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Abstract: Background:Depression is becoming increasingly prevalent around the world, imposing a substantial burden on

individuals, families, as well as society. Quercetin is known to be highly effective in treating depression. However, additional

research is needed to dissect the mechanisms of its anti-depressive effects. Methods: For this study, Sprague-Dawley (SD)

rats were randomized into the control, model, quercetin, or fluoxetine group. The latter three groups were exposed to

chronic unpredictable mild stress (CUMS) for 42 d. The first two groups received saline solution daily via oral gavage.

Meanwhile, the quercetin group was orally administered a quercetin suspension (52.08 mg/kg) every day, while the

fluoxetine group was orally administered a fluoxetine solution (2.08 mg/kg). Here, fluoxetine served as the positive

control drug to compare the therapeutic effects of quercetin. The experimental period was 6 weeks. Depressive

behaviors in rats were assessed through various physiological and behavioral measures. Additionally, pathological

changes in hippocampal tissues were examined using Nissl staining. Serum cytokines were detected using an enzyme-

linked immunosorbent assay (ELISA), and immunohistochemistry was employed to quantify the levels and integral

optical density (IOD) values of ionized calcium binding adaptor molecule-1 (Iba-1) expression in the brain. Real-time

fluorescence quantitative PCR (RT-qPCR) was utilized to evaluate the mRNA levels of inflammatory indicators as well

as toll-like receptor 4 (TLR4), and nuclear factor-κappa B P65 (NF-κB P65) in hippocampus. Western blot (WB)

technique was employed to observe the protein levels of TLR4, NF-κB P65, and phospho-NF-κB P65 (p-NF-κB P65).

Results: After 42 d of exposure to CUMS, rats exhibited a slow increase in body weight, a reduction in food intake, an

abnormal preference for sugar water, and aberrant open-field behaviors. Pathological analysis revealed the

disintegration, rupture, interruption, and disorganization of hippocampal neuronal cells after CUMS exposure, along

with a decrease in Nissl bodies in the CA1 region. This was accompanied by the elevated expression of interleukin-1β

(IL-1β), tumor necrosis factor-α (TNF-α), and interleukin-6 (IL-6) in the serum and the upregulation of IL-1β, IL-6,

and TNF-α mRNA expression in the hippocampus. Increases in Iba-1-positive cells and the IOD values of Iba-1 were

detected in hippocampal microglia. Furthermore, TLR4 and NF-κB P65 mRNA and protein levels were upregulated in

hippocampal tissues. Quercetin, an antidepressant, could alleviate depression-like symptoms in rats and downregulate

inflammatory factors associated with the TLR4/NF-κB signaling pathway in hippocampal microglia, and its therapeutic

effect was comparable to fluoxetine. Conclusion: In rat models of CUMS, quercetin may act as an antidepressant by

inhibiting inflammation in hippocampal microglia via TLR4/NF-κB signaling pathway. These results offer experimental

and theoretical support for applying quercetin in the clinical management of depression.

Introduction

Detailed investigations by World Health Organization
(WHO) have revealed that depression is a global health
problem. According to their estimates, nearly 1 billion

people globally have psychological disorders, and death by
suicide accounts for more than one in every 100 deaths.
Epidemiological studies have revealed that cases of
depression and anxiety spiked by more than 25% in the year
following the start of the COVID-19 pandemic [1]. By the
year 2030, depression is expected to emerge as the foremost
health disorder globally [2].

Various synthetic second-generation antidepressants,
such as selective 5-hydroxytryptamine (5-HT) reuptake
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inhibitors, selective norepinephrine (NE) reuptake inhibitors,
and other second-generation antidepressants, are currently
employed in the clinical treatment of depression. However,
these drugs typically exhibit heightened toxicity, and the risk
of drug resistance is often high. As a consequence, the
therapeutic effectiveness and prognostic outcomes of these
agents have so far been limited in individuals with
depression [3].

Quercetin is a natural flavonoid that is found in many
commonly consumed foods, and it is a key bioactive
component of many herbs. This compound is highly safe
and has many potential health benefits. Thus, it is often
prescribed as a health supplement and used in the
production of nutraceuticals. A series of retrospective
studies and reviews have demonstrated the efficacy and
safety of quercetin [4,5]. Furthermore, clinical observations
and experimental studies have also suggested that quercetin
can effectively relieve depression and improve neurological
health [6,7]. Nevertheless, at present, the relevant research
in this area remains insufficient.

Accumulating evidence from several studies has
indicated that the immune imbalance in the brain is a key
driver of the pathogenesis of depression. Hippocampal
microglia are believed to be the initial line of defense against
this imbalance. These microglia perform macrophage-like
functions in the brain, participating in neuroimmune
regulation through the modulation of organismal immune
function [8]. Ionized calcium binding adaptor molecule-1
(Iba-1) serves as a marker of microglial activation, and its
expression levels in combination with microglial
morphology can indicate the degree of microglial activation
[9–11]. However, whether microglia are over-activated
under a state of depression warrants further investigation.
Additionally, the mechanisms underlying the antidepressant
effects of quercetin also need to be explored.

