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A B S T R A C T

An essential feature of Alzheimer's disease (AD) is implicated in brain energy metabolic impairment that is
considered underlying pathogenesis of cognitive impairment. Therefore, therapeutic interventions to allay
cognitive deficits that target energy metabolism may be an efficacy strategy in AD. In this study, we found that
electroacupuncture (EA) at the DU20 acupoint obviously increased glucose metabolism in specific brain regions
such as cortex, hippocampus, cingulate gyrus, basal forebrain septum, brain stem, and cerebellum in APP/PS1
transgenic mice by animal 18F-Fluoro-2-deoxy-D-Glucose (18F-FDG)/positron emission tomography (PET) ima-
ging, accompanied by cognitive improvements in the spatial reference learning and memory and memory
flexibility and novel object recognition performances. Further evidence shown energy metabolism occurred in
neurons or non-neuronal cells of the cortex and hippocampus in terms of the co-location of GLUT3/NeuN and
GLUT1/GFAP. Simultaneously, metabolic homeostatic factors were critical for glucose metabolism, including
phosphorylated adenosine monophosphate-activated protein kinase (AMPK) and AKT serine/threonine kinase.
Furthermore, EA-induced phosphorylated AMPK and AKT inhibited the phosphorylation level of the mammalian
target of rapamycin (mTOR) to decrease the accumulation of amyloid-beta (Aβ) in the cortex and hippocampus.
These findings are concluded that EA is a potential therapeutic target for delaying memory decline and Aβ
deposition of AD. The AMPK and AKT are implicated in the EA-induced cortical and hippocampal energy me-
tabolism, which served as a contributor to improving cognitive function and Aβ deposition in a transgenic mouse
model of AD.

1. Introduction

Alzheimer's disease (AD) is an age-related neurodegenerative dis-
order with progressive memory deficits and cognitive impairments [1].
It is estimated to have more than 30 million AD patients worldwide in
2010 and an expected 106 million by 2050 [2]. However, there is not
an absolutely effective treatment which can prevent the onset and
progression of cognitive impairment in AD [3]. Thus, the identification
of effective and safe treatments with clear functional mechanisms is
urgently needed.

Ample clinical evidence has showed that electroacupuncture (EA),
penetrated specific acupoints of the skin with needles and engrafted

electric stimulation, is a potential therapy for improving learning and
memory ability of AD [4,5]. Stimulation of Baihui (DU 20) acupoint,
located at the intersection of the sagittal midline and the line linking
two rat ears, generates a specific pathway (meridian, and qi) to nourish
the brain described in traditional Chinese medicine (TCM). Our pre-
vious studies have demonstrated that EA at the DU 20 acupoint could
improve cognitive deficits in animal models of AD [6], and the other
teams also provide support [7]. However, the functional mechanisms of
EA treatment for delaying memory loss of AD is far from been fully
elucidated.

AD is characterized by accumulations of amyloid-beta (Aβ) peptide
known as plaques and neurofibrillary tangles and neuronal loss in
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several areas of the brain [8]. Moreover, an essential feature of AD is
implicated in brain energy metabolic impairments [9–11]. A reduction
of glucose metabolism as seen on PET in the posterior cingulate and in
the temporal-parietal regions is the most commonly described diag-
nostic criterion for AD [12,13]. Studies have suggested that the cog-
nitive decline of AD to a certain extent results from the low level of
glucose uptake in brain regions that include hippocampus, amygdala,
posterior cingulate cortex, and right lateral parietal region [14,15]. A
number of transgenic mouse models of AD show abnormalities in glu-
cose metabolism in brain regions with homology to those affected in
clinical AD, including hippocampus, and cortex, in which regional
metabolic changes are associated with learning and memory impair-
ment in those models of AD [16–18]. Additionally, Aβ oligomer for-
mation generate reactive oxygen species that cause in impairment
function of membrane ion-motive (Ca2+ and Na+/K+) ATPases and
glucose transporter proteins, which, conversely, a prolonged positive
energy metabolic stress impairs the ability of neurons to respond
adaptively to oxidative and Aβ metabolism and cognitive impairment
[19,20].

Furthermore, well-documented findings display that the functional
abnormities of critical metabolic sensors, including adenosine mono-
phosphate-activated protein kinase (AMPK) and AKT serine/threonine
kinase, cause energy metabolic impairment, which has been proved to
implicate in AD pathology [21,22]. The Aβ oligomers can transiently
inhibit AMPK and AKT phosphorylation levels and cause neuronal
metabolic defects [23,24]. Therefore, therapeutic interventions to allay
cognitive deficits and Aβ-induced neurological damage that target
AMPK or AKT have shown efficacy in animal models and preliminary
studies in humans [25,26]. Interestingly, several studies have demon-
strated that EA can activate AMPK and AKT expression in rodents’
models of AD [27,28]. Therefore, we speculated that EA could increase
energy metabolism for effectively delaying cognitive decline in AD. In
addition, 18F-FDG/PET imaging is a scanning technique in vivo and
becomes available for visualizing cerebral metabolic glucose metabolic
processes in small rodents [29]. Based on these findings, the current
study aimed to reveal whether EA treatment could alleviate cognitive
impairment via increasing brain regional AMPK and AKT-mediated
glucose metabolism, assessed by longitudinal monitoring of small an-
imal 18F-FDG/PET imaging before and after treatment in AD transgenic
model mice.

