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Aims Lectin-like ox-LDL receptor-1 (LOX-1) plays an important role in inflammatory diseases, such as atherosclerosis. Pro-
protein convertase subtilisin/kexin type 9 (PCSK9) modulates LDL receptor degradation and influences serum LDL
levels. The present study was designed to investigate the possible interaction between PCSK9 and LOX-1.

Methods
and results

In the first set of experiments, human vascular endothelial cells and smooth muscle cells were studied at baseline and
after lipopolysaccharide (LPS) treatment (to create an inflammatory state). Both PCSK9 and LOX-1 were strongly in-
duced by LPS treatment. To define the role of PCSK9 in LOX-1 expression, cells were transfected with siRNA against
PCSK9, which resulted in reduced LOX-1 expression and function. On the other hand, cells exposed to recombinant
hPCSK9 revealed enhanced LOX-1 expression (P , 0.05). To determine whether LOX-1 also regulates PCSK9, cul-
tured cells in which LOX-1 was knocked down by siRNA expressed less PCSK9, whereas those transfected with
hLOX-1 cDNA showed increased PCSK9 expression. The second set of experiments was carried out in wild-type
(WT) and gene knockout (KO; LOX-1 and PCSK9) mice; LOX-1 KO mice showed much less PCSK9 (P , 0.05 vs.
WT mice). PCSK9-KO mice showed much less LOX-1 (P , 0.05 vs. WT mice). Furthermore, we observed that mito-
chondrial reactive oxygen species (mtROS) plays an initiating role in the LOX-1/PCSK9 interaction, since mtROS in-
duction enhanced and its inhibition reduced the expression of both PCSK9 and LOX-1. We also found that both LOX-1
and PCSK9 regulate adhesion molecules vascular cell adhesion molecule-1 expression. Finally, oxidized low-density
lipoprotein and tumour necrosis factor-a, pro-inflammatory stimuli besides LPS, regulated PCSK9 expression that is
mediated by the NF-kB signalling pathway.

Conclusions These observations suggest that LOX-1 and PCSK9 positively influence each other’s expression, especially during an
inflammatory reaction. mtROS appear to be important initiators of PCSK9/LOX-1 expression.
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1. Introduction
Lectin-like ox-LDL receptor-1 (LOX-1) is one of the major scavenger
receptors responsible for binding, internalizing, and degradation of oxi-
dized low-density lipoprotein (ox-LDL).1,2 LOX-1 is activated in many
inflammatory diseases, including atherosclerosis.3 The importance of
LOX-1 in atherogenesis has been proved by deletion and overexpres-
sion studies.3,4 Proprotein convertase subtilisin/kexin type 9 (PCSK9),
an enzyme encoded by the PCSK9 gene in humans, is produced mainly

in the liver, kidney, and small intestine.5,6 This protein plays a regulatory
role in cholesterol homeostasis by binding the epidermal growth
factor-like repeat A domain of the low-density lipoprotein receptor
(LDLR), inducing LDLR degradation.7 Inhibition of PCSK9 drastically
reduces LDL levels in serum,8 presumably by stimulating its uptake.
Thus, PCSK9 inhibition has emerged as a potential novel drug therapy
to treat hypercholesterolaemia and associated disease states.9

Although the vast majority of prior studies have focused on the effect
of PCSK9 on LDLr expression in liver and kidney, an increasing body of
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evidence suggests that PCSK9 is also expressed in significant amounts
in extra-hepatic and extra-renal tissues.10 Inflammation induces marked
changes in lipid and lipoprotein metabolism, including up-regulation of
PCSK9 expression.11 Of note, hypercholesterolaemia and related vas-
cular disease states, such as atherosclerosis, are considered inflamma-
tory states.12

Since both LOX-1 and PCSK9 are involved in lipoprotein metabol-
ism and inflammation, we posited that there might be a mechanistic
link coupling their expression, which could be demonstrated in cul-
tured aortic endothelial cells (ECs) and smooth muscle cells (SMCs)
in which either LOX-1 or PCSK9 is knocked down by siRNA or overex-
pressed. Moreover, we have utilized knockout (KO) mice lacking
either LOX-1 or PCSK9 gene. We show with these multiple approaches
that PCSK9 promotes LOX-1 expression and vice versa, particularly
during an inflammatory state, and that mitochondrial reactive oxygen
species (mtROS) are powerful inducing signals for PCSK9 and LOX-1
expression.

2. Methods

2.1 Mouse strains
The generation of LOX-1 KO mice in the C57BL/6 background has been
described previously;3 PCSK9-KO mice were purchased from the Jackson
Laboratory (Sacramento, CA, USA); and C57BL/6 mice were used as wild-
type (WT) controls. All animals were housed in the Animal Care Facility of
our institution. All experimental procedures were performed in accord-
ance with protocols approved by the Institutional Animal Care and Usage
Committee, and conformed to the Guidelines for the Care and Use of La-
boratory Animals published by the US National Institutes of Health. Only
male mice �10 weeks of age were used in this study.

