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A B S T R A C T   

Alzheimer’s disease (AD) is the most common type of dementia. AD is pathologically characterized by synaptic 
dysfunction and cognitive decline due to the aggregation of a large amount of amyloid-β (Aβ) protein in the 
brain. However, recent studies have discovered that the Aβ is produced as an antimicrobial peptide that acts 
against bacteria and viruses. This has renewed interest in the effect of Aβ on AD. Thus, in this study, we 
investigated the different concentrations of Aβ25–35 on neuroprotection and further explore the related mecha
nisms. Firstly, we detected the cognitive function using the Y-maze test, novel object recognition memory task 
and Morris water maze test. Then, we analyzed the ultrastructure of synapses and mitochondria, in addition to 
evaluating SOD levels. We also examined the effect of Aβ25–35 on the viability and structure of the primary 
neurons. The western blot analysis was used to measure the protein levels. The results showed that mice treated 
with high concentration of Aβ25–35 impaired the learning-memory ability and disordered the structure of neurons 
and mitochondria. Meanwhile, high concentration of Aβ25–35 decreased the SIRT1/Nrf2 related antioxidant ca
pacity and induced apoptosis. In contrast, mice treated with low concentration of Aβ25–35 increased SOD levels 
and SIRT1/Nrf2 expressions, and induced autophagy. Our data suggest that low concentration of Aβ25–35 may 
increase SOD levels through SIRT1/Nrf2 and induce autophagy.   

1. Introduction 

Alzheimer’s disease (AD), one of the most deleterious neurodegen
erative diseases, was initially described by Alois Alzheimer in 1906. The 
hypothesis stating amyloid and tau protein as the possible cause of AD is 
popular and widely accepted theory. However, an increasing number of 
studies have discovered that microorganisms exist in the brains of AD 
patients, confirming the correlation between microorganisms and AD 
(Fulop et al., 2018; Dominy et al., 2019). Hence, the infection hypothesis 
of AD has been proposed. Pathogens act as triggers to initiate amyloid β 
(Aβ) accumulation and formation of amyloid plaques, tau hyper
phosphorylation, and inflammation in the brain of AD (Harris and 
Harris, 2015; Kumar et al., 2016; Dominy et al., 2019). Aβ, normally 
produced by neurons is found in the brain throughout life during 

synaptic activity to fulfill the physiological roles in maintaining synaptic 
plasticity and learning-memory mainly via activating of PI3K pathway 
and IGF-1 receptors, as well as maintaining antimicrobial protection via 
reducing microbial adhesion to host cells and entrapment of microbes 
(Giuffrida et al., 2009; Bourgade et al., 2016b; Kumar et al., 2016). 
While, pathological conditions such as infections, metabolic defects, 
misfolded proteins and other insults would increase Aβ production to 
damage synapses and learning-memory which is related to inhibiting 
T-Type calcium channels mediated by Nogo receptor, inducing micro
glia activation and releasing of proinflammatory cytokines (Kumar 
et al., 2016; Zhao et al., 2017). Herein, we investigate the different 
concentrations of Aβ25− 35 in regulating neuroprotection. 