2. Materials and methods

2.1. Materials and reagents

3,3′-diaminobenzidine (DAB) kits (Kit-0017) were purchased from
Fuzhou Maixin Biotech, Co., Ltd. (Fuzhou, China). Polyclonal rabbit
anti-Aβ (1-42) (cat. no.ab10148), GLUT1 (cat. no.ab652) GFAP (cat.-
no.ab49874), MAP2 (cat.no.ab36447) and NeuN (cat.no.ab104224)
antibody were obtained from Abcam (Cambridge, UK). Polyclonal
rabbit GLUT3 (cat. no.bs-1207R) was obtained from BIOSS (Beijing,
China). AKT antibody (cat. no.4691S), phospho-AKT antibody (Ser473,
cat. no.4060S), mTOR antibody (cat. no.2972), phospho-mTOR anti-
body (Ser2448, no. 5536), AMPK antibody (cat. no.2532S) and
phospho-AMPK (Thr172) antibody (cat. no.2531S), were obtained from
Cell Signaling Technology, Inc. (Danvers, MA, USA). The horseradish
peroxidase (HRP)-conjugated monoclonal goat secondary antibodies
[anti-rat IgG (cat. no. 7077S) and anti-rabbit IgG (cat. no. 7074P2)]

were also obtained from Cell Signaling Technology, Inc. All other
chemicals used, unless otherwise stated, were obtained from Beyotime
Institute of Biotechnology (Haimen, China).

2.2. Animals and ethics

Nine-month-old female APP/PS1 double-transgenic mice [B6C3-Tg
(APPswe, PSEN1dE9) 85Dbo/MmJNju], and age-matched wild-type
littermates were obtained from Nanjing Biomedical Research Institute
of Nanjing University (Nanjing, China, no.201402397). Each mouse
was housed in a plastic cage in a controlled environment (22–25 °C;
50± 10% relative humidity and automatic 12‑h light/dark cycle) with
access to food and water ad libitum. All animals were maintained in a
specific pathogen-free environment for two months prior to being sa-
crificed. Furthermore, the experiments were approved by the
Committee of Fujian University of Traditional Chinese Medicine, and
were strictly in accordance with international ethical guidelines and the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

2.3. Experimental protocol

Mice were randomly divided into four groups according to the
random number table (n = 10 each group): i) wild-type group (WT); ii)
APP/PS1group (APP/PS1); iii) APP/PS1 mice with repeated EA at the
DU 20 acupoint administration (APP/PS1+EA); and iiii) APP/PS1 mice
with repeated EA at the non-acupoint administration (APP/PS1+Non-
EA). The mice in APP/PS1+EA group was administered EA for 30 min,
5 days/week, and 2 days rest for a period of 4 weeks. The EA needles
(diameter, 0.3 mm, Huatuo acupuncture of Suzhou Co., Ltd., Suzhou
China) were inserted at a depth of 2–3 mm into the DU20 acupoint,
which is located at the intersection of the sagittal midline and the line
linking the two ears. Stimulation was generated using EA apparatus
(model G6805; Suzhou Medical Appliance Factory, Shanghai, China)
and the stimulation parameters were set as disperse waves of 1 and
20 Hz. In the APP/PS1+Non-EA group, a non-acupoint (the area below
the costal region, 2 cm superior to the posterior superior iliac spine and
~ 3 cm lateral to the spine) was punctured and stimulated for 30 min, 5
days/week, and 2 days rest for a period of 4 weeks [30]. The APP/
PS1+EA and the APP/PS1+Non-EA groups received treatment with
the same needles, stimulation parameters and EA apparatus. The ex-
perimental timeline is shown in Fig. 1.

2.4. Morris water maze test

Before and after 4 weeks of EA treatment, cognitive function was
tested by the Morris water maze apparatus (Chinese Academy of
Sciences, Beijing, China), which was a stainless steel circular tank with
a diameter of 120 cm and a height of 50 cm. The tank was filled with
water (21–23 °C) to the depth of 40 cm and divided into four equal
quadrants. A platform (diameter, 6 cm) was placed in the third quad-
rant and submerged 1 cm below the surface of the water. For the place
navigation trials, mice were trained for four days. Each trial was started
by placing the mice in one of the four quadrants. Mice were allowed to
swim in pool during a period of 90 s to find the hidden platform. If a
mouse did not find the platform within 90 s, it would be removed from
the water and placed on the platform for 15 s by researchers. On the
fifth day, the probe trail test was performed to assess spatial reference

Fig. 1. Schematic representation of the methodology used.
Morris water maze (MWM) and novel object recognition (NOR)
and PET/CT test was performed before and after EA treatment in
nine-month APP/PS1 mice. EA treatment was administered for
30 min/day, 5 days per week, and 2 days rest for 4 weeks. Mice
used for other studies were sacrificed after the PET/CT scan.
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learning and memory and the platform was removed. Each mouse was
allowed to swim freely for 90 s. The frequency that each mouse crossed
the position where the platform was once placed and the time that it
spent in the target quadrant were recorded.

To assess memory flexibility, 24 h following the probe trial, reversal
platform training began. The hidden platform was placed into the
center of the quadrant 180° from the original training location. Mice

were released from one of four possible starting points and allowed to
search for the hidden platform for a maximum of 90 s. If a mouse did
not find the platform within 90 s, it would be removed from the water
and placed on the platform for 15 s by researchers.

