
p-CAMKIIα (#3361), p-ERK1/2 (#4370), PI3K p110α (#4249), p-PI3K
p85 (#4228), p-AKT (#9271), and p-GSK-3β (#5558) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Primary
antibodies against Synaptophysin (ab32127), PSD95 (ab18258),
p-CAMKIV (ab59424), BDNF (ab108319), TrkB (ab18987), PGC-1α
(ab54481), Drp1 (ab184247), OPA1 (ab157457), and Mitofusin 2
(ab56889) were purchased from Abcam (Cambridge, UK). The
primary antibodies against p-NMDAR2B (07-398) were purchased
from Millipore (Billerica, MA, USA). Primary antibodies against poly
(ADP-ribose) polymerase 1 (PARP-1, sc7150) were purchased from
Santa Cruz (Santa Cruz, CA, USA). Primary antibodies against
β-actin (30101ES60) were purchased from Yesen Biotechnology
(Shanghai, China). A protease inhibitor cocktail (CW2200S),
phosphatase inhibitor cocktail (CW2383S), bicinchoninic acid
(BCA) protein assay kit (CW0014S), horseradish peroxidase (HRP)-
conjugated secondary antibodies (anti-rabbit CW0234S, anti-
mouse CW0221S), and ChemiGlow Western Blotting Detection
Reagents (CW0049M) were purchased from Kangwei Biotechnol-
ogy (Beijing, China).

Animals and treatments
Three-month-old male SAMP8 and SAMR1 mice (18–20 g) were
purchased from the laboratory animal center of the Peking
University Health Science Center (Beijing, China). All mice were
raised in the animal center of the Institute of Materia Medica, with
a temperature of 23 ± 1 °C and humidity of 50% ± 10%. Mice had

free access to food and water under a controlled 12 h light-dark
cycle. The treatment and maintenance of the animals were in
accordance with the Guide for Care and Use of Laboratory Animals
(National Institutes of Health, Bethesda, MD, USA) and approved
by the Animal Care Committee of the Institute of Materia Medica,
Peking Union Medical College (Beijing, China).
When mice were 8 months old, 97 SAMP8 mice were used.

These SAMP8 mice were randomly divided into five groups: the
model group (SAMP8 group, 19 mice), the DL0410-1 mg/kg group
(DL-1 group, 19 mice), the DL0410-3 mg/kg group (DL-3 group, 19
mice), the DL0410-10 mg/kg group (DL-10 group, 20 mice), and
the donepezil group (20 mice). In addition, SAMR1 mice were
set as the control group as described previously [18, 19].
All experiments were in accordance with the ARRIVE guidelines
for Animal Research. A step-down test was used to evaluate the
cognition of 14 SAMR1 mice and 15 SAMP8 mice. For this test,
three SAMP8 mice were randomly selected from the five groups.
In the testing period of the step-down test, the latency of the
SAMP8 mice was significantly shorter than that of the SAMR1 mice
(Fig. 2a), and the error times tended to increase (Fig. 2b). This
result suggested that the memory and cognition of the 8-month-
old SAMP8 mice were significantly impaired compared with that
of the SAMR1 mice of the same age.
Mice were given drugs or water by intragastric gavage for

8 weeks. Mice in the control and model groups were given water.
Mice in the donepezil, DL-1, DL-3, and DL-10 groups were
administered donepezil at 3 mg/kg, DL0410 at 1 mg/kg, DL0410 at
3 mg/kg, and DL0410 at 10 mg/kg, respectively. DL0410 and
donepezil were dissolved in distilled water. Eight weeks later,
behavioral tests were conducted, and all of the tests were
performed 30–40min after drug administration.

Behavioral tests
Autonomous activity test. This test was conducted in a round
apparatus with six infrared detectors. When the mouse moved in the
box, detectors could detect the signal and record it as “1”. Mice were
placed in the box with 1min of adaption, and then, autonomous
activity was recorded for 5min. The autonomous activity was
defined as the accumulation of the detected signals in 5min.

Morris water maze test. The apparatus is composed of a circular
pool (diameter 120 cm, height 40 cm) and a platform (diameter
8 cm, height 20 cm) in the center of the first quadrant. Water in
the pool was 1 cm higher than that in the platform, which could
not be seen by mice. The Morris water maze test lasted for 5 days;
navigation trials were conducted on the first four days and the
probe trial was conducted on the last day.
In the navigation trial, mice were first placed in the water in the

middle of the second quadrant’s border and then in the middle of
the third quadrant’s border. Mice were made to swim for 60 s each
time. If they found the platform and stopped on it within 60 s, the
recording system would stop, and the mice were allowed to stay

Fig. 1 The chemical structure of DL0410. DL0410 is the active
compound with multiple drug targets against AD.

Fig. 2 There was cognitive impairment in the 8-month-old SAMP8
mice compared with the SAMR1 mice in the step-down test.
Data are expressed as the mean±SEM (n= 14–15). a The latency of
the SAMP8 mice was shorter than that of the SAMR1 mice, and
b the error times of SAMP8 mice tended to increase. #P < 0.05 and
##P < 0.01 vs the SAMR1 mice.
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on the platform for 15 s to consolidate the memory. If not, the
mice were guided to the platform and placed on it for 15 s.
In the probe trial, the platform was removed from the pool, and

the mice were allowed to swim for 60 s two times. The position
was the same as that in the navigation trial.
In the Morris water maze test, the swimming paths and

times were recorded and used to analyze the space memory of
the mice [9].

