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A B S T R A C T   

Background: Nuclear erythroid 2-related factor 2 (Nrf2), a transcription factor, is critically involved in the 
regulation of oxidative stress and inflammation. However, the role of endothelial Nrf2 in atherogenesis has yet to 
be defined. In addition, how endothelial Nrf2 is activated and whether Nrf2 can be targeted for the prevention 
and treatment of atherosclerosis is not explored. 
Methods: RNA-sequencing and single-cell RNA sequencing analysis of mouse atherosclerotic aortas were used to 
identify the differentially expressed genes. In vivo endothelial cell (EC)-specific activation of Nrf2 was achieved 
by injecting adeno-associated viruses into ApoE− /− mice, while EC-specific knockdown of Nrf2 was generated in 
Cdh5CreCas9floxed-stopApoE− /− mice. 
Results: Endothelial inflammation appeared as early as on day 3 after feeding of a high cholesterol diet (HCD) in 
ApoE− /− mice, as reflected by mRNA levels, immunostaining and global mRNA profiling, while the immuno
signal of the end-product of lipid peroxidation (LPO), 4-hydroxynonenal (4-HNE), started to increase on day 10. 
TNF-α, 4-HNE, and erastin (LPO inducer), activated Nrf2 signaling in human ECs by increasing the mRNA and 
protein expression of Nrf2 target genes. Knockdown of endothelial Nrf2 resulted in augmented endothelial 
inflammation and LPO, and accelerated atherosclerosis in Cdh5CreCas9floxed-stopApoE− /− mice. By contrast, both 
EC-specific and pharmacological activation of Nrf2 inhibited endothelial inflammation, LPO, and atherogenesis. 
Conclusions: Upon HCD feeding in ApoE− /− mice, endothelial inflammation is an earliest event, followed by the 
appearance of LPO. EC-specific activation of Nrf2 inhibits atherosclerosis while EC-specific knockdown of Nrf2 
results in the opposite effect. Pharmacological activators of endothelial Nrf2 may represent a novel therapeutic 
strategy for the treatment of atherosclerosis.   

1. Introduction 

Atherosclerosis, a chronic inflammatory disorder is the leading cause 
of myocardial infarction, ischemic stroke, and peripheral vascular dis
ease [1]. Endothelial inflammation induced by cytokines, oscillatory 
shear stress, oxidized low-density lipoprotein (ox-LDL), and free 

radicals, leads to the adhesion of monocytes to the activated endothelial 
cells (ECs), which facilitates the transformation of monocytes into foam 
cells [1,2]. In addition, a hyperinflammatory state can cause cell death, 
which compromises endothelial integrity and thus promotes the pene
tration of lipids into the subendothelial layer of the vasculature. Both 
animal studies and clinical trials have shown that neutralizing tumor 
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necrosis factor α (TNF-α), interleukin-1β (IL-1β), and IL-6 were found to 
suppress inflammatory responses, which contributes to reduced plaque 
formation in athero-prone mice and to improved cardiovascular out
comes in patients with atherosclerosis [3–5]. 

Lipid peroxidation (LPO) closely related to oxidative stress can result 
in EC inflammation, apoptosis, and vascular dysfunction [6]. LPO is 
triggered by excessive accumulation of reactive oxygen species (ROS) 
and depletion of glutathione (GSH) in the phospholipids of cell mem
branes. These membranes are rich in polyunsaturated fatty acids and are 
therefore rapidly oxidized, leading to the formation of harmful 
by-products particularly 4-hydroxynonenal (4-HNE) [7]. Elevation of 
LPO end-products has been reported in Alzheimer’s disease, cancer, 
diabetes, and atherosclerosis [8–11]. Previous studies showed that LPO 
inhibitors such as ferrostatin-1 or an iron chelator can effectively inhibit 
atherosclerosis through reducing LPO and improving endothelial func
tion in the ApoE− /− mouse aortas [11,12]. 

The transcription factor nuclear factor (erythroid-derived 2)-like 2 
(Nrf2) is a critical regulator of redox balance, pentose metabolism, and 
inflammatory responses [13]. Under physiological conditions, Nrf2 
bound by Keap1 (Kelch-like ECH-associated protein 1) in the cytoplasm 
undergoes constant ubiquitination and proteasomal degradation [13]. 
When cells are under stress or exposed to oxidants and electrophile 
agents, such as 4-HNE, the cysteine thiol residues of Keap1 can be 
modified to relieve its inhibitory effect on Nrf2 [14], while the newly 
synthesized Nrf2 is no longer degraded by Keap1 and it is then trans
located into the nucleus to initiate transcription of antioxidant response 
element (ARE)-containing genes [15]. Nrf2 target genes include 
glutamate-cysteine ligases (GCLs), solute carrier family 7 member 11 
(SLC7A11), SLC3A2, and glutathione peroxidase 4 (GPX4) involved in 
GSH metabolism. Furthermore, Nrf2 regulates iron/heme metabolism 
by increasing the expression of heme oxygenase-1 (HMOX1) and ferritin 
light/heavy chain 1 (FTL/FTH1). Moreover, Nrf2 enhances the gene 
expression of NAD(P)H quinone dehydrogenase 1 (NQO1) and thio
redoxin reductase 1 (TXNRD1), which are essential for reducing 
oxidized protein thiols and mediating xenobiotic detoxification. 

Due to its multifaceted roles, Nrf2 has been implicated in main
taining redox homeostasis, regulating inflammatory responses, con
trolling lipid metabolism, influencing macrophage polarization and 
foam cell formation during atherosclerosis [16]. Nrf2 is reported to 
inhibit inflammation through multiple mechanisms. For example, Nrf2 
binds to the ARE sequence on the promoter region of IL-1β and IL-6 and 
thus suppresses their transcription in macrophages [17,18]. Nrf2 acti
vation is found to reduce the expression of VCAM-1 and MCP-1 through 
inhibiting the MKK6-p38 MAPK signaling in endothelial cells [19,20]. 
The ectopic expression of Nrf2 inhibits the proliferation of vascular 
smooth muscle cells [21]. However, Nrf2 expression in macrophages 
may paradoxically expedite the progression of atherosclerosis by upre
gulating CD36 expression, thus facilitating lipid uptake and foam cell 
formation. The Nrf2 global knockout mice on an ApoE− /− background 
developed fewer atherosclerotic plaques [22]. On the other hand, 
transplantation of bone borrow cells derived from Nrf2+/+/ApoE− /−

mice into Nrf2− /− /ApoE− /− mice was found to be pro-atherogenic [23], 
indicating a role of Nrf2 in bone marrow cells during the progression of 
atherosclerosis in ApoE− /− mice. By contrast, transplantation of bone 
marrow cells from Nrf2− /− mice into LDLR− /− mice resulted in larger 
atherosclerotic lesions probably due to the increased foam cell forma
tion and pro-inflammatory macrophages at both early and late stages of 
atherosclerosis [24]. These contradictory results suggest that the impact 
of Nrf2 in atherogenesis is likely dependent on cell type and genetic 
background. However, there is currently no direct evidence for a role of 
endothelial Nrf2 in the pathogenesis of atherosclerosis. 

The present study aimed to investigate the involvement of endo
thelial Nrf2 in atherogenesis in ApoE− /− mice and to determine the 
timing and mechanism of endothelial Nrf2 activation during the initial 
phase of atherosclerosis in relation to inflammation and LPO. Further
more, we evaluated the potential of dimethyl itaconate (DMI), an Nrf2 

activator, as a therapeutic agent for the prevention and treatment of 
atherosclerosis. 

2. Methods 

2.1. Animals 

Apolipoprotein E deficient (ApoE− /− ) mice, Cdh5CreCas9 floxed- 

stopApoE− /− mice, and Cas9 floxed-stopApoE− /− mice were provided by the 
Laboratory Animal Services Centre at Chinese University of Hong Kong, 
and their usage was approved by the Animal Research Ethical Com
mittee (Ref No. 20-055-GRF). The mice were housed in temperature- 
controlled cages with a 12/12-hr light/dark cycle and had free access 
to water and a standard chow diet unless otherwise stated. The endo
thelial cell-specific Cas9 overexpression mice (EC-Cas9) were generated 
by breeding male Cdh5Cre mice (Jackson Laboratories, B6; 129-Tg 
(Cdh5-Cre)1Spe/J) with female Rosa26-LSL-Cas9 (Cas9floxed-stop) mice 
(Jackson Laboratories, Gt (ROSA)26Sortm1.1(CAG-cas9*,− EGFP)Fezh/J, 
#024857). The 8-week-old mice were then mated with ApoE− /− mice to 
generate ECs-specific expressing Cas9 simultaneously (Cdh5Cre Cas9 
floxed-stopApoE− /− ) mouse lines. Male Cdh5CreCas9 floxed-stopApoE− /− mice 
aged at 10–12 weeks were randomly assigned to two groups; they were 
injected with EC-enhanced AAV9-mNrf2-sgRNA (AAV-sgNrf2) or EC- 
enhanced AAV9-vector (AAV-Vector) (1 × 1012 gc/mice) via tail vein. 
The mice were then maintained for 3 weeks to generate EC-specific Nrf2 
knockdown mice. The mice were then fed on an HCD for 8 weeks. To 
generate EC-specific Keap1 knockdown mice, AAV-vector or AAV- 
sgKeap1 (1 × 1012 gc/mice) were administered to male and female 
ApoE− /− mice (10–12 weeks) via tail vein injection and maintained for 3 
weeks. The mice were then fed with an HCD for 8 weeks. ApoE− /− mice 
aged 10–12 weeks were intragastrically administered with 100 mg/kg/ 
day of dimethyl itaconate (DMI, Sigma-Aldrich, 617-52-7) or H2O for 2 
or 4 weeks. Atherosclerotic mice were induced by feeding them an HCD 
containing 60 kcal % fat (Research Diets, D12336, USA). Body weight 
was monitored weekly during the treatment. Drugs and chemicals used 
are listed in Supplemental T able 1. 

