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Abstract. Amyloid β (Aβ)1‑42 is strongly associated with 
Alzheimer's disease (AD). The effects of Aβ1‑42 on astrocytes 
remain largely unknown. The present study focused on 
the effects of Aβ1‑42 on U87 human glioblastoma cells as 
astrocytes for in  vitro investigation and mouse brains for 
in  vivo investigation. The mechanism and regulation of 
mitochondria and cytochrome P450 reductase (CPR) were 
also investigated. As determined by MTT assays, low doses 
of Aβ1‑42 (<1 µM) marginally promoted astrocytosis compared 
with the 0 µM group within 24 h, however, after 48 h treatment 
these doses reduced cellular growth compared with the 0 µM 
group. Furthermore, Aβ1‑42 doses >5 µM inhibited the growth 
of U87 cells compared with the 0 µM group after 24 and 
48 h treatment. Immunofluorescence analysis demonstrated 
that astrocytosis was also observed in early stage AD 
mice compared with wild‑type (WT) mice. In addition, 
concentrations of Aβ1‑42 were also significantly higher in early 
stage AD mice compared with WT mice, however, the levels 
were markedly lower compared with later stage AD mice, 
as determined by ELISA. In addition to increased levels of 
Aβ1‑42 in mice with later stage AD, reduced astrocyte staining 
was observed compared with WT mice. Western blotting 
indicated that the effect of Aβ1‑42 on U87 cell apoptosis may 
be regulated via Bcl‑2 and caspase‑3 located in mitochondria, 
whose functions, including adenosine triphosphate generation, 
electron transport chain and mitochondrial membrane 
potential, were inhibited by Aβ1‑42. During this process, the 
expression and activity of cytochrome P450 reductase was also 
downregulated. The current study provides novel insight into 

the effects of Aβ1‑42 on astrocytes and highlights a potential 
role for astrocytes in the protection against AD.

Introduction

Alzheimer's disease (AD) is a chronic neurodegeneration with 
symptoms that affect language and motivation, and cause 
behavioral and orientational disorders that gradually lead to 
patient mortality. The average life expectancy following AD 
diagnosis is usually within 10 years (1). There are ~48 million 
patients with AD worldwide, most of whom are >65 years old. 
Increasing evidence indicates that AD is partially caused by 
amyloid plaques in the brain (2). Amyloid plaques, composed 
of amyloid fibers, are extracellular deposits and the primary 
toxicant in AD brains. Amyloid β (Aβ) is the major component 
of amyloid plaques and has a central role in AD pathology (3). 
Aβ levels are elevated in AD brains, contributing to cerebro-
vascular lesions (4). Of the various Aβ oligomers, Aβ1‑42 is the 
most amyloidogenic and fibrillogenic form of the peptide due 
to its hydrophobic nature, and therefore has a higher association 
with AD (5,6). The majority of previous studies have focused 
on the toxicity of Aβ1‑42 on neurons (7‑10). However, fewer 
studies have focused on the toxicity of Aβ1‑42 on astrocytes, 
which also have important roles in AD.

Astrocytes are star‑shaped macroglial cells, the most 
abundant cells in the central nervous system (CNS). They 
are responsible for ion exchange and uptake with neurons. 
Astrocytes also regulate the trophic factors, transmitters and 
transporters in CNS, modulating the normal neuron func-
tions, synaptic activity and neuronal homeostasis. Astrocytes 
have critical roles in CNS energy provision, blood supply and 
synaptic activity regulations, homeostasis and remodeling in 
the brain. Dysfunctions of astrocytes are associated various 
brain diseases, including neurodegeneration (11,12). As the 
most neural toxic peptide, Aβ1‑42 is highly associated with AD. 
However, the detailed effects and regulation pathway of Aβ1‑42 
on astrocytes are yet to be established.

As a double membrane‑bound organelle and source of 
chemical energy (adenosine triphosphate; ATP) that is present 
in all eukaryotic organisms, mitochondria are involved 
in cell growth and apoptosis in the CNS. Mitochondrial 
dysfunction is implicated in several types of human 
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neurodegeneration  (13‑15). Cytochrome P450 reductase 
(CPR), a 678‑amino acid microsomal flavoprotein, is the 
obligate redox partner for all microsomal P450 cytochromes. 
CPR is required in all microsomal P450‑catalyzed monooxy-
genase reactions, which catalyze the majority of the chemical 
metabolism in the human body (16‑18).