Step-down test. This test was conducted in an apparatus with a
metal floor connected to electricity (36 V, 1.5 mA) and an insulated
columnar platform on the floor. This test consisted of two phases:
a training period (the first day) and a testing period (the
second day).
On the first day, mice were placed into the apparatus for 1 min

of adaptation and then placed on the platform after the power
was on. In this 5 min training period, mice would step down to the
floor and suffer an electric shock, which would force them to climb
onto the platform to avoid the electric shock. On the second day,
the mice were placed on the platform with power on, and the test
lasted for 5 min.
In this test, latency (the time a mouse first stepped down to the

metal floor) and error times (total number of times a mouse
stepped down to the floor) were recorded [8].

Novel object recognition test. This test was conducted in a box
(50 cm × 50 cm × 40 cm) with two objects in it. On the first day,
mice were placed into the box without objects to adapt to the
environment for 5 min. On the second day, two red cubes (4 cm ×
4 cm × 4 cm) were placed in the box, 8 cm from the two nearest
sides. Then, the mice were placed at the middle of the side far
from objects and were recorded for 5 min. On the third day, one
red cube was replaced by a blue cone, and then, the mice were
placed in the box and recorded for 5 min.
In the recording period, the time mice spent exploring each

object with their noses or paws was calculated. The discrimination
index (DI) was further calculated to evaluate the curiosity of the
mice toward the new object. The DI was defined as the
percentage of time spent on the novel object (the blue cone) to
the total time spent on the two objects [10].

Nest building test. This test was conducted in the cage with two
stacks of tissues (4 cm × 4 cm, 6 pieces per stack). Nest building
results were scored at 2, 12, and 24 h, in accordance with the
following rules [20–22]:
0, tissues were not touched at all;
1, tissues were scattered in the cage;
2, tissues were put together in corner, without being torn;
3, tissues were put together in corner, with part of the

tissues torn;
4, most tissues were torn and piled up to successfully form

a nest.

Preparation of brain tissue
Thirty minutes after drug administration, the mice were sacrificed, and
the cortex and hippocampus were collected and stored at −80 °C.
The cortex and hippocampus were homogenized in RIPA

buffer supplemented with a protease inhibitor and phosphatase
inhibitor. After centrifugation at 12,000 × g for 30 min, the
supernatant was collected and boiled with loading buffer for
10 min. The denatured protein was stored at −80 °C for Western
blot analysis.

Western blotting
SDS-PAGE was used to separate protein samples (total protein
50 μg), which were then transferred to a PVDF membrane. After
the membrane was blocked by 5% BSA, it was incubated with
different primary antibodies [Bax (rabbit, 1:1000), Bcl-2 (rabbit,

1:1000), Caspase 3 (rabbit, 1:1000), p-CREB (rabbit, 1:1000), p-
CAMKIIα (rabbit, 1:1000), p-ERK1/2 (rabbit, 1:1000), PI3K p110α
(rabbit, 1:1000), p-PI3K p85 (rabbit, 1:1000), p-AKT (rabbit, 1:1000),
p-GSK-3β (rabbit, 1:1000), synaptophysin (rabbit, 1:20000), PSD95
(rabbit, 1:800), p-CAMKIV (rabbit, 1:1000), BDNF (rabbit, 1:5000),
TrkB (rabbit, 1:1000), PGC-1α (rabbit, 1:1000), Drp1 (rabbit, 1:1000),
OPA1 (rabbit, 1:2000), Mitofusin 2 (mouse, 1:1000), and β-actin
(mouse, 1:10000)] at 4 °C overnight. On the second day, the PVDF
membrane was rinsed with TBST and then incubated with HRP-
conjugated secondary antibody (anti-rabbit, 1:1000; anti-mouse,
1:5000) at 37 °C for 2 h. Protein bands were detected by an ECL kit
using a ChemiDoc-ItTM imaging system (UVP, Upland, CA, USA). β-
Actin was selected as a control [16, 17], and the gray value was
analyzed by Gel-pro 32 (Media Cybernetics, Rockville, MD, USA).

Immunohistochemistry (IHC) analysis
Three mice were selected randomly from each group and
anesthetized. Then, perfusion was conducted with saline solution
and 4% paraformaldehyde. The isolated brains were preserved in
4% paraformaldehyde overnight. Brains embedded in paraffin
were cut into 5 μm pieces and used for IHC staining.
Slides were dewaxed with xylene and a graded series of ethanol

solutions. Then, they were incubated with primary antibodies
[synaptophysin (rabbit, 1:500), PSD95 (rabbit, 1:100)] at 4 °C
overnight. On the second day, the slides were rinsed and then
incubated with secondary antibody (anti-rabbit, 1:100) at room
temperature for 1 h. They were further visualized with an Elite ABC
kit (Vector, Burlingame, CA, USA). Hematoxylin was used for nuclear
staining. Then, the slides were imaged at 200× magnification using a
microscope.

Statistical analysis
Data are expressed as the mean ± standard error of the mean
(SEM). Statistical analyses were conducted with GraphPad Prism
software (San Diego, CA, USA). Data for the navigation trials of the
Morris water maze test were analyzed with two-way ANOVA with
repeated measures, with time and drug treatment as two factors.
Differences between the SAMR1 group and the SAMP8 group
were analyzed with Student’s t-test, and differences among the
SAMP8 group and the other four drug-administered groups were
evaluated with one-way ANOVA followed by Dunnett’s multiple
comparisons test. P < 0.05 was considered significant.

RESULTS
DL0410 ameliorated cognitive impairments in the SAMP8 mice in
the behavioral tests
DL0410 showed no effect on the locomotor activity of the SAMP8
mice. Locomotor activity was evaluated to exclude the effect of
the drugs on motor function. There were no significant differences
among the six groups (Fig. 3a) in locomotor activity, which
indicated that DL0410 and donepezil had no effect on locomotor
activity.

