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Abstract Amyloid-b (Ab)-induced mitochondrial dys-

function has been recognized as a prominent, early event in

Alzheimer’s disease (AD). Therefore, therapeutics targeted

to improve mitochondrial function could be beneficial.

Quercetin, a bioflavanoid, has been reported to have potent

neuro-protective effects, but its preventive effects on Ab-

induced mitochondrial dysfunction and cognitive impair-

ment have not been well characterised. Three-month-old

APPswe/PS1dE9 transgenic mice were randomly assigned

to a vehicle group, two quercetin (either 20 or

40 mg kg-1 day-1) groups, or an Aricept (2 mg kg-1

day-1) group. After 16 weeks of treatment, we observed

beneficial effects of quercetin (40 mg kg-1 day-1), includ-

ing lessening learning and memory deficits, reducing scat-

tered senile plaques, and ameliorating mitochondrial

dysfunction, as evidenced by restoration of mitochondrial

membrane potential, reactive oxygen species and ATP levels

in mitochondria isolated from the hippocampus compared to

control. Furthermore, the AMP-activated protein kinase

(AMPK) activity significantly increased in the quercetin-

treated (40 mg kg-1 day-1) group. These findings suggest

that a reduction in plaque burden and mitochondrial dys-

function through the activation of AMPK may be one of the

mechanisms by which quercetin improves cognitive

functioning in the APPswe/PS1dE9 transgenic mouse model

of AD.
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Abbreviations

AD Alzheimer’s disease

Ab Amyloid-b
MMP Mitochondrial membrane potential

ROS Reactive oxygen species

AMPK AMP-activated protein kinase

APP Amyloid precursor protein

Introduction

Alzheimer’s disease (AD) is a degenerative neurological

disease that is clinically characterised by progressive cog-

nitive dysfunction [1, 2]. Increasing evidence shows that

mitochondrial dysfunction is a main cellular event in the

pathogenesis and progression of AD [3, 4]. The progressive

deposition of amyloid-b (Ab) in the mitochondria, which is

the most important pathogenic factor in AD, can trigger

mitochondrial dysfunction [5] through the disruption of the

mitochondrial membrane potential (MMP) [6, 7], elevation

of reactive oxygen species (ROS) production and cellular

metabolic deficiencies [8]. The standard treatment for

symptomatic AD relies primarily on acetyl-cholinesterase

(AChE) inhibitors, such as Aricept. However, AChE inhi-

bition alleviates the symptoms of AD, but has only a

modest beneficial effect on neurodegeneration [9]. Thera-

peutic applications targeted to improve mitochondrial
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function in AD are therefore very promising and could aid

in improvement of both pathological and cognitive aspects

of the disease.

Quercetin (3,5,7,30,40-pentahydroxyflavone, a biofl-

avonoid), frequently found in consumable foods including

apples, berries, onions, tea and brassica vegetables, has

many beneficial effects on human health, including car-

diovascular protection, anticancer activity, cataract pre-

vention, antiviral activity and anti-inflammatory effects

[10]. It has been reported that quercetin can pass through

the blood–brain barrier in situ models [11]. Quercetin may

have neuro-protective effects and slow down the progres-

sion of degenerative diseases. Quercetin has been reported

to attenuate behavioural alterations and cognitive impair-

ment in Parkinson’s disease models [12] and chronic

cerebral ischemia models [13]. Moreover, quercetin

administration improves cognitive deficits in colchicines

[14], scopolamine [15] and aluminium [16] induced

learning and memory impairment models. Quercetin has

been indicated to penetrate in and rigidify the bilayer of

membranes and reduce the interaction of the membrane

with the Ab peptide (25–35) in vitro (Tedeschi et al. 2010).

Furthermore, study shows that quercetin decreases amyloid

precursor protein (APP) maturation through regulating

APP processing [17] and prevents Ab-induced neurotox-

icity in primary neuronal cells [18]. To date, studies of

quercetin on AD are mainly focused on its antioxidant

ability and relationship to oxidative stress. The potential

effects of quercetin on amyloid neuropathy and mito-

chondrial dysfunction have not been reported.