2.2 In vivo inflammation model
To create an inflammatory state, similar weight mice (WT, LOX-1 KO, and
PCSK9 KO) were administered lipopolysaccharide (LPS, 1 mg LPS/kg body
weight, given i.p.; Sigma, St Louis, MO, USA) or saline (control). Mice were
euthanized 24 h later with sodium pentobarbital (80 mg/kg, i.p.), and blood,
aorta, and other tissues were collected.

2.3 Cell culture
Human primary aortic ECs and SMCs were purchased from ATCC (Mana-
ssas, VA, USA). ECs and SMCs were maintained in vascular cell basal medium
(ATCC) augmented with growth supplement containing VEGF or SMC
growth factors. ECs or SMCs at a concentration of 1 × 105 cells/cm2 were
seeded in six-well plastic tissue culture plates and culture continued for three
passages. The culture medium was renewed every 2 days. To elicit an in-
flammatory state, ECs and SMCs were incubated for 24 h with LPS (Sigma,
1–1000 ng/mL), ox-LDL (Biomedical Technologies, Inc., 0–60 mg/mL), or
tumour necrosis factor-a (TNF-a; Sigma, 0–40 ng/mL).

2.4 ELISA for PCSK9
PCSK9 secretion was measured in mouse sera or cell culture media using a
PCSK9 ELISA kit (mouse/human, MBL International, Nagoya, Japan). IL-1b
was measured in mouse serum samples, as an indicator of inflammatory
state, with an IL-1b ELISA kit (BD Biosciences, CA, USA) as per the manu-
facturer’s instructions.

2.5 Inhibition of LOX-1 and PCSK9 by siRNA
transfection
siRNA duplexes corresponding to human LOX-1, PCSK9, TNF-a, and NF-kB
exonic sequences were purchased from Santa Cruz Biotechnology. To disrupt
gene expression, SMCs were transfected for 24 h with 20 nM of each siRNA in

siRNA transfection reagent (Santa Cruz). The medium was then replaced with
normal culture medium, and cells were treated with 100 ng/mL LPS for a fur-
ther 24 h. As controls, cells were transfected with the corresponding
scrambled-sequence siRNA duplexes. Cell lysates were utilized for ELISA or
western blot analysis to verify efficacy of protein knockdown by siRNA.

2.6 LOX-1 overexpression and PCSK9
administration
For LOX-1 overexpression, SMCs at 70% confluence were transfected with
PCI-neo plasmid expressing human LOX-1 cDNA (hLOX-1) or PCI-neo
plasmid (empty vector) in FuGene 6 transfection reagent (Roche Diagnos-
tics, Mannheim, Germany). Five hours after transfection, the medium was
replaced with fresh, serum-free medium, and the cells were starved for
48 h before they were cultured in complete culture medium. To simulate
PCSK9 overexpression, SMCs were incubated for 24 h with recombinant
human PCSK9 protein (Life Technologies) at 0.5, 2.5, and 5 mg/mL.

2.7 Western blot
Protein from SMCs was purified in the RIPA Lysis Buffer System (Santa
Cruz), and loaded onto 12% Mini-PROTEANw TGXTM Precast Gels
(Bio-Rad) for electrophoresis. Size-resolved proteins were transferred to
Hybond ECL Nitrocellulose Membranes (GE Healthcare). After blocking
in 5% BSA buffer for 1 h, membranes were incubated overnight with pri-
mary antibody (1 : 1000 dilution) at 48C. After washing with PBS containing
0.1% Tween-20, membranes were incubated 1 h with biotin-tagged sec-
ondary antibody, which was detected with the Pierce ECL Western Blotting
Substrate (Thermo Scientific). Band intensities were quantified with the Im-
age J software and normalized to b-actin. Antibodies directed at PCSK9,
LOX-1, and vascular cell adhesion molecule-1 (VCAM-1) were purchased
from Abcam (San Francisco, CA, USA).

2.8 Functional assessment of LOX-1
As an index of LOX-1 function, we measured ox-LDL uptake by cultured
SMCs. Cells were incubated with Dil-ox-LDL (Biomedical Technologies),
5 mg/mL, for 2 h at 378C. Cells were then gently washed three times in
PBS and digested with trypsin-EDTA. Dil-ox-LDL uptake was measured
by flow cytometry (FACS Vantage SE, Becton Dickinson). As another meas-
ure of LOX-1 function, VCAM-1 expression was assessed.

