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Abstract. Alzheimer's disease (AD) is an irreversible, progres-
sive neurodegenerative disorder of the central nervous system 
that causes severe cognitive impairment. One of the most 
significant pathological features of AD is the accumulation 
of β-amyloid (Aβ) peptide in the brain. Resveratrol (Res) is a 
polyphenol derived from peanuts, red grapes and other plants, 
which has received increasing attention due to its neuropro-
tective features. Tg6799 mice are transgenic mice with five 
familial AD (FAD) mutations that are also known as 5XFAD 
mice. The present study aimed to investigate the effects of 
Res on Tg6799 mice. The transgenic mice were randomly 
divided into the Res treatment group and the vehicle control 
group, and were treated with 0.5% Res solution (60 mg/kg) 
or volume-matched normal saline, respectively. Treatment 
was administered by oral gavage daily for 60 consecutive 
days. Res reduced amyloid plaque formation and the levels 
of Aβ42, and β-secretase 1 levels were also significantly 
decreased. Furthermore, Res was able to reduce the expres-
sion of amyloid precursor protein and its cleavage products. 
The administration of Res to Tg6799 mice also improved their 
spatial working memory, as measured by the Y-maze test, and 
rescued spatial memory deficits, as measured using the Morris 
water maze test; however, Res did not affect their motor func-
tion. In conclusion, this study suggested that Res may reduce 
Aβ-induced neuronal damage, thus preventing memory loss.

Introduction

Alzheimer's disease (AD) is a progressive neurodegen-
erative disorder characterized by cognitive and memory 
impairments (1). There are >35 million individuals with AD 
worldwide, thus resulting in marked emotional and financial 
burdens on patients and society (2). The accumulation of 
β-amyloid (Aβ) peptide in the brain is strongly implicated as 
a main hallmark of sporadic and familial forms of AD (3,4). 
Amyloid precursor protein (APP) -derived toxic peptides are 
found at autopsy in the brains of individuals with AD (5). Aβ is 
cleaved from APP by β-secretase 1 (BACE1) and subsequently 
by γ-secretase. BACE1 is considered the rate-limiting enzyme 
in the production of Aβ (6,7). In addition, accumulation of 
BACE1 is observed in normal and dystrophic presynaptic 
terminals surrounding the amyloid plaques in brains of AD 
mouse models and patients (8,9).

The effects of medications that are currently approved by 
the USA Food and Drug Administration for the treatment of 
AD manifestations are modest, transient and provide only 
symptomatic treatment (10). Recently, researchers have been 
paying more attention to herbal extracts for their potential 
therapeutic effects on AD. Resveratrol (Res) is a natural 
polyphenol with strong effects, including anti-oxidative, 
anti‑inflammatory, cardiovascular protective, neuroprotective 
and cancer chemopreventive activities (11-13). It has been 
suggested that Res can act as a potent antioxidant in neurode-
generative disorders. Previous studies have reported that Res 
has the ability to regulate Aβ toxicity or significantly increase 
the Aβ clearance rate in a mouse model of AD (14,15). Res can 
also increase resistance against nerve inflammation and exerts 
anti-oxidant effects that contribute to its neuroprotective 
effects on the nervous system (16,17).

Tg6799 mice are APP/presenelin 1 (PS1) double transgenic 
mice that coexpress five familial AD (FAD) mutations, which 
are also known as 5XFAD mice. This mouse strain is a useful 
model of AD that recapitulates the relevant pathogenic features 
of AD amyloid pathology. Intraneuronal Aβ42 accumulates in 
the brain starting at 1.5 months, and the levels of brain Aβ42 
and Aβ40 increase with age, whereas, the Aβ42/Aβ40 ratio 
decrease. Amyloid deposition starts at 2 months. Tg6799 mice 
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develop memory deficits by 4 months of age, as assessed using 
a Y-maze test compared with nontransgenic control mice (18). 
The present study aimed to determine the protective effects 
and underlying mechanisms of Res in AD treatment.

