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Abstract Amyloid-beta (Aβ) interacts with the serine/
threonine protein kinase AKT (also known as protein kinase
B)/glycogen synthase kinase 3β (GSK3β) pathway and deac-
tivates GSK3β signaling, which result in microtubule protein
tau phosphorylation. Atorvastatin, a HMG-CoA reductase in-
hibitor, has been proven to improve learning and memory
performance, reduce Aβ and phosphorylated tau levels in
mouse model of Alzheimer’s disease (AD). However, it still
remains unclear whether atorvastatin is responsible for regu-
lation of AKT/GSK3β signaling and contributes to subse-
quent down-regulation of Aβ1-42 and phosphorylated tau in

APP/PS1 transgenic (Tg APP/PS1) mice. Herein, we aimed to
investigate the possible impacts of atorvastatin (10 mg/kg,
p.o.) on the memory deficit by behavioral tests and changes
of AKT/GSK3β signaling in hippocampus and prefrontal cor-
tex by western blot test in Tg APP/PS1 mice. The results
showed that treatment with atorvastatin significantly reversed
the memory deficit in the Tg APP/PS1 mice in a novel object
recognition and the Morris water maze tests. Moreover, ator-
vastatin significantly attenuated Aβ1-42 accumulation and
phosphorylation of tau (Ser396) in the hippocampus and pre-
frontal cortex of Tg APP/PS1 mice. In addition, atorvastatin
treatment also increased phosphorylation of AKT, inhibited
GSK3β activity by increasing phosphorylation of GSK3β
(Ser9) and decreasing the beta-site APP cleaving enzyme 1
(BACE1) expression. These results indicated that the memory
ameliorating effect of atorvastatin may be, in part, by regula-
tion the AKT/GSK3β signaling which may contribute to
down-regulation of Aβ1-42 and tau hyperphosphorylation.
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Introduction

Alzheimer’s disease (AD) is the most common form of de-
mentia, leading to progressive cognitive decline in the elderly
population (Reitz and Mayeux 2014). It has a complex patho-
physiology, which, although not completely understood, may
be characterized by amyloid beta (Aβ)-containing plaques and
neurofibrillary tangles composed of hyperphosphorylated mi-
crotubule protein tau, and synaptic and neuronal loss, along
with progressive cognitive dysfunction (Selkoe 2001).
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There is no effective pharmacotherapy for preventing the
process of AD. Increasing evidence shows that the serine/
threonine protein kinase AKT (also known as protein kinase
B) and glycogen synthase kinase 3 β (GSK3β) are the key
transducers of brain metabolic and mitogenic signals required
for down-regulation of Aβ levels and dephosphorylation of
tau, which suggest that AKT/GSK3β signaling is the potential
mediators for AD (Ali and Kim 2015; Bao et al. 2013; Zeng et
al. 2015). Notably, GSK3β plays a significant role as one of
the major kinase that contributes to the hyperphosphorylated
state of tau observed in pathology of AD (Deng et al. 2015).
Previous study suggested that inhibition of GSK3β regulates
β-site APP-cleaving enzyme 1 (BACE1) expression, leading
to reducing Aβ neuropathology and alleviating memory def-
icits in mouse model of AD (Ly et al. 2013). Consistent with
the above finding, the AKT and GSK3β levels are dysregu-
lated in the brain of patients and animal models of AD (Ryder
et al. 2004; Castri et al. 2007; Hernández et al. 2010; Dionisio
et al. 2015), indicating the possibility that chemical com-
pounds may be able to modulate the activity of the AKT/
GSK3β signaling for preventing the progresses of AD.

