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Abstract. Memantine non‑competitively blocks the 
N‑methyl‑d‑aspartate receptor in order to inhibit beta-amyloid 
(Aβ) secretion, and has been used to treat moderate‑to‑severe 
Alzheimer's disease (AD). However, the mechanisms under-
lying the role of memantine in the autophagy and apoptosis 
of neuronal cells in AD, as well as the association between 
neuronal autophagy and apoptosis have yet to be elucidated. 
The present study aimed to establish an AD cell model 
overexpressing the 695-amino-acid Swedish mutant of Aβ 
precursor protein (APP695swe) in order to observe the effects 
of memantine on the cell viability, autophagy and apoptosis 
of SH‑SY5Y cells in the AD model, and to investigate the 
associated underlying mechanisms. A pcDNA3.1‑APP695 
plasmid was transfected into the SH‑SY5Y cells. Reverse 
transcription-quantitative polymerase chain reaction and 
western blot analyses demonstrated that the AD cell model 
was successfully established. MTT assays demonstrated that 
memantine was able to upregulate neuronal cell survival, and 
acridine orange staining and flow cytometry demonstrated that 
memantine (5 µM) was able to inhibit neuronal autophagy 
and apoptosis. Following neuronal autophagy induction by 
rapamycin, cell apoptosis rates increased significantly. Further 
experiments revealed that memantine was able to upregu-
late the expression of signaling molecules phosphorylated 
(p)‑phosphoinositide 3-kinase, p‑Akt and p‑mammalian target 
of rapamycin (mTOR), and also inhibited the phosphorylation 
of the B-cell lymphoma 2/Beclin‑1 complex via mitogen-acti-
vated protein kinase 8. In conclusion, the results of the present 
study demonstrated that in the AD cell model, autophagy was 
able to promote apoptosis. Memantine exerted anti‑autophagic 
and anti‑apoptotic functions, and mTOR‑dependent as well as 

-independent autophagic signaling pathways were involved 
in this process. Therefore, these results of the present study 
strongly supported the use of memantine as a potential thera-
peutic strategy for AD treatment.

Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative 
disorder characterized by cognitive and memory deteriora-
tion, changes in personality, behavioral disturbances and 
an impaired ability to perform daily living activities (1). 
The number of patients with AD is increasing every year. 
Therefore, an effective therapeutic drug is still an urgent 
requirement for the treatment of AD (2). Extracellular senile 
plaque (SP) deposition is one of the pathological markers 
in the brains of patients with AD. SP originates from the 
abnormal extracellular beta-amyloid (Aβ) aggregation 
caused by gene mutations in the Aβ precursor protein (APP). 
A previous study demonstrated that Aβ aggregation activated 
the N‑methyl‑d‑aspartate (NMDA) receptor (3,4), induced 
neurotoxicity and caused neuronal apoptosis and degen-
erative death (5). Therefore, developing drugs that inhibit 
neuronal death is important for delaying AD progression.

Memantine is a non‑competitive NMDA receptor 
antagonist, which has been approved for the treatment of 
moderate‑to‑severe AD. Numerous clinical trials reported that 
memantine was able to improve attention, cognitive ability and 
functional communication in patients with AD (6‑11). In vitro 
studies demonstrated that memantine reduced the secretion of 
APP and Aβ in APP/PS1 transgenic mice, cultured cortical 
cells and SK‑N‑SH human neuroblastoma cells (12,13). Further 
studies also demonstrated that memantine promotes the prolif-
eration of neural progenitor cells and the production of mature 
granular neurons in the adult hippocampus (14-16). However, 
the effects of memantine on neuronal autophagy and apoptosis 
remain to be elucidated. In addition, it remains controversial 
whether autophagy promotes Aβ production (17‑20) or reduces 
Aβ levels (21‑24).

