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Abstract: Objectives: Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, a novel class of cholesterol-
lowering drugs, can reduce atherosclerosis independent of systemic lipid changes. However, the mechanism by 
which PCSK9 inhibition protects against arteriosclerosis has not been fully elucidated. Recent evidence has dem-
onstrated a correlation between PCSK9 inhibitors and oxidative stress, which accelerates atherosclerotic develop-
ment. Moreover, an increasing number of studies have shown that autophagy protects the vasculature against ath-
erosclerosis. Therefore, the aims of this study were to investigate the effect of PCSK9 inhibition on oxidative stress 
and autophagy in atherosclerosis and determine whether autophagy regulates PCSK9 inhibition-mediated oxidative 
stress and inflammation in macrophages. Methods: Male apolipoprotein E (ApoE)-/- mice were fed a high-fat diet 
(HFD) for 8 weeks and then received the PCSK9 inhibitor (evolocumab), vehicle, or evolocumab plus chloroquine 
(CQ) for another 8 weeks. ApoE-/- mice in the control group were fed a regular (i.e., non-high-fat) diet for 16 weeks. 
Additional in vitro experiments were performed in oxidized low-density lipoprotein (ox-LDL)-treated human acute 
monocytic leukemia cell line THP-1-derived macrophages to mimic the pathophysiologic process of atherosclerosis. 
Results: PCSK9 inhibitor treatment reduced oxidative stress, lipid deposition, and plaque lesion area and induced 
autophagy in HFD-fed ApoE-/- mice. Most importantly, the administration of chloroquine (CQ), an autophagy inhibi-
tor, significantly reduced the beneficial effects of PCSK9-inhibitor treatment on oxidative stress, lipid accumulation, 
inflammation, and atherosclerotic lesions in HFD-fed ApoE-/- mice. The in vitro experiments further showed that the 
PCSK9 inhibitor enhanced autophagic flux in ox-LDL-treated THP-1-derived macrophages, as indicated by increases 
in the numbers of autophagosomes and autolysosomes. Moreover, the autophagy inhibitor CQ also reduced PCSK9 
inhibition-mediated protection against oxidative stress, generation of reactive oxygen species (ROS) and inflamma-
tion in ox-LDL-treated THP-1-derived macrophages. Conclusions: This study reveals a novel protective mechanism 
by which PCSK9 inhibition enhances autophagy and thereby reduces oxidative stress and inflammation in athero-
sclerosis. 
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Introduction

Cardiovascular disorders remain the leading 
cause of morbidity and mortality worldwide. 
Atherosclerosis, the major cause of cardiovas-
cular disorders, is a chronic inflammatory dis-
ease characterized by progressive accumula-
tion of macrophage foam cells, inflammation, 
and oxidative stress in the vessel wall. Excess 
oxidative stress promotes endothelial dysfunc-

tion, macrophage infiltration, and subsequent 
inflammation [1], thus amplifying the develop-
ment of atherosclerosis. Elucidating the re- 
gulatory mechanisms underlying oxidative 
stress in macrophages may facilitate the devel-
opment of novel strategies to prevent and treat 
atherosclerosis.

Proprotein convertase subtilisin/kexin type 9 
(PCSK9), a serine protease, is pivotal in regulat-
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ing cholesterol homeostasis; it targets the low-
density lipoprotein receptor (LDLR) to enable 
lysosomal degradation [2, 3], resulting in an 
increase in plasma low-density lipoprotein- 
cholesterol (LDL-C) levels. Thus, PCSK9 has 
emerged as a key target for the treatment of 
hypercholesterolemia. Clinical trials have dem-
onstrated that PCSK9 inhibitors (e.g., alirocum-
ab and evolocumab) not only reduce plasma 
LDL-C levels, but also decrease the risk of car-
diovascular events [4, 5], indicating that PCSK9 
may be an important target for preventing and 
treating atherosclerosis. Recent studies sug-
gest that hepatic cholesterol metabolism is 
involved in regulating PCSK9-induced athero-
sclerosis. However, other studies suggest that 
PCSK9 inhibition or absence reduces athero-
sclerosis without affecting plasma lipid levels 
[6-9], implying that PCSK9 might promote ath-
erosclerosis through mechanisms beyond its 
metabolic effect. Especially, the direct effect of 
PCSK9 on macrophages activation, an impor-
tant component of the atherosclerotic plaque, 
cannot be ignored. Thus, PCSK9 attracts in- 
tense interest as a target for the treatment of 
atherosclerosis. Further study is required to 
understand the effect of PCSK9 inhibition on 
macrophage biology in the pathogenesis of 
atherosclerosis. 

Evidence has indicated a correlation between 
PCSK9 inhibition and oxidative stress in vari-
ous diseases. Cammisotto et al. reported that 
the PCSK9 inhibitor evolocumab reduces se- 
rum oxidized low-density lipoprotein (ox-LDL) 
concentrations in patients with heterozygous 
familial hypercholesterolemia [10]. Similarly, 
alirocumab, another PCSK9 inhibitor, regulates 
oxidative stress by reducing lipid peroxidation 
in alcohol-induced liver injury [11], and evo-
locumab both counteracts hydrogen peroxide-
induced damage in human umbilical vein endo-
thelial cells (HUVECs) [12] and alleviates 
ox-LDL-induced myocardial injury through mito-
chondrial fission induced by oxidative stress 
[13]. Thus, the role and mechanism of PCSK9 
inhibition in regulating oxidative stress during 
atherosclerosis is of interest.