Materials and methods

Animals and Res treatment. This study was approved 
by The Animal Ethics Committee of Nanfang Hospital, 
Southern Medical University (application no. NFYY-2015-43; 
Guangzhou, China). The experiments were performed using 
male Tg6799 mice (Jackson Laboratory, Bar Harbor, ME, 
USA), which express the human APP and PS1 genes and five 
FAD mutations on a C57/B6XSJL background (18). These mice 
were group-housed under standard environmental conditions 
(12-h light/dark cycle, 23±1˚C and 55±5% relative humidity), 
with free access to food and water. The procedures were 
performed in strict accordance with the National Institutes 
of Health Guidelines for the Care and Use of Laboratory 
Animals (19). At 2.5 months of age, 40 male Tg6799 mice 
(weight, 18-22 g) were randomly divided into the control and 
Res groups (n=20/group). According to a previous study (20), 
the Res group was treated daily with 0.5% Res (Sigma-Aldrich; 
Merck KGaA, Darmstadt, Germany; 60 mg/kg/day) by oral 
gavage for 60 consecutive days, whereas the control group was 
treated with volume-matched normal saline by gavage.

Behavioral testing
Open field test. The open field apparatus consisted of a rectan-
gular chamber (40x40x30 cm) made of gray polyvinyl chloride. 
A video camera, a loudspeaker that provided masking noise 
and a 25 W red light bulb (illumination density at the center 
of the maze was 0.3 lx) were placed 180 cm above the center 
of the apparatus. The mice were gently placed at the center 
and were allowed to explore the area for 5 min. The digitized 
image of the path taken by each mouse was recorded and loco-
motor activity was subsequently analyzed using EthoVision 
7.0 software (Noldus Information Technology, Wageningen, 
The Netherlands).

Y‑maze test. A black Y-maze was used with an arm length 
of 40 cm, width of 3 cm and wall height of 12.5 cm. Each 
mouse was placed in the center of the symmetrical Y-maze 
and allowed to explore freely through the maze until they 
entered the arms 22 times; the sequence of 22 entries was 
recorded. Each mouse was placed at the end of one arm facing 
the center and its movements were recorded for 8 min. Data 
were analyzed to determine the number of arm entries without 
repetition. Successful alternations were defined as sequential 
entries into a new arm. A mouse was excluded from the analysis 
if no entries into new arms were recorded for 2 consecutive 
min. Mean alternation percentage (%) was calculated as the 
number of successful alternations /20 x100.

Morris water maze. The basic protocol and apparatus for the 
hidden platform version of the water maze have previously 
been described (21). Each mouse underwent four trials a day 
for 6 consecutive days. All mice underwent a probe test for 
90 sec, where the platform was removed from the pool on day 
7. The number of crosses over the platform location (crosses), 

the time spent in the target quadrant and the speed were 
recorded using a video tracking system.

Thioflavin S staining. Four mice from each group were 
sacrificed with 0.75% pentobarbitone sodium (50 mg/kg) by 
intraperitoneal injection. The deeply anesthetized mice exhib-
iting loss of reflexes and muscle relaxation were perfused with 
4% paraformaldehyde in PBS. Subsequently, the hippocampus 
was extracted and frozen sections, measuring 35 µm in thick-
ness, were prepared at ‑25˚C. For thioflavin S immunostaining, 
brain sections were allowed to defrost at room temperature 
and were then washed with PBS for 5 min. The sections were 
then stained with freshly prepared 0.4% thioflavin S solution 
(Sigma-Aldrich; Merck KGaA) for 5 min in the dark at room 
temperature, washed twice for 3 min with 70% alcohol, washed 
twice for 5 min with PBS and mounted. Image acquisition was 
performed under a fluorescence microscope. Plaque counts 
were quantified by counting thioflavin S‑positive plaques in 
the hippocampus. The region of interest was manually selected 
under x4 magnification and all parameters were kept constant 
during the analysis.