The present study established an AD cell model overex-
pressing APP with the 695-amino-acid Swedish mutation 
(APP695) to determine the effects of memantine on cell 
autophagy and apoptosis, and to explore the association 
between autophagy and apoptosis, as well as the underlying 
mechanisms and signaling pathways involved.
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Materials and methods

Cell culture and establishment of an AD cell model. The 
SH‑SY5Y human neuroblastoma cell line was purchased 
from the Shanghai Institute for Biological Sciences of the 
Chinese Academy of Sciences (Shanghai, China). The cells 
were cultured in Dulbecco's modified Eagle's medium 
(Gibco-BRL, Invitrogen Life Technologies, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum (GE 
Healthcare Life Sciences, Little Chalfont, UK) and strep-
tomycin/penicillin (100 U/ml) (China National Medicines 
Corporation, Ltd., Beijing, China) at 37˚C in an atmosphere 
containing 5% CO2. The AD cell model was established a 
previously described (25,26). When the SH‑SY5Y cells 
reached 70% confluence, the cells were transfected with 
overexpression plasmid pcDNA3.1‑APP695, containing 
a Swedish mutant APP695 gene (Wanleibio, Shenyang, 
China) using the Lipofectamine® 2000 reagent (Invitrogen 
Life Technologies) according to the manufacturer's instruc-
tions. The cells were separated into the following groups: 
A non‑transfected control group (Control), a transfection 
reagent-treated group (Mock), an empty plasmid transfec-
tion group (pcDNA3.1) and a pcDNA31-APP695-transfected 
group (APP695). The cells were collected after 24 or 48 h of 
transfection for subsequent experiments.

Drug treatment. Memantine hydrochloride (Sigma‑Aldrich, 
St. Louis, MO, USA) was dissolved in double distilled 
(dd)H2O. Rapamycin (RAPA; Melone Pharmaceutical Co., 
Ltd., Dalian, China) was dissolved in dimethyl sulfoxide 
(DMSO; Sigma‑Aldrich). After 24 or 48 h of transfection, the 
cells were treated with various concentrations of memantine 
(1, 5 and 10 µM) to select an optimal concentration for subse-
quent experiments. For enhanced autophagy experiments, the 
cells were pre‑treated with 0.2 µM RAPA for 24 h prior to 
treatment with 5 µM memantine for 24 h. 

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). At 24 h post-transfection, the cells were harvested 
and total RNA from each sample was extracted using a RNA 
simple Total RNA kit (cat no. DP419; Tiangen Biotech Co., 
Ltd., Beijing, China). The RNA was then re-suspended in 40 µl 
RNase‑free ddH2O and was reverse transcribed into cDNA 
using the PrimeScript™ RT reagent kit (cat no. RR037A; Takara 
Bio Inc., Dalian, China). Fluorescence quantitative analysis 
was performed with a SYBR® GREEN MasterMix (Tiangen 
Biotech Co., Ltd.) using an Exicycler™ 96 quantitative fluo-
rescence analyzer (Bioneer Corporation, Daejeon, Korea). The 
thermocycling conditions were set as follows: 95˚C for 10 min; 
40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 30 sec; 
and final elongation at 4˚C for 5 min. β‑actin was included 
in each reaction as an internal control, and the relative gene 
expression levels were calculated using the 2‑ΔΔCt method (27). 
The primer sequences for the RT-qPCR were as follows: 
APP695 sense, 5'‑GGACGATGAGGATGGTGATGAG‑3' 
and anti-sense, 5'‑GGTACTGGCTGCTGTTGTAGGA‑3'; 
β‑actin sense, 5'‑CTTAGTTGCGTTACACCCTTTCTTG‑3' 
and anti-sense, 5'‑CTGTCACCTTCACCGTTCCAGTTT‑3'. 
PCR primers were synthesized by Sangon Biotech (Shanghai, 
China).

