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Abstract. The abnormal activation of glycogen synthase 
kinase 3β (GSK3β) is one of the mechanisms involved in the 
pathogenesis of Alzheimer's disease (AD), which results in 
amyloid β‑peptide (Aβ) plaque overproduction, Tau hyper-
phosphorylation and neuronal loss. A number of studies 
have reported that the activation of the mammalian target 
of rapamycin (mTOR) contributes to the generation and 
deposition of Aβ, as well as to the formation of neurofibril-
lary tangles (NFTs) by inhibiting autophagy. GSK3β is also 
involved in the mTOR signalling pathway. However, whether 
the inhibition of the activation of mTOR via the regulation of 
the function of GSK3β affects the pathology of AD remains 
unclear. In this study, we intraperitoneally injected amyloid 
precursor protein (APP)/presenilin‑1 (PS1) transgenic 
mice with rapamycin, a known activator of autophagy that 
inhibits mTOR. Our results revealed that rapamycin treat-
ment decreased senile plaque deposition by reducing APP 
generation, and downregulating β‑ and γ‑secretase activity. 
Rapamycin also increased Aβ clearance by promoting 
autophagy and reduced Tau hyperphosphorylation by upregu-
lating the levels of insulin‑degrading enzyme. Additionally, 
rapamycin markedly promoted the proliferation of differenti-
ated SH‑SY5Y cells stably transfected with the APPswe gene 
and prevented neuronal loss in the brains of mice in a model of 
AD. Moreover, rapamycin induced autophagy and promoted 
autolysosome degradation. In this study, we provide evidence 
that rapamycin inhibits GSK3β activation and elevates 
β‑catenin expression by improving the Wnt3a expression 
levels, which facilitates the amelioration of AD pathology. 
On the whole, our findings indicate that rapamycin inhibits 

the activation of mTOR and alters the Wnt/GSK3β/β‑catenin 
signalling pathway; thus, it may serve as a therapeutic target 
in the treatment of AD.

Introduction

Alzheimer's disease (AD) is a progressive, irreversible 
neurodegenerative disease and is characterized by neuronal 
loss, neurofibrillary tangles (NFTs) of hyperphosphorylated 
Tau and amyloid β‑peptide (Aβ) protein accumulation (1,2). 
Progressive synapse loss and cell death, particularly in the 
frontal cortex and the hippocampus region, is characteristic 
of AD and eventually leads to severe memory loss. The 
progressive accumulation of Aβ peptides and Tau hyper-
phosphorylation can enhance the assembly of NFTs and the 
formation of senile plaques (SPs); the latter exert additional 
toxic effects on neuronal function and cognitive function (3,4).

In recent years, a number of studies have found that 
glycogen synthase kinase3β (GSK3β) is a key modulator of 
the pathogenesis of AD. It has been demonstrated that GSK 3β 
contributes to Aβ‑induced neuronal toxicity, and Aβ produc-
tion and accumulation is promoted by GSK3β activators and is 
reduced by GSK3β inhibitors (5‑8). Additionally, the overex-
pression of GSK3β increases Tau hyperphosphorylation (9,10), 
and the inhibition of GSK3β activity reduces Tau hyperphos-
phorylation, restores spatial memory deficits, and decreases 
neuronal cell death (11). GSK3β is also a pivotal regulator of 
the Wnt/β‑catenin signalling pathway, which is closely related 
to the pathogenesis of AD (12,13).

Increasing evidence has indicated that the activation of 
mammalian target of rapamycin (mTOR) signalling contrib-
utes to the progression of AD and eventually exacerbates 
AD pathology and clinical manifestation (14,15). Therefore, 
mTOR inhibitors may be effective drugs for the treatment 
of AD (16). GSK3β is also involved in the mTOR signal-
ling pathway. However, it remains unclear as to whether the 
inhibition of the activation of mTOR via the regulation of the 
function of GSK3β can prevent the progression of AD. In this 
study, we found that GSK3β activity was inhibited following 
treatment with rapamycin, which decreased Aβ deposition 
and increased Tau clearance. The data of this study suggest 
that rapamycin can attenuate the development of AD by acti-
vating the Wnt pathway and inhibiting GSK3β, in addition 
to inducing autophagy, thus providing a novel target for AD 
therapy.