Autophagy is an evolutionarily conserved pro-
tective system by which cytoplasmic materials, 
such as defective proteins and organelles, are 
degraded in lysosomes [14]. A number of stud-
ies have shown that autophagy is required to 

maintain lipid homeostasis and protects 
against vascular atherosclerosis [15, 16]. Im- 
paired autophagy in macrophages during ath-
erosclerotic development promotes lipid accu-
mulation [15], excessive inflammatory respons-
es [17], greater reactive oxygen species (ROS) 
generation and oxidative stress [18]. Recently, 
it was shown that PCSK9 deficiency reduces 
the secretion of apolipoprotein B by increasing 
autophagic flux in the liver [6]. PCSK9 knock-
down by small interfering RNA (siRNA) in vascu-
lar smooth muscle cells (SMCs) was also shown 
to reduce the activation of the mammalian tar-
get of rapamycin (mTOR) signaling pathway 
[19], which is critical for the negative regulation 
of autophagy.

Thus, the present study aimed (1) to determine 
the effect of PCSK9 inhibitor treatment on oxi-
dative stress and autophagy in atherosclerosis 
and (2) to elucidate whether autophagy regu-
lates the effects of PCSK9 inhibition on oxida-
tive stress and inflammation in macrophages.

Materials and methods

Materials

Evolocumab (a PCSK9 inhibitor) was purchas- 
ed from Amgen (Amgen Inc. USA). Oxidized  
low-density lipoprotein (ox-LDL) was purchas- 
ed from Peking Union-Biology (Beijin, China). 
Phorbol 12-myristate 13-acetate (PMA), anti-
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) monoclonal antibody, 2’,7’-dichloro- 
fluorescein diacetate (DCFDA), and dihydro-
ethidium (DHE) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). 8-Hydroxy-2’-de- 
oxyguanosine (8-OHdG) antibody was obtain- 
ed from Santa Cruz Biotechnology (Santa  
Cruz, CA, USA). Anti-phospho-NF-κBp65 (P-NF-
κBp65) antibody, anti-NF-κBp65 antibody,  
anti-sequestosome 1 (p62/SQSTM1) antibody 
and anti-microtubule-associated protein 1 light 
chain 3 (LC3) A/B antibody were obtained from 
Cell Signaling Technology (CST, Beverly, MA, 
USA). Chloroquine (CQ) was purchased from 
MedChemExpress (MCE, Monmouth Junction, 
NJ, USA).

Animals

The study procedures were approved by the 
Institutional Animal Care and Use Committees 
of Shanxi Cardiovascular Hospital. 
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Male ApoE-/- mice weighing approximately 18- 
20 g were purchased from Chauncey Biology 
(Beijing, China). All mice were kept in standard 
laboratory cages in a temperature-controlled 
(22-25°C) room and were fed a regular chow 
diet for 1 week before the experiment. ApoE-/- 
mice were exposed to a high-fat diet (HFD) 
(20% fat and 1.25% cholesterol) for 8 weeks 
and then subjected to different drug treat- 
ments for another 8 weeks. ApoE-/- mice were 
randomly categorized into three groups and 
administered the following: saline (equal vol-
ume), the PCSK9 inhibitor (evolocumab) (30 
mg/kg, subcutaneous injections every 2 
weeks), or evolocumab plus chloroquine (CQ) 
(50 mg/kg, intraperitoneal injections every 
other day). ApoE-/- mice fed a regular diet (RD; 
regular chow diet) for 16 weeks served as the 
control group. In this study, all animals were 
euthanized by intravenous injection of 10% 
potassium chloride (KCL). After the hearts were 
arrested, the aortic root was removed for fur-
ther experimental analyses.

Culture and treatment of human acute mono-
cytic leukemia cell line THP-1-derived macro-
phages

Human acute monocytic leukemia cell line 
THP-1 were purchased from the Cell Bank at 
Shanghai Institute for Biological Sciences and 
cultured with Roswell Park Memorial Institute 
(RPMI)-1640 medium (Gibco, CA, USA) contain-
ing 10% fetal bovine serum (Gibco) and 1000 
U/mL penicillin and 100 µg/mL streptomycin 
(Boster, Wuhan, China) at 37°C in a humidified 
atmosphere with 5% CO2. THP-1-derived macro-
phages were induced with 100 ng/mL phorbol 
12-myristate 13-acetate (PMA) (Sigma-Aldrich, 
MO, USA) at a density of 0.5-1 × 106 cells per 
well in six-well plates for 48 h. After overnight 
serum starvation, the cells were treated with 
the drugs.

Atherosclerotic lesion analysis

A cross-sectional analysis of the aortic root was 
performed to evaluate atherosclerotic lesions 
and lipid deposition. The aortic roots were 
embedded in optimum cutting temperature 
(OCT) compound, cut into 6-μm-thick sections 
and placed on glass slides. Three or four sec-
tions were obtained from each mouse, spaced 
30 μm apart beginning at the base of the aortic 
root and were stained with hematoxylin and 

eosin (H&E) and oil red O (Solarbio, Beijing, 
China) according to standard laboratory proce-
dures, respectively. Plaque area and lipid depo-
sition size were quantified with Image J 
software. 

Immunohistochemistry 

Immunohistochemical analyses for 8-OHdG 
were used to indicate the presence of DNA 
damage due to oxidative stress in the aortic 
root plaques. Briefly, after blocking endogenous 
peroxidase with 3% hydrogen peroxide solu- 
tion, frozen cross-sections were blocked in  
3% bovine serum albumin (BSA; Servicebio, 
Wuhan, China) solution for 30 min, and then 
sections were incubated with mouse 8-OHdG 
monoclonal antibody (1:100, Santa Cruz 
Biotechnology, CA, USA) overnight at 4°C. 
Vascular sections were washed in phosphate-
buffered saline (PBS). Anti-mouse secondary 
antibodies conjugated to horseradish peroxi-
dase (HRP) were used. After washing, the  
sections were stained with 3,3N-diamino- 
benzidine tetrahydrochloride (DAB) and coun-
terstained with hematoxylin. Vascular images 
were observed by a light microscope.