DL0410 increased the DI of the SAMP8 mice in the novel object
recognition test. After 2 days of adaptation to the environment
with two red cubes, one of the red cubes was replaced by a blue
cone, and the time the mice spent exploring each object with
their noses or paws was recorded. The DI was further calculated to
evaluate the curiosity of the mice toward the new object, as
shown in Fig. 3b. The DI of the SAMP8 group was significantly
lower than that of the SAMR1 group (P < 0.001). DL0410 increased
the DI of the SAMP8 mice in a dose-dependent manner (P < 0.05
at 1 mg/kg, P < 0.001 at 3 and 10mg/kg), and donepezil
significantly increased the DI (P < 0.05).

DL0410 improved the nesting score of the SAMP8 mice in the nest
building test. Nest building is an instinct of mice, which was used

The effect and mechanism of DL0410 in SAMP8 mice
WW Lian et al.

1057

Acta Pharmacologica Sinica (2021) 42:1055 – 1068



to explore the ability to complete daily tasks. The nest building
results at 2, 12, and 24 h are shown in Fig. 3c. At 2 h, the score of
the SAMP8 group was significantly lower than that of the SAMR1
group (P < 0.01), indicating that the SAMR1 mice started to build
nests earlier than the SAMP8 mice. At 12 h, the score of the SAMP8
group was still lower than that of the SAMR1 group (P < 0.01), and
DL0410 tended to increase the score of the SAMP8 mice, with the
3mg/kg group showing significant results (P < 0.01). At 24 h,
the scores of all the groups increased, and the nests built by
the SAMR1 mice were three-dimensional and perfect. The score
of the SAMP8 group was still lower than that of the SAMR1
group (P < 0.001), but treatment with DL0410 at 3 mg/kg
significantly increased the score of the SAMP8 mice (P < 0.05).
The SAMP8 mice treated with donepezil showed an increased
trend in the nesting ability at 12 and 24 h, although the results
were not significant.

DL0410 improved the spatial memory of the SAMP8 mice in the
Morris water maze test. During the first four days, navigation trials
were performed, and the results are shown in Fig. 3d–i. On the first
day, the escape latency of each group was not significantly different.
As the training progressed, the escape latency of the SAMR1 mice
and the drug-administered SAMP8 mice tended to decrease, while
the latency of the SAMP8 group almost never changed (Fig. 3d). The
results of the fourth day were further analyzed, and there was no
difference in the swimming speed among the groups (Fig. 3e);
compared with those of the SAMR1 group, the escape latency and
swimming distance of the SAMP8 group were significantly extended
(Fig. 3f, g, P < 0.001 for escape latency, P < 0.01 for swimming
distance). Treatment of the SAMP8 mice with DL0410 reduced the
escape latency and swimming distance, with a significant difference
at 10mg/kg (P < 0.05 for both). The search strategy of the mice was
further considered, and the ratio of searching time and distance in

Fig. 3 The effect of DL0410 on the memory of the SAMP8 mice in the behavioral tests. Data are expressed as the mean±SEM (n= 12–18).
The SAMP8 mice were randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+DL0410-1
mg/kg), DL-3 mg/kg group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil group (SAMP8
+donepezil). SAMR1 mice were used as the control group. a There was no difference among the groups in locomotor activity. b DL0410
increased the DI of the SAMP8 mice in the novel object recognition test. c In the nest building test, DL0410 improved the nesting score of the
SAMP8 mice at 12 and 24 h. In the navigation trials of the Morris water maze, the latency decreased as the training progressed (d). On the
fourth day, there was no difference among the groups in the swimming speed (e); in addition, DL0410 shortened the latency (f) and
swimming distance (g); in terms of searching strategy, DL0410 increased the ratio of searching time (h) and searching distance (i) in the target
quarter. In the probe trial, DL0410 decreased the latency onto the platform (j) and increased the entry times onto the platform (k). In terms of
searching strategy, DL0410 could increase the searching time (l) and distance (m) in the target quarter. ##P < 0.01, ###P < 0.001 vs the SAMR1
group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs the SAMP8 group.

The effect and mechanism of DL0410 in SAMP8 mice
WW Lian et al.

1058

Acta Pharmacologica Sinica (2021) 42:1055 – 1068



the target quarter of the SAMP8 mice was increased by DL0410
(Fig. 3h, i), with 10mg/kg notably increasing the ratio of searching
time in the target quarter (P < 0.05).
On the fifth day, the platform was removed, and a probe trial was

performed, with the results shown in Fig. 3j–m. Compared with
those of the SAMR1 group, the latency onto the platform of the
SAMP8 group was increased (Fig. 3j, P < 0.001), and the entry times
onto the platform were reduced (Fig. 3k, P < 0.001). DL0410
decreased the latency onto the platform and increased the entry
times onto the platform, with significant results observed in the
3 and 10mg/kg groups (Fig. 3j for latency onto the platform, P <
0.05 at 3 and 10mg/kg; Fig. 3k for entry times onto the platform, P <
0.05 at 10mg/kg). With regard to the search strategy, DL0410 (1, 3
and 10mg/kg) notably increased the searching time and distance in
the target quarter (Fig. 3l for searching time in the target quarter,
P < 0.05 at 1 and 3mg/kg, P < 0.01 at 10mg/kg; Fig. 3m for
searching distance in the target quarter, P < 0.01 at 1 and 10mg/kg,
P < 0.05 at 3mg/kg). Donepezil only showed a trend of improve-
ment in the spatial memory of the SAMP8 mice in the navigation
and probe trials.

DL0410 ameliorated mitochondrial dynamics in the brains of the
SAMP8 mice
Brains are highly dependent on energy, and mitochondrial
function is extremely important for the physiological functions
of neurons, such as synaptic transduction. We next determined
the effect of DL0410 on mitochondria based on mitochondrial
biosynthesis, fission and fusion.