The APPswe/PS1dE9 transgenic mouse model of AD

exhibits senile plaque formation and amyloid neuropathy

[19], mitochondrial dysfunction and progressive behav-

ioural deficits [20, 21]. Compared with the colchicines,

scopolamine or aluminium induced animal models of

Alzheimer’s disease, the APPswe/PS1dE9 transgenic

mouse model might be better to mimics the progression of

the pathology of human AD. This model can therefore be

used to comprehensively evaluate the effect of quercetin on

Ab-induced neurotoxicity and mitochondrial dysfunction,

which has not been studied yet. In this study, the effect of

long-term quercetin consumption on the prevention of

memory loss, Ab-induced neurotoxicity and mitochondrial

dysfunction were studied in the APPswe/PS1dE9 trans-

genic mouse model of Alzheimer’s disease.

Experimental Procedures

Animals

APPswe/PS1dE9 mice (C57/BL) used in this study was

generated as previously described [22, 23]. Mice express a

mouse–human hybrid transgene containing the extracellu-

lar and intracellular regions of the mouse sequence and a

human sequence within the Ab domain with Swedish

mutations (K594N/M595L), and express the human pre-

senile-1 deleted exon-9. Protocols were conducted

according to the University Policies on the Use and Care of

Animals and were approved by the Institutional Animal

Experiment Committee of Henan University of Science

and Technology, China.

Group and Treatment

Three-month-old APPswe/PS1dE9 transgenic mice were

randomly assigned among treatment groups. APPswe/

PS1dE9 transgenic mice were fed either AIN-76A chow

(Dyets Inc., Bethlehem, PA, USA) containing a low dose of

quercetin (20 mg kg-1 day-1; n = 12), a high dose of

quercetin (40 mg kg-1 day-1; n = 12), and a dose of

Aricept (2 mg kg-1 day-1; n = 12) or no drug (n = 12)

for 16 weeks before being killed. Non-transgenic litter-

mates were fed chow as wild type (n = 12). Each group

included six males and six females. The dose of quercetin

was selected based on other experimental studies [24, 25].

Aricept, an inhibitor of acetyl-cholinesterase, is presently

used in long-term treatments for patients with AD. The

administered dose of Aricept was calculated from the

weight of the mice to be equivalent to the human dose.

Behavioural Tests

Novel Object Recognition Test

The test procedure consisted of three sessions: habituation,

training, and retention. Each mouse was habituated to the

box (30 9 30 9 35 cm), with 10 min of exploration in the

absence of objects for 3 days (habituation session). During

the training session, two objects were placed at the back

corner of the box. A mouse was then placed in the box and

the total time spent exploring the two objects was recorded

for 10 min. During the retention session, the mice were

placed back in the same box 24 h after the training session,

in which one of the familiar objects used during the

training was replaced with a novel object. The animals

were then allowed to explore freely for 5 min, the explo-

ration time for the familiar (TF) or the new object (TN)

during the test phase was recorded. 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. To control for

odor cues, the OF arena and the objects were thoroughly

cleaned with 10 % odorless soap, dried, and ventilated for

a few minutes between mice [26, 27].
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Morris Water Maze

Spatial learning and memory was tested using the Morris

water maze, performed 1 day after the end of the open-field

test. The protocol for the Morris water maze test was

modified from previously reported methods [28, 29].

Briefly, the apparatus included a pool with a diameter of

100 cm that was filled with opaque water at approximately

22 ± 1 �C. An escape platform (15 cm in diameter) was

placed 0.5 cm below the water surface. Geometric objects

with contrasting colours were set at the remote ends of the

water tank as references. Room temperature was constant,

and the lighting was even throughout the room. Spatial

memory is assessed by recording the latency time for the

animal to escape from the water onto a submerged escape

platform during the learning phase. The mice were sub-

jected to four trials per day for five consecutive days. The

mice were allowed to stay on the platform for 15 s before

and after each trial. The time that it took for an animal to

reach the platform (latency period) was recorded. Twenty-

four hours after the learning phase, the mice swam freely in

the water tank without the platform for 60 s, and the time

spent in the region, and number of passes through the

region and the quadrant of the original platform were

recorded. Monitoring was performed with a video tracking

system (Noldus Ltd, Ethovision XT, Holland).

