
 

www.aging-us.com 18181 AGING 

INTRODUCTION 
 

Diabetic status is known to promote the development of 

atherosclerosis (AS) [1], in which endothelial cells 

under inflammatory attacks are progressively damaged 

[2–4]. 

 

A proinflammatory cytokine, interleukin 1β (IL-1β), 

plays a profound role in a variety of immune diseases. 

The elucidated mechanisms by which the biologically 

active IL-1β is made in the cell usually involve 

activation of a protein complex called the inflammasome 

[5]. Inflammasome is typically formed by a NLR (Nod-

like receptor) family member that oligomerizes the 

apoptosis-associated speck-like protein containing a 

caspase-recruitment domain (ASC) to dimerize and 

activate caspase-1, which subsequently cleaves the 

precursor form of IL-1β (pro-IL-1β) into the processed, 

secreted form IL-1β [6]. PYD domains-containing 

protein 3 (NLRP3) is the most important enzyme [7]. 

However, it is not known whether NLRP3 activation 

specifically in endothelial cells may cause AS. This 

question was addressed in the current study using 

endothelia-specific NLRP3 mice by breeding inducible 

NLRP3 mutant mice with mice carrying a Cre 

recombinase under an endothelia-specific Tie2 promoter 

(Tie2p-Cre). 

 

Apolipoprotein E (ApoE) is a strong suppressor for AS 

[8–10]. ApoE-knockout [ApoE (-/-)] mice develop 

chronic inflammation in response to diet-induced 

hypercholesterolemia [8, 9] and AS features. Hence, a 

high fat diet (HFD) has been commonly used to 

reproducibly induce AS in ApoE (-/-) mice [11–13]. 
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ABSTRACT 
 

Inflammatory damage to endothelial cells plays a pivotal role in the diabetes-provoked atherosclerosis (AS). 
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oxygen species (ROS) production upon treatment with oxidized low-density lipoprotein (ox-LDL). Next, the role 
of NLRP3 in endothelial cells in the development of diabetes-associated AS was assessed in endothelial cell-
specific NLRP3 mutant, ApoE (-/-) mice (APOEKO/Tie2p-Cre/NLRP3MKO), compared to control ApoE (-/-) mice 
(APOEKO), supplied with either high-fat diet (HFD), or normal diet (ND). We found that endothelia-specific 
NLRP3-depletion significantly attenuated AS severity in mice treated with HFD, likely through reduced 
apoptotic death of endothelial cells and production of ROS. Together, our data suggest that NLRP3 activation in 
endothelial cells promotes development of diabetes-associated AS. 
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Here, in an in vitro model for AS, we showed that 

NLRP3-depleted human aortic endothelial cells 

(HAECs) became resistant to apoptotic cell death, 

maintained proliferative potential and reduced reactive 

oxygen species (ROS) production upon treatment with 

oxidized low-density lipoprotein (ox-LDL). Next, the 

role of NLRP3 in endothelial cells in the development 

of diabetes-associated AS was assessed in endothelia-

specific NLRP3 mutant, ApoE (-/-) mice (APOEKO/ 

Tie2p-Cre/NLRP3MKO), compared to control ApoE (-/-) 

mice (APOEKO), supplied with either HFD, or normal 

diet (ND). We found that endothelia-specific NLRP3-

depletion significantly attenuated AS severity in mice 

treated with HFD, likely through reduced apoptotic 

death of endothelial cells and production of ROS. 

RESULTS 
 

Knockdown of NLRP3 in HAECs 

 

In order to understand whether NLRP3 activation 

specifically in endothelial cells may cause AS, first we 

did an in vitro study. HAECs were transfected with 

plasmids carrying either a scramble sequence (scr), or a 

short hairpin small interfering RNA for NLRP3 

(shNLRP3). All plasmids also carried a red fluorescent 

protein (RFP), which allowed the transfected cells to be 

visualized and isolated by flow cytometry based on RFP 

(Figure 1A). The purified transfected cells were red 

fluorescent in culture (Figure 1B). Next, we tested the 

degree of knockdown of NLRP3 in HAECs. RT-qPCR 

 

 
 

Figure 1. Knockdown of NLRP3 in HAECs. HAECs were transfected with either a scramble sequence (scr), or a short hairpin small 
interfering RNA for NLRP3 (shNLRP3). (A) All plasmids also carried a red fluorescent protein (RFP), which allowed the transfected cells to be 
visualized and isolated by flow cytometry based on RFP, shown by representative flow charts. (B) The purified transfected cells were 
visualized due to RFP in culture. (C, D) NLRP3 levels in purified cells by RT-qPCR (C) and by ELISA (D). (E, F) IL-1β (E) and caspase 1 (F) levels in 
purified cells by ELISA. *p<0.05. N=5. Scale bars are 20 µm. 
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showed that NLRP3 mRNA levels decreased by about 

75% in shNLRP3-transfected cells (Figure 1C). 

