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Abstract
Proprotein convertase subtilisin/kexin 9 (PCSK9) inhibitors have been shown to regulate lipid metabolism and reduce the 
risk of cardiovascular events. This study explores the effect and potential mechanism of PCSK9 inhibitors on lipid metabo-
lism and coronary atherosclerosis. HepG2 cells were incubated with PCSK9 inhibitor. ApoE-/- mice were fed with a high 
fat to construct an atherosclerosis model, and then treated with PCSK9 inhibitor (8 mg/kg for 8 w). PCSK9 inhibitor down-
regulated microRNA (miRNA)-130a-3p expression in a dose-dependent manner. And, miR-130a-3p could bind directly to 
the 3' untranslated region (3'-UTR) region of LDLR to down-regulate LDLR expression in HepG2 cells, as confirmed by 
the luciferase reporter gene assay. In addition, miR-130a-3p overexpression significantly attenuated the promoting effect 
of PCSK9 inhibitor on LDLR and DiI-LDL uptake in HepG2 cells. More importantly, in vivo experiments confirmed that 
PCSK9 inhibitor could significantly inhibit miR-130a-3p levels and promote LDLR expression in liver tissues, thus regu-
lating serum lipid profile and alleviating the progression of coronary atherosclerosis. PCSK9 inhibitor could moderately 
improve coronary atherosclerosis by regulating miR-130a-3p/LDLR axis, providing an exploitable strategy for the treatment 
of coronary atherosclerosis.
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Background

Atherosclerosis and its associated atherosclerotic cardio-
vascular disease (ASCVD) are the leading cause of death 
worldwide (Förstermann et al. 2017). Dyslipidemia, charac-
terized by increased level of total cholesterol and low-density 

lipoprotein cholesterol (LDL-C) and reduced level of high-
density lipoprotein cholesterol (HDL-C), has been identified 
as a pathogenic risk factor of ASCVD, which is closely related 
to the risk and severity of ASCVD (Hilvo and Dhar 2022). 
Lipid-lowering therapy can effectively prevent or reduce car-
diovascular and peripheral adverse events and improve cardio-
vascular outcomes in patients with ASCVD (Sánchez-Baca-
icoa et al. 2022). PCSK9 inhibitors are an effective and most 
used drugs in clinical lipid-lowering therapy (Aguilar-Salinas 
and Gómez-Díaz 2021; Oleaga et al. 2021). Some studies 
have found that one of the mechanism of PCSK9 inhibitors 
is to inhibit the binding of PCSK9 with LDL-receptors and 
prevent the degradation of LDL-receptors. However, many of 
the potential mechanisms of action by which PCSK9 inhibi-
tors lower lipid remain to be further explored.

MiRNAs are small non-coding RNAs involved in 
the regulation of post-transcriptional gene expression 
(Suvorov et  al. 2020). They promote degradation or 
inhibit translation of target genes by fully or incom-
pletely pairing with the 3'UTR region of target genes, 
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and are involved in the regulation of ontogeny, apopto-
sis, proliferation and differentiation. A growing body of 
miRNAs have been confirmed to participate in the regu-
lation of hepatic lipid homeostasis (Agbu and Carthew 
2021). Moreover, miRNAs mediate pleiotropic effects 
of lipid-lowering drugs and are implicated in the vari-
ations in the lipid-lowering response (Leal et al. 2021; 
Saavedra et al. 2022). For example, miR-33b may affect 
the response to atorvastatin treatment (Ubilla et  al. 
2021). MiR-130a-3p plays a crucial role in the regula-
tion of glucose and lipid metabolism. Wu J et al. (Wu 
et al. 2020) found that miR-130a-3p derived from liver 
exosomes alleviates glucose intolerance by downregu-
lating PHLPP2 in adipocytes. Xiao et al. (Xiao et al. 
2014) provided evidence showing a crucial role of miR-
130a-3p in regulating insulin sensitivity and hepatic 
steatosis. In addition, miR-130a-3p is also an important 
regulatory molecule in liver fibrosis and steatohepatitis. 
Liu L et al. (Liu et al. 2021) reported that overexpres-
sion of miR-130a-3p could inhibit liver fibrosis. Wang Y 
et al. (Wang et al. 2017) demonstrated that miR-130a-3p 
promoted apoptosis of hepatic stellate cells in nonal-
coholic fibrosis steatohepatitis. However, the effect of 
PCSK9 inhibitors on miRNA-dependent modulators in 
the regulation of lipid metabolism is largely undefined.

