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Introduction

Atherosclerosis (AS) is a chronic inflammatory disease 
in which lipids accumulate on arterial walls, resulting in 
AS and stenosis of the vascular lumen (1). Cardiovascular 

diseases induced by AS, such as coronary artery disease, 

stroke, and peripheral artery disease, are the main causes 

of high morbidity and mortality in humans (2). Globally, 

approximately 20 million people die of AS diseases each 
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year (3). AS manifests primarily as fatty degeneration of 
the arterial wall and formation of atherosclerotic plaques, 
leading to lumen narrowing and also causing mechanical 
dysfunction of the vascular wall (1). The risk factors for AS 
include hypertension, hyperlipidemia, smoking, diabetes, 
obesity, and genetic factors (4). At present, the main 
drugs used for the treatment of AS are lipid-lowering, 
anticoagulant, and thrombolytic drugs; however, their 
therapeutic effects are unsatisfactory. Therefore, it is 
necessary to explore new treatment methods for AS from 
genetic and molecular perspectives.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
is composed of 692 amino acids encoded by the PCSK9 
gene located on chromosome 1p32.3 (5). It belongs to an 
intracellular invertase or decarboxylase, which is mainly 
expressed in the liver and intestinal tract and is also slightly 
expressed in the kidney and brain (5-8). PCSK9 regulates 
plasma levels of low-density lipoprotein cholesterol 
(LDL-C), which is an independent risk factor for AS (9,10). 
Therefore, PCSK9 is the target of AS treatment and plays 
a unique therapeutic role in AS. Inclisiran, a chemically 
synthesized small interfering RNA (siRNA) that targets the 
PCSK9 gene, can significantly reduce LDL-C levels and 
has superior safety and tolerance (11,12). ORION-10 and 
ORION-11 (ClinicalTrials.gov numbers, NCT03399370 
and NCT03400800), inclisiran’s two phase 3 trials, 
enrolled 1,561 and 1,617 patients with AS-associated 
cardiovascular disease or AS-associated cardiovascular 
disease risk equivalent, who administered with inclisiran 
had reductions in LDL cholesterol levels of approximately 
50% (13). In a phase 2 trials, enrolled 501 patients with 
elevated LDL cholesterol levels at high cardiovascular 
risk, PCSK9 and LDL cholesterol levels were found 
to be lowered by inclisiran administration (ORION-1 
ClinicalTrials .gov number,  NCT02597127)  (11) .  
However, the related mechanism of inclisiran in AS needs 
to be further studied.

First proposed by Cookson in 2001, pyroptosis is a 
pro-inflammatory, lytic, programmed cell death method 
that relies on the activation of caspase-1 (14). It is 
characterized by the formation of pores, rupture of the 
plasma membrane, and the entry of cell contents and pro-
inflammatory mediators into the intercellular substance, 
leading to inflammation and cell death (15,16). Endothelial 
cell (EC) pyroptosis releases adhesion, chemotactic, and 
pro-inflammatory factors, which induce an early arterial 
inflammatory response, cause local lipid deposition, and 
promote the formation of AS and plaque instability (17). 

Recent studies have indicated that cell pyroptosis plays a vital 
role in the formation of AS. For example, nicotine has been 
shown to accelerate AS by regulating cell pyroptosis (18),  
and salidroside has been found to reduce the formation 
of  AS plaques  by inhibit ing EC pyroptosis  (19) .  
The present study aimed to investigate the therapeutic 
potential of the PCSK9 inhibitor, inclisiran, and explore its 
underlying mechanism in vivo and in vitro. We present the 
following article in accordance with the ARRIVE reporting 
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-4652/rc).

Methods

Animals

A total of 40 male ApoE-/- mice (aged 8 weeks, 17–20 g) 
were purchased from Jinan Pengyue Laboratory Animal 
Co., Ltd. (Jinan, China). A protocol was prepared before 
the study without registration. The mice were fed in specific 
pathogen-free (SPF) stage rooms at 22±2 ℃, 40% humidity, 
and a 12/12-h light/dark cycle. The animal experiments 
were performed according to the guidelines of the Chinese 
Ethics Committee for the care and use of animal research 
and were approved by the Animal Care and Use Committee 
of Naval Medical University (No. SCXK2021-0910). 