In the present study, the U87 human glioblastoma cell line 
was used as astrocytes and treated with different doses of 
Aβ1‑42 for different durations. The effects of Aβ1‑42 on U87 cells 
and the regulation of CPR were detected. Furthermore, in vivo 
detection of Aβ1‑42 levels and astrocytes was performed in 
AD and wild‑type (WT) mice. The current study meets ethical 
guidelines and all research was approved by the Research 
Management Office and Experimental Animal Center of 
Suzhou Vocational Health College (Suzhou, China).

Materials and methods

Cells and chemicals. The U87MG ATCC human glioblastoma 
cell line, termed U87 throughout the manuscript, was kept 
in our laboratory for a long time. The original cell line was 
purchased from the Type Culture Collection of the Chinese 
Academy of Sciences (Shanghai, China). U87 cells were kept 
in Thermo Scientific incubator at 37˚C, 5% CO2 with satu-
rated humidity and cultured in Dulbecco's modified Eagle's 
medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, 
USA) supplemented with 10% fetal bovine serum (Shanghai 
ExCell Biology, Inc., Shanghai, China), 100 U/ml penicillin 
and 0.1 mg/ml streptomycin (Hyclone; GE Healthcare Life 
Sciences). The sequence of Aβ1‑42 peptide (molecular weight, 
4,514.08 Da; Sangon Biotech Co., Ltd., Shanghai, China) was 
as follows: DAE​FRH​DSG​YEV​HHQ​KLV​FFA​EDV​GSN​KGA​
IIG​LMV​GGV​VIA. Aβ1‑42 was initially dissolved at a concen-
tration of 1 mM in dimethyl sulfoxide, and 100 µl Aβ1‑42 was 
combined with 900 µl PBS to generate 100 µM Aβ1‑42. The 
product was incubated at 37˚C for 7 days prior to use.

Detection on the cellular proliferation. Cellular prolifera-
tion was recorded using MTT reagent (Beyotime Institute of 
Biotechnology, Haimen, China) following the manufac-
turer's protocol. Briefly, U87 cells were seeded at a density of 
3x103 cells per well, attached on the well and cultured with 
0, 0.1, 0.5, 1, 5, 10, 20 and 50 µM Aβ1‑42 at 37˚C for 24 and 
48 h. Subsequently, 20 µl MTT (5 mg/ml) was added to each 
well and incubated for 4 h at 37˚C. Medium was removed and 
150 µl formazan solvent was added for 15 min. The absor-
bance at 590 nm was recorded. This experiment was repeated 
three times.

Detection of glial fibrillary acidic protein (GFAP) expression. 
The expression of the astrocyte marker GFAP on U87 cells 
(at a density of 5.0x104 viable cells/cm2) cultured with 0, 1, 10 
and 20 µM Aβ1‑42 for 48 h at 37˚C was detected using immuno-
fluorescence. Cells were washed with 1X PBS three times, fixed 
with 4% paraformaldehyde (PFA) for 20 min at room tempera-
ture and treated with 1X PBS containing 0.5% Triton‑X‑100 
for 15 min on ice. Subsequently, blocking was performed using 
10% normal goat serum (ab7481; Abcam, Cambridge, UK) 
for 1 h at room temperature. Following blocking, cells were 
incubated with rabbit monoclonal anti‑GFAP (1:600; ab33922; 

Abcam) at 4˚C overnight and were washed three times with 1X 
TPBS for 10 min. Goat anti‑rabbit IgG H&L (Alexa Fluor 488; 
1:400; ab150077; Abcam) secondary antibody was added for 
1 h in a dark room at room temperature, followed by washing 
three times with 1X TPBS for 10 min. Photos were taken using 
a fluorescence microscope at x100 magnification (Eclipse 
Ti‑S; Nikon Corporation, Tokyo, Japan).

