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The function of Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), a novel plasma

protein, has mainly been involved in cholesterol metabolism in the liver, while, more

interestingly, recent data have shown that PCSK9 also took part in the modulation

of inflammation, which appeared to be another explanation for the reduction of

cardiovascular risk by PCSK9 inhibition besides its significant effect on lowering

lower-density lipoprotein cholesterol (LDL-C) concentration. Overall, a series of previous

studies suggested an association of PCSK9 with inflammation. Firstly, PCSK9 is able

to induce the secretion of proinflammatory cytokines in macrophages and in other

various tissues and elevated serum PCSK9 levels could be observed in pro-inflammatory

conditions, such as sepsis, acute coronary syndrome (ACS). Secondly, detailed signaling

pathway studies indicated that PCSK9 positively regulated toll-like receptor 4 expression

and inflammatory cytokines expression followed by nuclear factor-kappa B (NF-kB)

activation, together with apoptosis and autophagy progression. Besides, PCSK9

enhanced and interacted with scavenger receptors (SRs) of inflammatory mediators

like lectin-like oxidized-LDL receptor-1 (LOX-1) to promote inflammatory response.

Additionally, several studies also suggested that the role of PCSK9 in atherogenesis

was intertwined with inflammation and the interacting effect shown between PCSK9 and

LOX-1 was involved in the inflammatory response of atherosclerosis. Finally, emerging

clinical trials indicated that PCSK9 inhibitors could reduce more events in patients with

ACS accompanied by increased inflammatory status, which might be involved in its

attenuating impact on arterial plaque. Hence, further understanding of the relationship

between PCSK9 and inflammation would be necessary to help prevent and manage the

atherosclerotic cardiovascular disease (ASCVD) clinically. This review article will update

the recent advances in the link of PCSK9 with inflammation.

Keywords: PCSK9 (proprotein convertase subtilisin kexin type 9), inflammation, ASCVD, TLR4 (toll-like receptor 4),

LOX-1

INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) is a primary cause of morbidity and mortality
around the world, which is definitely associated with multiple risk factors. Among them, the
inflammation is the principal mechanism for the development of ASCVD except for lipid disorder.
A large number of studies have demonstrated that chronic inflammatory response induced by
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substantial inherent or acquired risk factors exerts a significant
effect on the initiation and development of atherosclerosis and
the resulting plaque rupture and erosion, then it contributes to
systemic repercussions of atherosclerosis-related cardiovascular
diseases (CVD) (1). Besides, the interaction of risk factors
such as lipid and inflammation has also been considered to
play an important role in ASCVD. Interestingly, emerging data
have shown that proprotein convertase subtilisin/kexin type 9
(PCSK9), an key protein of lipid metabolism, is involved in the
production of both inflammatory cytokines and atherosclerosis
plaque (2–7).

PCSK9 is primarily biosynthesized in the hepatocytes, then
reaches the basolateral surface of the hepatocyte and binds
low density lipoprotein receptor (LDLR) in an autocrine
effect. Subsequently, the complex composed of LDL-C, LDLR,
and PCSK9 is internalized into hepatocytes and undergoes
endocytosis and lysosomal degradation, thereby reducing LDLR
on the cell membrane and raising LDL-C levels (8). In addition
of liver, PCSK9 is also expressed in many other tissues including
small intestine, lung, kidney, pancreas and brain. Emerging
studies have also found that PCSK9 is highly expressed in
vascular endothelial cells (EC), smooth muscle cells (SMC) and
macrophages (9), subsequently exerting local effects on vascular
homeostasis and atherosclerotic plaques (10). Additionally, the
detection of PCSK9 provides a new target for the management
of hypercholesterolemia and the reduction of cardiovascular
risk. Thus, the understandings of the physiology of PCSK9
have helped to broaden our knowledge in PCSK9 and PCSK9
inhibitors. Basically, although the mediation of up-regulation of
LDLR accounts for the main effect of PCSK9 inhibitors, there is
growing evidence supporting that PCSK9 may have a pleiotropy.
One of these effects might be associated with inflammatory
modulation in the development of ASCVD independent of
LDLR regulation.

In this review, we generalized the biological characteristics
of PCSK9 and mainly focused on updated evidence of the
relation of PCSK9 to inflammation, in order that we could
stress the clinical significance of the interaction between PCSK9
and inflammation.