In this study, we hypothesized that PCSK9 inhibitor 
regulates lipid metabolism by modulating miR-130a-3p. 
To verify this hypothesis, we investigated the effect of 
PCSK9 inhibitor on miR-130a-3p expression and the 
relationship between miR-130a-3p and LDLR. Besides, 
rescue experiments investigated the role of miR-130a-3p 
in PCSK9 inhibitor-mediated LDLR expression and DiI-
LDL uptake in HepG2 cells, and LDLR expression in 
liver tissues, serum lipid profile, and arterial atheroscle-
rosis in vivo.

Methods and materials

Cells and cell culture

HepG2 cells were obtained from the Cell Bank of Shanghai 
Institute of Cell Biology, Chinese Academy of Sciences. 
Cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) containing 10% fetal bovine serum (Gibico) at 
37 °C with 5% CO2.

PCSK9 inhibitor SBC-115076 (Catalog number: S7976) 
was obtained from Selleck Chemicals (Houston, TX, USA). 
HepG2 cells were incubated with different concentrations of 
SBC-115076 for 24 h.

QRT‑PCR

Total RNA (RNAiso Plus, TaKaRa) was isolated from tis-
sues or cells. The purity of RNA was determined using a 
NanoDrop spectrophotometer and the OD260/OD280 ratio was 
1.7 ~ 2.0. PrimeScript™ RT Reagent Kit (TaKaRa) was used 
for the synthesis of cDNA from total RNA samples. The 
purity of cDNA was assessed using gel electrophoresis and 
PCR of the housekeeping gene GAPDH. SYBR Premix Ex 
Taq ™ (TaKaRa, Dalian, China) was used for PCR reaction, 
and the PCR reaction mix including SYBR Premix Ex Taq 
II (2 ×) 10 uL, Forward Primer (10 uM) 0.8 uL, Reverse 
Primer (10 uM) 0.8 uL, cDNA 2 uL, ROX Reference Dye 
or Dye II (50 ×) 0.4 uL and Rnase-free water 6 uL. PCR 
reaction conditions were set as follows: 95℃ 30 s, followed 
by 40 cycles of 95℃ 5 s and 60℃ 30 s, then 95℃ 15 s, 60℃ 
30 s, 95℃ 15 s.

The relative expression levels of PCSK9, LDLR, and 
miRNAs were analyzed by the 2−ΔΔCt method. The prim-
ers were provided by Sangon Biotech (Shanghai), and their 
sequences were listed in Table 1.

Table 1   The sequences of primers used for qRT-PCR in this study

Gene name Primer forward sequence (5′-3′) Primer reverse sequence (5′-3′)

hsa-miR-19a-3p TGC​GGT​GTG​CAA​ATC​TAT​GCAAA​ CCA​GTG​CAG​GGT​CCG​AGG​T
hsa-miR-301a-3p TGC​GGC​AGT​GCA​ATA​GTA​TTGTC​ CCA​GTG​CAG​GGT​CCG​AGG​T
hsa-miR-152-3p TGC​GGT​CAG​TGC​ATG​ACA​GAACT​ CCA​GTG​CAG​GGT​CCG​AGG​T
hsa-miR-454-3p TGC​GGT​AGT​GCA​ATA​TTG​CTTAT​ CCA​GTG​CAG​GGT​CCG​AGG​T
hsa-miR-130a-3p TGC​GGC​AGT​GCA​ATG​TTA​AAAGG​ CCA​GTG​CAG​GGT​CCG​AGG​T
mmu-miR-130a-3p TGC​GGC​AGT​GCA​ATG​TTA​AAAGG​ CCA​GTG​CAG​GGT​CCG​AGG​T
U6 GCT​CGC​TTC​GGC​AGC​ACA​ AAC​GCT​TCA​CGA​ATT​TGC​GTG​
PCSK9 GGA​ACC​TGG​AGC​GGA​TTA​CC CCC​GGT​GGT​CAC​TCT​GTA​TG
LDLR CGT​GAA​CCT​GGA​GGG​TGG​CT GTG​AAG​AAG​AGG​TAG​GCG​ATG​GAG​
GAPDH ATG​ACA​TCA​AGA​AGG​TGG​TGA​AGC​AGG​ GCG​TCA​AAG​GTG​GAG​GAG​TGGGT​
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Western blot