Western blot analysis. Following 48 h of transfection, total protein 
from each group was extracted using NP‑40 lysate (Beyotime 
Institute of Biotechnology, Haimen, China) with 1% phenyl-
methanesulfonyl fluoride (Beyotime Institute of Biotechnology). 
The protein concentration of each sample was determined 
using a Bicinchoninic Acid Protein Assay kit (cat no. P0012S; 
Beyotime Institute of Biotechnology). A total of 40 µg protein 
from each group was separated by SDS‑PAGE (5% for the 
spacer gel and 8% for the separating gel) and transferred onto 
polyvinylidene fluoride membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked with 5% non‑fat milk 
overnight and incubated at 4˚C overnight with the following 
primary antibodies: Rabbit polyclonal anti-APP695 (1:500; 
cat no. BA0581; Wuhan Boster Biological Technology, Ltd., 
Wuhan, China), rabbit polyclonal anti-caspase-3 (1:1,000; cat no. 
bs-0081R; BIOSS, Beijing, China), rabbit polyclonal anti-light 
chain 3 (LC3; 1:1,000; cat no. 4108; Cell Signaling Technology, 
Inc., Danvers, MA, USA), rabbit polyclonal anti-autophagy 
protein 5 (ATG5; 1:200; cat no. BA3525-2; Wuhan Boster 
Biological Technology, Ltd.), rabbit polyclonal immunoglobulin 
(Ig)G to phosphorylated (p)-Akt (1:200; cat no. sc-135650; Santa 
Cruz Biotechnology Inc., Dallas, TX, USA), rabbit polyclonal 
IgG to B-cell lymphoma 2 (Bcl-2; 1:200; cat no. sc-492; Santa 
Cruz Biotechnology, Inc.); mouse monoclonal IgG1 to phos-
phoinositide 3-kinase p85α (PI3K; 1:200; cat no. sc-1637; Santa 
Cruz Biotechnology, Inc.), rabbit polyclonal IgG to p-mammalian 
target of rapamycin (mTOR; 1:100; cat no. sc-8319; Santa Cruz 
Biotechnology, Inc.), rabbit polyclonal anti-Beclin-1 (1:5,000; cat 
no. ab55878; Abcam, Cambridge, MA, USA) and rabbit mono-
clonal to p-mitogen-activated protein kinase 8 (JNK1; 1:100; 
cat no. EPR17557; Abcam). Membranes were then washed four 
times for 5 min with Tris-buffered saline containing Tween 20, 
followed by incubation with the corresponding secondary 
antibodies, goat anti-rabbit immunoglobulin (Ig)G-HRP and 
goat anti-mouse IgG-HRP (1:5,000; cat. nos. A0208 and A0216, 
respectively; Beyotime Institute of Biotechnology), for 90 min 
at room temperature. For visualization, the membranes were 
treated with an enhanced chemiluminescence solution (ECL, 
Qihai Biotec, Shanghai, China), exposed to X‑ray film and visu-
alized by autoradiography. The optical density (OD) values of 
the target protein bands were analyzed using Gel‑Pro‑Analyzer 
software 4.0 (Media Cybernetics, Rockville, MD, USA) and 
normalized to β‑actin (1:5,000; HRP-conjugated monoclonal 
mouse anti-β‑actin; cat. no. KC-5A08; KangChen Bio-tech Inc., 
Shanghai, China).

Detection of cell viability using an MTT assay. Following 
transfection for 48 h, cells were seeded onto 96‑well plates 
at 1x103 cells/well and treated with various concentrations 
of memantine (1, 5 and 10 µM); each experiment was 
performed with five replicates. After 24 and 48 h, MTT 
solution (final concentration, 0.2 mg/ml; Sigma‑Aldrich) was 
added and incubated with the cells for 5 h. The supernatant 
was carefully discarded and 200 µl DMSO (Sigma‑Aldrich) 
was added to fully dissolve the crystals. OD values were 
measured at 490 nm using a microplate reader (ELX800; 
BioTek Instruments, Inc., Winooski, VT, USA).

Observation of autophagosomes using acridine orange. 
Following 24 h transfection, the cells were seeded in 12‑well 



MOLECULAR MEDICINE REPORTS  12:  7615-7622,  2015 7617

plates at a density of 1x105 cells/well. Following culturing in 
the presence of the corresponding drugs, the cells from each 
group were fixed in 4% paraformaldehyde (China National 
Medicines Corporation, Ltd.) for 15 min and washed four 
times with phosphate-buffered saline (PBS). Acridine orange 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) solution (0.01%) was added onto the cells in order 
to completely cover them; the cells were then incubated at 
room temperature for 5 min. The stained cells were then 
mounted with an anti‑fluorescein quencher (Beijing Solarbio 
Science & Technology Co., Ltd.) and were observed under a 
laser scanning confocal microscope (FV1000S‑SIM/IX81; 
Olympus Corp., Tokyo, Japan) and images were captured. 

Detection of apoptosis using flow cytometry. Following 24 h 
of transfection, the cells were seeded into six‑well plates at 
1x105 cells/well. The cells from each group were collected 
following drug treatment and washed twice with PBS. The 
cells were then re-suspended in 500 µl binding buffer and 
mixed sequentially with 5 µl Annexin V‑allophycocyanin 
(APC) and 5 µl 7-aminoactinomycin D (7‑AAD) using 
an Annexin V‑APC/7‑AAD Apoptosis Detection kit (cat 
no. KGA1025; Nanjing KeyGen Biotech Co., Ltd., Nanjing, 
China), according to the manufacturer's instructions. The 
cells were subsequently incubated at room temperature in 
the dark for 15 min, and apoptotic rates were detected using 
a FACSCalibur flow cytometer (BD Biosciences, Franklin 
Lakes, USA). The data were analyzed using CellQuest 
Pro 3.3 software (BD Biosciences). 