DL0410 improved the expression of PGC-1α in the brains of the
SAMP8 mice. PGC-1α is a transcriptional coactivator that partici-
pates in regulating the expression of energy metabolism-related
genes and is involved in oxidative phosphorylation and mitochon-
drial integrity. As shown in Fig. 4a, the expression of PGC-1α in the
SAMP8 group was notably downregulated compared with that
of the SAMR1 group (P < 0.01 in the cortex, P < 0.001 in the
hippocampus). In addition, DL0410 upregulated PGC-1α expression
in the SAMP8 mice (P< 0.01 at 10mg/kg in the cortex; P < 0.05 at 1
and 3mg/kg, P < 0.001 at 10mg/kg in the hippocampus).

DL0410 increased the expression of Drp1 in the brains of the SAMP8
mice. Drp1 is a key protein in mitochondrial fission, as shown in
Fig. 4b. Drp1 expression was significantly lower in the cortex and
hippocampus of the SAMP8 group than in the SAMR1 group (P <
0.001 in the cortex and hippocampus). DL0410 at 10 mg/kg
rescued Drp1 expression in the SAMP8 mice (P < 0.05 in the cortex
and hippocampus).

DL0410 upregulated Mitofusin 2 and OPA1 in the brains of the
SAMP8 mice. Mitofusin 2 and OPA1, two key molecules in
mitochondrial fusion, were investigated, and the results are shown
in Fig. 4c–e. The levels of Mitofusin 2 and OPA1 in the cortex and
hippocampus were lower in the SAMP8 group than in the SAMR1
group (for Mitofusin 2: P < 0.001 in the cortex and hippocampus;
for OPA1: P < 0.001 in the cortex and hippocampus). Moreover,
DL0410 treatment significantly promoted the expression of
Mitofusin 2 and OPA1 in the cortex and hippocampus of the
SAMP8 mice (for Mitofusin 2: P < 0.05 at 10 mg/kg in the cortex,
P < 0.01 at 1 and 10mg/kg, P < 0.05 at 3 mg/kg in the
hippocampus; for OPA1: P < 0.01 at 10 mg/kg in the cortex, P <
0.001 at 1, 3 and 10mg/kg in the hippocampus).

The effect of DL0410 on synaptic plasticity in the brains of the
SAMP8 mice
Synapses are the units involved in information transfer and
storage, the structure and function of which can be altered based
on the physiological situation. When synaptic plasticity is
impaired, learning and memory are subsequently disordered. In

this section, we investigated the expression of proteins involved in
synaptic plasticity and the LTP-related signaling pathway.

DL0410 promoted the expression of synaptic proteins in the brains of
the SAMP8 mice. Synaptophysin is specifically located in the
presynaptic membrane and plays a key role in the release of
neurotransmitters. As shown in Fig. 5c, the expression of
synaptophysin showed no significant changes among the groups
(P > 0.05). PSD95 is broadly expressed in the postsynaptic mem-
branes of excitatory glutamatergic synapses. The expression of
PSD95 was significantly decreased in the SAMP8 group compared
with the SAMR1 group (Fig. 5f, P < 0.01 in the cortex, P < 0.001 in the
hippocampus), which indicated that the postsynaptic density was
damaged. However, the treatment of SAMP8 mice with DL0410
notably increased PSD95 expression in a dose-dependent manner
(P < 0.05 at 10mg/kg in the cortex; P < 0.05 at 1 and 3mg/kg, P <
0.001 at 10mg/kg in the hippocampus).
We further examined the expression of synaptophysin and PSD95

by immunohistochemical staining, with the results shown in Fig. 5a,
b, d, and e. Synaptophysin and PSD95 in the cell and membrane
were stained brown, and the IHC results were similar to the Western
blot results. There was no obvious difference in the staining of
synaptophysin among the six groups. However, the staining of
PSD95 in the SAMP8 group was lighter than that of the SAMR1
group in the cortex and the hippocampal CA3 area. Moreover, the
treatment of SAMP8 mice with DL0410 indeed promoted PSD95
expression.

DL0410 promoted the NMDAR-CAMKII/IV-CREB pathway in LTP
transduction. LTP, an important part of synaptic function, partici-
pates in the learning and memory process. In the LTP cascade,
NMDA receptor (NMDAR) mediates calcium influxes, CAMKII and
CAMKIV are phosphorylated, and CREB is translocated into the
nucleus. Thus, related proteins were investigated.
NMDAR2B (NR2B) is the regulatory subunit of the NMDAR, which

is a voltage and neurotransmitter-gated ion channel involved in LTP.
As shown in Fig. 6a, b, the phosphorylation of NR2B was significantly
reduced in the SAMP8 group compared with the SAMR1 group (P <
0.001 in the cortex and hippocampus). Treatment with DL0410
increased the phosphorylation of NR2B in the cortex and
hippocampus of the SAMP8 mice (P < 0.01 at 3 and 10mg/kg in
the cortex; P < 0.01 at 1mg/kg, P < 0.001 at 3 and 10mg/kg in the
hippocampus).
CAMKII and CAMKIV are Ca2+/Calmodulin-dependent protein

kinases and participate in the early induction and late maintenance
of LTP. As shown in Fig. 6a, c and d, the phosphorylation of CAMKII-α
and CAMKIV was significantly lower in the SAMP8 group than in the
SAMR1 group (P< 0.001 for p-CAMKII-α and p-CAMKIV in the cortex
and hippocampus). In addition, DL0410 effectively improved the
phosphorylation of CAMKII-α and CAMKIV in the cortex and
hippocampus of the SAMP8 mice (Fig. 6c for p-CAMKII-α: P < 0.05
at 3mg/kg, P < 0.001 at 10mg/kg in the cortex; P < 0.05 at 1mg/kg,
P < 0.01 at 3 and 10mg/kg in the hippocampus; Fig. 6d for p-
CAMKIV: P < 0.001 at 10mg/kg in the cortex; P < 0.01 at 1 and 3mg/
kg, P < 0.001 at 10mg/kg in the hippocampus).
CREB is a vital nuclear translocation factor regulated by CAMK and

controls the expression of numerous genes. The phosphorylation of
CREB at Ser133 in the SAMP8 group was lower than that of the
SAMR1 group in the cortex and hippocampus (Fig. 6a and e, P <
0.001 in the cortex and hippocampus). The administration of DL0410
facilitated the phosphorylation of CREB at Ser133 in the SAMP8 mice
(P < 0.05 at 3mg/kg, P < 0.001 at 10mg/kg in the cortex; P < 0.05 at
3mg/kg, P < 0.01 at 10mg/kg in the hippocampus).