Tissue Preparation

The mice (n = 6) following the behavioural test were

randomly chosen and deeply anesthetized with sodium

pentobarbital (100 mg kg-1 intraperitoneally). Brain were

removed and dissected through the midsagittal plane. One

hemisphere was fixed in formalin and embedded in paraf-

fin. For each specimen, 30 serial sections of 5 lm thickness

were coronally sliced for two to three such series, spaced

50 lm apart. The remaining hemi brain were were directly

homogenised in RIPA buffer containing 0.1 % PMSF and

0.1 % protease inhibitor cocktail (Sigma, MO, USA). The

lysates were centrifuged at 14,000g for 30 min at 4 �C and

the supernatant was used for protein analyses. The protein

concentration in supernatants was determined using the

BCA method.

Histological Analysis

To demonstrate fibrillar Ab deposition, Thioflavine-S

staining was used, which is commonly used for fluorescent

staining of plaques [30, 31]. Brain tissue from mice

(n = 6) following behavioural tests was fixed in 10 %

neutral buffered formalin and mounted in paraffin blocks.

After deparaffinization and hydration, the sections were

washed in PBS and incubated in 0.25 % potassium per-

manganate and 1 % oxalic acid until they appeared white.

The sections were then washed in water and stained for

3 min with a solution of 0.015 % Thioflavin-S in 50 %

ethanol. Finally, the sections were washed in 50 % ethanol

and in water, then dried, and dipped in Histo-Clear before

being cover-slipped with Permount [32]. Sections stained

with Thioflavin-S were visualized and images were cap-

tured by microscope with a digital camera attached to a

computer (Nikon, Melville, NY). Images were analyzed

using Aperio’s ImageScope Viewer software (Aperio.

Technologies).

Preparation of Isolated Mitochondria

After behavioural tests, the mice were euthanatized using

CO2 asphyxiation and brain mitochondria were isolated,

performed using a standard procedure [33]. First, brains

were quickly removed and placed on ice. Brain regions of

interest were carefully dissected following anatomical

guidelines and placed in a glass Dounce homogenizer

containing five times the volume of isolation buffer

[215 mM mannitol, 75 mM sucrose, 0.1 % BSA, 1 mM

EGTA, 20 mM HEPES (Na?), pH 7.2]. Following

homogenisation, a low-speed spin (1,300g for 5 min) to

remove unbroken cells and nuclei was performed. The

supernatant was carefully placed in fresh tubes, topped off

with isolation buffer and spun down again at 13,000g for

10 min. The supernatant was discarded and the resultant

mitochondrial pellets were suspended in 500 ll of isolation

buffer with 1 mM EGTA (215 mM mannitol, 75 mM

sucrose, 0.1 % BSA, 20 mM HEPES (Na?), pH 7.2) and

0.1 % digitonin (in DMSO) was added to the pellets to

disrupt the synaptosomes. After 5 min, samples were

brought to a final volume of 2 ml using isolation buffer

containing 1 mM EGTA and centrifuged at 13,000g for

15 min. Next the pellets were resuspended in isolation

buffer without EGTA (75 mM sucrose, 215 mM mannitol,

0.1 % BSA and 20 mM HEPES with the pH adjusted to 7.2

using KOH) and was centrifuged at 10,000g for 10 min.

The final mitochondrial pellet was suspended in isolation

buffer without EGTA to yield a final protein concentration

of approximately 10 mg/ml and immediately stored on ice.

To normalise the results, the protein concentrations were

determined with all the samples on the same micro well

plate using a BCA protein assay kit. For all mitochondrial

analyses, the brain areas of interest from 3 mice of the

same genotype were combined to form a single homoge-

nate that was then assayed in triplicate. We performed the

experiment twice (n = 2) with 6 quercetin treated APPswe/

PS1dE9 mice, six control APPswe/PS1dE9 mice and 6

nontransgenic mice.
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Membrane Potential Measurements on Isolated

Mitochondria

A 200 lM stock solution of JC-1 (5,5,6,6-tetrachloro-

1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide) was

made using DMSO as the solvent. The assay buffer con-

tained mitochondrial isolation buffer with the addition of

5 mM pyruvate and 5 mM malate. 150 ll of assay buffer

and 20 ll (1.2 mg/ml final concentration) of mitochondria

were added to the wells of a 96 well black, clear bottom

microplate (Corning) followed by the addition of 1 lM JC-

1 and mixed gently. The microplate was covered with

aluminium foil and left at room temperature for 20 min

before reading. Fluorescence (excitation 530/25 nm,

emission 590/35 nm) was then measured.