To this end, we prepared an animal model of depression
using a chronic unpredictable mild stress (CUMS) paradigm
for 42 consecutive days. This study examined whether
quercetin can effectively treat depression in rats by
dynamically analyzing various physiological and behavioral
parameters in rats treated with quercetin. Additionally, it
explored the mechanism of microglial activation in the
hippocampus by focusing on a key inflammatory pathway of
toll-like receptor 4 (TLR4)/nuclear factor-κappa B (NF-κB).
The overarching goal of the study was to provide an
experimental and theoretical foundation for using quercetin
to treat depression and improve the clinical management of
this prevalent disorder.

Materials and Methods

Animals
The animal model of depression was established in male
Sprague-Dawley (SD) rats (Beijing Vital River Laboratory
Animal Technology Co., Ltd., China) (6 weeks old, 180 to
220 g in weight). The animals were housed in a standard
animal room under a 12-h light/dark cycle, with humidity
levels of 30% to 50% and a temperature of 23°C to 25°C.
Animals were housed in clean living conditions and received
water and standard feed as needed. All procedures used for

animal experiments and sample handling strictly adhered to
the relevant regulations regarding animal care and welfare.
Additionally, we ensured that animal usage and suffering
were minimized. The Experimental Animal Ethics
Committee of Hebei University of Chinese Medicine
(Shijiazhuang, China, Approval No. DWLL202203145)
approved all animal experiments and procedures.

CUMS stimulation
The depression model was established using a CUMS
paradigm, as described previously [12,13]. CUMS
stimulation consisted of a range of stress-inducing methods,
which included: 3-h restraint, 3-min tail clipping, 5-min
swimming in hot water at 45°C, 5-min swimming in cold
water at 4°C, 12-h cage tilting exposure, 24-h reversal of day
and night, 24-h of placement on wet bedding, 24-h fasting,
24-h water deprivation, 3-h noise exposure, 30-min of
horizontal oscillations, and 5-min foot shocks (0.85 mA for
15 s, repeated after a 15-s interval). Two of these
stimulation methods were randomly administered every day,
without repeating the same stimulus within a period of
48 h. CUMS was applied for 6 weeks. The specific
stimulations provided daily are shown in Table 1.

Animal groups and treatment protocols
Following a period of acclimation that lasted 1 week, 40 rats
underwent random assignment into four groups (n = 10 per
group): the control, model, quercetin, and fluoxetine groups.
All animals from the latter three groups underwent CUMS
stimulation. The control and model groups received saline
daily via oral gavage. Meanwhile, the quercetin group
received quercetin daily (Sigma-Aldrich, Inc., 117-39-5, St.
Louis, MO, USA) via suspension gavage. The standard for
quercetin administration in Chinese adults is 500 mg/d
orally. Hence, based on a weight conversion coefficient
of 6.25, the quercetin group rats received a dose of
52.08 mg/kg quercetin daily. Meanwhile, the fluoxetine
group received a daily dose of fluoxetine (Lilly Suzhou
Pharmaceutical Co., Ltd., J20160029, Jiangsu, China)
solution. The standard for fluoxetine administration in
Chinese adults is 20 mg/d. Accordingly, based on a weight
conversion coefficient of 6.25, the fluoxetine dose for rats
was calculated to be 2.08 mg/kg daily. The treatment period
was 6 weeks. Here, fluoxetine served as the positive control.
Fig. 1 shows the study’s workflow.

Sample preparation
Following the intraperitoneal administration of 3% short-
acting pentobarbital sodium (50 mg/kg), blood samples were
obtained from the femoral artery of the rats. The samples
were then placed at room temperature for an hour. Serum
samples were subjected to centrifugation at a low
temperature and refrigerated at -80°C in order to facilitate
the subsequent enzyme-linked immunosorbent assay
(ELISA). Whole brains of four decapitated rats from each
experimental group were preserved in a 10% neutral
formaldehyde solution prepared using 9 parts phosphate-
buffered saline (PBS) and 1 part formaldehyde solution
(Tianjin Best Chemical Co., Ltd., 20230320, Tianjin, China).
Subsequently, these brain samples were used for Nissl
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staining and immunohistochemical analyses. Additionally,
hippocampal tissues were extracted from the remaining
brains and frozen in liquid nitrogen before storage at -80°C
for subsequent mRNA or protein detection.

Changes in body weight
The body weights of the rats were first examined on day 0 (the
day before the formal experiment). Subsequently, body weight
was recorded on days 7, 14, 21, 28, 35, and 42. Based on these
data, the trends of changes in body weight were analyzed.