Moreover, ELISA showed NLRP3 protein levels 

decreased by about 72% in shNLRP3-transfected cells 

(Figure 1D). The downstream targets of NLRP3, IL-1β 

(Figure 1E) and caspase 1 (Figure 1F), were both 

reduced in shNLRP3-transfected cells. These data 

confirmed a regulatory axis of NLRP3/ caspase-1/IL-1β, 

and validated the knockdown efficiency of shNLRP3. 

Responses of HAECs to Ox-LDL treatment are 

NLRP3 dependent 

 

Next, shNLRP3-HAECs and scr-HAECs were 

challenged in an in vitro AS model using oxidized low-

density lipoprotein (ox-LDL). In control scr-HAECs, ox-

LDL induced significant increases in apoptotic cell 

death, shown by representative flow charts (Figure 2A), 

and by quantification (Figure 2B). On the other hand, 

 

 
 

Figure 2. Responses of HAECs to Ox-LDL treatment are NLRP3 dependent. Next, shNLRP3-HAECs and scr-HAECs were challenged in 
an in vitro AS model by treatment with 100µg/ml oxidized low-density lipoprotein (ox-LDL). (A, B) Analyses of cell apoptosis by FITC Annexin 
V Apoptosis assay, shown by representative flow charts (A), and by quantification (B). (C, D) Analyses of cell proliferation by Edu assay, shown 
by quantification (C), and by representative images (D). (E) Quantification of viable cell number in an CCK-8 assay. (F) DHE assay for ROS. 
*p<0.05. N=5. Scale bars are 20 µm. 
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basal apoptotic cell death did not alter in shNLRP3-

HAECs, while ox-LDL-induced increases in apoptotic 

cell death were significantly attenuated in shNLRP3-

HAECs, shown by representative flow charts (Figure 

2A), and by quantification (Figure 2B). Cell proliferation 

was also assessed by Edu assay. In control scr-HAECs, 

ox-LDL induced significant decreases in cell 

proliferation, shown by quantification (Figure 2C), and 

by representative images (Figure 2D). On the other hand, 

basal cell proliferation did not alter in shNLRP3-

HAECs, while ox-LDL-induced decreases in cell 

proliferation were significantly attenuated in shNLRP3-

HAECs, shown by quantification (Figure 2C), and by 

representative images (Figure 2D). The effects of 

shNLRP3 on cell apoptosis and proliferation altered total 

cell number correspondingly in an CCK-8 assay (Figure 

2E). ROS production was also assessed. In control scr-

HAECs, ox-LDL induced significant increases in ROS 

production (Figure 2F). On the other hand, shNLRP3-

HAECs did not alter basal ROS production, while ox-

LDL-induced increases in ROS production were 

significantly attenuated in shNLRP3-HAECs (Figure 

2F). Together, these data suggest that the effects of Ox-

LDL treatment on HAECs are NLRP3 dependent. 

 

Preparation of endothelia-specific NLRP3 mutant 

mice in ApoE-null background 
 

In order to evaluate whether NLRP3 activation 

specifically in endothelial cells may cause AS in vivo, 

we prepared endothelia-specific NLRP3 mutant mice in 

ApoE-null background. Tie2 is an endothelia-specific 

marker. Tie2p-Cre and conditional NLRP3 mutant mice 

were first bred to each other to generate endothelia-

specific NLRP3 mutant mice, Tie2p-Cre/NLRP3MKO, 

and then bred to ApoE (-/-) mice to generate APOEKO/ 

Tie2p-Cre/NLRP3MKO mice. ApoE (-/-) mice were used 

as controls (APOEKO) (Figure 3A). Genotyping was 

performed to confirm that genotype of these mice 

(Figure 3B). 

 

 
 

Figure 3. Preparation of endothelia-specific NLRP3 mutant mice in ApoE-null background. (A) Endothelia-specific NLRP3 mutant 
mice were prepared in ApoE-null background. Tie2 is an endothelia-specific marker. Tie2p-Cre and conditional NLRP3 mutation mice were 
first bred to each other to generate endothelia-specific NLRP3 mutant mice Tie2p-Cre/NLRP3MKO, and then bred to ApoE (-/-) mice to 
generate APOEKO/Tie2p-Cre/NLRP3MKO mice. ApoE (-/-) mice were used as controls (APOEKO). (B) Representative genotyping. -, negative 
control. +, positive control. 
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Endothelia-specific NLRP3 knockout attenuates 

severity of AS in HFD-treated mice 

 

The animals were randomly divided into 4 groups: 

APOEKO with normal-diet group (ND), APOEKO  

with high-fat diet (HFD) group, APOEKO/Tie2p-Cre/ 

NLRP3MKO with ND, APOEKO/Tie2p-Cre/NLRP3MKO 

with HFD group. ND or HFD treatment in mice started 

at 8 weeks of age, and mice were first analyzed for 

glucose response at 20 weeks of age, showing that HFD 

induced glucose intolerance in both strains, while ND 

did not (Figure 4A). Moreover, in control APOEKO 

mice, H&E-stained aortic sinus displayed a significant 

increase in aortic lesion size in HFD-treated mice, 

compared to ND-treated mice (Figure 4B). On the other 

hand, ND-treated APOEKO/Tie2p-Cre/NLRP3MKO 

mice did not alter aortic lesion size compared to ND-

treated APOEKO mice, while HFD-treatment-induced 

increases in aortic lesion size in APOEKO/Tie2p-

Cre/NLRP3MKO mice were significantly attenuated 

compared to APOEKO mice (Figure 4B). Moreover, 

Oil-red-O-stained aortic sinus in HFD-treated control 

APOEKO mice displayed a significant increase in  

lipid content compared to ND-treated APOEKO  

mice (Figure 4C). On the other hand, ND-treated 

APOEKO/Tie2p-Cre/NLRP3MKO mice did not alter lipid 

 