Reactive Oxygen Species Production from Isolated

Mitochondria

Mitochondrial ROS production was measured following

incubation of isolated mitochondria with 25 lM 2,7-

dichlorodihydrofluorescein diacetate for 20 min and then

the DCF fluorescence (excitation filter 485/20 nm, emis-

sion filter 528/20 nm) was read as previously described

[34]. In short, 100 lg (0.8 mg/ml final concentration) of

isolated mitochondria were added to 120 ll of Kcl-based

respiration buffer with 5 mM pyruvate and 2.5 mM malate

added as respiratory substrates and 25 lM 2,7-dichlor-

odihydrofluorescein diacetate. Mitochondrial ROS pro-

duction in the presence of oligomycin (to increase ROS

production) or FCCP (to decrease ROS production) were

performed to ensure measurement values were within the

range of the indicator.

ATP Level Determination in Isolated Mitochondria

ATP was determined luminometrically using ATP biolu-

minescence assay kit (Sigma, St. Louis, MO, USA)

according to the provided protocol. Mitochondrial samples

were assayed for ATP content using the ATP dependence

of the light emitting luciferase-catalyzed oxidation of

luciferin. ATP concentration was calculated according to a

standard curve and related to protein content assessed using

the method of Lowry et al. (1951).

Western Blot Analysis

Equal amounts of soluble protein were separated by SDS-

PAGE and transferred onto a nitrocellulose membrane

(Immobilon NC; Millipore, Molsheim, France). Immuno-

blotting was carried out with antibodies specific for

p-AMP-activated protein kinase (AMPK) 172 (1:1,000),

AMPK (1:1,000, Cell Signalling Technology). Primary

antibodies were visualised with anti-rabbit HRP conjugated

secondary antibodies (Santa Cruz Biotechnology, Inc.)

using a chemiluminescent detection system (Western

blotting Luminal Reagent; Santa Cruz Biotechnology,

Inc.). Variations in sample loading were corrected by

normalising to GAPDH levels.

Statistical Analysis

All data were expressed as the mean ± SEM. For the

Morris water maze tests, escape latency in the hidden

platform trial were analysed with two-way ANOVA of

repeated measures, while one-way ANOVA was conducted

on the data obtained from the probe trial. The recognition

index in the novel object recognition test was analysed by

one-way ANOVA, followed by LSD (equal variances

assumed) or Dennett’s (equal variances not assumed) for a

post hoc test between groups. Histological assays and

mitochondrial data were analysed by one-way ANOVA,

followed by LSD. All analyses were performed with SPSS

statistical package (version 13.0 for Windows, SPSS Inc.,

USA). Differences were considered significant at a p value

\0.05.

Fig. 1 Effect of quercetin on the recognition memory in APPswe/

PS1dE9 transgenic mice detected by a novel object recognition test.

Non-transgenic littermates (WT) were given a standard diet and were

used as controls for experiments involving APPswe/PS1dE9 mice.

APPswe/PS1dE9 mice were given a standard diet and were used as a

vehicle control (APPswe/PS1dE9). Other groups of APPswe/PS1dE9

mice were treated with quercetin at a dose of 20 mg kg-1 day-1

(Quercetin20) or 40 mg kg-1 day-1 (Quercetin 40) for 16 weeks.

Some APPswe/PS1dE9 mice were treated with Aricept at a dosage of

2 mg kg-1 day-1 in the same manner as those treated with quercetin

and these mice were used as positive controls (Aricept). The

recognition index in the test section a and training section b were

measured. Values are presented as mean ± SEM. The analysis was

performed using one-way ANOVA with a LSD post hoc test between

groups. (n = 12, **p \ 0.01 compared with APPswe/PS1dE9 mice)
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Results

Behavioural Test

Quercetin Ameliorates Recognition Memory of APPswe/

PS1dE9 Mice in Novel Object Recognition

To evaluate cognitive function, a novel object recognition test

was carried out in WT, controls APPswe/PS1dE9 mice and

treated APPswe/PS1dE9 mice after 16 weeks of drug

administration. In the test section, there was a significant

overall group difference in the recognition index [F (4,

55) = 8.80, p \ 0.01] among the five groups. Compared with

WT mice, the recognition index (p \ 0.01) was significantly

reduced in APPswe/PS1dE9 mice. Mice treated with

40 mg kg-1 quercetin markedly increased the recognition

index by 56.4 % (Fig. 1a). The 20 mg kg-1 quercetin group

showed increase of the recognition index. However, this

increase was not statistically significant. In addition, there was

no significant difference in the recognition index (Fig. 1b) in

training session between the five groups of mice (p [ 0.05).

