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Quercetin protects neuronal cells from oxidative stress and
cognitive degradation induced by amyloid p-peptide treatment
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Abstract. The present study aimed to investigate the effect of
quercetin on cytotoxicity and cognitive degradation induced by
amyloid B(AP)-peptide in mice. Using the 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) method and a Y-maze assay, the radical
quenching ability and effect on working memory were deter-
mined, respectively, of quercetin treatment following 4 days
of AP administration. The acute oral toxicity was assessed
used to determine the concentration of quercetin at which
50% lethality of the neuronal cells was induced. For deter-
mination of the effect of quercetin on degradation of learning
and memory loss induced by Ap, a passive avoidance test was
used. The results revealed that quercetin was involved in the
inhibition of DPPH radical activity and was found to reduce
radical activity by 76.5%. Quercetin significantly protected
PC12 neuronal cells from death induced by AP treatment.
Treatment of mice with daily doses of 100 mg/kg body weight
quercetin for 30 days significantly improved the degradation of
learning and memory loss induced by AP. The acute oral dose
of quercetin in mice was determined to be 575 mg/kg body
weight. Therefore, quercetin was found to be of therapeutic
value for the treatment of neurological disorders, including
AD, although further investigations are required.

Introduction

Alzheimer's disease (AD) represents the most common cause
of dementia in the aged population, and is characterized by
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the degradation of memory and cognitive function (1). AD
is characterized by the aggregation of extracellular senile
plaques, which are comprised of amyloid B(AP) precursor
protein and intracellular neurofibrillary tangles (2,3). The
mechanism underlying the pathology of AD remains to be
fully elucidated, however, it has been suggested that the
mitochondrial pathway may be involved in the induction of
cell apoptosis (1-3). Studies have shown that increased oxygen
consumption, excess concentrations of polyunsaturated fatty
acids and reduced quantities of antioxidants in the brain render
it sensitive to oxidative stress (4,5). AP generates free radicals
or causes neuronal death during oxidative stress (6,7). The brain
tissues of patients with AD have shown higher concentrations
of nitric oxide species and oxidized proteins (8.,9). In addi-
tion, the peroxidation of membrane lipids has been reported
in the brain tissues of patients with AD (10,11). Therefore,
the screening of natural antioxidant products may lead to the
identification of potential molecules for the treatment of AD.
Quercetin (3,3',4',5,7-pentahydroxyflavone; Fig. 1), a
member of the flavonoid family is a well-known antioxi-
dant (12). Due to their structural features, flavonoids possess
the promising ability to transfer electrons to free radicals,
induce antioxidant enzyme activation and suppress oxida-
tive stress (13). The presence of a catechol group and an
-OH group in quercetin imparts improved ability to act
as an antioxidant agent. The presence of these structural
features in quercetin enables it to act as a hydrogen donor for
quenching free radicals (14). Quercetin has been shown to
possess a wide range of biological activities, which include
antioxidant, antifibrotic and antiinflammatory activities.
Previous in vitro studies have demonstrated that quercetin
exhibits the ability to quench oxygen free radicals, suppress
the peroxidation of membrane lipids and alter the redox status
of glutathione (15,16). Quercetin-induced improvements in the
inflammatory processes have been found to be associated with
the generation of inducible nitric oxide synthase and tumor
necrosis factor-a (17). In addition, quercetin suppresses the
proliferation of keloid fibroblasts, generation of collagen and
reduction in keloid through the inhibition of transforming
growth factor-f/small mothers against decapentaplegic
signaling pathway (18). The present study investigated the role
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of quercetin in protecting against neuronal cell death, and in
the inhibition of A peptide-induced degradation of cognition
and memory loss. The results revealed that quercetin treatment
prevented neuronal cell death, and inhibited the degradation
of cognition and memory loss induced by Ap. Therefore,
quercetin is of therapeutic importance for the treatment of
neurodegenerative diseases, including AD.

Materials and methods

Chemicals and materials. Quercetin, AB1-42 and fetal
bovine serum (FBS) were obtained from Sigma-Aldrich
(Merck Millipore, Darmstadt, Germany). The 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
purchased from Bachem (Bubendorf, Switzerland). Dimethyl
sulfoxide and other common chemicals were obtained from
Sigma-Aldrich (Merck Millipore).

