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Abstract

Alzheimer’s disease (AD) is the most common senile dementia in the world. Although important
progress has been made in understanding the pathogenesis of AD, current therapeutic approaches
provide only modest symptomatic relief. In this study, we evaluated the neuroprotective effect of
quercetin (25 mg/kg) administration via i.p. injection every 48 hours for 3 months on aged (21-24
months old) triple transgenic AD model (3xTg-AD) mice. Our data show that quercetin decreases
extracellular B-amyloidosis, tauopathy, astrogliosis and microgliosis in the hippocampus and the
amygdala. These results were supported by a significant reduction in the paired helical filament
(PHF), B-amyloid (BA) 1-40 and BA 1-42 levels and a decrease in BACE1-mediated cleavage of
APP (into CTFp). Additionally, quercetin induced improved performance on learning and spatial
memory tasks and greater risk assessment behavior based on the elevated plus maze test.
Together, these findings suggest that quercetin reverses histological hallmarks of AD and protects
cognitive and emotional function in aged 3xTg-AD mice.
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1. Introduction

The worldwide prevalence of dementia is estimated to be as high as 36 million and is
predicted to reach 66 million by 2030 and 115 million by 2050, with approximately two-
thirds of those patients living in developing countries (Prince et al., 2011). Alzheimer’s
disease (AD) is the most common cause of dementia in elderly patients and is characterized
by a progressive decline in cognitive function, which typically begins with deterioration of
memory (Reitz et al., 2011). AD is characterized by the accumulation of extracellular -
amyloid (BA) plaques, the progressive appearance of intracellular tau pathology, the loss of
synaptic connections from specific brain regions, and extensive oxidative stress. The
deleterious activities of oxidized metabolites and free radicals include protein oxidation,
lipid peroxidation, DNA oxidation and, ultimately, neuronal death (Duyckaerts et al., 2009;
Igbal and Grundke-Igbal, 2008; Ittner and Gotz, 2011; Querfurth and LaFerla, 2010).

Although important progress has been made in understanding the pathogenesis of AD,
current therapeutic approaches provide only modest relief of cognitive symptoms, including
disturbances in memory and perception (Bassil and Grossberg, 2009; Neugroschl and Sano,
2009). Few medications have been approved by the US FDA for the treatment of AD; these
drugs ameliorate symptoms but do not alter the course of disease progression and have even
shown some undesired effects (Bassil and Grossberg, 2009; Mimica and Presecki, 2009;
Soreq and Seidman, 2001). In this scenario, the use of natural substances for the treatment of
neurodegenerative diseases such as AD is increasing (Mancuso et al., 2012; Russo et al.,
2012).

Dietary flavonoids exhibit neuroprotective properties that involve several effects on the
brain, including the protection of neurons against injury and promotion of memory, learning
and cognitive function (Devi and Ohno, 2012; Spencer, 2009). Therefore, in principle,
flavonoids could serve as a key class of molecules for the development of therapeutics for
AD.

Quercetin (3,5,7,3’,4’-pentahydroxyflavone), a flavonoid generally found in fruits and
vegetables, such as onions and apples, and red wine, has potential nutraceutical and
pharmaceutical uses (Priprem et al., 2008). These potential uses may be due to its high
oxygen radical scavenging activity or its ability to inhibit xanthine oxidase and lipid
peroxidation in vitro (Fiorani et al., 2010). Furthermore, quercetin reliably exerts
neuroprotective effects against agent-induced toxicity (Kanter et al., 2013) and increases the
resistance of neurons to oxidative stress and excitotoxicity by modulating the mechanisms of
cell death (Choi et al., 2014; Liu et al., 2013a). Other studies of quercetin have shown that it
produces an anti-inflammatory effect (Garcia-Mediavilla et al., 2007) by inhibiting INOS
(Martinez-Florez et al., 2005) and regulating the expression of COX-2 (Banerjee et al.,
2002; de Pascual-Teresa et al., 2004), as well as an anti-proliferative effect on some types of
cancer (Park et al., 2005; Russo et al., 2014), via mechanisms that activate cell senescence,
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apoptosis (Russo et al., 2012) and autophagy (Psahoulia et al., 2007). Furthermore, its ability
to penetrate the blood brain barrier (Fiorani et al., 2010; Youdim et al., 2004) and its
protective effect against ischemia (Yao et al., 2012) and atherosclerosis (Lara-Guzman et al.,
2012) have been reported.

In addition to neuroprotection, quercetin has been suggested to exert other beneficial effects
on the central nervous system (CNS), such as anti-anxiety and cognitive enhancement, by
stimulating or inhibiting enzyme activities/signal transduction pathways (Williams et al.,
2004). However, whether quercetin reverses the primary histopathological hallmarks and the
emotional and cognitive impairment of AD has yet to be determined. Therefore, we aimed to
examine the neuroprotective effect of quercetin on a triple-transgenic AD model (3xTg-AD)
mice.

2. Materials and Methods

2.1. Animals

Homozygous 3xTg-AD and non-transgenic (Non Tg) mice (Oddo et al., 2003b) from the in-
house colony at the University of Antioquia maintained at the SIU (Sede de Investigacion
Universitaria) specific pathogen-free vivarium in Medellin, Colombia, were used at 18-21
months old to obtain homogeneus penetrance of tauopathy. The mice were maintained on a
12:12 hour dark:light cycle and received food and water ad libitum. The animals were
handled according to Colombian standards (law 84/1989 and resolution 8430/1993) and
guidelines. Special care was taken to minimize animal suffering and to reduce the number of
animals used.