PCSK9 AND INFLAMMATION:
OBSERVATIONAL COHORT EVIDENCE

Several previous studies examined the relation of PCSK9 to
inflammation using cross-sectional observations. These studies
mainly evaluated the correlation between plasma PCSK9
concentrations and a number of key inflammatory markers,
including white blood cells (WBCs), fibrinogen, and high-
sensitivity C-reactive protein (hs-CRP) (Table 1). For example,
a small sample size study in Chinese patients with angiography-
proven coronary artery disease (CAD) has shown that the
increase of plasma PCSK9 level was associated with the
elevation in white blood cell counts (WBCC), fibrinogen and
high-sensitivity C-reactive protein (hs-CRP) (11). As is well-
known, the WBCC is a traditional marker of inflammation and
either inflammation or PCSK9 was considerably connected with

atherosclerosis in populations with different levels of baseline
risks. Interestingly, in a single-center study of stable CAD
patients naïve to lipid-lowering therapy (6), both univariate
and multivariate regression analyses showed that plasma
PCSK9 levels were positively associated with WBCC subgroup,
lymphocyte count and neutrophils count, while the molecular
mechanism by which WBCC was associated with plasma PCSK9
levels was still unclear. Meanwhile, a cross-sectional study in
stable CAD patients has revealed that circulating PCSK9 levels
were positively correlated with fibrinogen levels but unrelated
to some potential confounders such as lipid spectrometry
and hs-CRP (2). Otherwise, a recent study indicated that
PCSK9 was not induced in artificial human inflammation
and was not correlated with inflammatory response in ten
healthy volunteers stimulated by endotoxin (lipopolysaccharide,
LPS) (12). It seemed that the study did not support the
notion that PCSK9 could trigger an inflammatory response in
human study.

CRP, a kind of acute phase mediator, is considered to be
a systemic inflammatory biomarker of sensitivity but of no
specificity. The elevation in plasma hs-CRP concentration has
also been considered to be the risk factor of atherosclerosis
(17). Observational studies have revealed that plasma CRP
levels were a powerful predictor for cardiovascular (CV) risk
and logarithmically correlated with CAD risk (18). Recently,
Pradhan et al. assessed the residual risk of inflammation in
9,738 patients who had received both statins and bococizumab in
the Studies of PCSK9 Inhibition and the Reduction of Vascular
Events (SPIRE)-1 and SPIRE-2 cardiovascular outcomes trial.
They evaluated residual risk according to on-treatment levels
of hsCRP(hsCRPOT) recorded 14 weeks after drug initiation.
The data indicated that increased hsCRPOT remained as an
important predictor of cardiovascular risk in CAD patients
receiving statins and PCSK9 inhibitors (19). This study suggested
that although the maximum reduction in LDL-C was achieved,
regulating inflammation provided additional opportunities to
reduce cardiovascular risk, which was named as residual
inflammatory risk.

Furthermore, in patients with stable CAD, PCSK9 levels
were significantly positively correlated with hs-CRP levels (2).
Recently, in a large prospective multi-center study conducted
in patients with acute coronary syndrome (ACS), patients with
higher levels of circulating PCSK9 suffered a higher degree
of acute phase inflammation assessed by hs-CRP levels (7).
Similarly, a prospective case-control study in CAD patients
naïve to lipid-lowering therapy showed a significantly positive
correlation between PCSK9 levels and the incidence and severity
of CAD (11), and the effect of PCSK9 on CAD is primarily
mediated by the increased atherogenic lipids and inflammatory
markers. Hence, these studies have shown that PCSK9 is
associated with the occurrence of inflammation in the occurrence
and development of CAD, suggesting that inhibition of PCSK9
may have a therapeutic effect on atherosclerotic inflammation
and CAD. However, although there was no doubt that increased
plasma PCSK9 concentrations were in association with elevated
inflammatory biomarkers, whether PCSK9 is causal trigger for
inflammation might need to be further confirmed.
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TABLE 1 | Correlation of plasma PCSK9 levels with inflammatory markers in patients with ASCVD.