Silent information regulator 1 (SIRT1), an NAD+-dependent protein 
deacetylase, is known to play an essential role in improving 
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neurodegenerative diseases by influencing neuronal survival, synaptic 
plasticity, and cognitive function (Zhang et al., 2020). SIRT1 is highly 
expressed in the neurons of the brain, which is closely related to learning 
and memory. Overexpression of SIRT1 promotes neurite outgrowth and 
cell survival in neurons (Guo et al., 2011). Studies have shown that the 
expression of SIRT1 is reduced both in the patients and mice models for 
AD (Lutz et al., 2014; Corpas et al., 2017). Studies have shown that 
SIRT1 has been proposed to induce protective effects against AD pa
thology via multiple pathways, such as inhibiting tau hyper
phosphorylation and regulating the synaptic plasticity of neurons 
(Michan et al., 2010; Min et al., 2010). Mitochondrial dysfunction 
greatly contributes to synaptic deficits and memory loss in the early 
phase of AD. The activation of SIRT1 can regulate nuclear factor E2 
related factor 2 (Nrf2), which activates the transcription of genes 
encoding antioxidant enzymes (SOD, NQO-1, HO-1) and attenuates the 
Aβ-induced damage (Gong et al., 2017; Ma et al., 2018). Mitochondria 
are important organelles that play a central role in energy metabolism 
and apoptosis. Damaged mitochondria cause cytochrome c release into 
the cytoplasm and activate caspase 9, which ultimately induces cell 
apoptosis (Shin et al., 2018). Autophagy is essential for neuronal ho
meostasis that breaks down organelles and macromolecules. Autophagy 
is the process of eliminating microorganisms in the brain (Harris and 
Harris, 2015; Fang et al., 2019). Nrf2, as part of a protective response 
against oxidative damage of mitochondria, inhibits apoptosis and me
diates autophagy (Pajares et al., 2016; Frias et al., 2020). 

Aβ, a potent modulator, induces protein expression to regulate 
neuronal survival/death in neurodegenerative pathophysiology. Mice 
injected with Aβ25− 35 (9 nmol) induce neuronal death and cognition 
impaired through apoptosis (Zhi et al., 2014). However, incubation with 
Aβ40, the most common Aβ isotype, protects neurons at concentrations 
as low as 10 pM (Plant et al., 2003). Research also shows that Aβ42 
(200 pM) enhances LTP and hippocampal-dependent memory by acting 
on α7-containing nicotinic acetylcholine receptors. In contrast, high 
concentration of Aβ42 (200 nM) impairs LTP (Puzzo et al., 2008). It is 
speculated that the opposite effects on learning-memory may be related 
to different concentrations of Aβ, and the possible mechanisms involved 
need to be studied. Herein, we investigated the potential roles of 
different concentrations of Aβ25–35 in neurons by measuring the 
SIRT1/Nrf2 modulated antioxidant capacity on autophagy and 
apoptosis in vivo and in vitro studies. Our study provides valuable insight 
into the role of Aβ production in the development of AD. 

2. Materials and methods 

2.1. Amyloid β (25–35) preparation 

The Aβ25–35 peptide (Sigma Aldrich, A4559) was dissolved in saline 
and incubated at 37 ◦C for 5 days to induce of Aβ25–35 aggregation (Zhu 
et al., 2018b). 

2.2. Animals and experimental schedule 

Male Kunming (KM) mice (weighing 20–25 g, n = 23, 7–8 mice per 
group) were purchased from Liaoning Changsheng Biotechnology Co., 
Ltd. The mice were divided into three groups: Sham group, low con
centration of Aβ25–35 group, and high concentration of Aβ25–35 group. 
Mice were housed under controlled conditions of temperature 23 ± 2 ◦C, 
humidity 50–60 %, and 12 h light/dark cycle. Water and food were 
provided ad libitum. All animal procedures were approved by the 
Experimental Animal Ethics Committee of the Shenyang Medical Col
lege of China (SYYXY2019050801) and were implemented following the 
Guide for the Care and Use of Laboratory Animals. Mice in the low and 
high concentrations of Aβ25–35 groups received a unilateral and single 
intracerebroventricular injection (i.c.v.) of Aβ25–35 2 nmol/mouse or 
9 nmol/mouse, respectively, using a Hamilton microsyringe, 3.0 mm 
dorsoventral (DV), 0.5 mm anteroposterior (AP), and 1.1 mm 

mediolateral (ML) to the bregma. Mice in the sham group were injected 
with a vehicle (0.9 % NaCl). Behavioral tests using the double-blind 
method were started from day 5 to day 13 after Aβ25–35 injection, 
including novel object recognition memory task (days 5–6), Y-maze test 
(day 7) and Morris water maze (days 8–12, training session; day 13, 
probe trial). After the behavioral test, the mice were sacrificed on day 14 
to further analysis. The experimental schedule is shown in Fig. 1. 