Western blot analysis

Protein samples from THP-1-derived macro-
phages and vascular tissue protein were lysed 
and homogenized in radioimmunoprecipitation 
assay (RIPA) buffer, as previously described. 
Then, the resulting homogenate was centri-
fuged at 14,000 r.p.m. for 20 min at 4°C. The 
concentration of extracted protein lysates was 
determined by the bicinchoninic acid (BCA)  
protein assay kit (Beyotime Biotechnology, 
Beijing, China). Protein samples (30-40 μg/
lane) were prepared and subjected to 8% or 
12% sodium dodecyl-sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE); they were  
then transferred to a polyvinylidene difluoride 
(PVDF) membrane. The membranes were 
blocked in 5% (w/v) dried milk in Tris-buffered 
saline (TBS)-Tween (TBST) for at least 2 h at 
room temperature. Then, the blots were incu-
bated with primary antibodies overnight at  
4°C: anti-LC3A/B antibody (Cell Signaling),  
anti-p62 antibody (Cell Signaling), anti-PCSK9 
antibody (Abcam), anti-phospho-NF-κBp65 an- 
tibody (Cell Signaling), anti-NF-κBp65 antibody 
(Cell Signaling) and anti-GAPDH antibody 
(Sigma). After washing, the membranes were 
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exposed to the appropriate peroxidase-conju-
gated secondary antibodies (1:1,000) for 1 h at 
37°C. Western blot bands were developed by 
enhanced chemiluminescence (ECL) using the 
Molecular Imager ChemiDoc XRS system (Bio-
Rad) and quantified by Image LabTM 5.2. Bands 
were normalized to the GAPDH or β-actin 
expression levels.

Foam cell formation analysis

To visualize foam cell formation, oil red O stain-
ing (Solarbio) was performed in each treated 
group. In brief, THP-1-derived macrophages 
were fixed with 4% paraformaldehyde for 2 
hours. After washing, the cells were exposed to 
60% isopropanol for 1 min and stained with oil 
red O for 10 min. After differentiation with 60% 
isopropanol, the nuclei were stained with 
hematoxylin solution. For the visualization of oil 
red O staining, cells were photographed under 
a microscope.

Autophagy flux analysis

THP-1-derived macrophages on coverslips were 
transfected with lentivirus-red fluorescent pro-
tein (RFP)-green fluorescent protein (GFP)-LC3 
(GENECHEM, Shanghai, China) according to the 
manufacturer’s protocols for 48 hours. Then, 
the cells were pretreated with a PCSK9 inhibi-
tor for 5 min and treated with ox-LDL for 24 h. 
The cells were fixed with 4% paraformaldehyde 
for 2 h and washed with PBS. To determine the 
fluorescence of red fluorescent protein (RFP) 
and green fluorescent protein (GFP), the cellu-
lar images were examined with a confocal 
microscopy (FV3000 Leica, Wetzlar, Germany). 
The mean number of yellow fluorescent puncta 
(RFP-positive and GFP-positive dots) and red 
fluorescent puncta (RFP-positive and GFP-
negative dots) were analyzed using Image-Pro 
Plus 6 software. Approximately 30 cells were 
measured for each treatment analysis.

Immunofluorescent staining

Fluorescent staining was conducted to visual-
ize of LC3 and 8-OHdG. Briefly, cells cultured  
on cover slides were permeabilized with 0.1% 
Triton X-100 for 10 min after fixation with 4% 
paraformaldehyde, and then cells were incu-
bated with primary rabbit anti-LC3 antibody 
(Cell Signaling) or anti-8-OHdG antibody (Santa 
Cruz) overnight at 4°C. After washing, the cells 
were exposed to an anti-rabbit secondary IgG 

conjugated to Alexa Fluor 488 or tetramethyl-
rhodamine isothiocyanate (TRITC) for 1 h  
at 37°C. 4’,6-Diamidino-2-phenylindole (DAPI) 
staining was used to indicate the nuclei. 
Fluorescent images were captured with a laser 
confocal microscope (FV3000 Leica). At least 
50 cells from 20-50 fields were examined from 
each treatment for data analysis.

Intracellular reactive oxygen species (ROS) 
analysis

The production of reactive oxygen species 
(ROS) was evaluated by analyzing the fluores-
cence intensity by dihydroethidium (DHE; 
Sigma, St Louis, MO, USA) and 2’,7’-dichloroflu-
orescein diacetate (DCFDA) (Sigma). Briefly, 
OCT-embedded 6-μm-thick sections of the aor-
tic root were stained with DHE solution and 
DAPI (nuclei) according to standard laboratory 
procedures. Additionally, THP-1-derived macro-
phages were seeded in six-well plates. After 
drug treatment, the cells were washed in PBS 
and then cultured in RPMI-1640 medium with 
supplemental DCFDA (Sigma) at a concentra-
tion of 20 μM for 20 min. After incubation, the 
cells were imaged under a confocal microscope 
(FV3000 Leica).