Cell culture. The PC12 rat pheochromocytoma cell line
was purchased from the Japanese Collection of Research
Bioresources (Shinjuku, Japan). The cells were cultured in
minimum essential medium (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) supplemented with 10% FBS and
1% penicillin/streptomycin. The cell cultures were maintained
in a CO, incubator at 37°C with a controlled humidified atmo-
sphere of 95% air and 5% CO,.

1,1-diphenyl-2-picrylhydrazyl (DPPH). The DPPHe radical
scavenging activity assay is widely used to evaluate the anti-
oxidant activity of compounds. The ability of a compound
to interact with the stable DPPH free radical indicates its
capacity to quench free radicals. Quercetin treatment exhibits
antiradical activity by inhibiting DPPH radicals. For investi-
gating the radical scavenging activities, 10 mM quercetin in
methyl alcohol was further diluted using methyl alcohol to
obtain 5, 10, 20, 50 and 100 M solutions. To each of the solu-
tions of quercetin, 0.25 mM DPPH (Santa Cruz Biotechnology,
Inc.) was added, followed by incubation for 45 min at room
temperature. The optical density of each of the solutions was
then measured using a spectrophotometer at 519 nm. The
control used was pure ethyl alcohol and its absorbance was
denoted as A0, whereas the absorbance of the sample solution
was denoted asAq. The scavenging activity of quercetin was
calculated using the following equation: Scavenging activity
(%) = [(Ao-Aq)/Ao] x 100.

Cell viability assay. The effects on cell viability and the neuro-
protective effect exhibited by quercetin were determined using
an MTT assay. For this purpose, cells at a density of 2x10*cells
per well were distributed onto 96-well plates and cultured over-
night. The media were then removed and the cells were exposed
to either saline as a control, selegiline (10 xM) as a positive
control or different quercetin (10-100 M) and incubated for
48 h at 37°C. Following incubation, MTT solution was added to
each of the wells and the plates were incubated for 2 h at 37°C.
Dimethyl sulfoxide was added to the wells for dissolution of
the formazan crystals, which had formed. A microplate reader
(Model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA)
was used to measure the absorbance at 540 nm. For each of the
analyses, three replicate wells were used.
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Figure 1. Chemical structure of quercetin.

Animals. Male ICR mice (n=25; 6-8 weeks old; weight,
18-20 g) were purchased from the Experimental Animal
Center of Sichuan University (Chengdu, China). The mice
were acclimatized to the laboratory environment 1 week prior
to commencement of the experiments, and were housed in a
room with a 12 h light and dark cycle at a temperature of 25°C.
The animals had access to standard food and water ad libitum.
All animal experimental procedures were performed following
approval from the Laboratory Animal Care Committee of
Sichuan Province (Sichuan, China).

Treatment strategy. The animals were randomly assigned into
five groups, each containing five animals: i) control, ii) Ap
treatment, iii) quercetin 50 mg/kg body weight followed by
AP treatment, iv) quercetin 100 mg/kg body weight followed
by A treatment; v) selegiline 3 mg/kg body weight followed
by AP treatment. Quercetin was dissolved in tap water and
administered orally every day for one month, at doses of 50 or
100 mg/kg/body weight. AB1-42 (20 mg/kg/body weight) was
administered to mice through injection following quercetin
pretreatment.

Y-maze test. For determination of the role of quercetin on
spatial working memory following 4 days of Af} injections,
a Y-maze test was performed. The instrument consisted of a
maze, which was 35 cm in length, 16 cm in height and 12 cm in
width. The instrument has arms, which are projected symmet-
rically. The mice were placed in one of the arms and allowed
to enter the other arms for 10 min. During this period, the
number of arms mice entered was calculated, from which the
percentage alternation was calculated as follows: Alternation
(%) = [(number of alternations)/(total arm entries-2)] x 100.