2.2. Administration of drugs

Quercetin (Cayman Chemical, Cat: 10005169) was dissolved in phosphate-buffered saline
(PBS) containing 0.1% dimethyl sulfoxide (DMSQ). The 3xTg-AD mice received
intraperitoneal injections of 25 mg/kg quercetin or 0.1% DMSO (vehicle) every 48 hours for
3 consecutive months beginning at 18-21 months of age and sacrificed at 21-24 months old
(Figure 1). The dose of quercetin (25 mg/kg) and the interval between the final drug
treatment and the assays were selected based on previous in vivo studies (Cao et al., 2010;
Carvalho et al., 2010; Patil et al., 2003). We carefully monitored the general health of the
mice throughout the course of quercetin treatment and did not observe any adverse effects.

2.3. Histology

At 24 hours after the final behavioral test, the animals were anesthetized intraperitoneally
using a mixture of ketamine (50 mg/kg) and xylazine (20 mg/kg) and were perfused with
normal saline and 4% paraformaldehyde (in 0.1 M PBS, pH 7.4). The brains were carefully
removed and post-fixed with 4% paraformaldehyde at 4°C for 48 hours, followed by
cryopreservation using 30% sucrose and storage at —20°C. The brains were sectioned (50
um) using a Leica VT1000S vibrating blade microtome (Leica Microsystems, Germany).
Antero-posterior serial sections from each animal were evaluated via Nissl (toluidine blue)
staining.
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2.4. Immunohistochemistry

The sections were initially treated with methanol (50% v/v) and hydrogen peroxide (30%
v/v) in 0.1 M PBS (pH 7.4) for 20 minutes to inhibit endogenous peroxidase activity. Then,
three washes with 0.1 M PBS were performed, and the nonspecific binding sites were
blocked for 1 hour using preincubation solution, consisting of 0.1 M PBS containing BSA
(1%) and Triton X-100 (0.3% v/v). Next, the sections were incubated overnight at 4°C in a
primary antibody that was diluted in incubation solution (0.3% BSA and Triton X-100
(0.3% v/v) in 0.1 M PBS). The anti-NeuN (mouse monoclonal, MAB377, Millipore, 1:500),
anti-pA (monoclonal 1-16 (6E10), #S1G-39320, Covance, 1:500), anti-phospho-PHF-tau
(pSer202/Thr205 (AT8), #MN1020, Thermo Scientific, 1:500), anti-glial fibrillary acidic
protein (GFAP) (monoclonal, #G 3893, Sigma, 1:500), and anti-ionized calcium-binding
adaptor molecule 1 (Ibal) (rabbit, #019-19741, Wako, 1:500) antibodies were used. The
next day, the sections were washed three times (in 0.1 M PBS for 5 minutes each) and then
incubated with the secondary antibody (1:250 dilution, biotin-conjugated goat anti-rabbit
IgG (H+L), #31822, or biotin-conjugated goat anti-mouse 1gG (H+L), #31800, Pierce,
depending on the host species from which the primary antibody was prepared) for one hour
at room temperature.

After three washes with 0.1 M PBS, the tissues were incubated in avidin biotin complex
(1:250 reagents A and B, ABC Standard Peroxidase Staining Kit, #32020, Pierce) for 1
hour. Once the complex was removed, three additional washes were performed, and
diaminobenzidine (DAB) was used to develop the reaction. Subsequently, the sections were
dehydrated using alcohol series cleared with xylene and sealed using Consult-mount.
Quantification of immunoreactivity in the areas examined was determined using a 10x or
40x objective and was analyzed using Fiji ImageJ 1.45 software (NIH, USA). The tissues
incubated in the absence of primary antibody did not display immunoreactivity. The regions
including the CA1 and subiculum (hippocampus), the entorhinal cortex (EC) and the
amygdala were evaluated at Bregma —1.76 mm (Paxinos and Franklin, 2004).

2.5. Morris water maze test

At 48 hours after the final treatment, the animals were evaluated via the Morris water maze
(MWM) test. A white plastic tank 1 min diameter and 30 cm in height was filled with water
(22 £ 2°C) to a depth of 20 cm. The platform (7 cm diameter) was 1.5 cm below the surface
of the water during spatial learning and 1.5 cm above the surface of the water during the
visible session. Extramaze visual cues around the room remained in a fixed position
throughout the experiment. Ten sessions or trials were performed, two complete sessions per
day, during five days (Figure 1). Each session consisted of four successive subtrials (30 s
inter-trial interval), and each subtrial began with the mouse placed pseudo-randomly in one
of four starting locations. The animals had been trained to stay on the platform for 30 s prior
to the initial trial. The latency to reach the platform was evaluated using a visible platform to
control for any difference in visual-motor abilities or motivation between the experimental
groups. If a mouse did not locate the platform after a maximum of 60 s, it was gently guided
to the platform. Then, the animals were then provided with 48 h of retention time, followed
by a probe trial of spatial reference memory, in which the animals were placed in the tank
without the platform for 60 s (Figure 1). The latency to reach the exact former platform
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location and the number of crossings of the platform target quadrant were recorded during
the probe trial. An automated system (Viewpoint, Lyon, France) recorded the behavior of
the animals.