AS model and inclisiran treatment

The mice were randomly divided into five groups. Random 
numbers were generated using the standard = RAND() 
function in Microsoft Excel (Microsoft, Redmond, WA, 
USA) (20). Staffs and participants were blinded to the 
randomization. The chow group (n=8) mice were fed with 
routine chow; the high-fat diet (HFD) group (n=8) mice 
were fed with HFD; the 1 mg/kg group (n=8) mice were 
fed with HFD and intraperitoneally injected with 1 mg/kg 
inclisiran simultaneously; the 5 mg/kg group (n=8) mice 
were fed with HFD and intraperitoneally injected with 
5 mg/kg inclisiran simultaneously; the 10 mg/kg group 
(n=8) mice were fed with HFD and intraperitoneally 
injected with 10 mg/kg inclisiran simultaneously. Inclisiran 
purchased from MedChemExpress (Monmouth Junction, 
NJ, USA) was dissolved in phosphate buffer saline (PBS) 
for use in intraperitoneal injection. After 20 weeks, 
all mice were euthanized using pentobarbital sodium 
(150 mg/kg) and their aortas and blood specimens were 
collected.
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Oil red O staining

Arterial sections were stained with oil red O staining for 
10–15 min under sealed and dark conditions. The staining 
will be terminated when red lipid droplets appeared under 
the microscope (Nikon Corporation, Tokyo, Japan). The 
sections were differentiated into clear interstitium with 60% 
ethanol under the microscope. After washing, the nucleus 
was counterstained with hematoxylin.

Quantitative real-time polymerase chain reaction  
(qRT-PCR)

Total RNA was isolated and checked using homogenization 
with Trizol (Invitrogen, Carlsbad, CA, USA) and the 
FOTODYNE gel imaging analysis system (Fotodyne, 

Inc., Hartland, WI, USA). Complementary DNA (cDNA) 
was synthesized using a cDNA Cycle Kit (Thermo Fisher 
Scientific, USA). The primer sequences used for qPCR 
amplification were listed in Table 1. The expression 
level of β-actin was used to standardize the messenger 
RNA (mRNA) expression, which was calculated by Fold  
change =2-ΔΔCT.

Western blot

Proteins were extracted and quantified using radio 
immunoprecipitation assay (RIPA) buffer (Biovision, 
American) and a protein concentration detection kit (absin, 
Shanghai, China). The prepared protein was separated 
by polyacrylamide-sodium dodecyl sulfate (SDS) gels and 
then transferred onto polyvinylidene fluoride (PVDF) 
membranes (Roche, Switzerland). Next, the membranes 
were incubated overnight at 4 ℃ with polyclonal antibodies: 
cleaved-caspase-1 (#4199T, 1:1,000, Cell Signaling 
Technology, USA), NOD-like receptor family pyrin domain 
containing 3 (NLRP3) (ab263899, 1:1,000, Abcam, UK), 
apoptosis-associated speck-like protein containing a CARD 
(ASC) (#13833S, 1:1,000, Cell Signaling Technology, USA), 
gasdermin D (GSDMD)-N (ab215203, 1:1,000, Abcam, 
UK), interleukin (IL)-1β (ab216995, 1:1,000, Abcam, 
UK), IL-18 (ab243091, 1:1,000, Abcam, UK), and β-actin 
(ab8226, 1:1,000, Abcam, UK). After washing with Tris-
HCl buffered saline with 0.1% (v/v) Tween 20 (TBST), the 
membranes were incubated with a secondary antibody, and 
protein expression intensity was determined by enhanced 
chemiluminescent (ECL) kit (Beyotime, Beijing, China).

Biochemical index detection

LDL-C, high-density lipoprotein cholesterol (HDL-C), 
total cholesterol (TC), and triglyceride (TG) were detected 
using kits obtained from the Nanjing Jiancheng Biological 
Engineering Research Institute (Nanjing, China).