There is accumulating evidence that cholesterol-lowering
agents, particularly 3-hydroxy-3-methylglutarylcoenzyme A
(HMG-CoA) reductase inhibitors (also known as statins),
have many pleiotropic effects, i.e., reducing Aβ production,
suppressing inflammatory responses, protecting neurons
against excitotoxins, apoptosis and oxidative stress, and pro-
moting synaptogenesis (Lu et al. 2004; Selley 2005;
Shinohara et al. 2010; Zhang et al. 2013; Métais et al. 2014).
Statins have been hypothesized to have beneficial effects on
memory deficits in several clinical and animal studies (Javadi-
Paydar et al. 2011; Bettermann et al. 2012; Tendolkar et al.
2012; Roy et al. 2015). However, all of the above therapies are
still not used for preventing the progresses of AD.

Atorvastatin is a member of the statin family as a strong
HMG-CoA reductase inhibitor, which is currently used in
clinic worldwide. The safety of high doses of atorvastatin
has been demonstrated by previous study (Waters 2005). In
addition, previous studies also have been indicated that
treatment with atorvastatin significantly reduces senile
plaque and phosphorylated tau in vitro (Sui et al. 2015) or
in vivo (Lu et al. 2010; Kurata et al. 2011). However,
whether atorvastatin improves cognitive function and re-
duces Aβ1-42 levels and phosphorylated tau in Tg APP/
PS1 mice remain unknown. The present study investigated
whether atorvastatin might attenuate memory deficit
through the inhibition of Aβ1-42 production and
hyperphosphorylated tau in the hippocampus and prefrontal
cortex of Tg APP/PS1 mice. Additionally, whether AKT/
GSK3β signaling changes were paralleled with alterations
in Aβ1-42 production and hyperphosphorylated tau were
not explored in the previous studies (Lu et al. 2010; Kurata
et al. 2011; Sui et al. 2015). In present study, we mainly

intended to investigate the possible roles of atorvastatin on
regulation of AKT/GSK3β signaling in Tg APP/PS1 mice.

Materials and methods

Animals

The amyloid precursor protein (APP)/presenilin 1(PS1)
heterozygous mice were purchased from the Model
Animal Research Center of Nanjing University. A total
of 40 male mice (30 Tg APP/PS1 mice, 10 wild type
(WT) mice) aged 9 months were randomly assigned into
four groups: WT+Vehicle group; Tg APP/PS1 +Vehicle
group; Tg APP/PS1 +Atorvastatin group; and Tg APP/
PS1+Donepezil group. The animals were housed in a
temperature-controlled animal facility with a 12 h light–
dark cycle (lights on at 6:00 a.m.). Water and food were
freely available in their home cages. All procedures
followed the National Institutes of Health (NIH) Guide
for the Care and Use of Laboratory Animals (NIH
Publications No. 80–23, revised 1996) and were ap-
proved by the Animal Care and Use Committee of
Ningbo University (Ningbo, China). All efforts were
made to minimize animal suffering.

Drugs and Treatment

Atorvastatin (Lipitor Atorvastatin calcium, Pfizer, NY,
USA) and donepezil (Sigma Aldrich, St. Louis, MO,
USA) dosage were dissolved in saline (0.9 %) contain-
ing 0.5 % w/v carboxymethyl cellulose (CMC). Both of
atorvastatin and donepezil were given orally daily with
10 mg/kg respectively, and control groups received an
equal volume of vehicle. Volume of administration was
10 ml/kg. The schedule of drug treatment and test or-
ders was shown in Fig. 1.

Fig. 1 Schedule of drug treatment and test orders. Atorvastatin (10 mg/
kg), Donepezil (10 mg/kg) or their vehicle (saline containing 0.5 % w/v
CMC) was injected (p.o.) once daily, 7 days before behavioral
experiments and continuing until day 16 when the animals were
sacrificed (SAC) for biochemical assays. On day 8, the behavioral exper-
iments were performed, including the open field test (OFT), novel object
recognition test (NORT), and the Morris water-maze (MWM) tests
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Open field test (OFT) and Novel object recognition test
(NORT)