In vivo detection of Aβ1‑42 and astrocytes. APPswe/PSEN1dE9 
male mice were purchased from the Model Animal Research 
Center of Nanjing University (Nanjing, China). These double 
transgenic mice, originally generated in Jackson Laboratory 
(Bar Harbor, ME USA), are well referred to and widely used 
as AD mice studies. A total of 3 male, 8‑month‑old mice 
(weighing 25.4±2.9 g) were used to represent early stage AD 
and 3 12‑month‑old mice (weighing 26.1±4.5 g) were used for 
a later/progressed stage of AD. Then 3 8‑month‑old C57BL/6J 
mice (weighing 24.7±3.4 g) and 3 12‑month‑old C57BL/6J 
mice (weighing 24.3±4.0 g) were used as WT mice. The mice 
were raised in an environment with a temperature of 24±2˚C, 
humidity of 55±15% and a 12‑h light/dark cycle. Mice were 
given ad  libitum access to food and water. Experiments 
and surgeries on the mice were performed according to the 
Institutional Animal Care and Use Committee (IACUC) 
guidelines. Mouse brain cortex tissues were homogenized in 
cell lysis buffer which contains 25 mM HEPES, 125 µM DTT, 
1 mM PMSF, 100 µg/ml Leupeptin and 20 µg/ml Aprotinin. 
Concentration of Aβ1‑42 in mouse brains was detected using 
an Amyloid β 42 Mouse ELISA kit (KMB3441; Novex; 
Thermo Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The final results were calculated by comparing to 
the standard curve and presented in ng/mg protein. Mice 
brains were embedded in OTC on dry ice and cut into 10 µm 
frozen sections. Slides were placed in 4% paraformaldehyde 
(PFA) for 20 min at room temperature, then in 10% normal 
goat serum for 20 min also at room temperature. Astrocytes 
in the hippocampus region of mice were detected using GFAP 
primary antibody (ab7260; 1:200; Abcam) at 4˚C overnight 
and goat anti‑rabbit IgG H&L (Alexa Fluor 488; ab150077; 
1:400; Abcam) secondary antibody at room temperature for 
2 h. The present study was approved by the Experimental 
Animal Center of Suzhou Vocational Health College.

Detection of apoptosis by DAPI staining. U87 cells at a 
density of 5.0x104 viable cells/cm2 were cultured in the incu-
bator and treated with 10 µM Aβ1‑42 at 37˚C for 48 h. Apoptosis 
was detected using DAPI staining (Beyotime Institute 
of Biotechnology). Normal cells exhibit a round nucleus 
uniformly stained with clear margin, while apoptotic cells 
exhibit abnormal nucleus margin and the condensed chromo-
somes. Following fixation with 4% PFA for 20 min at room 
temperature and treatment with 1X TPBS (0.5% Triton‑X‑100) 
for 10 min on ice, cells were stained with DAPI solution for 
15 min at room temperature. Images were acquired using a 
fluorescence microscope at x100 and x200 magnification 
(Eclipse Ti‑S; Nikon Corporation).

Detection of apoptosis and CPR by western blot analysis. 
U87 cells were treated with 10 µM Aβ1‑42 in an incubator at 
37˚C for 48 h. Protein was extracted from U87 cells using the 



MOLECULAR MEDICINE REPORTS  17:  6997-7004,  2018 6999

above mentioned cell lysis buffer and quantified with Pierce 
BCA Protein Assay Kit (23225; Thermo Fisher Scientific, 
Inc.). Protein (25 µg per lane) was detected using western blot 
analysis. Following electrophoresis and transfer to a polyvi-
nylidene fluoride membrane (EMD Millipore, Billerica, MA, 
USA), the membrane was blocked with 5% fat‑free milk for 
1 h at room temperature and incubated with anti‑Bcl‑2 (rabbit 
polyclonal IgG; 12789‑1‑AP; 1:1,000; ProteinTech Group, Inc., 
Chicago, IL, USA,), anti‑cleaved caspase‑3 (9661; 1:800; Cell 
Signaling Technology, Inc.) and anti‑CPR (rabbit polyclonal 
IgG; ab13513; 1:1,000; Abcam) primary antibodies at 4˚C 
overnight. Subsequently, membranes were incubated with goat 
anti‑rabbit IgG secondary antibody (ab6721; 1:5,000; Abcam) 
at room temperature for 2  h. GAPDH (ab9485; 1:2,500; 
Abcam,) was used as a loading control indicator.

