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Circular RNA circ_0090231 promotes atherosclerosis in vitro by enhancing NLR 
family pyrin domain containing 3-mediated pyroptosis of endothelial cells
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ABSTRACT
Atherosclerosis (AS) is an inflammatory disease caused by multiple factors. Multiple circRNAs are 
involved in the development of AS. The present study focusses on delineating the role of 
circ_0090231 in AS. Human aortic endothelial cells (HAECs) were treated with oxidized low- 
density lipoprotein (ox-LDL) to construct an in vitro AS model. Real-time quantitative polymerase- 
chain reaction (RT-qPCR) was used to detect the levels of circ_0090231, IL-1β, and IL-18 tran
scripts. CircRNA/target gene interactions were predicted using StarBase and TargetScan and 
confirmed using an RNA pull-down assay and dual-luciferase reporter assay. Further, 3-(4,5)- 
dimethylthiahiazo(−2)-3,5-diphenytetrazoliumromide (MTT) and lactate dehydrogenase (LDH) 
release assays were performed to evaluate cell viability and damage in the AS model, respectively. 
Cell pyroptosis and protein expression were determined using flow cytometry and western 
blotting respectively. The treatment of HAECs with ox-LDL not only led to significant increase in 
the levels of circ_0090231 but also resulted in improved cell viability as well as reduced cell injury 
and pyroptosis as compared to that in non-treated cells. The circ_0090231 was also identified to 
function as a sponge for miR-635, knockdown of which reverses the effects of circ_0090231 
inhibition. Furthermore, our results revealed that levels of NLRP3, a miR-635 target, are not only 
augmented in the AS model but its overexpression also weakens the miR-635 regulatory effects in 
the AS development. Taken together, the circ_0090231/miR-635/NLRP3 axis affects the develop
ment of AS by regulating cell pyroptosis, thus providing new insights into the mechanism of AS 
development.
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1. Introduction

Cardiovascular diseases are the leading cause of mor
bidity and mortality worldwide [1]. Atherosclerosis 
(AS) is the main pathological basis of coronary heart 
disease, stroke, and other cardiovascular diseases [2]. 
The development of AS is a complex pathological 
process that is attributed to various phenomena such 
as immune and injury inflammation, platelet activa
tion, and oxidative stress theory [3–5]. With recent 
advances in the field of AS research, various chemi
cal factors and cytokines have been identified in the 
pathogenesis of this condition. In recent years, an 
increasing number of mainstream interpretations 
indicate that AS is an inflammatory disease with 
a general pattern of inflammatory manifestations 
[6,7]. As a result, elucidating the molecular mechan
isms regulating the inflammatory response during 
AS is of vital importance.

Pyroptosis was first proposed by Zychlinsky 
et al. in 1992 [8]. It is a novel form of pro- 
inflammatory programmed cell death, which is 
mediated by Caspase 1 and accompanied by the 
release of numerous pro-inflammatory factors 
(such as interleukin (IL) 1β and IL-18) to 
induce an amplified inflammatory cascade [9]. 
Gasdermin D (GSDMD) is a substrate of 
Caspase 1, and its cleavage causes pyroptosis 
by forming pores in the cell membrane 
[10,11]. It has been reported that the pathogen
esis of AS is associated with the pyroptosis of 
vascular endothelial cells, macrophages, as well 
as smooth muscle cells [12,13]. Inhibiting pyr
optosis through drug or genetic intervention 
has been shown to exert a protective effect on 
AS [14,15]. Thus, the phenomenon of pyropto
sis plays a vital role in the pathogenesis of AS.
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Circular RNAs (circRNAs) are covalently 
bonded closed circular RNA molecules without 
a 5′-terminal cap and 3′-terminal poly (A) tail 
structure [16]. CircRNAs have been documented 
to function as competitive endogenous RNAs 
(ceRNAs), as they are rich in miRNA response 
elements (MREs) [17]. These MREs enables 
circRNAs to function as a ‘sponge’ for miRNAs 
by adsorbing specific target miRNAs, thereby reg
ulating their functions [18]. It has been reported 
that a variety of circRNAs are present in patients 
with AS [19]. In vivo animal studies have shown 
that circRNAs act as miR-specific ceRNAs in the 
pathogenesis of AS by regulating their target 
mRNA expressions [20]. While there are convin
cing evidences that circRNAs play an important 
role in the occurrence and development of AS, 
there are only few studies that have attempted to 
delineate their role comprehensively.