Human umbilical vein endothelial cells (HUVECs) culture

HUVECs (Procell, Wuhan, China) were maintained at 37 ℃ 
in a 5% carbon dioxide (CO2) humid incubator and cultured 
in Ham’s F-12K medium (Procell) supplemented with  
0.1 mg/mL heparin, 0.03 mg/mL EC growth supplements 
(Procell), and 10% fetal bovine serum (FBS, Gibco, USA).

Table 1 Primer sequences used for qPCR amplification

Gene Primer sequences

Mouse 
NLRP3

Forward: 5'-GGGAGACCGTGAGGAAAGGA-3' 
Reverse: 5'-CCAAAGAGGAATCGGACA ACAAA-3'

Mouse  
ASC

Forward, 5'-GTGTTTACTCTCTGGGATGTTTTTG-3' 
Reverse: 5'-GTCTGTGGA ATTTAGGTGTTGGA-3'

Mouse 
GSDMD

Forward: 5'-CAGAACCGGAGT GTTTTGGC-3' 
Reverse: 5'-CCCTTGCCTTCACCCTTCAA-3'

Mouse  
IL-1β

Forward: 5'-CCTCGTGCTGTCGGACCCATA-3' 
Reverse: 5'-CAGGCTTGTGCTCTGCTTGTGA-3'

Mouse  
IL-18

Forward: 5'-CCCTTTGAGGCATCCAGGAC-3' 
Reverse: 5'-GGGGTTCACTGGCACTTTGA-3'

Mouse 
β-actin

Forward: 5'-CCAGCCTTCCTTC TTGGGTAT-3' 
Reverse: 5'-GGGTGTAAAACGCAGCTCAG-3'

Human 
NLRP3

Forward: 5'-CTGGCATCTGGGGAAACCT-3' 
Reverse: 5'-TCTGTGTCACAAGGCTCACC-3'

Human  
ASC

Forward: 5'-TCTACCTGGAGACCTACGGC-3' 
Reverse: 5'-TCCAGAGCCCTGGTGC-3'

Human 
GSDMD

Forward: 5'-CTCGCCGACTTCCGTAAACT-3' 
Reverse: 5'-TGCAGCCACAAATAACTCAGC-3'

Human  
IL-1β

Forward: 5'-TTCGAGGCACAAGGCACAA-3' 
Reverse: 5'-TGGCTGCTTCAGACACTTGAG-3'

Human  
IL-18

Forward: 5'-ATCGCTTCCTCTCGCAACAA-3' 
Reverse: 5'-GTCCGGGGTGCATTATCTCT-3'

Human 
β-actin

Forward: 5'-GCACAGAGCCTCGCCTTT-3' 
Reverse: 5'-CACAGGACTCCATGCCCAG-3'

qPCR, quantitative polymerase chain reaction.
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Oxidized low-density lipoprotein (ox-LDL) stimulation

HUVEC cells were treated with 25 μg/mL ox-LDL for 24 h  
to induce cell injury and were then treated with different 
concentrations of inclisiran (50, 100, and 200 nM) for 48 h.

Hoechst33342 staining

The treated cells were seeded in a six-well plate and stained 
with 1 mL of hoechst33342 staining solution (Beyotime 
Biotechnology, Shanghai, China) at room temperature for 
25 min. After washing twice with PBS, 1 mL of propidium 
iodide (PI) staining solution (5 μg/mL, Sigma, USA) 
was added for 30 min at room temperature. Finally, cell 
apoptosis was observed and counted under the microscope.

Lactate dehydrogenase (LDH) level

LDH activity was measured using a Pierce™ LDH 
Cytotoxicity Assay Kit (ThermoScientific, USA) according 
to the manufacturer’s instructions. A spectrophotometer 
(Beckman DU800, Fullerton, CA, USA) was used to detect 
the absorbance at a wavelength of 440 nm.

Statistical analysis

Data were analyzed by SPSS 21.0 (Chicago, IL, USA). 
One-way analysis of variance (ANOVA) followed by Tukey’s 
post-hoc test was used to analyze the differences between 
the groups. P<0.05, P<0.01, and P<0.001 indicated a 
statistically significant difference between the groups.