Immunofluorescence double staining. Following 48 h of 
transfection, the cells were plated onto coverslips in six‑well 
plates. Following cellular treatment with each group of 
drugs, the cells on the coverslips from each group were fixed 
in 4% paraformaldehyde for 15 min and permeabilized in 
0.1% Triton X‑100 (Amresco, Solon, OH, USA) for 30 min. 
The cells were incubated with anti-Bcl‑2 (1:200) and Beclin‑1 

(1:100) primary antibodies at 4˚C overnight. The cells were 
then incubated with cyanine 3‑labeled goat anti‑mouse IgG 
(H+L) and fluorescein isothiocyanate‑labeled goat anti‑rabbit 
IgG (H+L) secondary antibodies (cat nos. A0521 and A0562, 
respectively; Beyotime Institute of Biotechnology) at a dilution 
of 1:100 for 90 min at room temperature. After staining with 
DAPI (Biosharp, Anhui, China), the coverslips were mounted 
inversely on slides with an anti‑fluorescein quencher and 
were observed under a laser-scanning confocal microscope 
(Olympus Corporation) and the images were captured.

Statistical analysis. All values are expressed as the 
mean ± standard deviation. The data were analyzed 
using Graphpad Prism 5.0 (GraphPad Software, Inc., La 
Jolla, CA, USA). Comparisons between two groups were 
performed using a one‑way analysis of variance, whereas the 
comparisons among multiple groups were performed with 
Bonferroni's post hoc test. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Establishment and identification of an AD cell model overex‑
pressing APP695 Swedish mutant gene. To establish an AD 
cell model, a pcDNA3.1‑APP695 plasmid overexpressing the 
APP695 Swedish mutant gene was transfected into SH‑SY5Y 
cells, and the expression levels of APP695 in the cells were 
detected using RT-qPCR and western blot analyses. The mRNA 
and protein expression levels of APP695 in the APP695 trans-
fection group were 3.83‑fold (Fig. 1A; P<0.01) and 2.99‑fold 
(Fig. 1B; P<0.01) higher, respectively, as compared with those 
in the pcDNA3.1 group. These results suggested that the AD 
cell model was successfully established.

Memantine enhances neuronal cell viability and inhibits 
autophagy in a cell model of AD. The effects of various 
concentrations of memantine on neuronal cell viability in the 

Figure 1. Establishment of an Alzheimer's disease cell model that overexpresses APP695. (A) Detection of APP695 mRNA expression levels using reverse 
transcription-quantitative polymerase chain reaction. (B) Detection of APP695 protein expression levels using western blot analysis. Typical results 
of repeated experiments are shown. All experiments were repeated in triplicate. β-actin was used as an internal control. Values are expressed as the 
mean ± standard deviation. **P<0.01, vs. the pcDNA3.1 group. Groups: Control, untreated cells; pcDNA3.1, cells transfected with empty vector; Mock, 
cells treated with transfection reagent only; APP695, cells transfected with APP695 overexpression vector. APP695, β-amyloid precursor protein with 
695-amino-acid mutation.
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AD model were detected using an MTT assay. The results indi-
cated that cell viability in the APP695 group at 24 (Fig. 2A; 
P<0.05) and 48 h (P<0.01) were significantly decreased, 
as compared with those in the pcDNA3.1 group. However, 
memantine reversed the inhibition of cell proliferation caused 
by APP695 overexpression. Cell viability was significantly 
increased following cellular treatment with three different 
doses of memantine for 24 (5 µM, P<0.01; 1 µM and 10 µM, 
P<0.05) and 48 h (5 µM and 10 µM, P<0.01), as compared with 

that in the APP695 group. However, no statistically significant 
difference was observed between the 5 µM‑treated group and 
the 10 µM‑treated group. Therefore, 5 µM memantine was the 
optimal treatment concentration, and was used in the subse-
quent experiments.

