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A B S T R A C T   

Natural antioxidants represented by quercetin have been documented to be effective against atherosclerosis. 
However, the related mechanisms remain largely unclear. In this study, we identified a novel anti-atherosclerotic 
mechanism of quercetin inhibiting macrophage pyroptosis by activating NRF2 through binding to the Arg483 
site of KEAP1 competitively. In ApoE− /− mice fed with high fat diet, quercetin administration attenuated 
atherosclerosis progression by reducing oxidative stress level and suppressing macrophage pyroptosis. At the 
cellular level, quercetin suppressed THP-1 macrophage pyroptosis induced by ox-LDL, demonstrated by inhib-
iting NLRP3 inflammasome activation and reducing ROS level, while these effects were reversed by the specific 
NRF2 inhibitor (ML385). Mechanistically, quercetin promoted NRF2 to dissociate from KEAP1, enhanced NRF2 
nuclear translocation as well as transcription of downstream antioxidant protein. Molecular docking results 
suggested that quercetin could bind with KEAP1 at Arg415 and Arg483. In order to verify the binding sites, 
KEAP1 mutated at Arg415 and Arg483 to Ser (R415S and R483S) was transfected into THP-1 macrophages, and 
the anti-pyroptotic effect of quercetin was abrogated by Arg483 mutation, but not Arg415 mutation. Further-
more, after administration of adeno associated viral vector (AAV) with AAV-KEAP1-R483S, the anti- 
atherosclerotic effects of quercetin were almost abolished in ApoE− /− mice. These findings proved quercetins 
suppressed macrophage pyroptosis by targeting KEAP1/NRF2 interaction, and provided reliable data on the 
underlying mechanism of natural antioxidants to protect against atherosclerosis.   

1. Introduction 

Atherosclerosis is a kind of chronic inflammatory disease charac-
terized by plaque formation, in which macrophages are the main pro- 
inflammatory cells [1]. Pathological studies have found abundant 
dead macrophages in vulnerable plaques [2], and there is accumulating 
evidence that macrophage death triggers inflammatory responses lead-
ing to plaque instability [3]. Thus, inhibition of macrophage death may 

contribute to preventing atherosclerotic plaques progression and 
destabilization. 

Pyroptosis is a pro-inflammatory form of programmed cell death. The 
distinctive features of pyroptosis included membranolysis and the 
leakage of intracellular contents, such as high mobility group box 1, 
lactate dehydrogenase (LDH), and cytokines [4–6]. In macrophages, 
pyroptosis is triggered by NLRP3 inflammasome activation and cleavage 
of caspase1 (cle-caspase1) [7–9]. N-terminal Gasdermin D (N-GSDMD) 

Abbreviations: Arg, Arginine; CCK8, Cell counting kit 8; DCFH-DA, 2,7-Dichlorodi -hydrofluorescein diacetate; GSH, Glutathione; GSDMD, Gasdermin D; HD, High 
fat diet; KEAP1, Kelch-like ECH-associated protein 1; LDH, Lactate dehydrogenase; MDA, Malondialdehyde; NAC, N-acetyl cysteine; ND, Normal diet; NLRP3, NOD- 
like receptors 3; NRF2, Nuclear factor E2-related factor 2; Ox-LDL, Oxidized low-density lipoprotein; Quer, Quercetin; ROS, Reactive oxygen species; SOD, Super-
oxide dismutase; Ser, Serine; WT, Wild type. 

* Corresponding authors. Department of Cardiology, The Second Affiliated Hospital of Harbin Medical University, Harbin 150086, PR China 
E-mail addresses: office_liji@163.com (J. Li), jhb101180@163.com (H. Jia).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2022.102511 
Received 16 August 2022; Received in revised form 9 October 2022; Accepted 13 October 2022   

mailto:office_liji@163.com
mailto:jhb101180@163.com
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2022.102511
https://doi.org/10.1016/j.redox.2022.102511
https://doi.org/10.1016/j.redox.2022.102511
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 57 (2022) 102511

2

activated by cle-caspase1 migrates to the plasma membrane and forms 
pores, leading to pyroptosis [5,10,11]. Recently, several studies have 
shown that pyroptosis plays an important role in the progression of 
atherosclerosis [12]. Autopsy studies revealed that, compared to normal 
vessels, the expression of NLRP3 and caspase1, the major component of 
NLRP3 inflammasome, are significantly higher in atherosclerotic pla-
ques, and also correlates with the markers of plaque instability [13,14]. 
It was found that caspase1 deletion significantly attenuated athero-
sclerotic plaque progression in ApoE− /− mice [15,16]. Moreover, 
MCC950, a specific NLRP3 inhibitor, was reported to protect against 
atherosclerosis effectively [11]. However, as the main inflammatory cell 
in plaque, the underlying mechanisms of macrophage pyroptosis in 
atherosclerosis remain to be elucidated [17]. 

There is increasing evidence that oxidative stress is an activator of 
NLRP3 inflammasome. The excessive cellular ROS has been proved to be 
a common trigger for NLRP3 inflammasome formation and pyroptosis. 
Furthermore, several reactive oxygen scavengers also have been re-
ported to effectively suppress pyroptosis by inhibiting inflammasome 
activation [18–20]. For instance, inhibition of NADPH oxidase-derived 
ROS prevented ATP-induced caspase1 activation and pyroptosis in 
alveolar macrophages [21]. Moreover, it was also reported that ROS can 
directly cause pyroptosis independently of NLRP3 inflammasome by 
directly activating GSDMD [22]. Since oxidative stress plays an impor-
tant role in pyroptosis, natural antioxidants can be used as candidates 
for the treatment of pyroptosis-related diseases. As a classical natural 
antioxidant, quercetin is well recognized for its multiple biological 
functions including anti-oxidation and anti-inflammation. Previous 
studies have reported that quercetin has a protective effect on athero-
sclerosis, including inhibition of dendritic cell activation and excessive 
ROS production [23,24]. Moreover, our in vitro study supported that 
quercetin improved oxidative stress in pyroptotic macrophages induced 
by LPS/ATP [25]. In this study, we will further elucidate the potential 
mechanisms by which quercetin ameliorates oxidative stress. 

KEAP1/NRF2 is a common protein complex which regulates the 
expression of numerous antioxidant genes that preserve cellular oxida-
tive stress homeostasis. Under physiological conditions, KEAP1 binds to 
NRF2 in cytoplasm, leading to ubiquitination and degradation of NRF2 
[26]. When cells are exposed to oxidative stress, NRF2 will be released 
into the nucleus, where it could bind to antioxidant response elements, 
eventually leading to transcription of antioxidant proteins [26,27]. 
Previous studies have confirmed that quercetin inhibits oxidative stress 
by activating the NRF2 pathway [28]. However, the detailed mecha-
nisms of NRF2 activation by quercetin and its role in atherosclerosis 
remain unclear. 

In the present study, we investigated the protective effect of quer-
cetin on macrophage pyroptosis in atherosclerotic plaques and eluci-
dated the underlying mechanisms of NRF2 activation by quercetin. Our 
results provide new insights into the mechanisms of natural antioxidants 
in the treatment of atherosclerosis. 

2. Materials and methods 

2.1. Animal experiments and tissue harvest 

All animal experimental procedure protocols were approved by the 
institutional research ethics committee of the Second Affiliated Hospital 
of Harbin Medical University, and procedures were performed in 
accordance with the National Institutes of Health guidelines (Guide for 
the Care and Use of Laboratory Animals) and the guidelines from 
Directive 2010/63/EU of the European Parliament on the protection of 
animals used for scientific purposes. 

