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Abstract

Background: Alzheimer’s disease (AD) is a burdening
disease and is the main cause of dementia. Quercetin (Que),
an antioxidant, plays potential roles in treating age-related
disorders, including AD. This study aimed to validate the
effects of Que on AD and explore the underlying mecha-
nisms.

Methods: Mice with no treatment, amyloid-β Aβ (1-
42) treatment (for acquiring AD model), or Aβ (1-42) plus
Que treatment were used. Cognitive function was deter-
mined using the open field test (OFT), objective recogni-
tion test, and Y-maze test. In brain tissues, mRNA levels
of inflammation cytokines, the M1 microglia marker clus-
ter of differentiation (CD)86, and the M2 microglia mark-
ers arginase 1 (Arg1) and CD206 were measured. Nu-
clear factor E2-related factor 2 (NRF2)/heme oxygenase-1
(HO1) pathway-related proteins were detected by western
blot. Additionally, mechanisms were investigated using hu-
man microglia HMC3 cells treated with Aβ (1-42) and Aβ
(1-42) plus Que. The NRF2/HO1 pathway in HMC3 cells
was inhibited using the selective inhibitor ML385. Cell vi-
ability and death were assessed using the cell counting kit-8
(CCK-8) and lactate dehydrogenase (LDH) release levels,
respectively. Cell apoptosis was measured by terminal de-
oxynucleotidyl transferase-mediated dUTP nick-end label-
ing (TUNEL). Levels of NRF2/HO1 pathway-related pro-
teins, inflammation cytokines, and oxidative stress-related
markers, including malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione (reduced glutathione
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(GSH)/oxidized glutathione disulfide (GSSG)), were deter-
mined in HMC3 cells. Flow cytometry was used to deter-
mineM1markers CD86 and CD80 andM2markers CD206
and CD163.

Results: Cognitive ability was impaired in AD model
mice, and Que treatment reversed this impairment (p <

0.05). Levels of interleukin (IL)-1β, tumor necrosis factor-
alpha (TNF-α), and IL-6 were increased, whileM2markers
were decreased in the AD model mouse brain. Que treat-
ment reversed these changes (p < 0.001). The NRF2/HO1
pathway was slightly inhibited in ADmice brain, while fur-
ther activated by Que (p < 0.05). Que reversed the Aβ
(1-42)-impaired cell viability. Through greatly activating
NRF2/HO1 pathway, Que suppressed Aβ (1-42)-induced
cell death, decreased Aβ (1-42)-promoted IL-1β, TNF-
α, IL-6, MDA, CD86 and CD80, increased Aβ (1-42)-
suppressed SOD and GSH/GSSG, and greatly increased
CD206 and CD163 (p < 0.01).

Conclusion: Quercetin, through the activation of the
NRF2/HO1 pathway, promotes M2 polarization of mi-
croglia, suppresses Aβ (1-42)-induced inflammation and
oxidative stress, protectsmicroglia fromAβ (1-42)-induced
damage, improves cognitive function in mice, and demon-
strates therapeutic potential for AD.
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Introduction

Alzheimer’s disease (AD) is characterized by
amyloid-β plaques and neurofibrillary tangles, presenting
primarily as a progressive amnestic disorder that evolves
into an amnestic-predominant, multidomain dementia.
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This condition is burdensome and lethal [1,2]. Recent data
indicate that the prevalence of dementia will double in
Europe and triple worldwide by 2050, with AD being the
leading cause of dementia [3,4]. Consequently, more re-
search into AD is warranted to develop effective therapies
for treating AD and its associated dementia.

Quercetin (Que) is a unique subclass of flavonoid that
facilitates various physiological and biochemical processes
in plants by acting as an antioxidant [5]. Que has demon-
strated its antioxidant properties in vivo and in vitro [6]. Its
ability to scavenge free radicals makes it a potent molecule
for treating age-related disorders and health-related issues
[7,8]. Notably, Que has shown promising therapeutic po-
tential for AD due to its neuroprotective properties, includ-
ing protecting neurons from oxidative damage, inhibiting
amyloid-β fibril formation, and regulating inflammation
and cell lysis [9,10]. However, the relationship between
Que and AD requires further verification, and the underly-
ing mechanisms need more exploration and understanding.