Alteration of the Wnt/GSK3β/β‑catenin signalling pathway by 
rapamycin ameliorates pathology in an Alzheimer's disease model
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Materials and methods

Mice and drug treatment. A total of 20 4‑month‑old amyloid 
precursor protein (APP)/presenilin‑1 (PS1) double‑transgenic 
mice overexpressing mouse/human APP (Mo/Hu Aβ 
PP695swe) and mutant human PS1‑Δ9, weighing 22‑25 g, 
were purchased from Beijing HFK Bioscience Co. Ltd. Mice 
were housed in individually ventilated cage (IVC) systems in 
a 12‑h light/dark cycle, with free access to water and food. 
All procedures involving animals were performed under 
institutional guidelines. This study was approved by The 
Ethics Committee of Chongqing Medical University (SCXK 
2014‑0004). Ten male mice were randomly divided into the 
rapamycin group and the control group, 5 mice per group. The 
mice in the rapamycin group were treated with rapamycin at 
2 mg/kg per day for 4 weeks, while the mice in the control 
group were administered the same volume of the solvent as the 
rapamycin group. Rapamycin (Gene Operation, Ann Arbor, 
MI, USA) was first dissolved in dimethyl sulfoxide (DMSO) 
and then diluted with double deionized water containing 5% 
Tween‑80 and 5% PEG 400 immediately prior to intragastric 
administration. The body weight of the mice was recorded.

Routine blood analysis and chemical detection. Drug safety 
was evaluated by aroutine blood examination and chemical 
detection. Blood was obtained from the lateral caudal vein of 
the mice (approximately 200 µl per time). The supernatants of 
the blood samples obtained by centrifugation (1,500 x g for 
15 min) were kept at room temperature for 1 h and were then 
collected for chemical testing, including the quantification of 
alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), blood urea nitrogen (BUN), triglyceride (TG), serum 
creatinine (Scr) and total bilirubin (TBIL). Routine blood tests 
consisted of a red blood cell (RBC) count, mean corpuscular 
volume (MCV), white blood cell (WBC) count, haemoglobin 
(HGB), mean platelet volume (MPV) and a platelet (PLT) 
count.

Brain tissue preparation. Mice were intraperitoneally injected 
with 10% chloral hydrate (400 mg/kg) and sacrificed by carbon 
dioxide (CO2) euthanasia (CO2 percentage volume displace-
ment is 20%/min). For each mouse, half of the brain was used 
for protein extraction, and the other half was post‑fixed in cold 
4% paraformaldehyde (PFA) in 0.1 M phosphate‑buffered 
saline (PBS) for 24 h. Following dehydration and embedding 
with optimal cutting temperature (OCT) compound (Sakura 
Finetek USA, Inc., Torrance, CA, USA), the fixed brain tissues 
were cut into 10‑µm‑thick coronal sections using a microtome 
(Leica Microsystems, Wetzlar Germany).

4G8 staining and thioflavin S staining. The slides were devel-
oped with methanoic acid for 10 min at room temperature 
before being blocked in 0.1% Triton and 5% BSA. The sections 
were then incubated at 4˚C with mouse anti‑Aβ, 17‑24 (4G8) 
antibody (800704; 1:250; BioLegend, San Diego, CA, USA) 
overnight. After washing, the slides were incubated at 37˚C 
for 40 min with cy3‑conjugated goat anti‑mouse antibody 
(A0521; 1:200; Beyotime Biotechnology, Haimen, China). The 
mounted slides were observed using a TCS‑TIV confocal laser 
scanning microscope (Leica Microsystems).

The slides were deparaffinised with clearing acetone for 
15 min and hydrated by a series of graded ethanol (EtOH) 
solutions as follows: 100‑80‑70%. The sections were then 
washed with double distilled water followed by 0.1% potas-
sium permanganate solution. The slides were subsequently 
incubated in filtered 1% aqueous thioflavin‑S (1326‑12‑1; 
Sigma‑Aldrich, Darmstadt, Germany) for 15 min at room 
temperature in the dark. The slides were then washed in a 
series of graded EtOH solutions of 80‑70% and then washed 
3 times with distilled water. The coverslip was mounted with 
aqueous mounting media, and the samples were observed 
under a TCS‑TIV confocal laser scanning microscope (Leica 
Microsystems).

We counted senile plaques in half of the brains of the mice, 
including the whole cortex and hippocampus on each slice, 
and 3 mice in each group. All counts are made by the same 
individual who was blinded to the experimental conditions.

Cells, cell culture and treatment. Differentiated SH‑SY5Y 
cells stably transfected with the APPsw gene (gift from the 
Laboratory of Translational Medical Research in Cognitive 
Development and Learning and Memory Disorders, Children's 
Hospital of Chongqing Medical University, Chongqing, China) 
were confirmed to be human through STR profiling. Cells were 
cultured in DMEM (Gibco/Thermo Fisher Scientific, Waltham, 
MA, USA) at 37˚C with 5% CO2 and 95% air (v/v) supplemented 
with 10% foetal bovine serum (FBS, Biological Industries, USA), 
100 U/ml penicillin and 100 µg/ml streptomycin. Rapamycin 
(Gene Operation) was dissolved in DMSO and then diluted 
in the culture medium. The final concentration of DMSO was 
<0.1%. The control group was treated with the same concentra-
tion of DMSO. The cells were incubated in 96‑well flat‑bottom 
plates (1.0x104 cells/well) with 50 or 100 nM rapamycin for 24 h 
before cell proliferation was assessed.

