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Recently, neuroinflammation is thought to be one of the important causes of many neuropsychiatric diseases. Quercetin (QUER) is a
natural flavonoid, and it is well known that QUER has antioxidative, anti-inflammatory, and neuroprotective effects. In our study,
lipopolysaccharide (LPS) was injected into the lateral ventricle of rats to induce anxiety-like behaviors and neuroinflammation, and it
was confirmed that chronic administration of QUER could improve anxiety-like symptoms. We also investigated the effects of QUER on
inflammatory markers and its major mechanisms associated with inflammation in the hippocampus. Daily administration of QUER (10,
50, and 100 mg/kg) daily for 21 days significantly improved anxiety-like behaviors in the elevated plus-maze test and open field test.
QUER administration significantly reduced inflammatory markers such as interleukin-6, interleukin-1p, cyclooxygenase-2, and nuclear
factor-kappaB levels in the brain. In addition, QUER significantly increased the brain-derived neurotrophic factor (BDNF) mRNA level
and decreased the nitric oxide synthase (iNOS) mRNA level. Therefore, our results have shown that QUER can improve anxiety-like
behaviors caused by chronic neuroinflammation. This anxiolytic effect of QUER has been shown to be due to its anti-inflammatory
effects and appropriate regulation of BDNF and iNOS expression. Thus, QUER provides the potential as a therapeutic agent to inhibit
anxiety-like symptoms in neuropsychiatric diseases, such as anxiety.

1. Introduction

Neuroinflammation is thought to be responsible for multiple
psychiatric disorders, such as anxiety, depression, schizo-
phrenia, Alzheimer’s disease, and epilepsy in the central
nervous system (CNS) [1]. The immune system is easily
infected as age progresses [2, 3]. In particular, long-lasting,
serious postinfectious sepsis can lead to depression or
anxiety in elderly patients [4]. According to various epi-
demiological studies, neuroinflammation is a major risk
factor, and the relation between systemic inflammation and
the cause of neuropsychiatric disorders has been reported
[1]. Recently, targeting neuroinflammation has been pro-
posed as a novelty therapeutic tool for the control of neu-
ropsychiatric disease [5].

It has been found that it is important to regulate various
inflammatory cytokines, such as interleukin-6 (IL-6),

interleukin-1p (IL-1f), and tumor necrosis factor-o (TNF-a)
in neuropsychiatric disease [6]. These cytokines are known
to induce behavioral deficits characterized by helplessness,
decreased exercise capacity, asthenia, sleep disturbances, and
memory and learning disabilities [7].

Experimental exposure of rodents to viral mimetics or
bacterial active ingredients, such as lipopolysaccharide
(LPS), can enhance anxiety- and depression-like behaviors
possibly through the reprogramming of the hypothalamic-
pituitary-adrenal axis [8]. In addition, neuroinflammation
caused by a single intraperitoneal injection of LPS is known
to significantly increase the levels of neuroinflammatory
factors, such as cytokines [9]. LPS injection stimulates in-
flammatory cytokine through the Toll-like receptor 4
(TLR4), which leads to the activation of many inflammatory
factors, such as IL-6, IL-18, and the nuclear factor-kappaB
(NF-xB) system [10].
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Nonsteroidal anti-inflammatory drugs (NSAIDs) are
the most extensively used medicines to treat neuro-
inflammation [11]. These NSAIDs are prescribed to pa-
tients because they control inflammation and analgesia
[12]. However, sustained use of NSAIDs can lead to gas-
trointestinal side effects as well as liver and kidney toxicity,
which limits its use [13]. These adverse effects triggered a
desire for the development of safer novelty therapies for
long-term treatment [14]. In a recent study, natural
products have been discussed as a new alternative for the
treatment of neuroinflammation and anxiety-like symp-
toms [15].