Neuroinflammation is considered a leading cause of
AD [11,12]. Microglia, the resident macrophages in the
brain, play a role in amyloid-β accumulation. The M1
microglia phenotype is associated with neuronal damage
and oxidative stress, whereas the M2 phenotype helps regu-
late neuroinflammation by clearing damaged cells and gen-
erating new neurons [13,14]. Antioxidant activity is re-
lated to the activation of nuclear factor E2-related factor
2 (NRF2) by increasing antioxidant proteins and achieving
neuroprotection [15]. Decreased levels of NRF2 and its tar-
get gene, heme oxygenase-1 (HO1), have been observed in
AD brains, and NRF2 is known to interfere with multiple
processes during AD [15].

In this study, we further demonstrated that Que ame-
liorates AD through in vivo and in vitro experiments.
We also explored the associations between the underlying
mechanisms, microglial polarization, and the NRF2/HO1
pathway. The results of this study provide deeper in-
sights into how Que treats AD, offering potential therapeu-
tic strategies for AD treatments.

Materials and Methods

Preparation of Animals

A total of thirty male wild-type C57BL/6 mice (30 ±
3 g), aged 12–13 months, were obtained from The Jack-
son Laboratory (Bar Harbor, ME, USA). The mice were
housed under controlled conditions with 50–60% humid-
ity, a temperature of 21–23 °C, and a 12-hour light/dark cy-

cle. Standard food and water were provided ad libitum. All
animal studies were ethically approved by the Ethics Com-
mittee of Shandong Second Medical University (Approval
No. 2024SDL065).

Animal Grouping and Treatments

The mice were randomly divided into 3 groups (10
mice/group): negative control (NC), AD, and AD + Que.
NC groupmice weremaintained without further treatments.
AD group mice were induced with amyloid-β (Aβ) (1-42)-
induced AD. Briefly, mice were anesthetized with an in-
traperitoneal injection of 50 mg/kg pentobarbital sodium
(P3761, Sigma-Aldrich, Bellefonte, PA, USA). Subse-
quently, 3 µL of Aβ (1-42) (HY-P5905, MedChemExpress,
Monmouth Junction, NJ, USA) dissolved in DMSO at a
concentration of 220 pmol/µL was administered via intrac-
erebroventricular injection (i.c.v.) [16]. The injection coor-
dinates relative to bregma were –0.1 mm anteroposterior, –
1.8 mm dorsoventral, and –0.75 mmmediolateral [17]. The
mice were then maintained in standard conditions.

AD + Que group mice were induced with Aβ (1-42)
as described for the AD group and then treated with Que
(60 mg/kg/day; HY-18085, MedChemExpress, Monmouth
Junction, NJ, USA) via intraperitoneal injection for 49 days
[18]. Following treatments, all mice underwent cognitive
tests. Subsequently, the mice were euthanatized with an in-
traperitoneal injection of 180 mg/kg pentobarbital sodium
(P3761, Sigma-Aldrich, Bellefonte, PA, USA). Brain tis-
sue samples were collected, frozen in liquid nitrogen, and
stored at –80 °C.

Open Field Test (OFT)

The OFT was conducted to measure the locomotor ac-
tivity of the mice. Each mouse was placed in the center of
a plastic box (50 cm × 50 cm × 50 cm) and allowed to
move freely for 5 minutes while being recorded by a cam-
era (Z 7II, Nikon, Tokyo, Japan). The distance traveled by
each mouse was analyzed using Smart 3.0 software (Pan-
Lab, Irvine, CA, USA) to represent the spontaneous activ-
ity.

Objective Recognition Test

The object recognition was performed using Smart 3.0
software, as previously described [19]. The time spent by a
mouse with its nose within 2 cm of an object was recorded
as the exploration time. Recognition capability was deter-
mined using the discrimination index (%): 100% × [(time
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of new object exploration – time of familiar object explo-
ration)/(time of new object exploration + time of familiar
object exploration)].