This task is based on the spontaneous tendency of rodents to
explore novel objects (Ennaceur and Delacour 1988). The test
was performed in an apparatus made of a white Plexiglas box
(50×50×39 cm) with the floor divided into four identical
squares in a dim room. Mice were habituated to an empty
apparatus for 5 min to test locomotor activity and anxiety-like
behavior 24 h prior to exposure to objects, in order to habituate
them to the apparatus and test room. The number of rearing
events (forepaws elevated from the floor) and line crossings
(with all four paws placed into a new square), movement dis-
tance length and movement speed were considered to be an
index of exploratory behaviour. In addition, the number of
grooming sessions, amount of time spent in the centre and
periphery were recorded as measures of anxiety in mice.
Twenty-four hours after habituation, mice were acclimated in
the testing room during 1 h before the beginning of the sessions.
Firstly, mice completed an acquisition trial (24 h after habitua-
tion) that consisted of leaving the animals in the apparatus con-
taining two identical objects (A and A’). After a 3 h retention
interval, the mice were placed back into the arena and exposed
to the familiar object (A) and to a novel object (B) for short-
term recognition memory test. 24 h later, long-term recognition
memory was evaluated and a different pair of dissimilar objects
(a familiar and a novel one; A and C, respectively) were pre-
sented. In all sessions, each mouse was always placed in the
apparatus facing the wall and allowed to explore the objects for
5 min, after which the mouse was returned to its home cage.
Behavior was recorded by a video camera mounted vertically
above the test arena and analyzed using appropriated video-
tracking software (Duoyi, Shanghai, China). Between trials,
the apparatus was cleaned with 5 % ethanol solution to hide
animal clues. The light inside the apparatus was maintained at a
minimum to avoid any anxiety behavior. A recognition index, a
ratio of the amount of time spent exploring any one of the two
objects (training session) or the novel object (retention session)
over the total time spent exploring both objects, was used to
measure cognitive function.

Morris water maze (MWM)

Spatial learning and memory were assessed using the
MWM, as previously described (McKee et al. 2008) with
minor modification. Briefly, a circular plastic pool was
filled with water (22 ± 3 °C) to obscure the location of a
submerged platform. Four visual cues were placed around
the tank to orient the mice, with the platform remaining in a
fixed location. The platform location was kept constant for
each mouse during training and probe trials test, and it was
1.5 cm beneath the surface of the water. Four trials starting
from 4 different starting positions were performed each day

(total 5 consecutive days) with a trial interval of 30 min.
When mice failed to find the hidden platform within 90 s,
they were guided to the platform and were left there for
20 s, before being returned to their cages. The average data
of latency for the platform in four trials of each mouse was
counted for all tested mice per group per day. To evaluate
retention memory, probe trials were conducted 24 h after
last acquisition training. During these probe trials, the plat-
form was removed, and the swimming time in the target
quadrant and the number of platform crossings were record-
ed during 90 s. The recorded data were used to analyze mice
performance.

Western blot analysis

Total proteins were extracted from hippocampal and prefron-
tal cortex tissues of each group (n=4) mice by using ice cold
radio immuno precipitation assay (RIPA) lysis buffer (Pierce,
Rockford, IL, U.S.A.) containing (50 mM Tris–HCl, pH 7.4,
150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate,
0.1 % SDS; Upstate, Temecula, CA, USA) and then the lysate
was centrifuged (15,000×g, 30 min, 4 °C). Protein concentra-
tion of each sample lysate was determined using the BCA kit
(Thermo Scientific, Rockford, IL, USA). The lysates (25 μg
total protein) were separated on 10 % SDS-polyacrylamide
gel electrophoresis (PAGE) gels and transferred to PVDF
membranes (0.22 μm; Millipore, CA, USA). Membranes
were then incubated with rabbit anti-phospho-AKT-Ser473
(1:1000; Cell Signaling, Danvers, MA, USA), rabbit anti-
total-AKT (1:1000; Cell Signaling, USA), rabbit
antiphospho-GSK3β-Ser9 (1:500; Abcam, Cambridge, MA,
USA), rabbit anti-GSK3β (1:300; Abcam, Cambridge, MA,
USA), rabbit anti-phospho-Tau-Ser396 (1:800; Invitrogen,
Grand Island, NY, USA), rabbit anti-Tau (1:1000; Millipore,
CA, USA), rabbit anti-BACE1 (1:1000;Millipore, CA, USA),
rabbit anti-Aβ1-42 (1:1000; Millipore, CA, USA) or rabbit
anti-GAPDH (1:2000; Millipore, CA, USA) at 4 °C over-
night. The membranes were then incubated with Alexa Fluor
700-conjugated goat anti-rabbit antibody (1:10000;
Invitrogen, Eugene, OR) for 60 min. Target bands were de-
tected and quantified using a fluorescence scanner (Odyssey
Infrared Imaging System, LI-COR Biotechnology, Lincoln,
NE).