Aβ40 and Aβ42 ELISA. Another four mice from each group 
were used to conduct Aβ ELISA analyses. Following Res 
treatment for 60 days, animals were anesthetized by pento-
barbitone sodium (50 mg/kg) and were decapitated. The 
required amount of homogenization buffer was prepared prior 
to use. The hemisphere tissues (50 mg) were isolated and 
homogenized using a Potter-Elvehjem homogenizer (DWK 
Life Sciences, Millville, NJ, USA). Brain homogenates were 
treated with PBS/protease inhibitor (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and were supplemented with guani-
dine HCl to a final concentration of 5 mol/l. The brain tissue 
samples were then added to an Eppendorf tube containing 
the brain extraction buffer provided in the ELISA kits (cat. 
nos. KHB3481, KHB3441 and KHB3442; Invitrogen; Thermo 
Fisher Scientific, Inc.). The sample was ground thoroughly 
with a tissue homogenizer, and then centrifuged at 16,000 x g 
for 20 min at 4˚C. The supernatant was carefully transferred to 
a new tube and diluted with the buffer provided in the BioRad 
protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). Final guanidine HCl concentrations were <0.1 mol/l. 
The protein content was measured using the Bio-Rad protein 
assay kit. Duplicate samples were subsequently analyzed 
using Aβ40- and Aβ42‑specific sandwich colorimetric ELISA 
kits (cat. nos. KHB3481, KHB3441 and KHB3442; Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manufacturer's 
protocol. The absorbance was measured at 450 nm, and 
curve-fitting software (TableCurve 2D; version 6; Jandel 
Scientific Software, San Rafael, CA) was used to generate the 
standard curve.

Western blotting. For western blot analysis, hippocampal 
tissues were dissected from four mice in each group and 
disrupted by sonication (three pulses at 1 Hz for 20 sec with 
30 sec intervals between pulses) for 2 min in ice-cold radio-
immunoprecipitation assay buffer with a complete protease 
inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). 
The lysates were centrifuged at 16,900 x g for 40 min at 4˚C, 
and the supernatant was boiled in loading buffer for 10 min. 
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The protein content was measured using a Bio-Rad protein 
assay kit (Bio-Rad Laboratories, Inc.). A total of 50 µg protein 
was loaded into each lane and separated by SDS-PAGE with 
10% polyacrylamide gels. Following transfer onto Immobilon 
polyvinylidene difluoride membranes, nonspecific binding 
was blocked with 5% nonfat milk in TBS containing 0.05% 
Tween 20 for 1.5 h at room temperature. After the membranes 
were washed, they were incubated with the following 
primary antibodies: Anti-APP (1:1,000; cat. no. SIG-39300; 
BioLegend, Inc., San Diego, CA, USA), anti-BACE1 (1:1,000; 
cat. no. ab108394; Abcam, Cambridge, UK), anti-secreted 
(s)APPα (1:500; cat. no. 2B3; IBL, Japan), anti-sAPPβ 
(1:500, cat. no. 6A1; Immuno-Biological Laboratories Co., 
Ltd., Fujioka, Japan) and anti-sirtuin 1 (SIRT1; 1:1,000; cat. 
no. 8469s; Cell Signaling Technology, Inc., Danvers, MA, 
USA) at 4˚C overnight. The membranes were then incubated 
with horseradish peroxidase-conjugated goat anti-mouse or 
anti-rabbit secondary antibodies (1:2,000; cat. nos. TA130003 
and TA130023; OriGene Technologies, Inc., Beijing, China) 
for 1 h at room temperature. Bands were visualized using 
enhanced chemiluminescence western blot detection reagents 
(Bio-Rad Laboratories, Inc.). ImageJ software (version 1.50; 
National Institutes of Health, Bethesda, MD, USA) was used to 
semi-quantify the relative expression levels of target proteins, 
which were normalized to the internal control GAPDH 
(1:1,000; cat. no. 5174; Cell Signaling Technology, Inc.).

Statistical analysis. Data are presented as the means ± standard 
error of the mean, and all experiments were repeated at 
least three times. Data analysis was conducted using SPSS 
18.0 statistical software (SPSS, Inc., Chicago, IL, USA). 
Comparisons between two groups were performed using two 
independent samples Student's t-test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Res treatment rescues cognitive impairment but does not 
affect the motor function of Tg6799 mice. Open field tests 
were used to measure locomotor activity, which served as a 
control to reflect motor function. In the open field test, the total 
distances of the two groups over 5 min were not significantly 

different (Fig. 1A). In addition, the spontaneous alternation 
performance of mice was determined using the Y-maze test, 
which is used to assess their spatial working memory. The 
results revealed that the Res group had an elevated mean 
alternation percentage compared with the control group 
(Fig. 1B). These findings indicated that the administration of 
Res improved spatial working memory.