Y-Maze Test

The Y-maze test was performed as previously de-
scribed [20]. The alternation percentage (%) was calculated
as: 100% × (alteration numbers)/(total arm entry numbers
– 2). Additionally, the time spent in the novel arm (%) was
calculated as: 100%× (time in the novel arms/total time in
arms).

Real-Time Reverse Transcriptase-Polymerase Chain
Reaction (RT-qPCR)

RNA was extracted from brain tissues using TRIzol®
reagent (DP424, Tiangen, Beijing, China) following the
manufacturer’s instructions. RNA purity was assessed (OD
260 nm/OD 280 nm = 1.8–2.2) using a full-wavelength
spectrophotometer (OSE-260, Tiangen, Beijing, China).
The RNA was then reverse-transcribed into cDNA using
the FastQuant cDNA synthesis kit (KR116, Tiangen, Bei-
jing, China). RT-qPCRwas performed using a fluorescence
quantitative instrument (LightCycler96, Roche, Shanghai,
China). Relative expression levels were normalized to β-
actin using the 2−∆∆Cq method for data analysis. Primer
sequences are listed in Table 1.

Western Blot

Nuclear and total proteins were extracted using a pro-
tein extraction kit (P0028, Beyotime, Shanghai, China) sup-
plemented with phenylmethanesulfonyl fluoride (PMSF;
ST507, Beyotime, Shanghai, China). Proteins were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE; 10%, P0012, Beyotime, Shang-
hai, China) and transferred onto nitrocellulose membranes
(IPVH15150, Millipore Sigma, Billerica, MA, USA). Pri-
mary antibodies from Abcam (Cambridge, UK) were used,
including anti-NRF2 (1:1000 dilution, ab62352), anti-
HO1 (1:1000 dilution, ab13248), anti-Histone-3 (1:1000
dilution, 4499, Cell Signaling Technology (CST), Dan-
vers, MA, USA), anti-cluster of differentiation (CD)86
(1:1000 dilution, ab239075), anti-arginase 1 (Arg1)
(1:1000 dilution, ab215843), anti-CD206 (1:1000 dilution,
ab64693), and anti-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH; 1:2000 dilution, ab8245). Membranes
were incubated with secondary antibodies (1:2000 dilution,
ab6721, ab6728, Abcam, Cambridge, UK) for 2 hours, and
proteins were visualized using an enhanced chemilumines-

Table 1. Primer sequences.
Name Sequence (5′-3′)

Mice IL-1β
F: CCCATCCTCTGTGACTCATGG
R: CATCTCGGAGCCTGTAGTGC

Mice TNF-α
F: ACCGCAACAACGCCATCTAT
R: GTATCAGTGGGGGTCAGCAG

Mice IL-6
F: AGACAAAGCCAGAGTCCTTCA
R: GGTCCTTAGCCACTCCTTCTG

Mice CD86
F: ACGATGGACCCCAGATGCACCA
R: GCGTCTCCACGGAAACAGCA

Mice Arg1
F: CTTGCGAGACGTAGACCCTG
R: TCCATCACCTTGCCAATCCC

Mice CD206
F: TCAGCTATTGGACGCGAGGCA
R: TCCGGGTTGCAAGTTGCCGT

Mice β-actin
F: CTGTCCCTGTATGCCTCTG
R: ATGTCACGCACGATTTCC

Human IL-1β
F: GGGATAACGAGGCTTATGTGC
R: AGGTGGAGAGCTTTCAGTTCA

Human TNF-α
F: TGAGCACTGAAAGCATGATCC
R: GGAGAAGAGGCTGAGGAACA

Human IL-6
F: GACCCAACCACAAATGCCAG
R: GAGTTGTCATGTCCTGCAGC

Human β-actin
F: CTCTTCCAGCCTTCCTTCCT
R: AGCACTGTGTTGGCGTACAG

IL, interleukin; TNF-α, tumor necrosis factor alpha; Arg1,
arginase 1; CD206, cluster of differentiation 206; F, forward;
R, reverse.

cent (ECL) substrate (P0018, Beyotime, Shanghai, China).
Grey values were analyzed using Image J software (1.48,
National Institutes of Health, Rockville, MD, USA).