Macrophage autophagy staining analysis

For the CD68 and LC3 staining analyses, OCT-
embedded sections were prepared and incu-
bated with primary antibodies against CD68 
(1:100, mouse polyclonal; Servicebio, Wuhan, 
China) and LC3A/B (1:100, rabbit monoclonal; 
Cell Signaling, MA, USA) overnight at 4°C. After 
washing, the sections were exposed to anti-
mouse-CY3 and anti-rabbit-fluorescein isothio-
cyanate (FITC) secondary antibodies for visual-
ization using a microscope (FV3000 Leica). 
4’,6’-Diamidino-phenylindole (DAPI) staining 
was used to indicate the nuclei. 

Inflammation assay

Whole blood samples from ApoE-/- mice were 
centrifuged immediately after collection at 
3,000 rpm for 10 min at 4°C, and the serum 
samples were then collected and stored at 
-80°C. All samples were diluted to a 1:4 ratio  
in assay buffer before measurement of the 
inflammatory cytokines, including tumor necro-
sis factor-α (TNF-α), interleukin (IL)-6, and inter-
leukin (IL)-10. Cytokine levels were quantified 
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by Luminex assay according to the manufac-
turer’s protocols, and multiplex panels were 
performed and measured using a Luminex 
Assay System (EMD Millipore). 

Quantitative reverse transcription-polymerase 
chain reaction

The total RNA was obtained from cultured  
THP-1-derived macrophages in vitro using the 
TRIzol reagent and quantified using a spectro-
photometer. cDNA was generated using the 
Primescript reverse transcriptase kit with a 
gDNA eraser (TaKaRa, Japan). The TB Green 
Premix Ex Taq II (Tli RNaseH Plus) kit (TaKaRa) 
was used to assess the mRNA levels of tumor 
necrosis factor (TNF)-α and interleukin (IL)-6 in 
an Applied Biosystems 7300 real-time poly-
merase chain reaction (PCR) system. The 
sequence primers of each gene in this study 
were listed as follows: TNF-α (5’-TGC ACT TTG 
GAG TGA TCG GC-3’ and 5’-ACT CGG GGT TCG 
AGA AGA TG-3’); IL-6 (5’-GGC ACT GGC AGA AAA 
CAA CC-3’ and 5-GCT CTG GCT TGT TCC TCA 
CT-3’); and GAPDH (5’-ATC ATC CCT GCC TCT 
ACT GC-3’ and 5’-GTCAGGTCCACCACTGACAC- 
3’). In this study, GAPDH served as the refer-
ence control gene for value normalization. The 
comparative 2-ΔΔCt method was used for analyz-
ing the relative expression of the target genes. 

Statistical analysis

All continuous variables are presented as the 
mean ± standard error of the mean (SEM). 
When three or four groups were compared, a 
one-way analysis of variance (ANOVA) was per-
formed to determine the overall treatment 
effect, and Tukey’s tests were used for multiple 
comparisons. Differences between two groups 
were assessed with Student’s t test. If P <  
0.05, the data were considered to have a sig-
nificant difference. 

Results

PCSK9 inhibition decreased oxidative stress in 
atherosclerosis

Oxidative stress is an important proatherogenic 
mechanism in atherosclerosis. To evaluate the 
effect of PCSK9 inhibition on oxidative stress 
during atherosclerotic development, ApoE-/- 
mice were fed an HFD for 8 weeks and then 
exposed to the PCSK9 inhibitor evolocumab or 

an equal volume of saline for another 8 weeks. 
As shown in Figure 1A-D, we found that treat-
ment with evolocumab significantly reduced 
lipid deposition area and plaque lesions com-
pared to saline treatment. Importantly, immu-
nohistochemical analysis indicated that admin-
istration of evolocumab attenuated 8-OHdG 
expression; 8-OHdG is a key biomarker of DNA 
damage due to oxidative stress [20] (Figure 1E, 
1F). Moreover, DHE staining showed that evo-
locumab treatment reduced reactive oxygen 
species (ROS) generation (Figure 1G, 1H). 
Additionally, the PCSK9 inhibitor enhanced 
antioxidant capacity, as shown by the system-
atic levels of superoxide dismutase (SOD) 
(Figure 1I). Furthermore, no significant differ-
ences were observed in the plasma lipid levels 
between the PCSK9 inhibitor-treated and 
saline-treated groups (Supplementary Figure 
1). These findings demonstrate that PCSK9 
inhibition alleviates oxidative stress in athero-
sclerotic progression.

PCSK9 inhibition increased autophagy during 
atherosclerotic progression

A number of studies have demonstrated that 
autophagy plays a protective role in the devel-
opment of atherosclerosis [18, 21]. To investi-
gate the effect of PCSK9 inhibition on auto- 
phagy during atherosclerotic progression, we 
evaluated the protein expression of an autoph-
agic marker in ApoE-/- mice fed an HFD. Western 
blot analysis showed that HFD-fed ApoE-/- mice 
displayed significantly decreased LC3-II and 
increased P62 protein expression compared 
with RD-fed ApoE-/- mice. Importantly, treat-
ment with the PCSK9 inhibitor evolocumab 
obviously increased LC3-II and decreased P62 
protein expression in HFD-fed ApoE-/- mice 
(Figure 2A-D). Furthermore, evolocumab treat-
ment increased macrophage autophagy, as 
shown by analysis of the percentage of CD68-
postive macrophages showing LC3 staining 
(Figure 2E, 2F). These results demonstrate  
that PCSK9 inhibition enhances macrophage 
autophagy during atherosclerotic progression. 