There has been considerable interest in flavonoids as
anxiolytic or antioxidant agents with pharmacological ef-
fects [16]. Quercetin (3,3',4',5,6-pentahydroxyflavone,
QUER) is a polyphenolic system commonly found in ap-
ples, strawberries, soybeans, broccoli, grapes, citrus fruits,
and tea [12]. QUER has been reported to have many
beneficial effects on the diseases, such as antiallergic, an-
tirheumatic, anti-inflammatory, and antiviral effects [17].
QUER inhibits ROS-producing enzymes and is known to
prevent neuronal damage induced by oxidative stress
[18, 19]. Also, it has been found to exert anxiolytic
properties and can improve cognitive functions in neu-
robehavioral disorders [20]. Some studies have shown that
QUER can improve the neurobehavioral and immuno-
logical deficits that manifest in adriamycin-treated rats
[21]. Also, it has been noted that QUER can easily pass
through the blood-brain barrier [19].

The researchers have led to the hypothesis that QUER
may also be effective for mitigating LPS-induced neuro-
psychiatric symptoms, including anxiety. The study in-
vestigated the anti-inflammatory effects of QUER. The
elevated plus-maze (EPM) test and the open field
test (OFT) were performed in order to assess its effects
on anxiety-like behaviors impeded by LPS-induced
chronic inflammation in rats. Furthermore, we also
studied the mechanisms of the QUER effect in neural
damage and molecular neurobiological control of neu-
ronal inflammation.

LPS-stimulated inflammatory cytokine cascades have
often been used to study the neurobiological mechanisms of
anxiety-like behaviors caused by inflammatory mediators
and to develop targeted therapies for neuroinflammation in
animal models.

2. Methods

2.1. Animals. Six-week-old, male SD rats (weighting
210-230 g, Samtako Animal Co., Seoul, Korea) were used in
this study. The vivarium room was kept on a 12 h light/dark
cycle (lights on at 9:00 and lights off at 21:00) under a relative
humidity of 50+10% and a controlled temperature of
21 +3°C. All rats were caged for 7 days to acclimatize before
beginning the experimental protocol. All animal experi-
ments followed the “Guide for the Animal Experiments”
edited by the Korean Academy of Medical Sciences and were
approved by the Institutional Animal Ethical Committee,
Kyung Hee University (KHUASP (SE)-19-050).
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2.2. Lesion Generation and Lipopolysaccharide Administration.
Quercetin, ibuprofen (IBU), and LPS (Escherichia coli;
0127:B8) were purchased from Sigma-Aldrich Company
(Sigma-Aldrich Co., St. Louis, MO, USA). The chemical
structure of QUER is shown in Figure 1. LPS was admin-
istered intracerebroventricularly (i.c.v.) into the lateral
ventricle of the rat brain as described previously [3]. In-
jection of LPS was delivered at a rate of 2uL/1 min (total
5 min).

The standard dose of LPS in rats and the long-term
treatment schedule used in the present study were based
on a previous study [3]. QUER and the IBU were ad-
ministrated intraperitoneally in a volume of 1 ml/kg for 21
days after LPS injection. QUER and IBU were dissolved in
0.9% saline before use. The entire experimental schedule of
LPS injection and behavioral examinations is shown in
Figure 2.

2.3. Elevated Plus-Maze Test. The apparatus consisted of two
open arms (50 cm x 10 cm) and two closed arms with dark
walls (50 cm x 10 cm x 50 cm). The maze was 50 cm above
the ground, and the arms were connected by a platform
(10x10 cm). Time spent in and numbers of entries into
open/closed arms were obtained as anxiolytic-like effects of
indices by an observer who was blind to treatment condi-
tions. The protocol was based on a previous study [3].

2.4. Open Field Test. In a dimly lit room, each rat was in-
dividually placed in a black-painted square wooden box
(60 x 60 x30cm) and tracked with a video tracking system
for 5 minutes. The movement of the rats was measured by
the distance (locomotor activity) of the movements observed
by the computerized video-tracking analysis program
S-MART (PanLab Co., Barcelona, Spain). The number of
grooming behaviors (exploration) in the black-painted
square wooden box was also manually scored for 5 minutes.
The protocol was based on a previous study [3].

2.5. Contextual Fear Conditioning and Extinction. Rats were
subjected to contextual fear conditioning and extinction
following LPS injection. The contextual fear conditioning
tests were performed as previously described [3]. Animals
were exposed to situational reminders. To stimulate its fear
memory, the rats were put in the same container and a tone
was activated without shock. Rats were exposed to the tone
for 5 minutes on days 7, 14, and 22 because it was previously
shown to induce a reexperiencing of the aversive incident
and to promote behavioral sensitization. The rate of freezing
is divided by total time [12].