References Features of clinical study Inflammatory

markers

Univariable analysis

(r, P-value)

Multivariable analysis

(β, P-value)

Li et al. (6) Single-center, cross-sectional study

(251 stable CAD patients)

WBCC 0.167, P = 0.008 0.186, P < 0.01

Zhang et al. (2) Cross-sectional study

(219 stable CAD patients)

Fibrinogen

Hs-CRP

0.211, P = 0.002

0.153, P = 0.023

0.168, –

0.011, –

Gencer et al. (7) Multi-center prospective cohort study

(2,168 ACS patients)

Hs-CRP 0.077, P = 0.006 –, –

–, –

Li et al. (11) Prospective study

(552 CAD patients)

WBCC

Fibrinogen

0.077, P = 0.004

0.181, P < 0.001

–, –

–, –

Heinzl et al. (12) Prospective, single-blinded,

placebo-controlled cross-over study

(10 healthy nonsmoking male

receiving LPS or placebo)

IL-6

CRP

PCSK9

PCSK9 and IL-6

P = 0.018 (RM-ANOVA)

P < 0.001(–)

P = 0.44(–)

P = 0.358

–, –

–, –

–, –

–, –

TABLE 2 | Experimental studies about the impact of PCSK9 on atherosclerotic plaques formation.

References Model Treatment Impact on systemic

inflammation

Impact on vascular inflammation

Giunzioni et al. (10) ApoE−/− recipient mice hPCSK9 Raised Infiltration of Ly6C(hi)

inflammatory monocytes

(+32%)

–

Tavori et al. (13) LDLR−/− or apoE−/− mice

overexpressing human

PCSK9 (Hpcsk9) model

hPCSK9 – 1. Increased atherosclerotic lesion size and

composition independent of lipids and

lipoprotein changes

2. Increased accumulation of PCSK9 in

the arterial wall

Ferri et al. (5) PCSK9−/− mice model Deletion of PCSK9

gene

– 1. Attenuated neointimal plaque formation

2. Higher SMCs accumulation

Sun et al. (14) Atherosclerosis-prone mouse

model

Deletion of PCSK9

gene

– 1. Reduced atherogenesis

2. Decreased expression of adhesion

molecules, ICAM-1, MCP-1, and

MCP-3 by ECs

Kühnast et al. (15) APOE*3Leiden.CETP mice Alirocumab Decreased pro-inflammatory

Ly6Chi monocytes

1. Attenuated vascular inflammation and

necrotic core formation

2. Improved plaque stability

3. Reduced expression of ICAM-1 in ECs

Landlinger et al. (16) APOE*3Leiden.CETP mice Anti-PCSK9 vaccine Decreased serum levels of

MCSF-1 and VEGF-A

1. Reduced plaque number and size

2. Decreased plasma level of ICAM-1

in ECs

PCSK9 AND INFLAMMATION: BASIC
INVESTIGATIONS IN ATHEROSCLEROSIS

Although the relation of PCSK9 to the formation of
atherosclerotic plaque is unclear, several basic studies
showed that PCSK9 might be involved in the development of
atherosclerotic plaque through inflammation-mediated process.

It is well-known that ASCVD is an inflammatory
process. A previous study using multilocal positron emission
tomography- magnetic resonance imaging suggested an arterial
inflammation in patients with sub-clinical atherosclerosis, so
it convincingly revealed an inflammatory state in the early
stages of atherosclerosis (20). Chronic inflammation, along
with other factors such as high blood pressure, diabetes and
smoking, has become the ultimate critical pathway leading to

the development and progression of ASCVD. Data also showed
that the activation of endothelium could lead to the secretion
of surface molecules which were subsequently adsorbed into
inflammatory cells, following monocytes’ and macrophages’
migration across the endothelium and accumulation beneath
the intima. Subsequently, these cells release cytokines and
produce a pro-inflammatory environment during activation.
With time going by, Lectin-like OXLDL Receptor-1 (LOX-1)
combines with circulating oxidized LDL (ox-LDL) on vascular
smooth muscle cells (VSMCs) and monocytes/macrophages
and enters the vascular stroma, then it results in the formation
of foam cells (21, 22). In addition, ischemic myocardium is
characterized by the release of pro-inflammatory cytokines
into the blood, which causes a violent inflammatory response.
In patients with myocardial ischemia, especially in the acute
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FIGURE 1 | The regulation of on PCSK9 secretion. Pro-inflammatory factors, such as LPS, ox-LDL, TNF-α, and IL-1β induces the expression of PCSK9 in main

sources for PCSK9 such as liver, kidney, small intestine, and in brain, heart, artery as well. LPS, lipopolysaccharide; oxLDL, oxidized low-density lipoprotein; TNF-α,

tumor necrosis factor alpha; IL-1β, interleukin 1β; TLR4, toll-like receptor 4; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PCSK9, proprotein

convertase subtilisin/kexin Type 9.

phase, pro-inflammatory biological factors such as hsCRP,
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and
interleukin-1β (IL-1β) were significantly increased (23).