PCSK9 inhibition promoted autophagic flux in 
ox-LDL-treated THP-1-derived macrophages

Ox-LDL is the key activator of oxidative stress in 
atherosclerosis. Previous studies have shown 
that ox-LDL induces PCSK9 expression in vas-
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Figure 1. PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibition decreased oxidative stress in the aortic 
root plaque of ApoE-/- mice. A-I. Apolipoprotein E (ApoE)-/- mice fed a high-fat diet (HFD) for 8 weeks were treated with 
saline or a PCSK9 inhibitor evolocumab (Evomab) for another 8 weeks. Regular diet (RD)-fed ApoE-/- mice were used 
as the control group. A, B. Oil red O staining analysis for plaque lipid deposition size (n = 6 mice per group, scale bar 
= 500 μm). C, D. Hematoxylin and eosin (H&E) staining of the aortic root sections from ApoE-/- mice in two groups. 
Quantification of plaque lesion area (n = 8 mice per group; scale bar = 500 μm). E, F. Immunohistochemical analy-
sis of 8-hydroxy-2’-deoxyguanosine (8-OHdG) expression in the aortic root plaques of ApoE-/- mice in two groups. 
Quantification analysis of 8-OHdG expression (n = 5 mice per group; scale bar = 100 μm). G, H. Dihydroethidium 
(DHE) staining for reactive oxygen species (ROS) in the aortic root sections of ApoE-/- mice in two groups. Lesions 
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were stained with 4’,6-diamidino-2-phenylindole (DAPI) for nuclei. Quantification of relative DHE fluorescence (n = 
5 mice per group; scale bar = 200 μm). I. Quantification of the circulating levels of superoxide dismutase (SOD) by 
colorimetric assay (n = 7-8 mice per group). All values represent the mean ± standard error of the mean (SEM). **P 
< 0.01; ***P < 0.001. 

Figure 2. PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibition promoted autophagy during arterioscle-
rotic progression. A, B. Western blot analysis of microtubule-associated protein 1 light chain 3 (LC3) protein in the 
whole-aorta lysates of apolipoprotein E (ApoE)-/- mice fed with fed a high-fat diet (HFD) in the saline and evolocumab 
(Evomab) groups. Regular diet (RD)-fed ApoE-/- mice were used as the control group. Quantification of relative protein 
levels (n = 5-6 mice per group). C, D. Western blot analysis of sequestosome 1 (P62) protein in ApoE-/- mice in three 
groups. Quantification of relative protein levels (n = 4-5 mice per group). E, F. Representative fluorescent staining 
for LC3 (green) and CD68 (red) in the aortic root plaques of ApoE-/- mice fed with HFD in the saline and evolocumab 
groups. (4’,6-Diamidino-2-phenylindole, DAPI: nuclei; scale bar = 50 μm). Quantification of the percentage of LC3-
postive macrophages in two groups. All data are presented as the mean ± standard error of the mean (SEM). *P < 
0.05; **P < 0.01; ***P < 0.001. 

cular SMCs [22] and macrophages [23]. 
Moreover, LDL-loaded macrophages secreted 
PCSK9 into the medium [24]. Therefore, we fur-
ther investigated the effect of PCKS9 inhibition 
on autophagy in ox-LDL-induced THP-1-derived 
macrophages. This study showed that ox-LDL 
treatment induced an increase in PCSK9 pro-

tein expression in THP-1-derived macrophages 
(Figure 3A, 3B). Most importantly, we found 
that treatment with the PCSK9 inhibitor evo-
locumab significantly increased LC3-II protein 
expression and decreased P62 protein expres-
sion in ox-LDL-treated THP-1-derived macro-
phages (Figure 3C-F). Moreover, immunofluo-
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Figure 3. PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibition promoted autophagy in ox-LDL-treated 
THP-1-derived macrophages. A, B. Western blot analysis of PCSK9 protein in human acute monocytic leukemia cell 
line THP-1-derived macrophages induced by oxidized low-density lipoprotein (ox-LDL) (50 and 100 µg/mL) for 24 
h. Quantification of relative protein levels. C-F. Serum-starved THP-1-derived macrophages were pretreated for 5 
min with the indicated concentrations of evolocumab (Evomab), followed by stimulation with ox-LDL (100 µg/mL) 
for 24 h. Western blot analysis for the protein levels of microtubule-associated protein 1 light chain 3 (LC3) and 
sequestosome 1 (P62). Quantification of relative protein levels. G, H. Representative fluorescent staining for LC3 
(DAPI: nuclei; scale bar = 20 μm). Quantification of the number of LC3 dots. At least 50 cells from 20-50 fields were 
examined from each treatment for data analysis. I, J. THP-1-derived macrophages were transfected with lentivirus-
red fluorescent protein (RFP)-green fluorescent protein (GFP)-LC3 and then treated with ox-LDL (100 µg/ML) in the 
absence or presence of the PCSK9 inhibitor for 24 h. Representative fluorescent analysis for autophagosomes (GFP-
positive/RFP-positive dots) and autolysosomes (GFP-negative/RFP-positive dots). Quantification of the number of 
autophagosomes (yellow) and autolysosomes (red). At least 50 cells were used for data analysis. Each data analysis 
was performed thrice, and the data are presented as the mean ± standard error of the mean (SEM). *P < 0.05; **P 
< 0.01; ***P < 0.001. 

rescence staining demonstrated that treatment 
with evolocumab increased the number of LC3 

puncta in ox-LDL-treated THP-1-derived macro-
phages (Figure 3G, 3H), suggesting that PCSK9 
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inhibition increases the level of autophago-
somes. To further explore the effect of PCKS9 
inhibition on autophagic flux in lipid-accumulat-
ing macrophages, lentivirus-RFP-GFP-LC3 was 
transfected into THP-1-derived macrophages. 
Representative fluorescent illumination show- 
ed that the PCSK9 inhibitor evolocumab 
enhanced autophagic flux in ox-LDL-treated 
THP-1-derived macrophages, as indicated by 
analysis of the autophagosomes (GFP-posi- 
tive/RFP-positive dots) and autolysosomes 
(GFP-negative/RFP-positive dots) (Figure 3I, 
3J). Hence, these data demonstrate that 
PCSK9 inhibition enhances autophagic flux in 
ox-LDL-treated THP-1-derived macrophages.