Changes in food intake
The 10 rats from each group were housed across four cages,
with 2~3 rats in each cage. One day before the food intake
measurement, the quantity of food in each cage was
measured and the quantity remaining after 24 h was also
recorded. Accordingly, the average food intake was
calculated as follows: Average food intake = (food given –
food remaining)/(number of rats).

These measurements were first obtained on day 0 (the
day before the formal experiment), followed by days 7, 14,

FIGURE 1. Flow chart showing the experimental design.

TABLE 1

Daily stimulation

Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Day 1 Fasting and wet
bedding

Swimming in hot
water and tail
clipping

Fasting and restraint Water deprivation
and tail clipping

Cage tilting and water
deprivation

Wet bedding and
noise exposure

Day 2 Noise exposure
and restraint

Reversal of day
and night and
restraint

Reversal of day and
night and horizontal
oscillations

Swimming in cold
water and restraint

Fasting and restraint Cage tilting and
swimming in cold
water

Day 3 Water deprivation
and horizontal
oscillations

Fasting and foot
shock

Wet bedding and foot
shock

Cage tilting and
fasting

Reversal of day and
night and swimming
in cold water

Water deprivation
and tail clipping

Day 4 Swimming in hot
water and wet
bedding

Wet bedding and
noise exposure

Cage tilting and
restraint

Noise exposure and
foot shock

Wet bedding and
horizontal oscillations

Fasting and foot
shock

Day 5 Cage tilting and
tail clipping

Cage tilting and
horizontal
oscillations

Water deprivation
and tail clipping

Swimming in hot
water and horizontal
oscillations

Restraint and foot
shock

Horizontal
oscillations and
restraint

Day 6 Swimming in cold
water and foot
shock

Reversal of day
and night and tail
clipping

Swimming in hot
water and horizontal
oscillations

Reversal of day and
night and tail
clipping

Swimming in hot
water and tail clipping

Reversal of day
and night and
noise exposure

Day 7 Water deprivation
and horizontal
oscillations

Swimming in
cold water and
foot shock

Wet bedding and foot
shock

Wet bedding and
noise exposure

Fasting and horizontal
oscillations

Fasting and tail
clipping
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21, 28, 35, and 42. Based on these data, the trends of changes
in food intake were analyzed.

Changes in sugar water preference test
The sugar water preference test was performed as described
previously [14]. Prior to conducting this experiment, on the
first day, two 200 mL bottles of sucrose water were added
inside each cage. On the second day, the rats were randomly
presented with bottles containing 200 mL of pure water and
sucrose water each and the bottles were exchanged after a
12-h duration. Subsequently, on the third day, following a
period of water fasting, the sugar water preference rate was
examined. In this experiment, the rats received 200 mL of
pure water and 200 mL of 1% sucrose water. The amount of
pure water and sucrose water remaining at the end of the
1-h period was subsequently measured. The sugar water
preference rate was assessed on both day 0 and day 42, as
follows: Sugar water preference rate = (The amount of
sucrose water consumed)/(The amount of pure water
consumed + The amount of sucrose water consumed) × 100%.

Behavioral changes in the open field test (OFT)
For the OFT [15,16], rats were lifted by lightly grasping their
tails and were then placed in an open field box in a quiet
environment. Following a 30-s adaptation period, the
motion of the rats in the open field was tracked. Specifically,
the number of motion squares and standing uprights, as
well as the residence time and movement distance in the
central region, were synchronously recorded over a 5-min
period using an animal movement trajectory tracking
system (Noldus Information Technology BV, EthoVision
XT, Wageningen, Netherlands). After the test, the rat feces
were picked up, and the open field box was wiped with pure
water, the next rat was placed in the box, and the same
procedure was repeated. Behavioral indicators measured by
the OFT were examined on day 0 and day 42 of the
experimental period.

Observation of Nissl staining
In this experiment, fixed whole rat brains were dehydrated,
paraffin-embedded, sectioned, and cleared using xylene. The
sections were hydrated in an ethanol gradient and stained
with Nissl staining solution (Beijing Solarbio Science &
Technology Co., Ltd., G1436, Beijing, China). The sections
were washed in water, differentiated using a weak acid, and
dehydrated using anhydrous ethanol. After further clearing
with xylene, they were sealed in neutral gum and examined
microscopically (Olympus Corporation, BX53, Tokyo, Japan).

Serum levels of inflammatory factors
We acquired the ELISA kits for interleukin-1β (IL-1β) and
tumor necrosis factor-α (TNF-α) from R&D Inc. (RLB00
and RTA00, Minnesota, USA), as well as for interleukin-6
(IL-6) ELISA kit (Neobioscience Technology, Inc., ERC003,
Shenzhen, China). The serum levels of the inflammatory
factors were assessed using these kits. The assays were
performed in strict adherence to the instructions provided
in the respective kits.