During the surgical procedure, mice were anesthetized with an 
intraperitoneal injection of sodium pentobarbital (50 mg/kg) to mini
mize suffering. We initially used 8 mice in each group. One mouse in the 
low concentration of Aβ25–35 group did not wake up during the opera
tion. The remaining animals (n = 7–8/group) were all tested behaviors. 
Four mice of each group were used for SOD assay and western blot (the 
left side of neocortex for SOD assay, and the other side for western blot). 
Three mice of each group were used for electron microscopy. One mouse 
left in sham or high concentration of Aβ25–35 group was not used in any 
experiment, except for behavioral tests. 

2.3. Novel object recognition memory task 

The equipment consisted of a square box (length, 40 cm; height, 
35 cm; width, 40 cm), and the test was performed as described previ
ously (Zhu et al., 2018b). Before the test, the mice were habituated to the 
equipment for 10 min twice per day to minimize their fear of the unfa
miliar environment. During the tests, two identical objects, A1 and A2, 
were placed at the center of the box. Mice were allowed to explore freely 
for 5 min. After a 1 h inter-trial interval, the familiar object A2 was 
replaced with a novel object B, and the mouse was permitted to explore 
the objects for another 5 min in a retention trial. Exploratory behavior 
was defined as directing the nose to the object at a distance of less than 
2 cm or touching the object with the nose. The exploration time (s) for 
each object in each session was recorded. The discrimination index (DI) 
was calculated as follows: (time spent exploring object B or A2 - 
A1)/total exploration time. 

2.4. Y-maze test 

The Y-maze test was used to detect working memory (Zhu et al., 
2018a). The equipment comprised three brown wooden arms of the 
same size (length, 40 cm; height, 12 cm; width, 10 cm). Each mouse was 
allowed to explore freely in the maze for 5 min, and the entry sequence 
was recorded. One successful alternation was defined as the mouse 
entering into three arms consecutively. Alternation behavior was 
calculated as follows:  

Alternation behavior = number of successful alternations/ (total number of 
entries - 2) ×100 %.                                                                                

2.5. Morris water maze test 

The Morris water maze (MWM) test was performed from day 8 to day 
13 after Aβ25–35 injection to assess spatial learning-memory function 
(long-term memory) (Zhu et al., 2018b). The MWM equipment (JiLiang, 
ShangHai) consisted of a round and black tank filled with water. During 
the training session (days 8–12), a black platform with a diameter of 
10 cm was hidden 1 cm below the surface of the water in the middle of 
one quadrant. Mice were allowed to find the underwater platform within 
60 s twice per day for continuous 5 days and the time was recorded as 
the escape latency. We calculated the escape latency between each 
group every day. Until the 5th day of training session, a significant 
difference of escape latency was observed between the Aβ25–35 (9 nmol) 
group and the sham group (Fig. 3a, P < 0.05). During the probe trial 
session (day 13), the platform was removed from the pool. The swim
ming path and related data (time spent in the target quadrant, number of 
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crossings of the former platform position, and swimming speed) were 
recorded for 60 s. 

2.6. Electron microscopy 

The hippocampal and cortical samples were cut into small pieces 
(0.8–1.0 mm3) and fixed in 2.5 % glutaraldehyde in PBS at 4 ◦C over
night. Then, these samples were treated with 1 % osmium tetroxide at 
4 ◦C for 3 h, dehydrated with graded ethanol and acetone, and 
embedded in resin. A 50 nm–thick section was cut and stained with 4 % 
uranyl acetate and 0.5 % ad citrate. The ultrastructure was observed 
using a transmission electron microscope (JEOL H-7650, Japan). 