2.9 Real-time quantitative PCR analysis
At 24 h after LPS administration, tissues (kidney, brain, liver, and small intes-
tine) were homogenized and total RNA was isolated using RNAzol B
(Tel-Test) according to the manufacturer’s instructions. Total RNA was
reverse-transcribed at 428C with SuperScript II (Life Technologies). Gene
expression was measured using SYBR Green PCR core reagents (Applied
Biosystems). Relative mRNA levels for each sample were quantified based
on Ct (the amplification cycle threshold) normalized to GAPDH as an en-
dogenous mRNA standard, and expressed relative to the control (WT
without LPS), set to a value of 1. Primers used were as follows: PCSK9 for-
ward primer, 5′-TTGCAGCAGCTGGGAACTT-3′ ; PCSK9 reverse primer,
5′-CCGACTGATGACCTCTGGA-3′ ; TNF-a and NF-kB gene expression
levels were analysed by the BioRad PrimePCR SYBR Green Assay predesigned
primer pair (BioRad): GAPDH forward primer, 5′-GGGTCTTTGCAGTCGT
ATGG-3′; GAPDH reverse primer, 5′-ACCTCCTG TTTCTGGGGACT-3′.

2.10 Mitochondrial ROS measurement
MitoSOXTM Red (Invitrogen), a mitochondrial superoxide indicator, was
used to assess mitochondrial ROS levels. mtROS-mediated fluorescence
was measured by flow cytometry (FACS Vantage SE, Becton Dickinson),
as described previously.3 To confirm the role of mitochondrial ROS,
SMCs were treated for 24 h with three different mtROS stimulants: rote-
none (10 mM), thenoyltrifluoroacetone (TTFA; 10 mM), or antimycin
(40 mg/mL), and then stained with MitoSOXTM. Rotenone, TTFA, and
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antimycin were purchased from Sigma. Data were recorded as the
‘M2 percentage’ fluorescence variation, which indicates the fraction of cells
with enhanced production of mtROS.

2.11 Collection of arterial tissues from
humans
Human artery blocks were obtained from the Department of Pathology ar-
chives of the University of Arkansas for Medical Sciences. The patients were
≈70 years old (n ¼ 3) and had severe atherosclerosis interspersed with nor-
mal non-atherosclerotic regions. The protocol for collection of the archived
tissue sections was approved on an exempt basis by the Institutional Review
Board. The human study conformed to the Helsinki declaration.

For immunohistochemical and immunofluorescent analyses, 5 mm thick
sections of the artery were stained with different antibodies and analysed
using the Mouse/Rabbit-Specific HRP/3,3′-diaminobenzidine detection im-
munohistochemistry kit (Abcam). Image J. v 1.46 (NIH, Bethesda, MD,
USA) was used to semi-quantitatively assess the expression of PCSK9
and LOX-1.

2.12 Statistical analysis
Data from five independent experiments were combined for statistical ana-
lysis, with results expressed as mean+ SD. Groups were compared pair-
wise by Fisher’s t tests, or by ANOVA with Tukey’s post hoc correction
when more than two groups were contrasted. P-values of ,0.05 were

considered nominally significant, without adjustment for multiple measures,
to avoid inflating type II errors.

3. Results

3.1 LPS increases the expression of PCSK9
and LOX-1 in ECs and SMCs
Basal PCSK9 expression (assessed by western blotting) and secretion
(assessed by ELISA) were modest in both ECs and SMCs. After incuba-
tion with LPS, however, PCSK9 expression/secretion increased several
fold in both ECs and SMCs, in an LPS concentration-dependent fashion.
The increase in PCSK9 expression/secretion in response to LPS was
only modest for ECs, although significant, but it was quite pronounced
in SMCs (Figure 1A and B).

LOX-1 expression was also strongly and significantly induced
in ECs and SMCs by LPS treatment, with the increase roughly linearly
dependent on LPS concentration. Expression of LOX-1 was con-
sistently greater in SMCs than in ECs, both at baseline or at any LPS
input (Figure 1C and D). Consequently, subsequent in vitro experi-
ments were carried out only in SMCs. Furthermore, since LPS
(100 ng/mL) treatment resulted in robust expression of PCSK9 and
LOX-1, all subsequent experiments utilized LPS-treated cells. This

Figure 1 LPS induces secretion of PCSK9 and expression of LOX-1. (A and B) LPS induces secretion of PCSK9 by SMCs in a dose-dependent fashion
(measured by western blot and ELISA). (C and D) LPS induces LOX-1 protein expression in ECs and SMCs. Bar graphs represent data compiled from five
independent experiments, as mean+ SD. *P , 0.05 vs. control.

Z. Ding et al.558
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/107/4/556/311576 by guest on 09 April 2024



concentration did not induce cell injury (apoptosis or death) in SMCs
(data not shown).

3.2 PCSK9 inhibition reduces the
expression of LOX-1 and VCAM-1
To assess the link between PCSK9 and LOX-1 expression, PCSK9 was
knocked down by siRNA transfection. siRNA targeting PCSK9 reduced
its expression more than four-fold by western blot (Figure 2A) and
more than six-fold by q-PCR (Figure 2B), validating the efficacy of siRNA
transfection and of knockdown via RNA interference. Importantly,
PCSK9 knockdown reduced LOX-1 expression about five-fold
(Figure 2C). Scrambled siRNAs had no effect on expression of PCSK9
or LOX-1 mRNAs (Figure 2B and C).