Iba-1 expression in hippocampal microglia
Fixed hippocampal tissues were sectioned, dewaxed, and then
rehydrated using a gradient of ethanol. Antigen repair was
performed by soaking in a citrate buffer solution at high
temperatures, and the tissue was treated with 3% H2O2 to
eliminate endogenous peroxidase activity. Sections were
then washed using PBS and blocked in sheep serum (Vector
Group Ltd., PK-4001/2, San Francisco, USA) to prevent
non-specific reactions. Finally, the sections were incubated
with an anti-ionized calcium binding adaptor molecule-1
(Iba-1) antibody (1:400, Cell Signaling Technology Co., Ltd.,
#17198, Boston, USA) overnight at 4°C in a wet box.
The immunoreaction was conducted using an
immunohistochemistry kit (Vector Group Ltd., PK-4001/2,
San Francisco, USA), followed by incubation at 37°C. The
sections were immunostained using DAB (Beijing
Zhongshan Jinqiao Biotechnology Co., Ltd., ZLI-9017,
Beijing, China) chromatography, and then counterstained
with hematoxylin. The stained sections were differentiated
using a mixture of hydrochloric acid in alcohol, subjected to
gradient dehydration, and sealed in neutral gum before
drying. Subsequently, they were observed and imaged using
a microscope (Olympus Corporation, BX53, Tokyo, Japan).
The expression of Iba-1 and their integral optical density
(IOD) values were evaluated using Image-Pro Plus 6.0
(Media Cybernetics, Inc., Maryland, USA).

Changes in hippocampal mRNA expression
We extracted total RNA from each sample (about 50 μg) using
a total RNA extraction kit and synthesized cDNA using a
reverse transcription kit (Shanghai Promega Biological
Products Co., Ltd., LS1040 and A5001, Shanghai, China).
Further, 2 μL of cDNA was added to a 20 μL reaction
mixture as a template for PCR amplification (Shanghai
Promega Biological Products Co., Ltd., A6001, Shanghai,
China) on a real-time fluorescent quantitative PCR system
(Bio-Rad Corporation, CFX96, California, USA). The
methods were: pre-denaturation (95°C, 10 min),
denaturation (95°C, 15 s) and annealing (60°C, 1 min) with
45 cycles. During the cyclic annealing stage, signals were
detected to obtain Ct values for the target and reference
genes. With Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) as the internal reference, the relative quantitative
Ct values (RQs) were determined based on the formula RQ
= 2−ΔΔCt, and these values were statistically analyzed. All
experimental primers are noted in Table 2.

Changes in hippocampal protein expression
First, lysis buffer containing protease inhibitor (Beyotime
Biotechnology Co., Ltd., P1045, Shanghai, China),
phenylmethyl sulfonyl fluoride (PMSF) (SEVEN
Biotechnology Co., Ltd., SW106-01, Beijing, China), and
RIPA (Servicebio Biotechnology Co., Ltd., CR2206025,
Wuhan, China) was prepared. About 100 mg was prepared
for each sample, and lysis buffer was added to the sample
at a 1:4 ratio between the sample and the lysate.
Hippocampal tissue was homogenized at a low
temperature using a manual homogenizer, and the
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supernatant was extracted after centrifugation (Sigma-
Aldrich Chemie GmbH, 3K15, Taufkirchen, Germany) at
4°C and a speed of 8000 rpm for 10 min. Based on kit
instructions (Abbkine Scientific Co., Ltd., KTD3010-CN,
Wuhan, China), the total protein was quantified by
utilizing the rapid BCA method. After protein
denaturation at a high temperature, 100 ug of each sample
was subjected to electrophoresis, and separated proteins
underwent NC membrane transfer (Pall Corporation,
#63199956, New York, USA). After sealing at room
temperature for 2 h, the membranes with 5% non-fat milk
powder mixed in Tris Buffered Saline with Tween 20
(TBST) (Beijing Solarbio Science & Technology Co., Ltd.,
T1086, Beijing, China) were washed and incubated with a
mouse monoclonal anti-GAPDH antibody (1:20,000,
Proteintech Group, Inc., 6004-1-1g, Chicago, USA), mouse
monoclonal anti-nuclear factor-κappa B P65 (NF-κB P65)
antibody (1:1,000, Immunoway Biotechnology Co., Ltd.,
YM3111, Texas, USA), rabbit monoclonal anti-phospho-
NF-κB P65 (p-NF-κB P65) antibody (1:1,000, Cell
Signaling Technology Co., Ltd., #3033, Danvers, MA,
USA), and rabbit polyclonal anti-TLR4 antibody (1:500,
Affinity Biosciences Co., Ltd., AF7017, Jiangsu, China)
after washing. The membranes were incubated with the
antibodies at 4°C overnight. They were then washed and
incubated with the following secondary antibodies on a
shaker at room temperature and protection from light for
a duration of 1 h: IRDye 800CW Goat anti-Mouse (or
anti-Rabbit) IgG secondary antibody (1:10,000, Li-cor
Biosciences Co., Ltd., 926-32210 and 926-32211, Nebraska,
USA). Subsequently, the IOD of the bands was measured
using a two-color infrared laser imaging system (Li-cor
Biosciences Co., Ltd., ODYSSEY CLx, Nebraska, USA)
after washing the membranes. TLR4, NF-κB P65, and
p-NF-κB P65 expression was calculated based on the ratio
between the IOD values of these target proteins and the
IOD value of the GAPDH protein.