Proteins were isolated from cell lysates or liver tissues 
(30 μg) and transferred to the PVDF membrane. The mem-
brane was incubated with specific antibodies of LDLR, 
PCSK9, and GAPDH at 4 °C overnight, respectively. Then, 
the membrane was incubated with a secondary antibody. 
The strips were visualized using an enhanced ECL system 
(Thermo Fisher, USA). Anti-PCSK9 antibody (ab185194) 
and anti-LDLR antibody were obtained from Abcam, and 
GAPDH from Immunoway (Suzhou, China).

Cell transfection

miR-130a-3p mimic and inhibitor, and their negative con-
trol (NC), were provided by GenePharma (Shanghai, China). 
The sequences were shown in Table 1. These plasmids are 
transfected in HepG2 cells using Lipofectamine 3000 Rea-
gent (Invitrogen, USA).

Uptake of DiI‑LDL assay

Uptake of DiI-LDL assay was performed according to the 
previous description (Xu et al. 2021). HepG2 cells were cul-
tured in DMEM containing 2% LPDS and 20 μg/mL DiI-
LDL at 37 °C for 4 h under dark conditions. The cells were 
then washed with PBS containing 0.4% albumin two times 
and PBS three times. Under a fluorescence microscope, the 
cells were fixed with 4% formalin and the nuclei were sub-
sequently stained with DAPI. For fluorescence quantifica-
tion, cells were incubated with isopropyl alcohol at room 
temperature for 20 min by shaking. 200 μL isopropyl sam-
ples were then used for analysis using a microplate reader. 
The remaining cells were lysed with NaOH (0.5 mol/L) for 
30 min and 10 μL equal samples were taken to determine 
the protein (Bio-RAD, USA).

Luciferase reporter assay

Luciferase reporter assay was used to verify the targeting 
effect of miR-130a-3p and LDLR in HepG2 cells, according 
to a previous study (Zhou and Yang 2022).

Modeling and grouping

ApoE-knockout C57BL/6 mice were fed with a high fat 
to construct an atherosclerosis model. Twenty-four apoE-
/- mice were divided into 4 groups with 6 mice in each 
group by random number table method. ApoE -/- mice 
were classified as follows: apoE-/- mice (model group), 
model group + PCSK9 inhibitor, model group + PCSK9 
inhibitor + AAV-control, model group + PCSK9 inhibi-
tor + AAV-miR-130a-3p. ApoE-/- mice of the same age 

were fed with a normal diet as the control group (con-
trol group, n = 6). Adenovirus AAV-control and AAV-
miR-130a-3p were injected twice through the tail vein 
at 2 × 1012 μg/ body weight (g). From the 8th week, the 
mice that showed abnormal lipid levels were subcutane-
ously injected with PCSK9 inhibitor (8 mg/kg) twice a 
week and were sacrificed after 16 weeks of a high-fat 
diet.

The liver and descending aorta were removed and fixed. 
The liver was used for immunofluorescence and immuno-
histochemistry studies. The whole descending aorta was 
stained with oil red O, and the aortic root was stained with 
HE and oil red O.

Enzyme‑linked immunosorbent assay

Mice were anesthetized with 2% pentobarbital sodium. 
After the eyeball was removed and euthanized, blood was 
collected from the posterior orbital sinus. The blood was 
placed for 2 h and centrifuged. The supernatant was col-
lected and used for ELISA. The serum TC, TG, HDL-C, 
and ox-LDL levels were measured using corresponding 
assay kits as described previously (Jiang et  al. 2022). 
The OD value of each sample at 450 nm was measured. 
Then, the linear standard curve was drawn according to 
the concentration of the standard substance and the cor-
responding OD value. The concentration of each sample 
was calculated according to the curve equation. TC, TG, 
and HDL-C assay kits were obtained from Jiancheng Bio-
technology (Nanjing, China) and mouse ox-LDL Assay Kit 
was obtained from Kenuodi (Quanzhou, China).