The effects of Res on learning and memory were also 
determined in AD mice using the Morris water maze. The 
Morris water maze test is most widely used to test spatial 
memory in AD mouse models. Over the 6-day training phase, 
the escape latencies of all mice gradually decreased; however, 
the Res group mice exhibited significantly lower escape 
latencies compared with the controls (Fig. 2A). The average 
swimming speed during training and the probe test did not 
differ between the two groups (Fig. 2B). In addition, the 
administration of Res significantly increased the number of 
crosses and time spent in the target quadrant (Fig. 2C and D). 
The swimming path during the training phase and the probe 
test reflected the improved learning and memory of the mice 
in the Res group (Fig. 2E and F).

Administration of Res reduces amyloid plaques and Aβ42 
levels in Tg6799 mice. Thioflavin S staining was performed to 
examine amyloid plaque pathology. Amyloid deposition was 
positive after staining with thioflavin S. The results revealed 
that the plaque loads in the Res group were quantitatively 
lower compared with in the control group. Amyloid plaques 
were significantly reduced in the hippocampus of the Res 
group compared with in the control group (Fig. 3A and B). 
Cerebral levels of Aβ42 and Aβ40 were also detected in hippo-
campal homogenates using ELISA kits. The Res group had 
lower levels of Aβ42 and Aβ40 compared with the control 
group. For Aβ42 levels, this alteration was statistically signifi-
cant (Fig. 3C and D), which was consistent with the thioflavin 
S staining results.

Administration of Res alters the levels of BACE1, APP, sAPPα 
and sAPPβ in Tg6799 mice. Western blotting was used to 
determine APP, cleaved APP products and BACE1 expression, 
in order to investigate the mechanism underlying the reduction 
of amyloid plaques in the Res group. The results of western 

Figure 1. Res treatment improves spatial working memory in the Tg6799 mouse model of Alzheimer's disease. (A) Total distance of the mice in the control and 
Res groups in the OFT. (B) Spontaneous alternation in the Y-maze test. Data are presented as the means ± standard error of the mean. **P<0.01 vs. the control 
group. OFT, open field test; Res, resveratrol.
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blot analysis revealed that the expression levels of APP, 
sAPPα, sAPPβ and BACE1 were significantly reduced in the 
Res group compared with in the control group (Fig. 4).

Res treatment did not affect SIRT1 levels in Tg6799 mice. A 
previous study (22) suggested that activation of the sirtuin 
family member SIRT1 is an important pharmacological effect 
of Res. Therefore, SIRT1 levels were determined by western 
blotting; however, the administration of Res did not affect the 
protein expression levels of SIRT1 (Fig. 5).

Discussion

The pathogenesis of AD continues to be debated, and there 
are numerous hypotheses, including the amyloid cascade 
hypothesis, neurotrophic factor hypothesis and oxidative stress 
hypothesis (23). The pathological hallmarks of AD include 
intraneuronal neurofibrillary tangles, extracellular amyloid 
plaques, neuronal loss and gliosis. The aggregation of Aβ 
forms amyloid plaques. Numerous clinical, cytobiological and 
experimental animal studies (24,25) support the causative role 
of Aβ in the pathogenesis of AD. Notably, Aβ can induce loss 

of synaptic terminals and calcium imbalance, and can drive 
tau aggregation, thus inducing neurofibrillary tangles (26,27). 
Aβ is cleaved from APP, genetic mutations of which cause a 
familial form of AD. BACE1 cuts APP at the N-terminus of 
the Aβ domain to produce C99 and sAPPβ, after which, C99 
is further cleaved by γ-secretase to generate Aβ (28). Notably, 
previous studies have demonstrated that Res is able to cross 
the blood‑brain barrier, thus making oral gavage an efficient 
route of administration (29,30).

The present study demonstrated that the administration 
of Res significantly diminished the number and intensity of 
amyloid plaques, as measured by thioflavin S staining. Senile 
plaques are formed by the accumulation of APP-derived 
toxic peptides (predominantly Aβ42). Previous data support 
the hypothesis that AD neurodegeneration is initiated by an 
imbalance between Aβ42 production and clearance in selected 
brain regions (4). Tg6799 mice accumulate large amounts of 
cerebral Aβ42 at a young age, and generate much more Aβ42 
than Aβ40. The ELISA results in this study demonstrated that 
the cerebral levels of Aβ42 and Aβ40 were decreased in hippo-
campal homogenates in response to Res, particularly Aβ42 

levels, which were significantly reduced.

