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Abstract

Background Atherosclerosis (AS) is a cardiovascular disease that is caused by a variety of factors, including
hypertension, diabetes, hyperlipidaemia and smoking. Circular RNAs (circRNAs) have been reported to participate in
the progression of AS. Here, we investigated the mechanism by which circ-proteasome 20 S subunit beta 1 (PSMB1)
participates in AS.

Methods HAECs were stimulated with oxidized low-density lipoprotein (ox-LDL) to establish a model of AS in vitro.
Cell viability was investigated with MTT assays. Western blotting and gRT-PCR were used to measure relative protein
and mRNA expression. Cell pyroptosis was analysed by flow cytometry. Lactate dehydrogenase (LDH) levels were
measured with a commercial kit.

Results We found that circ-PSMB1 and apoptosis-associated speck-like protein containing a CARD (ASC) were
overexpressed and miR-624-3p was expressed at low levels in HAECs treated with ox-LDL. Circ-PSMB1 silencing
enhanced cell viability and decreased pyroptosis, as shown by the downregulation of IL-13 and IL.-18 mRNA
expression as well as NOD-like receptor thermal protein domain associated protein 3 (NLRP3) and GasderminD-N
(GSDMD-N) protein expression. In addition, the miR-624-3p inhibitor neutralized the effects of si-circ-PSMB1, and ASC
overexpression neutralized the effects of the miR-624-3p mimic in ox-LDL-treated HAECs.

Conclusion This research demonstrated that circ-PSMB1 might participate in AS development through regulating
the pyroptosis of HAECs via the miR-624-3p/ASC axis.
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Introduction

Atherosclerosis (AS) is a cardiovascular disease that is
caused by a variety of factors, including hypertension,
diabetes, hyperlipidaemia and smoking [1]. Cardiovascu-
lar diseases caused by AS pose a serious threat to human
health [2]. The occurrence of AS can cause vascular wall
injury and inflammatory reactions, which may occur due
to the apoptosis and necrosis of vascular smooth muscle
cells and endothelial cells and the differentiation of mac-
rophages [3, 4]. Emerging evidence confirmed AS was
closely related to somatic mutations in stem cells [5],
gut microbiome [6] and immune system disorder [7].
Additionally, AS is also a chronic disease that is charac-
terized by lipid metabolism disorder, incomplete endo-
thelium, monocyte/macrophage proliferation and plaque
formation [8]. During the evolution of AS lesions, oxi-
dized low-density lipoprotein (ox-LDL), a key molecule
[9], binds to receptors to stimulate the differentiation of
monocytes/macrophages into foam cells, which produce
a large number of inflammatory factors. Therefore, the
development of AS is promoted [10].

Recent studies have shown that in human AS, cell death
occurs via cytolysis rather than apoptosis [11, 12]. Pyrop-
tosis is a unique new form of cell death that depends
on caspase-1 and was discovered in recent years, and it
is characterized by cell lysis and the release of cytosolic
contents into the extracellular space, leading to inflam-
mation [13]. When cells are exposed to external danger
signals such as bacterial toxins or viral infections, pattern
recognition receptors in the host innate immune sys-
tem recognize pathogen-associated molecular patterns
or damage-associated molecular patterns, which work
together with the adaptor molecule apoptosis-associated
speck-like protein containing a CARD (ASC) to recruit
pro-Caspase-1, thereby activating the inflammasome and
inducing pyroptosis [14, 15]. Therefore, the expression of
ASC is crucial for the occurrence of pyroptosis.

Circular RNAs (circRNAs) are special noncoding
endogenous RNAs. With the continuous development
of high-throughput sequencing and bioinformatics, it
has been shown that a large number of circRNAs are
present in the transcriptome of eukaryotic cells [16,
17]. The main difference between circRNAs and linear
RNAs is that circRNAs have no 5" and 3’ polyadenylate
tails and form a closed circular structure via covalent
bonds [18]. This special circRNA structure makes these
molecules difficult to hydrolyse via exonucleases, so
they are more stable than linear RNAs and exhibit evo-
lutionary conservation [19]. CircRNAs contain miRNA
response elements, which can bind to miRNAs as com-
petitive endogenous RNAs (ceRNAs), inhibit the bind-
ing of miRNAs to mRNAs in the cytoplasm and regulate
gene expression [20]. This function is called “miRNA
sponge”. For instance, Circhipk3, which is a human cell
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growth regulator, acts as a molecular sponge of miRNA,
directly binds to miR-124 and inhibit its expression
[21]. Additionally, CircRNA_0044073 was reported to
be overexpressed in AS and to inhibit the expression of
miRNA-107 through a sponge mechanism, promoting
the proliferation of human vascular smooth muscle cells
and vascular endothelial cells [22]. In addition to these,
an increasing number of literature reports on the expres-
sion and function of different circRNAs in AS [23-25].
These studies suggest that circRNAs serve as miRNA
sponges to participate in the development of AS and may
be an important direction for research on AS treatment.