Assess atherosclerotic lesions throughout the aorta

Facial lesions with oil red O staining of the entire aorta 
were quantified to determine the extent of atherosclerosis 
as described previously (Liu et al. 2022). In short, fat and 
connective tissue attached to the outer membrane were 
quickly removed under a stereoscopic microscope. The 
entire aorta from the arch to the iliac bifurcation was care-
fully removed, lengthways opened, stapled flat, and fixed 
overnight in 4% paraformaldehyde solution. The aorta was 
then rinsed with distilled water 3 times and stained with 
0.5% ORO solution at room temperature for 2 h. The aorta 
was then discolored in 70% ethanol and rinsed with dis-
tilled water. Taken with a digital camera, the atheroscle-
rotic plaque is stained red. The extent of AS was assessed 
using the percentage of the ORO-positive staining red area 
relative to the total aortic lumen surface area and quanti-
fied using Image-Pro plus6.0 software (Media Cybernetics, 
USA).
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Morphological and histological analysis

The liver and aorta tissues of mice were dissected and placed 
in 4% paraformaldehyde overnight. The tissue was then 
embedded in a compound at the optimum cutting tempera-
ture and frozen at -80 °C for the next step. To measure lipid 
deposition in the sinus of the aorta, 8 μm thick sections were 
frozen with a cryothermostat and the cross-sections were 
stained with ORO.

Paraffin sections of the sinus of the aorta were made fol-
lowing previous protocols. In summary, the liver and aorta 
of mice were dissected and placed in 4% paraformaldehyde 
overnight. The tissue is then embedded in the compound at 
the optimum cutting temperature and frozen at −80 °C for 
further use. The sections with a thickness of 8 μm were fro-
zen with a cryostat to measure lipid deposition in the sinus 
of the aorta and ORO staining was performed.

Statistical analysis

Data were analyzed by SPSS22.0 software. The numerical 
data were expressed as mean ± standard deviation ( x±s). 
Kolmogorov-Smirnov D was used to test the normal dis-
tribution of continuous variables. Analysis of variance was 
used for classification data of repeated measurements. Multi-
ple random sets were compared using one-way ANOVA, and 
then any two groups of student-Newman-Keuls (SNK) were 
compared. A P-value of 0.05 was considered a statistically 
significant difference. Data were plotted using GraphPad 
Prism 8 Project software.

Results

PCSK9 inhibitor promotes LDLR and reduces 
miR‑130a‑3p expression in HepG2 cells

As expected, PCSK9 inhibitor reduced PCSK9 protein 
expression and promoted LDLR protein expression in a 
dose-dependent manner (Fig. 1A). Interestingly, PCSK9 
inhibitor also significantly promoted LDLR expression at 
the transcriptional level (Fig. 1B). Further, we detected the 
abundance of several miRNAs that potentially modulate 
LDLR in HepG2 cells exposed to PCSK9 inhibitor. RT-PCR 
analysis showed that PCSK9 inhibitor reduced miR-130a-3p 
levels in a dose-dependent manner (Fig. 1C).

LDLR is a direct target of miR‑130a‑3p

To determine the regulatory between miR-130a-3p and 
LDLR, the wild-type 3'-UTR sequence of LDLR mRNA 
(LDLR 3'-UTR-wt) or mutated sequence (LDLR 3'-UTR-
mut) were inserted into the Luciferase reporter vector and 
then transfected with miR-130a-3p mimics into HepG2 cells 
(Fig. 2A). As displayed in Fig. 2B, miR-130a-3p mimics 
transfection significantly suppressed the luciferase activ-
ity of LDLR 3'-UTR-wt plasmids, but had no influence on 
the luciferase activity of LDLR 3'-UTR-mut plasmids. In 
addition, HepG2 cells were transfected with miR-130a-3p 
mimics or inhibitors. It was found that miR-130a-3p mim-
ics increased the endogenous miR-130a-3p expression 

Fig. 1   Expression of PCSK9, 
LDLR, and miRNAs in HepG2 
cells treated with PCSK9 
inhibitor. HepG2 cells were 
treated with 0, 5, 10, and 
20 μmol/L PCSK9 inhibitor, 
then total RNAs and protein 
were collected for experiments. 
A Expression of PCSK9 and 
LDLR proteins was detected via 
western blot. B The expres-
sion of LDLR mRNA was 
assessed by qRT-PCR. C The 
expression of miRNAs was 
assessed by qRT-PCR. Data 
present mean ± SEM from three 
independent experiments at 
least. *P < 0.05; **P < 0.01; 
***P < 0.001, compared with 
the 0 groups
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(Fig. 2C) and reduced LDLR levels (Fig. 2D). Meanwhile, 
miR-130a-3p or inhibitors decreased the endogenous miR-
130a-3p expression (Fig. 2E) and promoted LDLR expres-
sion (Fig. 2F). These observations indicate that miR-130a-3p 
directly targets LDLR to inhibit its expression.

