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Abstract. Alzheimer's disease (AD) is a chronic neurode-
generative disease with an increasing morbidity rate. As one
of the most important signaling pathways that responds to
inflammation and degeneration, the p38 mitogen-activated
protein kinase (MAPK) signaling pathway is active in the
cortexes of AD mice. At the cellular level the same effect
can be observed with p38 MAPK when induced by amyloid 3
(AP),.4, a42-residue A fragment. Inhibition of p38 MAPK in
the present study protected SH-SY5Y cells from the toxicity
of AB,.4, and alleviated the formation of senile plaques and
cognitive impairment in AD mice. The expression of cyto-
chrome P450 reductase (CPR) in the brains of mice with AD,
in addition to AP, 4-treated SH-SYSY cells, also increased.
However, the inhibition of CPR did not protect SH-SYSY cells
from the toxicity of AP, 4. The results of the present study
suggest that p38 MAPK is a potential therapeutic target for the
treatment of AD. In addition, the main enzyme that metabo-
lizes drugs, CPR, could serve a more complex role in AD.

Introduction

Alzheimer's disease (AD), first described and termed by the
German psychiatrist and pathologist Alois Alzheimer in
1906, is a chronic neurodegenerative disease and a form of
dementia (1,2). There are ~47 million patients with dementia
worldwide with 9.9 million new cases every year, in which
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60-80% of dementia cases are AD (2). In AD, the patient's
mental and physical condition declines, including problems
with language, orientation, memory and motivation, ultimately
leading to mortality (2,3). Senile plaques are one of the most
important pathological features of AD. AD is highly associated
with senile plaques due to the accumulation of amyloid 8
(AP) protein (4). Besides increasing age and certain genetic
risks, AD is associated with inflammatory cytokines, vascular
diseases and cholesterol levels (5-7). Currently, a number
of medications or supplements can efficiently attenuate the
progression or decrease the risk of developing AD (8).

p38 mitogen-activated protein kinase (MAPK) is respon-
sive to stress stimuli, including inflammation, cytokines,
radiation and shock, and is involved in cell proliferation,
differentiation, apoptosis and autophagy. Given that AD is a
neurodegenerative disease associated with inflammation and
cytokines (5,9), investigating the role of p38 MAPK will aid
in the understanding of the underlying mechanisms of AD.
Cytochromes P450 (CYPs; max absorption, 450 nm) is a
superfamily of the terminal oxidase enzymes that are present
in electron transfer chains, in which electrons are transferred
from NADPH to CYPs via cytochrome P450 reductase (CPR).
CYPs are involved in the majority of chemical metabolism
(deactivation or activation) that occurs in the body. Certain
chemicals can change the biosynthesis or activity of CYPs,
which then affects the metabolism and clearance of other
compounds (10,11). Although certain CYPs have been reported
to be abnormally expressed in AD (12-14), reports on CPR are
limited.

In the present study, in vivo and in vitro studies were
performed to investigate the role of p38 MAPK and CPR in
AD. The results of the present study may aid in the under-
standing of the mechanisms of and potential treatments for
AD.

Materials and methods

Control mice and mouse models of AD. APPswe/PSEN1dE9
(AD) male mice (weighing 24+3 g at 9 months old), originally
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generated in Jackson Laboratory (Bar Harbor, ME USA),
were purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China); age- and sex-matched
wild-type (WT) C57BL/6J male mice (weighing 22+2 g) were
also were purchased from Model Animal Research Center of
Nanjing University and used as negative controls. A total of
36 mice,21 AD mice and 15 WT mice were used. Among which,
9 AD and 3 WT mice were treated with SB203580 (named as
AD + SB and WT + SB separately). The mice were raised in
an environment with a temperature of 24+2°C, humidity of
55+15%, and access to 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.
The animal experiments were approved by and performed
in the Animal Research Center of Suzhou Vocational Health
College (Suzhou, China).