DL0410 promoted the neurotrophic effect in the brains of the
SAMP8 mice
BDNF is one of the neurotrophins widely distributed in the cortex
and hippocampus and contributes to neuronal survival, synaptic
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development and activity. In this section, we observed the BDNF-
mediated signaling pathway.

DL0410 increased the expression of BDNF and TrkB in the brains of
the SAMP8 mice. TrkB, the specific receptor of BDNF, mediates
the neurotrophic effect by specific BDNF binding, and the analysis
of this molecules is shown in Fig. 7a-c. Compared with those in the
SAMR1 group, the levels of BDNF and TrkB were significantly
decreased in the cortex and hippocampus of the SAMP8 group
(for BDNF: P < 0.001 in the cortex and hippocampus; for TrkB: P <
0.001 in the cortex and hippocampus). Treatment with DL0410
increased the levels of BDNF and TrkB in the SAMP8 mice (Fig. 7b
for BDNF: P < 0.01 at 3 mg/kg and P < 0.001 at 10 mg/kg in the
cortex, P < 0.05 at 3 and 10mg/kg in the hippocampus; Fig. 7c for

TrkB: P < 0.01 at 10 mg/kg in the cortex, P < 0.05 at 3 mg/kg, and
P < 0.001 at 10 mg/kg in the hippocampus).

DL0410 increased p-ERK1/2 in the brains of the SAMP8 mice. The
MAPK pathway is activated by the binding of BDNF to TrkB, which
further phosphorylates ERK1/2 and induces downstream pathways.
The p-ERK1/2 results are shown in Fig. 7d. The phosphorylation of
ERK1/2 was significantly reduced in the cortex and hippocampus of
the SAMP8 group compared with that in the SAMR1 group (P < 0.01
in the cortex, P < 0.05 in the hippocampus), although there were no
significant differences in the cortex. Treatment of the SAMP8 mice
with DL0410 notably raised the level of p-ERK1/2 in the cortex and
hippocampus (P < 0.05 at 10mg/kg in the cortex, P < 0.001 at
10mg/kg in the hippocampus).

Fig. 4 The effect of DL0410 on the mitochondrial protein in the brains of the SAMP8 mice. Data are expressed as the mean±SEM (n = 6–8).
DL0410 could improve the levels of PGC-1α (a), Drp1 (b), Mitofusin 2 (d) and OPA1 (e) in the cortex and hippocampus of the SAMP8 mice.
c The representative bands of Mitofusin 2 and OPA1 in Western blots. SAMR1 mice were set as the control group, and SAMP8 mice were
randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+DL0410-1 mg/kg), DL-3 mg/kg
group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil group (SAMP8+donepezil). In the
histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg group, DL-3 mg/kg group, DL-10 mg/kg group, and donepezil group are listed from
left to right. ##P < 0.01 and ###P < 0.001 vs the SAMR1 group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs the SAMP8 group.
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DL0410 promoted the PI3K-AKT pathway in the brains of the SAMP8
mice. The PI3K-AKT pathway is another important pathway
activated by BDNF. PI3K is composed of the catalytic subunit
p110 and the regulatory subunit p85, and the results are shown in
Fig. 8a–c. The expression of p110α and p-p85 was significantly

reduced in the cortex and hippocampus of the SAMP8 group
compared with that of the SAMR1 group (for p110α: P < 0.001 in
the cortex and hippocampus; for p-p85: P < 0.001 in the cortex
and hippocampus). SAMP8 mice administered DL0410 at 10 mg/
kg showed high levels of p110α and p-p85 in the cortex and

Fig. 5 The effect of DL0410 on synaptic proteins in the brains of the SAMP8 mice. Data are expressed as the mean±SEM (n= 6–8). The IHC
results of synaptophysin in the cortex (a, 200×) and CA1 area (b, 200×) and the Western blot results (c) are shown; DL0410 showed a tendency
to increase synaptophysin expression in the cortex and hippocampus of the SAMP8 mice. DL0410 increased PSD95 expression in the SAMP8
mice, as shown by Western blots (f), and IHC of the cortex (d, 200×) and CA1 area (e, 200×) showed similar results. SAMR1 mice were set as the
control group, and SAMP8 mice were randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group
(SAMP8+DL0410-1 mg/kg), DL-3 mg/kg group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil
group (SAMP8+donepezil). In the histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg group, DL-3 mg/kg group, DL-10 mg/kg group, and
donepezil group are listed from left to right. ##P < 0.01 and ###P < 0.001 vs the SAMR1 group; *P < 0.05 and ***P < 0.001 vs the SAMP8 group.
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hippocampus (Fig. 8b for p110α: P < 0.05 at 10mg/kg in the
cortex, P < 0.01 at 10 mg/kg in the hippocampus; Fig. 8c for p-p85:
P < 0.05 at 10mg/kg in the cortex, P < 0.05 at 1 and 3mg/kg, P <
0.01 at 10 mg/kg in the hippocampus).
AKT and GSK-3β are downstream molecules of PI3K, which are

further phosphorylated. As shown in Fig. 8a, d, and e, the levels of
p-AKT and p-GSK-3β (Ser9) were significantly lower in the SAMP8
group than in the SAMR1 group (for p-AKT: P < 0.001 in the cortex
and hippocampus; for p-GSK-3β (Ser9): P < 0.001 in the cortex and
hippocampus). However, the treatment of SAMP8 mice with
DL0410 increased the levels of p-AKT and p-GSK-3β (Ser9)
compared with those of the SAMP8 group (Fig. 8d for p-AKT:
P < 0.01 at 10mg/kg in the cortex, P < 0.05 at 1 and 3mg/kg, P <
0.001 at 10 mg/kg in the hippocampus; Fig. 8e for p-GSK-3β (Ser9):
P < 0.05 at 10 mg/kg in the cortex, P < 0.05 at 1 mg/kg, P < 0.01 at
3 and 10mg/kg in the hippocampus).