Quercetin Improves the Learning and Memory

of APPswe/PS1dE9 Mice in the Morris Water Maze

To assess spatial reference learning and memory function,

all mice underwent testing in the Morris water maze after

16 weeks of drug administration. Spatial learning was

assessed in the hidden platform task in all mice. As shown

in Fig. 2a, there was a significant overall group difference

in escape latency among the five groups [group effect: F (4,

55) = 11.38, p \ 0.01; training day effect: F (4,

220) = 104.92, p \ 0.01; group 9 training day interac-

tion: F (16, 220) = 0.58, p [ 0.05]. The latency to finding

the submerged platform decreased every day, but the

escape latency in APPswe/PS1dE9 mice was significantly

longer than that of the WT group (p \ 0.01). Quercetin-

treated APPswe/PS1dE9 mice showed decreased escape

latency compared with APPswe/PS1dE9 control mice,

especially in the 40 mg kg-1 quercetin group (p \ 0.01).

The 20 mg kg-1 quercetin group showed a shortening of

the escape latency. However, this decrease was not statis-

tically significant (Fig. 2a).

Fig. 2 Effect of quercetin on

learning and memory in

APPswe/PS1dE9 transgenic

mice using the Morris water

maze. Escape latency during

5 days of hidden platform tests

a, the number of crossing the

platform b, swimming speed

c and path length d in the probe

test were tabulated. All data are

presented as mean ± SEM.

(n = 12, **p \ 0.01 compared

with APPswe/PS1dE9 mice)
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In the probe test, the frequency of crossing the platform was

measured for 60 s on the 6th day after the last acquisition test.

As shown in Fig. 2b, there was a significant overall group

difference in the frequency of crossing the platform among the

five groups [F (4, 55) = 8.10, p \ 0.01]. The frequency was

decreased by 61.93 % in APPswe/PS1dE9 mice compared

with WT mice (p \ 0.01). Compared with APPswe/PS1dE9

mice, the number of platform crossings significantly was

increased by 1.41-fold in the Aricept-treated group (p \ 0.01)

and by 1.53-fold in the 40 mg kg-1 quercetin groups

(p \ 0.01) (Fig. 2b). In addition, there was no significant

difference in swimming speed (Fig. 2c) and path length

(Fig. 2d) in the probe test between the five groups of mice

(p [ 0.05).

Sex has been reported to modulate AD susceptibility or

the course of the disease. However, Gender effects on the

frequencies of Alzheimer’s disease increase with aging

[35]. In this present study, for seven-month-old mice, there

was no significant difference in the frequency of crossing

the platform in the probe test between male mice and

female mice among the five groups (p [ 0.05).

Quercetin Treatment Reduces Plaque Pathology

in APPswe/PS1dE9 Mice

Quercetin has been suggested to reduce Ab-induced

neurotoxicity by changing the properties of the bilayer

structure [36] and regulating APP processing in vitro. To

investigate whether quercetin has an effect on amyloid

plaque formation in vivo, mice treated or not treated

with quercetin were sacrificed, and their hippocampi of

mice were stained with Thioavine-S, which specifically

binds amyloid plaques. Compared with APPswe/PS1dE9

transgenic mice, quercetin-treated APPswe/PS1dE9 mice

exhibited 38.5, 43.8 % fewer Thioavine-S positive com-

pact plaques (p \ 0.05), 37.4 and 41.5 % less plaque

area (p \ 0.05) in hippocampus and cortex. By contrast,

Aricept treatment did not inhibit plaque formation

(Fig. 3).

Quercetin Alleviates Mitochondrial Dysfunction

in an AD Model

Decreased MMP, impaired ATP syntheses and enhanced

ROS production are usually a direct consequence of

mitochondrial dysfunction and might contribute addition-

ally to mitochondrial damage that accumulates with age.

The APPswe/PS1dE9 mice have obvious mitochondrial

defects, exhibiting a 75 % decrease in MMP (p \ 0.01), a

55.6 % decrease in ATP contents (p \ 0.01) and a 2.21-

fold increase in ROS production (p \ 0.01) of hippocam-

pal mitochondria when compared with WT control mice.