Determination of cell proliferation. The cell proliferative 
ability was determined by a Cell‑Light™ EdU Apollo® 488 
In Vitro Imaging kit (RiboBio Co., Ltd., Guangzhou, China). 
Following treatment with 50 and 100 nM rapamycin, the cells 
were treated with 50 µM EdU for 2 h at 37˚C. The cells were 
then fixed, permeabilized and exposed to 1X Apollo® reaction 
solution for 30 min. The cell nuclei were then counterstained 
with DAPI. After washing with phosphate‑buffered saline 
(PBS), the samples were examined under a fluorescence 
microscope (Leica Microsystems). Each experimental condi-
tion was repeated in at 6 wells, and data were calculated from 
3 independent experiments.

Detection of autophagy by mRFP‑GFP‑LC3 adenoviral 
vector. Differentiated SH‑SY5Y cells stably transfected with 
the APPswe gene were plated in 24‑well plates and trans-
fected with mRFP‑GFP‑LC3 adenoviral vectors (Hanbio 
Biotechnology Co., Ltd. Shanghai, China) at 70‑80% conflu-
ence. On the 2nd day following transfection, 50 or 100 nM 
rapamycin was added to the medium for 24 h. After fixing 
the cells with PFA, autophagy was observed under a TCS‑TIV 
confocal laser scanning microscope (Leica Microsystems).

Western blot analysis. Tissues from the half brains of 
3 mice from each group were lysed in RIPA lyses buffer 
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(Pierce/Thermo Fisher Scientific). The protein concentra-
tion was determinated by BCA. Subsequently, 10 or 12% 
SDS‑PAGE gels were used to separate proteins. The proteins 
were then transferred to polyvinylidene fluoride (PVDF) 
membranes (Immobilon‑P, Millipore, Bedford, MA, USA). 
Subsequently, the membranes were blocked in 5% BSA 
(dissolved in double deionized water). The membranes were 
incubated with rabbit anti‑LC3B antibody (L7543; 1:1,000; 
Sigma‑Aldrich, St. Louis, MO, USA), rabbit anti‑NeuN anti-
body (D4G40), rabbit anti‑β‑catenin antibody (D10A8), rabbit 
anti‑p62 antibody (5114) (all 1:1,000; all from Cell Signaling 
Technology, Danvers, MA, USA), rabbit anti‑Beclin 1 antibody 
(ab62557), mouse anti‑Tau5 antibody (ab80579), rabbit anti‑​
insulin degrading enzyme (IDE) antibody (ab133561), rabbit 
anti‑PHF‑1 antibody (ab184951), mouse anti‑GSK3β antibody 
(ab93926), rabbit anti‑BACE1 antibody (ab2077), rabbit 
anti‑PS1 antibody (ab71181), mouse anti‑APP mouse antibody 
(ab32136) (1:1,000; all purchased from Abcam, Cambridge, 
MA, USA), anti‑phosphorylated GSK3β (1:1,000; sc81495; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse 
biotin anti‑Aβ, 17‑24 antibody (1:250; 800704; BioLegend)
and mouse anti‑β‑actin antibody (1:1,000; ABM0001‑50; 
Zoonbio Biotechnology, Nanjing, China) at 4˚C overnight. 
After washing, the membranes were incubated at 37˚C for 
40 min with horseradish peroxidase‑conjugated secondary 
antibody (goat anti‑mouse IgG, S0002 or goat anti‑rabbit IgG, 
S0001, Affinity Biosciences, USA) at a 1:5,000 dilution. The 
membranes were washed again and treated with enhanced 
chemiluminescence (ECL) substrate (K12045; Advansta, 
Menlo Park, CA, Cincinnati, OH, USA). The membranes were 
then visualized with Gel Imaging Systems software and quan-
tified by Quantity One image software (both from Bio‑Rad, 
Hercules, CA, USA).

Statistical analysis. Data were analysed with GraphPad Prism 
5.0 software. All results are expressed as the means ± standard 
error of the mean (SEM). Statistical comparisons between the 
control and rapamycin treatment groups were determined 
using a two‑sample t‑test or one‑way ANOVA, followed by a 
Bonferroni test. The level of significance was P<0.05.

Results

Treatment with rapamycin decreases the deposition of senile 
plaques in APP/PS1 transgenic mice. To assess whether 
rapamycin treatment results in Aβ aggregation and deposition 
in the brain, coronal sections of rapamycin‑ and vehicle‑treated 
mice were immunohistochemically and f luorescently 
stained for Aβ plaques using 4G8 antibody and thioflavin S 
staining, respectively. The results revealed that rapamycin 
treatment significantly reduced the number (6.333±0.471 
vs. 11.390±0.964, t=4.712, P<0.001) and the area of SPs 
(12.610±0.622 vs. 30.670±1.193, t=13.420, P<0.001) in both 
the hippocampus and cortex of the mouse brains compared 
with the control treatment. Thioflavin S staining revealed that 
the rapamycin group had fewer fibrillary Aβ deposits than the 
control group (Fig. 1).