Here, we found a up-regulated circRNA, circ-
(proteasome 20 S subunit beta 1) PSMBI, through the
GEO database (GSE173719). We found that the expres-
sion level of circ-PSMB1showed the most significant dif-
ference in AS. Additionally, the specific mechanisms of
circ-PSMBL1 in AS progression has not been explored.
Therefore, thsi study established an in vitro model of AS
by stimulating HAECs with ox-LDL to further analyse
the potential mechanism by which circ-PSMB functions
in AS progression.

Materials and methods

Clinical serum sample collection

This study enrolled 2 participants diagnosed with AS and
25 healthy individuals who underwent physical examina-
tions at our hospital during the same period. All partici-
pants provided written informed consent in accordance
with the Declaration of Helsinki. Peripheral blood sam-
ples were collected from both AS patients and healthy
controls after an overnight fast (minimum 8 h). Blood
was drawn using sterile venipuncture techniques into
EDTA-coated tubes for plasma isolation or into serum
separator tubes for serum preparation. Blood collection
was performed between 7:00 AM and 9:00 AM to con-
trol for potential circadian variations. Following blood
collection, samples were immediately placed on ice and
transported to the laboratory for processing within 1 h.
For serum preparation, blood samples were allowed to
clot at room temperature for 30 min before centrifuga-
tion at 1,000 x g for 15 min at 4 °C. The serum samples
were stored at -80 C.

Bioinformatic analysis

All the differentially expressed circRNAs in AS were
acquired from the GEO database (GSE173719). A
heatmap and volcano map of differentially expressed
circRNAs in AS were generated by using the prepro-
cessCore package in R software. Additionally, the target
miRNAs of circ-PSMB1 were predicted using StarBase
software (https://rnasysu.com/encori/), and the the targ
et genes of miR-624-3p were predicted using Targetscan
software (https://www.targetscan.org/vert_80/).
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Cell culture

Human aortic endothelial cells (HAECs) and smooth
muscle cells were provided by the American Type Cul-
ture Collection (ATCC, USA). All the cells were cultured
at 37 C and 5% CO, in DMEM supplemented with 10%
foetal bovine serum and 1% penicillin and streptomycin
throughout this experiment. Next, according to previ-
ous studies [26, 27], to establish AS model in vitro, 50 pg/
mL ox-LDL was added to the cells and incubated for 24 h
prior to further experiments. The cells in the control
group were cultured in normal DMEM for 24 h.

Cell transfection
Small interfering RNA targeting circ-PSMB1 (si-circ-
PSMBI1) #land #2 and si-nc; miR-624-3p mimic and
mimic nc; inhibitor and inhibitor nc; and ASC over-
expression pcDNA3.1 vector and empty vector were
obtained from Genepharma (Shanghai, China). These
siRNAs are selective for circ-PSMB1. HAECs were trans-
fected with 20puM siRNA, 50 nM mimic, 100 nM inhibi-
tor and 0.2 ug pcDNA3.1 using a Lipofectamine 2000 kit
(Invitrogen, USA), respectively. After 48 h transfection,
the cells were cultured in normal medium for 24 for the
next experiments.

si-circ-PSMB1 #1: 5-AACCAGTACTATACTGGCAA
T-3.

si-circ-PSMB1 #2: 5-ACCAGTACTATACTGGCAAT
T-3.

si-NC: 5-GCAAGCTGACCCTGAAGTT-3!

miR-624-3p mimic: 5-CACAAGGUAUUGGUAUUA
CCU-3.