Detection of CPR activity. U87 cells at a seeding density of 
5.0 x 104 viable cells/cm2 were treated with 10 µM Aβ1‑42 in 
a cell culture incubator at 37˚C for 48 h. The microsome of 
U87 cells was homogenized on ice in 10 mM PBS (pH 7.7) 
containing 250  mM sucrose, 1  mM EDTA and 0.5  mM 
PMSF for 15 sec then centrifuged for 20 min at 10,000 x g 
at 4˚C. The supernatant was collected and centrifuged for 
1 h at 40,000 x g at 4˚C, then the supernatant was decanted. 
The pellet was re‑suspended in 0.1 M PBS containing 1 mM 
EDTA, 1mM dithiothreitol, 30% glycerol and protease 
inhibitors (pH 7.25). The activity of CPR in microsome was 
detected in the reduction of cytochrome c determined in 
reactions. Briefly, 80 µl of a 0.5‑mM solution of the horse 
heart cytochrome c (in 10 mM PBS, pH 7.7) was added into 
a glass with an aliquot of sample. Then 10 µl of a 10 mM 
NADPH solution was added and A550 was recorded using 
the spectrophotometer as a function of time (about 3 min). 
The rate of reduction of cytochrome c was calculated as 
ΔA550 min‑1/0.021=nmol of cytochrome c reduced per min.

Detection of mitochondrial functions. The mitochondrial 
functions of U87 cells at a density of 5.0x104 viable cells/cm2 

cultured with 0, 1, 10 and 20  µM Aβ1‑42 in a cell culture 
incubator at 37˚C for 48  h was detected. ATP generation 
was detected using an ATP assay kit (Beyotime Institute of 
Biotechnology) according to the manufacturer's protocol. 
Briefly, 200 µl lysis buffer was added to U87 cells cultured 
in 6‑well plates, which were subsequently centrifuged at 

12,000 x g at 4˚C for 5 min. The supernatant was collected and 
detected together with ATP standard solution on the luminom-
eter. Mitochondrial membrane potential (MMP) was detected 
using a JC‑1 staining kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. In addition, the 
activity of the four complexes of the electron transport chain 
(ETC) following treatment of U87 cells with 10 µM Aβ1‑42 for 
48 h were also detected using MitoCheck Complex Activity 
Assay Kit (I: 700930, II: 700940, III: 700950 and IV: 700990; 
Cayman Chemical Company, Ann Arbor, MI, USA, Catalog 
No.). The rate of NADH oxidation was measured at 340 nm for 
the activity of complex I. A decrease in absorbance at 600 nm 
for complex II activity, the reduction of excess cytochrome 
c (550 nm absorbance) for complex III and the direct oxida-
tion of cytochrome c for complex IV. Results were presented 
relative to values in the control (0 µM) group.

Statistical analysis. Data are presented as the mean ± standard 
deviation and analysis was performed using SPSS 16.0 soft-
ware (SPSS, Inc., Chicago, IL, USA). Results were evaluated 
using Student's t‑test for two‑group comparison or one‑way 
analysis of variance followed by a post hoc Dunnett's test 
for multiple groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Effects of Aβ1‑42 on the proliferation of U87 cells. As demon-
strated in Fig. 1, the cellular growth of U87 was significantly 
inhibited following treatment with >1  µM Aβ1‑42 at 24  h 
(Fig. 1A) and 48 h (Fig. 1B), compared with the 0 µM group. 
Surprisingly, doses of Aβ1‑42 <1 µM marginally promoted the 
cellular growth at 24 h (Fig. 1A), however, after 48 h treatment 
these doses inhibited growth compared with the 0 µM group 
(Fig. 1B). These results indicate that the effects of Aβ1‑42 on the 
proliferation of U87 cells were complex. Small doses of Aβ1‑42 

promoted the proliferation of U87 cells for the initial 24 h, 
while doses >1 µM inhibited the growth of U87 cells after 
24 h. After a longer treatment duration of 48 h, the prolifera-
tion of U87 cells was arrested compared with the 0 µM group 
at all Aβ1‑42 doses. 