Results 

Inclisiran reduced blood lipids in mice with AS

Normal ApoE-/- mice (8 weeks old) were fed with HFD 
to establish an AS mouse model. As shown in Figure 1A, 
the control group mice were fed with standard chow. 
Treatment group mice were fed with HFD and injected 
intraperitoneally with different concentrations of inclisiran 
(1, 5, and 10 mg/kg). The mice were sacrificed at 20 weeks. 

The levels of LDL-C, TC, and TG in the HFD group 
were higher than that in the chow group, while the level of 
HDL-C in the HFD group was lower than that in the chow 
group (P<0.05, Figure 1B-1E). Compared with the HFD 
group, different concentrations of inclisiran significantly 
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Figure 1 Inclisiran reduced blood lipids in an AS mouse model. (A) Timeline of ApoE-/- mice fed with HFD and treated with inclisiran. 
Levels of (B) LDL-C, (C) TC, (D) TG, and (E) HDL-C in mice blood were determined using kits. ***P<0.001 vs. the chow group. #P<0.05, 
##P<0.01, and ###P<0.001 vs. the HFD group. LDL-C, low density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; HDL-C, 
high density lipoprotein cholesterol; AS, atherosclerosis; HFD, high-fat diet. 
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Figure 2 Inclisiran inhibited the development of AS. Oil Red O staining (×50) of arterial tissues and the quantitative results. ***P<0.001 vs. 
the chow group. ##P<0.01 and ###P<0.001 vs. the HFD group. HFD, high-fat diet; AS, atherosclerosis.

inhibited the levels of LDL-C, TC, and TG in a dose-
dependent manner (P<0.05, Figure 1B-1D). Interestingly, 
compared with the HFD group, different concentrations of 
inclisiran markedly increased the HDL-C level in a dose-
dependent manner (P<0.05, Figure 1E). Taken together, 
these results showed that the AS mouse model was 
established successfully, and inclisiran reduced the blood 
lipids in AS mice.

Inclisiran inhibited the development of AS in mice

The oil red O staining results indicated that compared 
with the chow group, the HFD groups showed significant 
oil droplet formation, and obvious AS plaque was 
observed. Also, compared with the HFD group, different 
concentrations of inclisiran considerably inhibited oil 
droplet and AS plaque formation in a dose-dependent 
manner (P<0.05, Figure 2). 

Inclisiran inhibited HFD-induced pyroptosis

The qRT-PCR results showed that the mRNA levels of 
NLRP3, ASC, GSDMD, IL-1β, and IL-18 in the HFD 

group were higher than that in the chow group (P<0.05, 
Figure 3A-3E). However, these levels were decreased in 
mice treated with inclisiran relative to those in the HFD 
group (P<0.05). The western blot results revealed that 
HFD increased NLRP3, ASC, GSDMD-N, cleaved 
caspase-1, IL-1β, and IL-18 protein levels, while different 
concentrations of inclisiran significantly inhibited these 
levels (Figure 3F). The above results indicated that inclisiran 
inhibited HFD-induced pyroptosis.

Inclisiran inhibited HUVEC cell death induced by ox-LDL

The Hoechst 33342/PI dual-staining assay was used to 
detect HUVEC death. As indicated in Figure 4A,4B, PI-
positive cells in the ox-LDL group were significantly higher 
than those in the control group (P<0.05). However, PI-
positive cells in the inclisiran-treated groups were markedly 
reduced in a dose-dependent manner (P<0.05). Moreover, 
The LDH activity analysis findings indicated that ox-
LDL induced significant cytotoxicity relative to the control 
group. Also, different concentrations of inclisiran markedly 
inhibited ox-LDL induced cytotoxicity in a dose-dependent 
manner (P<0.05, Figure 4C). Taken together, these results 
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Figure 3 Inclisiran inhibited pyroptosis in an AS mouse model. (A-E) mRNA levels of NLRP3, ASC, GSDMD, IL-1β, and IL-18 were 
determined by qRT-PCR. (F) Protein levels of NLRP3, ASC, GSDMD-N, C-caspase-1, IL-1β, and IL-18 were determined by western 
blot. ***P<0.001 vs. the chow group. #P<0.05, ##P<0.01, and ###P<0.001 vs. the HFD group. HFD, high-fat diet; NLRP3, NOD-like receptor 
family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase-1 recruitment domain; GSDMD-N, 
gasdermin-D-N; C-caspase-1, cleaved caspase-1; IL-1β, interleukin-1β; IL-18, interleukin-18; AS, atherosclerosis; qRT-PCR, quantitative 
real-time polymerase chain reaction.
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demonstrate that inclisiran inhibited HUVEC cell death 
induced by ox-LDL.