Although the primary sources of PCSK9 are hepatocytes, other
cells in extrahepatic tissues such as the brain, heart, kidney,
small intestine, and blood vessels can also produce PCSK9 that is
secreted into the circulation (Figure 1). Epicardial adipose tissue
(EAT) could also be a source of PCSK9 and EAT inflammation
was correlated with local PCSK9 expression (24). The expression
of PCSK9 in vascular endothelial cells (EC) and VSMCs is
mainly regulated by proinflammatory stimulation such as ox-
LDL, TNF-α, IL-1β, and LPS (25). Studies have shown that
plasma levels of PCSK9 were associated with circulating LDL-
C as well as some other risk factors for coronary diseases,
and that high levels of PCSK9 have been found in patients
suffering systemic inflammatory response syndrome (SIRS) and
sepsis (26). Moreover, The European Collaborative Project on
Inflammation and Vascular Wall Remodeling in Atherosclerosis-
Intravascular Ultrasound (ATHEROREMO-IVUS) study showed
that serum PCSK9 levels were in relation to the absolute volume
of inflammatory plaque and necrotic core tissue (27). In previous
studies, Almontashiri et al. observed that elevated serum PCSK9
levels were presented in patients with acute myocardial infarction
and myocardial ischemia, especially in those newly diagnosed
(28). In their studies, a significant association of serum PCSK9
levels with pro-inflammatory cytokines IL-6, IL-1β, TNF, MCSF
(macrophage colony-stimulating factor) and hs-CRP was found
(28). Experimental data showed that in the vascular injury model
of PCSK9−/− mouse, the loss of PCSK9 was linked to the
reduction of neointima formation in atherosclerotic plaques (5).
Other experimental studies about the impact of PCSK9 on
atherosclerotic plaques formation were shown in Table 2.

Notably, PCSK9 can regulate LDLR expression locally in
neighboring cells including arterial monocytes/macrophages
(29). PCSK9 overexpression could result in increased size of
atherosclerotic plaques, the phenomenon of which had not been
observed in LDLR−/− mice, suggesting that the role of PCSK9

in atherosclerotic development was related to LDLR (10). In
an investigation elucidating the direct pro-atherogenic role of
PCSK9 in atherosclerosis, firstly, WT mice expressing null (KO)
level of PCSK9 accumulated 4-fold less aortic cholesteryl esters
(CE) than WT mice, whereas mice expressing high (Tg) levels of
PCSK9 exhibited high CE and severe aortic lesions. In addition,
apoE-deficient mice that expressed null (KO/e) levels of PCSK9
showed a 39% reduction in aortic CE accumulation compared
to those expressing normal (WT/e) levels of PCSK9, while Tg/e
mice showed a 137% increase. Finally, LDLR-deficient mice
expressing null (KO/L) and high (Tg/L) levels of PCSK9 exhibited
similar levels of plasma cholesterol and CE accumulation to
WT/L, suggesting that PCSK9 modulated atherosclerosis mainly
via the LDLR (30).