Cell Culture and Treatments

Humanmicroglial cells HMC3 (iCell-h301, iCell Bio-
sciences Inc., Shanghai, China) were cultured in a specific
medium (iCell-h301-001b, iCell Biosciences Inc., Shang-
hai, China) at 37 °C, 70%–80% humidity, and 5% CO2.
The short tandem repeat (STR) profiling authenticated the
cell line, and mycoplasma testing confirmed no contamina-
tion. Que toxicity was assessed by cell viability after treat-
ment with various Que concentrations for 24 hours. The
effect of Que against Aβ (1-42) was evaluated by the cell vi-
ability after treatment with Que and Aβ (1-42) for 24 hours.
Cells in the Control group were cultured without further
treatment. Cells in the Aβ (1-42) group were treated with
1 µM Aβ (1-42) [13]. Cells in the Aβ (1-42) + Que group
were treated with 1 µM Aβ (1-42) and 5 µM Que. For fur-
ther NRF2 inhibition, the selective NRF2 inhibitor ML385
(5 µM; HY-100523, MedChemExpress, Monmouth Junc-
tion, NJ, USA) was used to treat cells in the Aβ (1-42) +
Que + ML385 group.
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Cell Viability

Cell viability was determined using the cell count-
ing kit-8 (CCK-8) assay kit (C0037, Beyotime, Shanghai,
China). Cells were seeded in 96-well plates (1 × 104
cells/100 µL) and cultured for 24 hours, followed by treat-
ment for an additional 24 hours as designed. Subsequently,
5 µL of CCK-8 reagent was added to cells for a 1-hour in-
cubation in the dark. Absorbance was measured at 570 nm
using a microplate reader (CMax Plux, Molecular Devices,
Shanghai, China).

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick-End Labeling (TUNEL) Assay

Apoptosis was assessed using the TUNEL assay kit
(C1088, Beyotime, Shanghai, China). Cells were washed
with phosphate-buffered saline (PBS; C0221A, Beyotime,
Shanghai, China) and stained with 4′,6-diamidino-2-
phenylindole (DAPI; C1005, Beyotime, Shanghai, China).
Stained cells were visualized under a fluorescence micro-
scope (CKX53, Olympus, Tokyo, Japan) to quantify apop-
totic cells. The mean count of TUNEL-positive cells was
calculated from three selected microscopic fields.

Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture supernatants were collected, and var-
ious contents were measured using ELISA kits from
Abcam (Cambridge, UK), including lactate dehydroge-
nase (LDH; ab183367), interleukin (IL)-1β (ab214025),
IL-6 (ab178013), tumor necrosis factor-alpha (TNF-α;
ab181421), malondialdehyde (MDA; ab287797), and from
Beyotime (Shanghai, China) including superoxide dis-
mutase (SOD; S0101S), glutathione (reduced glutathione
(GSH) and oxidized glutathione disulfide (GSSG); S0053).

Flow Cytometry

Cell surface markers were stained with primary an-
tibodies (Abcam, Cambridge, UK) at 4 °C for 30 min-
utes, including anti-CD86 (1:500 dilution; ab239075), anti-
CD80 (1:400 dilution; ab225674), anti-CD206 (1:500 di-
lution; ab270634), and anti-CD163 (1:12,500 dilution;
ab314947). Cells were treated with Goat Anti-Rabbit IgG
H&L (ab150077, Abcam, Cambridge, UK) at 4 °C for 30
minutes. Cells were washed, resuspended in PBS, and ana-
lyzed using a flow cytometer (FC500MLP, Beckman Coul-
ter Inc., Brea, CA, USA).

Statistical Analysis

Data were expressed as means ± standard deviation
(SD). Group comparisons were conducted using Graph-
Pad Prism 8.0.2 (GraphPad Software Inc., San Diego,
CA, USA), employing analysis of variance (ANOVA) and
Tukey’s test. Statistical significance was considered at p <
0.05.