To determine the effects of memantine on the autophagic 
capacity of neuronal cells in the AD model, the acridine 
orange staining method was used to observe autophagosomes, 
and western blotting was performed to detect the expression 

Figure 2. Increase in neuronal cell viability and inhibition of cell autophagy in the Alzheimer's disease cell model following treatment with memantine. 
(A) Detection of cell viability using an MTT assay. Cells were inoculated onto 96-well plates and treated with 1, 5 or 10 µM memantine. The absorbance values 
(OD, 490 nm) of the cells from each group were measured at 24 and 48 h. *P<0.05 and **P<0.01, vs. the pcDNA3.1 group; #P<0.05 and ##P<0.01, vs. the APP695 
group. (B) Detection of autophagosomes using acridine orange staining. The cells were inoculated onto coverslips in 12-well plates. Following treatment with the 
indicated drugs for 24 h, the cells were stained with 0.01% acridine orange. The results were observed under a laser scanning confocal microscope (magnifica-
tion, x400; scale bar, 50 µm), and the most representative images are shown. Normal cells exhibit green fluorescence and autophagosomes exhibit orange‑red 
fluorescence. (C) Detection of LC3‑II/LC3‑I and ATG5 protein expression levels as determined by western blot analysis. β-actin was used as an internal control. 
Representative results from three experiments repeated in triplicate are shown. **P<0.01. All of the above experiments were repeated in triplicate and all values 
are expressed as the mean ± standard deviation. Groups: pcDNA3.1, cells transfected with empty vector; APP695, cells transfected with APP695 overexpression 
vector; memantine, cells treated with 5 µM memantine for 24 h; RAPA, cells were pre-treated with 0.2 µM RAPA for 24 h prior to treatment with memantine. LC3, 
protein light chain 3; ATG-5, autophagy protein 5; OD, optical density; APP695, β-amyloid precursor protein with 695-amino-acid mutation; RAPA, rapamycin.
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levels of the autophagy‑associated proteins LC3-II/LC3‑I and 
ATG5. Acridine orange is a weak base that has the ability to 
move freely across biological membranes in an uncharged state 
and is characterized by green fluorescence. Acridine orange, in 
its protonated form, accumulates in acidic compartments and 
forms aggregates, which are characterized by yellow‑orange 
fluorescence. As shown in Fig. 2B, cells in the pcDNA3.1 group 
exhibited low levels of green fluorescence, indicating a lack of 
acidic vesicular organelles (AVOs). Conversely, APP695 over-
expression induced the formation of yellow‑orange fluorescent 
AVOs. The LC3-II/LC3‑I ratio (Fig. 2C, P<0.01) and the 
expression levels of ATG5 (P<0.01) in the APP695 group were 
significantly increased. Following treatment with memantine, 
yellow‑orange fluorescence, the LC3-II/LC3‑I ratio (P<0.01) 
and ATG5 expression levels (P<0.01) were significantly 
decreased. The RAPA pre‑treatment group showed a statisti-
cally significant increase in yellow‑orange fluorescence, the 
LC‑3II/LC3‑I ratio (P<0.01) and the ATG5 expression levels 
(P<0.01).

Memantine inhibits neuronal apoptosis in a cell model of 
AD and RAPA‑induced autophagy promotes cell apoptosis. 
To detect the effects of memantine on neuronal apoptosis 
in the AD model and to clarify the association between 
autophagy and apoptosis, the apoptotic rates of the cells in 
each group were determined using flow cytometry following 
Annexin V‑APC/7‑AAD double staining. The expression levels 
of the apoptosis‑associated protein caspase‑3 were detected 
by western blot analysis. The apoptotic rates of the cells in the 
APP695 group were significantly increased, as compared with 
those in the pcDNA3.1 group (Fig. 3A and B; P<0.01); the expres-
sion levels of caspase‑3 also increased by 2.19‑fold (Fig. 3C; 
P<0.01). Memantine treatment significantly decreased the 
apoptotic rate (P<0.01) and caspase‑3 expression compared with 
those in the APP695 group (P<0.01), indicating that memantine 
was able to effectively inhibit neuronal apoptosis induced by 
APP695 overexpression. When the cells were pre‑treated with 
RAPA, autophagy induced by RAPA significantly increased the 
apoptosis rates and promoted neuronal apoptosis (P<0.01).