Senile plaque staining and determination of contextual
memory. A total of 12 mice were selected in the senile
plaque study. A total of 3 WT mice and 3 AD mice were
treated with SB203580 (10 mg/kg; intraperitoneal injection;
Sigma-Aldrich; Merck KGaA; Darmstadt, Germany) every
3 days for 30 days starting at the 9-month time point, experi-
ments were then performed at the 10-month time point. There
was a total of four groups of 10-month-old mice, as follows:
WT, AD, WT + SB and AD + SB (3 mice in each group).
Brain damage in the AD mice was tested using Thioflavin
S (Sigma-Aldrich; Merck KGaA) staining. Mice were
euthanized by exposing them to CO, following the ITACUC
guidelines, the brains were then dissected and embedded in
optimum cutting temperature compound, and frozen on dry
ice. The coronal sections of the mouse brains were cut into
10-pum-thick sections, placed onto slides, and then fixed in
4% paraformaldehyde (PFA) at room temperature for 20 min.
The slides were placed in 1% Thioflavin S solution at room
temperature for 20 min and then differentiated twice in 70%
fresh alcohol for 7 min. Images were captured using a confocal
microscope (magnification, x100) and analyzed by calculating
the relative area of staining using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

The contextual memory of the mice was examined using
a fear-conditioning assay modified from a previous study (15).
A total of 6 WT mice, 6 AD mice and 6 AD + SB mice were
used for the contextual memory study. Freezing tests were
performed in four chambers (17.8x19.1x38.1 cm). The session
began with the house light on. Firstly, mice were exposed to
5 conditioned stimuli (30 sec, 85 dB, white noise), followed
by a 30-sec trace period and treatment with the unconditioned
stimulus (2 sec, 0.285-mA foot-shock) paired with a 5-sec tone
in the chambers on the first day. On the second day, mice were
placed in the chambers to test for freezing for a total of 5 min.
Freezing time in the absence of foot-shock and tone in the first
2.5 min and with the tone in the later 2.5 min were recorded.
Relative memory deficit was calculated as the percentage of
freezing condition (absence of all non-respiratory movements)
as follows: Freezing time/Total test time x100%.

Detection of p-p38 MAPK and CPR in mouse cortexes by
western blot analysis. phospho (p)-p38 MAPK and CPR
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were detected in the cortexes of the brains of 3 WT mice
and 3 AD mice. Microsomes were obtained and isolated
from the cortexes; these subcellular fractions were used to
detect the expression of CPR. The cortex was homogenized
on ice in 10 mM PBS (pH, 7.7) containing 250 mM sucrose,
1 mM EDTA and 0.5 mM phenylmethylsulfonyl fluoride
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 resuspended in 0.1 M PBS containing 1 mM
EDTA, 1 mM dithiothreitol, 30% glycerol and protease
inhibitors (pH, 7.25). Protein was also extracted from the
mouse cortexes and homogenized in protein extraction buffer
containing 0.5 mM phenylmethylsulfonyl fluoride, 80 pg/ml
DL-dithiothreitol. Protein was boiled for 5 min, cooled on
ice for 1 min and then centrifuged for 1 min at 10,000 x g
at 4°C. Both microsome and protein were quantified using
BCA Protein Assay (Thermo Scientific, Rockford, IL, USA).
A total of 10 yg microsome or 25 ug protein were injected
into each lane then separated via SDS-PAGE on a 12.5% gel
and transferred onto a polyvinylidene difluoride membrane.
The membranes were blocked in 5% fat-free milk for 1 h
at room temperature, then incubated overnight at 4°C with
a primary rabbit polyclonal IgG antibodies directed against
p-p38 MAPK (Thr180/Tyr182; cat no: 9211; 1:1,000; Cell
Signaling Technology, Inc., Danvers, MA, USA) or CPR (cat.
no. ab13513; 1:1,000; Abcam, Cambridge, UK). Subsequently,
secondary anti-rabbit goat IgG antibodies (cat. no. A16110;
1:4,000; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA)
were applied for 2 h at room temperature. GAPDH (cat.
no. G9545; 1:2,000; Sigma-Aldrich, Merck KGaA) was used
as internal control for protein detection.