2.2. Cell culture 

Human umbilical vein endothelial cells (HUVECs) obtained from 
Lonza (C2591A) were cultured in EGM (DMEM/F12 supplemented with 
20 % FBS, ECGS (10 μg/mL), and 100 U/mL penicillin plus 100 μg/mL 
streptomycin) at 37 ◦C. Human aortic endothelial cells (HAECs) were 
provided by Invitrogen (C-006-5C) and cultured in Medium 200 (Gibco, 
M200500) with low serum growth supplement kit (Thermo fisher sci
entific, S003K). HEK293T cells from ATCC (CRL-3216™) were cultured 
in a high glucose DMEM (Thermo Fisher Scientific, 12100046) supple
mented with 10 % FBS. The THP-1 cells (ATCC® TIB-202™) were 
cultured in RPMI-1640 medium (Gibco, 31800105) supplemented with 
2-mercaptoethanol (Gibco, 21985023) to a final concentration of 0.05 
mM and 10 % FBS. 

2.3. Construction of endothelial cell-specific AAV-mediated plasmid 

To generate single guide RNAs (sgRNAs) for SpCas9 and SaCas9 
targets, the CRISPR design tool (CRISPR/Cas9 target online predictor, 
CCTop (https://cctop.cos.uni-heidelberg.de:8043/index.html) [25]) 
was used to select the three 20-nt target sequences preceding a 5′-NGG of 
a protospacer-adjacent motif sequence of mouse Nrf2 CDS. The annealed 
oligos were then cloned into the pAAV-U6-sgRNA-CMV-GFP (Addgene, 
#85451) using SapI. To generate Keap1 in vivo genome editing, the 
pX601-AAV-CMV: NLS-SaCas9-NLS-3xHA-bGHpA; U6BsaI sgRNA 
(gifted from F. Zhang, Addgene plasmid, #61591) was utilized. The 
primers used for the preparation of sgNrf2 and sgKeap1 are listed in 
Supplemental Ta ble 2. 
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2.4. Endothelium-enhanced AAV packaging 

The RGDLRVS-AAV9-cap plasmid (gifted from Dr. O.J. Müller, Uni
versity Hospital Heidelberg, Heidelberg, Germany) was utilized to 
package recombinant endothelial enhanced AAV due to its high infec
tion efficiency in endothelium [26]. A plasmid cocktail containing the 
resulting plasmid, AAV9 packaging plasmid, and p-Helper envelope 
plasmid was co-transfected into HEK293T cells using polyethyleneimine 
(PEI). The medium was changed 16 h after transfection. 3–5 days after 
transfection, the supernatant was removed and the cells pellet was 
suspended with Tris-NaCl Buffer. The cells were frozen (− 80 ◦C, 30 min) 
and thawed (37 ◦C, 15 min) for 3 cycles to release the virus. The 
resulting samples were spun and the supernatant was transferred into 
fresh tubes, followed by precipitation with polyethylene glycol 6000, 
purified by chloroform, and suspended in PBS containing 4 % sucrose. 
Finally, the virus was aliquoted and stored at − 80 ◦C. The AAV titer was 
determined using qPCR, following the titration protocol provided by 
Addgene. 

2.5. Lentivirus production 

The human Nrf2 shRNA sequence was cloned into the pLKO.1 
plasmid backbone. The primers used for shNrf2 preparation are listed in 
Supplemental Ta ble 2. The human Keap1 shRNA was purchased from 
Genechem Station (Shanghai, China). Lentivirus encoding Nrf2 shRNA 
(LV-shNrf2) and Keap1 shRNA (LV-shKeap1) was generated by trans
fecting a plasmid cocktail containing the shuttle plasmid pLKO.1 
(Addgene, #10878), the packaging plasmid psPAX2 (Addgene, 
#12260), and the envelope plasmid pMD2.G (Addgene, #12259) into 
HEK293T cells. The medium was changed 15 h after transfection. The 
medium containing LV-SCR or LV-shNrf2 or LV-shKeap1 was harvested 
48 h and 72 h after transfection. The cell debris was removed by passing 
the medium through 0.45 μm filters. The virus was then precipitated 
with polyethylene glycol 6000, purified by chloroform and suspended in 
PBS containing 4 % sucrose. The virus was aliquoted and stored at 
− 80 ◦C. 

2.6. Isolation of mouse aortic endothelial cells 

After sacrifice by CO2 euthanasia, the mouse aortas were dissected 
out and put in cold PBS. A 23-gauge needle was inserted into the aorta 
and clamped tightly with forceps. The vessel lumen was perfused with 1 
mL of QIAzol Lysis reagent (Qiagen,79,306) within 1 min via a plastic 
catheter. The cells that were washed away by the lysis reagent were 
mostly endothelial cells, while vascular smooth muscle cells comprised 
the majority of the remaining aortic tissue. The successful isolation of 
endothelial cells was confirmed using qPCR by the use of markers for 
both endothelial and smooth muscle cells. 

2.7. Isolation of lung endothelial cells 

The mice were sacrificed by CO2 euthanasia. The left atrium was cut 
open before perfusing the right ventricle with sterile PBS to clear the 
blood in the lungs. The lung tissues were then cut into small pieces and 
processed with 10 mL of 450 U/mL of type I collagenase (Worthington, 
LS004194) and 60 U/mL of deoxyribonuclease I (Worthington, 
LS006333) in Hank’s Balanced Salt Solution or serum-free medium 
(DMEM/F12). To stop the digestion, an equivalent volume of FACS 
buffer (sterile PBS with 2 mmol/L EDTA plus 2 % FBS plus 100 U/mL 
penicillin plus 100 g/mL streptomycin) was added. To remove undi
gested tissue, cells were filtered through a 70 μm strainer and centri
fuged. The cell pellet was resuspended in 200 μL of FACS buffer, 
followed by addition of 1:20 CD31 microbeads (Miltenyi Biotec, 130- 
097-418). After incubation on ice, each sample was mixed with 2 mL 
of FACS buffer and centrifuged to remove the supernatant. The cell 
pellet was resuspended in FACS buffer for the second time and loaded 

onto an LS column (Miltenyi Biotec, 130-042-401) that had been pre- 
washed with FACS buffer. The column was washed twice with addi
tional FACS buffer before being removed from the magnet and placed on 
the top of a tube. The beads on the column were washed with FACS 
buffer by pushing the syringe plug when there was approximately 1 mL 
remaining. The collected solution was centrifuged, and the resulting cell 
pellet was identified as CD31+ lung microvascular ECs. 

2.8. Dual luciferase activity assay 

A pGL3-NF-ĸB reporter plasmid containing a firefly luciferase gene 
was used. HUVECs were plated overnight in a 24- well plate and then 
transiently transfected with a purified pGL3-NF-ĸB luciferase plasmid 
along with an internal control plasmid Renilla by using the Neon 
Transfection System (Thermo Fisher Scientific). After 6 h, the culture 
medium was replaced with fresh F12 supplemented with 20 % FBS. The 
cells were then pretreated with DMI (100 μM) for 3 h and incubated with 
TNF-α (10 ng/mL) for 24 h. The activities of firefly and Renilla luciferase 
were determined according to the manufacturer’s instructions (Prom
ega, #E1960). Briefly, the cells were washed twice in PBS and lysed in 1 
× passive lysis buffer for 15 min at room temperature with gentle 
shaking. 10 μL of cell lysate was transferred to 1.5 mL EP tube and 
subsequently mixed with 50 μL of LAR II buffer. The activity of firefly 
luciferase was determined using a GloMaxR-20/20 single-tube Lumin
ometer (Promega). The ratio of luciferase activity was calculated based 
on the activity of firefly luciferase and Renilla luciferase. 