Results

Que Mitigates Cognitive Impairment in AD Model Mice

No significant difference in total distance was ob-
served (Fig. 1A). However, the results of the objective
recognition test (Fig. 1B) demonstrated that the discrimi-
nation index significantly decreased in AD mice models (p
< 0.001) and significantly increased following Que admin-
istration (p < 0.001), indicating that Que improved Aβ (1-
42)-induced impairment of spatial and working memory in
AD mice. The spontaneous alteration (Fig. 1C) was signif-
icantly decreased in AD mice (p < 0.001) but was signif-
icantly improved by Que treatment (p < 0.01), indicating
that Que mitigated spatial memory deficits. Additionally,
the time spent exploring the novel arm (Fig. 1D) signifi-
cantly reduced in the AD group (p < 0.001) but signifi-
cantly increased in the AD + Que group (p< 0.01), demon-
strating that Quemitigated spatial recognition deficits. Col-
lectively, these results indicate that Aβ (1-42) impaired the
cognitive abilities of AD model mice, while Que amelio-
rated these impairments.

Que Attenuates Neuroinflammation, Promotes M2
Polarization, and Activates the NRF2/HO1 Pathway in AD
Model Mice

Inflammatory cytokines (Fig. 2A–C) were signifi-
cantly upregulated in brain tissues of AD mice (p< 0.001),
while Que administration significantly reduced their ex-
pression levels (p < 0.001), demonstrating that Que de-
creased neuroinflammation in the brains of AD mice. The
M1-specific marker CD86 (Fig. 2D) was increased in the
brains of AD mice and was decreased by Que treatment,
though the change was not statistically significant. Con-
versely, M2-specific markers of Arg1 (Fig. 2E) and CD206
(Fig. 2F) were significantly reduced inADmice (p< 0.001)
but significantly upregulated by Que treatment (p< 0.001).
Western blot analysis showed no significant differences in
CD86 protein expression among the NC, AD, and AD +
Que groups (Fig. 2G,H). In contrast, Arg1 and CD206 pro-
tein expression levels were significantly reduced in AD
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Fig. 1. Que mitigates cognitive impairment in Alzheimer’s disease (AD) model mice. (A) Open field test (OFT) results showing the
total distance traveled by mice (ANOVA). (B) Objective recognition test results (ANOVA). (C,D) Y-maze test results (ANOVA). n = 10.
**p< 0.01, ***p< 0.001. Abbreviations: NC, negative control (mice with no treatments); AD, Alzheimer’s disease (mice injected with
amyloid-β (Aβ (1-42); 222 µM, 2 µL) to induce AD); AD + Que, Alzheimer’s disease mice treated with Aβ (1-42) (222 µM, 2 µL) and
quercetin (Que; 60 mg/kg). ANOVA, analysis of variance.

group mice compared to the control group, but Que treat-
ment markedly increased their levels (p< 0.001) (Fig. 2I,J).
These findings indicated that M2 microglia polarization
was suppressed in ADmice brains, while Que promotedM2
polarization. Furthermore, the results in Fig. 2K demon-
strated that nuclear NRF2, total NRF2 and HO1 were sig-

nificantly downregulated in AD mice brain tissues (p <

0.05), and Que treatment further significantly increased
these levels (p < 0.05), indicating that the Que activated
the NRF2/HO1 pathway.
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Fig. 2. Que attenuates neuroinflammation and promotes NRF2/HO1 pathway activation in AD model mice. (A–C) Levels of
inflammatory cytokines interleukin (IL)-1β (A), tumor necrosis factor-alpha (TNF-α; B), and IL-6 (C) (ANOVA). (D) mRNA level of
M1 microglia marker cluster of differentiation 86 (CD86) (ANOVA). (E,F) mRNA levels of M2 microglia markers arginase 1 (Arg1;
E) and cluster of differentiation 206 (CD206; F) (ANOVA). (G–J) Protein levels of M1 microglia marker CD86 (H) and M2 microglia
markers Arg1 (I) and CD206 (J) (ANOVA). (K) Levels of NRF2/HO1 pathway-related proteins (ANOVA). n = 10. *p < 0.05, ***p <

0.001. Abbreviations: NC, negative control; AD, Alzheimer’s disease; Que, quercetin; IL, interleukin; TNF-α, tumor necrosis factor
alpha; Arg1, arginase 1; CD206, cluster of differentiation 206; NRF2, nuclear factor E2-related factor 2; Histone-3, Histone H3; HO1,
heme oxygenase-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Que Elevates Cell Viability and Activates the NRF2/HO1
Pathway in Microglial Cells