Alterations in the expression of GFAP in U87 cells. Various 
reports have indicated that U87 human glioblastoma cells may 

Figure 1. The cellular proliferation of U87 cells was detected using MTT assays. U87 cells were treated with 0‑50 µM Aβ1‑42 for (A) 24 h and (B) 48 h. Aβ, 
amyloid β; OD, optical density. *P<0.05 vs. 0 µM Aβ1‑42 group, **P<0.01 vs. 0 µM Aβ1‑42 group.
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be used as astrocytes for AD neuropathology and cytotoxicity 
studies  (19‑21). As a cellular marker of astrocytes, GFAP 
(green staining) was highly expressed on U87 cells that were 
not treated with Aβ1‑42 (0 µM group; Fig. 2A). The expression 
of GFAP was markedly decreased in a dose‑dependent manner 
in Aβ1‑42 treatment groups after 48 h treatment. Representative 
images of GFAP staining in cells treated with 1, 10 and 20 µM 
Aβ1‑42 are presented in Fig. 2B‑D.

Alterations in the concentration of Aβ1‑42 in the mouse 
brain cortex. As demonstrated in Fig. 3, compared with WT 
mice, the concentration of Aβ1‑42 in the cortex of mice brains 
was significantly increased in AD mice at early AD stage 
(8  months) and AD progressed stage (12  months). Levels 
were barely detected in WT mice at 8 months and marginally 
increased at 12 months. Even in AD mice, the concentration 
of Aβ1‑42 at the early stage (8 months) was low compared with 
levels at 12 months.

Abnormal astrocytes in hippocampus region of AD mice 
brain. Compared with WT mice, the number of astrocytes 
in the hippocampus region of the AD mouse brain was 
visibly increased at the early stage of AD (8 months; Fig. 4A 
and B). This process is termed astrocytosis. During this 
period (8 months), the concentration of Aβ1‑42 was at a low 
level (Fig. 3). However, at 12 months, the level of Aβ1‑42 was 
increased significantly in AD mice (Fig. 3). The number of 
astrocytes in the hippocampus region of the AD mouse brain 
was markedly decreased in progressed AD (12 months) mice 
compared with the WT group (Fig. 4C and D).

The effects of Aβ1‑42 on apoptosis in U87 cells. The cellular 
apoptosis of U87 cells was detected by DAPI staining in 
control cells and cells treated with 10 µM Aβ1‑42 for 48 h at 
magnifications of x100 (Fig. 5A and B, respectively) and x200 
(Fig. 5C and D, respectively). As demonstrated in Fig. 5, no 
obvious apoptosis was detected in the control group (Fig. 5A 
and C). However, following treatment with 10 µM Aβ1‑42 for 
48 h, obvious apoptosis was detected by abnormal cell nucleus 
staining (Fig. 5B and D). Furthermore, the protein expression 
of the apoptosis factors Bcl‑2 and cleaved caspase‑3 were 
detected by western blot analysis following treatment of U87 
cells with 10 µM Aβ1‑42 for 48 h. Lanes 1‑3 represent protein 
expression in control U87 cells and lanes 4‑6 represent protein 
expression in U87 cells treated with 10 µM Aβ1‑42 for 48 h 
(Fig. 6). As demonstrated in Fig. 6, the expression of Bcl‑2 was 
markedly decreased following treatment with 10 µM Aβ1‑42 for 
48 h compared with the control group, and the opposite was 

observed for the expression of cleaved caspase‑3, which was 
markedly increased following treatment with 10 µM Aβ1‑42 for 
48 h compared with control cells. Furthermore, the expression 
of CPR was determined by western blotting. Generally, the 
expression of CPR was downregulated following treatment 
with 10 µM Aβ1‑42 for 48 h. However, the individual differences 
among samples were obvious (Fig. 6).