2.9. Hemodynamics study in vitro 

The Ibidi flow system (Ibidi, Germany) was used in conjunction with 
self-made flow chambers to generate oscillatory shear stress (OSS) at 4 
± 0.5 dyne/cm2 and 1 Hz. The flow system was assembled, and the 
computer control program was set up in accordance with the manu
facturer’s instructions. HUVECs were seeded onto a 75 mm × 38 mm 
glass slide (Corning) pre-coated with fibronectin (50 μg/mL). After a 12- 
h growth period on the glass in medium containing 10 % FBS, the slide 
was then mounted onto the custom-built flow chamber and connected to 
the Ibidi flow system with 2 % FBS-EGM. The cells were then exposed to 
OSS for varying durations, as indicated [27,28]. 

2.10. Oil red O staining for atherosclerotic plaques 

Mice were euthanized using CO2 and the entire aortas, including the 
aortic arch, thoracic, and abdominal segments, were dissected out and 
cut open longitudinally to expose the atherosclerotic plaques. The pla
ques were then fixed overnight in 4 % formaldehyde at 4 ◦C. The aortic 
tissue was washed three times in PBS with a 10-min interval between 
wash and then rinsed in 60 % isopropanol. The aortas were stained with 
Oil Red O (O0625, Sigma) for 15 min, rinsed with 60 % isopropanol until 
the background became transparent, and then mounted with gelatin on 
cover slides for long-term storage. Images were recorded for subsequent 
analysis. The percentage of plaque area was determined using National 
Institutes of Health ImageJ software and calculated by expressing the 
plaque area relative to the total vascular area. 

2.11. Immunohistochemical staining 

HUVECs were seeded onto glass and fixed in 4 % paraformaldehyde 
for 10 min. Subsequently, they were permeabilized with 0.01 % Triton 
X-100 for an additional 10 min. The cells were then blocked with 5 % 
bovine serum albumin (BSA) in PBS at room temperature for 1 h. Af
terward, the indicated primary antibody was added and incubated 
overnight at 4 ◦C, followed by the corresponding Alexa Fluor® sec
ondary antibodies (1:500) for 2 h at room temperature in the dark. 
Finally, nuclei were stained with 10 μg/mL 4′,6-diamidino-2-phenyl
indole (DAPI, Invitrogen) in PBS for 10 min. For mouse aortas, the 
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cryosections of tissue slices were rinsed in PBS and the specimens were 
fixed with pre-cooled acetone for 15 min on ice. The slides were then 
rinsed three times in PBS with an interval of 5 min, blocked with 5 % 
BSA in PBS at room temperature for 60 min, and then incubated with 
diluted primary antibodies (antibody information is summarized in 
Supplemental Ta ble 3) overnight at 4 ◦C. The slides were left at room 
temperature for 20 min, rinsed three times in PBS, and incubated with 
the corresponding AlexaFluor secondary antibodies (1: 500) in room 
temperature for 2 h in the dark. After rinsing the slides three times in 
PBS at 5-min intervals, they were mounted with a coverslip using anti
fade mounting medium with DAPI (Beyotime, P0131). The coverslips 
were then sealed with nail polish to prevent drying. The slides were 
stored in the dark at − 20 ◦C for one week or at 4 ◦C for 2 days. The 
Fluoview FV1200 laser scanning confocal system (Olympus, Tokyo, 
Japan) was used to capture fluorescent images. 

2.12. Human artery samples and immunofluorescence staining of 4-HNE, 
TFRC and Nrf2 

Carotid arteries were dissected from patients who underwent carotid 
endarterectomy while aortas were dissected from patients with 
abdominal or thoracic aortic aneurysms. The samples were obtained 
from Shanghai Chest Hospital, Shanghai Jiao Tong University School of 
Medicine. The specimens were fixed in a 4 % paraformaldehyde solution 
in PBS and then embedded in paraffin. For immunofluorescence stain
ing, the paraffin-embedded samples were sliced into cross sections of 5 
μm. The study was approved by the ethics committee of clinical research 
at Shanghai Jiao Tong University School of Medicine (Ref. NO.: 
IS21014). Before enrolling in the study, all participants signed an 
informed consent form. 

Immunofluorescence staining for 4-HNE and TFRC was performed on 
paraffin sections of human carotid arteries, while aortas were stained for 
Nrf2. The tissue slices were dewaxed in xylene and gradient ethanol 
(100 %, 95 %, 80 %, and 70 %) before being subjected to 10 mM citrate 
buffer (pH 7.4) for antigen retrieval. Following blocking with 5 % BSA at 
room temperature for 1 h, the remaining steps were carried out as 
described above. 

2.13. Measurement of ROS 

The intracellular ROS level was measured using the dihydroethidium 
(DHE, Invitrogen, D11347) assay kit following the manufacturer’s in
structions. SCR or shNrf2-HUVECs were seeded on glass and incubated 
in the dark with 5 μM DHE in Krebs buffer at 37 ◦C for 30 min. Excess 
probe was removed with fresh F12 medium. Fluorescent images were 
captured using the Fluoview FV1200 laser scanning confocal system 
(Olympus, Tokyo, Japan). 

The intracellular ROS level was also quantified by using the indicator 
CM-H2DCFDA (Invitrogen, C6827) according to the manufacturer’s in
structions. HUVECs were plated overnight in a 6-well plate and incu
bated with DMI (100 μM) for the indicated time points. CM-H2DCFDA 
was reconstituted to make a concentrated stock solution and kept 
tightly sealed until use. HUVECs were incubated in the dark for 30 min 
at 37 ◦C with 1 mM CM-H2DCFDA in prewarmed HEPES buffer. The 
excess probe was washed away with HEPES. Digested cells were resus
pended in 200 μL of prewarmed HEPES and the resulting samples were 
placed in a 5 mL polystyrene round-bottom tube and analyzed using a 
cell analyzer (BD LSRFortessa, USA). 

2.14. Cytoplasmic and nuclear protein extraction 

The NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo, 
78,833) was used. Briefly, the cells were collected and washed twice in 
sterile ice-cold PBS, followed by centrifugation at 3000 rpm for 5 min at 
4 ◦C to collect the cell pellet. To resuspend cells in a tube, 100 μL of 
cytoplasmic extraction reagent I was added. The tube was then vortexed 

vigorously on the highest setting for 15 s to fully suspend the cell pellet. 
After incubating on ice for 10 min, 5.5 μL of cytoplasmic extraction 
reagent II was added. The tube was vortexed for 5 s at the highest 
setting. The samples were then centrifuged for 10 min at 12,000 rpm at 
4 ◦C after being incubated on ice for 1 min and vortex for an additional 5 
s. The supernatant cytoplasmic fraction was immediately transferred to 
a fresh pre-cooled 1.5 mL tube, while the nuclear fraction was washed 
once in pre-cooled PBS and the nuclear pellet was resuspended in 50 μL 
RIPA buffer for 30 min on ice with vertexing every 10 min. The pellet 
was ultrasonicated three times, each for 3 s, and centrifuged for 20 min 
at 12,000 rpm at 4 ◦C. The resulting supernatant (nuclear fraction) was 
collected and placed in a fresh pre-chilled tube. 

2.15. Western blotting 

The cells were homogenized in RIPA lysis buffer consisting of RIPA 
solution, protease inhibitors and phosSTOP phosphatase inhibitors 
(Roche, USA, 04,906,845,001). The amount of protein in the protein 
supernatant was determined using a BCA protein assay kit (Thermo 
Scientific, 23,225). An equal amount of protein was loaded onto SDS- 
PAGE along with the pre-stained protein marker (Thermo, #26616). 
The separated proteins were transferred to PVDF (Millipore, USA) using 
a Bio-Rad Trans-Blot® cell with wire electrodes, following the manu
facturer’s guidelines. The membranes were then blocked with 3 % 
bovine serum albumin dissolved in 1 × TBST buffer for 1 h at room 
temperature before being incubated with primary antibodies overnight 
at 4 ◦C. After being rinsed three times in TBST, the membranes were 
incubated with the corresponding secondary antibodies conjugated with 
horseradish peroxidase at room temperature for 2 h. They were then 
washed three times in 1 × TBST with 10-min intervals before being 
visualized using chemiluminescent HRP substrate (Millipore, USA). The 
protein bands observed by the Bio-rad chemiDoc imager were analyzed 
using Quantity One software. 

2.16. Quantitative PCR analysis 

RNA was extracted from tissue or cellular samples using RNAiso plus 
(Takara, #9109). 1000 ng of RNA was reverse transcribed into cDNA 
using PrimeScript RT Master Mix (Takara, RR036A). The targeted genes 
were detected using primers and cDNA with TB Green Premix Ex Taq 
(Takara, # RR420A) and analyzed through qPCR analysis on the 
ViiATM7 real-time PCR system (Applied Biosystems) following the 
manufacturer’s protocol. The gene expression in cells was analyzed 
using the comparative CT method with GAPDH or HSP90ab1 serving as 
the internal control. 