Fig. 2. EA delayed learning and memory decline in the APP/PS1 mice. (a and b) The escape latency during the orientation navigation in MWM test at pre-treatment and post-
treatment. (c and d) The times of passing the hidden platform position at pre-treatment and post-treatment. (e) Representative navigation traces of different swimming strategies of all
groups on the Day 5 in MWM test. (f) The percentage of times spent in the each quadrant in all probe trials is shown at after EA. *P<0.05, **P<0.01, ***P<0.001 versus the WT
group; #P<0.05, ##P<0.01 versus the APP/PS1 group; ^P<0.05, ^^P<0.01 versus the APP/PS1+Non-EA group. Each group, n = 10.
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2.5. Novel object recognition test

Novel object recognition was adapted from procedure described by
Bevins and Besheer [31]. Each animal was allowed a 10 min training
session with exposure to two identical, non-toxic objects (glass or hard
plastic items) placed in the back left and right corners of the arena.
After the training session, the animal was returned to its home cage for
a 30-min retention interval. For testing, each animal was lowered into
to the testing arena in which one familiar object was replaced with a
novel object. The animal was lowered into the arena, equidistant and
facing away from each object. Each session was video record and the
animal was given 5 min to explore. The time spent exploring each ob-
ject was scored for each mouse from the video. Exploration was defined
as the animal's nose being within 2 cm of and pointed toward the ob-
ject. Time during which the animal propped itself up on the object in
order to explore higher levels of the arena was not considered ex-
ploration time for that object. The discrimination ratio was calculated
as the time spent with the novel object divided by the total time spent
exploring either object. Objects were randomized and counterbalanced
across animals and groups. Objects and arenas were thoroughly cleaned
with 70% ethanol between trials to prevent olfactory cues.

Of note, the visual ability of each mouse was assessed by suspending
the animal by the tail and slowly lowering it toward a sold dark surface
(a table) for three successive trials. Visual acuity was demonstrated by
the animal's reaching for the surface before vibrissae made contact with
it. All mice demonstrated full visual capability.

2.6. PET/CT scans

Before and after 4 weeks EA treatment, we randomly selected six or
seven mice from each group for the PET/CT scans, the detection of 18F-
FDG combined with in-line PET/CT was performed, 12 h before scan-
ning in mice (24, each set of 6, 28–32 g) fast, and in order to reduce or
avoid the blood sugar concentration factors on 18F-FDG metabolic
distribution in the little mouse. Mice tail intravenous, blood sugar to
normal range (7.0–10.1 tendency/L). Mice intraperitoneal injection of
tracer (18F-FDG dose of about 18.5 MBq). Mice after the injection of
tracer placed inside the cage, let its free 40 min, 40 min later put the
mice in the anesthesia induction box with gas anesthesia (made up of
5% isoflurane and 95% oxygen, about 5 min).

PET/CT scan: mice were received intraperitoneal injection of 18F-
FDG developer after about 40 min started collecting 18F-FDG imaging
head image, the mice in the Netherlands Milabs VeCTor + PET/SPECT/
CT imaging system triad, scanning field contains the whole brain in
mice and the neck, to adopt 3D model acquisition, image filter back
projection reconstruction in mice axial surface, sagittal and coronal CT
images were analyzed, and through PMOD software (PMOD
Technologies, Zurich, Switzerland) with PET/CT image fusion, and
through the Gaussian smooth 3 d (0.8 mm FWHM) filtering, and adjust
the image color order to obtain high signal-to-noise ratio of images.
Similar images are axial surface, sagittal and coronal plane coordinates
the same cross section, by PMOD software analysis 18F-FDG various
brain regions in mice brain tissue uptake rate per gram.

Fig. 3. EA improved memory flexibility and novel object recognition ability in the APP/PS1 mice. (a and b) The escape latency during the memory flexibility test at pre-treatment
and post-treatment. (c and d) The discrimination ratio of novel object recognition at pre-treatment and post-treatment. *P<0.05 versus the WT group; #P<0.05 versus the APP/PS1
group; ^P<0.05 versus the APP/PS1+Non-EA group. Each group, n = 10.
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2.7. Western blotting

We randomly selected five mice from each group for the protein
experiment, protein was extracted from the hippocampus and cortex

and homogenized in radio immunoprecipitation assay buffer (Thermo
Fisher Scientific, USA). The protein concentration was determined
using the bicinchoninic acid assay (Thermo Fisher Scientific, USA) and
a total of 50 µg protein was separated by electrophoresis (90 V for

Fig. 4. Brain 18F-FDG/PET images in APP/PS1 mice before and after EA treatment. (a) Glucose uptake in the brain regions at pre-treatment and post-treatment. The horizontal,
sagittal images were showed and the directions were analyzed. (b) The percentage of glucose uptake (ID) than weight (g) (%). The data are presented as mean±S.E.M from 6/7
individual mice. ##P<0.01 versus the APP/PS1 group; ^^P<0.01 versus the APP/PS1+Non-EA group.
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30 min) on 10% SDS-PAGE gels (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Proteins were transferred onto polyvinylidene fluoride
membranes (EMD Millipore Billerica, MA, USA). The membranes were
blocked for 2 h with 5% skimmed milk at room temperature and in-
cubated with antibodies against Aβ (1:1000), Akt (1:1000), p-Akt
(1:1000), GLUT1 (1:1000), GLUT3 (1:1000), mTOR (1:1000), p-mTOR
(1:1000), AMPK (1:1000), p-AMPK (1:1000) and β‑actin (1:5000) at
4 °C overnight and subsequently incubated with HRP-conjugated sec-
ondary antibody (1:5000) for 1 h. The protein bands were visualized
with enhanced chemiluminescence and imaged with the Bio-Image
Analysis system (Bio-Rad Laboratories, Inc.). The ratios of protein band

intensities to β-actin were determined.