In the present study, we aimed to explore the 
clinical relevance of circ_0090231 in AS, as well as 
the targeted association between miR-635 and 
NLRP3 pathway. We hypothesized circ_0090231 
regulated pyroptosis and promoted AS via the 
miR-365/NLRP3 axis. Our findings may provide 
new evidence in terms of AS prevention and 
therapy.

2. Materials and methods

2.1. Cell culture and transfection

HAECs were purchased from the Type Culture 
Collection of the Chinese Academy of Sciences 
(Shanghai, P. R. China). Endothelial cell medium 
with endothelial cell growth factors, 5% fetal 
bovine serum, 100 U/mL penicillin, and 100 mg/ 
mL streptomycin (Gibco, MA, USA) was used to 
culture the cells at 37°C with 5% CO2.

HAECs were treated with 25 µg/mL ox-LDL 
(Beijing Xiesheng Bio-Technology Ltd., Beijing, 
P. R. China) for 24 h to establish an in vitro AS 
model.

Small interference RNA specific to circ_0090231 
(si-circ_0090231), miR-635 mimics/inhibitor, 
NLRP3, and negative controls (Abiocenter 
Biotech Co., Ltd., Beijing, P. R. China) were trans
fected into the cells using Lipofectamine® 2000 
reagent (Invitrogen; Thermo Fisher Scientific 

Inc., MA, USA) according to the manufacturer’s 
protocols at 37°C with 5% CO2. After 48 h of 
transfection, cells were used in subsequent 
experiments.

2.2. Cell viability assay

The cell viability was detected according to 
a previous study [21]. HAECs (1 × 104 cells/mL) 
were seeded into 96-well cell culture plates. After 
indicated treatments, 20 μL MTT reagent (AMJ- 
KT0001; AmyJet Technology Co., Ltd., Hubei, 
China) was added to each well of the plate and 
the cells were cultured at 37°C with 5% CO2 for 
4 h. Subsequently, a microplate reader (HBS- 
1096 C; Nanjing DeTie Experimental Equipment 
Co., Ltd., Jiangsu, China) was used to measure the 
absorbance of tetratzolium salts from MTT assay 
at 490 nm.

2.3. Lactate dehydrogenase (LDH) release assay

LDH was detected according to a previous study 
[22]. HAECs (1 × 104 cells/mL) were cultured in 
96-well plates at 37°C with 5% CO2 and treated 
with ox-LDL (100 μg/mL) for 48 h, and the LDH 
content was measured using an LDH activity assay 
kit (Beyotime, Jiangsu, P. R. China).

2.4. Real-time quantitative polymerase chain 
reaction (RT-qPCR)

Total RNA was extracted using the TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). Reverse transcription and qPCR were per
formed using a BlazeTaq One-Step SYBR Green 
RT-qPCR Kit (with ROX) (QP071; GeneCopoeia, 
Inc., MD, USA) on a SEDI Thermo Cycler con
trolled by the Control Bus Net software package 
(Wealtec Bioscience Co., Ltd., New Taipei City, 
China). All primers were designed and synthesized 
by Nanjing Genscript Biotech Co., Ltd., (Jianngsu, 
China) and GAPDH was used as an internal refer
ence. The results were analyzed using the 2−ΔΔCt 

method. The sequences of the primers were as 
follows:

circ_0090231: F: 5ʹ- 
GGAGCTATGTGTGGCCAAGT-3ʹ, R: 5ʹ- 
CGAGGATCTGGAGAACGAGC-3ʹ; IL-1β, F: 5′- 
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GCAGGCAGTATCACTCATTGTGG-3′, R: 5′- 
GAGTCACAGAGGATGGGCTCTTC-3′; IL-18, 
F: 5′-ACCCCAGAAGAGAGGGAGTC-3′, R: 5′- 
GTAGATGGTGGAATCGGCGT-3′; miR-635, F: 
5′-ACTTGGGCACTGAAACAATGTCC-3′, R: 5′- 
GCTGTCAACGATACGCTACGTAACG-3′; 
NLRP3, F: 5′-AAACGACCTTCATCCCCACC-3′, 
R: 5′-CAGGACTGCCCTCCTCTAGT-3′; 
GAPDH, F: 5′-TCTTGTGCAGTGCCAGCCT-3′, 
R: 5′-TGAGGTCAATGAAGGGGTCG-3′.