Statistical analysis

All measurements were performed by an independent investi-
gator blinded to the experimental conditions. Data are
expressed as the mean ± standard error of means (SEM).
Data were analyzed by an one-way ANOVA or a two-way
ANOVA followed by Newman-Keuls post hoc test using the
GraphPad Prism software (Version 5.0, Prism software for PC,
GraphPad, USA). The criterion for significance was p<0.05.
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Results

Effects of atorvastatin treatment on open field test (OFT)
behaviour in WTand Tg APP/PS1 mice

To exclude the possibility that atorvastatin induced locomotor
activity alterations in OFT, we measured the effects of atorva-
statin on locomotor activity on day 8 after eight consecutive
days drug treatment. The mice treated with atorvastatin
(10 mg/kg, p.o.) or donepezil (10 mg/kg, p.o.) did not differ
from mice treated with vehicle in path length [F (3,
39)=0.08655, p=0.9670; Fig. 2a], average movement speed
[F (3, 39) =0.1170, p=0.9495; Fig. 2b], number of line cross-
ing [F (3, 39) = 0.1453, p=0.9320; Fig. 2c], rearing [F (3,
39) = 0.1452, p = 0.9321; Fig. 2d], number of grooming

episodes [F (3, 39) =0.1489, p=0.9297; Fig. 2e], amount of
time spent in the centre [F (3, 39)=0.2153, p=0.8851; Fig. 2f]
and periphery of the arena [F (3,39) = 0.1509, p=0.9284;
Fig. 2f]. Our data indicated that anxiety levels and locomotor
activity are not affected by repeated administration of atorva-
statin or donepezil in mice.

Effects of repeated treatment with atorvastatin
on memory deficit in Tg APP/PS1 mice

Novel object recognition test (NORT)

The NORT is very useful to determine short-termmemory and
long-term memory of rodents. In order to examine whether
sub-chronic administration of atorvastatin or donepezil is able

Fig. 2 Effects of atorvastatin on
locomotor activity and anxiety-
like behaviors of mice. Path
length (a), Speed (b), number of
line crosses (c), number of rearing
events (d), number of grooming
episodes (e) and amount of time
spent in the center of the arena vs.
the periphery (f), were recorded in
an open field test (OFT), over a
5 min observation time, 60 min
after injection (p.o.) of vehicle,
Atorvastatin (10 mg/kg) or
Donepezil (10 mg/kg) in mice.
Values are shown as means
± S.E.M. (n= 10 per group)
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to prevent memory impairment in the NORT of Tg APP/PS1
mice. In the current work, we evaluated the effects of repeated
treatment with atorvastatin or donepezil on recognition mem-
ory by submitting the animals to a NORT. As shown in
Fig. 3a, the exploration time of the two objects was recorded
in the training sessions 1 h after the atorvastatin or donepezil