Figure 3. Inhibition of neuronal apoptosis in the Alzheimer’s disease cell model following treatment with memantine, and promotion of cell apoptosis by 
rapamycin‑induced autophagy (A) Detection of cell apoptosis using flow cytometry. The cells were seeded onto six‑well plates and treated with the indi-
cated drugs for 24 h. Following double‑staining with Annexin V‑allophycocyanine/7‑aminoactinomycin D, the cells were analyzed using flow cytometry. 
(B) Apoptotic rates in each group. (C) Detection of the protein expression levels of caspase-3 using western blotting. β-actin was used as an internal control. 
Representative results from three experiments repeated in triplicate are shown. **P<0.01. Groups: pcDNA3.1, cells transfected with empty vector; APP695, 
cells transfected with APP695 overexpression vector; memantine, cells treated with memantine for 24 h; RAPA, cells were pre-treated with 0.2 µM RAPA for 
24 h prior to treatment with 5 µM memantine. APP695, β-amyloid precursor protein with 695-amino-acid mutation; RAPA, rapamycin.
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Memantine regulates autophagic signaling pathways in 
neuronal cells. The mechanisms underlying the inhibition of 
autophagy by memantine were determined by detecting the acti-
vation of the two mTOR‑dependent and -independent signaling 

pathways. Western blot analysis demonstrated that the expres-
sion levels of p‑PI3K, p‑Akt and p‑mTOR in the APP695 group 
were significantly downregulated, as compared with those in 
the pcDNA3.1 group (Fig. 4A; P<0.01). Following treatment of 

Figure 4. Regulation of autophagy-associated signaling pathways in neuronal cells by memantine. (A) Detection of the expression levels of PI3K, Akt and 
mTOR in the mTOR-dependent signaling pathway, as determined by western blot analysis. (B) Detection of the expression of p-JNK1, Bcl-2 and Beclin-1 in the 
mTOR-independent pathway, as determined by western blot analysis. (C) Observation of the expression of the Bcl-1/Beclin‑1 complex using immunofluores-
cence. Bcl-2 stained with Cy3-labeled goat anti-mouse IgG (red), Beclin-1 stained with FITC-labeled goat anti-rabbit IgG (green) and cell nuclei stained with 
DAPI (blue) in the cells were observed under a laser scanning confocal microscope (magnification, x600). Representative data/images of three independent 
experiments are shown. Values are expressed as the mean ± standard deviation. **P<0.01, vs. the pcDNA3.1 group; ##P<0.01 vs. the APP695 group. Groups: 
pcDNA3.1, cells transfected with empty vector; APP695, cells transfected with APP695 overexpression vector; memantine, cells treated with 5 µM memantine 
for 24 h. P, phosphorylated; PI3K, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; JNK1, mitogen-activated protein kinase 8; Bcl-2, B cell 
lymphoma 2; Cy3, cyanine 3; IgG, immunoglobulin G, FITC, fluorescein isothiocyanate.
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the cells in the APP695 group with memantine, the expression 
levels of the three signaling molecules significantly increased 
(P<0.01), suggesting that APP695 overexpression inhibited the 
PI3K/Akt/mTOR signaling pathway in neuronal cells and to 
activate autophagy, whereas memantine reversed the inhibitory 
state of the PI3K/Akt/mTOR signaling pathway, suppressing 
autophagy. In the mTOR‑independent signaling pathway, 
p‑JNK1 and Beclin‑1 expression levels were significantly 
upregulated in the APP695 group, as compared with those in 
the pcDNA3.1 group (Fig. 4B; P<0.01), whereas the expression 
levels of Bcl‑2 expression were significantly downregulated 
(P<0.01), which was attenuated by treatment with meman-
tine. Immunofluorescence staining was performed to further 
investigate the expression of the Bcl‑2/Beclin‑1 complex. The 
results indicated that the localizations of the Bcl‑2 and Beclin‑1 
proteins in the cells were matched. The Bcl‑2/Beclin‑1 complex 
in the pcDNA3.1 group and the pcDNA3.1 + Memantine group 
exhibited orange‑yellow fluorescence in the cytoplasm. In the 
APP695 group, Bcl‑2 was phosphorylated, and its expression 
levels were decreased; therefore, the cytoplasm emitted emerald 
green fluorescence. In the APP695 + Memantine group, the 
expression of the Bcl‑2/Beclin‑1 complex was increased and 
the color of the fluorescence in the cytoplasm had returned to 
orange‑yellow, similar to that in the empty vector-transfected 
cells. These results indicated that memantine activated the 
Bcl‑2/Beclin‑1 complex to inhibit autophagy in the AD cell 
model via the suppression of JNK1 phosphorylation. In conclu-
sion, the above results demonstrated that the mTOR-dependent 
as well as -independent pathways are involved in the inhibition 
of cell autophagy by memantine.