DL0410 alleviated neuronal apoptosis in the brains of the SAMP8
mice
One of the hallmarks of AD is neuron loss, which is the final result
of different pathologies. In this section, we investigated the
expression of apoptosis-related proteins.
Bcl-2 and Bax are located at the outer membrane of the

mitochondria and inhibit and promote apoptosis, respectively. The
ratio of Bcl-2 to Bax is decisive in the process of mitochondrial
apoptosis. The Western blot results are shown in Fig. 9a, b. The
expression of Bcl-2 was notably reduced in the cortex and
hippocampus of the SAMP8 group compared with the SAMR1
group (P < 0.001 in the cortex and hippocampus). DL0410 increased
Bcl-2 expression in the SAMP8 mice (P < 0.001 at 10mg/kg in the
cortex; P < 0.05 at 1, 3, and 10mg/kg in the hippocampus) and
further significantly increased the ratio of Bcl-2 to Bax at 10mg/kg
(Fig. 9c, P < 0.05 at 10mg/kg in the hippocampus).

Fig. 6 The effect of DL0410 on the expression of phosphorylated NMDAR2B, CAMKII-α, CAMKIV, and CREB in the brains of the SAMP8
mice. Data are expressed as the mean ± SEM (n= 6–8). a Representative bands of Western blotting. DL0410 promoted the phosphorylation of
NMDAR2B (b), CAMKII-α (c), CAMKIV (d) and CREB (e) in the cortex and hippocampus of the SAMP8 mice. SAMR1 mice were set as the control
group, and SAMP8 mice were randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+
DL0410-1 mg/kg), DL-3 mg/kg group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil group
(SAMP8+donepezil). In the histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg group, DL-3 mg/kg group, DL-10 mg/kg group and
donepezil group are listed from left to right. ###P < 0.001 vs the SAMR1 group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs the SAMP8 group.
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Caspase 3, an executor of apoptosis, is cleaved to the active
form, which further cleaves and inactivates PARP-1. Compared
with those in the SAMR1 group, Caspase 3 and PARP-1 were
significantly reduced in the cortex and hippocampus in the SAMP8
group (Fig. 9a, d, e, P < 0.001 for Caspase 3 in the cortex and
hippocampus; P < 0.001 for PARP-1 in the cortex and hippocam-
pus). DL0410 increased the levels of Caspase 3 and PARP-1 in the
SAMP8 mice (Fig. 9d for Caspase 3: P < 0.05 at 10 mg/kg in the
cortex and hippocampus; Fig. 9e for PARP-1: P < 0.05 at 10 mg/kg
in the cortex, P < 0.05 at 1 and 3mg/kg, P < 0.01 at 10 mg/kg in the
hippocampus). This result indicated that the cleavage of Caspase 3
and PARP-1 was suppressed, which inhibits apoptosis.

DISCUSSION
In the present study, 8-month-old SAMP8 mice were used to study
the therapeutic effect of DL0410 on cognitive deficits, with SAMR1

mice of the same age as controls. Moreover, the effect of DL0410
on mitochondrial dynamics, synaptic plasticity, neuronal apoptosis
and neurotrophy was explored.
After 8 weeks of DL0410 administration, a series of behavioral

tests were conducted to examine the learning and memory
capabilities of the mice. In the autonomous activity test, there
were no significant differences among the six groups, which
implied that there was no difference in the motor ability of these
mice. Therefore, the difference in results from the other tests is
likely attributable to the different levels of learning and memory in
each group. In the novel object recognition test, DL0410 raised the
DI of the SAMP8 mice and increased the time the mice spent on
the new object. In the nest building test, DL0410 could improve
the ability to perform daily tasks and increased the ability to make
nests, which significantly raised the scores at 12 and 24 h. The
Morris water maze is a classic test of spatial memory, in which
mice were tested on their ability to escape from the water

Fig. 7 The effect of DL0410 on the expression of BDNF, TrkB, and phosphorylated ERK1/2 in the brains of the SAMP8 mice. Data are
expressed as the mean±SEM (n= 6–8). a Representative bands of Western blotting. DL0410 increased the levels of BDNF (b) and TrkB (c) and
promoted the phosphorylation of ERK1/2 (d) in the cortex and hippocampus of the SAMP8 mice. SAMR1 mice were set as the control group,
and SAMP8 mice were randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+DL0410-1
mg/kg), DL-3 mg/kg group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil group (SAMP8
+donepezil). In the histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg group, DL-3 mg/kg group, DL-10 mg/kg group and donepezil
group are listed from left to right. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs the SAMR1 group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs the
SAMP8 group.
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according to environmental cues. On the fourth day of the
navigation trials, the mice treated with DL0410 had decreased
escape latencies and swimming distances and increased ratios of
searching time in the target quarter. In the probe trial, DL0410
could effectively shorten the latency onto the platform, promote
more entry times crossing the platform, and increase the
searching time and distance in the target quarter. In summary,
DL0410 dose-dependently ameliorated the performance of the
SAMP8 mice in the behavioral tests, with 10 mg/kg being the most
effective.
The quality and quantity of mitochondria are strictly controlled by