Passive avoidance test. The determination of the role of quer-
cetin on learning and memory following 6 days of Af} injection
was performed using a passive avoidance test. The instru-
ment consists of a double compartment step-through passive
avoidance apparatus (Model PACS-30; Columbus Instruments
International, Columbus, OH, USA). Internally, the instrument
had two similar chambers (24x16x16 cm). One of the chambers
contained a bulb for lighting, whereas the second chamber was
covered with black film. The mice from the lit chamber were
allowed to enter the dark chamber by the raising of a door,
where they received a 1 sec foot shock during the training
period. Training consisted of two 5-day sessions, with 4 trials
per session. The intersession gap was 2 h and inter-trial gap was
30 sec. Following the completion of training, the latency period
taken to enter the dark chamber for each mouse was recorded.
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Figure 2. Quercetin treatment has no significant effect on the viability of PC12 cells. PC12 cells were exposed to different concentrations of quercetin for 24 h
and cell viability was examined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The data is presented as the mean percentage of

viable cells.

Determination of acute oral toxicity. To determine the acute
oral toxicity induced by quercetin treatment in the mice,
a lethality assay was used. Briefly, the mice were divided
into five groups of five mice. The mice in the control group
received normal saline and carboxymethyl cellulose (CMC).
The mice in the treatment groups were administered with
saline, CMC and quercetin in DMSO at concentrations of 50,
80 and 100 mg/kg body weight. The animals were examined
following the administration of the doses for 100 h. For calcu-
lation of the acute toxic dose (mg/kg body weight), resulting
in death of 50%of the mice (LDs,) was determined using the
Sigma plot version 12 program (Sigma-Aldrich).

Statistical analysis. All data are presented as the mean + stan-
dard error of the mean. Student's t-test was used for
statistical comparisons. All statistical tests were calculated
using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA).
P<0.05 was considered to indicate a statistically significant
differences.

Results

Effect of quercetin treatment onPCI2 cell toxicity. The
primary factor examined in determining the anti-oxidant
nature of a compound is its scavenging activity for oxygen
radicals (19). The results revealed that quercetin was poten-
tially involved in the inhibition of DPPH radical activity. It
reduced the radical activity of DPPH by 76.5%. To investigate
the effect of quercetin on the viability of PC12 cells, an MTT
assay was used. The results showed that treatment of the PC12
cells with different concentrations of quercetin for 24 h induce
no toxicity (Fig. 2).

Protective effect of quercetin against Af-induced cell
cytotoxicity in PCI2 cells. For investigating the effect of
quercetin on the reduced viability of PC12 cells induced by
ApPtreatment, an MTT assay was used. The PC12 cells were
exposed to a range of quercetin concentrations (10-100 xM)

prior to incubation with Af. The results revealed that pretreat-
ment of the PC12 cells with quercetin inhibited the decrease in
cell viability induced by A (Fig. 3). The rates of cell viability
in the cells exposed to quercetin prior to AP treatment and
in the APB-only treated cells were 97 and 28%, respectively,
compared with 98% in the control cells (Fig. 3). Pretreatment
of the cells with quercetin exhibited a concentration-dependent
effect on the inhibition of cell viability. The inhibition of the
ApB-induced reduction in PC12 cell viability by quercetin was
significant (P<0.002) at a concentration of 100 xM after 24 h.
These findings indicated that quercetin exhibited a protective
effect against AP-induced cytotoxicity in the PC12 cells.

Quercetin inhibits Af3-induced memory degeneration in mice.
Examination of the AB1-42-injected group of mice showed a
marked decrease in behavioral alternations, compared with
the untreated group (P<0.05; Fig. 4A). By contrast, treatment
of the mice with quercetin prior to Ap1-42-injection prevented
the behavioral alternations induced by AB1-42. Treatment of
the mice with 50 and 100 mg/kg body weight of quercetin led
to spatial working memory of 14.4 and 19.5%, respectively.

The learning ability of the mice was examined by measuring
response latency, which revealed that treatment of the mice with
AP1-42 led to the degradation of learning ability, compared
with the untreated rats. Compared with the control group with a
latency of 199.3 sec, the latency in the AP1-42-treated group was
85.0 sec. However, treatment of the mice with quercetin signifi-
cantly inhibited ApB-induced memory degeneration, compared
with the control (Fig. 4B). The inhibition of AB-induced memory
degeneration by quercetin was significantly higher, compared
with that by selegiline, which was used as the positive control.
In terms of the selegiline-treated group of mice, the latency
was 155 sec (P<0.05). Therefore, quercetin treatment exhibited
a potential inhibitory effect on the degeneration of learning
memory in mice.