2.5. Flow cytometry assay

The pyroptosis of HAECs was determined using 
the TransDetect® Annexin V-FITC/PI Kit 
(FA101-01; TransGen Biotech Co., Ltd., 
Beijing, China). Annexin V-FITC (5 μL) was 
added to HAECs seeded in 6-well cell culture 
plates and incubated at room temperature for 
15 min in the dark. NovoCyte Advanteon B4 
Flow Cytometer and NovoSampler Q software 
(Agilent Technologies Co., Ltd., CA, USA) were 
used for flow cytometry data acquisition and 
analyses.

2.6. Western blot analysis

Western blot was described as described pre
viously [23]. After rinsing the cells treated 
under indicated conditions with pre-chilled 
PBS solution, the cell pellets were resuspended 
in RIPA lysis buffer for 30 min for the extrac
tion of total protein. Protein concentration was 
measured using a BCA protein Assay Kit 
(Beyotime Biotechnology, Jiangsu, China). 
Next, electrophoresis was performed to resolve 
the proteins with 10% SDS-PAGE at 120 V 
until the bromophenol blue dye front reached 
the separation adhesive base. The proteins were 
then transferred on to PVDF membranes 
(Millipore Sigma., MA, USA) in an icebox at 
100 V for 1.5 h. The membranes were then 
blocked in blocking buffer for 1 h at 4°C. 
After washing with TBST solution, the mem
branes were incubated with primary antibodies 
including anti-pro-Caspase 1, anti-cleaved 
(CL)- Caspase 1, anti-GSDMD (1:1000; 
Abcam., MA, USA), and anti-GAPDH (1:3000, 
Leading Biology Inc., CA, USA) on a rocker at 

4°C overnight followed by incubation with 
appropriate secondary antibodies (1:2000, 
MultiSciences, Shanghai, China) at room tem
perature for 2 h. Finally, the protein bands were 
visualized using an ECL detection system 
(Thermo Fisher Scientific, Inc., MA, USA).

2.7. Dual luciferase reporter assay

The Luciferase reporter assay was carried out 
according to Unal’s study [24]. The luciferase 
reporter vectors for the wild-type (WT) and 
mutant (MUT) 3′-UTR regions of 
circ_0090231 and NLRP3 were designed and 
synthesized by Guangzhou RiboBio Co., Ltd., 
Guangzhou, China. The HAECs were trans
fected with these vectors culturing for 24 h. 
The luciferase activities were detected using 
the Luciferase Reporter Assay Kit (K801-200; 
BioVision Tech Co., Ltd., Seoul, South Korea) 
48 h after co-transfection with miR-635 mimic/ 
control as well as the luciferase reporter vec
tors. The results were analyzed using 
a luciferase assay kit (Promega). The luciferase 
activity was normalized to Renilla luciferase 
activity.

2.8. RNA pull-down assay

RNA pull-down assay was described as 
described previously [25]. RNA pull-down 
assay was carried out in accordance to the 
manufacturer’s protocol using the MagCapture 
RNA Pull Down Assay Kit (297–77,501; 
Whatman Co., Ltd., Metestone, UK). The 
pulled-down proteins were further subjected to 
mass spectrometry analysis.

2.9. Statistical analysis

Each experiment was performed at least three 
times. GraphPad Prism (version 7, GraphPad 
Software Inc.) was used to calculate all data, 
which are presented as the mean ± SD. The 
Student’s unpaired t-test was applied to com
pare the differences between two groups, and 
the differences among multiple groups were 
analyzed using analysis of variance (ANOVA) 
followed by Duncan’s post-hoc test. P values of 
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<0.05 were considered to suggest a significant 
difference.

3. Results

This study aimed to explore the role of 
circ_0090231 in AS. We demonstrated that 
circ_0090231 was up-regulated in the AS cells, 
and promoting the cell injury and pyroptosis via 
miR-635/NLRP3 axis.