Statistical analysis
Data were shown as mean ± standard deviation (�x ± s). The
data were analyzed using SPSS 23.0 and GraphPad Prism 5.
Following statistical analysis, the data were found to exhibit
a normal distribution. The data pertaining to body weight,
food intake, sugar water preference test, and OFT were
subjected to analysis through univariate ANOVA utilizing
the repeated measurement method within the framework of
the general linear model, as well as through multivariate
ANOVA employing the Tukey method to compare
between-group differences at various time points. For other
data, the Tukey test was employed to conduct pairwise
comparisons between groups. The threshold of statistical
significance was p < 0.05.

Results

Body weight
Prior to CUMS exposure, the rats in each experimental group
exhibited comparable body weights (p > 0.05). However,
subsequent to CUMS stimulation, the model rats showed a
slow increase in weight, with this parameter differing
significantly from that in the control group starting on day
14 (p < 0.01). Furthermore, the rate of weight gain varied
between the model group and the quercetin and fluoxetine
treatment groups, and statistically significant disparities
were observed from day 21 onwards (p < 0.01) (Fig. 2).

Changes in food intake
Before exposure to CUMS, rats from the different groups
consumed similar amounts of food among groups (p >
0.05). Nevertheless, the model group consumed less food
than the control group following CUMS exposure (p <
0.01). Additionally, the amount of food intake was greater
in the quercetin and fluoxetine groups than in the model
group on days 7, 21, 35, and 42 (p < 0.05 or p < 0.01) (Fig. 3).

TABLE 2

Primer sequences

Gene Genebank Primer sequences (5′-3′) Primer length (bp)

TNF-α NM_012675.3 F: GGCTTTCGGAACTCACTGGA 164

R: GGGAACAGTCTGGGAAGCTC

IL-1β NM_031512.2 F: TGGCAACTGTCCCTGAACTC 121

R: CCCAAGTCAAGGGCTTGGAA

IL-6 NM_012589.2 F: AGCGATGATGCACTGTCAGA 127

R: GGAACTCCAGAAGACCAGAGC

TLR4 GQ175880.1 F: TCCACAAGAGCCGGAAAGTT 126

R: TGAAGATGATGCCAGAGCGG

NF-κB P65 AY307375.1 F: CCTCATCTTTCCCTCAGAGCC 97

R: GCACTTGTAACGGAAACGCA

GAPDH AF106860.2 F: AGGAAATGATGACCTCCTGAACT 79

R: TGTTTTTGTAAGTATCTTGGTGCCT
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Changes in sugar water preference rate
The sugar water preference rate was found to be comparable
among the different groups before exposure to CUMS (p >
0.05). However, following CUMS stimulation, the model
group exhibited a lower sugar water preference rate than the
control group (p < 0.01). Additionally, the quercetin and
fluoxetine groups demonstrated a significantly higher sugar
water preference rate than the model group (p < 0.01).
Hence, the administration of quercetin appeared to alleviate
anhedonia in rat models of CUMS-induced depression
(Fig. 4).

Changes in behavioral indicators of the OFT
A comparison of behavioral indicators revealed that the
number of motion squares, the number of standing
uprights, and the residence time and movement distance in
the central part of the open field were comparable among
the groups before CUMS stimulation (p > 0.05). However,
model group rats had fewer motion squares, fewer standing
uprights, shorter residence times, and shorter movement
distances in the central area after exposure to CUMS than

control rats (p < 0.01). Furthermore, the quercetin and
fluoxetine groups exhibited a greater number of motion
squares and standing uprights, and longer residence times
and higher distances traveled in the central region when
compared with the model group (p < 0.05 or p < 0.01).
Based on the data, quercetin appeared to increase
autonomic activity in rat models of CUMS-induced
depression (Figs. 5A–5E).