As shown in Fig. 3A, cell viability remained un-
changed when microglial HMC3 cells were treated with
various concentrations of Que. Fig. 3B shows that Aβ
(1-42) significantly decreased HMC3 cell viability (p <

0.001), while Que treatment significantly increased cell vi-
ability (p < 0.05). These results suggest that Que reversed
the impairment of microglial cell viability caused by Aβ
(1-42), with 5 µM Que showing the most potent effect.
Thus, 5 µM Que was used for subsequent experiments.
As shown in Fig. 3C, the NRF2/HO1 pathway-related nu-
clear NRF2, total NRF2 and HO1, were significantly down-
regulated by Aβ (1-42) treatment (p < 0.05), and further
increased by Que treatment (p < 0.001), indicating that
Que promoted NRF2/HO1 pathway activation in Aβ (1-
42)-treated microglial cells. Additionally, ML385 (a selec-
tive NRF2 inhibitor) treatment significantly decreased the
levels of NRF2/HO1 pathway-related proteins (p < 0.05),
indicating that ML385 inhibited the NRF2/HO1 pathway.

Que Decreases Cell Death of Aβ (1-42)-Treated Microglia
by Activating the NRF2/HO1 Pathway

The release of LDH (Fig. 4A) in HMC3 cells was
significantly increased when treated with Aβ (1-42) (p <

0.001), while further Que treatment significantly decreased
LDH release (p < 0.001). Additionally, ML385 treatment
reversed this effect, significantly increasing LDH release
(p < 0.001). These findings suggest that Que success-
fully activates the NRF2/HO1 pathway and decreases cell
death. Furthermore, Fig. 4B,C demonstrate that apoptosis
in HMC3 cells (indicated by TUNEL-positive cells) was
significantly increased by Aβ (1-42) treatment (p< 0.001),
while further Que treatment significantly decreased apop-
tosis (p < 0.001). The reduction in apoptosis induced by
Que was reversed byML385, indicating that Que decreases
cell apoptosis in Aβ (1-42)-treated microglia through acti-
vation of the NRF2/HO1 pathway. These results collec-
tively demonstrate that Que protects microglial cells from
Aβ (1-42)-induced cell death and apoptosis by activating
the NRF2/HO1 pathway.

Que Alleviates Inflammation and Oxidative Stress in
HMC3 Cells by Activating the NRF2/HO1 Pathway

The mRNA and protein levels of inflammatory cy-
tokines (Fig. 5A–D) were significantly increased by Aβ (1-
42) treatment (p< 0.001), while further Que administration
significantly decreased these levels (p< 0.001). Additional

ML385 treatment significantly increased IL-1β, IL-6, and
TNF-α (p < 0.01). These results indicate that Que de-
creases Aβ (1-42)-induced inflammation in microglia only
when the NRF2/HO1 pathway is not inhibited. Fig. 5E
shows that Aβ (1-42)-induced increases in MDA were sig-
nificantly decreased by Que treatment (p < 0.001), while
ML385 treatment significantly increased MDA levels (p
< 0.001). Aβ (1-42)-induced decreases in SOD and the
GSH/GSSG ratio were significantly increased by Que treat-
ment (p< 0.001), while ML385 treatment significantly de-
creased SOD and GSH/GSSG levels (p < 0.001) (Fig. 5F–
G). These findings indicate that Que decreases oxidative
stress in Aβ (1-42)-treated HMC3 cells, an effect disrupted
by NRF2/HO1 pathway inhibition. These results collec-
tively prove that Que protects Aβ (1-42)-treated HMC3
cells from inflammation and oxidative stress through acti-
vation of the NRF2/HO1 pathway.