2.7. Measurement of SOD activity 

The homogenates of mice cerebral cortices were collected for im
mediate measurements of superoxide dismutase (SOD) using assay kits 
according to the manufacturer’s instructions (S0101, Beyotime, China). 

2.8. Preparation and treatment of primary neurons 

Primary neurons of cerebral cortices were obtained from mice born 
within 24 h (10–14 mice/litter). The cells were seeded into 96- or 6-well 
plates (1.0 × 106 cells/mL) and cultured in a neurobasal medium sup
plemented with 2 % B27 following published protocols (Theurey et al., 
2019). Primary neurons were treated with aggregated Aβ25–35 (2 μM or 
20 μM) after culturing for 5 days. After treatment with Aβ25–35 for 24 h, 
neuronal morphology, viability and protein levels were detected. 

2.9. Cell viability analysis 

Cell viability was determined using the Cell Counting Kit-8 (CCK-8) 
reagent (Vazyne Biotech). Briefly, primary cortical neurons were plated 
into 96-well plates. After being treated with Aβ25–35 for 24 h, 10 μL of 
CCK8 reagent and 90 μL of the medium were added into each well and 
incubated for another 2 h at 37 ◦C. The absorbance at 450 nm was 
measured by using a microplate reader (CLARIOstar, BMG LABTECH, 
Germany). 

2.10. Western blot analysis 

The samples were extracted using lysis buffer with 1 % PMSF and 
quantified using a BCA assay kit (Zhang et al., 2020). Protein samples 
(20–50 μg) were separated on 8–12 % SDS-PAGE and transferred to 
PVDF membranes. Then the following primary antibodies were used: 
Postsynaptic density protein (PSD95, 1:1000, 36233, CST), Synapsin 1 
(SYN-1, 1:1200, 5297, CST), NeuN (1:1000, 24307, CST), SIRT1 
(1:1000, ab110304, Abcam), Nrf2 (1:1000, ab31163, Abcam), LC3 
(1:1000, PM036, MBL), Bax (1:4000, 50599− 2-AP, Proteintech), Bcl2 
(1:1000, 12789− 1-AP, Proteintech), Cleaved-Caspase3 (1:800, 
ab32042, Abcam), β-actin (1:400, sc-47778, Santa Cruz), and secondary 
antibodies (1:8000, Absin, abs20040ss and abs20039ss). Primary anti
bodies were incubated overnight at 4 ◦C and protein bands were 

visualized using an ECL kit. Immunoblotting images were obtained by 
using an automatic chemiluminescence image analysis system (Tanon, 
5500, PRC), and analyzed by using the Image J software version 1.37. 
The samples were normalized to β-actin. 

2.11. Statistical analyses 

The qualitative data are representative of at least three trials. 
Quantitative data are expressed as mean ± SD. Statistical analysis was 
conducted using the SPSS 26. Statistical differences in multiple groups 
were determined by the one-way analysis of variance (ANOVA) followed 
by the LSD multiple comparisons test with homogeneity or Dunnett’s T3 
test with heterogeneity of variance. A value of P < 0.05 was considered 
to be statistically significant. 

3. Results 

3.1. Different concentrations of Aβ25–35 mediates the cognitive ability in 
KM mice 

Further, we investigated the effects of different concentrations of 
Aβ25–35 on the regulation of cognitive ability. The novel object recog
nition test and Y-maze test, revealing imaginal memory and working 
memory, respectively, were performed in Aβ25–35-injected mice to 
evaluate short-term memory. Injection of Aβ25–35 (9 nmol) into the 
lateral ventricle of mice decreased the discrimination index (P < 0.05) 
and alternation behavior (P < 0.001) compared to that of the sham 
group, indicating that high concentration of Aβ25–35 (9 nmol) injection 
impaired imaginal memory (Fig. 2 a) and working memory (Fig. 2 b,c). 
However, no significant differences were observed between the low 
concentration of Aβ25–35 (2 nmol) and sham groups (Fig. 2). The Morris 
water maze was performed in mice to evaluate spatial memory as long- 
term memory. Compared to the sham group, mice in the Aβ25–35 
(9 nmol) group showed increased escape latency during the training 
period (Fig. 3a, P < 0.05), while decreasing the number of crossings of 
the platform (P < 0.01) and spent more time (P < 0.05) in the target 
quadrant after the platform was removed (Table 1). However, there 
were no significant differences between the Aβ25–35 (2 nmol) group and 
the sham group (Fig. 3 and Table1). These results indicated that mice 
injected with high concentration of Aβ25–35 (9 nmol) impaired cognitive 
memory, but the low concentration of Aβ25–35 (2 nmol) could not do so. 