Rapamycin decreases Aβ generation. The expression levels of 
APP, BACE1 and PS1 in the mouse brains were measured by 

western blot analysis. Rapamycin treatment had no effect on 
the level of APP (100.000±8.173 vs. 96.220±12.590, t=0.252, 
P=0.806). However, the APP cleaving enzymes, BACE1 and 
PS1, were both decreased following treatment with rapamycin 
(100.000±3.900 vs. 81.150±2.637, t=4.005, P=0.016; and 
100.000±0.520 vs. 86.320±0.766, t=14.790, P<0.001, 
respectively; Fig. 2).

Rapamycin accelerates the degradation of Aβ. The Aβ 
levels in the mouse brains were then examined. The results 
of western blot analysis revealed that the Aβ level was mark-
edly decreased by rapamycin treatment (100.000±4.185 vs. 
68.060±2.442, t=6.591, P=0.003) compared with the control 
group. To examine the possibility that the Aβ reduction 
induced by rapamycin treatment is associated with Aβ clear-
ance, western blot analysis was used to measure the levels of 
the Aβ degradation enzyme, IDE, in the mouse brains. The 
results revealed that IDE expression increased in the rapamycin 
group compared with the control group (100.000±2.418 vs. 
139.900±6.851, t=5.495, P<0.001; Fig. 3).

Rapamycin decreases the levels of total Tau and abnormal 
hyperphosphorylated Tau. The anti‑Tau antibody, Tau 5, was 
used to measure the total Tau level. We found that the total 
Tau level in the rapamycin treatment group was significantly 
decreased by 10.488% compared with that in the control 
group (100.000±1.187 vs. 75.450±6.672, t=3.622, P=0.005). 
In AD‑affected brains, the aberrant hyperphosphorylation of 
Tauinduces the formation of paired helical filaments (PHFs), 
which contributes to the formation of NFTs  (17). In the 
present study, the PHF‑1 levels were decreased by 12.430% 
in the rapamycin group compared with the control group 
(100.000±3.776 vs. 87.570±2.320, t=2.805, P=0.049; Fig. 4).

Rapamycin increases cell proliferation. The effects of 
rapamycin on cell proliferation were assessed by an EdU 
incorporation assay. Quantitative analysis revealed that the 
number of EdU‑incorporated cells was significantly increased 
by treatment with 50 nM (43.020±0.303 vs. 47.280±0.831, 
t=4.943, P<0.01; F=42.72; P<0.001) and 100 nM (43.020±0.303 
vs. 50.980±0.578, t=9.236, P<0.001; F=42.72; P<0.001) 
rapamycin (Fig.  5A and  B). The neuronal nuclei (NeuN) 
antigen is a neuronal nuclear marker. The results of western 
blot analysis revealed that rapamycin treatment elevated NeuN 
expression in the brain tissues compared with the control 
group (100.000±4.618 vs. 189.600±4.156, t=14.420, P<0.001) 
(Fig. 5C and D).

Rapamycin induces autophagic activities. The treatment 
of differentiated SH‑SY5Y cells stably transfected with the 
APPswe gene with 50 and 100  nM rapamycin markedly 
increased the number of mRFP‑positive cells (1.333±0.882 vs. 
42.670±3.712, t=5.369, P<0.01; 1.333±0.882 vs. 36.000±8.622, 
t=4.503, P<0.05, respectively; F=16.62, P=0.004) and 
100 nM rapamycin treatment also increased the number of 
GFP‑positive puncta (1.000±0.577 vs. 20.330±5.783, t=4.028, 
P<0.05; F=8.270, P=0.019; Fig.  6A and  B). Rapamycin 
treatment at 50 nM increased the number of autolysosomes 
(0.333±0.333 vs. 34.330±2.963, t=9.016, P<0.001; F=40.770, 
P<0.001), and 100 nM treatment increased the number of 
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both autophagosomes and autolysosomes (1.000±0.577 
vs. 20.330±5.783, t=4.028, P<0.05; F=8.272, P=0.019; 
0.333±0.333 vs. 15.670±3.528, t=4.066, P<0.05; F=40.77, 

P<0.001; Fig. 6C). Additionally, the levels of autophagy‑related 
markers were examined by western blot analysis. Compared 
with the control group, rapamycin treatment increased the 

Figure 2. Rapamycin decreases the generation of Aβ. (A) Representative western blots of the half brain lysates of 3 mouse proteins extracted from the control 
group and the rapamycin‑treated group and probed with the indicated antibodies. (B) Quantitative analysis of the blots is shown, and data are presented as 
the means ± SEM and were analysed by a t‑test (*P<0.05 and ***P<0.001, compared with the control group). Aβ, amyloid β‑peptide; APP, amyloid precursor 
protein; PS1, presenilin‑1; BACE1, beta‑secretase 1.