6–8 weeks male ApoE− /− mice with a C57BL/6 background were 
purchased from Beijing Vital River Laboratory Animal Technology 
(Beijing, China) and housed in the animal center of Harbin Medical 
University (22 ± 2 ◦C, 55 ± 5% relative humidity with a 12 h light/dark 
cycle). The mice were free to food and water. These mice were randomly 

divided into three groups with different diets for 16 weeks: normal chow 
diet (ND), high fat western type diet (21% fat, 0.15% cholesterol; 
MD12015; Medicine Ltd., Jiangsu, China) (HD); and high fat western 
type diet supplemented with 0.1% quercetin (Quer) according to pre-
vious study [29]. During the experiment time, blood glucose, body 
weight and the food uptake were recorded every two weeks. After 16 
weeks, all animals were anesthetized with an intraperitoneal injection of 
sodium pentobarbital (50 mg/kg body weight) and then euthanized by 
cervical dislocation. The plasma was collected and frozen immediately. 
The hearts and aortas were removed carefully and fixed with 4% para-
formaldehyde (4 ◦C for 24 h) or kept in optimal cutting temperature 
compound (OCT) for immunostaining. 

2.2. Reagents 

The following drugs and reagents were used in the present study: 
quercetin (C15H10O7, 98% purity), was obtained from Chengdu Herb-
purify (Chengdu, China). Ox-LDL was purchased from Yiyuan Biotech-
nology (Guangzhou, China). SYBR Green and Reverse Transcription kit 
were obtained from Roche (Basel, Switzerland). Primary antibody 
sources are as follows: antibodies against NLRP3 (D4D8T), caspase1 
(D7F10), N-GSDMD (93709), cle-caspase1 (D57A2), NRF2 (D1Z9C), 
Heme oxygenase-1(HO-1) (E9H3A), KEAP1 (P586) and IL-1β (D3U3E) 
were purchased from Cell Signaling Technology (Boston, USA), antibody 
against β-actin and Goat anti-rabbit antibody were obtained from Merck 
(Darmstadt, Germany). Lipid Peroxidation MDA Assay Kit, ROS Assay 
Kit, Total Superoxide Dismutase Assay Kit with NBT, LDH Cytotoxicity 
Assay Kit and Apoptosis and Necrosis Assay Kit are obtained from 
Beyotime Biotechnology (Shanghai, China). Enzyme linked immuno-
sorbent assay (ELISA) kits for IL-1β and IL-18 was obtained from Ebio-
science (Wuhan, China). 

2.3. Cell culture and treatment 

Human myelomonocytic THP-1 cells (ATCC, USA) were cultured in 
RPMI 1640 medium (Gibco, USA), supplemented with 10% fetal bovine 
serum (Gibco, USA) and 1% penicillin (Beyotime, China). Cell culture 
medium was renewed every 2 days, and the cultures were maintained at 
37 ◦C, 95% air/5% CO2 in a fully humidified incubator. Before each 
experiment, THP-1 cells were differentiated into macrophages by 
treatment with 50 nM phorbol myristate acetate (PMA) for 48 h [30]. 
Macrophages were pretreated with quercetin (50 μM) for 1 h, then 
stimulated with 100 μg/ml ox-LDL for 24 h. 

2.4. Cell viability assay 

Cell viability was detected using enhanced cell counting kit-8 (CCK- 
8) (Dojindo, Japanese). After treatment, 100 μl CCK-8 working solution 
was added into each well of the 96-plate and incubated with the 
macrophage for 2 h at 37 ◦C, before reading the optical density of each 
well at 450 nm using a microplate reader. 

2.5. LDH assay 

Briefly, macrophages were cultured into 96-well plates, and treated 
with 100 μg/ml ox-LDL for 24 h with or without 50 μM quercetin pre-
treatments for 1 h. The maximum LDH release control was created by 
the addition of 20 μl 10 × lysis solution 45 min before performing the 
assay. 120 μl of culture supernatant was transferred to a new 96-well 
plate, and 60 μl working solution was added to each well, incubated 
for 25 min at room temperature in the dark, before reading the absor-
bance at 490 nm. 

2.6. Real-time reverse transcription-PCR 

Total RNA was isolated from treated THP-1 using Trizol regent 
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according to the manufacturer’s instructions (Invitrogen, USA). cDNA 
was synthesized using the Reverse Transcription kit (Roche, 
Switzerland), and quantitative polymerase chain reaction (qPCR) per-
formed using SYBR Green (Roche, Switzerland). The mRNA expressions 
of NLRP3, caspase1 and IL-1β was quantified. Using primers were listed 
in the Supplemental Table 1. All data was normalized to the mRNA 
expression level of β-actin. 

2.7. Cytoplasmic DNA isolation and mtDNA copy number analysis 

Mitochondria were extracted from macrophage by using the Mito-
chondria Isolation Kit (Beyotime, China) according to the manufac-
turer’s instructions, to allow the extraction of nuclear DNA (nDNA) and 
mitochondrial DNA (mtDNA) by using the genomic DNA miniprep kit 
(Axygen, USA). The short regions of the tRNA-LeuUUR and β2-micro-
globulin genes were used to quantify mtDNA and nDNA respectively, 
from which the mtDNA/nDNA ratio was calculated to determine the 
mtDNA copy number as previously described [31]. 

2.8. Hoechst/propidium iodide (PI) staining 

Hoechst/PI staining was performed according to the manufacturer’s 
instructions. Treated THP-1 cells were carefully washed twice by ice- 
cold PBS, then stained with PI (2 μg/ml; staining for membrane 
damaged cells) and Hoechst (5 μg/ml; nuclear counterstain for all cells) 
at 4 ◦C for 30 min. Cells were then washed once more in ice-cold PBS and 
observed under a fluorescent microscope (OLYMPUS, Japan). 

2.9. Western blot and immunoprecipitation 

Total protein from treated THP-1 cells or mouse tissue were extrac-
ted by using lysing buffer (Roche, Switzerland). Anti-KEAP1 (1:50) or 
normal rabbit IgG (1:50) control was added to the supernatants and 
incubated at 4 ◦C overnight for immunoprecipitation. Antibody pull 
down was performed by incubation with of 40 μl of protein A magnetic 
(Bimake, USA). Agarose beads for 5 h at 4 ◦C, followed by magnetic pull 
down and 3 wash steps. Proteins were eluted by heating at 95 ◦C for 5 
min. Protein concentration was measured by BCA Protein Assay Kit 
(Beyotime, China). Equal amount of protein (40 μg) was separated by 
SDS polyacrylamide gel electrophoresis and transferred onto 0.22 μm 
PVDF membranes (Millipore Corporation, USA). Membranes were 
blocked with 5% skim milk for 1 h at room temperature with sustained 
shaking. Thereafter, membranes were incubated with antibody at 4 ◦C 
overnight. Membranes were washed and incubated with secondary an-
tibodies for 1 h at room temperature with sustained shaking. Protein 
bands were visualized by ECL reagent (Beyotime, China). 

2.10. Measurement of mitochondrial and intracellular oxidative stress 
levels 

The total and mitochondrial ROS level were detected by Dichlorodi- 
hydrofluorescein diacetate (DCFH-DA) (Beyotime, China) and mitosox 
red mitochondrial superoxide indicator (ThermoFisher, USA) according 
to manufacturer’s instructions. Briefly, treated THP-1 macrophages 
were washed twice with cold PBS and incubated with DCFH-DA or 
mitosox at room temperature for 30 min in the dark. Following two 
additional cold PBS washes, the intensity of fluorescence was deter-
mined by fluorescent microscopy. Malondialdehyd (MDA), glutamyl- 
cysteinyl-glycine (GSH) level and superoxide dismutase (SOD) activity 
in cell homogenate and serum in ApoE− /− mice were measured ac-
cording to manufacturer’s instructions (Beyotime, China). All experi-
ments were repeated three times. 