PCSK9 inhibitor downregulates miR‑130a‑3p 
to promote LDLR expression

To examine the role of miR-130a-3p in PCSK9-mediated 
effects, HepG2 cells were simultaneously treated with miR-
130a-3p mimics and PCSK9 inhibitor. As displayed in 
Fig. 3A, PCSK9 inhibitor reduced miR-130a-3p expression, 
while transfection with miR-130a-3p mimic caused a sig-
nificant increase of miR-130a-3p compared with the PCSK9 
inhibitor alone. Meanwhile, PCSK9 inhibitor promoted 
LDLR mRNA and protein, which was partially eliminated 
by miR-130a-3p mimics (Fig. 3B and C). In atherosclerosis 
model mice, it was found that the expression of miR-130a-3p 
was increased in the liver tissue of atherosclerosis model 
mice. PCSK9 inhibitor reduced the expression of miR-
130a-3p, while AAV-miR-130a-3p co-treatment re-increased 
miR-130a-3p compared with the PCSK9 inhibitor group 
(P = 0.003, Fig. 3D). LDLR expression was downregulated 

in liver tissues of atherosclerosis model mice, and PCSK9 
inhibitor promoted LDLR expression, which was reversed 
by AAV-miR-130a-3p treatment (Fig. 3E). Furthermore, 
immunofluorescence staining also showed similar change 
of miR-130a-3p and LDLR expression (Fig. 3F). These data 
indicate that PCSK9 inhibitor promotes LDLR expression 
via downregulation of miR-130a-3p.

PCSK9 inhibitor promotes DiI‑LDL uptake in HepG2 
cells via regulation of miR‑130a‑3p

As shown in Fig. 4, PCSK9 inhibitor increased DiI-LDL 
uptake, while miR-130a-3p overexpression attenuated upreg-
ulated DiI-LDL uptake induced by PCSK9 inhibitor. These 
observations indicated that miR-130a-3p partially medi-
ated LDLR expression and DiI-LDL uptake in HepG2 cells 
exposed to PCSK9 inhibitor.

PCSK9 inhibitor regulates serum lipid profile in mice 
via regulation of miR‑130a‑3p

Serum lipid profiles, including TG, TC, LDL-C, and 
HDL-C in each group were detected by ELISA. The levels 
of serum TG, TC, and LDL-C were increased and HDL-C 

Fig. 2   LDLR is a direct target of miR-130a-3p. A The conserved 
binding sites of miR-130a-3p on LDLR mRNA 3’-UTR were pre-
dicted by StarBase. B Luciferase activity of WT-LDLR, but not the 
MUT-LDLR was evaluated in HepG2 cells co-transfected with miR-
130a-3p mimics. C Expression of miR-130a-3p in HepG2 cells trans-
fected with miR-130a-3p mimics. D Expression of LDLR in HepG2 

cells transfected with miR-130a-3p mimics. E Expression of miR-
130a-3p in HepG2 cells transfected with miR-130a-3p inhibitors. F 
Expression of LDLR in HepG2 cells transfected with miR-130a-3p 
inhibitors. Data present mean ± SEM from three independent experi-
ments at least. ***P < 0.001, compared with the control groups



1732	 Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1727–1736

1 3

levels were decreased in atherosclerosis model mice. Com-
pared with the model, the levels of serum TG, TC, and 
LDL-C in the PCSK9 inhibitor group were significantly 
decreased, and HDL-C levels were significantly increased. 
However, as shown in Fig. 5, AAV-miR-130a-3p co-treat-
ment reversed the levels of serum TG, TC, LDL-C, and 
HDL-C.