Next, we studied the effect of PCSK9 knockdown on DiI-ox-LDL up-
take and VCAM-1 expression, as indices of LOX-1 function. VCAM-1, a
cell surface glycoprotein, is expressed in cytokine-activated ECs and
SMCs. VCAM-1 mediates the attachment of circulating monocytes
and lymphocytes, a critical process in the development of inflammation
and atherosclerosis.13 As shown in Figure 2D, PCSK9 knockdown de-
creased the fraction of cells strongly positive for DiI-ox-LDL uptake

by �50% (similar to the decrease in modal fluorescence), indicating
a marked reduction in ox-LDL internalization. Furthermore, PCSK9
knockdown significantly reduced VCAM-1 expression, by nearly two-
fold (Figure 2E). Control treatment with scrambled siRNA had no effect
on DiI-ox-LDL uptake or VCAM-1 expression.

To assess whether PCSK9 inhibition regulates LOX-1 expression
in vivo, we compared WT and PCSK9-KO mice after administering LPS.
As expected, LPS elicited an approximately eight-fold increase in serum
IL-1b levels in WT mice (Figure 2F), indicating a systemic pro-inflamma-
tory state, while increasing the LOX-1 level �70% in aortic tissue
(Figure 2G). In contrast, the inflammatory response was markedly attenu-
ated in the PCSK9-KO mice—as reflected by a serum IL-1b level only half
of that WT mice after LPS treatment (P , 0.05 vs. WT mice; Figure 2F).
PCSK9-KO mice also expressed �40% less LOX-1 and .60% less
VCAM-1 in aortic tissue (each P , 0.05 vs. WT mice; Figure 2G and H ).

3.3 Exposure to exogenous PCSK9
activates expression of LOX-1 and VCAM-1
Given that PCSK9 knockdown or KO attenuates LOX-1 expression,
we inquired whether PCSK9 also positively induces LOX-1. We tested

Figure 2 PCSK9 inhibition reduces LOX-1 expression, DiI-ox-LDL uptake, and VCAM-1 expression in SMCs. Transfection of cells with siRNA de-
creases PCSK9 expression by western blot (A) and q-PCR (B), and reduces LOX-1 expression in SMCs monolayer (C ), DiI-ox-LDL uptake (D), and
VCAM-1 expression (E). PCSK9-KO mice show lower serum levels of IL-1b (F ) and reduced expression of LOX-1 (G) and VCAM-1 (H ). Bar graphs
represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate control.
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this possibility in SMCs, mimicking their autocrine or paracrine stimu-
lation with PCSK9 by exposure to recombinant hPCSK9. Addition of
hPCSK9 evoked a near-linear dose-dependent increase in LOX-1 pro-
tein expression (Figure 3A). Concurrent with this up-regulation of
LOX-1, DiI-ox-LDL uptake (measured by flow cytometry) also in-
creased in response to hPCSK9 (Figure 3B). Treatment with hPCSK9
further increased the expression of LOX-1 and VCAM-1 in SMCs
already strongly induced by LPS exposure (Figure 3C and D).

3.4 LOX-1 depletion reduces expression
of PCSK9, VCAM-1, and IL-1b
Having demonstrated both in vitro and in vivo that PCSK9 regulates
LOX-1 expression, we wondered whether the converse (regulation
of PCSK9 by LOX-1) might also be true, creating a positive-feedback
loop. Remarkably, this reciprocal control could be confirmed in four
distinct assays. First, SMCs were transfected with siRNA against
the LOX-1 gene. As expected, LOX-1 siRNA inhibited LOX-1 protein
expression about eight-fold (Figure 4A), but it also reduced PCSK9
expression by �60% (P , 0.05; Figure 4B), consistent with our premise.
In keeping with previous studies, which had shown that LOX-1 is a
major determinant of adhesion molecule expression,2 also we found
that LOX-1 knockdown inhibited VCAM-1 expression by .50%
(Figure 4C), whereas scrambled siRNA had no effect on expression of
PCSK9 or VCAM-1.

Secondly, to confirm that LOX-1 inhibition attenuates PCSK9 secre-
tion in vivo, we compared WT and LOX-1-KO mice. The more than
seven-fold rise in IL-1b serum levels elicited by LPS in WT mice, indi-
cating a robust inflammatory response, was severely blunted in LOX-1-
KO mice (Figure 4D). Serum levels of PCSK9, measured by ELISA, in-
creased more than three-fold in LPS-treated WT mice, but attained
less than half that level in LPS-injected LOX-1-KO mice (Figure 4E).