2.6. Elevated plus maze

To evaluate anxiolytic activity at 24 hours after the visible test in the Morris water maze, the
animals were exposed to the elevated plus maze (EPM) according to previously published
data (Lister, 1987; Vissiennon et al., 2012). The EPM was composed of white Plexiglas and
was illuminated at approximately 3040 lux. The apparatus consisted of two open arms (30
x 5 x 0.25 cm) and two closed arms (30 x 5 x 15 cm) extending from a common central
platform (5 x 5 cm), and the entire apparatus was elevated on a single central support to a
height of 60 cm above the floor. Each mouse was placed in the middle section facing an
open arm and was allowed to explore the maze for a single 5 min session, during which the
experimenter was out of view. After each trial, the floor was wiped clean with 10% alcohol.

The following parameters were recorded: frequency of open and closed arm entries (arm
entry was defined as all four paws in the arm), total arm entries, and the amount of time
spent by the animals in the open and closed sections of the maze. These data were used to
calculate the % open or closed arm entries (e.g., open entries/total entries x 100) and the %
time spent in the open or closed arms (e.g., open time/300 x 100). The following
measurements were added to these standard parameters: rearing frequency and duration (all
rearing occurred against the walls of the enclosed arms), the frequency of discrete behaviors,
such as head dipping or deeping (exploratory movement of the head/shoulders over the side
of the maze), stretched attentive postures (stretching, an exploratory posture in which the
mouse stretches forward and retracts to the original position without locomoting forward),
closed arm returns (exiting a closed arm with only the forepaws and returning/doubling back
to the same arm), and the duration of grooming (a species-typical sequence beginning with
the snout, progressing to the ears and ending by grooming the entire body). Each experiment
was videotaped using a high-resolution video camera. These data were collected using X-
Plo-Rat 2005 software (Taverna-Chaim, 2008).

2.7. Western blot

After behavioral testing, the animals were sacrificed via decapitation, and the hippocampus
and the amygdala were dissected, immediately frozen in liquid nitrogen and stored at -80°C
until analysis. The tissues were dissected and homogenized in lysis buffer containing 20 mM
Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% NP40, 1 nM
orthovanadate, 5 mM NaF, 1 mM phenylmethylsulfonyl fluoride and protease inhibitor
cocktail (1:1000) (Sigma-Aldrich) (Cardona-Gomez et al., 2004). Then, 10-12% sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was performed using a
Mini-Protean system (Bio-Rad, Hercules, CA) and wide range molecular weight standards
(Bio-Rad). Each lane was loaded with 50 mg of protein in buffer containing 0.375 M Tris
(pH 6.8), 50% glycerol, 10% SDS, 0.5 M DTT and 0.002% bromophenol blue. The samples
were heated at 95°C for 5 minutes before loading on the gel. After electrophoresis, the
proteins were transferred to nitrocellulose membranes (Amersham) using an electrophoretic
transfer system (Mini Trans-Blot Electrophoretic Transfer Cell, Bio-Rad, USA) at 300 mA
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for 2 hours. The membranes were washed with Tris-buffered saline (pH 7.4) (20 mM Tris-
HCI (pH 7.5) and 500 mM NaCl) containing 0.05% Tween-20 (TTBS) and were blocked
with 5% skim milk for 1 hour. TTBS was used for all subsequent washes and incubations.
The membranes were incubated overnight in the following primary antibodies: monoclonal
anti-PHF-1, which recognizes Tau pSer-396/404 and was donated by P. Davies (Feinstein
Institute for Medical Research, Manhasset, NY), anti-phospho-PHF-tau (pSer202/Thr205
(AT8), #MN1020, Thermo Scientific, 1:500), and anti-tau 5 (mouse monoclonal, #MAB361,
Chemicon International, 1:1000). Tubulin (mouse monoclonal anti-BI11 tubulin antibody,
#GT712A, Promega, 1:10,000) or actin (mouse monoclonal anti actin AC-40, #A3853,
Sigma, 1:1000) was used as a loading control. To detect the C-terminal fragments, we used
10-20% gradient gels (Mini-PROTEAN Cat#:456-3114) and the anti-amyloid precursor
protein C-terminal antibody (rabbit polyclonal, #A8717, Sigma, 1:1000). IRDye 800CW
goat anti-mouse or anti-rabbit (LI-COR; 1:10,000) was used as the secondary antibody. The
membranes were developed using the Odyssey Infrared Imaging System (LI-COR, USA).

2.8. ELISA for BA

The brain levels of soluble BA 1-40 and 1-42 were determined via ELISA according to the
manufacturer’s protocol. Then, the levels of soluble BA were measured via sandwich ELISA
using Colorimetric BetaMark BA x-40 (SIG-38954- Covance Laboratories) and x-42 ELISA
Kits (SIG-38956, Covance Laboratories).

2.9. Statistics

3. Results

At least 3 mice were used for each histological study; 4—6 mice were used for each
biochemical study; and 10-16 mice were used for each behavioral assay. The parametric
data were evaluated via analysis of variance (ANOVA) to compare 4 groups followed
Tukey’s test for post hoc multiple comparison between-group analyses. The nonparametric
data were evaluated using the Kruskal-Wallis test. The escape latency during the training
and transfer test was determined via two-way ANOVA followed by a Dunnett’s post hoc
test for multiple comparisons. The statistical analysis was performed using GraphPad Prism
software (version 6.0), and the results were considered to be significant when p<0.05. The
values are expressed as the means + SEM.