treatment on day 9. In the training session, all the treatment
groups were shown to have similar exploratory preference for
the two identical objects (object A and object A’) [Student’s t-
test, p>0.05, Fig. 3a]. The retention session was conducted
3 h (short-term memory test) and 24 h (long-term memory
test) after the training session respectively. As is shown in
Fig. 3b, when the animals were placed in the arena 3 h after
first exploration period (training session), the Tg APP/PS1
mice treated with vehicle were not able to discriminate be-
tween the familiar (object A) and novel object (object B), as
indicated by similar exploration times for both objects
(Student’s t-test, p>0.05). However, the exploratory prefer-
ence for the novel object (object B) in the Tg APP/PS1 mice
treated with vehicle was significantly decreased [Student’s t-
test, p<0.05; Fig. 3b] compared with WT mice treated with
vehicle. In addition, Tg APP/PS1 mice treated with atorvastat-
in or donepezil were able to improve short-term recognition
memory compared with Tg APP/PS1 mice treated with vehi-
cle (p<0.05 and p<0.05, respectively; Fig. 3b). Further, sim-
ilar results were found when long-term recognition memory
was evaluated, indicating that mice treated with atorvastatin
[Student’s t-test, p<0.05; Fig. 3c] or donepezil [Student’s t-
test, p<0.05; Fig. 3c] also significantly reversed the long-term
memory deficit of Tg APP/PS1 mice.

Morris water maze (MWM)

The MWM is a behavioral task to test spatial learning
and memory. It has been widely used in the study of
AD models. The spatial effect of atorvastatin or
donepezil on learning and memory was investigated
using the MWM test. As shown in Fig. 4a, the mean
escape latency of Tg APP/PS1 mice treated with vehicle
was significantly increased compared with WT mice
treated with vehicle on day 3 [F (4144) =194.5,
p< 0.01], day 4 [F (4144) =194.5, p< 0.01] and day 5
[F (4144) =194.5, p<0.01], while Tg APP/PS1 mice treated
with atorvastatin or donepezil showed significant improve-
ment compared with Tg APP/PS1 mice treated with vehicle
on training day 4 [F (4144) =194.5, p<0.01 for atorvastatin;
p<0.01 for donepezil] and day 5 [F (4144) =194.5, p<0.01
for atorvastatin; p<0.01 for donepezil]. On the day 6, the
platform was removed and the probe trial test was conducted.
As shown in Fig. 4b and c, compared with WT mice treated
with vehicle, Tg APP/PS1 treated with vehicle significantly
decreased the swimming time in the target quadrant [F (3,
39) = 16.15, P<0.01; Fig. 4b] and the number of platform
crossings [F (3,39)=9.117, P<0.01; Fig. 4c]. However, ator-
vastatin or donepezil-treatment significantly increased the
time spent in the target quadrant [F (3,39)=16.15, p<0.01;
Fig. 4b] and number of platform crossing [F (3,39)=9.117,
p<0.01; Fig. 4b] compared with Tg APP/PS1 mice treated
with vehicle.

Fig. 3 Atorvastatin reversed the short-term and long-term memory
deficit of Tg APP/PS1 mice in novel object recognition test (NORT). a
The novel object recognition test (NORT) training session was measured
after 9 days of Atorvastatin (10 mg/kg) or Donepezil (10 mg/kg). b Short-
term memory test session performed 3 h after training on day 9; c Long-
termmemory test session performed 24 h after training session on day 10.
Columns are indicated as mean ± S.E.M, n= 10 animals in each experi-
mental group. **p < 0.01, significant differences between familiar
and new object; △p < 0.05, compared to Tg APP/PS1 mice treated with
vehicle
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Effects of atorvastatin on Aβ1-42, BACE1, pTau (Ser396)
and Tau expression in the hippocampus and cortex of Tg
APP/PS1 mice

We further detected the expression of Aβ1-42, BACE1, pTau
(Ser396) and Tau in the hippocampus and prefrontal cortex of
mice by immunoblotting. Our results revealed that the expres-
sion of Aβ1-42 [hippocampus, F (3,15) = 53.12, p<0.001,
Fig. 5b; cortex, F (3,15)=11.07, p=0.0009, Fig. 5g], BACE1
[hippocampus, F (3,15)=13.09, p=0.0003, Fig. 5c; cortex, F
(3,15) = 6.726, p = 0.0065, Fig. 5h] and pTau (Ser396)