Que Promotes Microglia M2 Polarization by Activating
the NRF2/HO1

The levels of M1 phonotype-specific markers CD86
(Fig. 6A) and CD80 (Fig. 6B) were significantly increased
by Aβ (1-42) treatment (p < 0.001), while Que treatment
significantly decreased CD86 and CD80 levels (p< 0.001).
ML385 treatment reversed this effect, significantly increas-
ing CD86 and CD80 levels (p < 0.01). These findings in-
dicate that Que decreases the Aβ (1-42)-promoted M1 mi-
croglial phenotype when the NRF2/HO1 pathway is not in-
hibited. Additionally, the levels of M2 phonotype-specific
markers CD206 and CD163 (Fig. 6C,D) were slightly de-
creased by Aβ (1-42) treatment (p < 0.01), and Que treat-
ment significantly increased CD206 and CD163 levels (p
< 0.01). ML385 treatment significantly decreased CD206
and CD163 levels (p< 0.01), indicating that Que increases
theM2microglial phenotypewhen theNRF2/HO1 pathway
is not inhibited. Accordingly, Que promotes microglial po-
larization by activating the NRF2/HO1 pathway.

Discussion

This study utilized AD model mice to prove the ame-
liorative effect of quercetin (Que) on Alzheimer’s disease
(AD), corroborating findings from previous studies [10,21,
22]. Utilizing human microglia, the mechanisms underly-
ing the effects of Que were demonstrated to be related to
the activation of the NRF2/HO1 pathway and microglia M2
polarization.

The results in this study demonstrated the significant
cognition decrease in Aβ (1-42)-treated AD mice models,
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Fig. 3. Que increases cell viability and NRF2/HO1 pathway activation in microglial cells. (A,B) Cell counting kit-8 (CCK-8) assay
results showing cell viability of human microglial cells HMC3 treated with different concentrations of Que (A), and with Aβ (1-42) and
different concentrations of Que (B) (ANOVA). (C) Levels of NRF2/HO1 pathway-related proteins (ANOVA). n = 5. Control, HMC3
cells with no treatments; Aβ (1-42), HMC3 cells treated with Aβ (1-42) (1 µM); Aβ (1-42) + Que, HMC3 cells treated with Aβ (1-
42) (1 µM) and Que (5 µM); Aβ (1-42) + Que + ML385, HMC3 cells treated with Aβ (1-42) (1 µM), Que (5 µM), and the NEF2
selective inhibitor ML385 (5 µM). *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: Que, quercetin; Aβ (1-42), amyloid-beta
1-42; ML385, NRF2 inhibitor; NRF2, nuclear factor E2-related factor 2; Histone-3, Histone H3; HO1, heme oxygenase-1; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 4. Que activates the NRF2/HO1 pathway in microglial cells. (A) Lactate dehydrogenase (LDH) release levels in HMC3 cells
measured by enzyme-linked immunosorbent assay (ELISA) (ANOVA). (B,C) Quantification (B) and representative images (C; scale bar:
50 µm) of apoptotic cells (ANOVA). n = 5. ***p< 0.001. Abbreviations: Que, quercetin; Aβ (1-42), amyloid-beta 1-42; ML385, NRF2
inhibitor; LDH, lactate dehydrogenase; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; DAPI, 4′,6-diamidino-
2-phenylindole.
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Fig. 5. Que decreases neuroinflammation and oxidative stress in HMC3 cells by activating the NRF2/HO1 pathway. (A) mRNA
levels of inflammation cytokines (ANOVA). (B–D) Protein levels of inflammation cytokines detected by ELISA (ANOVA). (E–G)
Protein levels of oxidative stress-related markers: malondialdehyde (MDA; E), superoxide dismutase (SOD; F), and reduced glutathione
(GSH)/oxidized glutathione disulfide (GSSG; G) detected by ELISA (ANOVA). n = 5. **p < 0.01, ***p < 0.001. Abbreviations:
Aβ (1-42), amyloid-beta 1-42; Que, quercetin; ML385, NRF2 inhibitor; IL, interleukin; TNF-α, tumor necrosis factor alpha; MDA,
malondialdehyde; SOD, superoxide dismutase; GSH/GSSG, glutathione/oxidized glutathione disulfide.
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Fig. 6. Que promotes microglia M2 polarization by activating the NRF2/HO1 pathway. (A–D) Flow cytometry detection of CD86
(A), CD80 (B), CD206 (C), and CD163 (D) (ANOVA). n = 5. **p < 0.01, ***p < 0.001. Abbreviations: Aβ (1-42), amyloid-beta
1-42; Que, quercetin; ML385, NRF2 inhibitor; CD86, cluster of differentiation 86; CD80, cluster of differentiation 80; CD206, cluster
of differentiation 206; CD163, cluster of differentiation 163.
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which was reversed by Que. This further proved the ef-
fectiveness of Que mitigating AD. It is well-documented
that one significant event in AD is the release of pro-
inflammatory cytokines from microglia [23]. In our study,
we observed elevated levels of these cytokines in AD mod-
els, which were effectively decreased by Que, demonstrat-
ing its impact on mitigating neuroinflammation in AD. Mi-
croglia, the resident macrophages in the brain, are critical
in regulating cell stress and neuroinflammation, which are
closely related to neurodegenerative disorders, including
AD [24,25].