Compared with control APPswe/PS1dE9 mice, treatment

with quercetin (40 mg kg-1 day-1) can significantly

Fig. 3 Quercetin treatment

reduced plaque pathology in

APPswe/PS1dE9 mice. Brain

tissue from WT, APPswe/

PS1dE9 mice, Quercetin

40-treated mice and Aricept-

treated mice were utilised in

standard pathological

procedures, and sections were

stained with Thioflavin-S to

visualise the deposition of Ab.

a Representative brain sections

showing that quercetin

decreased Thioflavin-S

immunoreactivity (scale bars,

1 cm). b Graphs showing

plaque count and the percentage

of area occupied by plaques in

the cortex and hippocampus. All

data are presented as mean ±

SEM. (n = 6, *p \ 0.05

compared with APPswe/

PS1dE9 mice)
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attenuate mitochondrial damage as exhibited by in

increasing MMP, ATP levels and decreasing ROS pro-

duction by 2.0-fold, 87.5 and 65,6 %, respectively, in

hippocampal mitochondria of APPswe/PS1dE9 mice. In

mitochondria from the cortex, quercetin administration

restored MMP, ATP levels and ROS production by

70–80 %. Quercetin similarly restored ATP levels by

72 %, but the MMP and ROS production in this brain

region were slightly less affected, only being restored by

50–60 %. Aricept did not rescue the mitochondrial defects

of APPswe/PS1dE9 mice.

Quercetin Increases AMPK Activity in an AD Model

The AMPK is a proline-directed ser/thr kinase that asso-

ciates with Ab and mitochondrial function in AD. As

phosphorylated AMPK Thr172 (pAMPK172) is a marker

of AMPK activation; total AMPK and pAMPK172 were

measured by Western blot to evaluate the activation of

AMPK. Quercetin treatment increased the pAMPK172

level by 53.1 % compared with control APPswe/PS1dE9

mice. In contrast, Aricept treatment did not obviously

affect the activity of AMPK (Fig. 7a, b).

Discussion

In the present study, we found quercetin ameliorated cog-

nitive deficits, as indicated by enhancing learning and

memory (i.e., increasing recognition index by 56.4 % in

the novel object recognition test and inducing a 1.53-fold

increase in the crossing-target number in the probe test) in

this animal model of AD. The results demonstrated that

quercetin reduced senile plaques, ameliorated mitochon-

drial dysfunction as indicated by restoring MMP, ROS

production and ATP levels by 50–85 % in mitochondria

isolated from the hippocampus, cortex and striatum, and

increased the activity of AMPK in the APPswe/PS1dE9

transgenic mouse model of AD.

Mitochondria have been proposed to act as central

organelles in the regulation of aging and age related neu-

rodegeneration because they control cellular energy status,

ROS production, and apoptosis, all of which are important

in determining lifespan [37]. Mitochondria constitute the

major source of superoxide and other ROS within most

tissues, generating approximately 85–90 % of total cellular

superoxide [38]. Mitochondrial electron transport in aged

tissues is less efficient, which impairs ATP synthesis and

results in increased oxidant production [39]. The steady-

state levels of oxidatively damaged molecules are depen-

dent both on net ROS formation and clearance of damaged

molecules [40]. Antioxidant defences also decline with age

[41], making mitochondria even more vulnerable to

oxidative injury. The resultant mitochondrial decay may

eventually cause inadequate energy production and/or the

loss of mitochondrial and cellular calcium homeostasis.

Such changes could result in cellular apoptosis and also

lead to the loss of cognitive function accompanying brain

aging [42]. Previous studies demonstrated that Ab can

induce the impairment of oxidative phosphorylation [43–

45], increase the ROS production [46], disturb membranes

properties and alteration of mitochondrial dynamics [47].

Consequently, this triggered mitochondrial dysfunction and

contributed to the development and progression of AD [46,

48–50]. Consistent with this, our experiments also dem-

onstrated (in APPswe/PS1dE9 transgenic mice) impaired

mitochondrial function (as indicated by a decrease in

MMP, ATP levels and an increase in ROS production) and

cognitive deficits. Increasing evidence indicates that

mitochondrial dysfunction and increased oxidative stress

occur as early events in cognitive aging and AD patho-

genesis prior to the appearance of amyloid deposition.