 
 

Figure 4. Endothelia-specific NLRP3 knockout attenuates severity of AS in HFD-treated mice. The animals were randomly divided 
into 4 groups: APOEKO with normal-diet group (ND), APOEKO with high-fat diet (HFD) group, APOEKO/Tie2p-Cre/NLRP3MKO with ND, 
APOEKO/Tie2p-Cre/NLRP3MKO with HFD group. ND or HFD treatment in mice started at 8 weeks of age, and mice were analyzed for AS lesions 
at 20 weeks of age. (A) Intraperitoneal Glucose Tolerance Testing. (B) Quantification of aortic lesion size by H&E-staining on aortic sinus.  
(C) Assessment of lipid content by Oil-red-O-staining on aortic sinus. (D, E) The aortic arch was isolated for analyzing the levels of α-SMA 
(D) and Vimentin (E) by ELISA. *p<0.05. N=10. Scale bars are 100 µm. 
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content compared to ND-treated APOEKO mice, while 

HFD-treatment-induced increases in lipid content in 

APOEKO/Tie2p-Cre/NLRP3MKO mice were significantly 

attenuated compared to APOEKO mice (Figure 4C). 

The aortic arch was then isolated for assessing the 

levels of mesenchymal markers α-SMA and Vimentin 

by ELISA. We detected significantly higher levels of α-

SMA and Vimentin in HFD-treated APOEKO mice 

than ND-treated APOEKO mice, and these increases in 

both α-SMA and Vimentin were significantly attenuated 

in in HFD-treated APOEKO/Tie2p-Cre/NLRP3MKO 

mice (Figure 4D, 4E). Together, these data suggest that 

endothelia-specific NLRP3 depletion attenuates severity 

of AS in HFD-treated mice. 

Endothelial cell apoptosis and ROS production are 

attenuated in HFD-treated endothelia-specific 

NLRP3 knockout mice 
 

To specifically study the endothelial cells in aortic arch, 

we isolated CD31+ endothelial cells from the dissociated 

mouse aortic arch by flow cytometry (Figure 5A). We 

found that the percentage of CD31+ endothelial cells in 

the aortic arch from HFD-treated APOEKO mice was 

significantly lower than those from ND-treated 

APOEKO mice (Figure 5A, 5B). The percentage of 

CD31+ endothelial cells in the aortic arch from ND-

treated APOEKO/Tie2p-Cre/NLRP3MKO mice did not 

differ from ND-treated APOEKO mice, while the 

 

 
 

Figure 5. Endothelial cell apoptosis and ROS production are attenuated in HFD-treated endothelia-specific NLRP3 knockout 
mice. (A, B) CD31+ cells were isolated from the dissociated mouse aortic arch by flow cytometry, shown by representative flow charts 
(A), and by quantification (B). (C, D) The apoptosis of isolated CD31+ cells were analyzed by FITC Annexin V Apoptosis assay, shown by 
quantification (C), and by representative flow charts (D). (E) DHE assay for ROS. *p<0.05. N=10. 
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percentage of CD31+ endothelial cells in the aortic arch 

from HFD-treated APOEKO/Tie2p-Cre/NLRP3MKO 

mice was significantly attenuated compared to HFD-

treated APOEKO mice (Figure 5A, 5B). The isolated 

CD31+ endothelial cells were further subjected to FITC 

Annexin V Apoptosis essay. We detected significantly 

higher percentage of apoptotic CD31+ endothelial cells 

in HFD-treated APOEKO mice, compared to ND-treated 

APOEKO mice, shown by quantification (Figure 5C), 

and by representative flow charts (Figure 5D). The 

percentage of apoptotic CD31+ endothelial cells in ND-

treated APOEKO/Tie2p-Cre/NLRP3MKO mice did not 

differ from ND-treated APOEKO mice, while the 

percentage of apoptotic CD31+ endothelial cells in the 

aortic arch from HFD-treated APOEKO/Tie2p-

Cre/NLRP3MKO mice was significantly attenuated 

compared to HFD-treated APOEKO mice (Figure 5C, 

5D). ROS production was also assessed. In control 

APOEKO mice, HFD induced significant increases in 

ROS production in CD31+ endothelial cells (Figure 5E). 

On the other hand, ND-treated APOEKO/Tie2p-

Cre/NLRP3MKO mice did not alter ROS production 

compared to ND-treated APOEKO mice, but increases 

in ROS production in HFD-treated APOEKO/Tie2p-

Cre/NLRP3MKO mice were significantly attenuated 

compared to HFD-treated APOEKO mice (Figure 5E). 