3.1. Quercetin protects the neuronal population in the subiculum of 3xTg-AD mice

After sacrificing the animals, the brains were removed and processed for Nissl staining to
identify the changes in the cytoarchitecture and cellular morphology in 3xTg-AD animals
treated with vehicle or quercetin. The subiculum displayed a loss of cell density in the
vehicle-treated 3xTg-AD mice, and quercetin treatment increased the cell density in the
subiculum to a level similar to that in Non Tg mice treated with vehicle or quercetin (Fig.
2A-B). No changes in cell density were detected in the other structures evaluated (data not
shown). These findings were supported by a significant neuronal loss of NeuN
immunoreactivity in the subiculum of 3xTg-AD mice treated with vehicle, which was
prevented by quercetin treatment (Fig. 2A-C). NeuN immunoreactivity in the subiculum of
the quercetin-treated 3xTg-AD mice was similar to that in the Non Tg mice. The CAl area,
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the EC and the amygdala did not display any alteration in NeuN immunoreactivity (Fig. 2D-
F).

3.2. Quercetin treatment reverses p-amyloidosis in 3xTg-AD mice

The 3xTg-AD mice displayed strong BA immunoreactivity, a neuropathological
manifestation of AD, compared with the Non-Tg mice (21-24 months old). When we
evaluated the effect of quercetin treatment on BA immunoreactivity, a significant reduction
in the amount of extracellular BA deposition was detected in all of the examined cerebral
regions of the brain compared to vehicle treatment, confirming the robustness of this result
(Fig. 3A-E). Neither the vehicle- nor quercetin-treated Non Tg animals displayed A
immunoreactivity (Fig. 3A-E).

These findings were clearly supported by a significant decrease in the levels of C-terminal
APP fragments (B) in the quercetin-treated 3xTg-AD mice, which were significantly lower
than those in the vehicle-treated 3xTg-AD mice (Fig. 3F-H). In addition, we detected a
remarkable reduction in the BA 1-40 and BA 1-42 levels in the hippocampus of the
quercetin-treated 3xTg-AD mice compared to the vehicle-treated 3xTg-AD mice (Fig. 31-J).

3.3. Quercetin decreases tauopathy in 3xTg-AD mice

The 3xTg-AD mice treated with vehicle displayed abundant AT-8 immunoreactivity,
whereas the 3xTg-AD mice treated with quercetin displayed a significant decrease in these
neurofibrillary tangles in the CA1 area, the subiculum and the amygdala but not in the EC.
These findings are similar to the results of Non Tg mice treated with quercetin or vehicle
(Fig. 4A-E). These findings were confirmed by the significant reduction in the protein levels
of PHF-1 (Fig. 4F) and AT-8 (Fig. 4G) in hippocampal and amygdalar lysates from
quercetin-treated 3xTg-AD mice compared with those from vehicle-treated mice (Fig. 41).
The total Tau level, which was detected using the anti-tau 5 antibody, was not altered by any
treatment (Fig. 4H).

3.4. Quercetin reduces astrogliosis and microgliosis in 3xTg-AD mice

Astrocyte activation is indicated by the appearance of a hypertrophic soma and processes
and is often accompanied by an increase in the expression of GFAP, a major intermediate
filament protein specific to astrocytes (Furman et al., 2012). Consistent with previous results
in an AD mouse model (Meraz-Rios et al., 2013), our data showed a significant increase in
GFAP immunoreactivity in the 3xTg-AD mice compared to the Non Tg mice (Fig. 5A-E).
However, quercetin treatment significantly reduced GFAP immunoreactivity in the CAl
hippocampal area, the EC and the amygdala compared to vehicle treatment. We did not
obtain modifications in subiculum. And Quercetin treatment did not affect the Non Tg
animals (Fig. 5A-E).

In addition, microglial activation is associated with the distribution of PA plaques and
neurofibrillary tangles, which has been correlated to neurodegeneration, dementia
progression and AD severity (Mrak, 2012; Thangavel et al., 2012). Microglial activation is a
hallmark in AD models and is decreased in neuropathological reversion (Furman et al.,
2012; Lee et al., 2013). In our study, we found that the quercetin-treated 3xTg-AD mice
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displayed microglial immunoreactivity that was significantly decreased in the CAl area, in
the subiculum and in the amygdala compared to the vehicle-treated 3xTg-AD mice and that
was similar to that in the Non Tg mice (Fig. 6A-E). However, we did not find changes in the
EC.