3.2. Different roles of Aβ25–35 in neurons and mitochondria in KM mice 

Aβ has a potential protective role as an antimicrobial peptide. To 
evaluate the different concentrations of Aβ25–35 in the synapses and 
mitochondria, the ultrastructure morphology was observed using a 
transmission electron microscope. Mice in the Aβ25–35 (9 nmol) group 
showed an ambiguous synaptic structure with fused presynaptic and 
postsynaptic membrane and disappeared synaptic gap, and impaired 
mitochondria with collapsed cristae (Fig. 4a), meanwhile decreased 
synaptic related protein expression of PSD95, SYN-1, NeuN (Fig. 4c–f, P 
< 0.001), and SOD levels (Fig. 4b, P < 0.01) compared with the sham 

Fig. 1. Experimental schedule.  
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group. Mice in the Aβ25–35 (2 nmol) group showed a clear synaptic 
structure and mitochondrial cristae (Fig. 4a) and maintained the 
synaptic-related proteins at normal levels (Fig. 4c–f). However, the most 
relevant finding in our study is that mice injected with Aβ25–35 (2 nmol) 
showed increased SOD levels compared to the sham group (Fig. 4b, P <
0.05). This suggests that low concentration of Aβ25–35 might produce an 
antioxidant response. 

3.3. Different roles of Aβ25–35 in SIRT1/Nrf2 regulated apoptosis and 
autophagy in KM mice 

We further determined the expression of the mitochondrion-related 
proteins, including SIRT1 and Nrf2. Western blot analysis showed that 
protein expression of SIRT1 (P < 0.01) and Nrf2 (P < 0.01) in the Aβ25–35 
(9 nmol) group were both decreased, whereas in the Aβ25–35 (2 nmol) 
group (SIRT1, P < 0.05; Nrf2, P < 0.05) were significantly increased 
compared with those in the sham group (Fig. 5a–c). We then tested 

whether low concentration of Aβ25–35 regulated SIRT1/Nrf2 related to 
apoptosis and autophagy in mice. The results showed the increased 
expression of Bax (P < 0.01), Bax/Bcl2 (P < 0.01), and Cleaved- 
Caspase3 (P < 0.001), and decreased expression of Bcl2 (P < 0.05), 
LC3 (P < 0.01), and LC3 II/I (P < 0.01) in the Aβ25–35 (9 nmol) group 
compared with the sham group (Fig. 5d–i). However, mice in the Aβ25–35 
(2 nmol) group showed no significance in apoptosis-related proteins 
(Fig. 5d–g), but an increased expression of LC3II/I (Fig. 5i, P < 0.05). 
This demonstrated that low concentration of Aβ25–35 induced SIRT1/ 
Nrf2 related to autophagy, but not apoptosis. 

3.4. Different concentrations of Aβ25–35 in primary neurons 

To further test the effect of different concentrations of Aβ25–35, the 
primary cultures of cortices were used in the study of mice born within 
24 h. It showed that high concentration of Aβ25–35 (20 μM) produced 
neuronal death as measured by CCK8 (Fig. 6a, P < 0.05), and impaired 
neuronal morphology (shorten the length of dendrites and reduce the 
complexity of the branches) (Fig. 6b). Western blot analysis revealed 
that primary neurons treated with Aβ25–35 (20 μM) decreased the protein 
expression of neuronal structure associated proteins, including PSD95, 
SYN-1, and NeuN, compared with the control group (Fig. 6c–f, P < 0.01). 
However, low concentration of Aβ25–35 (2 μM) did not affect these in 
vitro study (Fig. 6). 