[hippocampus, F (3,15)=42.52, p<0.0001, Fig. 5d; cortex, F
(3,15) =15.02, p=0.0002, Fig. 5i] were significantly increased
in Tg APP/PS1 mice treated with vehicle. However, compared
with Tg APP/PS1 mice treated with vehicle group, atorvastatin
or donepezil treatment significantly decreased the expression of
Aβ1-42 (atorvastatin, hippocampus, p<0.01; cortex, p<0.01;
donepezil, p<0.01; cortex, p<0.01), BACE1 (atorvastatin,
hippocampus, p<0.01; cortex, p<0.01; donepezil, p<0.01;
cortex, p<0.01), pTau (Ser396) (atorvastatin, hippocampus,
p<0.01; cortex, p<0.01; donepezil, p<0.01; cortex, p<0.01)
in hippocampus and cortex respectively. However, none of the
treatments affected the expression of tau in the hippocampus [F
(3,15) = 0.6041, p=0.6248] and cortex [F (3,15) = 0.3681,
p =0.7774] of mice.

Effects of atorvastatin on pAKT (Ser473), AKT, pGSK3β
(Ser 9), GSK3β, expression in the hippocampus
and cortex of Tg APP/PS1 mice

As shown in Fig. 6, the results showed that phosphorylated
AKT (Ser473) levels were significantly decreased in the hip-
pocampus [F (3,15) =7.155, p=0.0052, Fig. 6b] and cortex [F
(3,15)=6.277, p=0.0083, Fig. 6g] of Tg APP/PS1 mice treat-
ed with vehicle compared with WT mice treated with vehicle.
However, treatment with atorvastatin or donepezil significant-
ly inhibited the reduction of phosphorylated AKT (Ser473)
activity in the hippocampus [atorvastatin, p<0.01; donepezil,
p < 0.01] and cortex [atorvastatin, p < 0.01; donepezil,
p<0.05] compared with Tg APP/PS1 mice treated with vehi-
cle. We did not find a significant difference in the total AKT
levels among the groups in hippocampus and cortex respec-
tively [hippocampus, F (3,15)=0.1281, p=0.9416, Fig. 6c;
cortex, F (3,15)=0.04748, p=0.9856, Fig. 6h]. In addition,
our results also showed that phosphorylation of GSK3β at
Ser9 was significantly decreased in the hippocampus [F (3,
15) =5.173, p =0.0159, Fig. 6d] and cortex [F (3,15) =8.648,
p=0.0025, Fig. 6i] in Tg APP/PS1 mice treated with vehicle
compared with the WT mice treated with vehicle. The AKT
activation induced by atorvastatin or donepezil treatment was
accompanied by the de-activation of GSK3β, revealed by the
increased phosphorylation of GSK3β (Ser9) in hippocampus
[atorvastatin, p<0.05; donepezil, p<0.05] and cortex [atorva-
statin, p<0.01; donepezil, p<0.01] of Tg APP/PS1 mice re-
spectively. However, none of the treatments affected the ex-
pression of GSK3β in the hippocampus [F (3,15)=0.0699,
p = 0.9749, Fig. 6e] and cortex [F (3,15) = 0.07149,
p=0.9741, Fig. 6j] of mice.