3.1. Ox-LDL treatment induces pyroptosis in 
HAECs

In order to study the effect of mimicking AS 
in vitro, the HAECs were first exposed to ox- 
LDL. Subsequent analyses revealed that while 
ox-LDL treatment of HAECs decreases the cell 
viability (Figure 1(a)), it also results in signifi
cant augmentation of LDH release as compared 
to that in non-treated control cells (Figure 1 
(b)). Additionally, the levels of IL-1β and IL- 
18 in HAECs were found to be significantly 

Figure 1. Ox-LDL decreases cell viability and promotes injury along with pyroptosis of HAECs. (a) Cell viability; (b) LDH release; (c) IL- 
1β levels; (d) IL-18 levels; (e) Cell pyroptosis; and (f) Expression of pro-Caspase 1, cleaved-Caspase 1, and GSDMD in HAECs treated 
with or without ox-LDL. **P < 0.01 versus control. ox-LDL, oxidized low-density lipoprotein.
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increased (Figure 1(c,d)), and induced pyropto
sis (Figure 1(e)), which evidenced by cell swel
ling, large bubbles after treated by ox-LDL 
(Supplementary, Fig. S1). Moreover, the protein 
expression of cleaved-Caspase 1 and GSDMD-N 
was found to be augmented, while no signifi
cant difference was observed in pro-Caspase 1 
expression (Figure 1(f)) upon ox-LDL treatment 
of HAECs as compared to the control cells.

3.2. HAECs exhibit increased expression of nine 
pyroptosis associated circRNAs upon treatment 
with ox-LDL

The real-time quantitative PCR results revealed 
that expression levels of the nine circRNAs were 
significantly increased in ox-LDL-treated HAECs 
as compared to control cells (Figure 2). Moreover, 
the expression of circ_0090231 was higher than 
other circRNAs.

3.3. Inhibition of circ_0090231 expression 
increases the cell viability and reduces the LDH 
release and pyroptosis in ox-LDL treated HAECs

To examine the effect of circ_0090231 inhibi
tion, the HAECs were first successfully trans
fected with two circ_0090231 specific siRNAs as 
indicated by significant decrease in its expres
sion as compared to that in the cells transfected 
with negative control siRNAs. As the transfec
tion efficiency of circ_0090231 siRNA 1# was 

more potent, it was used in subsequent experi
ments (Figure 3(a)). Our results further 
revealed that inhibition of circ_0090231 signifi
cantly improves the cell viability and hinders 
the LDH release from ox-LDL treated HAECs 
as compared to that from non-treated control 
cells (Figure 3(b,c)). In addition, the inhibition 
of circ_0090231 also results in decreased 
expression of IL-18 and IL-1β as well as sup
pression of pyroptosis in HAECs treated with 
ox-LDL as compared to that in control cells 
(Figure 3(d–f)). Moreover, the protein expres
sion of cleaved-Caspase 1 and GSDMD-N was 
also found to be decreased upon circ_0090231 
knockdown, while that of pro-Caspase 1 expres
sion remained unaffected in HAECs treated 
with ox-LDL as compared to that in control 
cells (Figure 3(g)).

3.4. Circ_0090231 directly targets miR-635

Circ_0090231 has been reported to function as 
a ceRNA that can regulate various biological 
processes by sponging miRNAs [26]. We 
employed Starbase 3.0 (http://starbase.sysu.edu. 
cn/) to predict potential target miRNAs of 
circ_0090231. The results revealed that 
circ_0090231 possesses various MREs for miR- 
635 (Figure 4(a)). This finding was further vali
dated with the help of dual-luciferase reporter 
and RNA pull-down assays (Figure 4(b,c)). 
Furthermore, miR-635 expression was signifi
cantly elevated upon circ_0090231 knockdown 
in ox-LDL treated HAECs as compared to that 
in control cells (Figure 4(d)). In addition, miR- 
635 expression was found to be significantly 
decreased in HAECs treated with ox-LDL as 
compared to that in control cells (Figure 4(e)).

3.5. Inhibition of miR-635 rescues the effects of 
circ_0090231 on cell viability, injury as well as 
pyroptosis of HAECs exposed to ox-LDL

To assess the role of miR-635 in the 
circ_0090231-associated effects on HAECs, 
miR-635 expression was altered by transfecting 
either miR-635 mimics or inhibitors in HAECs. 
Subsequent analyses of these cells revealed that 
transfection with either miR-635 mimics or 

Figure 2. Circ_0090231 is overexpressed in ox-LDL-treated 
HAECs cells. Expression of circ_0090231 transcripts. *P < 0.05 
versus control, **P < 0.01 versus control, ***P < 0.001 versus 
control.
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inhibitors leads to increased or decreased 
expression of miR-635, respectively, as com
pared to that in the mock transfected cells 
(Figure 5(a)). The results also demonstrated 
that downregulation of miR-635 attenuates the 
influence of circ_0090231 knockdown on cell 
viability and LDH release of ox-LDL treated 
HAECs as compared to that of the non-treated 
control cells (Figure 5(b,c)). Meanwhile, the 
inhibition of miR-635 also rescued the decrease 
in IL-1β and IL-18 levels and reduction in cell 
pyroptosis caused by circ_0090231 knockdown 
(Figure 5(d–f)). In addition, the ox-LDL treated 
HAECs exhibited increased expression of 
cleaved-Caspase 1 and GSDMD-N upon 

inhibition of miR-635 as compared to that in 
the mock transfected cells (Figure 5(g)).