2.17. RNA-sequencing 

SCR- and shNrf2-HUVECs as well as HUVECs, were pretreated with 
DMI (100 μM) for 3 h and were then treated with TNF-α (10 ng/mL) for 
12 h before cell harvesting for RNA extraction using the RNeasy Mini Kit 
(Qiagen, Germany). For mouse aortic endothelial cells, RNA extraction 
was performed after cell isolation. The extracted RNA samples were sent 
to the Novogene (Novogene Co., Ltd, Beijing, China) for RNA- 
sequencing analysis. The annotation file and reference genomes were 
referred to the ENSEMBL database. By utilizing Bowtie2 v2.2.3, the 
genome index was constructed. Using HISAT2v2.1.0, the genome index 
and the clean data were subsequently aligned to the reference genome. 
All samples have a fold coverage ranging from 24 to 40 (median: 33). 
The expression level of genes in each sample was estimated using FPKM 
(fragments per kilobase million mapped reads) after reads were 
enumerated with HTSeq v0.6.0. Genes were classified as differentially 
expressed if they met the criteria of P < 0.05 and a fold change higher 
than 1.5. GSEA tools were used for enrichment analysis and to identify 
key hub genes related to the phenotypic traits during the initiation of 
atherogenesis, a system biology approach called weighted gene co- 
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expression network analysis (WGCNA) was used to analyze gene clusters 
(modules). We used droplet-based scRNA-seq to analyze the entire 
mouse aorta as previously described [29]. Briefly, scRNA-seq data from 
the entire mouse aorta of our previous study, available at NCBI Bio
Project (accession number: PRJNA712944), was used. This scRNA-seq 
data was processed and re-analyzed for cell type clustering and differ
ential gene expression analysis between normal chow diet (NCD) and 
high cholesterol diet (HCD) groups, with the following major settings: 
(1) cell filtering was conducted as previously reported in our previous 
study [29]; (2) the first 14 principal components were used for dimen
sion reduction by uniform manifold approximation and projection 
(UMAP); (3) cell clustering was performed by using the first 14 principal 
components at a resolution of 0.1; (4) differential gene expression 
analysis was conducted between NCD and HCD groups for each cluster, 
using the “FindMarkers” function (“min.pct” set at 0.5); and (5) 
fold-changes of genes between NCD and HCD groups for each cluster 
were calculated, using the “FindMarkers” function (“min.pct” and 
“logfc.threshold” set at 0). 

2.18. Monocyte attachment assay 

HUVECs were pretreated with DMI (100 μM) for 3 h followed by 
TNF-α (10 ng/mL) for 12 h. For SCR-, shNrf2-or shKeap1-HUVECs, the 
cells were treated as indicated. THP-1 cells were cultured in RPMI 1640 
medium. Thereafter, the cells were washed in PBS to remove cell debris 
and 2 mL of THP-1 monocyte suspension (105 cells/mL) was added to 
HUVECs. Non-adherent THP-1 cells were removed, followed by gentle 
wash of the cells in PBS and finally in fresh F12-EGM medium. The THP- 
1-bound HUVECs were visualized under a bright-field microscopy [28]. 

2.19. GSH/GSSG measurement 

HUVECs were plated at a density of 1 × 106 cells per mL in a 10-cm 
dish. The cells were pre-treated with DMI (100 μM) for 1, 3 and 12 h and 
with hydrogen peroxide (100 μM) for 1 h. The cell medium was 
removed, and the levels of reduced glutathione (GSH) and oxidized 
glutathione (GSSG) were measured according to the manufacturer’s 
instructions (Invitrogen, EIAGSHC). Briefly, the cell pellets were washed 
in ice-cold PBS and resuspended in 500 μL of ice-cold 5 % SSA (5-sulfo- 
salicylic acid dihydrate, Sigma, S2130). The cells were lysed through 
vigorous vertexing followed by freeze-thaw cycling (− 80 ◦C, 30 min 
→37 ◦C, 15 min) three times. Subsequently, they were incubated at 4 ◦C 
for 10 min. The samples were then centrifuged at 14,000 rpm for 10 min 
at 4 ◦C and the supernatant was collected for biochemical analysis. To 
measure total GSH, the standards and samples were diluted by adding 
four volumes of 1 × assay buffer. The reaction mixture was prepared by 
thoroughly mixing the glutathione reductase and NADPH. To measure 
GSSG, the standards and samples were diluted with sample dilution 
buffer containing 2VP (2-vinylpyridine, Sigma, 132,292). Next, 50 μL of 
diluted samples were added to wells, followed by addition of 25 μL of 
colorimetric detection reagent and 25 μL of reaction mixture. The plate 
was taped and mixed well and thereafter incubated at room temperature 
for 20 min. The absorbance at 450 nm was measured using a Microtiter 
plate reader (Bio-Rad, USA). The concentration of GSH and GSSG was 
calculated using the standard curve method and corrected by the protein 
concentration of each sample. 

2.20. Liperfluo staining 

Liperfluo (Dojindo.co., Japan) was used to detect lipid peroxide in 
living cells. Briefly, HUVECs were plated at a density of 1 × 105 cells in a 
35 mm glass bottom dish (Thermo, 150,682) and cultured overnight. 
The medium was then replaced with fresh medium containing liperfluo 
(1 μM) and incubated at 37 ◦C for 30 min in 5 % CO2 culture incubator. 
After incubation, the medium was discarded and replaced with pre
warmed fresh medium. The fluorescent images of the cells were 

captured using the filter channel of FITC (GFP, Alexa488) on the Fluo
view FV1200 laser scanning confocal system. 

2.21. Statistical analyses 

The results represented the means and standard deviations (means 
± SD) of n separate experiments. GraphPad Prism (Version 9.0, CA, 
USA) was used to analyze the data. Gene and protein expression were 
normalized to GAPDH or Hsp90ab1. Normality and equal variance tests 
were performed for all variables before further analysis. For data that 
passed equal variance test, an unpaired t-test was used to determine 
differences between two groups. For the analysis of differences in mul
tiple groups, we used either one-way or two-way ANOVA followed by 
Tukey’s multiple comparison test. If a normal distribution was not 
achieved, nonparametric tests were used. For comparing two indepen
dent groups, we applied the Mann-Whitney test and for comparing 
multiple groups, we used the Kruskal-Wallis’s test followed by Dunn’s 
multiple comparison test. p < 0.05 was considered as statistically 
significant. 

3. Results 

3.1. Endothelial Nrf2 signaling was activated at both the initial and 
advanced stages of atherosclerosis 

In human aortas with intimal thickening, the expression of Nrf2 in 
the endothelium was higher compared to plaque-free aortas 
(Fig. 1A&1B). Similar results were observed in the advanced athero
sclerotic aortas of ApoE− /− mice fed with HCD for 20 weeks. Single cell 
RNA sequencing showed that among the five Nrf2-regulated cytopro
tective defensive systems, the genes related to GSH production and 
regeneration, TXN-based antioxidant system, NADPH regeneration, and 
heme and iron metabolism were upregulated in ECs (Fig. 1C). To 
determine the activation of Nrf2 signaling during the progression of 
atherosclerosis, ApoE− /− mice were fed with HCD for 3, 7, 10, 14, and 28 
days (Fig. 1D). EC and non-EC components were then isolated from 
mouse aortas. The efficacy of EC purification was confirmed by the 
mRNA expression level of the endothelial marker Cadherin 5 (Cdh5) 
(Supplemental F igure 1A) and the smooth muscle cells (SMCs) marker 
Calponin (Cnn1) (Supplemental Fi gure 1B). On day 3, the total plasma 
cholesterol level increased (Supplemental F ig. 1C&1D). Lipid deposits 
in the ascending aortas were not detected until day 7, as shown by Oil 
red O staining (Supplemental Fi gure 1E). In aortic ECs of HCD-fed 
ApoE− /− mice, the mRNA levels of Nrf2 target genes, Hmox1, Slc7a11, 
and Gstm5 began to increase on day 14 (Fig. 1E). The GSEA analysis of 
the RNA sequencing data also revealed significant activation of Nrf2 
pathway (Fig. 1F). Immunofluorescent staining showed that the protein 
level of Nrf2 was lower in ECs than that of SMCs in the aortas of NCD-fed 
ApoE− /− mice. However, it increased significantly on day 14 post HCD 
feeding (Fig. 1G & 1H). These findings suggest that endothelial Nrf2 was 
activated in both the initial and advanced stages of atherosclerosis. 