The effects of Aβ1‑42 on mitochondrial functions. ATP genera-
tion was downregulated following treatment with Aβ1‑42 for 48 h 
in a dose‑dependent manner compared with the control group, 
and these differences were significant at 10 and 20 µM Aβ1‑42 
(Fig. 7A). As demonstrated in Fig. 7B, due to the toxicity of 
Aβ1‑42 on mitochondria, the MMP was significantly decreased 
in cells treated with Aβ1‑42 for 48  h in a dose‑dependent 
manner compared with control cells. Additionally, the activity 
of complex I of the ETC was markedly decreased, while the 
activities of complexes III and IV were marginally increased, 
following treatment with 10 µM Aβ1‑42 for 48 h compared with 
control cells (Fig. 7C). No obvious difference was observed 
for complex II activity in control cells and cells treated with 
10 µM Aβ1‑42 for 48 h (Fig. 7C). These results indicate the 
obvious toxicity of Aβ1‑42 on mitochondria as certain func-
tions of mitochondria were inhibited following treatment with 
Aβ1‑42.

The effects of Aβ1‑42 on the activity of CPR. CPR has a key role 
in the metabolism of chemicals (22). Enzymes are regulated in 
two ways, one is expression regulation (slow adjustment) and 
the other is activity regulation (rapid adjustment). Generally, 
effects due to the regulation of expression are slow while 
effects of activity regulation occur more rapidly. However, 

Figure 2. The expression of GFAP in U87 cells following treatment with Aβ1‑42 for 48 h using immunofluorescence. U87 cells were treated with (A) 0 µM, 
(B) 1 µM, (C) 10 µM and (D) 20 µM Aβ1‑42 for 48 h. GFAP expression stained green. Photos were taken using a fluorescence microscope at x100 magnification. 
Scale bar, 100 µm. GFAP, glial fibrillary acidic protein; Aβ, amyloid β.

Figure 3. Concentration of Aβ1‑42 in the WT and AD mouse brain cortex at 
early and progressed stages of AD. Mice at 8‑months of age were considered 
to be early stage AD mice and 12‑month‑old mice were used as progressed 
AD stage mice. Data are presented as the mean  ±  standard deviation. 
**P<0.01 vs. WT mice at the same age. Aβ, amyloid β; WT, wild‑type; AD, 
Alzheimer's disease; mo, months.
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expression and activity regulation are both important for the 
catalyst function of an enzyme. Therefore, the present study 
detected the expression and activity of CPR. The results for 
CPR expression were described above for western blotting 
results in Fig. 6. Concerning CPR activity, the CPR activity, 
in the reduction of cytochrome c, was markedly inhibited 
following treatment with 10 µM Aβ1‑42 for 48 h compared with 
control cells (Fig. 7D).

Discussion

AD was first observed, described and named by Alois 
Alzheimer, a German psychiatrist and pathologist in 1906. 
It is a serious chronic neurodegeneration without effective 
drugs currently. The morbidity of AD has been increasing 
rapidly in recent years. Aβ is formed following sequential 
cleavage of a transmembrane glycoprotein termed amyloid 
precursor protein (APP)  (23). Various isoforms of 30‑51 
amino acid residues are generated by cleavage by α‑, 
β‑ and γ‑ secretases, of which the most common isoforms 
are Aβ1‑40 and Aβ1‑42. Aβ1‑42 is the most fibrillogenic and is 
highly associated with AD (24). An increased understanding 
of the effects of Aβ1‑42 on astrocytes, not only on neurons 
as numerous previous studies have focused on, is essential. 
As a common and routine method, the present study used 
U87 human glioblastoma cells as astrocytes. Initially, MTT 
assays were performed to investigate the effect of Aβ1‑42 on 