2.11. Immunofluorescent staining 

Treated THP-1 macrophages, plated on glass slides, or 8 μm sections 

mouse tissues were washed twice by PBS and incubated with cold 
acetone for 10 min. The macrophages/tissues were washed with PBS 
three times. 0.1% Triton was used to break down cell membranes. 
Macrophages/tissues were blocked with 5% bovine serum albumin for 1 
h at room temperature, then macrophages/tissues were washed with 
PBS three times again. After that, the macrophages/tissues were incu-
bated with antibody at 4 ◦C overnight, followed by incubating with 
secondary antibodies (1:200) for 1 h at room temperature. Ultimately, 
the macrophages/tissues were incubated with DAPI for 3 min and 
observed by fluorescent microscope. 

2.12. Histopathologic and TdT-mediated dUTP nick-end labeling (Tunel) 
staining 

The artery tissue from mice and patients were fixed in 4% para-
formaldehyde at 4 ◦C and processed for paraffin embedding and fresh 
frozen or OCT embedding, respectively. According to the requirements 
of the experiment, the paraffin slicer was used to cut the tissue contin-
uously. 8 μm sections were cut throughout the tissue every 3 section. The 
Oil Red-O (OCT embedding), Masson and Tunel stain are performed 
according to manufacturer’s instructions (Roche, Switzerland). 

2.13. Plasmid transfection 

The mammalian expression plasmids containing KEAP1-WT, or 
KEAP1 with single mutations at R415S or R483S were purchased from 
HanBio Tech (Shanghai, China). Adeno associated viral vector (AAV) 
with R483S was purchased from HanBio Tech (Shanghai, China). Amino 
acid mutation sequences were shown in Supplemental Table 2. The 
macrophages were transfected using Lipo3000 reagent (Invitrogen, 
USA), according to the manufacturer’s instructions. Briefly, 2 μl 
Lipo3000 reagent and 2 μl plasmid (0.8 μg) were diluted into 50 μl Opti- 
MEM and incubated at room temperature for 5 min before mixing and 
incubation for a further 20 min. Following incubation, the transfection 
mixture was added to 50 nM PMA treated THP-1 cells in a 24-well plate. 
Cells were assayed after 48 h. 

2.14. Molecular docking analysis 

The structure of quercetin (PubChem CID 5280343) was obtained 
from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The 
crystal structure of the KEAP1 protein combined with NRF2 protein 
(PDB code: 2FLU) was acquired from the RCSB Protein Data Bank (htt 
ps://www.rcsb.org/). The energy of quercetin was minimized using 
the MMFF2 force field with the Powell conjugate gradient minimization 
algorithm and a convergence criterion of 0.005 kcal/(mol•A). Subse-
quently, the NRF2 protein was removed from the 2FLU structure to 
expose site of interaction on the crystal structure of the KEAP1 protein 
involved in docking with NRF2. The hydrogen atoms were then added to 
the KEAP1 protein structure to prepare the structure for docking ex-
periments, along with removal of water from the protein structure. DS 
2.5 was then used to define the active site of the KEAP1 crystal structure 
and calculate the docking site, which is covered with a grid box sized 
18.6 Å × 18.6 Å × 18.6 Å. Quercetin was set as the ligand for KEAP1 
protein, and the molecular docking was performed at different binding 
ratios using the lib-Dock method [32]. The docking energies were ob-
tained to evaluate the docking affinity of quercetin to KEAP1. 

2.15. Statistical analysis 

All the results were presented as mean ± standard error of mean, and 
all the data were acquired from at least three independent experiments. 
Two-tailed Student’s t-test were used to compare data between two 
groups with normal distributed values. Mann-Whitney U test was used to 
compare data between two groups with non-normal distributed values. 
Statistical analysis was performed using SPSS 21.0 software. P < 0.05 
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was considered statistically significant. 

3. Results 

3.1. Quercetin attenuated the progression of atherosclerosis in ApoE− /−

mice 

6–8 weeks male ApoE− /− mice were randomly divided into three 
groups, a normal diet (ND) group, high fat diet (HD) group and HD 
supplemented with 0.1% (w/w) quercetin (Quer) group. HE and Oil 
Red-O staining were used to evaluate plaque area and lipid deposition of 
the aortic root among the three groups. These results indicated that 
quercetin significantly decreased plaque area and the lipid deposition 
(Fig. 1A–C). The content of collagen was closely related to plaque sta-
bility, Masson staining indicated that quercetin significantly increased 
the content of collagen (Fig. 1A and D). Taken together, the data 
demonstrated that quercetin inhibited atherosclerosis plaque progres-
sion in ApoE− /− mice. 

The baseline of these mice was also recorded during the experiment. 
After 16 weeks, the mice of HD and Quer group showed higher weight 
than those of ND group, but no significant difference was observed be-
tween HD and Quer group (Supplemental Fig. 1A). To examine whether 
quercetin influences appetite of mice, the average daily food intake of 
each mouse was recorded. The result demonstrated that there was no 
significant difference in the food intake of mice among ND, HD and Quer 
group (Supplemental Fig. 1C). Fasting blood-glucose was monitored 
every two weeks, no significant differences were observed between the 
mice of different groups (Supplemental Fig. 1B). Total cholesterol (TC), 
triglyceride (TG), LDL-C, and HDL-C levels were measured at the end of 
the 16-week feeding protocol. The results showed that serum TC, TG, 
and LDL-C levels were higher in HD group, while HDL-C was lower. 
Compared to HD group, quercetin significantly reduced TC, TG and LDL- 
C levels in serum, and increased the HDL-C level (Fig. 1E–H). 

3.2. Macrophage pyroptosis was a feature of atherosclerotic plaques in 
ApoE− /− mice and was reduced by quercetin 

Macrophage death has been shown to play an important role in the 
progression of atherosclerotic plaques. As shown in Fig. 2A, the Mac-3 
positive staining area (in red) displayed the macrophage infiltration in 
plaque. Moreover, there was higher Tunel and Mac-3 double positive 
area in the aortic root of HD group than ND group, while this effect was 
attenuated by quercetin (Fig. 2B). To further investigate the form of 
macrophage death in plaques and the potential mechanism of quercetin 
protection against atherosclerosis, we performed Mac-3/NLRP3 and 
Mac-3/caspase1 double staining to indicate co-localization of NLRP3 
and caspase1 in macrophage. Quercetin markedly decreased the NLRP3 
and caspase1 expression in plaque (Fig. 2C–F). Western blot analysis of 
lysed aorta demonstrated that the expression of NLRP3, cle-caspase1, N- 
GSDMD, IL-18, and IL-1β were all elevated in HD group, which were 
normalized by quercetin (Fig. 2H and I). Consistent with inflammasome 
activation in HD group, serum IL-1β and IL-18 levels were significantly 
increased, which was also reversed by quercetin in comparison with the 
HD group (Fig. 2G). These results provided evidence that macrophage 
pyroptosis is a feature in atherosclerotic plaques and that quercetin is 
able to suppress macrophage pyroptosis in this context. 