3.2. Endothelial inflammation and LPO contributed to Nrf2 activation 
during atherogenesis 

To investigate the molecular mechanism underlying the activation of 
endothelial Nrf2, we conducted RNA sequencing of the EC and non-EC 
components of the HCD-fed ApoE− /− mice aortas and performed the 
Weighted Correlation Network Analysis (WGCNA) analysis. We identi
fied three clusters of genes (highlighted in red, black, and green) with 
the strongest correlation to the feeding duration of HCD, indicating that 
they may be the crucial hub genes associated with the severity of 
atherosclerosis (Supplemental F ig. 2A&2B). Further analysis of these 
genes in the three modules revealed enrichment in Th17 cell differen
tiation, TNF-α signaling pathway, JAK-STAT pathway, cytokine- 
cytokine receptor interaction, cholesterol metabolism, and chemokine 
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signaling pathway (Supplemental F igure 2C). This suggests that endo
thelial inflammation is critically associated with the development of 
atherosclerosis, which is consistent with the classic theory [30,31]. 
GSEA and KEGG analysis revealed that the inflammatory response was 
activated in the aortas in a time-dependent manner following HCD 
feeding (Fig. 2A, Supplemental Fi gure 2D). The expression of inflam
matory genes (Vcam1, Tnfa and Ccl2) in ECs was confirmed by qPCR and 
immunofluorescence staining (Fig. 2B & 2C, Supplemental Fi gure 2E). 
These findings suggest that endothelial inflammation may occur before 
day 3 after HCD feeding, which is much earlier than previously thought 
[32]. 

LPO is a critical mediator of atherosclerosis. We stained the aortas of 
HCD-fed ApoE− /− mice with an antibody targeting 4-HNE-modified 
proteins. 4-HNE was nearly undetectable in both aortic ECs and SMCs 
of ApoE− /− mice on normal chow diet (NCD). However, its staining in
tensity gradually increased, reaching statistical significance on day 10, 
especially in the endothelial layer (Fig. 2B&2C). In carotid endarterec
tomy plaques from humans, higher levels of endothelial LPO were 
detected in the plaque lesions compared to plaque-free areas, as re
flected by immunosignals of 4-HNE and transferrin receptor (TFRC), 
which is another marker of LPO [33,34] (Fig. 2D-2F). 

To investigate whether inflammation and LPO have a causal link to 
Nrf2 activation, we treated HUVECs with TNF-α (10 ng/mL, 12 h), 4- 
HNE (100 μM), and erastin (20 μM, an LPO inducer) for indicated pe
riods of time. TNF-α, 4-HNE, and the LPO inducer erastin alone were 
sufficient to significantly upregulate the expression of Nrf2 and its target 
genes, such as HMOX1, TXNRD1, SLC3A2, suggesting that EC inflam
mation and LPO are involved in the activation of Nrf2 (Fig. 2G-2J, 
Supplemental F ig. 3A&3G&3H). Exposure to 4-HNE at concentration 
over 50 μM resulted in significant death of HUVECs (Supplemental Fi 
gure 3B). By contrast, the LPO inhibitor ferrostatin-1 (Fer) suppressed 
the expression of Nrf2 target genes induced by ox-LDL (Fig. 2K). In 
addition, oscillatory shear stress, another critical atherogenic factor 
(OSS, 4 dyne/cm2, 16 h) also increased the expression of Nrf2 and its 
target genes, such as HMOX1, TXNRD1, SLC3A2, SLC7A11 in HUVECs 
(Supplemental F ig. 3C-3F). Taken together, these results reveal that 
endothelial inflammation and LPO were among the earliest events after 
HCD feeding in ApoE− /− mice, which consequently induced Nrf2 acti
vation (Fig. 2L). However, the detailed role of Nrf2 activation in ECs is 
unclear. 

3.3. Inhibition of Nrf2 increased endothelial lipid peroxidation and 
inflammation 

To investigate the role of Nrf2 in endothelial inflammation and LPO, 
we silenced Nrf2 in HUVECs by shRNA and performed RNA sequencing 
analysis. The efficacy of the knockdown was verified by the Western blot 
method (Supplemental Fi gure 4A). The KEGG enrichment analysis 
revealed that the most enriched pathways were related to chemokines, 
NF-κB, pattern recognition receptors (e.g., NOD-like receptor, RIG-like 
receptor, and Toll-like receptors), glutathione metabolism, and ferrop
tosis (Fig. 3A). The GSEA enrichment analysis further revealed that Nrf2 
knockdown was positively associated with an endothelial inflammatory 
response while it was negatively related to the expression of glutathione 
metabolism-related genes (Fig. 3B & 3C). Consistently, Nrf2 knockdown 
increased ROS production in ECs (Supplemental F ig. 4B&4C), 

supporting the crucial role of Nrf2 in redox homeostasis and inflam
mation. Liperfluo staining showed that Nrf2 knockdown exacerbated 
LPO in HUVECs after exposure to H2O2 (100 μM, 3 h) or TNF-α (10 ng/ 
mL, 12 h) (Fig. 3D–3F). In the presence of TNF-α, deferoxamine (DFO, 
100 μM) reversed LPO induced by Nrf2 knockdown (Fig. 3G). In addi
tion, Nrf2 knockdown increased TNF-α-induced expression of inflam
matory (TNFA) and adhesion molecules (VCAM1, SELE) (Supplemental 
F ig. 4D&4E) and DFO inhibited shNrf2-induced mRNA expression of 
VCAM1, TNFA, and IL1B (Fig. 3G), as well as the attachment of mono
cytes to HUVECs (Fig. 3H&3I). Brusatol, a Nrf2 and general protein 
synthesis inhibitor, suppressed Nrf2 expression in a time- and 
concentration-dependent manner (Supplemental Fi gure 5A). Moreover, 
treatment with brusatol (100 nM, 12 h) resulted in a marked increase in 
LPO in HAECs (Supplemental F ig. 5B&5C). In addition, brusatol upre
gulated the expression of VCAM1, SELE, CCL2, TNFA, and IL1B in both 
control and TNF-α-treated HUVECs (Supplemental Fi g. 5D&5E). These 
findings suggest that Nrf2 deficiency exacerbates endothelial inflam
mation and LPO induced by atherogenic risk factors. 

3.4. Endothelial Nrf2 knockdown accelerated atherosclerosis 

To investigate whether endothelial Nrf2 deficiency promotes 
atherogenesis, we generated Cdh5CreCas9floxed-stopApoE− /− mice by 
crossbreeding Cdh5CreCas9floxed-stopwith ApoE− /− mice (Supplemental Fi 
gure 6A). Successful expression of Cas9 in vascular ECs was confirmed 
by Western blotting (Supplemental Fi gure 6B). To achieve specific Nrf2 
knockdown in endothelial cells, we administered AAV-U6-sgRNA tar
geting Nrf2 (Nrf2ecKD) or empty vector (control) to Cdh5CreCas9floxed- 

stopApoE− /− mice via tail vein injection. We validated the knockdown 
efficacy of Nrf2 sgRNAs in vitro using the Cas9 expressing Hepa1-6 cell 
line (Supplemental Fi gure 6C). Three weeks after AAV injection, the 
mice were fed with HCD for eight weeks to induce plaque formation. The 
protein levels of Nrf2, as well as the downstream NQO1 and heme 
oxygenase-1 (HO-1) were reduced in lung ECs isolated from Nrf2ecKD 

mice (Supplemental Fi g. 6D&6E). Immunofluorescent staining further 
confirmed the successful knockdown of Nrf2 in ECs of mouse aortas 
(Supplemental F igure 6F). Oil red O staining revealed that Nrf2ecKD mice 
developed more atherosclerotic plaques in their aortas and aortic roots 
than vector control mice (Fig. 4A–4D). However, the plasma lipid levels 
did not differ between the two groups (Supplemental F igure 6G). This 
indicates that the atherogenesis-enhancing effect of endothelial Nrf2 
knockdown is independent of lipid profiles. Higher levels of VCAM-1 
and 4-HNE staining were detected in the endothelial and medial layers 
of the aortas with lesions in Nrf2ecKD mice, indicating increased endo
thelial inflammation and LPO (Fig. 4E–4G). These results demonstrate 
that in vivo knockdown of endothelial Nrf2 enhances endothelial 
inflammation and LPO, promoting HCD-induced atherogenesis in 
ApoE− /− mice. 