2.8. Thioflavin staining

We randomly selected five mice from each group for the histology
experiment. The brain tissues were fixed with 4% paraformaldehyde
and embedded in paraffin and the subsequent histological procedures.
Thioflavin staining (ThS) was developed in sections mounted on par-
affin-coated slices. After rehydration in ethanol and xylene solution,
slices were incubated in 0.3% potassium permanganate, 1% Oxalic
acid, and 1% sodium borohydride in order, 5 min each time. Next,

Fig. 5. The expression of GLUT1 and GLUT3. Representative immunoblots of GLUT1 and GLUT3 in the cortex and hippocampus in each group. The immunoreactivity of protein was
normalized to β-actin. Experiments were repeated three times and individual data are presented as mean± S.E.M. from 5 individual mice in each group. **P<0.01 versus the WT group;
##P<0.05 versus the APP/PS1 group; ^P<0.05, ^^P<0.01 versus the APP/PS1+Non-EA group.
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Fig. 6. The co-expression of GLUT1 and GFAP in cortex.
Representative immunofluorescence of GLUT1 and GFAP in the
cortex in each group. GLUT1-positive cells are green. GFAP-po-
sitive cells are red. GLUT1 and GFAP double-positive cells are
yellow. Experiments were repeated three times and individual
data are presented as mean±S.E.M. from 5 individual mice in
each group. Scale bar 100 µm. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 7. The co-expression of GLUT1 and GFAP in hippo-
campus. Representative immunofluorescence of GLUT1 and
GFAP in the hippocampus in each group. GLUT1-positive cells are
green. GFAP-positive cells are red. GLUT1 and GFAP double-po-
sitive cells are yellow. Experiments were repeated three times and
individual data are presented as mean±S.E.M. from 5 individual
mice in each group. Scale bar 200 µm. (For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 8. The co-expression of GLUT3 and NeuN in cortex.
Representative immunofluorescence of GLUT3 and NeuN in the
cortex in each group. GLUT3-positive cells are green. NeuN-po-
sitive cells are red. GLUT3 and NeuN double-positive cells are
yellow. Scale bar 100 µm. (For interpretation of the references to
color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 9. The co-expression of GLUT3 and NeuN in hippo-
campus. Representative immunofluorescence of GLUT3 and
NeuN in the hippocampus in each group. GLUT3-positive cells are
green. NeuN P-positive cells are red. GLUT3 and NeuN double-
positive cells are yellow. Scale bar 200 µm. (For interpretation of
the references to color in this figure legend, the reader is referred
to the web version of this article.)
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immersed slices in the 0.0125% ThS solution (Sigma, USA) for 8 min in
dark. Then, slices were washed twice in 50% ethanol for 5 min and
coverslipped with antifade mounting medium in dark. Ths staining of
hippocampus was observed by fluorescence microscopy (Nikon TS100,
Japan).

2.9. Immunohistochemistry and immunofluorescence staining

Immunohistochemistry (IHC) was performed on the 5 μm-thick
coronal paraffin sections. Aβ (1-42) levels were examined with DAB kits
according to the manufacturer's protocols. The sections were incubated
in 3% hydrogen peroxide and normal serum at 37 °C for 10 min to block
the non‑specific protein binding. Sections were incubated with primary
anti-Aβ(1-42) antibody (1:200) at 4 °C overnight and subsequently in-
cubated with secondary antibody. Aβ(1-42)-positive cells were stained
brown and hematoxylin was used to visualize the nuclei of all cells.
Images of Aβ(1-42) deposition in the cortex and hippocampus were
captured using an optic microscope (DFC310 FX; Leica Microsystems,
Inc., Buffalo Grove, IL, USA) and analyzed with an image analysis
system (Image-Pro Plus, version 6.0; Motic China Group Co., Ltd.,
Xiamen, China). The density of Aβ (1-42) deposition (the percentage of
positively-stained brown cells) was determined by subtracting the
background density and non‑specific binding. The software was used to
perform the semi-quantitative evaluation.

Immunofluorescence (IF) staining was performed on the 5 μm-thick
coronal paraffin sections. The slices were incubated overnight at 4 °C
with the primary antibodies anti-GLUT1 (dilution of 1:200), anti-

GLUT3 (dilution of 1:200), anti-GFAP (dilution of 1:1000) and anti-
NeuN (dilution of 1:1000), and anti-MAP2 (dilution of 1:500), then
incubated with secondary antibodies conjugated to fluorophores Alexa
Fluor 488 (dilution of 1:200, A21441, Life Technologies, USA), Alexa
Fluor 546 (dilution of 1:200, A10036, Life Technologies, USA) for 2 h at
room temperature in the dark, respectively. Nuclei of all cells were
counterstained with DAPI (dilution of 1:1000; Santa Cruz, USA). The
tissue slides were mounted in mounting medium (Vector Laboratories,
USA) and images were captured using a confocal fluorescence micro-
scope (LSM710, Carl Zeiss, Germany). The average number of double-
labeled positive cells from three slices for each rat with six fields of
view/slice was used for statistical analysis.