Detection of p-p38 MAPK and CPR in SH-SY5Y cells. The
human neuroblastoma cell line, SH-SY5Y, was purchased
from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). The cells were cultured in a 1:1
mixture of DMEM and Ham's Nutrient Mixture F12 medium
(both HyClone™; GE Healthcare, Logan, UT, USA) supple-
mented with 10% fetal bovine serum (Shanghai ExCell Biology,
Inc., Shanghai, China), 100 U/ml penicillin and 0.1 mg/ml
streptomycin (HyClone; GE Healthcare). The sequence of the
AP, peptide (molecular weight, 4514.08 kDa; Sangon Biotech
Co., Ltd., Shanghai, China) was DAEFRHDSGYEVHHQKL
VFFAEDVGSNKGAIIGLM VGGV VIA. AB,_,, was dissolved
in dimethyl sulfoxide, giving a concentration of 1 mM; 100 ul
of this solution and 900 1 PBS was then mixed to generate
a 100 uM AP, solution. The product was incubated at 37°C
for 7 days prior to usage. SH-SY5Y cells were treated with
10 uM AP, 4, for 48 h prior to the detection of p-p38 MAPK in
the cell lysate (previously subjected ice-cold cell lysis buffer
before the pellet was resuspended, incubated on ice for 10 min,
centrifuged at 20,817 x g for 15 min at 4°C and the supernatant
was collected) and CPR in microsomes by western blotting as
described above.

Cell viability and apoptosis assays. MTT assays were
performed to detect the viability of SH-SYS5Y cells, which
were seeded at a density of 3,000 cells/well in 96-well plates
and cultured with 10 uM AP, 4, for 72 h. The expression of
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Figure 1. Inhibition of p38 mitogen-activated protein kinase decreases senile plaques in mice with AD. (A) Senile plaque formation (green dots indicated by
white arrows) in the cortex of the brains of mice in the four groups. Scale bar, 100 xm; magnification, x100. (B) Relative area of senile plaques in the total

section area. ‘P<0.05. WT, wild-type; SB, SB203580; AD, Alzheimer's disease.

p38 MAPK and CPR was inhibited using the following inhibi-
tors: 3 M SB203580 (SB) (Sigma-Aldrich; Merck KGaA)
and 80 #M tannic acid (TA) (Sigma-Aldrich; Merck KGaA),
respectively. For the proliferation assay, 20 ul of 5 mg/ml
MTT (Beyotime Institute of Biotechnology, Haimen, China)
was added to each well and the plates were incubated at 37°C
for 4 h. The medium was decanted and the cells were incu-
bated with 150 pul formazan solution at 37°C for 15 min. The
absorbance of the wells at 590 nm in four groups (WT, 10 uM
ABy.4, 10 UM A4, + SB203580 and 10 uM AP,_,, + TA) was
then measured. Cell viability in WT group was set as 100%,
data in other groups were calculated by comparison.

Staining with 4',6-diamidino-2-phenylindole (DAPI;
Beyotime Institute of Biotechnology) was performed to
detect apoptotic cells. Subsequent to fixing with 4% PFA for
20 min and 1X PBS/0.5% Triton X-100 for 10 min on ice,
the cells were stained with DAPI solution at room tempera-
ture for 15 min. Images were captured using a fluorescence
microscope (Eclipse Ti-S; Nikon Corporation, Tokyo, Japan)
at a magnification of x200. Caspase-3 activity was detected
using Caspase 3 Activity Assay kit (Beyotime Biotechnology),
according to the manufacturer's protocol. A total of 10 ul of
2 mM Ac-DEVD-pNA, a caspase-3 substrate that hydrolyzes to
pNA, was added to the SH-SY5Y cell culture, which was then
incubated for 2 h at 37°C. The absorbance of pNA at 405 nm
was subsequently measured. The activity of caspase-3 was
normalized to the total concentration of protein in the lysates
and expressed as the relative value. The negative control (NC)
group consisted of untreated cells was set as 1.