3.5. Endothelial Nrf2 activation inhibited inflammation, lipid 
peroxidation, and atherosclerosis 

To demonstrate the critical role of Nrf2 in endothelial inflammation 
and LPO, we activated Nrf2 in HUVECs by knocking down Keap1 using 
lentivirus (Supplemental Fi gure 7A). Both qPCR and Western blot re
sults showed that Keap1 knockdown attenuated TNF-α-induced 

Fig. 1. Endothelial Nrf2 signaling was activated during atherogenesis. 
(A & B) Representative immunofluorescence images and statistical analysis of Nrf2 (red) in human aortas with intimal thickening. The EC marker vWF (green) was 
used. n = 6. (C) Dot plots showed the signatures of Nrf2 target genes from scRNA sequencing data in aortas of ApoE− /− mice after 20-week high cholesterol diet 
(HCD) feeding. (D) A schematic diagram of the protocol for feeding mice with normal chow diet (NCD) or HCD for 3, 7, 10, 14 and 28 days was included. (E) ECs 
were isolated for qPCR to profile the expression of Nrf2 targeted genes (n = 6–8). (F) GESA analysis of the RNA sequencing results of EC components showed 
significant enrichment of Nrf2 signaling. (G) Representative immunofluorescence images of Nrf2 (in red) and CD31 (in green) in the ascending aorta of ApoE− /− mice 
were shown. (H) Statistical analysis of the results in (G), n = 6–7. Results are means ± SD. Statistical analysis was performed using an unpaired two-tailed Student’s t- 
test for (B), and one-way ANOVA followed by Tukey’s test for (E) and (H). L, lumen. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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expression of TNFA, VCAM1 and SELE (Fig. 5A&5B; Supplemental F 
igure 8) and monocyte adhesion to HUVECs (Fig. 5C& 5D). Likewise, ox- 
LDL-induced LPO was also reduced in Keap1-knocked down HUVECs 
(Fig. 5E &5F). To further validate the involvement of endothelial Nrf2 in 
atherogenesis, we activated endothelial Nrf2 in ApoE− /− mice by 
administering an EC-specific AAV9 encoding saCas9 and Keap1 sgRNA. 
We isolated lung ECs to verify the knockdown efficacy of sgKeap1. The 
protein levels of Nrf2 and its targeted genes NQO1 and HMOX1 were 
markedly elevated after Keap1 knockdown, which was further 
confirmed by the immunostaining in mouse aortas (Supplemental F ig. 
7B-7D). EC-specific knockdown of Keap1 reduced the plaque area in 
aortas of male and female ApoE− /− mice, thus supporting the athero- 
protective effect of endothelial Nrf2 (Fig. 5G–5J). The expression of 4- 
HNE and VCAM-1 in intima and medial layers of aortas from ApoE− /−

mice was also decreased (Fig. 5K&5L), supporting that Nrf2 activation 
inhibits endothelial inflammation and LPO, leading to an anti- 
atherogenic effect. However, endothelial Keap1 knockdown mice had 
higher plasma levels of LDL cholesterol and a rise in total cholesterol 
levels, whereas plasma triglyceride and HDL cholesterol concentrations 
or body weight remained unchanged (Supplemental F ig. 7E&7F). This is 
likely to be explained by the effects of Nrf2 in the induction of the 
scavenger receptor CD36 in ECs [35]. Ox-LDL and high fat diet feeding 
can upregulate endothelial CD36, which promotes the uptake of ox-LDL 
and fatty acids that are also involved in systemic glucose metabolism 
and lipid metabolism. Despite the fact of the increased LDL levels, 
EC-specific Nrf2 activation resulted in a significant athero-protective 
effect, further indicating the anti-inflammatory and anti-oxidative ef
fects of endothelial Nrf2 are likely to outweigh the potential negative 
impact of increased LDL cholesterol on atherogenesis. Overall, these 
results demonstrate that the activation of endothelial Nrf2 is a secondary 
response to the initial induction of the inflammation-LPO axis. It is likely 
to function as a compensatory mechanism that restrains further endo
thelial inflammation and LPO, thereby limiting the progression of 
atherosclerosis. 

3.6. Dimethyl itaconate (DMI), an Nrf2 activator, inhibited endothelial 
inflammation 

Previous studies have reported that itaconate and fumarate are two 
intrinsic electrophiles that activate Nrf2 by alkylating the cysteine-SH of 
Keap1 in macrophages [36]. To investigate whether DMI activates Nrf2 
in ECs, we profiled the mRNA expression of HUVECs following a 15 
h-treatment with DMI (100 μM). The KEGG enrichment analysis showed 
enrichment in pathways related to glutathione metabolism, ferroptosis, 
fluid shear stress, and atherosclerosis (Supplemental F igure 9A). The 
data from the heatmap showed that DMI induced the expression of many 
Nrf2 target genes (Fig. 6A) and the Western blotting results demon
strated that DMI activated Nrf2 signaling pathway in a time-dependent 
manner (Fig. 6B and Supplemental Fi g. 9B&9C&9D). Nrf2 and its target 
proteins such as HO-1 and P62 were significantly upregulated from 3 h 
to 24 h. Treatment with DMI (100 μM) or dimethyl fumarate (DMF, 100 
μM) for 6 h resulted in increased protein expression of Nrf2 in both the 
nucleus and cytosol fractions (Supplemental F ig. 9E&9F). The qPCR 

results showed that DMI inhibited the expression of VCAM1 and TNFA 
induced by TNF-α (10 ng/mL, 12 h) (Supplemental Fi gure 10A). DMI 
also inhibited TNF-α-induced attachment of THP-1 monocytes to 
HUVECs (Supplemental Fi g.10B&10C). Furthermore, DMI produced a 
similar anti-inflammatory effect in HUVECs exposed to IL-1β (10 ng/mL) 
or LPS (100 ng/mL) (Supplemental Fi g. 10D-10G). NF-κB is crucial in 
the regulation of inflammation. RNA-seq data indicated that DMI 
inhibited most of TNF-α-induced transcription of inflammatory and 
adhesion genes which are regulated by NF-κB (Supplemental F igure 
11A). Interestingly, DMI did not inhibit either canonical or 
non-canonical NF-κB pathway (Supplemental F ig. 11B&11C). The re
sults from the dual luciferase assay of NF-κB transcriptional activity 
(Supplemental F igure 11D) further support this, indicating that the 
anti-inflammatory effect of DMI is not related to NF-κB inhibition. To 
explore whether the action of DMI was mediated through Nrf2 activa
tion, we created a Nrf2 knockdown HUVEC line using 
lentivirus-mediated gene interference. Both SCR and Nrf2 knockdown 
HUVECs were pretreated with DMI (100 μM, 3 h) followed by a 12-h 
incubation with TNF-α (10 ng/mL). The Western blotting results 
showed that Nrf2 knockdown significantly reduced the inhibitory effect 
of DMI on the VCAM-1 expression (Fig. 6C&6D). To investigate how 
DMI activates Nrf2, we incubated HUVECs with DMI and measured the 
electrophilic and oxidation states after treatment for 1, 3, and 12 h. 
Within 1 h, DMI caused a significant decrease in glutathione (GSH) 
levels (Fig. 6E) and an increase in oxidized GSH (GSSG) levels (Fig. 6F). 
However, after 12 h of DMI treatment, the ROS level was found to 
decrease, as indicated by DCFDA staining (Fig. 6G). These findings 
suggest that DMI induces rapid electrophilic stress, which may 
contribute to the long-term reduction of oxidative stress. To investigate 
whether electrophilic stress mediates DMI-induced Nrf2 activation, we 
treated HUVECs with N-acetyl-L-cysteine (NAC) and GSH, both of which 
are electrophilic stress suppressors, for 3 h, followed by DMI for 12 h. 
The results showed that NAC (1 mM) and GSH (2 mM) inhibited 
DMI-induced Nrf2 activation and HO-1 expression (Fig. 6H&6J). 
Furthermore, the inhibitory effect of DMI (100 μM, 15 h) on TNF-α (10 
ng/mL, 12 h)-induced inflammation was reversed by NAC and GSH 
(Fig. 6I&6J). This supports the idea that DMI-induced electrophilic 
stress is most likely to mediate its anti-inflammatory effect by activating 
Nrf2 in ECs. However, the direct connection of reductive stress to Nrf2 
activation has to be further investigated. 