2.10. Enzyme-linked immunosorbent assay (ELISA)

Aβ (1-42) in cortex and hippocampus were measured by ELISA kits
according to the manufacturer's instructions (Xitang, Shanghai, China).
Briefly, the wells were coated with 100 µl capture antibody at 4 °C.
Followed three washes, using 200 µl assay diluents to block at room
temperature for 1 h, then 100 µl diluted Aβ (1-42) standards and test
samples were added and incubated for 1 h at 37 °C. Following repeated
washes, every well was added with the substrate and incubated for
20 min at room temperature, and then the absorbance was quantitated
by using an ELISA reader (BioTek, Model ELX800, USA) at 450 nm
according to Aβ (1-42) protein standards.

Fig. 10. The statistics of GLUT1/GFAP and GLUT3/NeuN co-expression. (a and b) GLUT1 and GFAP double-positive cells were analyzed in cortex and hippocampus. (c and d) GLUT3
and NeuN double-positive cells were analyzed in cortex and hippocampus. Experiments were repeated three times and individual data are presented as mean±S.E.M. from 5 individual
mice in each group.
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Fig. 11. The Ths-Aβ deposition in cortex. Representative
staining of Ths-Aβ deposition in the cortex in each group. Ths-Aβ-
positive cells are green. Nuclei counterstained with DAPI (blue).
Scale bar 100 µm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)

Fig. 12. The Ths-Aβ deposition in hippocampus.
Representative staining of Ths-Aβ deposition in the hippocampus
in each group. Ths-Aβ-positive cells are green. Nuclei counter-
stained with DAPI (blue). Scale bar 200 µm. (For interpretation of
the references to color in this figure legend, the reader is referred
to the web version of this article.)
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2.11. Statistical analysis

The results for each group are expressed as the means± S.E.M. The
latency performance was analyzed using repeated measures analysis of
variance (RM-ANVOA) across days. Probe trial time in target quadrant
as compared to time in the other quadrants and the times of passing the
hidden platform position, PET data, discrimination ratio of novel object
recognition, western blot, thioflavin staining, immunohistochemistry
and immunofluorescence staining results were analyzed by one-way
ANOVA and comparisons between groups were made by Fisher's least
significant difference (LSD) or Games-Howell test. The significance
level was set at *P<0.05 or **P<0.01 or ***P<0.001 in two-way
comparisons.

3. Results

3.1. EA ameliorated cognitive impairments in APP/PS1 mice

The effects of before and after EA treatment on the spatial reference
learning and memory and memory flexibility and novel object re-
cognition ability were evaluated. In the place navigation trials, navi-
gation paths of training provided evidence that the APP/PS1+EA group
presented strategies before and after EA treatment that were more si-
milar to the WT group than the APP/PS1+Non-EA group and the APP/
PS1 group (tracing paths was not shown before and after EA). As shown
in Fig. 2a and b, the escape latency in all groups had shown a down-
ward trend before and after EA treatment, and before EA treatment, it

had no differences during the APP/PS1+EA group, the APP/PS1+Non-
EA group and the APP/PS1 group (p>0.05, at the Day 4 in Fig. 2a).
However, after EA treatment, the APP/PS1+EA group showed better
spatial reference learning performance (shorten the escape latency)
than the APP/PS1+Non-EA group and the APP/PS1 group (F(3, 36) =
35.352, p< 0.001, at the Day 4 in Fig. 2b). During the probe trial,
before EA treatment, the times of passing the hidden platform position
had no differences during the APP/PS1+EA group, the APP/PS1+Non-
EA group and the APP/PS1 group before EA treatment (p>0.05,
Fig. 2c). After EA treatment, the representative navigation paths at the
last day of testing showed that the frequency of passing the hidden
platform position was increased in the APP/PS1+EA group compared
with the APP/PS1+Non-EA group and the APP/PS1 group (F(3,36) =
24.810, p< 0.001, Fig. 2d and e). Simultaneously, it showed that the
APP/PS1+EA group spent more time in the target quadrant compared
to the other quadrants than the APP/PS1+Non-EA group and the APP/
PS1 group (F(3,36) = 36.678, p< 0.001, Fig. 2f). During the memory
flexibility test, before EA treatment, it had no differences during the
APP/PS1+EA group, the APP/PS1+Non-EA group and the APP/PS1
group (p>0.05, Fig. 3a). However, after EA treatment, the APP/
PS1+EA group showed shorten the escape latency than the APP/
PS1+Non-EA group and the APP/PS1 group (F(3, 36) = 64.185,
p< 0.001, Fig. 3b). When mice were exposed to the novel object re-
cognition test before EA treatment, the WT group spent more time with
the novel object than the familiar one, no significant group differences
were detected for object discrimination during the APP/PS1+EA
group, the APP/PS1+Non-EA group and the APP/PS1 group (p>0.05,