Figure 1. Rapamycin administration reduces Aβ deposition. (A) Representative sections from the brains of the control group and the rapamycin‑treated group 
immunostained with the 4G8 antibody show Aβ deposition (a, c‑hippocampus; b, d‑cortex, scale bar: 100 µm). (B) Representative sections from the brains of 
the control mouse group and the rapamycin‑treated mouse group stained with thioflavin S showing Aβ aggregation (panels a and c, hippocampus; panels b 
and d, cortex; scale bar, 100 µm). (C and D) Statistical graph of the average area of SPs and the number of SPs (***P<0.001, compared with the control group).
Aβ, amyloid β‑peptide; SPs, senile plaques.



INTERNATIONAL JOURNAL OF MOlecular medicine  44:  313-323,  2019 317

ratio of LC3‑II/I (100.000±0.672 vs. 145.900±12.850, t=3.565, 
P=0.024) and the level of Beclin‑1 in the brains of mice with 
AD (100.00±7.571 vs. 188.4±16.590, t=4.844, P=0.008), both 
of which are markers of autophagy initiation. Subsequently, 
we measured the expression of the p62/SQSTM1 protein, 
which is a lysosomal degradation substrate and dysregulated 
autophagy increases its elimination (18). The p62 level in the 
rapamycin group was decreased compared with that of the 
control group (100.00±2.988 vs. 144.200±18.590, t=2.346, 
P=0.041; Fig. 6D and E).

Rapamycin activates the Wnt/GSK3β/β‑Catenin signalling 
pathway. The Wnt and mTOR pathways have been confirmed 
to be linked to GSK 3β in heart disease (19). Therefore, in this 
study, we detected whether rapamycin, an mTOR inhibitor, 
alters the Wnt pathway in AD. The results of western blot anal-
ysis revealed that Wnt3a was activated by rapamycin treatment 
(100.000±3.202 vs. 124.000±4.119, t=4.593, P=0.010) and 
that its downstream target protein, GSK3β, was inhibited by 
rapamycin treatment (100.00±6.805 vs. 81.600±3.051, t=2.467, 
P=0.033). Phosphorylation at the serine 9 residues of GSK3β 
downregulated its kinase activity, and rapamycin treatment 
increased phospho‑GSK3β (Ser9) levels (100.00±4.607 vs. 
144.700±8.587, t=4.590, P=0.001), compared with GSK3β. 
β‑catenin is a target protein of GSK3β, and the activation of 
GSK3β inhibits its activity. The β‑catenin expression level in 
the rapamycin group was elevated compared to the control 

group (100.000±0.211 vs. 155.000±15.680, t=3.509, P=0.006). 
All these data suggest that rapamycin activates the Wnt 
pathway via the suppression of GSK3β (Fig. 7).

Drug safety of rapamycin as reflected by routine blood 
analysis and biochemical detection. Following treatment with 
rapamycin for 4 weeks, we first measured the drug safety of 
rapamycin by routine blood analysis (Table I) and chemical 
detection (Table  II). The results of the routine blood tests 
and chemical detections did not differ significantly between 
the control and rapamycin‑treated groups (all P>0.05), which 
indicates that this dosage of rapamycin caused no toxic effects 
in vivo compared with the control group.

Discussion

The increased production and accumulation of Aβ are the 
primary pathological features of AD and are closely associ-
ated with neurotoxicity and the decline in cognitive function. 
APP/PS1 double transgenic AD model mice are an ideal 
animal model with which to investigate the pathogenesis and 
drug targets of AD. Mutations associated with the familial 
form of AD are present in the amyloid precursor gene APP 
and in the presenilin genes 1 and 2, which are involved in the 
cleavage of APP and thus in the generation of Aβ. Aβ gener-
ated within cells is the suspected source of fibrillar Aβ plaque 
deposits, and elevated intracellular Aβ in the absence of SP 

Figure 4. Rapamycin reduced Tau protein levels and hyperphosphorylation. (A) Representative western blots of the half brain lysates of 3 mice from the control 
mouse group and rapamycin‑treated mouse group with the indicated antibodies. (B) Quantitative analysis of the blots is shown, and data are presented as the 
means ± SEM and analysed by a t‑test. (*P<0.05 and **P<0.01 compared with the control group). β, amyloid β‑peptide; PHF‑1, PHD finger protein 1.