In this study, we found the suppression of neuroin-
flammation by Que was accompanied by increased mi-
croglia polarization, characterized by a decrease in the M1
phenotype and an increase in the M2 phenotype. Since mi-
croglia polarization is a promising strategy for treating neu-
rodegenerative disorders [26–28], the findings further val-
idate the potential therapeutic effect of Que on such con-
ditions. Additionally, reactive oxygen species (ROS) lev-
els play a prominent role in the pathogenesis of AD [29].
Our study showed that Que administration reduced Aβ (1-
42)-induced ROS production, confirming its effectiveness
in ameliorating AD.

Multiple pathogenic processes are related to NRF2
activation and NRF2 increase, even mild and insufficient,
plays a role in preventing neuronal dysfunction [30]. We
observed decreased activation of the NRF2/HO1 pathway
in the brains of AD mice, consistent with the previous
study [20]. NRF2 and its dependent HO1 protect neurons
from oxidative stress [31]. HO1 is upregulated by lethal
stimuli such as oxidative stress [32], and NRF2 stabiliza-
tion promotes stress response proteins, including HO1 [33].
Moreover, the role of NRF2 in attenuating AD is primarily
through interference with the Aβ pathway [34]. Our study
showed that Aβ (1-42) decreased NRF2/HO1 pathway ac-
tivation, which was reversed by Que, highlighting its effect
on NRF2 and AD.

This study combined in vivo (mouse model) and in
vitro (HMC3 cell) experiments to systematically verify the
effects of Que on AD, providing multifaceted evidence sup-
porting its therapeutic potential. Cognitive abilities in mice
were evaluated using the open field text, object recognition
test, and Y-maze test, ensuring the reliability of the results.
The research explored the role of the NRF2/HO1 signaling
pathway and utilized the selective inhibitor ML385 to con-
firm its importance in the mechanism of action of Que. Ad-
ditionally, various inflammatory cytokines, oxidative stress
markers, and microglial polarization markers in brain tis-
sue and cells were measured, providing rich data for under-
standing the mechanism of Que.

However, this study has several limitations. It used
only a single dose and time point without assessing the ef-
fects of different doses and treatment durations. It focused
primarily on short-term observations, lacking long-term ef-
fect data. The in vitro cell model may not fully replicate in
vivo physiological conditions, and conclusions are based on
animal models and cell experiments, which have not been
validated in humans, necessitating further clinical research.

Despite these limitations, this study provides prelim-
inary evidence for quercetin as a potential therapeutic for
AD, especially its role in improving cognitive function
through the NRF2/HO1 pathway, warranting further devel-
opment. Future research should explore different doses and
treatment durations, evaluate long-term effects and safety,
and conduct clinical trials to verify its effects in AD treat-
ment. Additionally, multicenter collaborative studies to ob-
tain diverse population data and further explore other pos-
sible molecular mechanisms will provide a comprehensive
understanding of the role of Que in AD treatment, advanc-
ing research in AD therapy.

Conclusion

Quercetin (Que) increases cell viability and, through
the activation of the NRF2/HO1 pathway, decreases apop-
tosis, inflammation, oxidative stress, and the M1microglial
phenotype while promoting the M2 microglial phenotype
in Aβ (1-42)-damagedmicroglia, suppressing neuroinflam-
mation and improving cognitive function in AD mice. This
study demonstrates the therapeutic potential of Que in treat-
ing AD, suggesting its potential as a viable administration
for AD treatment.
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