the growth of U87 cells. High doses of Aβ1‑42 (>1 µM) led 
to growth inhibition. However, low doses of Aβ1‑42 (<1 µM) 
marginally promoted the cellular growth after 24  h, but 
inhibited growth after 48 h. These effects were dose‑depen-
dent, which means that different doses of chemicals lead to 
different levels of effects. However, it is still surprising that 
low and higher doses of Aβ1‑42 led to opposing effects after 
24 h treatment. Furthermore, U87 cells treated with a low 
dose of Aβ1‑42 (1 µM) exhibited abnormal growth termed 
astrocytosis. These results were also confirmed by in vivo 
experiments using double transgenic mice that express APP 
and the mutant presenilin 1, and are widely used as AD mice. 
Compared with WT mice, the number of astrocytes in the 
hippocampus region of the AD mouse brain was increased 
at the early stage of AD with a low Aβ1‑42 level, while 
astrocytes were obviously decreased in the brains of AD at 
12 months with an increased Aβ1‑42 level. Astrocytosis, also 
termed reactive astrogliosis, consists of abnormal reactive 
astrocytes and is often observed as an early phenomenon in 
AD development (25,26). Reactive astrocytes colocalize with 
Aβ plaques in AD brains. Astrocytosis harms surrounding 
neural cells, resulting in damage to neural functions, glial 
scarring and inflammation in the brain (27). Reactive astro-
cytes may promote neural toxicity via the generation of 
cytokines, which may subsequently damage nearby neurons. 
In addition, they may also promote secondary damage or 
degeneration following CNS injury (28).

Figure 4. Detection of astrocytes in the hippocampus region of the mouse brain. Astrocytes were identified as GFAP‑positive cells (green). Cell nuclei were 
stained blue by DAPI staining. Representative photos for GFAP staining in (A) WT mice at 8 months, (B) AD mice at 8 months, (C) WT mice at 12 months and 
(D) AD mice at 12 months. Scale bar, 100 µm; magnification, x100. GFAP, glial fibrillary acidic protein; WT, wild‑type; AD, Alzheimer's disease.

Figure 6. The protein expression of Bcl‑2, cleaved caspase‑3 and CPR in U87 cells was determined by western blotting. Representative western blot results 
for U87 cells treated with 0 and 10 µM Aβ1‑42 for 48 h. Lanes 1‑3 represent results from the 0 µM group and lanes 4‑6 represent results from cells treated with 
10 µM Aβ1‑42 for 48 h. CPR, cytochrome P450 reductase; Aβ, amyloid β.

Figure 5. Detection of apoptosis in U87 cells treated with 10 µM Aβ1‑42 for 48 h using DAPI staining. Cell nuclei were stained in blue. Representative photos 
for DAPI staining in U87 cells treated with (A) 0 µM and (B) 10 µM Aβ1‑42 at x100 magnification. Scale bar, 100 µm. Representative photos for DAPI staining 
in U87 cells treated with (C) 0 µM and (D) 10 µM Aβ1‑42 at x200 magnification. Scale bar, 50 µm. Aβ, amyloid β.
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As a form of abnormal proliferation, astrocytosis is tempo-
rary, occurring only at the beginning of cellular growth or in 
the early stage of AD. Two different abnormal pathological 
astrocytes have been reported (29‑31). To detect the effect 
of Aβ1‑42 on apoptosis, DAPI staining was performed. As a 
fluorescent stain, DAPI binds strongly to DNA and is used 
extensively in apoptosis detection. Apoptosis, a process of 
programmed cell death that is regulated by various factors, 
inevitably leads to cellular death. Caspase‑3 and Bcl‑2 are 
key factors involved in apoptosis. Caspase‑3 is activated, 
following cleavage by an initiator caspase, in apoptotic tissues 
and cells partially by mitochondrial regulation and has a 
dominant role in apoptosis (32). In the present study, increased 
activation of caspase‑3 was observed following treatment 
with Aβ1‑42. As an important anti‑apoptotic oncogene, Bcl‑2 
is localized to the outer membrane of mitochondria, and has 
a key role in the promotion of cellular survival and inhibition 
of apoptosis (33). Reduced expression of Bcl‑2 was observed 
following treatment of cells with Aβ1‑42 in the present study. 
As caspase‑3 and Bcl‑2 are located on and regulated via 
mitochondria, the present study subsequently investigated 
the function of mitochondria.