Results of Nissl staining
Neurons from control rats appeared to be well-organized and
tightly packed. These neurons also showed abundant Nissl
bodies with distinct staining, indicating that they possessed
robust neuronal function. However, neurons in the model
group appeared to be sparsely arranged and disordered.
Some of these neurons appeared ruptured, and the Nissl
bodies were fewer in number and showed lighter staining.
This indicated that the function of these neurons has been
disrupted. Notably, the hippocampal neurons of rats treated
with quercetin and fluoxetine showed a neat and tight
arrangement, abundant Nissl bodies, and stronger staining
than those of untreated model rats. This suggested that drug
treatment attenuated neuronal dysfunction and promoted
the functional recovery of hippocampal neurons (Fig. 6).

Serum levels of inflammatory factors
Serum levels of TNF-α, IL-1β, and IL-6 were elevated in the
model group when compared with the levels in the control
group (p < 0.01). Conversely, the quercetin and fluoxetine
groups demonstrated attenuated serum levels of these
factors when compared with the model group (p < 0.05 or p
< 0.01). Hence, quercetin appeared to attenuate
inflammation in rat models of CUMS-induced depression
(Figs. 7A–7C).

FIGURE 2. Variations in body weight in the four groups (n = 10). �p
< 0.05, ��p < 0.01 vs. the control group; ##p < 0.01 vs. the model group.

FIGURE 3. Variations in food intake in the four groups (n = 4). �p <
0.05, ��p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the
model group.

FIGURE 4. Changes in sugar water preference rates in the control,
model, quercetin, and fluoxetine groups before and after CUMS
stimulation (n = 10). ��p < 0.01 vs. the control group; ##p < 0.01 vs.
the model group.
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Expression of Iba-1 in hippocampal microglia
The hippocampal microglia in the control group showed
typical characteristics, including a normal cell body, and
elongated and slender processes. These cells were in a

resting state, characterized by the presence of prominent
branching. However, microglia with enlarged cell bodies,
shortened processes, and reduced branching were observed
in the model group. This was indicative of a pronounced

Day 0

Day 42

control group model group quercetin group fluoxetine group

(A)

(B) (C)

(D) (E)

FIGURE 5. Results of the OFT in the four groups on days 0 and 42. (A) Open field track maps for all groups. (B) Results showing the total
number of motion squares (n = 10). (C) Results showing the number of standing uprights (n = 10). (D) Results showing the residence time in
the central area (n = 10). (E) Results showing the distance traveled in the center (n = 10). �p < 0.05, ��p < 0.01 vs. the control group; #p < 0.05,
##p < 0.01 vs. the model group.
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amoeboid activation state. Additionally, the number of Iba-1
positive cells and the IOD values of Iba-1 were much higher
in the model group than in the control group (p < 0.01). In
comparison to the hippocampal microglia in the model
group, the hippocampal microglia in the quercetin and
fluoxetine groups tended to have a more normal
morphology, and this was accompanied by an obvious
decrease in the number of Iba-1 positive cells and Iba-1
IOD values (p < 0.05 or p < 0.01). Hence, quercetin
appeared to reduce microglial inflammation in rat models of
CUMS-induced depression (Figs. 8A–8C).

Changes in hippocampal mRNA expression
The hippocampal mRNA levels of TNF-α, IL-1β, IL-6, TLR4,
and NF-κB P65 were upregulated in the model group (p <
0.01). However, quercetin and fluoxetine attenuated the
hippocampal mRNA levels of these factors (p < 0.05 or p <
0.01 vs. model group). Hence, quercetin could prevent
inflammation in the hippocampus in rat models of CUMS-
induced depression (Figs. 9A–9E).

Changes in hippocampal protein expression
The model group exhibited augmented protein levels of TLR4
and p-NF-κB P65/NF-κB P65 within the hippocampal region
(p < 0.05 or p < 0.01 vs. control rats). Conversely, rats treated
with quercetin and fluoxetine demonstrated attenuated levels
of these proteins (p < 0.05 or p < 0.01 vs. model rats). Hence,
quercetin appeared to inhibit TLR4/NF-κB signaling in
CUMS-induced rat models of depression (Figs. 10A–10E).

Discussion

CUMS is a common paradigm employed to establish reliable
animal models of depression and explore the mechanisms

underlying this syndrome and other mental health disorders
associated with it [17–20]. Animal models of depression
typically show slower rates of weight gain, decreased food
intake, anhedonia, and other core depression-like symptoms
[21,22]. The sugar water preference test is a common
method for examining anhedonia in animal models of
depression as it can verify the animal’s reward-seeking
behavior [23]. Meanwhile, the OFT allows us to observe the
spontaneous activity in experimental animals and
understand their exploratory behavior. Typically, the higher
the severity of depression, the poorer is the autonomous
activity in animals, and the lower is their tendency to explore
a new environment [15,16]. In our study, CUMS model rats
exhibited slower body weight gain, consumed less food, had
a lower preference for sugar water, and explored the open
field to a lower extent. These indicators were consistent with
depression-like behaviors such as the loss of appetite, lack of
pleasure-seeking behavior, and decreased spontaneous
activity [24–26]. These findings demonstrated that a rat
model of depression had been developed successfully.