2.6. IL-6, IL-13, TNF-a, COX-2, and NF-xB Measurement.
Twenty-three days after LPS injection, IL-6, IL-1f3, TNF-q,
cyclooxygenase-2 (COX-2), and NF-«B levels were mea-
sured in the hippocampus as based on a previous study [22].
Three rats from each group were severely anesthetized with
1.2% isoflurane and were sacrificed. The hippocampal region
was dissected from each of the rats. The levels of IL-6, IL-1p,
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FIGURE 1: Chemical structure of quercetin.
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FIGURe 2: Experimental schedule of lesion generation, quercetin administration, and behavioral tests in rats. LPS: lipopolysaccharide.
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FiGure 3: Effects of quercetin on body weight gain on the first day before lipopolysaccharide injection and on days 1, 7, 14, and 21 after
lipopolysaccharide injection. *p <0.05, **p <0.01 vs. SAL group; #p <0.05 vs. LPS group.

TNF-a, COX-2, and NF-«B were assessed through enzyme-
linked immunoassay (ELISA) according to the manufac-
turer’s method, and these kits were obtained from Abcam
(Cambridge, MA, USA).

2.7. Total RNA Isolation and Reverse Transcription-Poly-
merase Chain Reaction. The expressions of inducible brain-

derived neurotrophic factor (BDNF), TLR4, and nitric oxide
synthase (iNOS) mRNA using RT-PCR were analyzed
according to a previous study [22]. Total RNA was extracted
from the hippocampus of each rat using TRIzol reagent.
cDNA was then synthesized from 2 ug total RNA on a thermal
cycler (MJ Research, Watertown, MA, USA). PCR products
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FiGuRre 4: Effects of quercetin administration on the percentage of time spent in the open and closed arms, numbers of entries in the open
and closed arms, and anxiety index in the elevated plus-maze test after lipopolysaccharide injection. * p <0.05, ** p <0.01, *** p <0.001 vs.

SAL group; #p <0.05, ##p <0.01 vs. LPS group.

were electrophoresed on 1.2% agarose gels and visualized
under UV after GelRed (Biotium, Hayward, CA, USA)
staining. Quantification of band intensities was performed
using Image Master Total Lab (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Data were normalized against glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) expression
in the corresponding sample.

2.8. Statistical Analysis. All results are expressed as mean
+SEM. The data were analyzed with SPSS 13.0 (Chicago, IL,
USA) and were analyzed using multiple ways of analysis of
variance (ANOVA) and Tukey’s post hoc tests. Statistical sig-
nificance at p value <0.05 has been given in symbols in each

figure.

3. Results

3.1. Effects of Quercetin on Body Weight Loss in Lipopoly-
saccharide-Induced Rats. We measured the body weight of
each rat in each group on days 1, 7, 14, and 21 (Figure 3).
Normal rats gradually had an increase in body weight over
time. On the other hand, LPS-lesioned rats began to lose
body weight on day 7. On day 1, there was no difference in
the body weight of rats in all groups. However, over the
course of 7 days, the rats treated with LPS showed a sig-
nificant decrease in body weight after day 7 (p<0.05)
compared with the saline-treated (SAL) group. Also, the rats
treated with LPS showed a significant decrease in body
weight through days 14 and 21 (p <0.01) compared with
the saline-treated (SAL) group. The body weight in the
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FiGgure 5: Effects of quercetin administration on locomotion and exploratory behavior in the open field test in rats exposed to lipo-
polysaccharide. Number of crossings in the central and peripheral zones, locomotor activity, and number of grooming behaviors in the open
field test after lipopolysaccharide injection. *p <0.05, ** p <0.01 vs. SAL group; # Pp<0.05 vs. LPS group.