Fig. 13. The staining of Aβ deposition. (a and b) The number of Ths-Aβ deposition were analyzed in the cortex and hippocampus. (c and d) The expression of Aβ (1-42) were analyzed
by ELISA in the cortex and hippocampus. Experiments were repeated three times and individual data are presented as mean± S.E.M. from 5 individual mice in each group. ***P<0.001
versus the WT group; ##P<0.01 versus the APP/PS1 group; ^P<0.05 versus the APP/PS1+Non-EA group.
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Fig. 14. The phosphorylation of AMPK and AKT. Representative immunoblots of total p-AMPK, p-AMPK, p-mTOR and mTOR in the cortex and hippocampus in each group. The
immunoreactivity of protein was normalized to β-actin. The results are expressed as arbitrary units (phosphorylated protein/total protein). Experiments were repeated three times and
individual data are presented as mean± S.E.M. from 5 individual mice in each group. *P<0.05, *P<0.01 versus the WT group; #P<0.05, ##P<0.01 versus the APP/PS1 group;
^P<0.05 versus the APP/PS1+Non-EA group.
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Fig. 3c). However, after EA treatment, the APP/PS1+EA group ex-
plored more time with the novel object, thus their discrimination ratio
increased compared with the APP/PS1+Non-EA group and the APP/
PS1 group (F(3,36) = 8.931, p< 0.001, Fig. 3d). These results suggested
that EA treatment obviously attenuated the cognitive impairments in
APP/PS1 mice.

3.2. EA increased brain glucose metabolism in APP/PS1 mice

18F-FDG images were recorded in all groups by in-line PET/CT
imaging system. Nineteen cerebral regions were analyzed of glucose
metabolism in mice, including the left and right hippocampus, the left
and right amygdala, the cortex, and the cingulate gyrus. Using the same
color standard and color code from high to low showing glucose

Fig. 15. The expression of mTOR and Aβ (1-42). Representative immunoblots of p-mTOR, mTOR and Aβ (1-42) in the cortex and hippocampus in each group. The immunoreactivity of
protein was normalized to β-actin. The results are expressed as arbitrary units (phosphorylated mTOR/total mTOR and Aβ (1-42)/β-actin). Experiments were repeated three times and
individual data are presented as mean±S.E.M. from 5 individual mice in each group. *P<0.05, **P<0.01 versus the WT group; #P<0.05, ##P<0.05 versus the APP/PS1 group;
^P<0.05 versus the APP/PS1+Non-EA group.
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metabolism, the result showed that the glucose uptake of all brain re-
gions had no differences during the four groups before EA treatment
(p>0.05, Supplementary Table 1). However, after EA treatment, the
glucose uptake of the cingulate gyrus and the cerebellum regions in the
APP/PS1 group were significantly decreased compared with the WT
group (Supplementary Table 1), and an increase of glucose uptake tin
the right hippocampus, the left hippocampus, the cortex, the cingulate
gyrus, the basal forebrain septum, the brain stem, and the cerebellum
regions displayed in the APP/PS1+EA group compared with the APP/
PS1+Non-EA group and the APP/PS1 group (F(3, 21) = 5.301,
p< 0.001, F(3, 21) = 10.825, p< 0.001, F(3, 21) = 14.081,
p< 0.001,Fig. 4a and b, Supplementary Table 1). Whereas the glucose
uptake of the left amygdala and the right amygdala regions had no
difference in the APP/PS1+EA group compared with the APP/
PS1+Non-EA group and the APP/PS1 group (p>0.05, Supplementary
Table 1). These results suggested that EA treatment markedly increased
the glucose metabolism of the cortex and hippocampus in APP/PS1
mice.

3.3. EA increased the expression of GLUT1 and GLUT3 in APP/PS1 mice

Since EA could increase the glucose metabolism of the hippo-
campus, the cortex, the cingulate gyrus, and cerebellum regions, the
learning and memory-related two regions that include the hippocampus
and cortex [32,33] were selected for revealing whether EA affects the
activation of GLUT1 and GLUT3 after EA treatment. The results showed
that the expression of GLUT1 and GLUT3 were significantly decreased
in the hippocampus and cortex in the APP/PS1 group compared with
the WT group, however, after EA treatment, an increase of the ex-
pression of GLUT1 and GLUT3 displayed in the hippocampus and cortex
of the APP/PS1+EA group compared with the APP/PS1+Non-EA
group and the APP/PS1 group (F(3, 16) = 7.369, p< 0.001, and F(3, 16)
= 12.569, p< 0.001, F(3, 16) = 14.582, p< 0.001, F(3, 16) = 9.658,
p< 0.001, Fig. 5a, b, c and d). Furthermore, dual labeling of GLUT1
and GFAP, GLUT3 and NeuN were used to determine whether the in-
crease of glucose metabolism occurred in neurons or non-neuronal
cells. The results showed that the co-expressions of GLUT1 and GFAP,
GLUT3 and NeuN occurred in each group (Figs. 6–9), and they were
increased in the cortex of the APP/PS1+EA group compared with the
APP/PS1+Non-EA group and the APP/PS1 group (F(3, 16) = 19.148,
p< 0.001, Fig. 10c), and they were increased in the hippocampus of
the APP/PS1+EA group compared with the APP/PS1+Non-EA group

and the APP/PS1 group (F(3, 16) = 14.604, p< 0.001, F(3, 16) = 17.996,
p< 0.001, Fig. 10b and d). Additionally, the results showed that the
dual labeling of GLUT1 and NeuN, GLUT1 and MAP2, GLUT3 and GFAP
respectively did not co-location in each group (Supplementary Figs. S1
and S2). These results suggested that GLUT1 expressed in GFAP-posi-
tive glial cell, and GLUT3 expressed in neuron, and EA-increased energy
metabolism occurred in neurons or non-neuronal cells.