Based on previous findings, it has been stated that
microglia-related dysfunction is linked to the onset and
progression of depression [27,28]. The hippocampus is
mainly composed of neurons and gliocytes, and 20% of
these gliocytes show macrophage-like features [29]. Under
normal conditions, microglia remain in a resting phase.
However, under conditions of pathological stimulation,
these microglia are activated. Activated microglia acquire an
amoeba-like morphology and secrete several inflammatory
factors (IL-1β, TNF-α, IL-6, etc.), thus triggering
inflammation in the nervous system [30]. The protein Iba-1
serves as a valuable marker of microglial activation [31].
Consequently, it is vital to decrease the neuroinflammatory
response by preventing the overactivation of microglia.

40

200

400

control group model group quercetin group fluoxetine group

FIGURE 6. Nissl staining of the hippocampal CA1 region (black box) in the control, model, quercetin, and fluoxetine groups. The respective
scale bars and magnifications of the images shown in the three rows of the figure are as follows: row 1: 200 μm and 40×; row 2: 50 μm and 200×;
row 3: 20 μm and 400×.
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The TLR4/NF-κB signaling pathway plays a crucial role
in the polarization of microglia and the initiation of
neuroinflammation [32]. TLR4, a key protein from the TLR
family, exhibits high expression levels in microglia. NF-κB
serves as a central mediator in the inflammatory response
and the subsequent release of inflammatory factors. It is
comprised of two subunits, P50 and P65, which form a
dimer. The inhibitory protein, I-κB, remains in an inactive
state in the cytoplasm. Upon stimulation by external factors,
I-κB undergoes phosphorylation, leading to the dissociation
of the NF-κB dimer. The NF-κB P65 subunit translocates to
the nucleus where it activates the transcription of
inflammation-related genes, thereby facilitating the release
of inflammatory factors such as IL-1β, TNF-α and IL-6 [33].
Findings from previous studies have demonstrated that
inhibiting TLR4 and NF-κB overexpression in microglia can

exert protective effects on the nervous system and mitigate
neuronal apoptosis [34,35]. In our study, we detected the
presence of sparse and disordered neuronal cells as well as a
decrease in Nissl bodies in the model group. A substantial
elevation in the serum levels of IL-1β, TNF-α, and IL-6 and
the hippocampal mRNA expression of these factors was also
observed. Furthermore, the microglia in the hippocampus
displayed a distinctive amoebic morphology, and this was
accompanied by a substantial increase in expression and
IOD values of Iba-1. Additionally, a conspicuous
augmentation of NF-κB P65 and TLR4 expression, both at
the mRNA and protein levels, was noted in the
hippocampus. This demonstrated the induction of a
neuroinflammatory response in rats from the model group.

Researchers have shown that quercetin is highly effective
in treating depression. In the study by Shi et al. [36], the key

FIGURE 7. Serum levels of inflammatory factors in the four groups. (A) TNF-α (n = 10). (B) IL-1β (n = 10). (C) IL-6 (n = 10). �p < 0.05, ��p <
0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the model group.

QUERCETIN REGULATES DEPRESSION-LIKE BEHAVIOR IN RATS VIA TLR4/NF-κB SIGNALING 9



genes associated with depression were identified, and the
Chinese medicines corresponding to these genes with respect
to depression management were analyzed. Based on a
network pharmacology analysis of these Chinese medicines,
the researchers screened out a total of four antidepressant
ingredients, and the list included quercetin. In addition,
some researchers have also explored the quercetin-mediated
treatment of depression from a pharmacological perspective,
demonstrating its effects on neurotransmitter regulation,
the increased regeneration of hippocampal neurons,
improvements in hypothalamic-pituitary-adrenal functions,
as well as reductions in inflammation [4]. Meanwhile, other

researchers have applied quercetin clinically to improve
emotional states in subjects with cognitive impairment,
showing that this compound can maintain redox
homeostasis in the brain [6], in line with previous findings
[4]. As demonstrated by Adeoluwa OA et al., quercetin can
downregulate pro-inflammatory factors in the hippocampus
and microglia, as well as improve behavioral indexes in rats
with depressive-like behaviors [37]. Similarly, Tan et al.
reported that quercetin is beneficial for treating
neuropsychiatric symptoms associated with vascular
dementia, as well as for regulating microglial phenotypes to
attenuate the release of pro-inflammatory factors [38].