LPS + QUERI100 group significantly slowed down body  3.2. Effects of Quercetin on Anxiety-Like Behaviors in Lipo-
weight loss compared to the LPS group on days 14 and 21  polysaccharide-Induced Rats. Following exposure to LPS,
(p<0.05). the percentage of time (F (5, 35) =5.890, p<0.01) and
entries (F (5, 35) =4.862, p<0.05) into open arms were
reduced significantly (Figure 4). Conversely, the per-
centage of time (F (5, 35) =2.646, p = 0.55) and entries
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FIGURE 6: Effects of quercetin on freezing behavior after exposure
to lipopolysaccharide in rats. The percentages of time spent freezing
were determined on days 7, 14, and 22. * p < 0.05, ** p < 0.01 vs. SAL
group; #p< 0.05 vs. LPS group.

(F (5, 35)=1.477, p =0.227) into closed arms were ele-
vated markedly. We observed that LPS-lesioned animals
spent less time in the open arms of the EMP compared with
the SAL group (p<0.01). No significant differences in the
other parameters (closed arms) were found between groups.
However, rats in the LPS+QUERI00 group showed sig-
nificant restoration of the time spent in the open arms of the
maze compared with the LPS group (p<0.05). We also
observed that LPS-lesioned animals significantly decreased
the number of entries in the open arms of the EMP com-
pared with the SAL group (p <0.05). However, rats in the
LPS + QUER100 group showed restoration of the number of
entries in the open arms of the maze compared with the LPS
group, but it was not statistically significant. Overall, the
anxiety index is calculated by application of the number of
visits to and time spent in the open and closed arms.
Therefore, rats in the LPS+QUER100 group showed sig-
nificantly decreased anxiety index compared with the LPS
group (p <0.05).

3.3. Effects of Quercetin on Locomotion and Grooming Be-
havior in Lipopolysaccharide-Induced Rats. Following ex-
posure to LPS, crossing in the central zone was reduced
significantly (p < 0.05; Figure 5). As shown in Figure 5(b), no
significant difference in the number of crossings in the
peripheral zone could be observed (p = 0.319). However,
rats treated with 100 mg/kg of QUER showed significant
increases in the number of central zone crossings compared
with the LPS group (p <0.05). Conversely, the duration of
grooming was elevated after exposure to LPS (F (5, 35) =
18.630, p<0.05). However, rats in the LPS+QUERI100
group showed significantly decreased grooming behavior
compared with the LPS group in the open field (p < 0.05).
This study showed that LPS treatment did not affect the
distance of locomotion and evidence that QUER treatment
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also did not affect motor functions and exploration be-
haviors (Figure 5(d)). This demonstrated that the rats’ be-
havior is caused by anxiety-like symptoms and not by other
pathological factors or side effects, such as motor function.

3.4. Effects of Quercetin on Contextual Freezing Behavior in
Lipopolysaccharide-Induced Rats. Next, we examined con-
textual freezing behavior in rats after the injection of LPS.
Freezing time was significantly enhanced after injection of
LPS (p <0.05 on day 7 and p <0.01 on day 22), respectively
(Figure 6). 100 mg/kg of QUER did not reduce the increase
in freezing time on days 7 and 14, but significantly decreased
the freezing time on day 22 (p < 0.05). These results showed
that the continuous fear response to the original situation is
associated with neuroinflammation of LPS injection, but this
fear response is weakened by the QUER treatment.

3.5. Effects of Quercetin on Inflammatory Mediators of the
Hippocampus  in  Lipopolysaccharide-Induced — Rats.
Figure 7 shows the investigation of the levels of proin-
flammatory markers in the hippocampus activated by LPS-
induced neuroinflammation. The effect of QUER adminis-
tration on these markers was also investigated. The hip-
pocampal levels of proinflammatory markers, IL-6, IL-1p,
TNF-a, COX-2, and NF-«B, were compared and analyzed.