Inclisiran inhibited HUVEC pyroptosis induced by ox-LDL

As demonstrated in Figure 5A-5E, the mRNA levels of 
NLRP3, ASC, GSDMD, IL-1β, and IL-18 in the ox-LDL 
group were higher than those in the control group (P<0.05). 
Meanwhile, compared with the ox-LDL group, inclisiran 
at different concentrations significantly inhibited NLRP3, 
ASC, GSDMD, IL-1β, and IL-18 mRNA expression 
(P<0.05). Furthermore, the western blot results indicated 
that NLRP3, ASC, GSDMD-N, cleaved caspase-1, IL-1β, 
and IL-18 protein levels in the ox-LDL group were higher 
than those in the control group, and different concentrations 
of inclisiran inhibited the protein expression of NLRP3, 
ASC, GSDMD-N, cleaved caspase-1, IL-1β, and IL-18 
(Figure 5F). Collectively, these results indicate that inclisiran 
inhibited HUVEC pyrolysis induced by ox-LDL.

Discussion

AS is the main pathological basis of cardiovascular and 
cerebrovascular disease, and increases the incidence of 
myocardial infarction, stroke, and other diseases (21,22). 
Previous studies have shown that PCSK9 not only 
indirectly regulates blood lipid metabolism but also directly 
affects AS by participating in regulating lipid accumulation, 
inflammation, and apoptosis in the blood vessel wall 
(10,23,24). Therefore, PCSK9 has been identified as an 
important target for the treatment of AS. Furthermore, new 
drugs including PCSK9 inhibitors have received increasing 
attention. Initially, monoclonal antibodies were widely 
used to reduce the circulating levels of PCSK9. Thus, 
evolocumab and alirocumab, which are human monoclonal 
antibodies against PCSK9, have been shown to significantly 
reduce cardiovascular risk in the context of statin therapy 
(25,26). As a siRNA targeting PCSK9, inclisiran could 
replace monoclonal antibodies to reduce the production 
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Figure 4 Inclisiran inhibited HUVEC cell death induced by ox-LDL. (A,B) Cell death was determined by the Hoechst 33342/PI dual-
staining assay. Scale bar =50 μm. (C) Cytotoxicity was measured by LDH activity analysis. ***P<0.001 vs. the control group; #P<0.05, 
##P<0.01, and ###P<0.001 vs. the ox-LDL group. HFD, high-fat diet; PI, propidium iodide; LDH, lactate dehydrogenase; ox-LDL, oxidized 
low-density lipoprotein; HUVEC, human umbilical vein endothelial cell.

of PCSK9 (27). The effect of inclisiran on AS and its 
mechanism were investigated in the current study.

Most AS models are based on a HFD (28,29). In this 
study, an AS mouse model was induced by HFD. Studies 
have shown that lipid metabolism disorder is an important 
risk factor for AS (30). Dyslipidemia usually refers to the 
abnormality of the lipid quality and quality in the plasma, 
including the increase of TC, TG, and LDL-C, and the 
decrease of HDL-C (31,32). The deposition of LDL-C 
on the intima of the arterial wall contributes to plaque 
formation and AS, restricting blood flow to vital organs, 
and increasing the risk of atherosclerotic thrombosis and 
sequelae of AS (33). In the present study, TC, TG, and 
LDL-C were increased, while HDL-C was decreased in 
the blood of mice fed with HFD, indicating that model was 
successfully established. Moreover, we found that inclisiran 
inhibited the levels of LDL-C, TC, and TG, and increased 

the level of HDL-C, which is consistent with a previous 
study showing that inclisiran markedly reduced the level of 
LDL-C (27). Collectively, these results demonstrated that 
inclisiran inhibited blood lipids in mice with AS.