Thirdly, PCSK9 gene expression was measured by q-PCR in the kidney,
brain, liver, and small intestine of LPS-treated mice—tissues known to ex-
press significant amounts of PCSK9.10 As shown in Figure 4F, PCSK9
mRNA levels were much lower in all tissues from LOX-1-KO mice than
in the same tissues from WT mice (each P , 0.05). LPS administration
significantly enhanced PCSK9 expression (assessed by western blotting)
in aortic tissue of WT mice (Figure 4G). However, PCSK9 expression
was less than half as great in LOX-1-KO mice receiving the same dose
of LPS (P , 0.05 vs. WT mice). Western blotting results were consistent
with serum protein levels for PCSK9 (Figure 4E) and PCSK9 mRNA levels
in diverse tissues (Figure 4F). As expected, LOX-1 gene deletion markedly
inhibited VCAM-1 expression in the aorta (Figure 4H).

3.5 LOX-1 overexpression induces both
PCSK9 and VCAM-1
The fourth assay to study regulation of PCSK9 by LOX-1 involved
determination of the effect of LOX-1 overexpression on PCSK9
expression. SMCs were transfected with hLOX-1 cDNA. As expected,

Figure 3 PCSK9 administration induces LOX-1 and VCAM-1 expression in SMCs. (A and B) PCSK9 treatment (with recombinant hPCSK9) induces
LOX-1 expression and DiI-ox-LDL uptake in a dose-dependent manner. (C and D) In the presence of LPS, PCSK9 administration further enhanced
expression of LOX-1 and VCAM-1. Bar graphs represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate
control.
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the transfection markedly enhanced LOX-1 protein expression
(Figure 5A). Consistent with our postulate of bidirectional positive feed-
back between LOX-1 and PCSK9, LOX-1 overexpression also
enhanced the expression of PCSK9 (Figure 5B). Treatment with LPS fur-
ther increased the expression of PCSK9 in cells overexpressing LOX-1
(Figure 5C). Not unexpectedly, LOX-1 overexpression enhanced
VCAM-1 expression in the presence or absence of LPS (Figure 5D).

3.6 Mitochondrial ROS trigger
LOX-1—PCSK9 cross-talk
ROS are a major endogenous source of oxidative damage, trigger in-
flammatory responses, and also serve a signalling function to initiate
antioxidant defences.14 Previous studies had demonstrated a positive
bidirectional interaction between ROS and LOX-1.3,15 Because the
main source of cellular ROS is mitochondria, we reasoned that mtROS
may induce LOX-1 and thus its reciprocal interplay with PCSK9. Mito-
chondrial ROS production was induced by blocking two key steps in
the mtROS respiratory chain. Complexes I and III are the main sites
of mitochondrial electron leakage, resulting in superoxide production.
Consistent with a previous report,16 mtROS were markedly elevated
after addition of the complex I inhibitor rotenone, or the complex III
inhibitor antimycin A (Figure 6A). In contrast, the complex II inhibitor
TTFA had only a minor, insignificant effect on mtROS generation
(Figure 6A). Concomitant with mtROS generation, protein levels of
both PCSK9 (assayed by western blot and ELISA) and LOX-1 (by west-
ern blot) were elevated significantly after SMCs were exposed to rote-
none or antimycin A, but not to TTFA (Figure 6B–D).

Based on the above results, we thought that mtROS may play a bridg-
ing role in the regulation of expression of LOX-1 and PCSK9. To exam-
ine this postulate, we used two different ROS inhibitors—a relatively
specific mtROS inhibitor YCG063 and a generalized NADPH oxidase
inhibitor apocynin. As expected, both YCG063 and apocynin inhibited
LPS-induced mtROS generation (Figure 7A), and expression of LOX-1
(Figure 7B) and PCSK9 (Figure 7C and D).

As anticipated based on prior evidence of a reciprocal relationship
between ROS and LOX-1,15 modulation was also observed in the op-
posite direction. That is, LOX-1 knockdown in SMCs reduced mtROS
production by 55%, and PCSK9 knockdown decreased mtROS by
45% (Figure 7A). Moreover, SMC mtROS rose 53% when LOX-1 was
overexpressed through cDNA transfection, and increased 37% upon
stimulation with exogenous hPCSK9 (Figure 8B).

3.7 Relationship of non-LPS mediators
of inflammation ox-LDL and TNF-a
with PCSK9
LOX-1 is a major vascular receptor for ox-LDL, and is thought to play a
pro-inflammatory role.2 As one of the inflammatory cytokines, TNF-a
has also been implicated in atherogenesis as well as in inflammatory
responses.17 Therefore, we also investigated the effect of ox-LDL
and TNF-a on PCSK9 expression. Similar to LPS, both ox-LDL (20–
60 mg/mL) and TNF-a (10–40 ng/mL) induced PCSK9 expression in
a dose-dependent manner (Figure 9A and B). Subsequently, we studied
the effect of LOX-1 and TNF-a inhibition on PCSK9 expression. As
shown in Figure 9C, q-PCR analysis confirmed that TNF-a expression