Together, these data suggest that endothelial cell 

apoptosis and ROS production are both attenuated in 

HFD-treated endothelia-specific NLRP3 knockout mice. 

 

NLRP3/ caspase-1/IL-1β are depleted in endothelial 

cells in APOEKO/Tie2p-Cre/NLRP3MKO mice 
 

Finally, we assessed the knockdown of NLRP3/caspase-

1/IL-1β cascades in APOEKO/Tie2p-Cre/NLRP3MKO 

mice. We found that both NLRP3 mRNA and protein 

levels decreased by more than 70% in aortic endothelial 

cells from ND-treated APOEKO/Tie2p-Cre/NLRP3MKO 

mice compared to ND-treated APOEKO mice (Figure 

6A, 6B). HFD significantly increased the NLRP3 levels 

in aortic endothelial cells from APOEKO mice, but these 

HFD-induced increases in NLRP3 levels in aortic 

endothelial cells were significantly attenuated in 

APOEKO/Tie2p-Cre/NLRP3MKO mice (Figure 6A, 6B). 

Similar expression pattern was detected in both IL-1β 

(Figure 6C) and in caspase 1 (Figure 6D). These data 

validated the knockdown of NLRP3 in APOEKO/Tie2p-

Cre/NLRP3MKO mice. 

 

 
 

Figure 6. NLRP3/ caspase-1/IL-1β are depleted in endothelial cells in APOEKO/Tie2p-Cre/NLRP3MKO mice. The knockdown of 
NLRP3/ caspase-1/IL-1β cascades in APOEKO/Tie2p-Cre/NLRP3MKO mice was confirmed on CD31+ endothelial cells isolated from mouse aortic 
arch. (A, B) NLRP3 levels by RT-qPCR (A) and by ELISA (B). (C, D) IL-1β (C) and caspase 1 (D) levels by ELISA. *p<0.05. NS: non-significant. N=5. 
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DISCUSSION 
 

Formation of atherosclerotic lesions is mediated by a 

local inflammation in the vascular wall that is induced 

by dyslipidemia, high LDL-cholesterol and high 

remnant lipoprotein, all of which are boosted in a 

diabetic status. Endothelial dysfunction is an early 

characteristic for AS, since presence of endothelial cell 

dysfunction and injury occurs before structural 

alterations to the vessel wall [14–18]. IL-1β plays a key 

role in AS, while its active form is primarily generated 

by inflammasome through caspase 1 [5]. NLRP3 is the 

most important member for the formation and assembly 

of inflammasome complex [7], and has been shown to 

play a critical role in the development of AS. In a cohort 

study on the relationship among diabetes, AS and 

NLRP3 activation in human patients [19], the authors 

found that the expression of NLRP3 pathway genes was 

significantly higher in patients with diabetes. Moreover, 

activity of NLRP3 inflammasome pathway was 

significantly increased in patients with AS and diabetes 

at the early stage of plaque formation [19]. 

 

The role of NLRP3 activation in AS development has 

been acknowledged by some previous studies. For 

example, Duewell et al. showed that that minute 

cholesterol crystals were present in early diet-induced 

atherosclerotic lesions, which activated the caspase-1-

activating NLRP3 inflammasome for generating active 

IL-1β in inflammatory cells [20]. However, the role of 

endothelial NLRP3 was not addressed in this study. In 

another study, Zheng et al. showed that silence of 

NLRP3 by shRNA suppressed AS progression and 

stabilized plaques in APOEKO mice [21]. Similarly, 

Wan et al. recently showed that NLRP3 activation 

promoted development of AS, suggesting that the 

function of NLRP3 in AS may be largely attributable 

to the endothelia-originated NLRP3 [22]. However, 

the strategy in both studies that injected viruses 

carrying a shRNA for NLRP3 driven by a ubiquitous 

promoter could not exclude that the experimental 

outcome might result from NLRP3 knockdown on 

non-endothelial cells, like macrophages [22]. Here, we 

did in vitro studies on endothelial cells, and performed 

in vivo studies using endothelia-specific NLRP3 

knockout mice. Tie2, where 'Tie' is an acronym  

from tyrosine kinase with Ig and EGF homology 

domains, is one of the two members of the Tie family 

of tyrosine kinase receptors. Tie2 has highly conserved 

sequence across vertebrate species, with greatest 

amino acid homology occurring in the kinase domain, 

and predominantly express on the surface of 

endothelial cells [23]. To the best of our knowledge, 

our studies should be the first one to specifically study 

the role of NLRP3 in endothelial cells in the 

progression of AS. 

The in vitro study here applied human endothelial cells, 

while for in vivo studies, a mouse model for AS was 

used. Although this established mouse model have many 

advantages in, it could not completely recapitulate all 

pathological changes in human AS [24]. Since each 

animal model has its own advantages and disadvantages, 

future work may use additional animal models to 

validate the conclusion here, in order to extrapolate the 

current findings into clinical studies. To summarize, our 

study identified a specific role for endothelial NLRP3 

inflammasome in the regulation of AS development,  

and may shed new insight into the development of 

innovative AS therapy. 