The formation of atheromatous plaques in the arterial 
intima is basic pathology of AS (34). The progressive 
increase of AS plaques will result in thickening of the 
blood vessel walls, narrowing of the blood vessel lumen, 
and reduced blood supply to the heart (35). In this study, a 
large number of lipids entered the arterial wall and formed 
plaques locally, and inclisiran reduced the plaque area 
in a dose-dependent manner. NLRP3, the most widely 
studied inflammasome in pyroptosis, is essential for the 
formation of AS, and its silencing can increase the stability 
of AS plaques (36). Activation of NLRP3 recruits ASC 
to promote the activation of caspase-1, resulting in the 
processing of inflammatory cytokines into mature forms, 
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Figure 5 Inclisiran inhibited HUVEC pyroptosis induced by ox-LDL. (A-E) mRNA levels of NLRP3, ASC, GSDMD, IL-1β, and IL-18  
were determined by qRT-PCR. (F) Protein levels of NLRP3, ASC, GSDMD-N, C-caspase-1, IL-1β, and IL-18 were measured by western 
blot. ***P<0.001 vs. the control group; #P<0.05, ##P<0.01, and ###P<0.001 vs. the ox-LDL group. ox-LDL, oxidized low-density lipoprotein; 
NLRP3, NOD-like receptor family pyrin domain containing 3; ASC, apoptosis-associated speck-like protein containing a caspase-1 
recruitment domain; GSDMD-N, gasdermin-D-N; C-caspase-1, cleaved caspase-1; IL-1β, interleukin-1β; IL-18, interleukin-18; HUVEC, 
human umbilical vein endothelial cell; qRT-PCR, quantitative real-time polymerase chain reaction.

Figure 6 Schematic diagram of inclisiran exerting its anti-atherosclerotic effects. PCSK9, proprotein convertase subtilisin/kexin type 9; ox-
LDL, oxidized low-density lipoprotein; NLRP3, NOD-like receptor family pyrin domain containing 3; ASC, apoptosis-associated speck-
like protein containing a caspase-1 recruitment domain; GSDMD-N, gasdermin-D-N; IL-1β, interleukin-1β; IL-18, interleukin-18.
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and ultimately leading to pyroptosis (37). In this study, the 
AS model mice exhibited the characteristics of pyroptosis 
in aortic ECs, as observed by the increased levels of 
cleaved caspase-1, NLRP3, ASC, GSDMD-N, IL-1β, 
and IL-18. Inclisiran inhibited these levels, indicating 
that the inhibition of EC pyroptosis may be the treatment 
mechanism of inclisiran in AS.

We further investigated the effect of inclisiran on AS 
and its mechanism in cell experiments. Ox-LDL, a vital 
risk factor for AS, participated in the occurrence and 
development of AS and was used for the establishment of 
the AS cell models (38). In the present study, a cell model 
of AS was established via ox-LDL treatment. Inclisiran was 
found to inhibit cell death and cytotoxicity. Cell death is the 
basic feature of AS (39). Moreover, we found that inclisiran 
could significantly inhibit pyroptosis-related proteins in 
cells, including NLRP3, ASC, GSDMD-N, IL-1β, and 
IL-18, which is consistent with the results of the mouse 
model. As shown in Figure 6, our results demonstrated that 
inclisiran exerted anti-atherosclerotic functions mainly 
by inhibiting NLRP3 activation induced by ox-LDL 
and then impeding the activation of ASC and caspase-1, 
thereby hindering the mature morphology of inflammatory 
cytokines, and ultimately inhibiting EC pyroptosis.

Conclusions

Inclisiran exerts an anti-atherosclerotic effect, as evidenced 
by its inhibition of blood lipids, development of AS, and 
pyroptosis. These findings provide evidence that the 
PCSK9 inhibitor inclisiran has potential for the treatment 
of AS via inhibiting cell pyroptosis.
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