Figure 4 LOX-1 knockdown/deletion decreases PCSK9 and VCAM-1 expression in SMCs. (A) LOX-1 expression is inhibited by siRNA transfection.
(B and C) LOX-1 knockdown markedly reduces PCSK9 and VCAM-1 expression in SMCs. (D and E) Compared with WT mice, LOX-1 KO mice show
much lower levels of IL-1b and PCSK9 secretion in plasma (ELISA analysis). (F ) LOX-1 KO mice show much lower levels of PCSK9 mRNA (measurement
by q-PCR) in kidney, brain, liver, and small intestine compared with WT mice. Expression levels were calculated with a real-time quantitative PCR DDCt

method. (G and H ) Expression of PCSK9 and VCAM-1 is lower in the aortas of LOX-1 KO mice than in WT mice. Bar graphs represent data compiled
from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate control.
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was reduced by its siRNA transfection. As expected, inhibition of
LOX-1 and TNF-a by siRNA transfection obviously reduced ox-LDL-
and TNF-a-induced PCSK9 expression, respectively (Figure 9D and E).

Previously, we reported that NF-kB activation plays a bridging role in
ox-LDL- and LPS-induced LOX-1 expression.2,18 Others have also re-
ported that TNF-a induces cell surface expression of LOX-1 via

Figure 5 LOX-1 overexpression induces PCSK9 and VCAM-1 expression in SMCs. (A) LOX-1 overexpression (by cDNA transfection) is confirmed
by western blot. (B and C) LOX-1 overexpression induces PCSK9 in the absence or presence of LPS. (D) In the presence of LPS, LOX-1 overexpression
further enhances VCAM-1 expression. Bar graphs represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate
control.

Figure 6 Effect of mtROS inducers on the expression of PCSK9 and LOX-1. (A) Rotenone and antimycin, but not TTFA, induce mtROS. (B–D) Rote-
none and antimycin, but not TTFA, induce expression of PCSK9 and LOX-1 proteins. SMCs were treated with 10 mM rotenone, 10 mM TTFA, or 40 mg/
mL of antimycin for 24 h. Bar graphs represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate control.
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NF-kB.17 We therefore posited that NF-kB may play an important

role in PCSK9 expression via LOX-1, and studied the role of NF-kB

in LPS-, ox-LDL-, and TNF-a-induced PCSK9 expression with the

use of siRNA. Q-PCR analysis showed that NF-kB expression was in-

hibited by its siRNA transfection. Furthermore, NF-kB knockdown also

inhibited LPS-, ox-LDL-, and TNF-a-induced PCSK9 expression

(Figure 9G– I ), indicating that NF-kB plays a bridging role in LPS-,

ox-LDL-, and TNF-a-induced expression of sLOX-1 and PCSK9.

3.8 LOX-1 and PCSK9 in human
atherosclerosis
To determine whether human atherosclerotic tissues also express
PCSK9 and LOX-1, arterial sections from normal and atherosclerotic
arteries were examined by immunostaining and IF. Figure 10 (upper
panel) shows extensive expression of LOX-1 in the intima and media,
extending almost to the adventitia of atherosclerotic tissues, similar
to that observed by Mehta et al. in ApoE-KO mice fed a high-fat diet.2

Figure 8 mtROS and PCSK9/LOX-1 expression in SMCs. (A) MitoSOXTM Red staining by (flow cytometry analysis) indicates that knockdown of
PCSK9 or LOX-1 decreases mtROS production. (B) PCSK9 treatment (0.5 mg/mL) or LOX-1 overexpression induces mtROS production. Bar graphs
represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate control.

Figure 7 Effect of mtROS inhibition on expression of PCSK9 and LOX-1 in SMCs. Pretreatment with ROS inhibitors apocynin (10 mM) and YCG063
(10 mM) markedly inhibited mtROS production (A—flow cytomery), LOX-1 expression (B—western blot), and PCSK9 expression (C—western blot
and D—ELISA) in SMCs. Bar graphs represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs. appropriate control.
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Importantly, we noted a diffuse distribution of PCSK9 in atherosclerot-
ic regions. IF (Figure 10, lower panels) confirmed the presence of both
PCSK9 and LOX-1 in atherosclerotic regions. While the distribution of
PCSK9 and LOX-1 was diffuse in the atherosclerotic plaque, it ap-
peared that SMCs were the chief source of intense expression of
both PCSK9 and LOX-1. A higher power view of merged images (right-
most panel) confirms co-expression of PCSK9 and LOX-1 in SMCs.
These observations were consistent, based on examination of several
sections from each of three normal and three atherosclerotic arterial
specimens.

4. Discussion
The experiments conducted with cultured aortic ECs and SMCs estab-
lish the existence of a positive-feedback loop between LOX-1 and
PCSK9, such that induction of either will be stabilized by reciprocal
induction of the other. Results from LOX-1-KO and PCSK9-KO mice
lend further support to this interaction, and indicate that it also occurs
in vivo. Both PCSK9 and LOX-1 were strongly and proportionately in-
duced by LPS in cultured ECs and SMCs, although to a substantially

greater extent in SMCs than in ECs (both basally and after LPS expos-
ure). These observations have important implications in atherogenesis,
which is considered to be an inflammatory disease.