PCSK9 inhibitor restrains atherosclerosis 
progression in atherosclerosis mice via regulation 
of miR‑130a‑3p

First, we measured the size of plaque lesions in the entire 
aorta of each group of mice. As shown by the Oil Red 
O-staining, no plaque lesions were observed in the control 

Fig. 3   PCSK9 inhibitor downregulates miR-130a-3p to promote 
LDLR expression. HepG2 cells or miR-130a-3p mimics-transfected 
HepG2 cells were treated with PCSK9 inhibitor, then total RNAs 
and protein were collected for experiments. A The expression of 
miR-130a-3p was assessed by qRT-PCR. B The expression of LDLR 
mRNA was assessed by qRT-PCR. C The expression of LDLR pro-
tein was assessed by western blot. atherosclerosis model mice were 
treated with PCSK9 inhibitor, or co-treated with PCSK9 inhibitor 
and AAV-control or AAV-miR-130a-3p, then total RNAs and pro-

tein of liver tissues were collected for experiments. D The expres-
sion of miR-130a-3p was assessed by qRT-PCR. E The expres-
sion of LDLR mRNA was assessed by qRT-PCR. F Expression and 
co-localization of LDLR mRNA and miR-130a-3p in liver tissues 
were observed via immunofluorescence staining. Scale bar: 50 um. 
Data present mean ± SEM from three independent experiments at 
least. ***P < 0.001, compared with the control groups. **P < 0.01; 
***P < 0.001
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group, while significant plaque lesions were observed in the 
whole aorta of the model group. However, plaque lesions 
in the mice were reduced after PCSK9 inhibitor treatment. 
Mice treated with AAV-miR-130a-3p had more plaque 
lesions than those treated with PCSK9 inhibitor alone 
(Fig. 6A).

Since the burden of atherosclerotic plaque in the aortic 
sinus is another important indicator to evaluate the sever-
ity of atherosclerosis, the HE-stained paraffin sections of 
the aortic sinus were analyzed. As shown by H&E staining, 
there were no plaques in the control group, while there were 
a large number of plaques under the intima of the model 
group with significant plaque thickening. PCSK9 inhibitors 

significantly reduced the atherosclerotic plaque area in the 
cross-section of the aortic sinus. Concurrent treatment with 
AAV-miR-130a-3p attenuated this therapeutic effect of 
PCSK9 inhibitors (Fig. 6B).

As shown in the ORO-stained frozen section of Fig. 6C, 
the nuclei were blue and the atherosclerotic adipose region 
was red under an inverted microscope. Plaques were 
observed in the control group, and extensive and typical ath-
erosclerotic mature plaques were found in the model group. 
Fatty plaques were significantly reduced after PCSK9 inhibi-
tor intervention. However, the adipose plaque increased after 
co-treatment with AVV compared with the PCSK9 inhibitor 
group.

Fig. 4   PCSK9 inhibitor 
promotes DiI-LDL uptake in 
HepG2 cells via regulation of 
miR-130a-3p. Scale bar: 100 um

Fig. 5   PCSK9 inhibitor regulates serum TG, TC, LDL-C, and HDL-C in atherosclerosis mice via downregulation of miR-130a-3p
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Discussion

PCSK 9 has been identified as a key participant in lipid 
metabolism, playing an important role in the development 
and progression of atherosclerosis (Seidah and Prat 2022). 
Understanding the biology of PCSK9 has stimulated sci-
entists' interest in PCSK9 inhibitors. Although the primary 
effects of PCSK9 inhibitors are mediated by upregulation 
of LDLR protein and subsequent regulation of circulating 
cholesterol levels, increasing evidence indicates that PCSK9 
may be pleiotropic (Ding et al. 2020a, b). In the present 
study, we confirmed that the PCSK9 inhibitor inhibited miR-
130a-3p to increase LDLR expression in hepatic cells. In 
addition, overexpression of miR-130a-3p could reverse the 
effects of PCSK9 inhibitor on DiI-LDL uptake function of 
hepatic cells, serum lipids, and atherosclerosis progression 
in mice. Our study expounded that PCSK9 inhibitor could 
regulate lipid metabolism and prevents atherosclerosis pro-
gress by the miR-130a-3p/LDLR axis, laying the foundation 
for its clinical application.