miR-624-3p inhibitor: 5-AGGUAAUACCAAUACCU
UGUG-3.

mimic NC: 5-UCACAACCUCCUAGAAAGAGUAG
A-3

inhibitor
A-3

NC: 5-CAGUACUUUUGUGUAGUACA

RNA fluorescence in situ hybridization (FISH)

Cy3-labeled circ-PSMB1 probe was designed and synthe-
sized by Sangon (Shanghai, China). A FISH kit (GenePh-
arma) was used to perform FISH to assess the subcellular
localization of circ-PSMBL. Briefly, cells were fixed with
ethanol for 15 min and treated with TritonX-100 for
15 min. The cells were hybridized with denatured probe
buffer at 37 °C overnight. After washing with SSC solu-
tion, the cells were incubated with DAPI for 20 min. The
signals were observed under a confocal laser scanning
microscope.

qRT-PCR
The levels of IL-1f, IL-18, circ-PSMB1, miR-624-3p and
ASC were determined by qRT-PCR analysis. Briefly,
RNA was isolated from the cells with TRIzol reagent
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(Beyotime, Jiangsu, China). After evaluating the purity
and quality, the RNAs were used to synthesize cDNA
with a reverse transcription kit (BioMarker, Beijing,
China). Then, qRT-PCR was performed with a Bio-
marker 2X SYBR Green Fast qPCR Mix kit (BioMarker).
The reaction system was incubated at 42°C for 15 min.
The additional chamber temperature incubation step is
conducive to the extension of the primer, so that when
the temperature rises to 42°C, the primer is still in
hybridization state. The sample is heated at 95°C for 5
min and then placed at 0—5°C for 5 min. Finally, CT val-
ues were obtained and calculated by the 27 AL method.
GAPDH and U6 was selected as the housekeeping gene.
The primer sequences were as follows (5" -> 3):

In addition, for RNaseR digestion, RNA was mixed
with RNaseR enzyme in a reaction buffer following the
manufacturer’s instructions. Importantly, a control sam-
ple without RNaseR (Mock group) was also prepared to
compare the degradation efficiency and validate experi-
mental outcomes. The mixture was incubated at 37°C for
30 min. Then the levels of circ-PSMB1 and line-PSMB1
were detected by qRT-PCR.

circ-PSMBI1, Forward Primer CAGCAAGTGCCATGC
TACAG, Reverse Primer CCGCGTATGAATTGAAAAC
C.

miR-624-3p, Forward Primer GCCGAGCACAAGGU
AUUGGU, Reverse Primer CTCAACTGGTGTCGTGG
A.

IL-1B, Forward Primer CTGTGTCTTTCCCGTGGAC
C, Reverse Primer CAGCTCATATGGGTCCGACA.

IL-18, Forward Primer ATCGCTTCCTCTCGCAACA
A, Reverse Primer GTCCGGGGTGCATTATCTCT.

ASC, Forward Primer GTTCCTCCGGGACTATGAT
GC, Reverse Primer GCGTCTCGTCCAAGACTGATG.

GAPDH, Forward Primer GGAGCGAGATCCCTCCA
AAAT, Reverse Primer GGCTGTTGTCATACTTCTCA
TGG.

U6, Forward Primer GCTTCGGCAGCACATATACT
AAAAT, Reverse Primer CGCTTCACGAATTTGCGTG
TCAT.

MTT assay

Cell viability was determined by MTT assay. HAECs
were seeded in 96-well plates and cultured for 48 h. Then,
the cells were incubated with 5 mg/mL MTT solution for
4 h. Next, the culture medium was discarded, and 150 pL
of DMSO solution was added to each well. The plate was
shaken slightly with a thermostatic vibrator for 10 min.
Finally, the absorbance value (OD value) of each well was
measured at 490 nm with a microplate reader.

Flow cytometry
The cell pyroptosis was detected according to a previous
study [28]. The Active caspase-1 Pyroptosis Detection
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Kit purchased from Sungene Biotech (Tianjin, China)
was employed for Active caspase-1/propidium iodide
(PI) double-staining. Briefly, HAECs were digested and
washed with PBS 2 times. Next, the cells were centrifuged
(3000 r, 5 min), and the precipitate was resuspended in
binding buffer at a density of 1x 10° cell/mL. Then, the
cells were mixed with 5 pl of active caspase-1 and 5 pl
of PI and incubated in the dark at room temperature for
15 min. Finally, the pyroptotic cells were analysed by flow
cytometry (BD Biosciences, San Jose, CA, USA). The PI-
positive cells represented pyroptotic cells.