LDs, of quercetin in mice. The mice were administered with
a single dose of quercetin followed by examination of their
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Table I. Quercetin-induced effects in mice following oral administration.

Quercetin (mg/kg) Total mice (n) Deaths (n) Latency (h) Symptoms
0 5 0 -
100 5 0 -
400 5 1 >28 Reduced walking speed; hair loss
800 5 4 >30 Reduced walking speed; hair loss; unconsciousness.
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Figure 3. Quercetin provides protection against the cell damaging effects induced by Ap1 treatment. A3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay was used to examine cell viability following quercetin treatment. Selegiline was used as a positive control. "P<0.002 vs. AP treatment group.

AP, amyloid f.

A 120

9

‘_: 100 I ek

S 1

z 8 x

3 I

L

5 R

S

= 40

m©

=4

g 2

<

0 : —_ —_— —

AB - + + + +
Quercetin 0 0 50 100 O (mg/kg)
Selegiline 0 0 0 0 3 (mg/ka)

B 250
T
. 2091 1 # I
W0
= I
g 150
3
£ 100
2
L1+
-
50 {
G i -
AB - + + + +
Quercetin 0 0 50 100 O (mglkg)
Selegiline 0 0 0 0 3 (mag/kg)

Figure 4. Quercetin prevents behavior alternations in mice induced by Af treatment. (A) To examine alternations in behavior, a Y-maze test was used. (B) To
assess the degradation of memory, step-through latency was determined in a passive avoidance task. "P<0.002 and “P<0.005 vs. control group. A, amyloid f.

alterations in behavior and number of deaths over a period of
100 h. The results showed a concentration-dependent enhance-
ment in behavioral alterations and the number of deaths.
The administration of 100 mg/kg of quercetin resulted in a
mortality rate of 72% within the 100 h treatment period, with
altered behavior observed in the remaining mice (Table I). The
behavioral alterations induced by quercetin treatment included
reduced walking speed, hair loss and unconsciousness. The

LDy, value of orally administered quercetin was estimated to
be 575 mg/kg body weight in the mice.

Discussion
The present study aimed to investigate the effect of quer-

cetin on protection against neuronal cell death, AB-induced
oxidative stress and memory degradation. To investigate the



MOLECULAR MEDICINE REPORTS 16: 1573-1577, 2017

anti-oxidant nature of a compound, a scavenging activity
assay against oxygen species is used (19). In neurological
disorders, including AD, the dysfunction of neurons and
their death has been found to be associated with oxidative
stress (20,21). Previous in vitro studies have demonstrated
that quercetin has a promising ability at quenching oxygen
free radicals, suppressing the peroxidation of membrane
lipids and altering the redox status of glutathione (15,16).
The results of the present study revealed that quercetin had
a potential role in the inhibition of DPPH radical activity,
and reduced radical activity by 76.5%. Treatment of the
PC12 cells with different concentrations of quercetin for 24 h
induced no toxic effects.

It has been reported that the presence of AP peptide is
responsible for the production of reactive oxygen species,
which in turn induces the peroxidation of membrane lipids
and cell apoptosis (22,23). There are reports that antioxidants
prevent neurons from apoptosis, and can inhibit the degrada-
tion of cognition and prevent memory loss induced by the AP
peptide (24). Extracted brain tissue specimens from patients
with AD have also shown the presence of peroxidized lipids,
modified proteins and oxidized DNA in cells (25). The results
of the present study demonstrated that quercetin treatment
prevented the neuronal cells from Af-induced cytotox-
icity. Quercetin treatment also protected the cells from
Ap-induced degradation of learning and loss of memory. It
appeared that the protective effect of quercetin was the result
of its ability to inhibit oxidative stress by quenching reactive
oxygen species.

For any biologically active molecule, the determination of
acute oral toxicity is an important parameter. The results of
the present study revealed that quercetin had a significantly
lower toxicity, compared with selegiline. In conclusion, quer-
cetin treatment prevented neuronal cells from Ap-induced
oxidative stress, and prevented the degradation of learning and
loss of memory induced by Af. Therefore, quercetin may be a
potential candidate for the prevention of AD.
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