Numerous clinical trials have demonstrated that PCSK9 
inhibitors significantly reduce LDL cholesterol levels and 
cardiovascular events (Hao et al. 2022). However, there are 
few studies on its mechanism. PCSK9 is a multifunctional 
protein. In addition to the classical efficacy of LDLR regu-
lation, PCSK9 is also involved in the regulation of other 
molecular or biological events (Guo et al. 2022). For exam-
ple, PCSK9 induces the secretion of pro-inflammatory 
cytokines in macrophages, hepatocytes, and other various 
tissues (Wu et al. 2022). PCSK9 regulates toll-like receptor 
4 expression, NF-κB activation, apoptosis, and autophagy 
development (Scalise and Sanguinetti 2021). PCSK9 also 
interacts with oxidized low-density lipoprotein receptor 1 
(LOX-1) in a mutually promoting manner (Ding et al. 2020a, 
b). Therefore, we speculated that PCSK9 inhibitors might be 
pleiotropic. MiRNAs are a kind of short, non-coding RNAs 
and participate in a variety of biological processes. A large 
number of studies have shown that miRNAs are involved 
in lipid metabolism and atherosclerosis progression (Huang 
et al. 2021; Yu et al. 2022). For example, several studies have 

Fig. 6   PCSK9 inhibitor restrains atherosclerosis progression in ath-
erosclerosis mice via downregulation of miR-130a-3p. Atherosclero-
sis model mice were treated with PCSK9 inhibitor, or co-treated with 
PCSK9 inhibitor and AAV-control or AAV-miR-130a-3p, and then 
the aortas of mice were collected for experiments. A Oil Red O-stain-

ing was used to measure the size of plaque lesions in the entire aorta. 
B HE-stained paraffin sections of the aortic sinus were analyzed. 
Scale bar: 50 um. C Fatty plaques in the ORO-stained frozen section 
were evaluated. Scale bar: 100 um



1735Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:1727–1736	

1 3

revealed that miR-552-3p, miR-483, and miR-337-3p lower 
serum LDL-C levels and ameliorate hypercholesterolemia 
by targeting PCSK9 (Dong et al. 2020; Ma et al. 2021; Xu 
et al. 2021). Here, we observed that miR-130a-3p was sig-
nificantly upregulated in atherosclerosis mice. However, 
PCSK9 inhibitor could significantly reduce miR-130a-3p 
expression in liver cells and liver tissues of atherosclerosis 
mouse. Moreover, overexpression of miR-130a-3p could 
reverse the effects of PCSK9 inhibitor on DiI-LDL uptake 
function of hepatic cells, serum lipids and atherosclerosis 
progression in mice. Collectively, these data confirmed the 
involvement of miR-130a-3p in PCSK9 inhibitor-mediated 
lipid metabolism.

MiR-130a-3p has been reported to be implicated in var-
ious hepatic diseases. A previous study showed that miR-
130a-3p induced hepatic stellate cell apoptosis in nonal-
coholic fibrosing steatohepatitis by suppressing TGFBR1 
and TGFBR2 (Wang et al. 2017). MiR-130a-3p alleviates 
liver fibrosis by suppressing HSCs activation and skew-
ing macrophages to Ly6Clo phenotype (Liu et al. 2021). 
Hepatic exosome-derived miR-130a-3p attenuates glucose 
intolerance via directly targeting the PHLPP2 gene in adi-
pocytes (Wu et al. 2020). As for how miR-130a-3p affects 
lipid metabolism, here, we found that miR-130a-3p nega-
tively regulated the expression of LDLR, and further con-
firmed the binding of miR-130a-3p to LDLR by luciferase 
assay. LDLR recognizes, binds, and internalizes circulat-
ing cholesterol-containing lipoprotein particles, including 
VLDL, IDL, HDL, and chylomicron remnant, maintain-
ing cholesterol homeostasis in mammals (Ji et al. 2021). 
Abnormal expression or dysfunction of LDLR causes dys-
lipidemia, which has been considered an underlying cause 
of coronary artery diseases (Chang et al. 2021). Thus, we 
concluded that upregulated miR-130a-3p affects serum 
lipid maintenance by inhibiting LDLR. Indeed, our study 
revealed miR-130a-3p overexpression attenuated PCSK9 
inhibitor-mediated protective effect on lipid metabolism 
and atherosclerosis progression in atherosclerosis mice. 
Thus, we confirmed that PCSK9 inhibitors restore lipid 
disorders and protect against atherosclerosis progression 
through miR-130a-3p /LDLR axis.

Conclusion

Collectively, we demonstrated that PCSK9 inhibitor could 
moderately restore lipid disorders and prevent the progres-
sion of atherosclerosis by inhibiting miR-130a-3p to upregu-
late LDLR expression. This study provides the basis for the 
application of PCSK9 inhibitors to prevent atherosclerosis 
and associated clinical events.
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