3.4. EA delayed the Aβ (1-42) deposition of hippocampus and cortex in
APP/PS1 mice

The expression of Aβ (1-42) in the cortex and hippocampus of APP/
PS1 mice were quantified by thioflavin (ThS) staining. The APP/PS1
group showed a significant increase in Ths-Aβ deposition in the cortex
and hippocampus than that of the WT group, however, after EA treat-
ment, the Ths-Aβ deposition of the APP/PS1+EA group was decreased
in the cortex and hippocampus compared with the APP/PS1+Non-EA
group and the APP/PS1 group (F(3, 16) = 61.425, p< 0.001, F(3, 16) =
111.084, p< 0.001, Figs. 11–13). Moreover, the levels of Aβ (1-42)
were quantified by western blot and ELISA and showing in line with the
results of ThS-Aβ deposition (F(3, 16) = 8.597, p< 0.001, F(3, 16) =
13.024, p< 0.001, Fig. 15c and d, Supplementary Fig. S3). These re-
sults suggested that EA treatment could delay the Aβ deposition of
cortex and hippocampus in APP/PS1 mice.

3.5. EA increased the expression of AMPK and AKT in APP/PS1 mice

The results showed that the ratios of p-AMPK/total-AMPK and p-
AKT/total-AKT were significantly decreased in the cortex and hippo-
campus in the APP/PS1 group compared with the WT group (Fig. 14a,
b, c and d), however, after EA treatment, an increase of the ratios of p-
AMPK/total-AMPK and p-AKT/total-AKT displayed in the cortex and
hippocampus of the APP/PS1+EA group compared with the APP/
PS1+Non-EA group and the APP/PS1 group (F(3, 16) = 5.254,
p< 0.001, F(3, 16) = 9.069, p< 0.001, F(3, 16) = 10.257, p< 0.001, F(3,
16) = 16.339, p< 0.001, Fig. 14a, b, c and d). These results suggested
that EA treatment increased the phosphorylation of AMPK and AKT in
cortex and hippocampus in APP/PS1 mice.

3.6. EA modulated the expression of mTOR in APP/PS1 mice

The ratio of p-mTOR/total-mTOR were significantly increased in the
cortex and hippocampus in the APP/PS1 group compared with the WT
group (Fig. 15a and b). However, after EA treatment, an decrease of the
ratio of p-mTOR/total-mTOR displayed in the cortex and hippocampus
of the APP/PS1+EA group compared with the APP/PS1+Non-EA
group and the APP/PS1 group (F(3, 16) = 6.201, p< 0.001, F(3, 16) =
8.158, p< 0.001, Fig. 15a and b). These results suggested that EA
treatment increased the phosphorylation of mTOR in cortex and hip-
pocampus in APP/PS1 mice.

4. Discussion

The APP/PS1 double transgenic mouse is characterized by
Alzheimer's disease-like Aβ burden. It expresses a mutated allele of the
human APP and PS1 genes, which induce Aβ plaque deposition in the
brain at 6–7 months after birth [34] and cause memory deficits at 9
months after birth [35,36]. Therefore, in order to evaluate the effect of
EA on cognitive impairment, the 9-month-old APP/PS1 mice were
chosen. The present study demonstrated that low-frequency (1/20 Hz)
EA at the DU 20 acupoint for four weeks obviously increased glucose
metabolism particularly in the cortex and hippocampus regions in APP/
PS1 mice, accompanied by cognitive improvement in spatial reference
learning and memory and memory flexibility and novel object re-
cognition performances. Further, we found metabolic homeostatic
factors critical for glucose metabolism. These included phosphorylated

Fig. 16. AMPK and AKT in EA-induced energy metabolism. AMPK and AKT were
activated by EA treatment, further triggered GLUTs to increase the energy metabolism,
and negatively regulated mTOR to induce autophagy and eliminate Aβ deposition.
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AMPK and AKT serine/threonine kinase. Simultaneously, EA-induced
phosphorylated AMPK and AKT inhibited the phosphorylation level of
the mTOR to decrease the accumulation of Aβ in the cortex and hip-
pocampus of APP/PS1 mice.

EA, a complementary and alternative medicine treatment, is en-
dorsed the World Health Organization and the National Institute of
Health [37], which has been shown to improve cognitive deficits in
clinical studies [38,39]. The study found that EA treatment at the DU 20
acupoint for four weeks could improve the spatial reference learning
and memory performance in APP/PS1 mice, which is consistent with
previously reported results in several animal models of AD [6,7,40,41].
Moreover, EA also improved the memory flexibility and novel object
recognition ability in APP/PS1 mice. These suggest that EA could delay
cognitive decline in particular with learning and memory in AD model
mice.