3.5. Quercetin improves the spatial learning and memory task performance of 3xTg-AD

mice

We found that quercetin administration for 3 months in 21-24 month-old 3xTg-AD mice
significantly reduced their latency to locate the platform on the MWM, and improvement in
the spatial learning tasks occurred after 8-10 trials. 3xTg-AD mice exhibit synaptic
dysfunction and long-term potentiation (LTP) deficits (Oddo et al., 2003b; Parachikova et
al., 2010). In addition, Parachikova et al. found that the 3xTg-AD mice exhibit a higher
latency to locate the platform in the “MWM?” test (Parachikova et al., 2010). Confirming
these findings, the 3xTg-AD animals exhibited a longer latency to locate the platform than
the quercetin- or vehicle-treated Non Tg mice. However, treatment of the 3xTg-AD mice
with quercetin clearly decreased their latency on the final trial on the learning test to a level
similar to that of treatment of Non Tg mice with quercetin or vehicle (Fig. 7A).
Furthermore, the Non Tg mice and the 3xTg-AD mice treated with quercetin exhibited a
higher retention performance at 48 hours after the final trial on the learning test than the
3xTg-AD mice treated with vehicle (Fig. 7B). This was confirmed by an increase in the
number of crossings of the quadrant corresponding to the initial platform location by
quercetin-treated 3xTg-AD mice, in which the vehicle-treated 3xTg-AD mice exhibited
fewer crossings than the Non Tg mice (Fig. 7C). In addition, the time and distance to reach
the platform were lower in the vehicle-treated 3xTg-AD mice than in the quercetin-treated
3xTg-AD and in the Non Tg mice (Fig. 7D-E). These findings are supported by
representative images of the routes of travel during the retention test (Fig. 7F), which
demonstrated that the animals treated with quercetin remained closer to the hidden platform
and the surrounding area than the animals treated with vehicle. The visible test did not
reveal any visual, motor or motivational deficit in any experimental group (Fig. 7G).

3.6. Quercetin exerts an anxiolytic effect on 3xTg AD mice

We evaluated the effect of quercetin on the animals using the EPM test. We found that the
Non Tg mice treated with quercetin or vehicle rarely visited the open arm, very similar to
the 3xTg-AD mice treated with vehicle, and the 3xTg-AD mice treated with quercetin spent
more time in the open arm (Fig. 8A). In addition, we detected an interesting tendency
toward increased time spent in the open arms by the Non Tg and 3xTg-AD mice treated with
quercetin (Fig. 8B). Additionally, treatment of the 3xTg-AD mice with quercetin resulted in
a higher frequency and significantly greater time spent performing head-dipping than
treatment of the 3xTg-AD mice with vehicle and were similar to the levels detected for
treatment of Non Tg mice with either vehicle or quercetin (Fig. 8C-D). This head-dipping
behavior was inversely proportional to the time spent rearing, which predominantly occurred
in the closed arms. Therefore, the time spent rearing was significantly lower in the
quercetin-treated 3xTg-AD mice than in the other mice (Fig. 8E—F). In addition, we
evaluated the number of defecation boli at the end of the task, which may indicate an
anxious state (Walsh and Cummins, 1976). We found that the number of defecation boli
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from the vehicle-treated 3xTg-AD mice tended to be increased, which is consistent with
previous studies of this model (Gimenez-Llort et al., 2007). However, quercetin treatment
decreased the number of boli from the Non Tg mice and tended to reduce the number of boli
from the 3xTg-AD mice (Fig. 8G).

4. Discussion

Our study is the first to provide a complete evaluation of the neuroprotective properties of
quercetin as a therapeutic compound that ameliorates brain deficits in a triple transgenic AD
mouse model. Quercetin treatment correlated to reversed brain levels of f-amyloidosis and
tauopathy and ameliorated astroglial and microglial reactivity in the CA1 area, the
subiculum, the EC and the amygdala. In addition, treatment of aged 3xTg-AD mice with
quercetin induced an improvement in cognitive and emotional behavioral performance
compared to treatment of these mice with vehicle.

We found that treatment with quercetin for three months decreased 3-amyloidosis in aged
3xTg-AD mice. Our data are supported by previous in vitro studies in which primary
hippocampal cultures were pretreated with quercetin, which significantly attenuated the PA
1-42-mediated cytotoxicity and reduced protein oxidation, lipid peroxidation and apoptosis
(Ansari et al., 2009). Although, some studies did not present effect of quercetin on Beta-
amyloid neurotoxicity in vitro (Bate et al., 2004). And also, its effect was not robustly able
to prevent neuronal toxicity at 100 and 200 mg/kg per day (Kaariainen et al., 2008) or it is
not considered protective on neurodegenation (Ossola et al 2009). Other recent studies
suggest that quercetin-3-O-glucoronide, a brain-targeted polyphenol metabolite in Cabernet
Sauvignon that acts as a potent inhibitor of BA aggregation, reduced the A peptide levels in
primary neuron cultures generated from Tg2576 AD model mice (APP Kms7o/671NL -SWe)
and alleviated the deficits in basal synaptic transmission in the hippocampus and in LTP (Ho
et al., 2013). In addition, after the inclusion of Cabernet Sauvignon in the diet of Tg2576
mice, there was an improvement in performance on the Barnes maze task, possibly due to
the promotion of non-amyloidogenic processing of APP (Wang et al., 2006).

Quercetin-3-O-glucoronide may exert a neuroprotective effect in the brain; however, studies
must be developed to determine the bioavailability of quercetin metabolites. Although it is
known that glucuronide and/or sulfate conjugates with or without O-methylation exclusively
circulate in the human bloodstream following intake of a quercetin-containing diet, it has
been shown that quercetin-3-O-glucoronide in the bloodstream it translocates to the CNS
under conditions of oxidative stress and that quercetin-3-O-glucoronide is more effective
than the aglycone form of the molecule (Terao et al., 2011). This activity is related to the
“paradox of flavonoids”, including quercetin, in which although their protective effects on
various diseases have been demonstrated, these substances are not found in plasma after oral
administration. These results suggest that hydrophilic bioactive agents as well as detoxified
metabolites of quercetin are produced by the enzyme B-glucuronidase (Perez-Vizcaino et al.,
2012). Thus, glucuronidation appears to play a crucial role in the bioavailability and the
biological effects of the quercetin aglycone (Boonpawa et al., 2014).