Statistical analysis. Data are presented as the mean + standard
deviation, and were analyzed using SPSS software (version
16.0; SPSS, Inc., Chicago, IL, USA). Results were evaluated
using the Student's t-test for two groups 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

Inhibition of p38 MAPK decreases the relative senile plaque
area in the brains of mice with AD. Senile plaques in mouse
cortexes on the hippocampal side were detected using
Thioflavin S staining and the relative area of senile plaques
in the whole section was evaluated (Fig. 1). A number of
senile plaques were detected in the WT and WT + SB groups
with no obvious differences. The area of senile plaques
increased markedly in the AD group compared with the WT
group, indicating senile plaque formation and accumula-
tion. Inhibition of p38 MAPK with SB203580 significantly
decreased the area of senile plaques in these AD mice
(P<0.05; Fig. 1B).

Expression of p-p38 MAPK and CPR is decreased in AD mice
and Af, p-treated SH-SY5Y cells. p-p38 MAPK and CPR
in mouse brain cortexes and cells were detected by western
blot analyses. p-p38 and CPR were notably upregulated in
the mice brain cortex in the AD group compared with the
WT group (Fig. 2A). p-p38 and CPR were also upregulated
in SY-SHSY cells treated with 10 uM Ap,,, compared with
untreated cells (Fig. 2B). The expression levels of p-p38 and
CPR decreased following the treatment with their respective
inhibitors (Fig. 2C). These results indicate that CPR and p38
MAPK serve complex roles in AD.

Neuroblastoma cell viability is inhibited by AB,_,,, but this
is attenuated by p38 MAPK inhibition. The viability of
SH-SYS5Y cells was significantly inhibited due to neural
toxicity following 10 uM Af,_, treatment (P<0.01 vs. the NC
group; Fig. 3). Following the inhibition of p38 MAPK with
SB203580, the viability of SH-SYSY cells treated with A4,
significantly increased compared with the 10 uM Ap,_,, alone
group (P<0.05; Fig. 3). No significant differences were identi-
fied in the AP, 4, + TA group compared with the AB,_,, group.
Thus, no protection was identified when CPR was inhibited.
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Figure 2. p38 MAPK and CPR are upregulated in AD mice and SH-SYS5Y cells treated with Af, 4,. The protein expression of p-p38 MAPK, CPR and GAPDH
in (A) WT and AD mice, (B) SH-SYS5Y cells in the absence and presence of Af,,,, and (C) SH-SYS5Y cells in the absence and presence of SB203580 or
tannic acid. WT, wild-type; AD, Alzheimer's disease; NC, negative control; CPR, NADPH-cytochrome P450 reductase; p-p38 MAPK, phosphorylated p38

mitogen-activated protein kinase; Af,_4,, 42-residue amyloid {3 protein fragment.
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Figure 3. Inhibition of p38 mitogen-activated protein kinase promotes the
viability of A, ,,-treated SH-SYSY cells. Cell viability in the NC group
was set as 100%. "P<0.05, “P<0.01. NC, negative control; AB,_,, 42-residue
amyloid 8 protein fragment; SB, SB203580; TA, tannic acid.

Neuroblastoma cell AB, ,,-induced apoptosis is attenuated by
p38 MAPK, but not CPR, inhibition. DAPI staining indicated
that inhibition of p38 MAPK could protect SH-SYSY cells
from apoptosis caused by the neural toxicity of AP, 4, (Fig. 4).
Inhibition of CPR yielded no differences in the level of
apoptosis (Fig. 4). The activity of caspase-3 was significantly
increased following treatment with 10 uM AP, ,, compared
with the untreated cells (P<0.01; Fig. 4B). However, caspase-3
activity was significantly decreased in AP, ,-treated cells after
SB203580 treatment compared with cells treated with AB,_4,
alone (P<0.05; Fig 4A), while no changes were identified in
the cells treated with Af,,, and TA. These results suggest that
the inhibition of p38 MAPK protects SH-SYS5Y cells from
apoptosis.