3.3. Ox-LDL induction of NLRP3 inflammasome mediated pyroptosis in 
THP-1 macrophage was inhibited by quercetin treatment in vitro 

In order to confirm the inhibitory effect of quercetin on macrophage 
pyroptosis in vitro, ox-LDL was used to induce THP-1 macrophage 
pyroptosis. Cell swelling is a key characteristic of pyroptosis, and it can 
be observed obviously from scanning electron microscope (SEM) that 
ox-LDL treatment induced cell swelling, while this change was amelio-
rated by quercetin treatment (Fig. 3A and B). Cell membrane disconti-
nuity is also a feature of cell pyroptosis, which results in positive PI 
staining, loss of viability and increase in LDH release from the cytoplasm 
into the supernatant. Ox-LDL treatment induced a significant increase in 
percentage of PI positive macrophages, reduction in viability (assayed 
by CCK-8 quantification) and increase in LDH release, all of which were 

Fig. 1. Quercetin oral administration attenuates the progression of atherosclerosis and improves the lipid metabolism in ApoE− /− mice. 
Animals are divided into: ND group, HD group and HD + Quer group. After the experiment, the tissue is harvested and stained with HE, Masson and Oil red O, the 
serum is collected to analyze the TG, TC, LDL-C, and HDL-C levels. (A). Representative images for HE, Masson, and Oil red O stain. (B). Quantized data for HE stain (n 
= 5 ND vs n = 5 HD, ***p < 0.001. n = 5 HD vs n = 5 HD + Quer, ##p < 0.01). (C). Quantized data for Oil red stain (n = 5 ND vs n = 5 HD, ***p < 0.001. n = 5 HD 
vs n = 5 HD + Quer, #p < 0.05). (D). Quantized data for Masson stain (n = 5 ND vs n = 5 HD, *p < 0.05. n = 5 HD vs n = 5 HD + Quer, #p < 0.05). (E). TC level in 
serum (n = 6 ND vs n = 6 HD, **p < 0.01. n = 6 HD vs n = 6 HD + Quer, #p < 0.05). (F). TG level in serum (n = 6 ND vs n = 6 HD, **p < 0.01. n = 6 HD vs n = 6 HD 
+ Quer, #p < 0.05). (G). LDL-C level in serum (n = 6 ND vs n = 6 HD, ***p < 0.001. n = 6 HD vs n = 6 HD + Quer, #p < 0.05). (H). HDL-C level in serum (n = 6 ND 
vs n = 6 HD, ***p < 0.001. n = 6 HD vs n = 6 HD + Quer, #p < 0.05). . (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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reversed by quercetin treatment (Fig. 3C–F). Western blot quantification 
of the expressions of NLRP3, cle-caspase1, IL-18, IL-1β and N-GSDMD, 
demonstrated that ox-LDL treatment increased the relative expressions 
of these proteins, while these effects were reversed by quercetin (Fig. 3G 
and H). Moreover, quercetin treatment alone had no significant effect on 
cell morphology and pyroptosis related proteins (Supplemental 
Figs. 2A–C). These data indicated that quercetin treatment has an 
obviously protective effect on macrophage pyroptosis induced by ox- 
LDL. 

3.4. Quercetin protects from oxidative stress induced by ox-LDL/HD in 
THP-1 macrophages and ApoE− /− mice 

In order to investigate whether quercetin inhibited macrophage 
pyroptosis by improving oxidative stress, we quantified the induction of 
cytoplasmic and mitochondrial oxidative stress by ox-LDL treatment. 
Ox-LDL treatment increased both DCFH-DA and mitosox staining 
demonstrating an increase in cytoplasmic and mitochondrial ROS pro-
duction, which was inhibited by quercetin (Supplemental Figs. 3A and 
B). The cellular content of GSH, SOD and MDA reflected the antioxidant 
capacity of macrophages. Ox-LDL treatment decreased GSH and SOD 
levels (Supplemental Figs. 3C and E) and increased the level of MDA 
(Supplemental Fig. 3D), all of which were reversed by quercetin treat-
ment. Moreover, ox-LDL treatment induced a loss of mitochondrial 
membrane potential in THP-1 macrophages (Supplemental Figs. 3F and 
H), assayed by JC-1 staining. In addition, ox-LDL treatment induced the 
leakage of mtDNA. Supplemental Fig. 6G showed that the DNA in the 

cytoplasm (in green) did not fully merge with mitochondrial staining (in 
red), indicative of mtDNA release out. To confirm that quercetin sup-
presses mtDNA leakage into cytoplasm, we quantified mtDNA in isolated 
cytosolic fractions by PCR. The results showed that significant enrich-
ment in mtDNA in the cytosol under ox-LDL conditions compared with 
that in the control groups (Supplemental Fig. 3I). Quercetin treatment 
maintained mitochondrial membrane potential and significantly sup-
pressed the leakage of mtDNA upon ox-LDL treatment, potentially as a 
result of the reduction of oxidative stress. 

These observations were also replicated in vivo. Dihydroethidium 
(DHE) fluorescence quantification of oxidative stress showed that 
quercetin attenuated the oxidative stress in descending aorta compared 
to HD group (Supplemental Figs. 3J and K). In addition, quantification of 
SOD, GSH and MDA levels in the serum of ApoE− /− mice demonstrated 
that quercetin reversed the decreased GSH and SOD levels compared to 
the HD group (Supplemental Fig. 3M and N), and the increased MDA 
level observed in the HD group (Supplemental Fig. 3L). Taken together, 
these data demonstrated that quercetin protected macrophage from 
increased oxidative stress induced by ox-LDL, which were replicated in 
our in vivo model. 

3.5. Quercetin enhanced cellular anti-oxidative effects and inhibits 
macrophage pyroptosis through activation of the KEAP1/NRF2 pathway 

Immunofluorescence staining of NRF2 and western blot demon-
strated that quercetin treatment enhanced the translocation of NRF2 
into the nucleus (Fig. 4A–D). It can be observed from western blot that 

Fig. 2. Quercetin oral administration suppresses the NLRP3 inflammasome and alleviates the pyroptosis of macrophages in ApoE− /− mice. 
(A, B). Tunel and Mac-3 co-staining in aortic sinus (n = 5 ND vs n = 5 HD, ***p < 0.001. n = 5 HD vs n = 5 HD + Quer, ###p < 0.001). (C, D). Caspase1 and Mac-3 
co-staining in aortic sinus (n = 5 ND vs n = 5 HD, ***p < 0.001. n = 5 HD vs n = 5 HD + Quer, ###p < 0.001). (E, F). NLRP3 and Mac-3 co-staining in aortic sinus 
(n = 5 ND vs n = 5 HD, ***p < 0.001. n = 5 HD vs n = 5 HD + Quer, ##p < 0.01). (G). IL-1β and IL-18 level in ApoE− /− mice serum (n = 6 ND vs n = 6 HD, ***p <
0.001. n = 6 HD vs n = 6 HD + Quer, ###p < 0.001). (H, I). The protein levels of NLRP3 (n = 3 ND vs n = 3 HD, ***p < 0.001. n = 3 HD vs n = 3 HD + Quer, ##p 
< 0.01), cle-caspase1 (n = 3 ND vs n = 3 HD, *p < 0.05. n = 3 HD vs n = 3 HD + Quer, 0.7-fold change, ##p < 0.01), N-GSDMD (n = 3 ND vs n = 3 HD, **p < 0.01. 
n = 3 HD vs n = 3 HD + Quer, ##p < 0.01), IL-18, and IL-1β (n = 3 ND vs n = 3 HD, ***p < 0.001. n = 3 HD vs n = 3 HD + Quer, ##p < 0.01) and in the aorta of 
ApoE− /− mice. 
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Fig. 3. Quercetin suppresses the pyroptosis of macrophage induced by ox-LDL. 
THP-1 macrophages are pretreated with quercetin (50 μM) for 1 h, then stimulated with 100 μg/ml ox-LDL for 24 h. Scanning electron microscope, Hochest/PI 
staining, CCK-8 and LDH assay are used to evaluate the shape change and cell viability of macrophages in different groups, western blot is used to analyze the protein 
level of NLRP3 inflammasome. (A, B). Representative images for scanning electron microscope and the diameter of macrophage in different groups (n = 3 control vs 
n = 3 ox-LDL, **p < 0.01. n = 3 ox-LDL vs n = 3 ox-LDL + Quer, #p < 0.05). (C, D). Representative images and quantification of Hoechst/PI staining (n = 3 control 
vs n = 3 ox-LDL, ***p < 0.001. n = 3 ox-LDL vs n = 3 ox-LDL + Quer, ###p < 0.001). (E). CCK-8 (n = 3 control vs n = 3 ox-LDL, **p < 0.01. n = 3 ox-LDL vs n = 3 
ox-LDL + Quer, #p < 0.05). (F). LDH assay (n = 3 control vs n = 3 ox-LDL, **p < 0.01. n = 3 ox-LDL vs n = 3 ox-LDL + Quer, #p < 0.05). (G, H). The NLRP3, N- 
GSDMD, cle-caspase1, IL-18, and IL-1β protein levels (n = 3, control vs ox-LDL group, *p < 0.05, **p < 0.01. n = 3 ox-LDL vs ox-LDL + Quer group, #p < 0.05). 
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ox-LDL treatment increased the expression of KEAP1, which were 
reversed by quercetin treatment. Quercetin also increased HO-1 
expression significantly (Fig. 4A and B). Similarly, the expression of 
NRF2 and HO-1 were decreased and KEAP1 was increased significantly 
in total aortic lysate of HD group, while quercetin mitigated these 
changes (Fig. 4E and F). 