Figure 3. Rapamycin increases the proteolytic degradation of Aβ. (A) Representative western blots of the half brain lysates of 3 mice proteins extracted from the 
control group and the rapamycin‑treated group and probed with the indicated antibodies. (B) Quantitative analysis of the blots is shown, and data are presented as 
the means ± SEM and were analysed by a t‑test (**P<0.01 and ***P<0.001 compared with the control group). β, amyloid β‑peptide; IDE, insulin degrading enzyme.
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formation has been reported to be accompanied by cognitive 
deficits (20). Aβ is produced from APP processing, in which 
APP can be sequentially cleaved by β‑secretase (BACE1) 
and γ‑secretase (PS1) to produce amyloidogenic peptides. 
In addition, the dynamic balance of Aβ is maintained by its 
production and degradation. Several proteases can regulate 
the degradation of Aβ, such as neprilysin (NEP), zinc metal-
lopeptidases, and the carefully studied IDE (21,22). IDE is a 
zinc‑endopeptidase that is well known for its activity against 
insulin and glucagon  (23). However, recent studies have 
confirmed that IDE is a major endogenous Aβ‑degrading 
enzyme. Additionally, IDE has been found to increase the 
secretion induced by Aβ in the presence of autophagy from 
astrocytes (24). Rapamycin‑activated autophagy in conjunc-
tion with increased IDE secretion from astrocytes and IDE 
located in autophagosomes was discovered in a previous 
study. These findings imply that the IDE secretion induced 
by Aβ is regulated by autophagy, which is in accordance 
with the conclusion of this study. In this study, the results 
of immunofluorescence revealed that rapamycin treatment 
reduced SP formation and deposition. The results of western 
blot analysis demonstrated that rapamycin decreased the 
expression levels of BACE1, PS1 and Aβ, and increase the 

level of IDE, which illustrates that rapamycin can amelio-
rate Aβ accumulation, by not only enhancing autophagy 
activity, but also by reducing APP cleavage and increasing 
the proteolytic degradation of Aβ.

Tau is the most abundant microtubule‑associated protein 
in the brain. Under physiological conditions, the function of 
Tau is to combine with microtubules to promote microtubule 
stabilization. However, by contrast, under pathological condi-
tions, Tau exhibits altered solubility properties, is abnormally 
hyperphosphorylated at certain residues and forms PHF struc-
tures, which are prone to form NFTs (17,25,26). It has been 
confirmed that Tau can be eliminated by autophagy under 
pathological conditions (27,28). The inactivation of autophagy 
leads to the accumulation of hyperphosphorylated Tau, and the 
activation of autophagy results in a reduction in hyperphos-
phorylated Tau levels (29). Notably, it has been demonstrated 
that different lengths of Tau may be degraded through different 
autophagic pathways; the full‑length Tau is preferentially 
degraded through macroautophagy, whereas truncated Tau 
(for one, TauRDΔK280) is cleared through chaperone‑medi-
ated autophagy (30). Although the APP/PS1/Tau tri‑transgenic 
AD mouse model is an ideal model with which to study the 
pathology of Aβ and Tau, the tau‑induced pathology in the 

Figure 5. Rapamycin increases cell proliferation. (A) Cell proliferation and viability were determined by an EdU incorporation assay after SH‑SY5Y cells 
stably transfected with the APPsw gene were incubated with various concentrations of rapamycin for 24 h. Cell nuclei were counterstained with DAPI 
(panels a, d and g, DAPI; panels b, e and h, EdU; panels c, f and i, overlap; scale bar, 20 µm). (B) Quantitative analysis of the EdU‑positive cells was performed 
by counting in 5 randomly selected fields of each well. Data were plotted as the means ± SEM of 3 independent experiments were analysed by one‑way ANOVA 
(followed by Bonferroni test) (**P<0.01 and ***P<0.001, compared with control group, no treatment). (C) A representative western blot of NeuN levels in brain 
from the control group and rapamycin group. (D) Relative grey density analysis of the protein expression levels in 2 groups, and data are presented as the 
means ± SEM and were analysed by Student's t‑test (***P<0.001, compared with control group).
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APP/PS1 double‑transgenic AD mouse model was also found 
in our previous study and in other reports (31‑33). This study 
examined the effects of rapamycin on Tau clearance. The 
results of western blot analysis indicated that rapamycin treat-
ment decreased the expression levels of Tau‑5 and PHF‑1, 
suggesting that rapamycin contributed to the degradation of 
not only full‑length Tau, but also phosphorylated Tau.