Impaired autophagy attenuated the protective 
effects of PCSK9 inhibition against oxidative 
stress and atherosclerotic lesions in vivo

To further determine whether or not autophagy 
mediates the effects of PCSK9 inhibition on 
oxidative stress and plaque formation in vivo, 
the autophagy inhibitor chloroquine (CQ) was 
employed. ApoE-/- mice were fed an HFD for 8 
weeks and then received the PCSK9 inhibitor 
evolocumab, an equal volume of saline, or evo-
locumab plus CQ for another 8 weeks. The re- 
sults showed that the autophagy inhibitor CQ 
further increased LC3-II protein expression 
induced by treatment with evolocumab in  
ApoE-/- mice (Figure 4A, 4B). Furthermore, CQ 
administration significantly reduced the protec-
tive effects of evolocumab against lipid accu-
mulation, plaque formation, and oxidative 
stress, as indicated by analysis of oil Red O 
staining, hematoxylin - eosin staining, 8-OHdG 
expression, ROS production and plasma SOD 
levels in HFD-fed ApoE-/- mice (Figure 4C-K). 
These data suggest that impaired autophagy 
attenuates the protective effects of PCSK9 
inhibition against oxidative stress and plaque 
formation in atherosclerotic development.

Autophagy inhibition reduced the effects of 
PCSK9 inhibition against oxidative stress in ox-
LDL-treated THP-1-derived macrophages 

We further determined whether or not autopha-
gy mediates the effects of PCSK9 inhibition  
on oxidative stress in ox-LDL-treated THP-1-
derived macrophages. The results indicated 
that treatment with evolocumab plus CQ 
caused a marked increase in LC3-II and P62 

protein expression in ox-LDL-treated THP-1-
derived macrophages compared with treat-
ment with evolocumab alone (Figure 5A-C), 
suggesting that CQ decreases autophagic flux 
mediated by the PCSK9 inhibitor evolocumab 
in ox-LDL-treated THP-1-derived macrophages. 
Importantly, the effect of PCSK9 inhibition on 
oxidative stress in ox-LDL-treated THP-1-derived 
macrophages was attenuated by CQ, as dem-
onstrated by analysis of 8-OHdG expression 
and ROS generation (Figure 5D-G). Moreover, 
the effect of PCSK9 inhibition on lipid-droplet 
accumulation was also attenuated by CQ in ox-
LDL-treated THP-1-derived macrophage foam 
cells (Figure 5H, 5I). Hence, these lines of evi-
dence suggest that autophagy facilitates 
PCSK9 inhibition-induced protection against 
oxidative stress in ox-LDL-induced THP-1-
derived macrophages. 

Impaired autophagy attenuated the anti-in-
flammatory effects of PCSK9 inhibition in vivo 
and in vitro

A previous study demonstrated that PCSK9 
deficiency by gene inactivation suppresses in- 
flammatory response in atherosclerotic devel-
opment. We further investigated whether or  
not autophagy regulates the effects of PCSK9 
inhibition against inflammatory response. We 
found that autophagy inhibition by CQ attenu-
ated the anti-inflammatory effects of PCSK9 
inhibition, as illustrated by analysis of the 
serum levels of tumor necrosis factor (TNF)-α, 
interleukin (IL)-6, and interleukin (IL)-10 in  
HFD-fed ApoE-/- mice (Figure 6A-C). Moreover, 
autophagy inhibition by CQ also blunted PCS- 
K9 inhibition-mediated the decrease in the  
levels of inflammatory cytokines and phosphor-
ylation of NF-κBp65 in ox-LDL-induced THP-1-
derived macrophages (Figure 6D-G). Hence, 
these findings demonstrate that impaired 
autophagy reduces the anti-inflammatory 
effect of PCSK9 inhibition in vivo and in vitro. 