To confirm whether quercetin exerted its anti-oxidative effect via 
activating NRF2 pathway. ML385, a specific inhibitor of NRF2, was used 
to pre-treat macrophages. DCFH-DA and mitosox staining indicated that 
ML385 abrogated the inhibitory effect of quercetin on total and mito-
chondrial ROS production induced by ox-LDL in macrophages 
(Fig. 5A–D). Furthermore, ML385 also suppressed the increase of GSH 
and SOD, the decrease of MDA in quercetin treated group, respectively 
(Fig. 5G–I). These results suggested that the anti-oxidative effects of 
quercetin are mediated by activating NRF2 pathway. In addition, the 
results from Hoechst/PI staining, CCK-8 and LDH assay showed that 
ML385 abolished the anti-pyroptotic effect of quercetin in ox-LDL 
treated macrophages (Fig. 6A–D). Moreover, the inhibitory effect of 
quercetin on NLRP3 inflammasome was also abrogated by ML385 pre-
treatment (Fig. 6E and F), revealing that the anti-pyroptotic effect of 
quercetin was dependent on the activation of NRF2 pathway. 

3.6. ROS scavenging reduced the ox-LDL dependent enhancement of 
inflammasome activation 

Oxidative stress has been shown to enhance NLRP3 inflammasome 
activation [33]. The macrophages were incubated with N-Acetyl-L-cys-
teine (NAC) and mito-tempo, the scavenge cellular total ROS or mito-
chondrial ROS, respectively. The results demonstrated that NAC and 
mito-tempo suppressed the excessive ROS production induced by 

ox-LDL treatment (Fig. 5A–D). In addition, both NAC and mito-tempo 
markedly decreased the expression of NLRP3, cle-caspase1 and 
N-GSDMD (Fig. 5E and F). 

3.7. Quercetin promoted the dissociation of NRF2 and KEAP1 by 
competing with NRF2 to bind KEAP1 

Furthermore, we investigated the mechanisms by which quercetin 
increases NRF2 activation by performing molecular docking. As a result, 
the molecular docking between KEAP1 and quercetin was performed at 
a binding ratio of 1:1, 1:2 and 1:3, respectively, and the 3D overview of 
them were shown in Supplemental Figs. 4A–C. According to the docking 
score of each ratio, we found that two molecules of quercetin matched 
with a higher amount of binding free energy (Fig. 7B). While three 
molecules of quercetin bind with KEAP1 protein, there are only two 
conformations displayed. Thus, the 1:2 ratio is taken as a model to 
structural analysis. As shown in Fig. 7A, the residues of Arg415, Arg483 
and Ser555 formed an attractive charge or hydrogen bond with two 
molecules of quercetin. Moreover, the residues of Ser508, Tyr525, 
Gly509, Ala556, and Phe478 formed a van der Waals with the two 
molecules of quercetin. Thus, the molecular docking results indicated a 
possibility that the two molecules of quercetin may bind to the NRF2 
binding site of KEAP1 and form a stable complex. Previous studies 
demonstrated that the amino site of Cys151, Cys273, Arg415, Arg483 
and Ser508 in KEAP1 were involved in regulating the activity of NRF2 
[17–19]. Our molecular docking results suggested quercetin interacted 
with residues Arg415, Arg483, Ser555, Ser508, Tyr525, Gly509, Ala556, 
and Phe478 in KEAP1 summarized in the Venn diagram to highlight the 
overlapping residues (Fig. 7C). Given that hydrogen bonds are much 
stronger than other interactions, we assumed that quercetin may 

Fig. 4. Quercetin enhances NRF2 nuclear translocation and actives NRF2 pathway in macrophages and ApoE− /− mice. 
In macrophages, the nuclear lysate was extracted to analysis NRF2 expression. In macrophages and aorta, total lysate was extracted to analysis KEAP1 and HO-1 
expression. (A, B). Western blot is used to evaluate NRF2, KEAP1 and HO-1 levels (n = 3). (C, D). Confocal fluorescent staining is used to evaluate the nuclear 
translocation of NRF2 (n = 3). (E, F). The protein levels of NRF2, KEAP1 and HO-1 in the aorta of ApoE− /− mice (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, vs 
control or ND group. ##p < 0.01, ###p < 0.001, vs ox-LDL or HD group. 
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competitively bind with the Arg415 and Arg483 sites of KEAP1 to pro-
mote the dissociation of NRF2 from KEAP1 (Fig. 7C). 

3.8. Quercetin bound to KEAP1 at Arg483 with hydrogen bond to 
regulate NRF2 activity and improve oxidative stress 

Co-immunoprecipitation of NRF2 with KEAP1 demonstrated that 
quercetin diminished the binding between NRF2 and its inhibitor KEAP1 
in ox-LDL incubated macrophages (Fig. 8A). To verify our hypothesis 
that quercetin promoted NRF2 and KEAP1 dissociation by competitively 
binding with KEAP1 at Arg415 or Arg483, KEAP1 mutated at Arg415 or 
Arg483 to Serine (R415S or R483S) or wild type (WT) overexpression 
vectors were transfected into THP-1 macrophages (Fig. 9A). Immuno-
precipitation was used to quantify the binding between NRF2 and 
mutated or wild-type KEAP1. The results demonstrated that quercetin 
promoted the dissociation between NRF2 and WT KEAP1 as well as 

R415S mutated KEAP1, but not the R483S mutated KEAP1 (Fig. 8B). 
Moreover, transfection of R483S KEAP1 into macrophages prevented 
NRF2 nuclear translocation and the increase of HO-1 level in quercetin 
group (Fig. 8C–F). In addition, ROS, MDA and SOD level were signifi-
cantly improved after quercetin treatment in macrophages transfected 
with WT or R415S KEAP1, but not in R483S KEAP1 transfected mac-
rophages (Fig. 9B, G, H). Moreover, Hoechst/PI staining, CCK-8 and 
LDH assays demonstrated quercetin possessed anti-pyroptosis effect in 
macrophages transfected with WT and R415S KEAP1, but not in R483S 
KEAP1 mutation (Fig. 9C–F). Additionally, the protein structure of 
mutated KEAP1-R483S and KEAP1-WT were shown in Fig. 10A–C. The 
results demonstrated that KEAP1 with R483S mutation remained bound 
to NRF2 (Fig. 10D–F). The protein docking results showed that KEAP1- 
R483S interacted with NRF2 at a free energy of − 19.4 kcal/mol, while 
KEAP1-WT interacted with NRF2 at a free energy of − 192.1 kcal/mol 
(Table 1). These findings indicated that binding of quercetin to amino 