 

MATERIALS AND METHODS 
 

Animal models 
 

Tie2p-Cre (#008863) [25], conditional NLRP3 mutation 

(#017969) [26] and ApoE (-/-) (#002052) [27] mice 

were all purchased from Jackson Laboratory (Bar 

Harbor, ME, USA) and maintained under sterile 

conditions. Tie2p-Cre and conditional NLRP3 mutation 

mice were first bred to each other to generate 

endothelia-specific NLRP3 mutant mice Tie2p-

Cre/NLRP3MKO, and then bred to ApoE (-/-) mice to 

generate APOEKO/Tie2p-Cre/NLRP3MKO mice. ApoE 

(-/-) mice were used as controls (APOEKO). Female 

and male mice were randomly and evenly distributed in 

each experimental group and did not shown intra-group 

difference in the experimental tests. Mice at 20 weeks 

of age were subjected to analysis for AS development. 

The animals were randomly divided into 4 groups: 

APOEKO with normal-diet group (ND), APOEKO  

with high-fat diet (HFD) group, APOEKO/Tie2p-Cre/ 

NLRP3MKO with ND, APOEKO/Tie2p-Cre/NLRP3MKO 

with HFD group. 

 

Quantification of atherosclerotic lesions 

 

Mouse aortic arch was dissected out and then fixed in 

4% paraformaldehyde for 4 hours, paraffin-embedded, 

followed by sectioning at 5μm thickness. AS lesions 

were examined by H&E staining and Oil red O 

staining (Oil red O staining kit, Abcam, Cambridge, 

MA, USA). 

 

Cell culture and transfection 

 

Human aortic endothelial cells (HAECs, American Type 

Culture Collection, Rockville, MD, USA) were cultured 

in Endothelial Cell Medium suppled with endothelial 

cell growth factors, 5% fetal bovine serum (FBS, 

Invitrogen, CA, Carlsbad, USA) and 1% penicillin/ 

streptomycin (Invitrogen) at 37°C with 5% CO2. HAECs 

were transfected with either a scramble sequence (scr), 
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or a short hairpin small interfering RNA for NLRP3  

(5’-CCATACCTTCAGTCTTGTCTT -3’; RiboBio Co., 

Ltd., Shanghai, China), using Lipofectamine 3000 

reagent (Invitrogen). All plasmids also carried a red 

fluorescent protein (RFP). The transfected cells were 

purified by flow cytometry based on RFP. 

 

Ox-LDL treatment of the cells 
 

The HAECs were treated with or without 100µg/ml 

oxidized low-density lipoprotein (ox-LDL, Beijing 

Xiesheng Bio-Technology Limited, Beijing, China), 

after which the cells underwent flow cytometry or 

protein/RNA extraction. 

 

Cell viability by cell counting kit-8 (CCK-8) assay 
 

Cell viability was measured with an CCK-8 detection 

kit (Sigma-Aldrich, St. Louis, MO, USA), according to 

the manufacturer’s instructions. 

 

Apoptosis assay and flow cytometry 

 

The cultured cells or dissociated aortic cells were re-

suspended at a density of 106 cells/ml in PBS. After 

double staining with FITC-Annexin V and propidium 

iodide (PI) from a FITC Annexin V Apoptosis 

Detection Kit I (Becton-Dickinson Biosciences, San 

Jose, CA, USA), cells were analyzed using a FACScan 

flow cytometer (Becton-Dickinson Biosciences) for 

determination of apoptotic cells based on expression of 

Annexin V and Propidium Iodide (PI). For analyses  

and isolation of CD31+ cells, the dissociated aortic  

cells were incubated with APC-cy7-CD31 (Becton-

Dickinson Biosciences). 

 

Edu staining 
 

Cell proliferation was determined using an Edu staining 

assay. Briefly, 50µmol/l EdU solution was prepared by 

diluting EdU solution (Solarbio Life Sciences, Beijing, 

China) with cell culture medium (1:1000). The treated 

endothelial cells were placed into 24-well plates and 

incubated with 100µl 50µmol/l EdU solution for 0.5 

hour. After washing, the cells were fixed with methyl 

alcohol for 15 minutes and then decolored with 50µl 

2mg/mL glycine for 5 minutes, after which the stained 

cells were examined. 

 

RT-qPCR 
 

Total RNA was isolated with a RNeasy mini kit 

(Qiagen, Hilden, Germany). The extracted RNA was 

reverse transcribed into cDNA using High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, 

Foster City, CA, USA). The first-strand cDNA was 

used for real-time PCR to quantify mRNA expressions 

using QuantiTect SYBR Green PCR Kit (Qiagen).  

All primers were purchased from Qiagen. Data  

were collected and analyzed using 2-ΔΔCt method  

for quantification of the relative mRNA expression 

levels. NLRP3 values in experimental groups  

were sequentially normalized against GAPDH and 

experimental controls. 

 

ELISA 
 

The cells were lysed with RIPA buffer containing 

protease and phosphatase inhibitors (cOmplete ULTRA 

Tablets, Roche, Nutley, NJ, USA). After centrifugation, 

the supernatant was collected and quantified for protein. 