The interplay between PCSK9 and LOX-1 was shown by both
knockdown (or KO) and up-regulation/induction experiments. The
functional significance of this cross-talk was corroborated by experi-
ments on ox-LDL uptake and VCAM-1 expression in SMCs. PCSK9
knockdown almost completely blocked, while its increase enhanced,
Dil-ox-LDL uptake and VCAM-1 expression.

LOX-1 activation has been implicated in atherosclerosis and related
disorders. It is the major ox-LDL receptor on ECs, but is also present
in substantial amounts on arterial SMCs. LOX-1 expression in SMCs
may become particularly important in disease states characterized by
loss of EC continuity during haemodynamic stress, or following EC dis-
ruption as may occur during angioplasty. LOX-1 activation induces
ox-LDL uptake, increased production of cell surface adhesion mole-
cules, and a state of oxidative stress and inflammation—key steps in
atherogenesis.17 A pro-inflammatory state further enhances LOX-1
expression, resulting in a self-perpetuating pro-atherosclerotic milieu.5

It is noteworthy that LOX-1 inhibition reduces the state of oxidative

Figure 9 Role of NF-kB in LPS-, ox-LDL-, and TNF-a-induced PCSK9 expression in SMCs. (A and B) Both ox-LDL- and TNF-a-induced PCSK9 ex-
pression in a dose-dependent manner. (C) TNF-a was inhibited by its siRNA transfection (q-PCR). (D) LOX-1 knockdown inhibited ox-LDL-induced
PCSK9 expression. (E) TNF-a knockdown inhibited PCSK9 expression. (F) NF-kB was by its siRNA (q-PCR). (G– I) NF-kB knockdown inhibited LPS-,
ox-LDL-, and TNF-a-induced PCSK9 expression. Bar graphs represent data compiled from five independent experiments, as mean+ SD. *P , 0.05 vs.
appropriate control.
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stress, mitochondrial DNA damage, and NLRP3 inflammasome activa-
tion in macrophages,2,19 all of which are markers of atherosclerosis.

The relationship between LOX-1 and lipids has been examined by
several investigators. Ding et al.18 showed that ox-LDL decreases
LDL receptor expression by ECs, an effect mediated through LOX-1.
Pirillo et al.20 showed that 15-lipoxygenase-modified HDL induces
LOX-1 expression. Statin drugs have also been shown to reduce
LOX-1 expression by ECs.21 Thus, multiple lines of evidence link
LOX-1 and LDLr to the regulation of cellular lipid levels.

PCSK9 secretion in large amounts by SMCs, but only in small amounts
by ECs, was recently documented.22 The present studies, showing two-
to three-fold greater secretion of PCSK9 by SMCs than by ECs, provide
strong support for those observations while also demonstrating that the
inflammatory stimulus LPS further increases PCSK9 expression by SMCs
and ECs. Ferri et al.22 showed that SMC-derived PCSK9 reduced the ex-
pression of LDLr and lowered LDL uptake by human macrophages and
by the J774 macrophage cell line.

The present studies, showing positive feedback between LOX-1 and
PCSK9, may have important implications for atherogenesis. PCSK9

overexpression, which occurs particularly during inflammatory condi-
tions, enhances LOX-1 expression. Conversely, PCSK9 expression is it-
self induced by LOX-1, which is abundantly expressed by diverse cell
types in atherosclerotic plaque, including SMCs. A plausible synthesis
of these interactions is presented in Figure 9, although we acknowledge
that other scenarios are also possible. In this portrayal, an inflammatory
stimulus such as LPS induces ECs, and especially SMCs, to secrete
PCSK9, which in turn induces mtROS production and LOX-1 synthesis.
The initiating trigger could also be an oxidative or mitochondrial stress,
elevating ROS production. LOX-1 is then activated, and ox-LDL is taken
up by cells leading to propagation of the inflammatory response and
eventually to atherosclerosis. Atherogenesis in LDLr-KO mice can be at-
tenuated by LOX-1 deletion as noted in previous studies,23 and may in-
volve a reduction in PCSK9. These studies also showed reduced
oxidative stress in atherosclerotic regions. In keeping with the near-total
inhibition of LOX-1 expression upon PCSK9 knockdown or KO, it is
quite likely that PCSK9 inhibitor strategies may inhibit LOX-1 expression.