dynamic biosynthesis, fission, and fusion. In biosynthesis, mitochon-
dria are generated by proteins encoded by nuclear and mitochon-
drial DNA, which are regulated by PGC-1α. It has been reported that
both PGC-1α mRNA and protein were reduced in AD patients [23]
and in APP/PS1 and SAMP8 mice [24–27], indicating a deficit in
mitochondrial biosynthesis during AD. Mitochondrial fission and

fusion are vital processes that eliminate damaged mitochondria,
exchange mtDNA and respiratory-related enzymes, maintain normal
morphology and quantity, and send mitochondria to the axon
terminal. Mitofusin 2 and OPA1, which participate in the fusion of
the outer and inner membranes, were found to have low expression
in the brains of AD patients with reduced ATP production [28]. When
Mitofusin 2 was knocked out or OPA1 expression was inhibited,
aberrant mitochondrial morphology with increased fragmentation
was observed [29]. In 13-month-old APP/PS1 mice, increased Drp1
was found to interact with Aβ and phosphorylated Tau, which
augmented Aβ toxicity in Manczak’s study [30], while in Zhang’s and
Picca’s studies, lower levels of Drp1 were found in 12-month-old
APP/PS1 mice, and increased Drp1 could effectively ameliorate
mitochondrial function and synaptic plasticity [29, 31]. The altered
expression of Drp1 in APP/PS1 mice indicated the diversity of the
functions of Drp1 during AD progression. Regardless of whether
Drp1 is increased or decreased in APP/PS1 mice, the dynamic

Fig. 8 The effect of DL0410 on the PI3K-AKT-GSK-3β pathway in the brains of the SAMP8 mice. Data are expressed as the mean±SEM (n=
6–8). a Representative Western blot bands. DL0410 increased the expression of PI3K p110α (b) and the phosphorylation of PI3K p85 (c), AKT (d)
and GSK-3β (Ser9) (e) in the cortex and hippocampus of the SAMP8 mice. SAMR1 mice were set as the control group, and SAMP8 mice were
randomly divided into 5 groups: the SAMP8 group (SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+DL0410-1 mg/kg), DL-3 mg/kg
group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg group (SAMP8+DL0410-10 mg/kg), and donepezil group (SAMP8+donepezil). In the
histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg group, DL-3 mg/kg group, DL-10 mg/kg group and donepezil group are listed from
left to right. ###P < 0.001 vs the SAMR1 group; *P < 0.05, **P < 0.01, and ***P < 0.001 vs the SAMP8 group.
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equilibrium, normal morphology, and mitochondrial balance are
adversely affected [32].
In the SAMP8 group, we found that PGC-1α, Mitofusin 2, OPA1

and Drp1 were expressed at lower levels than those in the SAMR1
mice. Widespread damage to mitochondrial dynamics might
cause cells to die because of a lack of energy. However,
DL0410 significantly reversed the expression of PGC-1α, Mitofusin
2, OPA1 and Drp1 in the brains of the SAMP8 mice and recovered
mitochondrial biosynthesis, fusion and fission. Furthermore, the
qualities and quantities of the mitochondria were acceptable,
which enabled them to meet the energy requirements in different
neuronal compartments in a timely manner.
The synapse is the basic unit participating in the transmission of

the signal. In addition, the number, structure and degree of activity
of synapses could change under different physical and pathological
conditions, which is called synaptic plasticity [33, 34]. PSD95, a

cytoskeletal protein in the postsynaptic density, is required for
synapse formation and reception of synaptic stimuli [35]. This
protein was reported to be reduced in the brains of AD patients and
APP/PS1 and SAMP8 mice [36, 37]. The NMDA receptor, located in
the postsynaptic density, is activated by neurotransmitters released
from the presynaptic membrane, which further leads to the cascade
of phosphorylation of its downstream molecules (CAMKII, CAMKIV,
and CREB). The activation of the NMDA receptor and its downstream
molecules are critical for the induction and maintenance of LTP. In
addition, LTP inhibition in APP/PS1 and SAMP8 mice has been
reported [37–39], and upregulated expression of NMDAR [40],
CAMKII [41], CAMKIV [42], and CREB [39] could effectively ameliorate
cognitive impairment.
In our study, DL0410 promoted the expression of PSD95, p-

NR2B, p-CAMKIIα, p-CAMKIV, and p-CREB in the brains of the
SAMP8 mice. Phosphorylated CAMKIIα and CAMKIV may lead to

Fig. 9 The effect of DL0410 on the apoptotic proteins in the brains of the SAMP8 mice. Data are expressed as the mean ± SEM (n= 6–8).
a Representative Western blot bands. DL0410 increased Bcl-2 expression (b) and raised the ratio of Bcl-2/Bax (c) in the cortex and
hippocampus of the SAMP8 mice. The levels of Caspase 3 (d) and PARP-1 (e) induced by DL0410 were high in the cortex and hippocampus
of the SAMP8 mice. SAMR1 mice were set as the control group, and SAMP8 mice were randomly divided into 5 groups: the SAMP8 group
(SAMP8+DL0410-0 mg/kg), DL-1 mg/kg group (SAMP8+DL0410-1 mg/kg), DL-3 mg/kg group (SAMP8+DL0410-3 mg/kg), DL-10 mg/kg
group (SAMP8+DL0410-10 mg/kg), and donepezil group (SAMP8+donepezil). In the histogram, the SAMR1 group, SAMP8 group, DL-1 mg/kg
group, DL-3 mg/kg group, DL-10 mg/kg group and donepezil group are listed from left to right. #P < 0.05, ##P < 0.01 and ###P < 0.001 vs the
SAMR1 group; *P < 0.05, **P < 0.01 and ***P < 0.001 vs the SAMP8 group.