ELISA for NLRP3, IL-1β, caspase-1, α-SMA and 

Vimentin used specific kits (R&D System, Los 

Angeles, CA, USA) as instructed. 

 

DHE assays for ROS 

 

ROS levels in cells or aortic tissue were measured using 

a dihydroethidium (DHE) assay. Briefly, cells or tissue 

were preincubated with 20 μmol/l DHE for 1 hour, 

treated with alkylating agents, after which the red 

fluorescence was monitored at Ex/Em 520/610nm by 

Fluorometer (Thermo Fisher, Waltham, MA, USA). 

Delta fluorescence over a 12-hour period was calculated, 

normalized to cellular DNA content, and then expressed 

as % fluorescence compared with controls. 

 

Statistical analyses 
 

The data in this study are shown as the mean ± S.D. 

Differences among groups were analyzed using one-

away ANOVA with a Bonferroni correction, followed 

by Fisher’ Exact Test for comparison of two groups 

(GraphPad Prism, GraphPad Software, Inc. La Jolla, 

CA, USA). p < 0.05 was considered significant. 

 

Ethics statement 

 

The study was approved by the Animal Care and Use 

Committee of Fudan University. All experimental 

procedures were performed in accordance with the 

Guide for the Care and Use of Laboratory Animals, 

published by the US National Institutes of Health. All 

experiments were conducted under the supervision of 

the facility’s Institutional Animal Care and Use 

Committee according to an Institutional Animal Care 

and Use Committee–approved protocol. 

 

AUTHOR CONTRIBUTIONS 
 

Study concept and design: DH and JG; data acquisition 

or data analysis/interpretation: DH, WG, XZ and JG; 



 

www.aging-us.com 18190 AGING 

manuscript written: DH; approval of final version of 

submitted manuscript: all authors. 

 

CONFLICTS OF INTEREST 
 

The authors have declared that no conflicts of interest 

exist. 

 

FUNDING 
 

This work was supported by National Key Research and 

Development Program of China (NO: 2016YFC1301203) 

from the Ministry of Science and Technology of the 

People’s Republic of China. 

 

REFERENCES 
 

1. Lonardo A, Nascimbeni F, Mantovani A, Targher G. 
Hypertension, diabetes, atherosclerosis and NASH: 
cause or consequence? J Hepatol. 2018; 68:335–52. 

 https://doi.org/10.1016/j.jhep.2017.09.021 
 PMID:29122390 

2. Barton M, Prossnitz ER. Emerging roles of GPER in 
diabetes and atherosclerosis. Trends Endocrinol 
Metab. 2015; 26:185–92. 

 https://doi.org/10.1016/j.tem.2015.02.003 
 PMID:25767029 

3. Onat D, Brillon D, Colombo PC, Schmidt AM. Human 
vascular endothelial cells: a model system for studying 
vascular inflammation in diabetes and atherosclerosis. 
Curr Diab Rep. 2011; 11:193–202. 

 https://doi.org/10.1007/s11892-011-0182-2 
 PMID:21337131 

4. Schäfer A, Bauersachs J. Endothelial dysfunction, 
impaired endogenous platelet inhibition and platelet 
activation in diabetes and atherosclerosis. Curr Vasc 
Pharmacol. 2008; 6:52–60. 

 https://doi.org/10.2174/157016108783331295 
 PMID:18220940 

5. Shaftel SS, Griffin WS, O’Banion MK. The role of 
interleukin-1 in neuroinflammation and Alzheimer 
disease: an evolving perspective. J Neuroinflammation. 
2008; 5:7. 

 https://doi.org/10.1186/1742-2094-5-7 
 PMID:18302763 

6. Rathinam VA, Vanaja SK, Fitzgerald KA. Regulation  
of inflammasome signaling. Nat Immunol. 2012; 
13:333–42. 

 https://doi.org/10.1038/ni.2237 
 PMID:22430786 

7. McGettrick AF, O’Neill LA. NLRP3 and IL-1β in 
macrophages as critical regulators of metabolic 
diseases. Diabetes Obes Metab. 2013 (Suppl 3);  

15:19–25. 
 https://doi.org/10.1111/dom.12169 
 PMID:24003917 

8. Zhi K, Li M, Zhang X, Gao Z, Bai J, Wu Y, Zhou S, Li M, 
Qu L. Α4β7 integrin (LPAM-1) is upregulated at 
atherosclerotic lesions and is involved in 
atherosclerosis progression. Cell Physiol Biochem. 
2014; 33:1876–87. 

 https://doi.org/10.1159/000362965 
 PMID:24970009 

9. Dou L, Lu Y, Shen T, Huang X, Man Y, Wang S, Li J. 
Panax notogingseng saponins suppress RAGE/MAPK 
signaling and NF-kappaB activation in apolipoprotein-
E-deficient atherosclerosis-prone mice. Cell Physiol 
Biochem. 2012; 29:875–82. 

 https://doi.org/10.1159/000315061 
 PMID:22613987 

10. Lu C, Yu X, Zuo K, Zhang X, Cao C, Xu J, Wang S, Tang T, 
Ye M, Pei E, Uzan G, Zhi K, Li M. Tripterine treatment 
improves endothelial progenitor cell function via 
integrin-linked kinase. Cell Physiol Biochem. 2015; 
37:1089–103. 