3.7. DMI inhibited the initiation of atherosclerosis in ApoE− /− mice 

To determine whether DMI activates endothelial Nrf2 in vivo, we 
orally administered ApoE− /− mice with DMI (100 mg/kg) for 6 h, and 
isolated both aortic ECs and non-ECs for qPCR. Cdh5 and Cnn1 were 
used to confirm the purification efficacy of ECs (Supplemental F ig. 
12A&12B). The results showed that DMI increased the expression of 
Nrf2 target genes (Gclm, Gclc, Hmox1, and Slc7a11) and suppressed the 
expression of inflammatory molecules (Tnfa and Sele) in the aortic ECs of 
ApoE− /− mice (Supplemental Fi gure 12C). To investigate whether 
activation of Nrf2 in ApoE− /− mice has a protective effect against 
atherosclerosis, 10-week-old ApoE− /− mice were fed with HCD for 4 

Fig. 2. Endothelial inflammation and lipid peroxidation contributed to Nrf2 activation during atherogenesis. 
(A) The KEGG analysis results revealed the enriched signaling pathways of the aortic EC and non-EC components in ApoE− /− mice after being fed with an HCD for 3, 
7, 10, 14, and 28 days. (B) Representative immunofluorescence images of VCAM-1, TNF-α and 4-HNE in the aortas of ApoE− /− mice. The yellow arrowhead denotes 
VCAM-1 (+), TNF-α (+) and 4-HNE (+) ECs in aortas. (C) Statistical analysis results for (B). (D & E) Representative immunofluorescence images of 4-HNE (red) and 
TFRC (red) in the carotid arteries of human atherosclerotic lesions. vWF (green) is an EC marker. (F) Statistical analysis results for (D & E). (G & H) HUVECs were 
exposed to 10 ng/mL TNF-α for 12 h, the expression of Nrf2 and target genes were measured using Western blot and qPCR. (I) HAECs were incubated with 50 μM 4- 
HNE for the indicated time, western blotting was used to determine the protein levels of Nrf2 and HO-1. (J) HUVECs were treated with erastin (20 μM) and the mRNA 
levels of Nrf2 targeted genes were detected by qPCR, n = 4–6. (K) HUVECs were pretreated with Fer (2 μM) for 0.5 h before being exposed to 75 μg/mL ox-LDL for 12 
h, the mRNA levels of Nrf2 target genes were measured using qPCR, n = 4. (L) The schematic model illustrates the timing of EC inflammation, LPO, and Nrf2 
activation. Results are means ± SD. Statistical analysis was performed using an unpaired two-tailed Student’s t-test for (F), (G) and (K) and a one-way ANOVA 
followed by Tukey’s test for (C) and (J). L, lumen. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

L. He et al.                                                                                                                                                                                                                                       



Redox Biology 74 (2024) 103229

10

weeks. During this period, DMI was administered either from week 1 
(prevention group) or week 3 (treatment group) until the end of the 
experiment (Fig. 7A). Immunostaining revealed a significant increase in 
endothelial Nrf2 expression following DMI treatment (Supplemental F 
ig. 12D&12E). Oil red O staining showed that DMI can both prevent and 
attenuate HCD-induced atherosclerosis (Fig. 7B&7C). This anti- 
atherogenic effect of DMI was reduced in EC-specific Keap1 knock
down mice with constitutive activation of the Nrf2 pathway 
(Fig. 5G–5J), further supporting that the athero-protective effect of DMI 

is due to the activation of endothelial Nrf2. Body weight, triglyceride, 
total cholesterol, HDL, and LDL remained unchanged (Supplemental F 
ig. 12F&12G). In addition, in accordance with the total plaque area, 
staining for VCAM-1 and 4-HNE (Fig. 7D–7F) showed that DMI reduced 
endothelial inflammation and LPO in the ascending aortas. The present 
results demonstrate that pharmacological activation of Nrf2 with DMI is 
effective in inhibiting the initiation of atherosclerosis and reversing 
atherogenesis in ApoE− /− mice. 

Fig. 3. Knockdown Nrf2 increased lipid peroxidation and inflammation in endothelial cells. 
HUVECs were infected with lentivirus encoding Nrf2 shRNA and underwent RNA sequencing. (A) KEGG enrichment analysis revealed alterations in signaling 
pathways. GSEA was used to analyze the changes in the inflammatory response (B) and glutathione metabolism (C) pathways. (D) SCR and shNrf2-treated HUVECs 
were incubated with ox-LDL (75 μg/mL) for 36 h or H2O2 (100 μM) for 3 h. The liperfluo staining was used to measure the lipid peroxidation state. (E) Statistical 
analysis result for (D), n = 8–12. (F) SCR and shNrf2-treated HUVECs were pretreated with DFO (100 μM) for 0.5 h and then incubated with TNF-α (10 ng/mL) for 12 
h. The representative images and statistical summary of liperfluo staining are shown, n = 9–11. (G) SCR- and shNrf2-treated HUVECs were pretreated with 
deferoxamine (DFO, 100 μM) for 0.5 h and then incubated with TNF-α (10 ng/mL) for 12 h. The mRNA expression of inflammatory genes was measured using qPCR, 
n = 4. (H) The THP1 monocyte adhesion to HUVECs, n = 6. (I) Statistical analysis for (H). Results are means ± SD. Statistical analysis was performed using an 
unpaired two-tailed Student’s t-test for (E) and a one-way ANOVA followed by Tukey’s test for (F), (G), and (I). 
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4. Discussion 

Nrf2 is a transcription factor that is activated by stress and plays a 
crucial role in modulating oxidative stress and inflammatory responses 
among other cellular processes [13]. Previous studies have shown that 
the role of Nrf2 in regulating atherosclerosis pathogenesis varies across 
different cell types. For instance, in bone marrow cells, Nrf2 facilitates 
the formation of foam cells by increasing CD36 expression, thereby 
accelerating atherosclerosis [35]. In aortic SMCs, Nrf2 was reported 
before to be adaptively activated in response to a wide range of stressors, 
including oxidized LDL and inflammatory cytokines [37]. This 

activation helps maintain cellular redox homeostasis and promotes a 
youthful cellular phenotype by regulating the transcription of an array 
of cytoprotective genes. However, dysfunction of Nrf2 can lead to 
impaired cellular resistance to oxidative stressors, contributing to the 
development of age-related vascular disorders including atherosclerosis 
[37]. Recent studies have also highlighted the role of Nrf2 in connecting 
autophagy and vascular senescence in atherosclerosis [38,39]. In 
endothelial cells, Nrf2 inhibits the inflammatory response and oxidative 
stress, which are two key mechanisms for the initiation of atheroscle
rosis, suggesting that the beneficial effect of Nrf2 in endothelial cells 
might outweigh other cell types in the vasculature. Although endothelial 

Fig. 4. Endothelium-specific knockdown Nrf2 exacerbated atherosclerosis. 
Cdh5CreCas9floxed-stopApoE− /− mice were injected with AAV9-sgNrf2 via tail veins and maintained for 3 weeks followed by 8 weeks of HCD feeding. (A) Representative 
images and (B) statistical analysis of the atherosclerotic plaque stained by Oil Red O staining. n = 6–8. (C & D) The lesions of the aortic root were stained by Oil Red O 
staining and H&E staining. Immunofluorescence images (E & F) and statistical summary (G) of VCAM-1 and 4-HNE staining in aortas, n = 6–8. Results are means ±
SD. Statistical analysis was performed using an unpaired two-tailed Student’s t-test for (B), (D) and (G). L, lumen. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Nrf2 is vaso-protective, direct evidence for its role against atheroscle
rosis is lacking. 

To explain how endothelial Nrf2 was activated during atherogenesis, 
we performed RNA sequencing analyses on ECs and non-ECs of aortas 
from ApoE− /− mice after different durations of HCD feeding. Notably, 
endothelial inflammatory responses appeared as early as on day 3 post- 
HCD, as evidenced by KEGG, GSEA, and WGCNA enrichment analyses 
and immunofluorescence staining. In contrast, endothelial LPO began to 
increase on day 10, subsequent to earlier endothelial inflammation. The 
obvious upregulation of Nrf2 target genes in mouse aortic ECs only 
between days 10 and 14, after the onset of inflammation and LPO, 
suggests a potential causal relationship with Nrf2 activation. This like
lihood is further supported by the observation that treatment with TNF- 
α, 4-HNE, erastin and Fer increased the expression of Nrf2 target genes 
in human ECs. The present results highlight the dual roles of EC 
inflammation and LPO both in promoting atherogenesis and in acti
vating Nrf2 to limiting these harmful effects and thus retarding 
atherosclerotic progression. 

Previous studies reported that treatment with low doses of 4-HNE 
and oxidized phospholipids can induce the expression of antioxidant 
and detoxifying genes via Nrf2 activation in HeLa cells and human 
endothelial cells [40,41]. The present study shows that Nrf2 is most 
likely to mediate the anti-inflammatory effect of LPO based on the 
following observations. First, treatment with erastin, an LPO inducer, 
activates Nrf2 signaling in HUVECs. In addition, TNF-α, ox-LDL and OSS, 
which are shown to induce LPO, can also activate Nrf2 in HUVECs and 
HAECs. Second, to confirm whether Nrf2 plays a significant role in 
regulating endothelial inflammation, we performed RNA-seq, qPCR, and 
western blotting analysis and demonstrated that Nrf2 knockdown 
augmented TNF-α-induced endothelial inflammation, which was 
reversed by LPO inhibitors. Treatment with Nrf2 inhibitor (brusatol) 
increased inflammation and LPO in human endothelial cells in the 
absence and presence of TNF-α. Third, EC-specific Nrf2 knockdown 
accelerated plaque formation, accompanied by elevated expression of 
VCAM-1 and 4-HNE in vascular endothelium. Oppositely, EC-specific 
activation of Nrf2 by knocking down Keap1 reduced inflammation and 
LPO, and thus retarded atherogenesis. Finally, increased Nrf2 expression 
was detected in the endothelial layer of human aortas with intimal 
thickening. The above evidence indicates that endothelial Nrf2 can be 
activated by inflammation and LPO, which serves as a negative feedback 
mechanism to mitigate further endothelial inflammation and LPO, 
thereby decelerating progression of atherosclerosis in ApoE− /− mice. 