Post hoc test results revealed significantly higher IL-6
level in the hippocampus of the LPS group than in the SAL
group (p<0.05). Daily administration of 100 mg/kg of
QUER significantly attenuated the LPS-induced increase of
IL-6 in the hippocampus (p < 0.05). Similar to IL-6, post hoc
test results revealed higher IL-18 levels in the hippocampus
of the LPS group than in the SAL group (p <0.001). Daily
administration of 100 mg/kg of QUER attenuated the LPS-
induced increase in IL-1f in the hippocampus (p <0.05).
Similar to IL-6, post hoc test results revealed significantly
higher TNF-« level in the hippocampus of the LPS group
than in the SAL group (p <0.05). Daily administration of
100 mg/kg of QUER attenuated the LPS-induced increase of
TNF-a in the hippocampus, but it was not statistically
significant. Treatment with 100 mg/kg of QUER significantly
rescued the COX-2 level in the hippocampus by 54.89%,
relative to untreated controls (p <0.05). Treatment with
100 mg/kg of QUER significantly rescued NF-«B level in the
hippocampus by 58.74%, relative to untreated controls
(p<0.05).

3.6. Effects of Quercetin on Expression of iNOS, TLR4, and
BDNF mRNA of the Hippocampus in Lipopolysaccharide-
Induced Rats. We also evaluated the effect of chronic QUER
treatment on the BDNF expression in the hippocampus of
rats. Chronic treatment of rats with QUER (100 mg/kg)
inhibited the decrease of BDNF mRNA expression in the
hippocampus (p < 0.05; Figure 8).

PCR analysis found that LPS injection resulted in in-
creases in the TLR4 mRNA (172.02%) expression in the
hippocampus compared to the levels in rats in the SAL
group, but it was not statistically significant. Administration
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FiGure 7: Effects of quercetin on interleukin-6 (IL-6), interleukin-1f (IL-1f), tumor necrosis factor-a (TNF-a), cyclooxygenase-2 (COX-2),
and nuclear factor-kappaB (NF-«B) concentrations in the brains after lipopolysaccharide injection. *p <0.05, ** p <0.01, *** p <0.001 vs.

SAL group; #p< 0.05 vs. LPS group.

of 100mg/kg of QUER inhibited these LPS-induced in-
creases in the TLR4 mRNA levels in the hippocampus, but it
was not statistically significant.

PCR analysis found that LPS injection resulted in sig-
nificant increases in the iNOS mRNA (213.98%) expression
in the hippocampus compared to the levels in rats in the SAL
group (p<0.01). Administration of 100 mg/kg of QUER
significantly inhibited these LPS-induced increases in the
iNOS mRNA levels in the hippocampus (p < 0.05).

4. Discussion

The data presented here highlight the strong anxiolytic
effects of QUER in a rat model of anxiety-like symptoms

and provide evidence of the potential mechanisms un-
derlying these effects. Treatment with QUER improved
LPS-induced anxiety-like behaviors in rats. Anxiety-like
symptoms can be caused by the administration of a neu-
roinflammatory substance [14]. Injection of LPS of rats
causes anxiety-like behaviors and was the basis for the
animal model in this study [14]. LPS injection into the rats
was performed followed by continuous QUER treatment.
QUER treatment significantly increased the time spent in
the open arms in the EPM and reduced the anxiety index of
the LPS-induced rats. In addition, administration of QUER
after LPS infiltration also significantly increased the
number of central zone crossings in the OFT. QUER also
significantly inhibited the increase of IL-6 and IL-1f, which
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are neuroinflammatory cytokines, in the hippocampus. In
addition, administration of QUER significantly increased
the levels of decreased BDNF mRNA levels and reduced the
levels of increased iNOS mRNA levels in the hippocampus.
Thus, QUER has demonstrated that adequate modulation
of BDNF and iNOS can significantly alleviate LPS-induced
anxiety-like behaviors. Thus, QUER is an effective anti-
inflammatory and a potentially useful neuroprotective
agent because it significantly inhibits the production of
inflammatory cytokines. The administration of QUER
produced anxiolytic-like effects in an animal model of
anxiety. We also investigated the dose-dependent effects of
QUER. Optimal efficacy was obtained at a dose of at least
100 mg/kg, and this dose was most effective in this study as
well as in previous studies [23].

In the present study, administration of QUER after LPS
injection significantly restored reduced body weight, indi-
cating that QUER can inhibit physiological changes and
anxiety-like symptoms due to LPS-induced chronic in-
flammation [2].