Mitochondrial fragmentation and reduced neurite out-

growth caused by Ab can both be suppressed by mito-

chondrial targeted antioxidants, such as MitoQ and the cell-

permeable SS31 peptide [51]. Therefore, agents that

attenuate mitochondrial dysfunction, and provide neuro-

protective benefits represent a promising strategy for AD

treatment.

AMP-activated protein kinase, a key cellular regulator of

energy metabolism [52], has been implicated in the regula-

tion of mitochondrial function. Damaged mitochondria are

the major sources of ROS in cells and are related to neuro-

degenerative diseases, such as AD. Activated AMPK can

maintain intracellular redox status and decrease intracellular

ROS by inhibiting NADPH oxidases activity [53] or by

increasing the expression of antioxidant enzymes such as

superoxide dismutase-2 [54] and uncoupling protein-2 [55,

56]. Moreover, a line of agents has been shown to inhibit

radical induced stress through AMPK activation as well as

induction of antioxidant enzymes [57, 58]. Activation of

AMPK, or overexpression of constitutively activated

AMPK, can enhance mitochondrial biogenesis and improve

mitochondrial function in cell lines [59–61] and animal

models [62, 63]. Conversely, the inhibition of AMPK leads

to an increase in ROS production, a decrease in mitochon-

drial biogenesis and thus worsens mitochondrial dysfunction

[64, 65]. Our results indicate that quercetin can significantly

ameliorate mitochondrial dysfunction that is observed in

APPswe/PS1dE9 transgenic mice to that which is observed

in WT mice (Figs. 4, 5, 6). Quercetin also increased the

activity of AMPK in vivo (Fig. 7). We speculate that quer-

cetin ameliorates mitochondrial dysfunction and increases

oxidative defense mechanisms by activating of AMPK. The

reduction of mitochondrial dysfunction is an effective way of

preventing cognitive deficits and attenuating neuronal
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atrophy [66, 67] that is observed in AD. The positive effect of

quercetin on cognition might function by attenuating mito-

chondrial dysfunction through the activation of AMPK.

Our results also indicate that quercetin prevented the

formation of senile plaques by 26.4 % and reduced plaque

area by 32.9 % in the hippocampus compared with the

control APPswe/PS1dE9 mice (Fig. 4). The inhibition of

AMPK promotes Ab generation [68]. Conversely, the

activation of AMPK can decrease Ab deposition through

regulating APP processing, APP distribution and promot-

ing the clearance of intracellular Ab in both animal models

[69, 70] and cell lines [71–73], and attenuate Ab-induced

neurotoxicity [74]. Furthermore, quercetin can penetrate

and rigidify the membrane bilayer and reduces the inter-

action of the membrane with the Ab (25–35) peptide

in vitro (Tedeschi et al. 2010). Quercetin ability to prevent

the formation of senile plaques may be caused by an

activation of AMPK or/and a rigidification of the cellular

membrane of neurons. However, this hypothesis needs to

be investigated further.

In conclusion, quercetin (40 mg kg-1) is a bioflavonoid

found to reduce scattered senile plaques, alleviate

Fig. 4 Analysis of isolated hippocampal mitochondrial function from APPswe/PS1dE9 mice treated with quercetin. MMP a, ROS Production b,

and ATP levels c were examined. All data are presented as mean ± SEM (n = 6, **p \ 0.01 compared with APPswe/PS1dE9 mice)

Fig. 5 Analysis of isolated cortex mitochondrial function from APPswe/PS1dE9 mice treated with quercetin. MMP a, ROS production b, and

ATP levels (c) were examined. All data are presented as mean ± SEM. (n = 6, **p \ 0.01 compared with APPswe/PS1dE9 mice)

Fig. 6 Analysis of isolated striatum mitochondrial function from APPswe/PS1dE9 mice treated with quercetin. MMP a, ROS production b, and

ATP levels c were examined. All data are presented as mean ± SEM (n = 6, *p \ 0.05, **p \ 0.01 compared with APPswe/PS1dE9 mice)
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Ab-induced mitochondrial dysfunction, and improve cog-

nitive impairment in APPswe/PS1dE9 transgenic mice.

The regulation of AMPK activity may be the primary

mechanism by which quercetin affects AD phenotypes.

Quercetin shows therapeutic promise in an AD transgenic

mouse model, and it may have potential as an AD thera-

peutic agent.
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