3.5. Different roles of Aβ25–35 in apoptosis and autophagy in primary 
neurons 

Subsequently, the protein levels of different concentrations of 

Fig. 2. Effect of Aβ25–35 on short-term memory impairment of KM mice. (a) Visual recognition in the novel object recognition test. (b) Spontaneous alternation 
behavior and (c) total number of arm entries in the Y-maze test. The data represented as mean ± SD, n = 7–8. #P < 0.05, ###P < 0.001 versus Sham; *P < 0.05, **P <
0.01 versus Aβ25–35 (2 nmol). 

Fig. 3. Effect of Aβ25–35 on long-term memory impairment of KM mice. (a) The escape latency during 5 days of the Morris Water Maze test. (b) The representative 
track map of each group of mice. The data represented as mean ± SD, n = 7–8. #P < 0.05 versus Sham; *P < 0.05 versus Aβ25–35 (2 nmol). 

Table 1 
Different concentrations of Aβ25–35 on spatial memory in mice.  

Group Grossing the 
platform (NO.) 

Time of target 
quadrant (s) 

Average speed 
(mm/s) 

Sham 2.50 ± 1.20 25.79 ± 5.44 207.80 ± 52.04 
Aβ25–35 

(2 nmol) 
2.00 ± 1.00 25.58 ± 7.06 189.61 ± 28.23 

Aβ25–35 

(9 nmol) 
0.63 ± 0.52## * 17.51 ± 6.34# * 192.53 ± 45.15 

All the results are expressed as mean ± SD, n = 7–8. #P < 0.05, ##P < 0.01 versus 
Sham; *P < 0.05 versus Aβ25–35 (2 nmol). 
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Aβ25–35 in SIRT1/Nrf2 related proteins were evaluated in the primary 
neurons. Western blot analysis is shown in Fig. 7a, and quantitative 
analysis revealed that neurons treated with Aβ25–35 (20 μM) decreased 
the protein expression of SIRT1 (P < 0.01) and Nrf2 (P < 0.05), and 
increased the protein expression of Bax (P < 0.01) (Fig. 7a–d). Neuronal 
treatment with Aβ25–35 (2 μM) increased the protein expression of SIRT1 
(P < 0.05) and LC3 (P < 0.01) (Fig. 7b, e), and had an increasing trend in 
the protein expression of Nrf2 (Fig. 7c). 

4. Discussion/Conclusion 

AD is an age-related neurodegenerative disease with two main 
pathological features in the brain-the presence of extracellular senile 

plaques composed of Aβ protein, and intracellular neurofibrillary tan
gles composed of p-Tau protein (Kikuchi et al., 2017). In recent years, 
research has shown that AD is related to the microorganisms that invade 
the brain. Infection with microorganisms can cause the accumulation of 
Aβ, gradually forming plaques, which are gathered together to fight 
bacteria to produce a protective response in the brain (Kumar et al., 
2016; Dominy et al., 2019). Aβ is derived from the sequential cleavage of 
amyloid-β precursor protein by the β- and γ-secretase enzymes (Vassar 
et al., 1999). However, the overproduction of Aβ in the brain is neuro
toxic, which can lead to neuronal synapse dysfunction, tau hyper
phosphorylation, and cognitive decline (Rottkamp et al., 2001). Aβ25–35 
is often used as a convenient alternative model drug in AD in
vestigations, which has a smaller 11-amino acid fragment of the 

Fig. 4. Effect of Aβ25–35 on the neuronal and mitochondrial structure in the brain of mice. (a) Transmission electron microscopy images of synaptic and mito
chondrial structure in each group. Red indicates synapses and green indicates mitochondria. n = 3. (b) Antioxidant enzyme activity of SOD was measured in the 
cortex of mice. (c) Western blot bands and (d–f) densitometric quantification of PSD95, SYN-1, and NeuN in the cortex of mice. The data represented as mean ± SD, 
n = 4. #P < 0.05, ##P < 0.01, ###P < 0.001 versus Sham; **P < 0.01, ***P < 0.001 versus Aβ25–35 (2 nmol). 