AD is characterized by neuronal cell death, which eventu-
ally leads to memory loss. Neurons are post‑mitotic cells that 
are unable to degrade the toxic substances accumulated during 
the ageing processes with mitosis; thus autophagy is an impor-
tant mechanism for clearing abnormally aggregated proteins in 

neuronal cells (34). It is becoming evident that autophagy is a 
protective reaction in neurons and that dysfunctional autophagy 
aggravates neuronal death in AD (35‑37). NeuN, a marker 
of neuronal differentiation, is a nuclear protein expressed in 
most post‑mitotic neurons in the nervous system and plays 
an important role in nervous system development and func-
tion (38). This study found that rapamycin treatment elevated 
NeuN expression levels and the number of EdU‑positive cells, 
which indicates that rapamycin can increase cell proliferation 
and may exert a neuroprotective effect in AD.

Autophagy is a catabolic mechanism responsible for the 
clearance of intracellular cytosolic components, including 

Figure 6. Rapamycin activates autophagy. (A) Fluorescent microscopy images of differentiated SH‑SY5Y cells stably transfected with the APPsw gene expressing 
mRFP‑GFP‑LC3 and treated with 50 or 100 nM rapamycin or vehicle for 24 h. The efficiency of transfection were also shown (panels a, d, g and j, mRFP; 
panels b, e, h and k, GFP; panels c, f, i and l, overlap; scale bar, 10 µm). (B) Quantification of mRFP and GFP puncta per cell. Five randomly selected fields were 
counted and the data are presented as the means ± SEM and were analysed by one‑way ANOVA (followed by Bonferroni test) (*P<0.05, **P<0.01 and ***P<0.001, 
compared with the control group). (C) Quantification of autophagosomes and autolysosomes per cell. Five randomly selected fields were counted. The data were 
presented as the means ± SEM and were analysed by one‑way ANOVA (followed by Bonferroni test). (D) Representative western blots of Beclin1, LC3 and p62 
levels in the brain in the control group and the rapamycin group. (E) Relative grey density analysis of protein expression levels in the 2 groups is shown, and the 
data are presented as the means ± SEM and were analysed by a Student's t‑test (*P<0.05 and **P<0.01, compared with the control group).
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misfolded proteins, aggregates and organelles, and it has 
now been confirmed to play a crucial role in AD pathology. 
Properly functioning autophagy is essential for neuronal 
metabolism, and the lack of autophagy in the central 
nervous system (CNS) leads to neurodegeneration; for 
example, inactivating autophagy impairs neuronal homeo-
stasis  (29,39). Autophagy is initiated when an ‘isolation 
membrane’ appears. Subsequently, the membrane elongates, 
engulfing cellular components to form autophagosomes 
(APs) and lysosomes, which can digest the cargo in their 
acidic environment, fuse with APs to generate autolyso-
somes (ALs). Recent studies have found that the expression 

of autophagy‑related genes is downregulated with ageing; a 
deficiency in Beclin1, a key protein in autophagy induction, 
results in increases in Aβ levels, whereas its overexpression 
reduces the accumulation of Aβ (40‑43). These studies have 
indicated that autophagic activity is reduced with ageing, 
and the reduction of autophagy contributes to the onset of 
AD. Several studies which have focused on autophagy have 
discovered that the activation of autophagy can decrease 
abnormal Aβ aggregation in neurons and can alleviate 
neurotoxicity (44‑48), which is consistent with the results 
of this study.

The transfection of cells with the mRFP‑GFP‑LC3 
adenoviral vector allows for the visualization of autophagic 
activity. Upon rapamycin exposure, the cells accumulate 
dense red and yellow puncta, which represents autolyso-
somes and autophagosomes, respectively. The present study 
on rapamycin found that treatment with rapamycin increased 
the number of autolysosomes and autophagosomes. However, 
the results of western blot analysis indicated that rapamycin 
treatment increased the ratio of LC3‑II/I and elevated the 
expression of Beclin1, both of which are crucial mediators 
of autophagy induction. p62 protein is a lysosomal degrada-
tion substrate that reduces when autophagy begins and the 
autophagic flux proceeds smoothly (18). In this study, the p62 
expression level decreased following rapamycin treatment, 
which demonstrated the increased degradation mediated by 
autophagy.

GSK3β is one of the phosphorylating glycogen synthase 
enzymes (49). In the brain, GSK3β is involved in a number 
of cellular processes and mediates several signalling path-
ways (50‑52). Researchers have reported that Aβ leads to 
GSK3β activation, and the inhibition of GSK3β has been 
verified to reduce Aβ production and decrease Aβ‑induced 
neurotoxicity (53,54). It is well known that GSK 3β has the 
exact site for the hyperphosphorylation of Tau protein. The 
excessive activation of GSK 3β increases hyperphosphoryl-
ated Tau protein production, and GSK3β itself is involved 
in the initiation and development of AD (55). GSK 3β is 
most commonly mediated by inhibitory phosphorylation 
at the Ser9 site residue, and this serine can be phosphoryl-
ated by several kinases; thus, multiple signalling pathways 

Table II. Biochemical detection of rapamycin administration 
effects on mice (compared with control group, P>0.05).