Discussion

Accumulating evidence suggests that high levels of serum
cholesterol may promote the pathological processes leading

Fig. 4 Atorvastatin attenuated the memory impairment of Tg APP/PS1
mice inMorris water maze (MWM) task. a Escape latency for escape to a
submerged platform in the training trials. b Time in the target quadrant in
the probe trail. c Platform crossing times in the probe trail. Columns are
indicated as mean ± S.E.M, n= 10 animals in each experimental group.
**p< 0.01, compared to vehicle-treated WT mice; #p< 0.05, ##p <0.01,
compared to Tg APP/PS1 mice treated with atorvastatin or donepezil
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Fig. 5 Atorvastatin decreased the
expression of Aβ1-42, BACE1,
pTau (Ser396) and Tau in the
hippocampus and prefrontal
cortex of mice. (a and f) represent
immunoblots of Aβ1-42, BACE1
and pTau (Ser396) expression
detected by Western blotting with
tissues from the hippocampus (a)
and prefrontal cortex (f); the rest
panels are quantification of the
immuno blotting bands of Aβ1-
42 (b and g), BACE1 (c and h),
pTau (Ser396) (D and I), and Tau
(E and J). The data are expressed
as mean ± S.E.M (n= 4 per
group). **p< 0.01, compared to
WT mice treated with vehicle;
##p< 0.01, compared to Tg APP/
PS1 mice treated with atorvastatin
or donepezil
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Fig. 6 Effect of atorvastatin on
expression of pAKT, AKT,
pGSK3β (Ser9) and GSK3β in
the hippocampus and prefrontal
cortex of mice. (a) and (f)
represent immunoblots of pAKT,
AKT, GSK3β and pGSK3β
(Ser9) expression detected by
Western blottingwith tissues from
the hippocampus (a) and prefron-
tal cortex (f); the rest panels are
quantification of the immuno-
blotting bands of pAKT (b and g),
AKT (C and H), pGSK3β (Ser9)
(D and I) and GSK3β (E and J).
The data are expressed as mean
± SEM (n= 4 per group).
*p< 0.05, **p< 0.01, compared
to WT mice treated with vehicle;
#p< 0.05, ##p< 0.01, compared
to Tg APP/PS1 mice treated with
atorvastatin or donepezil
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to AD (Notkola et al. 1998; Tschäpe and Hartmann 2006;
Cedazo-Mínguez et al. 2011. Statins are well-known choles-
terol-lowering drugs for treatment of AD (Sparks et al. 2006;
McGuinness and Passmore 2010; Javadi-Paydar et al. 2011;
Bettermann et al. 2012; Tendolkar et al. 2012; Roy et al. 2015).
Statins have lots of pharmacological properties, such as anti-
oxidative, anti-inflammatory, decrease Aβ formation and as
ligands of peroxisome proliferator-activated receptor α
(PPARα) (Sparks et al. 2006; Reiss and Wirkowski 2007;
Kurinami et al. 2008; Butterfield 2011; Lappegård et al.
2013; Roy et al. 2015). However, the exact mechanism under-
lying the statins on AD-related cognitive disorders is still un-
clear. We chose to use atorvastatin in the present study, which
is a strong 3-hydroxy-3-methyl glutaryl coenzyme A (HMG-
CoA) reductase inhibitor currently being used in AD patients
worldwide. The results showed that atorvastatin is effective in
reversing learning and memory deficit in ADmouse model via
reducing brain Aβ production and Tau hyperphosphorylation
(Lu et al. 2010).

The amyloid hypothesis is supported by a large amount of
experimental evidence (Barage and Sonawane 2015; Ferreira
et al. 2015; Musiek and Holtzman 2015). As a model of AD,
Tg APP/PS1mice share similarity with clinical AD patients in
pathogenesis, pathology and symptoms (Heneka et al. 2013;
Biallosterski et al. 2015). Tg APP/PS1 mice begin to develop
Aβ deposition at 6 months of age, and the impairment
worsens in an age-dependent manner (Reiserer et al. 2007).
Our study evaluated the therapeutic effects of atorvastatin on
Aβ-associated pathogenesis in 9-month-old APP transgenic
mice. Consistent with the previous studies (Kurata et al.
2011), our results showed that atorvastatin could attenuate
the learning and memory deficit in Tg APP/PS1 mice, and
partly inhibit the Aβ1-42 production in the hippocampus
and cortex of the Tg APP/PS1 mice. These results strongly
support our hypothesis that atorvastatin could exert non-
cholesterol-lowering activity in AD progression. To investi-
gate whether the decrease in Aβ1-42 expression by atorva-
statin shown in our results was regulated by direct inhibition
of Aβ1-42 production and/or secretion.We then examined the
effects of atorvastatin on the enzymes that contribute to the
production of Aβ. We found that atorvastatin treatment mark-
edly decreased the expression of BACE1, the key enzyme that
is responsible for APP processing and Aβ production (Liang
et al. 2010; Vassar 2014), in hippocampus and cortex of Tg
APP/PS1 mice. This effect may be closely related to the ben-
eficial effects of atorvastatin on cognitive dysfunction.