Neuropharmacology. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maria et al.

Page 10

Another important marker of AD is tauopathy, which begins in the hippocampus of the
3xTg-AD mice. In particular, tauopathy is detected in the pyramidal neurons of the CA1
area at 15 months old (Oddo et al., 2003b), but in the current colony this pathological
hallmark is clearly accentuated in all homozygous mice at 18 months of age (Castro-Alvarez
et al., 2014; Piedrahita et al., 2010) leading to degenerative symptoms, including significant
deficits in performance on hippocampal-dependent cognitive tasks, such as spatial learning
and memory, followed by the progression of tauopathy to other areas (Oddo et al., 2003b;
Yamin, 2009). In the present study, we showed that quercetin administration to aged 3xTg-
AD mice correlated with reversion of PHF levels based on the decrease in the
phosphorylation of AT-8 tau in the CA1 area, the subiculum and the amygdala and
decreased PHF-1 and AT-8 protein levels in the hippocampal and amygdala lysates. These
data are consistent with the findings described using other flavonoids, such as myricetin and
epicatechin, which inhibit tau fibril formation and disrupt the formation of PHFs and
neurofibrillary tangles (George et al., 2013; Ksiezak-Reding et al., 2012). Although there are
no reports of the mechanism of action of quercetin regarding tauopathy, it has been found
that epigallocatechin-3-gallate (EGCG), a potent antioxidant structurally related to
quercetin, induced a reduction in potentially toxic sarkosyl-soluble phospho-tau isoforms
(Rezai-Zadeh et al., 2008). Additionally, EGCG-inducible phosphorylation sites on GSK-3
have been demonstrated in vitro (Miyai et al., 2010). This mechanism has been recognized
to underlie the Morin-flavonoid-induced reduction of tau hyperphosphorylation (Gong et al.,
2011). Futhermore, we have reported that the silencing of CDKS5 is effective on the
reduction of neurofibrillary tangles in those 3xTg-AD mice (Piedrahita et al., 2010). In
studies using quercetin and species rich in flavonoids, such as Rhus parviflora has been
demonstrated the inhibition of CDK5 invitro and in silico (Shrestha et al., 2013; Zapata-
Torres et al., 2004). Also, Yao et al., reported neuroprotection by quercetin in cerebral
ischemia mediated by Akt (Yao et al., 2012), and quercetin restored ERK/CREB/BDNF
signaling pathway in AB,5_35-induced amnesic mice (Liu et al., 2013b). In the context of
AD with transgenic mice (APP-PS1) treated with EGCG for 4 weeks improved the memory
skills and this could be explained by increase of pSer 9 GSK-3p, pSer 473 Akt and decrease
of p-JNK (Jia et al., 2013). Despite those results, we did not obtain significant changes in the
analyzed kinases (CDK5, GSK3, MAPK), which are close related to tauopathy, or we did
not find any significant modification in some members of survival pathways (pAkt, p38,
pStat3) and plasticity ()CREB) at least in the used experimental design, 11 days after last
doses of quercetin (supplementary figure 1). Maybe because there was a modulation in the
signal cascades, without lost the accumulated effect on the reversion of histopathological
hallmarks, and/or maybe suggesting an additional alternative mechanism, such as regulation
of oxidative stress and anti-inflammatory process, which must be evaluated in the future.

Additionally, we did not detect immunoreactivity in the EC of the 3xTg-AD mice, which
was in accord with the absence or very minor immunoreactivity of phospho-h Tau (Thr231)
and PHF in 26-month-old mice (Mastrangelo and Bowers, 2008). Whose absence of staining
could be supported by studies that show a higher correlation between microglial activation
and tauopathy (Morales et al., 2013, Yoshiyama et al., 2007). However, these results differ
from those of other reports of the EC using different transgenic models and in humans, in
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which neurofibrillary tangles were described to begin to appear during the early stages of
AD (de Calignon et al., 2012; Khan et al., 2014; Velayudhan et al., 2013).

In contrast, it has been found that the proliferation of astrocytes and microglia accompanies
BA deposition in the brain of AD model mice (Furman et al., 2012; Oddo et al., 2003a) and
in AD human brains (Venneti et al., 2009). Interestingly, we detected a significant decrease
in GFAP immunolabeling in the CA1 area, the EC and the amygdala but no change in GFAP
immunolabeling in the subiculum. Epidemiological studies suggest that the long-term use of
non-steroidal anti-inflammatory drugs (NSAIDS) is associated with reduced AD risk (Lim et
al., 2001). Additionally, quercetin displays anti-inflammatory activity due to its inhibition of
iNOS, COX-2 and IL-1 (de Pascual-Teresa et al., 2004; Garcia-Mediavilla et al., 2007;
Martinez-Florez et al., 2005; Sharma et al., 2007), and it exerts a potent anti-inflammatory
effect on atherosclerotic disease in a dose dependent-mode (Kleemann et al., 2011).
Furthermore, quercetin increases the GSH levels in astrocytes and neurons, contributing to a
decrease in oxidative stress (Lavoie et al., 2009), which could be related to the reduction in
the BA and tau levels following quercetin treatment in the present study.