Determination of LDH levels

HAECs were centrifuged at 400 xg for 5 min to get
supernatant. Then, the LDH levels of the supernatant
were determined with a kit provided by Beyotime Bio-
technology Co., Ltd. (C0016, Jiangsu, China). All the
operations were carried out in strict accordance with the
kit instructions.

Western blotting

Anti-NLRP3 (ab263899, 1:1000) and anti-GSDMD-N
(ab215203, 1:800) antibodies were obtained from Abcam
(CA, USA). RIPA lysis buffer (Beyotime) was used to iso-
late the proteins from the cells. Next, 40 pg of protein
was separated by twelve alkyl sulfate polyacrylamide gel
electrophoresis and transferred to PVDF membranes.
Then, the membranes were removed, and 5% skim milk
was used to block the membranes for 1 h. After washing
3 times, the membranes were incubated with the pri-
mary antibodies for 12 h at 4 ‘C. Then, the membranes
were washed and incubated with the secondary antibody
(ab288151, Abcam). Finally, the membranes were anal-
ysed with an ECL Kit (Beyotime), and the grey value was
calculated by Image] software.

Dual-luciferase reporter assay
Psi-circ-PSMB1/ASC-3'-UTR wild type (WT) and Psi-
circ-PSMB1/ASC-3'-UTR mutant type (MUT) reporter
plasmids were synthesized in advance. According to
the instructions, HAECs were cotransfected with miR-
624-3p mimics or miR-624-3p inhibitor together with
0.1 pg psi-circ-PSMB1/ASC-3’-UTR WT or psi-circ-
PSMB1/ASC-3'-UTR MUT reporter plasmids using
Lipofectamine 2000. After 48 h, the Dual-luciferase
Reporter Assay System (Promega, USA) was used to
measure the luciferase activities.

RNA pull-down assay

HAECs were transfected with 50 nM of biotinylated
miR-624-3p probe (3’-end biotinylated, synthesized by
GenePharma Co., Ltd.) or equivalent amount of biotinyl-
ated scramble negative control probe (NC probe, 5-CAG
UACUUUUGUGUAGUACAA-3’) using Lipofectamine
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3000 reagent. After 48 h of transfection, cells were col-
lected and washed twice with cold PBS. The cell pel-
lets were lysed in NP-40 lysis buffer supplemented with
RNase inhibitor and protease inhibitor cocktail for
10 min on ice. The lysates were then incubated with pre-
washed M-280 streptavidin magnetic beads (Thermo
Fisher Scientific) at 4 °C for 3 h with gentle rotation.
Following three washes with high-salt buffer (500 mM
NaCl, 10 mM Tris-HCI, pH 7.5), the bead-bound RNA
complexes were eluted and purified using TRIzol LS
reagent. The enrichment of circ-PSMB1 and ASC was
subsequently quantified by RT-qPCR with specific prim-
ers spanning the circular junction or linear transcript
regions, respectively.

Statistical analysis

All the experiments were repeated at least 3 times. The
data were analysed by using SPSS 21.0 and are presented
as the mean * standard deviation. The results were evalu-
ated using the T test for the comparison of two samples
and one-way ANOVA for the comparison of more than
two samples. Differences between groups were consid-
ered significant when p <0.05.