40

200

400

control group model group quercetin group fluoxetine group

(B) (C)

(A)

FIGURE 8. (A) Immunohistochemical staining for Iba-1 in the hippocampal CA1 region (black box) in the control, model, quercetin, and
fluoxetine groups. (B) Results showing the number of Iba-1 positive cells in the CA1 region (black box) in all groups (n = 6). (C) Results
showing the Iba-1 IOD values in the CA1 region (black box) in all groups (n = 6). ��p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01
vs. the model group. The respective scale bars and magnifications of the images shown in the three rows of the figure are as follows: row 1:
200 μm and 40×; row 2: 50 μm and 200×; row 3: 20 μm and 400×.
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FIGURE 9. mRNA expression of various inflammatory and signaling factors in the hippocampal tissues of the control, model, quercetin, and
fluoxetine groups. (A) Results showing hippocampal TNF-α mRNA levels (n = 6). (B) Results showing hippocampal IL-1β mRNA levels (n =
6). (C) Results showing hippocampal IL-6 mRNA levels (n = 6). (D) Results showing hippocampal TLR4 mRNA levels (n = 6). (E) Results
showing hippocampal NF-κB P65 mRNA levels (n = 6). ��p < 0.01 vs. the control group; #p < 0.05, ##p < 0.01 vs. the model group.
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In this study, following quercetin administration, the
experimental rats demonstrated noteworthy alterations in
physiological and behavioral parameters, including body
weight, food intake, preference for sugar water, motion
squares, upright standing, as well as residence time and
movement distance in the central region of an open field.
Moreover, the organization and compactness of neurons
were improved after quercetin administration, and Nissl
bodies increased in number. Additionally, both the serum
and hippocampus displayed markedly reduced IL-1β, TNF-
α, and IL-6 expression. Furthermore, hippocampal microglia
did not exhibit any significant amoebic changes and mainly

showed branching. The expression and IOD values of Iba-1
were decreased, and TLR4 and NF-κB P65 levels in the
hippocampus were decreased. These findings strongly
suggested that quercetin exhibits a pronounced potential for
ameliorating depression in preclinical models.

Ultimately, our research highlighted the effectiveness of
quercetin in ameliorating aberrant behavior and
pathological alterations in rats exhibiting depressive
symptoms. Additionally, quercetin was found to facilitate
morphological enhancements in microglia, lower the levels
of Iba-1, and downregulate inflammatory markers in both
the serum and hippocampal tissue. These findings

FIGURE 10. Hippocampal expression of proteins involved in TLR4/NF-κB signaling in the control, model, quercetin, and fluoxetine groups.
(A) Protein band showing TLR4 expression in the hippocampus. (B) Protein band showing NF-κB P65 expression in the hippocampus. (C)
Protein band showing p-NF-κB P65 expression in the hippocampus. (D) Quantification of hippocampal TLR4 protein expression (n = 3). (E)
Quantification of hippocampal p-NF-κB P65/NF-κB P65 protein expression (n = 3). �p < 0.05, ��p < 0.01 vs. the control group; #p < 0.05, ##p <
0.01 vs. the model group.
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underscore the significant contribution of quercetin in
exerting antidepressant effects via the modulation of the
TLR4/NF-κB inflammatory pathway and the suppression of
excessive inflammatory cytokine production in hippocampal
microglia.

Limitations and Future Directions

The pathogenesis of depression is complicated and unclear.
Consequently, its treatment is associated with many
challenges. Current drugs and psychotherapies typically only
show benefits after a long duration and can also have
several adverse effects. Moreover, the condition often
relapses after discontinuing treatment. Therefore, alternative
methods and drugs are urgently needed to treat depression.
Despite its popularity as a health supplement, quercetin has
received limited attention in studies on depression,
including clinical and experimental studies.

Therefore, we selected the classical inflammatory
pathway of TLR4/NF-κB signaling as the entry point and
conducted a preliminary study on the impact of quercetin
administration on depression-like behaviors in rats. We
found that quercetin can mitigate the symptoms of
depression via the regulation of the TLR4/NF-κB signaling
pathway in hippocampal microglia and the downregulation
of inflammatory factors. However, only key inflammatory
factors, markers of microglia polarization, and key
indicators of TLR4/NF-κB pathway activities were selected
for relevant experiments in this study. Meanwhile, molecules
upstream and downstream of these selected indicators were
not thoroughly analyzed. Thus, in our future studies, we will
further verify the findings of these studies and use blockers
and inhibitors for reverse validation.

In addition, the dosage of quercetin employed in this
study was only based on the oral dosage recommended for
Chinese adults, and different dosage gradients were not
employed for comparison. Thus, any potential dose-
dependent relationship between the dose of quercetin and
its therapeutic effects needs to be explored in detail, and this
will be examined in future studies.

Finally, this study was only limited to rats, which are a
preclinical model. In further studies, we will verify the
results of this study at the cellular level, so as to provide a
stronger experimental basis and theoretical basis for
applying quercetin for clinically treating depression.
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