Fig. 5. ML385 abolishes the anti-ROS effect of quercetin. 
5 μM ML385 was pretreated in 1 h, then 50 μM quercetin is added into the medium, after 1 h, 100 μg/ml ox-LDL is also added into the medium for 24 h. Immu-
nofluorescence is used to observed the ROS staining, microplate reader is used to evaluated the intensity of ROS. The macrophages are divided into six groups, control 
groups, ox-LDL groups (ox-LDL, 100 μg/ml), Quer group (pretreated with 50 μM quercetin for 1 h, then combined with 100 μg/ml ox-LDL for 24 h), NAC group 
(pretreated with 10 μM NAC for 1 h, then combined with 100 μg/ml ox-LDL for 24 h), Mito-tempo group (pretreated with 10 μM mito-tempo for 1 h, then combined 
with 100 μg/ml ox-LDL for 24 h), ML385 group (5 μM ML385). Western blot is used to analyze the proteins of NLRP3, N-GSDMD and cle-caspase1. (A). Repre-
sentative images for cellular ROS. (B). Representative images for mtROS. (C). Quantized data for cellular ROS (n = 6). (D). Quantized data for mitochondrial ROS (n 
= 7). (E, F). The expression of NLRP3, N-GSDMD, and cle-caspase1 (n = 3). (G). MDA level in control, ox-LDL, Quer + ox-LDL, ML385 (5 μM) + Quer + ox-LDL and 
ML385 (5 μM) group (n = 4). (H). GSH level in control, ox-LDL, Quer + ox-LDL, ML385 (5 μM) + Quer + ox-LDL and ML3853 (5 μM) group (n = 4). (I). SOD activity 
in control, ox-LDL, Quer + ox-LDL, ML3853 (5 μM) + Quer + ox-LDL and ML3853 (5 μM) group (n = 6). *p < 0.05, **p < 0.01, ***p < 0.01 vs control group. #p <
0.05, vs ox-LDL group. $p < 0.05, $$p < 0.01 vs Quer + ox-LDL group. 
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Fig. 6. ML385 abolishes the anti-pyroptotic effect of quercetin on macrophages. 
5 μM ML385 was pretreated for 1 h, then 50 μM quercetin is added into the medium, after 1 h, 100 μg/ml ox-LDL is also added into the medium for 24 h. CCK-8, 
Hoechst/PI staining and LDH assay are used to evaluate the cell viability and cell membrane integrity, western blot is used to analyze the protein levels of NLRP3, cle- 
caspase1 and N-GSDMD. (A, B). Hoechst/PI staining (n = 3). Analyzed by Student’s t-test. (C). CCK-8 (n = 3). Analyzed by Student’s t-test. (D). LDH assay (n = 3), 
Analyzed by Student’s t-test. (E, F). The NLRP3, cle-caspase1 and N-GSDMD protein levels (n = 3). *p < 0.05, **p < 0.01 vs control group. #p < 0.05, ##p < 0.01 vs 
ox-LDL group. $p < 0.05 vs Quer + ox-LDL group. 

Fig. 7. The molecular docking study of quercetin and KEAP1. 
(A). The residues detail of the interaction. (B). The docking score distributions for each ratio. (C). Venn diagram representing the overlap of the identified sites 
between NRF2/KEAP1 and quercetin/KEAP1. **p < 0.01, ***p < 0.001. 
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Fig. 8. Quercetin form hydrogen bond with KEAP1 at 
Arg483 to regulate NRF2 activity and reduce the 
generation of ROS in ox-LDL treated macrophages. 
Plasmid with mutated KEAP1 at R415S and R483S are 
transfected into macrophages, followed by quercetin 
(50 μM) treated for another 1 h. The macrophages 
lysates are immunoprecipitated with anti-KEAP1 
antibody, and the immunoprecipitated proteins are 
used to immunoblot analysis with anti-NRF2 anti-
bodies. The nuclear lysates are analyzed with anti-
–HO–1 and anti-histone H3 antibody. Anti-KEAP1 
and anti-NRF2 are used for co-localized fluorescent 
staining. (A). Immunoprecipitation is used to detect 
the formation of NRF2 and KEAP1 complex (n = 3). 
(B–D). After quercetin treatment, immunoprecipita-
tion and confocal fluorescent staining are used to 
detect the formation of NRF2 and KEAP1 complex 
and nuclear translocation of NRF2 in KEAP1-WT, 
KEAP1-R415S and KEAP1-R483S mutated macro-
phages (n = 3, ***p < 0.001, ox-LDL vs Quer + ox- 
LDL group). (E). Western blot is used to detect the 
NRF2 level in nuclear lysate (n = 3, *p < 0.05, vs 
control group. #p < 0.05, vs ox-LDL group). (F). 
Western blot is used to evaluate the HO-1 level in 
total lysate (n = 3, *p < 0.05, vs control group. #p <
0.05, vs ox-LDL group).   
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acid Arg483 in KEAP1 was critical for its ability to enable nuclear 
translocation of NRF2, improve oxidative stress and protect from 
pyroptosis in macrophages. 

3.9. The atherosclerosis protective effect of quercetin was attenuated in 
ApoE− /− mice with AAV-KEAP1-R483S 

To further confirm the protective effect of quercetin on atheroscle-
rosis through competitive binding of KEAP1, AAV with KEAP1-WT and 
KEAP1-R483S were injected into 8 weeks ApoE− /− mice via tail vein. 
These mice were fed with HD supplemented with 0.1% (w/w) quercetin. 

Fig. 9. The mutation of residue Arg483 in KEAP1 alleviates the anti-oxidative stress and anti-pyroptosis effect of quercetin pretreatment. 
The plasmid with KEAP1-WT, single mutation at R415S or R483S are transfected into macrophages, quercetin (50 μM) is used to pre-treat macrophages, followed by 
ox-LDL (100 μg/ml) combined in different groups. (A). Western blot is used to evaluate the KEAP1 level in different groups (n = 3, *p < 0.05 vs NC group), Analyzed 
by Student’s t-test. (B). DCFH-DA staining is used to display the ROS level in macrophages (n = 3), Analyzed by Student’s t-test. (C–F). Hoechst/PI staining (n = 5), 
CCK-8 (n = 7) and LDH assay (n = 4) are used to measure the cell viability of macrophages (n = 5). Analyzed by Mann-Whitney U test. (G) The MDA level in 
macrophages (n = 8). Analyzed by Mann-Whitney U test. (H) The SOD activity in macrophages (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, vs ox-LDL group. 

Fig. 10. Binding mode between KEAP1-R483S/KEAP1-WT and NRF2. 
(A). Protein structure of KEAP1-WT. (B). Binding model between KEAP1-WT and NRF2. (C). Protein structure of KEAP1-R483S. (D, E). Binding model between 
KEAP1-R483S and NRF2. (F). The residues detail of the interaction between KEAP1-R483S and NRF2. 

Table 1 
KEAP1 and NRF2 binding free energy.   