As previously reported by (Rodriguez et al., 2013), we found increased microglial
immunostaining in the hippocampus and the amygdala of the 3xTg-AD mice. However, we
did not detect microglial immunoreactivity in the EC, nor did we detect neurofibrillary
tangles in mice at 21-24 months of age. However, one report has shown activated microglia
in the EC of 3xTg-AD mice at 6 months of age (Janelsins et al., 2005). Interestingly,
quercetin treatment attenuated microglial activation in the hippocampus and the amygdala of
the AD model mice, and a similar result was observed in a 3-nitropropionic acid-induced
Huntington’s disease model (Chakraborty et al., 2014). A similar protective effect on
dopaminergic neurons has been demonstrated using other flavonoids, such as baicalein and
genistein (Li et al., 2005; Wang et al., 2005).

In the present study, administration of quercetin (25 mg/kg) every 48 hours for three months
significantly ameliorated impairments in learning and memory performance in aged 3xTg-
AD mice without affecting the Non Tg mice, suggesting that quercetin may represent an
effective therapy for cognitive function in AD animal models. One recent study describes
that APPswe/PS1De9 mice treated with quercetin 40 mg/kg for 16 weeks showed decreased
escape latency compared with that APPswe/PS1De9 control mice (Wang et al., 2014). In
addition, quercetin has been used at doses of up to 300 mg/kg via oral liposomes and has
been shown to decrease the latency to reach the platform on the MWM test (Priprem et al.,
2008). Moreover, quercetin acts as a neuroprotective agent to reduce white matter damage in
chronic cerebral ischemia models, improving memory and learning abilities (Huang et al.,
2012; Yao et al., 2010), and protects cognitive functions in an BA 25-35 i.c.v. amyloidosis
model based on improved performance on a memory test (Liu et al., 2013b). Our data and
those of other studies suggest quercetin as a therapeutic agent to reverse the
histopathological hallmarks of and memory deficits in neurodegenerative diseases.

The amygdala is a component of the limbic system and is involved in emotion and a variety
of cognitive functions, such as attention, perception, emotional memory, declarative
memory and explicit memory, due to its extensive connections to many brain areas, such as
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the sensory cortices, the hippocampus, and the prefrontal cortex (LeDoux, 2007; Yao et al.,
2013). Our results showed a reduction in f-amyloidosis, PHFs and NFTs in the amygdala.
Therefore, we evaluated the performance of these mice on the EPM. Interestingly, the
quercetin-treated 3xTg-AD mice exhibited increased frequency of entry into the open arms
of the EPM compared to the Non Tg mice treated with quercetin or vehicle. Additionally,
the quercetin-treated 3xTg-AD mice spent more time in head-dipping, less time and rearing
and showed a tendency to fewer boli depositions than the Non Tg mice and the vehicle-
treated 3xTg-AD mice, considering that these findings were obtained nine days after the last
doses of quercetin administration (Figure 1). These results suggest a that the quercetin-
treated 3xTg-AD mice exhibited reduced anxiety or a “risk assessment” behavior when they
visit the open arms of the maze (Walf and Frye, 2007) compared to the vehicle-treated
3xTg-AD mice, which may exhibit a higher level of anxiety than control mice (Gimenez-
Llort et al., 2007; Sterniczuk et al., 2010). In fact, the flavonol quercetin exerts
antidepressant and/or anxiolytic effects based on several studies of oral administration of
quercetin to both rats (Abdalla et al., 2014; Merzoug et al., 2014; Priprem et al., 2008) and
C57BL/6 mice (Vissiennon et al., 2012). Furthermore, quercetin has been demonstrated to
act as a monoamine oxidase inhibitor (Chimenti et al., 2006). Additionally, other flavonoids
have been shown to affect GABA receptor-favoring mechanisms, thereby contributing to
their anxiolytic effect (Anderson et al., 2012; Karim et al., 2011; Kumar et al., 2014).
However, the risk assessment and anxiolytic effect of quercetin on 3xTg-AD mice has not
yet to be reported.

5. Conclusions

To conclude, our data suggest that quercetin reverses the histopathological hallmarks of AD
and ameliorates cognitive and emotional impairments in 3xTg-AD mice without exerting
adverse effects on Non Tg mice. Determining the pharmacokinetics and the signaling
mechanism underlying the protective effect of quercetin and developing preventive studies
using this and other neurodegenerative models will enable future translational research using
this promising natural compound.
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Figure 1. Scheme of experimental design
Quercetin (25 mg/Kg) and vehicle (DMSO 0.1 %) were i.p. administered at 18 — 21 months

old no Tg and 3xTgAD mice during 3 months, every 48 hours. Learning (five days, ten
trials) and memory tasks were evaluated by “Morris” water maze test at 21-24 months of
age. After, elevated plus maze were realized (during two days). Later, mice were sacrificed
for histological and biochemical analyses.
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Figure 2. Quercetin protects the neuronal population in the subiculum of 3xTg-AD mice
(A) Representative images of Nissl staining in the subiculum and NeuN

immunohistochemistry in the evaluated areas of vehicle- and quercetin-treated Non Tg and
3xTg-AD mice at 21-24 months of age. Magnification: 10x; scale bar: 50 um. The values in
the bar graph are expressed in densitometric relative units (RU), and the statistical
significance of Nissl staining in the subiculum (B) and NeuN immunoreactivity
guantification in the subiculum (C), the CA1l area (D), the EC, (E), and the amygdala (F).
Veh: vehicle (DMSO); Qc: quercetin; S: subiculum of the hippocampus; EC: entorhinal
cortex; Amyg: amygdala. The data are expressed as the means + SEM. n=4-5. *p: <0.05;
**p: <0.01, ***p: <0.001.
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Figure 3. Quercetin ameliorates B-amyloidosis in the evaluated brain areas
(A) Representative images of BA (anti-BA 6E10) immunoreactivity in the CAl area, the