 https://doi.org/10.1159/000430234 
 PMID:26402060 

11. Watson AM, Li J, Samijono D, Bierhaus A, Thomas MC, 
Jandeleit-Dahm KA, Cooper ME. Quinapril treatment 
abolishes diabetes-associated atherosclerosis in 
RAGE/apolipoprotein E double knockout mice. 
Atherosclerosis. 2014; 235:444–48. 

 https://doi.org/10.1016/j.atherosclerosis.2014.05.945 
 PMID:24945577 

12. Chatterjee S, Bedja D, Mishra S, Amuzie C, Avolio A, 
Kass DA, Berkowitz D, Renehan M. Inhibition of 
glycosphingolipid synthesis ameliorates atherosclerosis 
and arterial stiffness in apolipoprotein E-/- mice and 
rabbits fed a high-fat and -cholesterol diet. Circulation. 
2014; 129:2403–13. 

 https://doi.org/10.1161/CIRCULATIONAHA.113.007559 
 PMID:24710030 

13. Cavigiolio G, Jayaraman S. Proteolysis of 
apolipoprotein a-I by secretory phospholipase A2: a 
new link between inflammation and atherosclerosis. J 
Biol Chem. 2014; 289:10011–23. 

 https://doi.org/10.1074/jbc.M113.525717 
 PMID:24523407 

14. Peng N, Meng N, Wang S, Zhao F, Zhao J, Su L, Zhang S, 
Zhang Y, Zhao B, Miao J. An activator of mTOR inhibits 
oxLDL-induced autophagy and apoptosis in vascular 
endothelial cells and restricts atherosclerosis in 
apolipoprotein E⁻/⁻ mice. Sci Rep. 2014; 4:5519. 

 https://doi.org/10.1038/srep05519 PMID:24980430 

15. Sun C, Wu MH, Yuan SY. Nonmuscle myosin light-chain 

https://doi.org/10.1016/j.jhep.2017.09.021
https://pubmed.ncbi.nlm.nih.gov/29122390
https://doi.org/10.1016/j.tem.2015.02.003
https://pubmed.ncbi.nlm.nih.gov/25767029
https://doi.org/10.1007/s11892-011-0182-2
https://pubmed.ncbi.nlm.nih.gov/21337131
https://doi.org/10.2174/157016108783331295
https://pubmed.ncbi.nlm.nih.gov/18220940
https://doi.org/10.1186/1742-2094-5-7
https://pubmed.ncbi.nlm.nih.gov/18302763
https://doi.org/10.1038/ni.2237
https://pubmed.ncbi.nlm.nih.gov/22430786
https://doi.org/10.1111/dom.12169
https://pubmed.ncbi.nlm.nih.gov/24003917
https://doi.org/10.1159/000362965
https://pubmed.ncbi.nlm.nih.gov/24970009
https://doi.org/10.1159/000315061
https://pubmed.ncbi.nlm.nih.gov/22613987
https://doi.org/10.1159/000430234
https://pubmed.ncbi.nlm.nih.gov/26402060
https://doi.org/10.1016/j.atherosclerosis.2014.05.945
https://pubmed.ncbi.nlm.nih.gov/24945577
https://doi.org/10.1161/CIRCULATIONAHA.113.007559
https://pubmed.ncbi.nlm.nih.gov/24710030
https://doi.org/10.1074/jbc.M113.525717
https://pubmed.ncbi.nlm.nih.gov/24523407
https://doi.org/10.1038/srep05519
https://pubmed.ncbi.nlm.nih.gov/24980430


 

www.aging-us.com 18191 AGING 

kinase deficiency attenuates atherosclerosis in 
apolipoprotein e-deficient mice via reduced 
endothelial barrier dysfunction and monocyte 
migration. Circulation. 2011; 124:48–57. 

 https://doi.org/10.1161/CIRCULATIONAHA.110.988915 
 PMID:21670231 

16. Leppänen P, Koota S, Kholová I, Koponen J, Fieber C, 
Eriksson U, Alitalo K, Ylä-Herttuala S. Gene transfers of 
vascular endothelial growth factor-A, vascular 
endothelial growth factor-B, vascular endothelial 
growth factor-C, and vascular endothelial growth 
factor-D have no effects on atherosclerosis in 
hypercholesterolemic low-density lipoprotein-
receptor/apolipoprotein B48-deficient mice. 
Circulation. 2005; 112:1347–52. 

 https://doi.org/10.1161/CIRCULATIONAHA.105.534107 
 PMID:16129816 

17. Foteinos G, Afzal AR, Mandal K, Jahangiri M, Xu Q. Anti-
heat shock protein 60 autoantibodies induce 
atherosclerosis in apolipoprotein e-deficient mice via 
endothelial damage. Circulation. 2005; 112:1206–13. 

 https://doi.org/10.1161/CIRCULATIONAHA.105.547414 
 PMID:16116071 

18. Barton M, Haudenschild CC, d’Uscio LV, Shaw S, 
Münter K, Lüscher TF. Endothelin ETA receptor 
blockade restores NO-mediated endothelial function 
and inhibits atherosclerosis in apolipoprotein e-
deficient mice. Proc Natl Acad Sci USA. 1998; 
95:14367–72. 