Fig. 5. Effect of Aβ25–35 on SIRT1-associated apoptosis and autophagy in the cortex of mice. (a) Representative western blot bands of SIRT1, Nrf2, Cleaved-Caspase3, 
Bax, Bcl2, and LC3 in the cerebral cortex of mice. (b–c) Densitometric quantification of SIRT1 and Nrf2 expression. (d–g) Densitometric quantification of apoptosis- 
associated protein expression. (h–i) Densitometric quantification of autophagy-associated protein expression. The data represented as mean ± SD, n = 4. #P < 0.05, 
##P < 0.01, ###P < 0.001 versus Sham; *P < 0.05, **P < 0.01, ***P < 0.001 versus Aβ25–35 (2 nmol). 
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full-length peptide and can retain most of the toxicological properties of 
Aβ1–40 and Aβ1–42 (Varadarajan et al., 2001). Therefore, it is necessary to 
explore the effect of Aβ25–35 on neuroprotection. According to the 
literature, different concentrations of Aβ42 have the opposite effects on 
neuronal function and learning-memory (Puzzo et al., 2008). Herein, we 
investigate whether different concentrations of Aβ25–35 have different 
effects on learning-memory and the possible mechanisms involved. 

Maintaining the stability of synapses and mitochondria is closely 
related to learning-memory ability (da Silva et al., 2020; Kumar and 
Reddy, 2020). Learning-memory ability can be tested by animal 
behavior (Zhi et al., 2014). Pathological changes in AD can damage 

animal behavior and learning-memory (Lok et al., 2013). In this study, 
animal behaviors including the novel object recognition, Y-maze test, 
and MWM were used to assess learning-memory performance. In the 
behavioral experiments, we firstly carried out the less irritating exper
iments (novel object recognition and Y-maze test), and then MWM was 
conducted in order to reduce the environmental irritation to animals. 
Our results showed that mice treated with high concentration of Aβ25–35 
impaired imaginal memory, working memory, and spatial memory. 
Meanwhile, mice in high concentration of Aβ25–35 group showed an 
ambiguous synaptic structure and decreased the expression of PSD95, 
SYN-1, and NeuN. In contrast, the low concentration of Aβ25–35 group 

Fig. 6. Effect of Aβ25–35 on the primary neurons. (a) The viability and (b) morphological structure of primary neurons treated with Aβ25–35. (c) Western blot bands 
and (d–f) densitometric quantification of PSD95, SYN-1, and NeuN in the primary neurons. The data represented as mean ± SD, n = 3. #P < 0.05, ##P < 0.01 versus 
Control; *P < 0.05, **P < 0.01 versus Aβ25–35 (2 μM). 