Discussion

Blocking of NMDA receptors by memantine is an effec-
tive method for the treatment of AD; however, its effects 
on neuronal autophagy and apoptosis in AD have remained 
to be elucidated. The present study established an AD cell 
model that overexpressed APP695. The results indicated 
that memantine increased cell viability in the AD model. 
Memantine exerted its anti‑autophagic and anti‑apoptotic 
functions via the mTOR‑dependent and mTOR-independent 
signaling pathways. These results preliminarily explored 
the mechanisms underlying the anti‑autophagic effects of 
memantine. In addition, pre‑treatment of the AD cell model 
with the autophagy enhancer RAPA demonstrated that 
autophagy promoted cell apoptosis. These results provided 
experimental evidence regarding the controversial issue of 
the association between autophagy and apoptosis.

An increase in autophagosome formation (28) and 
activation of caspases was detected (29) in the neurons of 
AD patients. Numerous studies have reported that Aβ accu-
mulation induced NMDA receptor overactivation (30,31), 
whereas NMDA activation promoted neuronal autophagy or 
apoptosis. Gao et al (32) treated rat cardiomyocytes with the 
NMDA receptor antagonist MK‑801, thereby demonstrating 
that apoptosis in cardiomyocytes was significantly improved 
following treatment, and that the expression levels of the 
apoptosis‑associated proteins Bcl-2-associated X protein and 
caspase‑3 decreased significantly. Therefore, these results 
led to the speculation that memantine, which is an NMDA 

receptor antagonist, may inhibit neuronal autophagy and 
apoptosis. The present study established an AD cell model 
by upregulating APP695 expression and demonstrated that 
memantine increased the viability of SH‑SY5Y cells overex-
pressing APP695. In addition, 5 µM memantine significantly 
inhibited cell autophagy and apoptosis. However, these inhibi-
tory effects were reversed by pre‑incubation with RAPA. 

In AD research, the association between neuronal 
autophagy and apoptosis is controversial. Nilsson et al (19) 
reported that APP and its hydrolytic enzymes were not 
degraded by autophagosomes following the conversion of 
autophagosomes, thereby leading to the production of large 
amounts of Aβ (17,19,20) and an increase in cell apoptosis. 
Spilman et al (21) reported that enhancement of autophagy 
reduced the levels of Aβ, thereby inhibiting apoptosis (21‑24). 
In the present study, AD model cells were pre‑treated with 
the autophagy enhancer RAPA and were compared with cells 
in other treatment groups. The results demonstrated that the 
enhancement of neuronal autophagy significantly increased 
the apoptotic rates of the cells, which was concordant with the 
results of Nilsson et al (19).

mTOR is an important regulator of autophagy, and 
the mTOR‑dependent signaling pathway is regulated by 
PI3K/Akt/mTOR. Inhibition of this signaling pathway may 
activate cell autophagy (33‑36). In the mTOR‑independent 
signaling pathway, Bcl‑2 is phosphorylated via the protein 
kinase JNK1 to separate Bcl‑2 and Beclin‑1; autophagy is then 
activated by Beclin‑1 (37). The present study demonstrated that 
memantine was able to significantly upregulate the expression 
of the signaling factors PI3K, Akt and mTOR, to activate the 
mTOR‑dependent autophagy signaling pathway, and to reduce 
the autophagic capacity of neuronal cells. In addition, the 
present study also detected that memantine inhibited the phos-
phorylation of the Bcl‑2/Beclin‑1 complex by JNK1 to prevent 
the activation of cell autophagy by Beclin‑1. These results 
suggested that the two signaling pathways were involved in the 
inhibition of cell autophagy by memantine. 

In conclusion, the results of the present study demon-
strated that memantine exerted significant anti‑autophagic 
and anti‑apoptotic effects in an APP695‑overexpressing 
cell model of AD, the mechanism of which involved the 
mTOR‑dependent as well as -independent autophagic 
signaling pathways. The present study supported the clinical 
use of memantine for the treatment of AD. Furthermore, 
the present study confirmed that autophagy in the AD cell 
model was able to promote cell apoptosis, thus providing 
experimental evidence regarding the association between 
autophagy and apoptosis.
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