 https://doi.org/10.1073/pnas.95.24.14367 
 PMID:9826706 

19. Lee J, Wan J, Lee L, Peng C, Xie H, Lee C. Study of the 
NLRP3 inflammasome component genes and 
downstream cytokines in patients with type 2 diabetes 
mellitus with carotid atherosclerosis. Lipids Health Dis. 
2017; 16:217. 

 https://doi.org/10.1186/s12944-017-0595-2 
 PMID:29151018 

20. Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, 
Bauernfeind FG, Abela GS, Franchi L, Nuñez G, Schnurr 
M, Espevik T, Lien E, Fitzgerald KA, et al. NLRP3 
inflammasomes are required for atherogenesis and 
activated by cholesterol crystals. Nature. 2010; 
464:1357–61. 

 https://doi.org/10.1038/nature08938 
 PMID:20428172 

21. Zheng F, Xing S, Gong Z, Mu W, Xing Q. Silence of 
NLRP3 suppresses atherosclerosis and stabilizes 
plaques in apolipoprotein e-deficient mice. Mediators 
Inflamm. 2014; 2014:507208. 

 https://doi.org/10.1155/2014/507208 
 PMID:24999295 

22. Wan Z, Fan Y, Liu X, Xue J, Han Z, Zhu C, Wang X. NLRP3 
inflammasome promotes diabetes-induced endothelial 
inflammation and atherosclerosis. Diabetes Metab 
Syndr Obes. 2019; 12:1931–42. 

 https://doi.org/10.2147/DMSO.S222053 
 PMID:31571967 

23. Partanen J, Dumont DJ. Functions of Tie1 and Tie2 
receptor tyrosine kinases in vascular development. 
Curr Top Microbiol Immunol. 1999; 237:159–72. 

 https://doi.org/10.1007/978-3-642-59953-8_8 
 PMID:9893350 

24. Kapourchali FR, Surendiran G, Chen L, Uitz E, Bahadori 
B, Moghadasian MH. Animal models of atherosclerosis. 
World J Clin Cases. 2014; 2:126–32. 

 https://doi.org/10.12998/wjcc.v2.i5.126 
 PMID:24868511 

25. Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, 
Richardson JA, Yanagisawa M. Tie2-cre transgenic 
mice: a new model for endothelial cell-lineage analysis 
in vivo. Dev Biol. 2001; 230:230–42. 

 https://doi.org/10.1006/dbio.2000.0106 
 PMID:11161575 

26. Brydges SD, Mueller JL, McGeough MD, Pena CA, 
Misaghi A, Gandhi C, Putnam CD, Boyle DL, Firestein 
GS, Horner AA, Soroosh P, Watford WT, O’Shea JJ, et 
al. Inflammasome-mediated disease animal models 
reveal roles for innate but not adaptive immunity. 
Immunity. 2009; 30:875–87. 

 https://doi.org/10.1016/j.immuni.2009.05.005 
 PMID:19501000 

27. Piedrahita JA, Zhang SH, Hagaman JR, Oliver PM, 
Maeda N. Generation of mice carrying a mutant 
apolipoprotein E gene inactivated by gene targeting in 
embryonic stem cells. Proc Natl Acad Sci USA. 1992; 
89:4471–75. 

 https://doi.org/10.1073/pnas.89.10.4471 
 PMID:1584779 

https://doi.org/10.1161/CIRCULATIONAHA.110.988915
https://pubmed.ncbi.nlm.nih.gov/21670231
https://doi.org/10.1161/CIRCULATIONAHA.105.534107
https://pubmed.ncbi.nlm.nih.gov/16129816
https://doi.org/10.1161/CIRCULATIONAHA.105.547414
https://pubmed.ncbi.nlm.nih.gov/16116071
https://doi.org/10.1073/pnas.95.24.14367
https://pubmed.ncbi.nlm.nih.gov/9826706
https://doi.org/10.1186/s12944-017-0595-2
https://pubmed.ncbi.nlm.nih.gov/29151018
https://doi.org/10.1038/nature08938
https://pubmed.ncbi.nlm.nih.gov/20428172
https://doi.org/10.1155/2014/507208
https://pubmed.ncbi.nlm.nih.gov/24999295
https://doi.org/10.2147/DMSO.S222053
https://pubmed.ncbi.nlm.nih.gov/31571967
https://doi.org/10.1007/978-3-642-59953-8_8
https://pubmed.ncbi.nlm.nih.gov/9893350
https://doi.org/10.12998/wjcc.v2.i5.126
https://pubmed.ncbi.nlm.nih.gov/24868511
https://doi.org/10.1006/dbio.2000.0106
https://pubmed.ncbi.nlm.nih.gov/11161575
https://doi.org/10.1016/j.immuni.2009.05.005
https://pubmed.ncbi.nlm.nih.gov/19501000
https://doi.org/10.1073/pnas.89.10.4471
https://pubmed.ncbi.nlm.nih.gov/1584779