Binding free energy (kcal/mol) 

KEAP1-WT/NRF2 − 192.1 
KEAP1-R483S/NRF2 − 19.4  
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The results from HE and Oil Red-O staining demonstrated that plaque 
areas and lipid deposition area were significantly higher in AAV-KEAP1- 
R483S mice (Fig. 11A–C). Masson staining displayed that the area of 
collagen fiber decreased significantly in AAV-KEAP1-R483S mice 
(Fig. 11A, D). These results suggested that the atherosclerosis protective 

effect of quercetin was attenuated in ApoE− /− mice with AAV-KEAP1- 
R483S. Furthermore, we performed immunofluorescence staining to 
evaluate NLRP3 and caspase1 levels in macrophages. It can be observed 
that the colocalization area of Mac-3 and NLRP3, caspase1 were 
significantly higher in AAV-KEAP1-R483S mice (Fig. 11E–H). Western 

Fig. 11. Arg483 mutation weaks the protective effect of quercetin on atherosclerosis in vivo. 
AAV-KEAP1-WT and AAV-KEAP1-R483S were injected intravenously through the tail of the mouse into 8-weeks-old ApoE− /− mice, all of which were given Quer diet. 
(A) Representative images for HE, Masson, and Oil red O stain. (B). Quantized data for HE staining (n = 3, *p < 0.05). (C). Quantized data for Oil red stain (n = 3, *p 
< 0.05). (D). Quantized data for Masson stain (n = 3, *p < 0.05). (E, G). NLRP3 and Mac-3 co-staining in aortic sinus (n = 3, **p < 0.01). (F, H). Caspase1 and Mac-3 
co-staining in aortic sinus (n = 3, ***p < 0.001). (I, J) Western blot is used to evaluate NLRP3, Cle-caspase1, N-GSDMD, NRF2, and HO-1 levels (n = 5). **p < 0.01, 
***p < 0.001. (K, L) The serum level of IL-18 and IL-1β (n = 5). **p < 0.01. . (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 
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blot was used to analyze the expression of NLRP3, cle-caspase1, GSDMD, 
NRF2 and HO-1 in total lysate of artery. As we expected, the results 
showed that the protein level of NLRP3, cle-caspase1 and N-GSDMD 
were also increased in mice with AAV-KEAP1-R483S obviously 
(Fig. 11I), while the level of NRF2 and HO-1 were significantly 
decreased (Fig. 11J). The level of IL-1β and IL-18 in serum was also 
increased in mice with AAV-KEAP1-R483S (Fig. 11K and L). 

4. Discussion 

This study provided promising evidence that quercetin suppressed 
atherosclerosis by inhibiting macrophage pyroptosis via binding KEAP1 
at Arg483 to release NRF2, which provided a new insight into the 
mechanisms of quercetin inhibiting atherosclerosis. Our data supported 
that quercetin, a typical natural antioxidant, suppressed atherosclerosis 
in ApoE− /− mice, partially by inhibiting macrophage pyroptosis and 
improving oxidative stress via enhancing NRF2 activation. In ox-LDL 
treated macrophages, quercetin reduced cellular and mitochondrial 
ROS level via promoting NRF2 nuclear translocation, consequently 
suppressed NLRP3 inflammasome mediated pyroptosis. The results from 
molecular docking and immunoprecipitation revealed that quercetin 
increased NRF2 dissociation from KEAP1 and enhanced NRF2 nucleus 
translocation by forming hydrogen bond with KEAP1 at Arg483 
competitively. Furthermore, in vivo experiment demonstrated that the 
atherosclerosis protective effect of quercetin was attenuated in ApoE− / 

− mice with AAV-KEAP1-R483S. 
In original cognition, pyroptosis was considered as a unique death 

form of monocytes, characterized by GSDMD mediated membranolysis 
and triggered by infection [41,42]. Since then, pyroptosis was found 
widely occurred in the initiation, progression and complications of 
atherosclerosis [41]. It was reported that hyperlipidemia promoted 
endothelial cells pyroptosis via activating caspase1 in HD fed ApoE− /−

mice [43]. Moreover, exogenous stimuli such as nicotine and TMAO 
have also been found to promote endothelial cell pyroptosis in vivo and 
in vitro [44,45]. However, there is little evidence on the effects and 
underlying mechanism of macrophage pyroptosis in atherosclerosis. 
Accumulating studies have presented the crucial roles of macrophage 
death in the progression of atherosclerosis. Furthermore, it was reported 
that apoptotic macrophages in vulnerable plaques led to the increase of 
inflammatory response and plaque instability [34]. However, there are 
still lacking of attention on the effect and detailed mechanisms of 
macrophage pyroptosis in atherosclerosis. 

Natural antioxidants, including quercetin, resveratrol and gallic 
acid, were widely used to study the protective effects of atherosclerosis. 
It was found that quercetin inhibited atherosclerosis through multiple 
mechanisms, such as improving endothelial cell dysfunction and sup-
pressing dendritic cell activation [35]. It was also demonstrated that 
gallic acid attenuated atherosclerosis via suppressing smooth muscle cell 
proliferation and promoting cholesterol efflux. However, the mecha-
nisms by which natural antioxidants protect against atherosclerosis still 
need further elucidation. In recent years, new theories of programmed 
cell death modalities have been proposed, especially pyroptosis, which 
has led to a further understanding of the mechanisms of atherosclerosis. 
Our previous work found that quercetin showed excellent protective 
ability against the typical macrophage pyroptosis model induced by 
LPS/ATP. Therefore, we speculated whether quercetin could inhibit 
atherosclerosis by suppressing macrophage pyroptosis. In the present 
study, our data demonstrated that quercetin inhibited macrophages 
pyroptosis in atherosclerotic plaques of ApoE− /− mice and suppressed 
the progression of atherosclerosis. In vitro experiment also showed that 
quercetin suppressed the macrophage pyroptosis induced by ox-LDL. 
Thus, our results suggested that inhibition of macrophage pyroptosis is 
also one of the potential mechanisms by which quercetin protects 
against atherosclerosis. Furthermore, we also found that quercetin 
inhibited macrophage pyroptosis by improving oxidative stress. There is 
considerable evidence demonstrating that oxidative stress is regarded as 

a critical mechanism triggering NLRP3 inflammasome activation in 
pyroptosis [36,37]. The excessive ROS, as a danger-associated molecular 
pattern, was sensed by NLRP3 in cytoplasm and triggers the formation 
and activation of NLRP3 inflammasome. Varghese et al. found that 
ox-LDL induced NLRP3 inflammasome activation by promoting the ROS 
generation, and the induction of GSDMD oxidation was also considered 
to be one of the important mechanisms of pyroptosis caused by ROS 
[22]. Quercetin was well recognized for its multiple biological functions 
including anti-oxidation and anti-inflammation [38]. Indeed, our results 
were consistent with those results that quercetin significantly decreased 
the intracellular and mitochondrial ROS, and improved the loss of 
mitochondrial membrane potential in ox-LDL treated macrophages. 
Furthermore, we found that NAC and mito-temple significantly inhibi-
ted the activation of caspase1 and GSDMD, which is consistent with the 
results of quercetin treatment. These results suggested that quercetin 
may inhibit NLRP3 inflammasome activation and macrophage pyrop-
tosis by inhibiting excessive ROS induced activation of GSDMD. Recent 
literature has reported the mechanism of ROS activation of inflamma-
some that ROS promoted the release of mitochondrial DNA into the 
cytoplasm, and mitochondrial DNA in cytoplasm binds to NLRP3, 
leading to the activation of NLRP3 inflammasome [39]. Furthermore, 
mitochondrial DNA-depleted macrophage (rhoO), showed significant 
resistance to ox-LDL induced pyroptosis [40]. In the present study, we 
also found quercetin markedly suppressed the release of mitochondrial 
DNA in macrophage pyroptosis. Taken together, these findings support 
that quercetin diminishes macrophage pyroptosis via inhibiting the ROS 
production, protecting from the dysfunction of mitochondrial and 
improving the release of mitochondrial DNA. 