Apparently, the observation of decreased atherosclerosis and 
increased levels of blood total cholesterol and LDL in response to 
endothelial-specific Keap1 knockdown is of significant interest in the 
context of atherogenesis. Previous studies suggest that Nrf2 increases 
the expression of scavenger receptor class A (SR-A) and CD36 (for 
cholesterol influx) as well as ABCA1 and ABCG1 (for cholesterol efflux) 
[42,43], which might partially explain the elevation in total cholesterol 
and LDL observed in our study. However, the activation of Nrf2 resulting 
from Keap1 knockdown enhances the antioxidant and 
anti-inflammatory capacity of endothelial cells, which may override the 
potential adverse impact of elevated cholesterol and LDL, and thus 
providing overall vaso-protection. This may also underscore the multi
faceted roles of the Keap1-Nrf2 signaling during atherogenesis. 

Combined therapies targeting both Nrf2 and cholesterol pathways may 
produce better outcomes in the treatment of atherosclerotic vascular 
disease. 

Previous studies have suggested the discrepancy for the roles of Nrf2 
in hematopoietic cells in atherosclerosis in ApoE− /− and LDLR− /− mice 
requires further analysis, especially in consideration of the different 
metabolic and cellular pathways in these two genetic mouse models. 
First of all, ApoE− /− mice typically exhibit severe hypercholesterolemia 
with increased levels of very low-density lipoproteins (VLDL) and 
chylomicron remnants due to a failure in lipoprotein clearance, while 
LDLR− /− mice primarily have elevated levels of LDL due to reduced 
clearance of LDL particles, the latter probably mimics human familial 
hypercholesterolemia more closely [44]. In ApoE− /− mice, the lack of 
apoE affects not only lipid metabolism but also immune modulation, as 
ApoE plays roles in immune regulation, which could affect the inflam
matory response during atherogenesis independently of lipid levels [44, 
45]. By contrast, LDLR− /− mice lack these direct immunomodulatory 
effects that are driven by apoE deficiency, making this atherosclerotic 
model more specific to disruption in lipid handling. The discrepancy in 
the impact of Nrf2 on atherosclerosis between ApoE− /− and LDLR− /−

models might arise from different baseline inflammatory levels and 
oxidative environments due to their distinct lipid profiles and lipopro
tein functionalities in the two mouse models [45]. Further investigation 
is needed to understand the role of macrophage Nrf2 in atherogenesis in 
these two mouse models of atherosclerosis. As endothelial dysfunction is 
known to be an early triggering event during atherogenesis, we tend to 
anticipate that Nrf2 activation in vascular endothelial cells shall result in 
suppressive effects on endothelial inflammation and plaque formation in 
both ApoE− /− and LDLR− /− mice, regardless the cause of dyslipidemia. 
The vaso-protective effects of Nrf2 activation are likely to be a universal 
benefit through reducing oxidative damage and inflammation. 

Itaconate and its esterified derivative DMI are electrophiles that are 
previously described to activate Nrf2 in macrophages [36,46,47]. DMI 
has been shown to protect against psoriasis [48] and LPS lethality [36] 
in rodent models. Our results demonstrate that DMI effectively inhibits 
inflammation in human endothelial cells. Although NF-κB is a master 
regulator of inflammation, DMI does not inhibit the canonical or 
non-canonical NF-κB pathway. However, Nrf2 knockdown can reverse 
the anti-inflammatory effect of DMI, indicating that Nrf2 is a major 
target of DMI action. Furthermore, in vivo administration of DMI to 
ApoE− /− mice resulted in reduced plaque formation, endothelial 
inflammation and LPO; this was accompanied by endothelial Nrf2 
activation in the aortas. More importantly, DMI has a reduced effect on 
plaque formation in ApoE− /− mice with EC-specific Nrf2 activation. This 
suggests that the athero-protective effect of DMI is likely due to acti
vation of endothelial Nrf2. DMI-induced pharmacological activation of 
Nrf2 is effective in inhibiting both the initiation and progression of 
atherosclerosis in ApoE− /− mice. 

Summary 

The present study demonstrates that EC inflammation occurs within 
3 days after HCD feeding, followed by the appearance of LPO around day 
10. Inflammatory factors and LPO end-products then activate Nrf2 to 
limit further endothelial inflammation and LPO, thereby retarding the 

Fig. 5. Endothelium-specific activation of Nrf2 inhibited lipid peroxidation, inflammation and atherosclerosis. 
SCR- and shKeap1-infected HUVECs were incubated with TNF-α (10 ng/mL) for 12 h. (A) the mRNA levels of TNFA, VCAM1, and SELE, (B) the protein levels of 
VCAM-1, SELE, HO-1, NQO1, and Keap1 were measured. (C, D) SCR- and shKeap1-treated HUVECs were incubated with TNF-α (10 ng/mL) for 12 h; the THP1 
monocyte adhesion to HUVECs was measured, n = 6. (E) SCR- and shKeap1-treated HUVECs were incubated with ox-LDL (75 μg/mL) for 36 h, liperfluo fluorescence 
intensity was measured by confocal microscopy, n = 11–12. (F) The summary statistical result for (E). Male and female ApoE− /− mice were injected with AAV9-CMV- 
Cas9-U6-sgKeap1 via tail veins for 3 weeks, followed by 8 weeks of HCD feeding. (G) Representative images and (H) statistical analysis result of the atherosclerotic 
plaque stained by Oil Red O staining, n = 10. (I, J) The Oil Red O staining and H&E staining were performed to measure the aortic root lesions. Immunofluorescence 
images (K) and the statistical analysis result (L) of VCAM-1 and 4-HNE staining in aortas of ApoE− /− mice, n = 6. Results are means ± SD. Statistical analysis was 
performed using two-way repeated measures ANOVA followed by Tukey’s test for (A), (D), (H) and (J), unpaired two-tailed Student’s t-test for (F) and (L). L, lumen. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. Dimethyl itaconate (DMI) suppressed endothelial inflammation through activating Nrf2. 
HUVECs were incubated with DMI (100 μM) for 15 h for RNA sequencing. (A) A heatmap of Nrf2 target genes was generated. (B) HUVECs were incubated with DMI 
for different time points to measure the protein levels of p62, Nrf2, and HO-1. (C, D) SCR and Nrf2 knockdown HUVECs were pretreated with DMI (100 μM, 3 h) 
followed by incubation with TNF-α (10 ng/mL) for 12 h, protein level of VCAM-1 was measured using Western blotting, n = 4. HUVECs were incubated with DMI 
(100 μM) for 1, 3, and 12 h H2O2 (100 μM, 1 h) was used as a positive control. The levels of GSH (E) and GSSG (F) were determined (n = 4–7). (G) Reactive oxygen 
species levels were measured by flow cytometry analysis after CM-H2DCFDA staining of HUVECs following treatment with DMI for 1, 3, and 12 h n = 9. (H) HUVECs 
were pretreated with DMI (100 μM) for 3 h followed by NAC (1 mM) and GSH (2 mM) for 12 h. The protein levels of Nrf2 and HO-1 were measured. (I) HUVECs were 
pretreated with DMI (100 μM) for 3 h followed by NAC (1 mM) and GSH (2 mM) in the presence of TNF-α (10 ng/mL) for 12 h; the protein levels of VCAM-1, SELE 
and HO-1 were measured. (J) Statistical summary of (I), n = 4. Treatment medium, DMEM (0.5 mM glucose, without pyruvate or glutamine). NAC, N-acetyl cysteine; 
GSH, glutathione. Results are means ± SD. Statistical analysis was performed using One-way ANOVA followed by Tukey’s test for (D), (E–G) and (J). 
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progression of atherosclerosis (Fig. 7G). Strategies aimed to activate 
endothelial Nrf2 may be a potentially promising approach for the pre
vention and early intervention in atherosclerotic vascular diseases. 
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treatment, plaque formation was measured in the aortas, aortic arch and descending thoracic aortas using Oil Red O staining, n = 9–10. (D, E) Representative 
immunofluorescence images and (F) statistical summary of VCAM-1 and 4-HNE staining in aortas of ApoE− /− mice, n = 6. (G) A schematic diagram illustrates the 
sequential roles of inflammation, LPO and Nrf2 in atherogenesis. Results are means ± SD. Statistical analysis was performed using One-way ANOVA followed by 
Tukey’s test for (C) and (F). The yellow arrowhead indicates VCAM-1 (+) or 4-HNE (+) cells in the aortic plaque. L, lumen. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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