As a source of chemical energy in the form of ATP, the 
mitochondrion is a double membrane‑bound organelle that is 
widely distributed in the majority of eukaryotic cells. In the 
current study, the results demonstrated that ATP generation 
was significantly decreased in a dose‑dependent manner 
following 48 h treatment with Aβ1‑42, which indicates that the 
primary function of mitochondria was inhibited by Aβ1‑42. 
In addition to supplying cellular energy, mitochondria are 

also involved in cell growth and apoptosis in AD (34,35). 
Mitochondrial dysfunction has been implicated in several 
human diseases, including Alzheimer's disease, Parkinson's 
disease and schizophrenia (13‑15). All of these reports are in 
accordance with the results of the present study. ETC, a chain 
that consists of a series of compounds containing certain 
complexes, transfers electrons from donors to acceptors via 
redox reactions and couples electron transfer with the transfer 
of protons. This process creates an electrochemical proton 
gradient that drives the generation of Mitochondrial ATP (36). 
The present study demonstrated that, compared with other 
complexes and the activity in control cells, the activity of 
complex I of the ETC was decreased following treatment with 
Aβ1‑42. MMP is critical for maintaining the normal functions 
of the ETC in mitochondria to generate ATP. Loss of MMP 
leads to the depletion of ATP and therefore energy in cells, 
eventually resulting in apoptosis or necrosis. The current 
study demonstrated that the MMP was markedly decreased 
following treatment with Aβ1‑42 for 48 h in a dose‑dependent 
manner, which further impairs the generation of ATP. These 
observations may partially explain the reduced ATP genera-
tion following treatment with Aβ1‑42, indicating that Aβ1‑42 may 
enter the mitochondria and interfere with the ETC and MMP, 
subsequently leading to inhibition of ATP production.

Cytochrome P450s, which have maximum absorption at 
~450 nm, are a superfamily of hemoproteins that function as 
the terminal oxidase enzymes in the ETC. As a microsomal 
flavoprotein, CPR is the obligate redox partner for cytochrome 
P450s, transferring electrons from NADPH to cytochrome 
P450s. CRP is required for all microsomal P450‑catalyzed 

Figure 7. The mitochondrial function and CPR activity of U87 cells. (A) ATP generation of U87 cells treated with 0‑20 µM Aβ1‑42 for 48 h. (B) MMP in cells 
treated with 0‑20 µM Aβ1‑42 for 48 h. (C) Activity of complexes of the ETC in cells treated with 0 and 10 µM Aβ1‑42 for 48 h. (D) CPR activity in U87 cells 
treated with 0‑20 µM Aβ1‑42 for 48 h. *P<0.05 and **P<0.01 vs. 0 µM group. CPR, cytochrome P450 reductase; ATP, adenosine triphosphate; Aβ, amyloid β; 
MMP, mitochondrial membrane potential; ETC, electron transport chain.
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monooxygenase reactions  (37). Although various P450 
subfamilies have important roles in the normal and patholog-
ical functions of astrocytes, CPR is the key enzyme. Inhibition 
of CPR would widely and largely reduce the function of all 
P450‑mediated metabolism. Our previous research indi-
cated that CPR was highly associated with astrocytosis (38). 
Furthermore, another study reported widespread distribution 
of CPR in neurons and glial cells in the brain, including in 
the cerebral cortex and hippocampus (39). The results of the 
present study indicated that Aβ1‑42 marginally inhibited the 
expression of CPR in certain samples. However, the individual 
differences between individual samples was obvious, which 
indicates that the expression of CPR may be complex and 
regulated by various factors.

In conclusion, the current study indicated that low doses 
of Aβ1‑42 (<1 µM) promoted astrocytosis temporarily after 
24 h, but led to reduced astrocyte numbers with higher doses 
of Aβ1‑42, which may occur by induction of apoptosis in 
U87 cells via regulation of Bcl‑2 and caspase‑3 expression. 
Furthermore, the functioning of mitochondria was inhibited 
by treatment with Aβ1‑42. During this process, the expression, 
in certain samples, and activity of CPR were downregulated 
compared with control cells. The present study provides novel 
insights into the effects of Aβ1‑42 on astrocytes and highlights 
astrocytes as a potential target for protection against AD.
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