3.6. miR-635 directly targets NLRP3

To identify specific regulatory pathways invol
ving circ_0090231 and miR-635, TargetScan 
(http://www.targetscan.org/mamm_31/) was 
used to predict the target gene of miR-635. 
Our in silico analyses identified NLRP3 as 
a potential target gene for miR-635 (Figure 6 
(a)). The dual-luciferase reporter and RNA 
pull-down assays further confirmed the interac
tion between NLRP3 and miR-635 as predicted 
by our in silico analysis (Figure 6(b,c)). 

Figure 3. Circ_0090231 knockdown enhances cell viability and suppresses cell injury and pyroptosis in ox-LDL-treated HAECs cells. 
(a) Expression of circ_0090231; (b) Cell viability; (c) LDH release; (d) IL-1β level; (e) IL-18 level; (f) Cell pyroptosis; and (g) Expression of 
pro-Caspase 1; cleaved-Caspase 1; GSDMD-N in ox-LDL treated or non-treated HAECs upon transfection with circ_0090231 specific or 
mock siRNAs. *P < 0.05 versus control, **P < 0.01 versus control, ## P < 0.01 versus control. si-nc, blank vector; si- circ_0090231, 
knockdown of circ_0090231.
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Furthermore, NLRP3 expressed more in cells 
exposed to ox-LDL (Figure 6(d)). Meanwhile, 
the expression of NLRP3 was significantly 
decreased by circ_0090231 knockdown, but 
restored to normal level after treatment with 
miR-635 inhibitor (Figure 6(e)), suggesting 
that circ_0090231 regulated NLRP3 expression 
via sponging miR-635.

3.7. Overexpression of NLRP3 reverses the 
effects of miR-635 on cell viability, injury, and 
pyroptosis in HAECs exposed to ox-LDL

To investigate the role of NLRP3 on the effects 
of ox-LDL exposure to HAECs, NLRP3 over
expression vector was successfully transfected 
into HAECs as indicated by a significant 
increase in the NLRP3 expression (Figure 7 
(a)). Further studies revealed that NLRP3 over
expression decreases the cell viability and 
improves LDH release in HAECs exposed to 

ox-LDL as compared to that of the non- 
treated cells (Figure 7(b)). In addition, overex
pression of NLRP3 leads to reversal of reduc
tion in the levels of IL-1β and IL-18 as well as 
pyroptosis caused by overexpression of miR-635 
(Figure 7(d–f)). Moreover, the protein expres
sion of cleaved-Caspase 1 and GSDMD-N were 
found to be increased upon NLRP3 overexpres
sion, while that of pro-Caspase 1 remained 
unaffected in HAECs treated with ox-LDL as 
compared to that in the non-treated cells 
(Figure 7(g)).

4. Discussion

AS-induced cardiovascular diseases are a serious 
concern to human health [27]. Pyroptosis is 
a programmed form of cell death associated with 
the release of inflammatory factors [28]. Here, we 
showed that dysregulated circ_0090231 contributes 
to the development of AS. Moreover, circ_0090231 

Figure 4. Circ_0090231 sponges miR-635. (a) The binding sites between miR-635 and circ_0090231. (b) The luciferase activity of 
HAECs cells co-transfected with luciferase reporter vector containing circ_0090231 MREs for miR-635 and miR-635 overexpression 
vector. (c) The interaction between miR-635 and circ_0090231. (d) Expression of miR-635 in HAECs with circ_0090231 knockdown. 
(e) Expression of miR-635 in HAECs exposed to ox-LDL vs control cells. **P < 0.01 versus vector, si-NC, biotin-NC or control. si-nc, 
blank vector; si- circ_0090231, knockdown of circ_0090231.
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functions as a sponge for miR-635 that further reg
ulates NLRP3 expression. However, knockdown of 
circ_0090231 leads to reduced cell injury and pyr
optosis in AS mimicking conditions. These findings 
implicate a great potential for the circ_0090231/miR- 
635/NLRP3 axis for the development of promising 
treatment strategy for AS.