The effect and mechanism of DL0410 in SAMP8 mice
WW Lian et al.

1065

Acta Pharmacologica Sinica (2021) 42:1055 – 1068



the constant activation of NMDAR and CREB, which help maintain
LTP and synapse plasticity [43].
BDNF is the most abundant neurotrophic factor in the brain and

is widely expressed in fibroblasts, astrocytes and neurons.
Moreover, BDNF is critical for long-term memory because it
promotes neuron survival and synaptic plasticity. BDNF is
regulated by CREB, which is dependent on synaptic activity;
therefore, more BDNF is synthesized when synaptic activity
increases [44–46]. TrkB, the specific receptor for BDNF, mediates
the neurotrophic effect of BDNF via the PI3K-AKT, MAPK/ERK1/2
and PLCγ pathways [47, 48]. It has been reported that BDNF
knockout mice showed LTP inhibition and memory deficits [49]. In
addition, BDNF administration could recover LTP and memory in
the BDNF-deficient mice, as well as in the control mice [47, 50, 51].
Moreover, BDNF-induced neurotrophy could stimulate the expres-
sion of synaptic proteins [52]. In TrkB knockout mice, the synaptic
proteins PSD95 and LTP were suppressed, but overexpression of
TrkB in mice enhanced the PLCγ pathway and memory ability
[53, 54].
In the present study, lower levels of BDNF and TrkB were found

in the cortex and hippocampus of the SAMP8 group than the
SAMR1 group, which might result from impaired synaptic
transmission. DL0410 treatment in the SAMP8 mice effectively
increased the expression of BDNF and TrkB and further facilitated
ERK1/2 and PI3K-AKT phosphorylation. GSK-3β is phosphorylated
at Ser9 and inactivated, which helps to resist apoptosis [55]. CREB,
which is a convergence point of the NMDAR-CAMKII/CAMKIV,
ERK1/2, and PI3K-AKT pathways, regulated the expression of
genes such as BDNF, Bcl-2, PSD95 and so on. Increased synaptic
function can promote the expression of BDNF and Bcl-2, and BDNF
in turn enhances synaptic plasticity and neuronal survival. The
positive feedback loop of NMDAR-CREB-BDNF established by
synaptic plasticity and neurotrophic effects was consolidated by
DL0410 and played a critical role in recovering the learning and
memory ability in the SAMP8 mice.

Neuronal loss can result from mitochondrial dynamic disorder
or nutrient deficiency in AD through apoptosis, necrosis and
pyroptosis [56]. The ratio of the antiapoptotic protein Bcl-2 to the
proapoptotic protein Bax is key in initiating the mitochondrial
apoptosis pathway [57–60]. Mitochondrial dynamics are also
involved in apoptosis, with mitochondrial fragmentation preced-
ing cytochrome c release and caspase activation. In the present
study, Bcl-2 expression and the ratio of Bcl-2 to Bax were strikingly
increased in the SAMP8 mice by DL0410, which inhibited the
initiation of apoptosis in the mitochondrial pathway. We have
demonstrated that DL0410 treatment could promote CREB
phosphorylation via the NMDAR- and TrkB-mediated pathways
and ameliorate mitochondrial dynamics in the SAMP8 mice.
Therefore, the increased protein abundance of Bcl-2 in the
DL0410-treated groups might be attributed to the high level of
p-CREB and the enhanced mitochondrial function, and the ratio of
Bcl-2/Bax further increased. In addition, decreases in Caspase 3
and PARP-1 cleavage were observed, which also prevented
apoptosis of neurons.
In the present study, the mechanism of DL0410 was explored

from the views of mitochondrial dynamics, synaptic plasticity,
neurotrophy and neuronal apoptosis, with a detailed description
in Fig. 10. DL0410 promoted the expression of PGC-1α, Drp1,
OPA1 and mitofusin 2, which facilitate mitochondrial dynamics
directly or indirectly. The postsynaptic pathway of NMDAR-
CAMKII/CAMKIV-CREB was found to be enhanced by DL0410 to
maintain LTP, and the neurotrophic effect of BDNF was improved
via the ERK1/2 and PI3K-AKT-GSK-3β pathways. CREB, which is a
downstream effector of these three pathways, further upregulated
the expression of several genes, such as PSD95, BDNF, and Bcl-2,
which promoted synaptic plasticity and neurotrophic effects and
inhibited neuronal apoptosis. In addition, the NMDAR-CREB-BDNF
pathway establishes a positive feedback loop, with CREB at the
center. Well-balanced mitochondrial dynamics provide more
energy for the NMDAR-mediated postsynaptic pathway and

Fig. 10 Illustration of the mechanism of DL0410. The mechanism is related to mitochondrial dynamics, synaptic plasticity, neurotrophic
effects and neuronal apoptosis. The improvement in mitochondrial dynamics and the NMDAR-CREB-BDNF pathway are vital mechanisms of
DL0410 in promoting synaptic function and inhibiting neuronal apoptosis, and ultimately ameliorating cognitive impairments in SAMP8 mice.
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BDNF-induced neurotrophic effect, and the NMDAR-CREB-BDNF
pathway also provides the necessary conditions for mitochondrial
dynamics in neurons. Here, all of our conclusions are deduced
from the available facts and evidence. However, the key upstream
molecule that improves mitochondrial dynamics and/or the
NMDAR-CREB-BDNF pathway needs to be identified and verified
to further support our conclusions.
In summary, DL0410 effectively ameliorated learning and

memory deficits in 8-month-old SAMP8 mice after 8 weeks
administration of DL0410. The improved mitochondrial dynamics
and the NMDAR-CREB-BDNF pathway are vital mechanisms of
DL0410 in improving memory in the SAMP8 mice. Therefore,
DL0410 is a promising candidate for AD treatment and deserves
more in vitro studies to define its mechanisms in the future.
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