Figure 2. Res treatment rescues impaired water maze learning in the Tg6799 mouse model of Alzheimer's disease. (A) Escape latency during the training 
phase and the probe test. (B) Average swimming speed. (C) Number of crosses in the probe test. (D) Percentage of time spent in the target quadrant in the 
probe test. (E) A representative swimming path on day 6 of training. (F) A representative swimming path during the probe test. Data are presented as the 
means ± standard error of the mean. *P<0.05, **P<0.01 vs. the control group. Res, resveratrol.
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In vitro, Res promotes Aβ clearance potentially by 
increasing intracellular proteasomal activity (31). In a 
previous study, the Tg2576 mouse transgenic model of AD 
was fed red wine (containing Res), after which cognitive 
improvement or attenuation of amyloid brain pathology was 
assessed based on nonamyloidogenic processing of βAPP or 
the oligomerization of Aβ molecules (15,32). To investigate 
the mechanism underlying the reduction of plaque pathology 
by Res, the present study detected the expression levels of 
APP‑associated enzymes by western blotting. A significant 
decrease in BACE1 levels may alter the APP processing 
pathway, leading to a reduction in amyloid burden. BACE1 
is considered the rate-limiting enzyme in the production 
of Aβ. High-molecular weight APP and sAPPα levels were 
also decreased in response to Res. A number of previous 
studies (33,34) have suggested that Res can promote Aβ 
clearance without affecting Aβ-producing enzyme activities 
(γ-secretase and BACE1). This mechanism could be syner-
gistic with a reduction in BACE1.

A previous study (35) suggested that Res is able to induce 
activation of the sirtuin family member SIRT1, which is 
beneficial for preventing neurodegeneration and improving 
memory. In addition, Res can counteract Aβ toxicity in 
cellular models due to its natural antioxidant properties and 
SIRT1 activation (36‑38). Other findings have suggested that 
Res is able to reduce the harmful process that occurs in the 

APP/PS1 mouse hippocampus, which is mainly mediated by 
increased activation of SIRT1 and 5' AMP-activated protein 
kinase pathways (39). However, in the present study, Res did 
not induce activation of SIRT1.

The present study assessed hippocampus-dependent 
spatial working memory in mice using the Y-maze 
test. This learning task does not involve any training, 
reward or punishment, and allows for the assessment of 
hippocampus-dependent spatial working memory. The 
hippocampus is the hub for learning and memory. The 
results demonstrated that treatment with Res resulted in 
a significant increase in the mean alternation percentage. 
It may be hypothesized that reduced amyloid plaques are 
responsible for the improved working memory in the Res 
group. Furthermore, the effects of Res treatment on learning 
and memory in Tg6799 mice were evaluated using the 
Morris water maze test. In the hidden platform version of 
the water maze test, animals learn to locate a submerged 
platform in a pool filled with opaque water. This spatial 
navigation performance is also known to be hippocampus 
dependent. This study confirmed that learning and memory 
were significantly improved by the administration of Res.

Numerous previous studies (40,41) have described the 
neuroprotective properties of Res; however, Res treatment as 
a therapy for AD still has many limitations, including poor 
bioavailability. The complex interaction and mechanisms 

Figure 3. Res treatment reduces amyloid plaques in the Tg6799 mouse model of Alzheimer's disease. (A) Representative images of thioflavin S staining of amyloid 
plaques in mouse brains. Scale bar: A=2,000 µm, b=500 µm. (B) Quantification of the number of amyloid plaques in the hippocampus. (C and D) Cerebral 
levels of Aβ42 and Aβ40 in hippocampal homogenates. Data are presented as the means ± standard error of the mean. **P<0.01 vs. the control group. Aβ, 
β-amyloid; Res, resveratrol.
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of Res remain to be explored. In future studies, we aim to 
investigate the expression of α and γ secretases (ADAM 
metallopeptidase domain 9, 10 and 17, and PS1), and to inves-
tigate whether a modified treatment with Res may induce 
alterations in SIRT1 activity. In the present study, mice were 
treated with 60 mg/kg/day Res by oral gavage; this dosage 
per day is much higher than that ingested by humans via diet 
and wine, this is also an important issue to be considered in 
future work.

In conclusion, the present study demonstrated that the 
administration of Res for 60 consecutive days protected against 
Aβ plaque formation and cognitive loss in Tg6799 mice. The 
exact underlying mechanism has yet to be elucidated; however, 
the animal behavioral data suggested that Res may serve a 
neuroprotective role in a mouse model of AD.
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