Further, a number of epidemiological and functional neuroimaging
studies have shown that the dysregulation of energy metabolism in the
brain is a significant causative factor in the development of AD [42,43].
On the whole, most investigations of amyloidosis models have revealed
unchanged [44,45] or decreased uptake [16–18]. Using small animal
18F-FDG imaging, the present study found that the glucose metabolism
of seventeen regions had no changes, including the right hippocampus,
the left hippocampus, the cortex, the cingulate gyrus, the basal fore-
brain septum, the brain stem, the left amygdala, the right amygdala and
the cerebellum regions, whereas the cingulate gyrus and the cerebellum
regions were decreased in APP/PS1 transgenic mice. However, after EA
treatment the glucose metabolism of seventeen regions were obviously
increased, including the right hippocampus, the left hippocampus, the
cortex, the cingulate gyrus, the basal forebrain septum, the brain stem,
and the cerebellum regions, whereas the left amygdala and the right
amygdala regions had no changes. Similar to previous studies, in the
clinical randomized controlled trials (RCTs) of EA or acupuncture on
stroke patients or migraines’ patients or vascular dementia patients, the
regional glucose metabolism were increased following EA by evaluation
of 18F-FDG/PET imaging [46–48]. In the animal experiments of EA or
acupuncture on AD rats or SAMPS mouse, the 18F-FDG/PET imaging
revealed that treatment of EA can increase the uptake rate of glucose in
hippocampus of SAMP8 mouse [49], and hippocampal and temporal
regions of AD rats [50,51]. The presence of glucose transport proteins
(GLUTs) is essential to supply glucose to the neurons and glia within the
brain, for example, GLUT1 presents in astrocytes, and GLUT3 expresses
in neurons [52]. The study demonstrated that EA could increase the
expression of GLUT1 and GLUT3. Simultaneously, EA increased the co-
location of GLUT1/GFAP and GLUT3/NeuN, and also found that the
dual labeling of GLUT1/NeuN, GLUT1/MAP2 and GLUT3/GFAP did not
co-location. These results suggested that EA increased GLUTs expres-
sion to improve energy metabolism of neurons or non-neuronal cells in
cortex and hippocampus in AD model mice.

Studies have been suggested AMPK as a molecular hub for cellular
energy metabolic control and presents highly throughout the brain
where shown to be acted via direct phosphorylation of metabolic en-
zymes, and regulation of the GLUTs gene expression, and negatively
regulation of the mTOR signaling in response to reduction of in-
tracellular energy levels [53–55]. AKT plays a highly conserved role in
the regulation of cellular energy metabolism, and positively regulates
the mTOR signaling [56]. Accumulating evidence show that a dis-
turbance in AMPK and AKT function have been implicated in neuro-
degenerative diseases such as AD [56,57]. Therefore, recent evidences
suggest that AMPK and AKT is emerging as a potential therapeutic
target for these neurodegenerative diseases. For example, metformin is
a first-line diabetes drug and an activator of AMPK, which ameliorates
AD-like pathology and memory declines in mice [58], and central
acylated ghrelin improves hippocampal AMPK activation and partly
reverses the impairment of energy and glucose metabolism in rats in-
fused with Aβ [59]. Selenomethionine is able to reduce Aβ deposition,
and markedly improve cognitive functions in triple transgenic AD mice

through the PI3K/AKT signaling pathway [60]. The study demonstrated
that EA increased AMPK expression in cortex and hippocampus which
improved these regional glucose metabolism and memory impairments.
Interestingly, we found that mTOR expression was decreased in cortex
and hippocampus in response to negatively regulation of AMPK and
positively regulation of AKT signaling. Therefore, it is concluded that
AMPK function plays a more important role than AKT in EA-induced
energy metabolism.

In addition, a number of mTOR-dependent and independent au-
tophagy modulators have been identified to have positive effects in AD
treatment [61]. The mTOR inhibition triggers autophagy to decrease Aβ
and senile plaques and improve AD mouse memory impairment
[62,63]. In fact, it is well-recognized that AMPK/mTOR signaling in-
tersects with AD pathology in several aspects, suggesting its potential
role in energy imbalance, learning and memory impairment and Aβ
deposition [61]. The present study demonstrated that the expression of
phosphorylated mTOR in cortex and hippocampus regions of AD mice
were reduced by EA treatment, which may be one reason why EA de-
creased the accumulation of Aβ in APP/PS1 mice. But this is still not
clear whether EA-induced glucose metabolism contributes to eliminate
Aβ formation and neurotoxicity. Aβ aggregates can generate reactive
oxygen species that cause function impairment of membrane ion-mo-
tive ATPases and glucose transporter proteins, which, in turn, disrupts
cellular ion homeostasis and energy metabolism [64,65]. Simulta-
neously, the glucose metabolism impairment in the brain would da-
mage the production of reductive equivalent substances, thus impairing
the elimination of free radicals and accelerating Aβ formation in AD
[66]. Therefore, the further study is to clarify the relationship among
the energy metabolism, free radicals and Aβ formation.

5. Conclusion

The study suggested that AMPK and AKT were activated by EA
treatment, further triggered GLUTs to increase the glucose metabolism,
and negatively regulated mTOR to induce autophagy and eliminate Aβ
deposition (Fig. 16), which delayed the cognitive impairments, parti-
cularly in learning and memory ability in AD model mice.
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