Indexes	C ontrol group	 Rapamycin group

ALT (U/l)	 41.3±4.0	 43.3±4.2
AST (U/l)	 143.7±44.8	 137.3±38.9
BUN (mmol/l)	 11.2±0.6	 10.8±2.0
Scr (µmol/l)	 11.1±0.6	 11.8±1.0
TBIL (µmol/l)	 0.8±0.8	 0.6±0.7
TG (mmol/l)	 1.0±0.1	 1.1±0.5

Table I. Routine blood analysis following rapamycin treatment 
in mice (compared with the control group (P>0.05).

Indexes	C ontrol group	 Rapamycin group

RBC (x1012/l)	 10.7±0.6	 10.5±0.3
HGB (g/l)	 147.7±16.2	 145.7±2.3
MCV (fl)	 43.4±1.4	 44.9±0.2
WBC (x109/l)	 10.4±2.3	 8.5±6.6
PLT (x109/l)	 989.3±278.6	 1,140.0±50.8
MPV (fl)	 6.5±0.1	 6.7±0.1

Figure 7. Alteration of the Wnt/GSK3β/β‑Catenin signalling pathway via rapamycin administration were detected by western blot analysis. (A) The protein expres-
sion levels of Wnt3a, GSK3β, p‑GSK3β and β‑catenin were detected by western blot analysis (one representative image is shown, n=3). (B) Quantitative analyses 
of Wnt3a, GSK3β, p‑GSK3β and β‑catenin by immunoreactivity in the lysates of half brains from the control and rapamycin‑treated groups. Data are presented 
as the means ± SEM and were analysed by a t‑test (*P<0.05, **P<0.01 and ***P<0.001, compared with the control group). GSK3β, glycogen synthase kinase 3β.
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are involved in its regulation, such as the PI3k/Akt/mTOR 
pathway and the Wnt pathway. It has been reported that 
GSK3β functions in several pathways which regulate the 
cellular homeostasis of energy and growth, including those 
mediated by PI3K and AKT, mTOR and MAPK. The inhibi-
tion of mTOR by rapamycin leads to the inactivation of its 
target kinases, including AKT, p70S6K and p85S6K, which 
in turn promotes GSK3β activation (56‑59). The Wnt pathway 
is also involved in the onset of AD. Wnt signalling is an auto-
crine signal transduction pathway that participates in brain 
development (60,61). The ablation of Wnt‑3a, a Wnt ligand, 
results in the disappearance of the hippocampus  (62,63). 
Wnt signalling can be mainly divided into two types: 
β‑catenin‑dependent signalling (Wnt/β‑catenin) and 
β‑catenin‑independent signalling (64,65). GSK3β is a crucial 
regulator of the Wnt/β‑catenin pathway. The activation of 
GSK3β by Wnt signalling results in the phosphorylation and 
degradation of its downstream target, β‑catenin (66). Without 
Wnt stimulation, the phosphorylation of β‑catenin prevents 
transcriptional activity in the nucleus.

In this study, 4 weeks of rapamycin administration signifi-
cantly activated the Wnt pathway, which led to an increased 
Wnt3a and a reduced GSK 3β expression. The phosphorylation 
of GSK3β at Ser9 reduced the activation of GSK 3β, and treat-
ment with rapamycin seemed to reduce the activity of GSK3β. 
It has been reported that the overexpression of GSK3β in 
neurons decreases nuclear β‑catenin levels and increases Tau 
hyperphosphorylation in the hippocampus (10). In this study, 
the results of western blot analysis indicated that rapamycin 
treatment increased the expression level of β‑catenin.

It has been reported that rapamycin improves learning 
after sepsis by enhancing autophagy and may be a potentially 
effective therapeutic agent for the treatment of sepsis‑induced 
cognitive impairment (67,68). In this study, the data imply that 
rapamycin can increase cell proliferation as well as reduce 
Aβ and Tau pathology by inducing autophagy and activating 
the Wnt/GSK3β/β‑catenin signalling pathway. Thus, rapa-
mycin may be a potential therapy with which to prevent the 
progression of AD.

Rapamycin is a macrolide antibiotic produced by 
Streptomyces hygroscopicus, and a previous study found that 
rapamycin is an inhibitor of mTOR, which is a major signalling 
molecule that suppresses the initiation step of autophagy (69). 
Notably, GSK3β is a key regulator of many cellular signalling 
pathways, and the mTOR pathway is one of these pathways. 
However, the effect of rapamycin on the GSK3β signalling 
pathway has not yet been clearly elucidated. The purpose of 
the present study was to analyse the effects of rapamycin on 
AD progression, autophagy activity, and GSK3β function, as 
well as the underlying mechanisms of action of rapamycin in 
APP/PS1 double transgenic mice.
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