As circRNAs occupy an important position 
in post-transcriptional and biological processes, 
they have been implicated to play vital role in 
the pathogenesis of various diseases including 
AS. For example, circ_0044073 activates the 
JAK1/STAT3 signaling pathway by targeting 
miR-107 and upregulating the AS-promoting 

proteins BCL2 and cMYC [29]. In addition, 
circANRIL knockdown inhibits apoptosis and 
imparts protection against AS [30]. In the pre
sent study, we have demonstrated that 
circ_0090231 knockdown leads to reduced pyr
optosis and cell injury and improved the viabi
lity of HAECs treated with ox-LDL, thereby 
mimicking AS in vitro as compared to the con
trol cells (Figure 3). Thus, these findings sug
gest a promising function of circ_0090231 as 
a potential therapeutic target for AS.

CircRNAs act as ceRNAs to regulate gene 
expression and cellular functions by binding to 
miRNAs. CircRNA_0046367, for example, 

Figure 5. Knockdown of miR-635 inhibits cell viability as well as promotes cell injury and pyroptosis in ox-LDL treated HAECs. (a) Expression of 
miR-635, (b) Cell viability, (c) LDH release, (d) IL-1β level, (e) IL-18 level, (f) Cell pyroptosis, and (g) Expression of pro-Caspase 1, cleaved-Caspase 
1, GSDMD-N in HAECs under indicated conditions. **P < 0.01 versus control, #P < 0.05 versus control, ##P < 0.01 versus control. inhibitor, 
knockdown of miR-635; mimic, overexpression of miR-635; si- circ_0090231, knockdown of circ_0090231.
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regulates miR-34a to affect lipid metabolism 
[31]. To further explore the potential mechan
ism that regulates AS by circ_0090231, we 
determined the targets for circ_0090231 and 
miR-635 through in silico predictive analysis. 
In our study, the expression of miR-635 was 
a target of circ_0090231. Our results showed 
that knocking down miR-635 weakens the effect 
of circ_0090231 inhibition (Figure 5), suggest
ing that miR-635 is a key factor in the 
circ_0090231-mediated regulation of AS patho
genesis. Studies have reported that miR-635 acts 
as an anti-tumor gene in many tumors, for 
example, miR-635 inhibits tumor proliferation 
and invasion in non-small cell lung cancer [32], 
miR inhibit the progression of gastric cancer by 
targeting KIFC1 [33], and miR-635 is involved 
in regulation of nasopharyngeal carcinoma as 
a target gene of circRANBP17 [34]. In this 
study, miR-635 exerted an anti-inflammatory 

function and restored the cellular functions of 
vascular endothelial cells, which is a key factor 
in maintaining heart function [14].

NLRP3 is an intracellular protein complex that 
belongs to the nod-like roll receptor (NLR) family 
and is mainly expressed in innate immune cells, adap
tive immune cells, and epithelial cells [35]. Under 
pathological conditions, NLRP3 can activate Caspase 
1, IL-1β, IL-18, and other immune factors [36], thus 
playing a vital regulatory role in AS [37,38]. In this 
study, NLRP3 was found to be a target gene of miR- 
635 and Figure 7 showed that its overexpression led to 
enhanced cell injury and pyroptosis, as well as reduced 
cell viability in HAECs treated with ox-LDL as com
pared to non-treated cells.

5. Conclusion

In summary, the findings of this study showed that 
circ_0090231 is overexpressed in AS. Furthermore, 

Figure 6. miR-635 directly targets NLRP3. (a) The binding sites of miR-635 on NLRP3 3′-UTR. (b) The luciferase activity of HAECs co-transfected 
with luciferase reporter vector containing NLRP3 3′-UTR and miR-635 overexpression vector. (c) The interaction between miR-635 and NLRP3. 
(d) Expression of NLRP3 in HAECs with miR-635 knockdown. (e) Expression of NLRP3 in HAECs cells under indicated conditions. **P < 0.01 
versus vector, si-NC, biotin-NC or control. nc inhibitor, blank vector; inhibitor, knockdown of miR-635.
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knockdown of circ_0090231 inhibits cell injury 
and pyroptosis through the miR-635/NLRP3 axis, 
thereby inhibiting the occurrence and develop
ment of AS. These results, thus provide potential 
targets in the form of circ_0090231/miR-635/ 
NLRP3 axis that can prove useful in the develop
ment of novel treatment strategy for AS.
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