subiculum, the EC and the amygdala of vehicle- and quercetin-treated Non Tg and 3xTg-AD
mice at 21-24 months of age. Magnification: 10x; scale bar: 50 pm. (B) The values in the
bar graph are expressed in densitometric relative units (RU) of BA immunoreactivity in the
CALl area, (C) the subiculum, (D) the EC and (E) the amygdala. (F) Representative bands of
CTFa and CTFp using an anti-C-terminal APP antibody. Tubulin was used as a loading
control. (G) Densitometric quantification of CTFa and (H) CTFp expression (1). The
relative BA 1-40 and (J) PA 1-42 fragment levels were analyzed in the hippocampal lysates
via ELISA. Veh: vehicle (DMSO); Qc: quercetin; S: subiculum of the hippocampus; EC:
entorhinal cortex; Amyg: amygdala. The data are expressed as the means + SEM. n=4-5.

*p: <0.05; **p: <0.01; ***p: <0.001.
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Figure 4. Quercetin decreases tauopathy in AD mouse brains
(A) Representative images of AT8 (anti-tau pSer202/Thr205) immunoreactivity in the CA1

area, the subiculum, the EC and the amygdala of Non Tg and 3xTg-AD mice treated with
vehicle or quercetin. Magnification: 10x; scale bar: 50 pm. For the insets, magnification:
40x; scale bar: 120 um. (B) The values in the bar graph are expressed in densitometric
relative units (RU) of AT8 immunoreactivity in the CA1 area, (C) the subiculum, (D) the
EC and (E) the amygdala. (F) Representative bands and densitometric intensities of PHF-1,
(G) AT-8 and (H) Tau 5 protein expression in the hippocampal lysates and (1) of PHF-1 in
the amygdalar lysates. Tubulin and B-actin were used as loading controls. Veh: vehicle
(DMSO0); Qc: quercetin; S: subiculum of the hippocampus; EC: entorhinal cortex; Amyg:
amygdala. The data are expressed as the means £ SEM. n=4. *p: <0.05; **p: <0.01; ***p:
<0.001.
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Figure 5. Quercetin decreases astrogliosis in 3xTg-AD mice
(A) Representative images of GFAP immunoreactivity in the CA1 area, the subiculum, the

EC and the amygdala of Non Tg and 3xTg-AD mice treated with vehicle or quercetin.
Magnification: 10x; scale bar: 50 um. For the insets, magnification: 40x; scale bar: 10 um.
(B) The values in the bar graphs are expressed in densitometric relative units (RU) of GFAP
immunoreactivity in the CA1 area, (C) the subiculum, (D) the EC and (E) the amygdala.
Veh: vehicle (DMSO); Qc: quercetin; S: subiculum of the hippocampus; EC: entorhinal
cortex; Amyg: amygdala. The data are expressed as the means + SEM. n=3-4. **p: <0.01;
***n: <0.001.
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Figure 6. Quercetin ameliorates microgliosis in 3xTg-AD mice
(A) Representative images of GFAP immunoreactivity in the CA1 area, the subiculum, the

EC and the amygdala of Non Tg and 3xTg-AD mice treated with vehicle or quercetin.
Magnification: 10x; scale bar: 50 um. For the insets, magnification: 40x; scale bar: 10 um.
(B) The values in the bar graphs are expressed in densitometric relative units (RU) of Iba-1
immunoreactivity in the CA1 area, (C) the subiculum, (D) the EC and (E) the amygdala.
Veh: vehicle (DMSO); Qc: quercetin; S: subiculum of the hippocampus; EC: entorhinal
cortex; Amyg: amygdala. The data are expressed as the means + SEM. n=3-4. **p 0.01;
***n: <0.001.
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Figure 7. Quercetin protects spatial learning and memory function in 3xTg-AD mice
(A) Mean latency in reaching the hidden platform on the spatial learning task. (B) The

latency to reach, (C) the number of crossings of, (D) the duration in and (E) the distance to
reach the platform quadrant on the retention test. (F) Representative images of the route of
travel during the retention test. (G) No differences were detected in the visual, motor or
motivational skills of the animals during the visible test between the experimental groups.
The data are expressed as the means = SEM. n=8-16. *Difference between the 3xTg-AD-
Veh group and the other groups; TDifference between the 3xTg-AD-Veh and 3xTg-AD-Qc
groups; *#Difference between the 3xTg-AD-Veh and Non Tg-Qc groups. *, T p: <0.05;
**<p: 0.01; ***, ## p: <0.001.
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Figure 8. Quercetin increases anxiolytic activity and risk assessment in 3xTg-AD mice
(A-B) The relative frequency of open arm entries and the time spent in the open arms. (C-

D) The number of head-dipping behaviors and the time spent head-dipping. (E-F) The
number of rearing behaviors and the time spent rearing. (G). The number of defecation boli
at the end of the EPM test performed two weeks after the final dose of vehicle or quercetin
following three months of administration. The data are expressed as the means + SEM. n=7-
10. *p: <0.05.
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