Interestingly, several studies have shown that the incidence
tau phosphorylation was triggered by the Aβ1-42 peptide,
which is the activated form of APP (Ott et al. 2011; Stancu
et al. 2014). Tau is a microtubule-associated protein mainly
expressed in neurons, and its primary role is to stabilize the
neuronal cytoskeleton. Intraneuronal aggregation of abnor-
mally phosphorylated tau in neurofibrillary tangles (NFTs)

constitutes a major neuropathological hallmark of AD (Duan
et al. 2012; Kumar et al. 2015). Ser396 was identified as one
hyperphosphorylated tau protein site in AD patients (Duka
et al. 2013). We investigated Ser396, the individual site of
hyperphosphorylated tau protein in Tg APP/PS1 mice. Our
results indicated that atorvastatin effectively protected against
tau phosphorylation at Ser396 site, suggesting that reduction
of tau phosphorylation by decreasing cholesterol levels may
be another one possible mechanisms of atorvastatin for im-
provement in cognitive function.

Previous studies showed that the serine/threonine protein
kinase AKT and GSK3β are the key transducers of brain
metabolic and mitogenic signals required for down-
regulation of Aβ and tau dephosphorylation (Huang et al.
2014; Ali and Kim 2015). Importantly, GSK3β is activated
through the phosphorylation at Tyr216 and inhibited by phos-
phorylating Ser9. Active GSK3β contributes to phosphorylate
tau and APP, which probably in turn contributes to NFTs
formation and amyloidogenic processing of APP (Aplin
et al. 1996; Durairajan et al. 2012; Deng et al. 2015). In addi-
tion, increasing evidence suggests that the AKT/GSK3β sig-
naling pathway is directly impacted by Aβ exposure in vitro
and in vivo studies (Liu et al. 2015; Tiwari et al. 2015;
Ghasemi et al. 2015; Kim et al. 2015). We reported that
pAKT (Ser473) and pGSK3β (Ser9) were significantly de-
creased in hippocampus and cortex of Tg APP/PS1 mice, this
dysregulation of AKT/GSK3β signaling correlated with im-
pairment of cognitive function. Our current study consistent
with the previous work that shows the phosphorylation and
consequently activation of AKT when AD mice were treated
with atorvastatin (10 mg/kg) for 7 days (Piermartiri et al.
2009). Therefore, up-regulation of pAKT (Ser473) and
pGSK3β (Ser9) produced by atorvastatin paralleled with
memory improvement, supporting the notion that dysregula-
tion of the AKT/GSK3β pathway is critical for the Aβ1-42
production and phosphorylation of Tau dysfunction that char-
acterizes AD.

Taken together, the present study demonstrated that atorva-
statin ameliorated memory impairment in behavioral tasks
including in the NOR and MWM tasks in mice. Moreover,
the memory enhancing effects of atorvastatin were mediated,
in part, by attenuating Aβ1-42 production and tau pathology.
Atorvastatin increased the levels of phosphorylated AKT and
GSK3β (Ser9) in the hippocampus and cortex of mice, may
indicate that the memory enhancing effects of atorvastatin are
likely related to the activation of the AKT/GSK3β (Ser9)
signaling pathway. Atorvastatin may represent a promising
therapeutic strategy to attenuate AD progression.
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