Results

Circ-PSMB1 was elevated in ox-LDL-stimulated HAECs
According to the results shown in the heatmap and vol-
cano maps, hsa_circ_0007232 was the most significantly
downregulated circular RNA, while hsa_circ_0078786
(circ-PSMB1) was the most significantly up-regulated cir-
cular RNA. For the clinical significance analysis of molec-
ular markers, high expression genes are usually selected
instead of low expression ones. Therefore, circ-PSMB1
was selevted for next experiments (Fig. 1A and B). In
addition, we also found that circ_0078786 was substan-
tially elevated in serum samples of AS patients (Fig. 1C).
From CircPrimer software, we found that circ_0078786
is formed by splicing exons 2 and 3 on chromosome 6.
PSMBI1 was the parental gene (Fig. 1D). Then, RnaseR
was used to analyze the RNA stability. We found that
RnaseR significantly decreased the levels line-PSMB1
and showed no effects on circ-PSMB1 (Fig. 1E). Next,
we establish the AS cell model using HAECs and smooth
muscle cells. We found that circ-PSMB was increased in
ox-LDL-stimulated HAECs, and showed no change in
ox-LDL-stimulated smooth muscle cells (Fig. 1F and G).
Therefore, ox-LDL-stimulated HAECs was used for next
experiments. The FISH assay showed that circ_0078786
was mainly located in the cytoplasm of HARCs (Fig. 1H).

Downregulation of circ-PSMB1 decreased the pyroptosis
rate of ox-LDL-treated HAECs

HAECs were transfected with si-circ-PSMBI1 #1 and #2,
both of which strongly decreased circ-PSMB1 expression,
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Fig. 1 Circ-PSMB1 was elevated in ox-LDL-stimulated HAECs. Heatmap (A) and volcano map (B) of the differentially expressed circRNAs in AS. (C) The
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by RT-gPCR. (H) The location of circ-PSMB1 was tested by FISH assay



Zhou and Guo Journal of Cardiothoracic Surgery (2025) 20:226

and si-circ-PSMB1 #1 exerted a better effect. We selected
si-circ-PSMB1 #1 for use in the next experiments
(Fig. 2A). Next, after ox-LDL stimulation, the viability of
the HAECs was substantially decreased. Si-circ-PSMB1
substantially enhanced the viability of ox-LDL-treated
HAECs (Fig. 2B). In addition, ox-LDL stimulation
strongly enhanced the pyroptosis rate of HAECs, and
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si-circ-PSMB1 substantially decreased the pyroptosis
rate of ox-LDL-treated HAECs (Fig. 2C). Additionally,
the LDH level (Fig. 2D), the IL-1B (Fig. 2E) and IL-18
(Fig. 2F) mRNA levels, and the NLRP3 and GSDMD-N
protein levels (Fig. 2G) were substantially enhanced after
ox-LDL stimulation. Si-circ-PSMB1 transfection greater
decreased the levels of these factors.
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Fig. 2 Downregulation of circ-PSMB1 decreased the pyroptosis of ox-LDL-treated HAECs. (A) The circ-PSMB1 levels were analysed by gRT-PCR after si-
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Circ-PSMB1 sponged miR-624-3p in HAECs

With starBase software, we selected we found that miR-
624-3p was a direct target of circ-PSMB1 (Fig. 3A).
In addition, WT circ-PSMB1 strongly decreased the
luciferase activity of miR-624-3p but not MUT circ-
PSMBI1 (Fig. 3B). In addition, biotin-miR-624-3p greatly
enhanced the enrichment of circ-PSMB1 compared
with biotin-NC (Fig. 3C). Moreover, the miR-624-3p
levels were strongly depleted in ox-LDL-treated HAECs
(Fig. 3D), and si-circ-PSMBI1 substantially enhanced the
miR-624-3p levels in ox-LDL treated HAECs (Fig. 3E).

Downregulation of miR-624-3p neutralized the effects of
si-circ-PSMB1 in ox-LDL-treated HAECs

The miR-624-3p levels were greatly decreased after miR-
624-3p inhibitor transfection and enhanced after miR-
624-3p mimic transfection (Fig. 4A). Additionally, the
miR-624-3p inhibitor substantially neutralized the effects
of si-circ-PSMB1 on cell viability (Fig. 4B), pyroptosis
(Fig. 4C), LDH levels (Fig. 4D), IL-1p (Fig. 4E) and IL-18
(Fig. 4F) mRNA levels, and NLRP3 and GSDMD-N pro-
tein levels (Fig. 4G). Furthermore, we also explored the
role of miR-624-3p mimic in ox-LDL treated HAECs.
MiR-624-3p overexpression promoted the cell viability,
inhibited pyroptosis, LDH levels, IL-1p and IL-18 mRNA