p38 MAPK inhibition promotes contextual memory
improvement. No significant differences were identified in
relative memory deficit between the WT and SB203580 treated
WT mice, suggesting that SB203580 is not toxic to normal
cognitive function (data not shown). However, the AD mice
demonstrated significant memory deficiencies compared with
the WT mice (P<0.01; Fig. 5), indicating impaired contextual
memory. Following the inhibition of p38 MAPK, the contex-
tual memory of SB-treated AD mice significantly improved
compared with untreated AD mice (P<0.05), although was still
deficient compared with the WT mice (Fig. 5). These results
suggest that the deficiency in contextual memory identified in
AD mice is due to neural toxicity and could be improved by
inhibition of p38 MAPK.

Discussion

AD is a chronic neurodegenerative disease for which there
are no effective drug treatments. At present, the morbidity
of AD is increasing worldwide. However, the mechanism of
the development of AD remains unclear. The present study
aimed to elucidate the role of p38 MAPK and CPR in AD,
in animals and at the cellular level. The AD mouse model
ASPswe/PSENI1dE9 encoding a chimeric AP (A4) precursor
protein (APPswe) and mutation of human presenilin 1 was
generated in the Jackson Laboratory. Thioflavin S staining
was then applied to detect senile plaques. As neuritic deposits
consisting of AP peptides, such as AP, 4, in the cortex of the
brain, senile plaques are variable in shape, area and size, and
are associated with degenerative neural structures, and an
abundance of microglia and astrocytes (16). Senile plaques,
in which abnormal neurites are composed primarily of paired
helical filaments and neurofibrillary tangles, are one of the
most important characteristic features of AD. Af, 4, tends to
aggregate into senile plaques and is neurotoxic (16-18). The
present study revealed that senile plaques were seldom identi-
fied in healthy mice in the WT group. The number of senile
plaques was greater in the AD group, indicating that AD mice
were successfully generated.

Using this AD mouse model, the expression of p38 MAPK
was examined. p38 MAPK, also called cytokinin-specific
binding protein, is the mammalian orthologue of the yeast
protein, Hoglp MAP kinase. p38 MAPK is involved in a
signaling cascade controlling cellular responses, similar to
the stress-activated protein kinase/c-Jun N-terminal kinase
signaling pathway (19). In the present study, p-p38 MAPK
was demonstrated to be significantly upregulated in the brain
cortex of mice in the AD group. p38 MAPK can be activated
by a variety of cellular stressors. In a previous study by our
group, p38 MAPK could be activated by inflammatory
cytokines, lipopolysaccharides and growth factors in mice
brains (unpublished). This previous study indicated that the
inflammation was induced and p38 MAPK was involved in
AD. Whether the inflammation in the brain was primarily
induced through the p38 MAPK signaling pathway remains
unclear and requires further study. The conclusion from the
previous study by our group was investigated in the present
study by experiments on the human SH-SY5Y neuroblastoma
cell line, whose original cell line, SK-N-SH, was isolated from
a bone marrow biopsy obtained from a 4-year-old female with
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Figure 4. AP,_,-induced apoptosis is attenuated by p38 mitogen-activated protein kinase inhibition. (A) Apoptosis was detected using DAPI staining (apoptotic
bodies are indicated by white arrows). Scale bar, 50 ym; magnification, x200. (B) The activity of caspase-3 was used to quantify the level of apoptosis in the
four groups. “P<0.05, “P<0.01. NC, negative control; AB,_,,, 42-residue amyloid § protein fragment; SB, SB203580; TA, tannic acid.
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Figure 5. p38 mitogen-activated protein kinase inhibition attenuates
contextual memory deficiencies in AD mice. Relative memory deficit was
calculated as the percentage of freezing. "P<0.05, “P<0.01. WT, wild-type;
SB, SB203580; AD, Alzheimer's disease.

neuroblastoma. SH-SY5Y cells are widely used for in vitro
neuronal function and differentiation studies. Given that AD
is a human neurodegenerative disease, these human cells were
selected instead of mouse neurons.