Discussion

This study indicated a novel role of PCSK9 
inhibitors in mediating oxidative stress and 
autophagy in atherosclerotic development. 
Moreover, we confirmed that autophagy regu-
lates the protective effects of PCSK9 inhibition 
against oxidative stress and inflammation in 
THP-1-derived macrophages and in atheroscle-
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Figure 4. Impaired autophagy attenuated the protective effects of evolocumab against oxidative stress and plaque 
lesions in vivo. A-J. Apolipoprotein E (ApoE)-/- mice fed a high-fat diet (HFD) for 8 weeks were treated with saline, evo-
locumab (Evomab), and Evomab plus chloroquine (CQ) for another 8 weeks. Regular diet (RD)-fed ApoE-/- mice were 
used as the control group. A, B. Western blot analysis of microtubule-associated protein 1 light chain 3 (LC3) in the 
aortic vascular tissue of ApoE-/- mice in the saline, Evomab, and Evomab plus CQ groups. Quantification of relative 
protein levels (n = 4 mice per group). C, D. Representative oil red O staining of the aortic root lesions of ApoE-/- mice 
in each group (scale bar = 500 μm). Quantification of lipid deposition area (n = 5 mice per group). E, F. Hematoxylin 
and eosin staining of the aortic root sections of ApoE-/- mice in three groups (scale bar = 500 μm). Quantification 
of plaque lesions (n = 5 mice per group). G, H. Immunohistochemical analysis of 8-hydroxy-2’-deoxyguanosine (8-
OHdG) expression in the aortic root plaques of ApoE-/- mice in three groups (scale bar = 100 μm). Quantification of 
8-OHdG staining (n = 5 mice per group). I, J. Dihydroethidium (DHE) staining for detecting reactive oxygen species 
(ROS) in the aortic root plaques of ApoE-/- mice in three groups (DAPI: nuclei; scale bar = 200 μm). Quantification 
of DHE relative fluorescent intensity (n = 5 mice per group). K. Quantification of the serum levels of superoxide dis-
mutase (SOD) by colorimetric assay (n = 6-8 mice per group). The data are presented as the mean ± standard error 
of the mean (SEM). *P < 0.05; **P < 0.05; ***P < 0.001. 
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Figure 5. Autophagy inhibition reduced the effects of PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibi-
tion against oxidative stress in ox-LDL-treated THP-1-derived macrophages. Serum-starved human acute monocytic 
leukemia cell line THP-1-derived macrophages were pretreated with 12.5 μΜ autophagy inhibitor chloroquine (CQ) 
for 1 h and then exposed to oxidized low-density lipoprotein (ox-LDL) (100 µg/mL) in the absence or presence of 
the proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitor evolocumab (Evomab) (1 µΜ) for 24 h. A-C. 
Western blot analysis of the protein expression of microtubule-associated protein 1 light chain 3 (LC3) and seques-
tosome 1 (P62) in each group. Quantification of relative protein levels. D, E. Representative fluorescent staining 
for 8-hydroxy-2’-deoxyguanosine (8-OHdG) expression (DAPI: nuclei; scale bar = 50 μm). Quantification of 8-OHdG 
relative fluorescent intensity. F, G. 2’,7’-Dichlorofluorescein diacetate (DCFDA) staining for reactive oxygen species 
(ROS) generation in ox-LDL-induced THP-1-derived macrophages in each group (scale bar = 100 μm). Quantification 
of DCFDA relative fluorescent intensity. H, I. THP-1-derived macrophages were stained using oil red O staining for 
indicating lipid accumulation. Quantification of oil red O area per field. Each experiment was performed thrice, and 
the results are representative ones. All the data are presented as the mean ± standard error of the mean (SEM). *P 
< 0.05; **P < 0.01; ***P < 0.001. 

rotic development. These findings revealed a 
novel mechanism by which PCSK9 inhibition 
protects against atherosclerotic progression. 

PCSK9, a serine protease, is mainly secreted 
by the liver and hinders the clearance of LDL-C 
by promoting the degradation of LDLRs in lyso-
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Figure 6. Autophagy inhibition decreased the anti-inflammatory effects of PCSK9 (proprotein convertase subtilisin/
kexin type 9) inhibition in vivo and in vitro. A-C. Luminex assay for the serum levels of inflammatory cytokines, includ-
ing tumor necrosis factor (TNF)-α, interleukin (IL)-6 and interleukin (IL)-10 in high-Fat diet (HFD)-fed Apolipoprotein 
E (ApoE)-/- mice treated with saline, evolocumab (Evomab), or evolocumab plus chloroquine (CQ); Regular diet (RD)-
fed ApoE-/- mice served as the control group (n = 7-8 mice per group). D-G. Oxidized low-density lipoprotein (Ox-LDL) 
(100 µg/mL)-induced human acute monocytic leukemia cell line THP-1-derived macrophages were treated with 
evolocumab in the absence or presence of CQ (12.5 μΜ) for 24 h. D, E. Western blot analysis of phosphorylated 
NF-kappaB p65 (P-NF-κB P65) protein expression. F, G. mRNA levels of TNF-α and IL-6 were assessed by quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR) assay. Each data analysis was performed at least 
thrice. All data are presented as the mean ± standard error of the mean (SEM). *P < 0.05; **P < 0.01; ***P < 0.001. 

somes. PCSK9 inhibitors reduce the risk of car-
diovascular events [4, 25]. Clinical studies have 
shown that the circulating levels of PCSK9 are 
associated with carotid intima media thickness 
[26] and PCSK9 inhibitors in combination with 
statins result in a greater decrease in atheroma 
volume in patients [27], implying a role for 

PCSK9 in atherosclerotic development. In- 
deed, functional experiments demonstrated 
that PCSK9 overexpression obviously increas- 
ed plaque size [28, 29], while PCSK9 knock-
down by short hairpin RNA reduced plaque size 
[30]. In this study, we found that treatment with 
a PCSK9 inhibitor reduced lipid accumulation 
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and plaque lesion size in the aortic roots from 
HFD-fed ApoE-/- mice, which is consistent with a 
previous study revealing that a vaccine target-
ing PCSK9 attenuates atherosclerosis in ApoE-
deficient mice [9]. 