A
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levels, and NLRP3 and GSDMD-N protein levels in ox-
LDL treated HAECs (Supplementary Fig. 1). In addition,
we used an oligonucleotide target-site blocker (TSB)
to prevents circPMBP1-miR-624 binding. The results
showed that TSB treatment promoted the cell viability,
inhibited pyroptosis, LDH levels, IL-1p and IL-18 mRNA
levels, and NLRP3 and GSDMD-N protein levels in ox-
LDL treated HAECs (Supplementary Fig. 2).

miR-624-3p targeted ASC in HAECs

With TargetScan software, we obained 3711 target
genes of miR-624-3p. Among them, ASC was a key gene
involved in pyroptosis. So. We selected ASC as a direct
target gene of miR-624-3p for next experiments (Fig. 5A).
In addition, WT ASC strongly decreased the luciferase
activity of miR-624-3p but not that of MUTASC (Fig. 5B).
In addition, biotin-miR-624-3p greatly enhanced the
enrichment of ASC compared with biotin-NC (Fig. 5C).
Moreover, the ASC levels were substantially enhanced in
ox-LDL-treated HAECs (Fig. 5D), and the miR-624-3p
mimic greatly decreased the ASC levels (Fig. 5E). In addi-
tion, circ-PSMB1 knockdown significantly decreased
ASC levels in the ox-LDL-treated HAECs (Fig. 5F).
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Upregulation of ASC neutralized the effects of miR-624-3p
in ox-LDL-treated HAECs

The ASC levels were greatly enhanced after ASC vec-
tor transfection (Fig. 6A). Next, we found that the miR-
624-3p mimic substantially enhanced the viability of
ox-LDL-stimulated HAECs, while overexpressing ASC
greatly decreased the viability (Fig. 6B). Additionally, the
miR-624-3p mimic substantially decreased the pyroptosis
rate (Fig. 6C), LDH levels (Fig. 6D), IL-1B (Fig. 6E) and
IL-18 (Fig. 6F) mRNA levels, and NLRP3 and GSDMD-
N protein levels (Fig. 6G) in ox-LDL-treated HAECs,

while upregulation of ASC neutralized the effects of
miR-624-3p. Furthermore, we also explored the role of
ASC knockdown in ox-LDL treated HAECs. ASC knock-
down promoted the cell viability, inhibited pyroptosis,
LDH levels, IL-1p and IL-18 mRNA levels, and NLRP3
and GSDMD-N protein levels in ox-LDL treated HAECs
(Supplementary Fig. 3).
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Discussion
Here, we demonstrated that circ-PSMB1 was overex-
pressed in ox-LDL-treated HAECs. In addition, circ-
PSMBI1 silencing mitigated pyroptosis in ox-LDL-treated
HAECs by modulating the miR-624-3p/ASC axis.
Recently, circRNAs were demonstrated to be involved
in the pathological development of many diseases, and
their potential mechanism may be closely related to the
upregulation or downregulation of circRNA expres-
sion [29, 30]. Lin et al. [31] showed that 73 circRNAs
were upregulated and 37 circRNAs were downregulated
in the peripheral blood of patients with coronary heart
disease characterized by AS. Wei et al. [32] confirmed
that circHIPK3 suppressed the lipid content in HUVECs
treated with ox-LDL by modulating cell autophagy. In
addition, Ding et al. [33] demonstrated that circ_0010283
was overexpressed in VSMCs treated with ox-LDL, and
circ_0010283 silencing inhibited the growth of VSMCs.
These studies demonstrated that circRNAs are of great
significance to the occurrence and development of AS.
Similarly, in this research, through bioinformatic analy-
sis, we found that circ-PSMB1 was overexpressed in
AS, which was further demonstrated in ox-LDL-treated
HAECs.