NRF2 was reported as a potent transcriptional activator, which 
regulates the transcription of numerous antioxidant genes in response to 
electrophilic and oxidative stress [41,42]. We observed that quercetin 
treatment increased NRF2 activity by enhancing NRF2 nuclear trans-
location and increasing the expression of HO-1, GSH and SOD in mac-
rophages and ApoE− /− mice. Furthermore, in quercetin treated 
macrophages, ML385, pharmacological inhibitor of NRF2, significantly 
blocked the protective effects of quercetin on macrophage pyroptosis 
and oxidative stress. These data provided strong support for confirming 
that quercetin inhibited macrophage pyroptosis and attenuated 
atherosclerosis progression by activating NRF2 pathway. Previous 
studies have found that quercetin activated the NRF2 pathway through a 
variety of ways, including increasing NRF2 cell translocation, without 
affecting NRF2 expression or directly increasing NRF2 expression [43, 
44]. In our study, it was found that quercetin only increases NRF2 levels 
in the nucleus in macrophages, while in vivo study indicated that quer-
cetin directly increased NRF2 levels in the aortic lysate, this difference 
may be related to differences between cells and tissues. 

Previous studies have reported that quercetin can activate NRF2 
pathway in several cell lines and tissues [43,44]. However, to the best of 
our knowledge, there is no data to elucidate the specific mechanism by 
which quercetin activates the NRF2 pathway. NRF2 activity was sup-
pressed by interaction with the KEAP1/Cul3 ubiquitin ligase complex, 
KEAP1 association induces ubiquitination of NRF2 and resultant pro-
teasomal degradation of NRF2 [27]. As a result, NRF2 activity was partly 
dependent on the binding between NRF2 and KEAP1, the Cys151, 
Arg415 and Arg483 sites of KEAP1 were found to play an important role 
in controlling NRF2 activity [45]. In recent years, it has been found that 
some molecules and proteins exerted antioxidant as well as 
anti-inflammatory effects by competitively binding KEAP1 with NRF2, 
leading to the dissociation of NRF2/KEAP1 and NRF2 pathway activa-
tion [46]. Ji and colleagues found that hydrogen sulfide improved 
oxidative stress in atherosclerosis and liver injury via S-sulfhy-
drated-KEAP1 at Cys151, which leads to the activation of NRF2 [42,47]. 
In the present study, quercetin was proved to suppress the expression of 
KEAP1 in macrophages, but we also found that quercetin activated the 
NRF2 pathway via binding to KEAP1 competitively. Rasha et al. and 
Wang et al. identified an inhibitory effect of quercetin on the protein 
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levels of KEAP1 in acute liver toxicity rat model and cadmium-induced 
oxidative damage cell model [48,49], which is similar to our results. 
These results suggested that quercetin may activate the NRF2 pathway 
through multiple mechanisms. In this study, we focused on the potential 
mechanism by which quercetin competitively bound to KEAP1 to in-
crease NRF2 activity. We found quercetin promoted the dissociation of 
NRF2/KEAP1 complex and enhanced the expression of antioxidant 
protein. In order to better understand the mechanisms by which quer-
cetin promoted the dissociation of NRF2 from KEAP1, we performed 
molecular docking to predict the binding site of quercetin and KEAP1. 
The results displayed that those two molecules of quercetin might bind 
to KEAP1 at Arg415 and Arg483 via conventional hydrogen bond, and 
these two sites were involved in the binding of KEAP1 to NRF2 [26,41]. 
To our surprise, rescue experiment demonstrated that the anti-oxidative 
stress and anti-pyroptosis effects of quercetin were only abolished in 
R483S mutated macrophages, but not in R415S macrophages. Further-
more, in vivo experiment showed that, the atherosclerosis and pyroptosis 
protective effects of quercetin were abolished in ApoE− /− mice with 
AAV-KEAP1-R483S. These results demonstrated that the binding of 
quercetin to the Arg483 site of KEAP1 is a key mechanism for its 
anti-atherogenic effect. To the best of our knowledge, the present study 
is the first to demonstrate that quercetin competitively bound to Arg483 
in KEAP1 and ultimately activated NRF2 pathway in atherosclerosis. 

In this study, Arg483 in KEAP1 was identified as a quercetin-binding 
site based on the current experiments with the Arg483 mutant, while 
there was still no significant improvement in NRF2 activity in Arg483 
mutant macrophages compared to WT group. Interestingly, Lo et al. 
reported that KEAP1-R483A mutant is unable to bind to NRF2 and 
repress NRF2 activity [50], which is contradictory to our finding. We 
think there are several potential reasons to explain this. Firstly, Lo et al. 
transfected expression vectors for KEAP1 containing a C-terminal chitin 
binding domain (KEAP1-CBD) and mutant HA-NRF2 proteins into HEK 
293T cells, and the expression of HA-NRF2 was detected in purified 
KEAP1-CBD lysate. However, there are still endogenous KEAP1 and 
NRF2 in HEK 293T cells, and this experiment excluded the expression of 
endogenous KEAP1 and NRF2. Secondly, Lo et al. mutated 
KEAP1-Arg483 into Ala483 in HEK 293T cells, while, in our study, 
KEAP1-Arg483 was mutated into Ser483 in THP-1 macrophages, which 
suggest that the differences in mutated amino acids and cell lines may 
contribute to the different results between the two experiments. More-
over, it is reported that, in neuron cell line, Arg415 mutation in KEAP1 
has no significant influence the activity of NRF2 compared to WT group 
[51]. Thirdly, in Lo et al.’ study, vectors for KEAP1-CBD and HA-NRF2 
were transfected into HEK 293T cells without any other stimulations. 
However, in our study, the THP-1 macrophages were exposed to ox-LDL 
which might play a role in the interaction between KEAP1-R483S and 
NRF2. Furthermore, similar results have been reported in several other 
studies. For instance, Ji et al. found that exogenous hydrogen sulfide 
increased NRF2 activity by binding with the Cys151 site of KEAP1, but 
no significant improvement in NRF2 activity was observed in Cys151 
mutate hepatocytes and macrophages incubated by ox-LDL [42,47]. 

In addition, we performed protein structure docking of KEAP1- 
R483S and NRF2. The results showed that although the Ser483 amino 
site in KEAP1-R483S no longer bounds to NRF2, while KEAP1-R483S 
still controlled the activity of NRF2. Moreover, the protein docking re-
sults showed that KEAP1-R483S interacted with NRF2 at a free energy of 
− 19.4 kcal/mol, while KEAP1-WT interacted with NRF2 at a free energy 
of − 192.1 kcal/mol (Table 1). The data indicated that although KEAP1- 
R483S can still bind to NRF2, the binding energy was substantially 
reduced, which suggested that the Arg483 mutation had little effect on 
the KEAP1/NRF2 binding state, but increased the instability of the 
KEAP1/NRF2 protein complex. Nevertheless, the potential mechanism 
by which KEAP1-R483S binds to NRF2 and represses NRF2 activity 
required further investigation. 

5. Conclusions 

Taken together, the mechanistic data clearly showed that quercetin 
suppressed atherosclerosis by inhibiting macrophage pyroptosis by 
improving oxidative stress, and the related mechanism is to promote 
NRF2 activation through binding to the Arg483 site of KEAP1 compet-
itively. Therefore, this study provides new insights into the mechanisms 
by which quercetin protects against atherosclerosis. 
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