Fig. 7. Effect of Aβ25–35 on SIRT1-associated apoptosis and autophagy in primary neurons. (a) Representative western blot bands of SIRT1, Nrf2, Bax, and LC3 in 
primary neurons. (b–c) Densitometric quantification of SIRT1 and Nrf2 expression. (d–e) Densitometric quantification of Bax and LC3 expression. The data repre
sented as mean ± SD, n = 3. #P < 0.05, ##P < 0.01 versus Control; *P < 0.05, **P < 0.01, ***P < 0.001 versus Aβ25–35 (2 μM). 
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showed a clear synaptic structure, including presynaptic membrane, 
synaptic cleft, and postsynaptic membrane, and normal levels of PSD95, 
SYN-1, and NeuN. This suggested that treatment with high concentra
tion of Aβ25–35 impaired neurons and learning-memory ability, while 
low concentration did not. Previous studies have shown that mito
chondria are widely distributed in axons, dendrites, and presynaptic 
terminals, which is crucial for cognitive function (Cheng et al., 2010; 
Hebert-Chatelain et al., 2016). Mitochondrial dysfunction plays an 
important role in neurodegenerative diseases. One of the reasons for the 
neurotoxicity of Aβ25–35 is to induce apoptosis via the mitochondrial 
pathway and increase the production of ROS (Gao et al., 2020). Both AD 
model mice and Aβ-treated neurons show the impaired mitochondria 
and decreased SOD levels (Cao et al., 2018; Liu et al., 2021). In our 
study, incomplete mitochondrial ridges and decreased SOD levels were 
found in mice of high concentration of Aβ25− 35 group compared with 
sham group. However, the low concentration of the Aβ25–35 group in our 
study showed a clear structure of mitochondrial cristae and the 
increased SOD levels. These results indicated that treatment with high 
concentration of Aβ25–35 impaired the structure of mitochondria and 
decreased SOD levels, however low concentration of Aβ25–35 did not 
damage neurons and mitochondria, but increased SOD levels. 

Nrf2, a key redox-regulated gene, plays a critical role in alleviating 
oxidative stress by increasing SOD levels (Murphy et al., 2018; Bahn 
et al., 2019). A previous study showed that increased SIRT1 promotes 
the activation of Nrf2, resulting in the upregulation of Nrf2-related 
antioxidant capacity (da Cunha and Arruda, 2017). Therefore, we 
considered that the change in SOD levels might be related to 
SIRT1/Nrf2. In our study, the expression of SIRT1 and Nrf2 were both 
decreased at high concentration of Aβ25–35 group compared with sham 
group. Interestingly, low concentration of Aβ25–35 tended to increase the 
expression of SIRT1/Nrf2. These results suggested that different con
centrations of Aβ25–35 had the opposite effect on the antioxidant capacity 
induced by SIRT1/Nrf2. In the current study, accumulating evidence has 
shown that SIRT1/Nrf2 regulating antioxidant capacity influences 
apoptosis and autophagy in the cells (Guo et al., 2011; Liu et al., 2018; 
Yen et al., 2017; Lu et al., 2020). Meanwhile, SIRT1 can inhibit apoptosis 
(Zheng and Lu, 2016) and regulate autophagy-related genes (Atgs) by 
activating the FOXO to induce autophagy (Duan et al., 2016; Zhang 
et al., 2016), which protects cells against oxidative stress. Our results 
showed that high concentration of Aβ25–35 impaired apoptosis and 
autophagy in the neurons compared with sham (control) group. In 
contrast, the low concentration of Aβ25–35 showed no effect on apoptosis 
but promoted autophagy. These results suggested that high concentra
tion of Aβ25–35 caused oxidative damage to impair apoptosis and auto
phagy through decreasing the expression of SIRT1/Nrf2. Whereas low 
concentration of Aβ25–35 could produce antioxidant capacity through 
increasing the expression of SIRT1/Nrf2 and induce autophagy. It is 
speculated that upregulation of SIRT1 may be used to resist the neuronal 
damage caused by high concentration of Aβ25–35. 

In summary, different concentrations of Aβ25–35 have different roles 
in learning-memory. High concentration of Aβ25–35 impaired neurons 
and mitochondria, decreased SIRT1/Nrf2 related antioxidant capacity 
and dysregulated apoptosis and autophagy. However, low concentration 
of Aβ25–35 did not cause any damage to neurons and mitochondria, but 
increased SOD levels possibly through increasing SIRT1/Nrf2 and 
induced autophagy. 

Herein, we support the studies that have proposed (Bourgade et al., 
2016a; Kumar et al., 2016) that the production of Aβ might be beneficial 
for cells at first, but chronic accumulation might gradually become 
harmful. 
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