Wu et al.24 noted that PCSK9 siRNA reduced ox-LDL-induced apop-
tosis of human ECs, implying that PCSK9 can impair EC survival. Like

Figure 10 Expression of PCSK9 and LOX-1 in human aorta with atherosclerosis. Representative images of immunohistochemical (upper panel) and IF
(lower panel) staining for PCSK9 and LOX-1 expression. The bar graphs on the upper right are data based on observations from all tissue blocks show
that while PCSK9 and LOX-1 are increased in the atherosclerotic (AS) plaque, the increase is particularly pronounced in SMCs. Similar data were ob-
tained on immunohistochemistry (upper panel) and IF staining (lower panel). The inset shows high power magnification. Data shown as mean+ SD.
*P , 0.05 vs. normal regions.
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Ferri et al.,22 we saw only modest expression of PCSK9 by cultured
ECs, except in response to LOX-1 overexpression; however,
these changes in ECs were small compared with those in vascular
SMCs. It is possible that PCSK9 released by SMCs permeates through
the interstitial fluid and induces ECs to express LOX-1, accompanied
by adverse effects such as apoptosis and up-regulation of adhesion
molecules.24– 28

To investigate the role of other pre-inflammatory factors in PCSK9
expression, we used ox-LDL and TNF-a. We found that both ox-LDL
and TNF-a markedly induced PCSK9 expression, indicating that per-
haps all pro-inflammatory stimuli play an initial role in PCSK9 activation.
NF-kB activation has been confirmed to play a key role in LPS-,
ox-LDL-, and TNF-a-induced LOX-1 expression;2,17– 19 we therefore
posited that NF-kB may play an important role in LOX-1-mediated
PCSK9 expression. NF-kB was knocked down by its siRNA, and this

phenomenon inhibited LPS-, ox-LDL-, and TNF-a-induced PCSK9 ex-
pression, indicating that NF-kB plays an important signalling role in in-
flammatory stimulus-mediated PCSK9 expression.

Another novel observation in this study is that LOX-1 and PCSK9
overexpression induced increases in mtROS generation, whereas
knockdown of LOX-1 or PCSK9 was associated with reduced mtROS.
Although we have depicted mtROS as a bridge between PCSK9 and
LOX-1, it is at least equally likely (and consistent with our data) that
the primary interaction is between mtROS and LOX-1, with a slightly
weaker PCSK9 response arising from its coupling (mutual induction and
suppression) to LOX-1. Another line of evidence, implying a primary
role of mtROS in PCSK9/LOX-1 induction, is our observation that
rotenone and antimycin A (which increase mtROS generation by three-
to four-fold), simultaneously induce the expression of PCSK9 and
LOX-1 by five- to 10-fold.

Figure 11 Proposed signalling pathway linking PCSK9, LOX-1, and mtROS. There appears to be a bidirectional link between LOX-1 and PCSK9 es-
pecially during inflammatory states. Compared with ECs, LPS induces more PCSK9 expression in smooth muscle cells. Both PCSK9 treatment and
LOX-1 overexpression induce mtROS generation, whereas inhibition of PCSK9 and LOX-1 reduces mtROS generation, suggesting a bridging role
for mtROS in PCSK9–LOX-1 cross-talk. Both LOX-1 activation and PCSK9 administration enhance ox-LDL uptake and VCAM-1 expression in smooth
muscle cells, which is a key event in the development of inflammation.
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Immunohistochemistry of human atherosclerotic tissues reveals
co-expression of LOX-1 and PCSK9 by the same cells. Moreover,
compared with normal non-atherosclerotic arterial sections, athero-
sclerotic regions showed diffuse LOX-1 and PCSK9 expression, with
the majority of immunoreactivity occurring in SMCs that express
both LOX-1 and PCSK9. The identification of PCSK9 in atherosclerotic
human tissues and its localization in SMCs in this study are proof of
concept and need further confirmation.

In summary, our observations suggest a self-reinforcing cross-talk
between PCSK9 and LOX-1 in vascular tissues, which can be initiated
by an inflammatory stimulus and/or activation of mtROS. These con-
cepts are summarized in Figure 11. PCSK9 inhibitors may thus induce
an anti-atherosclerotic state by inhibiting LOX-1 expression.

4.1 Perspectives
Our studies provide evidence for positive feedback between PCSK9
and LOX-1 in arterial tissues and cultured ECS and SMCs, wherein
PCSK9 stimulates LOX-1, and LOX-1 stimulates PCSK9. Mitochondrial
ROS generation seems to play a critical role in the induction of PCSK9
and/or LOX-1, and possibly in their cross-talk which is exacerbated in
the inflammatory state. LOX-1 has been shown to be a potent medi-
ator of atherogenesis, raising the possibility that PCSK9 inhibitors
may inhibit atherogenesis in hypercholesterolaemic states by disrupting
LOX-1 expression.

4.2 Study limitations
There are some limitations of the present study which need to be ad-
dressed. First, although we studied PCSK9 signalling in LOX-1 gene KO
mice, further experiments in LOX-1 transgenic aorta should be consid-
ered in the future. Secondly, we focused our attention on ECs and
SMCs, other cells in the aorta, such as macrophages and fibroblasts,
which express LOX-1, may also secrete PCSK9, and this phenomenon
should be examined.
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