AP peptides are formed through sequential cleavage of the
amyloid precursor protein. AP, 4, is associated with AD; thus,
AP, .4, was used as a neural toxin to treat the SH-SYSY cells.
The present study identified that p-p38 MAPK was significantly
upregulated in SH-SY5Y cells treated with Ap,_4,, indicating
that p38 MAPK is a potential target for the treatment of AD.

Another important enzyme in AD, CPR, was investigated
in the current study. CPR, a microsomal flavoprotein and
redox partner of CYPs, is required for all monooxygenase
reactions catalyzed by microsomal CYPs, shuttling electrons
from NADPH into the iron of the prosthetic heme group of
CYPs through FAD and FMN coenzymes (20). CPR is located
in the inner membrane of the mitochondria and in the endo-
plasmic reticulum of cells, and is present in the majority of

tissues of the body, such as the brain, metabolizing thousands
of endogenous and exogenous chemicals. CPR is one of the
main drug-metabolizing enzymes in the human body. Given
that the aim of the present study was to evaluate the potential
to target p38 MAPK in the treatment of AD, the role of CPR
was also studied. A previous study from our group indicated
that CPR was highly associated with astrocytosis (21). Along
with p38 MAPK, CPR was also significantly upregulated in
the cortex of mice in the AD group. However, the inhibition
of CPR in SH-SY5Y cells indicated no significant difference
compared with the cells treated with Af,,, alone. Thus, the
role of CPR in the regulation of AD appears to be complex.

Given that p-p38 MAPK and CPR levels were increased
in the cortexes of the brains of mice in the AD group and
SH-SYSY cells treated with A, _,, p38 MAPK and CPR were
downregulated by inhibitor treatment in order to investigate
their effect on cell viability and apoptosis. MTT assays were
performed to analyze the viability of SH-SY5Y cells. Due to
its neural toxicity, AP, ,, significantly inhibited cell viability.
Inhibition of p38 MAPK promoted the viability of SH-SY5Y
cells treated with AP,,,. DAPI staining also confirmed that
inhibition of p38 MAPK protected SH-SYSY cells from
apoptosis caused by the neural toxicity of Af,_,. Inhibition of
CPR demonstrated no significant benefits to cellular viability
or apoptosis. To confirm this effect, the activity of caspase-3,
which is activated in apoptotic cells and serves as a key indi-
cator for apoptosis, was analyzed. Caspase-3 was significantly
increased in SH-SYSY cells that were treated with A, ,, and
significantly decreased following the inhibition of p38 MAPK.
However, CPR inhibition demonstrated no significant effect
on apoptosis.

Based on the in vitro experiments performed in the present
study, in vivo experiments were conducted. A fear-conditioning
assay was performed to determine the contextual memory of
the mice, since contextual memory deficiency is one of the



4760

main symptoms of AD (22). Due to neural toxicity, deficiencies
in contextual memory were identified in AD mice. Notably,
inhibition of p38 MAPK was revealed to improve contextual
memory in AD mice.

In conclusion, the results of the present study indicate
that p38 MAPK is overactive in AD. CPR was also involved
in this process; however, its activity in the regulation of AD
was more complex than p38 MAPK. Due to neural toxicity,
the number of senile plaques increased and deficiencies in
contextual memory were identified in the AD mice. These
symptoms were reduced by p38 MAPK inhibition. Inhibition
of p38 MAPK was also demonstrated to protect AP, ,-treated
SH-SYSY cells from apoptosis and promote their viability.
These findings provide novel insights into the pathogenesis of
AD and highlight potential targets for AD treatment.
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