Oxidative stress is critical in atherosclerotic 
progression [31], although this process is  
adaptive under normal conditions. Increased 
oxidative stress is involved in various key pro-
atherogenic events, such as oxidation of LDL-C, 
endothelial dysfunction, and macrophage infil-
tration or activation. This study showed that the 
PCSK9 inhibitor decreased ROS generation 
and 8-OHdG expression, a sensitive and spe-
cific indicator of damage to mitochondrial DNA 
due to oxidative stress [20], in aortic root 
plaques in ApoE-deficient mice, suggesting that 
the PCSK9 inhibitor plays an essential role in 
regulating mitochondrial oxidative stress in  
atherosclerosis. Moreover, we observed that 
the PCSK9 inhibitor decreased inflammatory 
response in HFD-fed ApoE-/- mice and in oxida-
tively stressed THP-1-derived macrophages, 
which is consistent with previous studies [30] 
reporting an important role of PCSK9 in re- 
gulating inflammation during atherosclerotic 
progression. Wang et al. showed that mitochon-
drial oxidative stress in macrophages amplifies 
atherosclerotic lesion development by promot-
ing the NF-κB-mediated inflammatory response 
[1] and extracellular neutrophil traps [32]. A 
previous study showed that the PCSK9 inhi- 
bitor evolocumab counteracted damage due to 
oxidative stress in endothelial cells [12]. 
Therefore, PCSK9 inhibitors might attenuate 
atherosclerotic lesions by decreasing oxidative 
stress relevant to inflammation and endothe- 
lial dysfunction in atherosclerosis. Recently, 
PCSK9 inhibition was reported to suppress 
platelet activation and in vivo thrombosis by 
regulating oxidative stress [33]. Moreover, 
patients with acute coronary syndrome treated 
with a PCSK9 inhibitor displayed reduced ox-
LDL levels, a key indicator of oxidative stress. 
Given these findings, it is reasonable to con-
clude that PCSK9 inhibitors might provide a 
therapeutic strategy for reducing cardiovascu-
lar risk related to oxidative stress. 

Autophagy plays an essential and protective 
role against the development of atherosclero-
sis. Impaired autophagy in macrophages was 
found to aggravate vascular plaques in HFD-fed 

LDLR-knockout mice by increasing oxidative 
stress [18] and inflammatory hyperactivation 
[17]. In contrast, autophagy facilitates the deg-
radation of lipids and further inhibits athero-
sclerotic progression [15]. Moreover, autopha-
gy enhancement suppresses the formation  
and progression of macrophage foam cells and 
prevents atherosclerosis [34]. In this study, we 
found that autophagic protein markers were 
decreased in the vascular tissue of ApoE-/-  
mice, suggesting that the HFD impairs autoph-
agy in ApoE-/- mice. Importantly, we observed 
that treatment with a PCSK9 inhibitor increas- 
ed macrophage autophagy in aortic vascular 
tissue. The in vitro investigation further de- 
monstrated that PCSK9 inhibition increased 
autophagic flux in lipid-loaded THP-1-derived 
macrophages. Furthermore, the inhibition of 
autophagy attenuated the protective effects of 
PCKS9 inhibition against oxidative stress and 
inflammation in both atherosclerosis and  
ox-LDL-treated macrophages, suggesting that 
autophagy is, at least in part, required for the 
protective effects of PCSK9 inhibition against 
the development of atherosclerosis. A previous 
study suggested that PCSK9 deficiency regu-
lates ApoB metabolism by increasing autopha-
gic flux in the liver [6], indirectly supporting our 
findings. However, PCSK9 inhibition has been 
shown to play a protective role in myocardial 
ischemia and ischemia-reperfusion injury by 
suppressing autophagy [35, 36]. The discrep-
ancy between our findings and those of the 
aforementioned studies may be related to the 
different cell types and experimental condi-
tions. Interestingly, another study reported that 
PCSK9 deficiency impacts cardiac lipid metab-
olism and promotes the development of heart 
failure with preserved ejection fraction [37]. 
Thus, clarification of the role of PCSK9 in car-
diomyocytes (i.e., beneficial or detrimental) is 
needed.

The present study had some limitations. First, 
we did not confirm whether PCSK9 inhibition 
improves mitochondrial function by decreasing 
oxidative stress; this topic warrants further 
investigation. Second, our study showed that 
PCSK9 inhibition reduced phospho-NF-κB p65 
expression in ox-LDL-treated macrophages. 
Thus, PCSK9 inhibition suppresses inflamma-
tion at least partially by regulating NF-κB path-
way. This result is supported by previous stud-
ies revealing that PCSK9 promotes macrophage 
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inflammation by regulating NF-κB pathway [30, 
38]. However, the results should be interpreted 
with caution, because PCSK9 inhibition could 
also regulate inflammation through cholesterol 
regulation. Further work is needed to sort out 
how much of the pro-inflammatory response of 
PCSK9 is cholesterol-independent. 

In conclusion, this study demonstrated that 
PCSK9 inhibition alleviated oxidative stress, 
inflammation, and plaque lesions by promoting 
autophagy in HFD-fed ApoE-/- mice. In vitro 
investigations indicated that PCSK9 inhibition 
promoted autophagic flux that attenuated oxi-
dative stress and inflammation in ox-LDL-treat-
ed THP-1-derived macrophages. This study pro-
vides the first evidence of the novel role of 
PCSK9 inhibition in regulating autophagy and 
oxidative stress during atherosclerotic progres-
sion and indicates that autophagy is a critical 
mechanism by which PCSK9 inhibition reduces 
oxidative stress and inflammation in the devel-
opment of atherosclerosis.
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Supplementary Figure 1. PCSK9 (proprotein convertase subtilisin/kexin type 9) inhibition had no significant effects 
on the circulating lipid levels of ApoE-/- mice. (A-D) Apolipoprotein E (ApoE)-/- mice fed a high-fat diet (HFD) for 8 
weeks were treated with saline or a PCSK9 inhibitor evolocumab for another 8 weeks. Quantification of the circu-
lating levels of total cholesterol (TC), triglycerides (TG), low-density lipoprotein-cholesterol (LDL-C), and high-density 
lipoprotein-cholesterol (HDL-C) by enzymatic methods (n=8 mice per group). All data are presented as the mean ± 
standard error of the mean (SEM).