In recent years, substantial evidence has shown that cell
death occurs in all major cell types in AS lesions [34, 35].
Pyroptosis is a newly discovered and confirmed mode
of programmed cell death. The occurrence of pyroptosis
depends on the upstream inflammasomes and caspase-1.
Among related molecules, NLRP3 inflammasomes are
the most widely studied [36]. Previous research showed
that compared with control samples, NLRP3 was highly
expressed in the aortas of patients with coronary AS
and was positively correlated with the severity of coro-
nary artery disease, confirming that NLRP3 was also a
risk factor for AS [37]. In addition, studies have shown
that GSDMD is involved in pyroptosis. The formation of
pores by its N-terminal fragment is the driving factor of
pyroptosis [38, 39]. In this study, we found that ox-LDL
induced pyroptosis in HAECs, as shown by the increased
protein expression of NLRP3 and GSDMD-N. In addi-
tion, the upregulation of the mRNA expression of IL-1p
indicated that the inflammatory reaction also occurred
in ox-LDL-treated HAECs. Interestingly, after circ-
PSMB1 silencing, pyroptosis in ox-LDL-treated HAECs
was inhibited. These results implied that circ-PSMB1
might promote AS progression by inducing pyroptosis
in endothelial cells. However, the mechanism by which
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Fig. 6 Upregulation of ASC neutralized the effects of miR-624-3p in ox-LDL-treated HAECs. (A) The ASC levels were measured by gRT-PCR after ASC
vector treatment. After miR-624-3p mimic and ASC transfection, (B) cell viability was measured by MTT assay, (C) the pyroptosis rate was analysed by
flow cytometry, (D) LDH levels were measured with the corresponding kit, (E-F) IL-13 and IL-18 levels were determined by gRT-PCR, and (G) the protein
expression levels of NLRP3 and GSDMD-N were analysed by western blotting

circ-PSMBI increased the level of NLRP3 is unclear and
requires further research.

To understand the specific mechanism by which circ-
PSMBI1 functions in AS, we screened the miRNAs that
target circ-PSMB1 and confirmed that miR-624-3p tar-
gets circ-PSMB1. miRNAs are endogenous noncoding
RNAs with a length of 21 ~ 25 nt that are widely expressed

in eukaryotes and are important noncoding RNAs that
regulate protein biosynthesis [40]. Recently, various stud-
ies have revealed that miRNAs play a vital role in AS
progression. For example, Zhu et al. [41] found that miR-
21-3p accelerates AS progression by increasing vascular
smooth muscle cell growth. Guo et al. [42] demonstrated
that miR-23a-3p modulates inflammation as well as cell
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apoptosis in AS via the NF-kB and p38/MAPK signalling
pathways. However, whether miR-624-3p is involved in
the regulation of AS has not been reported. In this study,
we confirmed that miR-624-3p was decreased in ox-LDL-
treated HAECs. Downregulation of miR-624-3p neutral-
ized the effects of si-circ-PSMB1 on the cell pyroptosis
of ox-LDL-treated HAECs. Subsequently, through bioin-
formatics analysis, we confirmed that ASC was the tar-
get gene of miR-624-3p. Recently, various circRNAs have
been proven to function as ceRNAs to inhibit the binding
of miRNA to mRNAs in AS [33, 43, 44]. In this study, we
found that overexpressing ASC neutralized the effects of
miR-624-3p on the pyroptosis of ox-LDL-treated HAECs,
which indicated that circ-PSMBI1 participated in AS pro-
gression by modulating the miR-624-3p/ASC axis. Previ-
ous research confirmed that in response to endogenous
and exogenous stimulation, ASC acts on pro-caspase-1
to form inflammasomes and activate pro-caspase-1. Acti-
vated caspase-1 induces the activation of downstream
cytokines, including IL-1p and IL-18. This leads to the
secretion of LDH, which eventually results in cell injury
and pyroptosis [45]. Therefore, these findings further
illustrated that circ-PSMB1 participated in AS progres-
sion by modulating the pyroptosis of endothelial cells.

In summary, this research demonstrated that circ-
PSMB1 and ASC were overexpressed and that miR-
624-3p was expressed at low levels in ox-LDL-treated
HAECs. circ-PSMB1 might participated in AS progres-
sion by modulating the miR-624-3p/ASC axis. This study
reported the mechanism of circ-PSMB1 in AS for the
first time, and explored the regulation of circ-PSMBL1 in
the development of AS by establishing a cell model and
using pyroptosis detection technology. Our rsearch pro-
vided scientific guidance and suggestions for the precise
treatment of AS and the development of targeted drugs
in future. However, there are still some limitation in this
study. Due to limitations in experimental conditions,
we did not conduct animal experiments for verifica-
tion. However, our future research will conduct in-depth
research on the role of circ-PSMB1 in animal models to
improve the mechanism of circ-PSMB1 in AS.
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