Furthermore, the results of our behavioral investigation
have demonstrated the anxiolytic-like effects of QUER in an
animal model of anxiety. In the EPM test, the administration
of QUER after LPS injection significantly reduced anxiety-
like behaviors, as indicated by exploratory behaviors, in-
dicating that rats receiving QUER had more entries in the
open arms than those receiving LPS. In the EPM test, QUER
has an anxiolytic effect on LPS-related psychological
symptoms, such as anxiety, and thus, our results indicate
that QUER may inhibit anxiety-like manifestations due to
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neuroinflammation. Furthermore, QUER administration
after injection of LPS significantly increased the number of
central zone crossings in the OFT.

There was no significant individual difference in the
locomotor activity between groups in the results of the
behavioral activity of anxiety in the OFT. Thus, it has been
shown that the administration of QUER had no effect on
sensorimotor performance. However, the administration of
QUER after injection of LPS significantly increases the
number of central zone crossings in the OFT, thereby sig-
nificantly reducing anxiety-like behaviors. Administration
of QUER may be due to anxiolytic action. In this study, as in
previous studies, injection of LPS appears to that freezing
time is enhanced by impairing contextual fear conditioning
of the context. However, we have confirmed that QUER
could alleviate the fear memory and anxiety caused by the
injection of LPS. Therefore, in this study, a variety of be-
havioral tests have demonstrated that rats after injection of
LPS have shown behavioral changes, contextual fear con-
ditioning, and anxiety-like behavior. Therefore, QUER
treatment has shown that it could alleviate the anxiety-like
behavior in LPS-treated rats, which has been shown through
the reduction of freezing time in the contextual fear con-
ditioning and extinction.

Our study has shown that LPS administration signifi-
cantly increased the IL-6, IL-1B, and TNF-a expression
levels in the hippocampus. The expression of TNF-« and IL-
18 mRNAs is dynamically regulated by various immune cells
in the inflammatory response of the hippocampus [24].
However, QUER has shown the potential to improve ab-
normalities, such as anxiety-like behaviors, and neuro-
inflammation by continuously reducing the levels of IL-6
and IL-1p induced by LPS. In addition, these results also
showed that the inflammatory reactions to LPS infiltration
significantly increased COX-2 level by regulating the NF-«B
pathway in the hippocampus. Previous studies have also
shown that NF-xB, which primarily regulates the inflam-
matory reactions, is activated by infiltration of LPS [25]. In
the present study, QUER restored LPS-induced behavior
disturbances, such as anxiety by significantly inhibiting
COX-2 levels through the modulation of NF-«B.

We also analyzed the activation of the LPS receptor
TLR4 and iNOS, which are involved in the production of
proinflammatory cytokines and activation of NF-«B and
inflammatory mediators. Long-term treatment of LPS has
been shown to activate the NF-xB other inflammatory
pathways through TLR4 and increase the expression of
inflammatory cytokines in the hippocampus [26]. Our re-
sults have shown that QUER could alleviate the induction of
proinflammatory cytokines, such as IL-6 and IL-1p, and
iNOS expression by LPS via these pathways. Thus, inhibition
of iNOS activation by the administration of QUER during
chronic inflammation may suggest the possibility of pre-
venting neuropsychiatry disease [27].

We also examined the BDNF mRNA levels in the hip-
pocampus. Since BDNF is involved in the induction of
anxiety-like symptoms in the hippocampus, regulation of
BDNF signaling may be an important factor in the anxiety-
like behavior of rats induced by LPS injection [28]. In the

present study, QUER treatment significantly reversed the
reduction of BDNF mRNA expression by LPS injection,
demonstrating that the beneficial effects of QUER can treat
anxiety-like behavior by increasing BDNF mRNA
expression.

5. Conclusion

As a result, QUER administration significantly reduced
neuroinflammation through the modulation of BDNF and
iNOS, thereby improving the anxiety-like symptoms stim-
ulated by LPS injection on the behavioral tests. These
findings suggest that QUER may improve the psychologi-
cally rooted behaviors and neurochemical alterations seen in
anxiety-like symptoms. Based on these data, QUER presents
the potential as a useful alternative therapy for the treatment
of neuropsychiatric disorders, such as anxiety.
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