Obviously, these studies have confirmed that PCSK9 enhances
the infiltration of inflammatory monocytes into the vessel wall by
virtue of the interaction of PCSK9-LDLR in plaques, which thus
directly promotes the formation of inflammatory atherosclerotic
plaques. In addition of LDLR, other members of the LDLR
superfamily such as LRP5 may also be a target of PCSK9.
A study focusing on primary cultures of inflammatory cells
including monocytes and macrophages found that LRP5 and
LDLR acted through different mechanisms. Since for one, no
variation in LDLR expression levels existed in control cells
but did in LRP5-silenced cells and LRP5 was not regulated by
lipoprotein receptor modulator SREBP-2, for another, in PCSK9-
silenced macrophages, LDLR expression increased significantly
after agLDL loading but LRP5 levels didn’t alter. The study
also observed that PCSK9 binds LRP5 at the perinuclear area
of human macrophages and the two form a complex located
in the cytoplasm of macrophages, and this interaction was
involved in lipid uptaking in macrophages. In addition, LRP5-
silenced macrophages showed a reduced release of PCSK9,
demonstrating that LRP5 participates in the release of PCSK9.
Further, in macrophages silenced for both LRP5 and PCSK9,
reduction in CE accumulation was observed. Moreover, in
PCSK9 silenced-macrophages, decreased TLR4 protein levels
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and rescued increase in TNFα and IL-1β showed, revealing a
role of PCSK9 in macrophage inflammation associated to the
TLR4/NFκB pathway (31).

Meanwhile, a clinical study indicated that elevated serum
levels of PCSK9 were associated with new plaque formation even
after adjusting LDL-C levels and other traditional risk factors
(3). Therefore, the pro-atherosclerotic effect of PCSK9 was not
only related to the disturbance of lipid metabolism but also
intertwined with PCSK9-stimulated plaque inflammation, which
was further supported in ApoE−/− or LDLR−/− transgenic mice
that overexpressed human PCSK9 (10). This study might provide
additional evidence of the local effect of PCSK9 on inflammatory
plaques, indicating the direct role of PCSK9 in atherosclerotic
plaques. That is, PCSK9 expressed from bone-marrow derived
macrophages could directly and locally accentuate vascular
inflammation by changing the composition of lesion, but not
by changing the lesion size and serum cholesterol level (10).
Interestingly, in vitro studies have also confirmed the association
of PCSK9 with monocyte-mediated plaque inflammation,
suggesting that local PCSK9 production by VSMCs could
inhibit C-C chemokine receptor type 2(CCR2)-dependent
chemotaxis of monocytes in plaques, thereby enhancing their
sustaining expression in the atherosclerotic environment (32).
In addition, pro-inflammatory leucocytes played a critical role in
atherosclerotic development and at the same time regulated the
composition of atheroma lesion while no significant changes in
cholesterol levels and lesion size were observed (33). Thus, these
findings demonstrated that through altering plaque composition
and accelerating inflammatory monocytes infiltration and
differentiation in plaques, PCSK9 could directly promote
atherosclerotic inflammation independently of cholesterol
regulation, which indirectly supported the notion that PCSK9
inhibitors can improve clinical outcomes through not only lipid
dependent but also lipid independent pathways.

PCSK9 AND INFLAMMATION: POTENTIAL
SIGNALING PATHWAYS

Although PCSK9 has been considered as a trigger for
the expression of pro-inflammatory cytokines, the detailed
mechanism it involves remains to be summarized. There
appeared two associated signaling pathways involved in the
positive regulation of PCSK9 to inflammatory cytokines
expression and atherosclerotic lesions formation.

Firstly, the Toll-like receptor 4(TLR4)/nuclear factor-kappa
B (NF-kB) signaling pathway has been found to be the main
pathway that mediates PCSK9-induced expression of pro-
inflammatory cytokine (34), and plays an indispensable role
in the initiation and development of atherosclerotic lesions
by inducing vascular inflammation (35). TLR4 stimulates the
activation of NF-kB transcription factor, which is obligated to
producing many pro-inflammatory genes, including TNF-α,
IL-6, interleukin(IL)-1, and macrophage chemotactic protein
1 (MCP-1) (36). Primarily functioning through regulating
inflammatory response, NF-kB is a Redox sensitive transcription
factor which can be activated by a variety of stimuli, including

oxidized LDL (ox-LDL), reactive oxygen species (ROS), Toll-like
receptor (TLR), cytokines, and bacterial products such as
LPS. In vitro studies in RAW264.7 macrophages stimulated
by ox-LDL also identified the involvement of the TLR4/NF-
kB signaling pathway in PCSK9-mediated inflammation.
According to their study, up-regulation and down-regulation of
PCSK9, respectively, increased and decreased ox-LDL-induced
expression of pro-inflammatory cytokines including TNF-α,
IL-1β and MCP-1. This outcome is related to the up-regulation
of TLR4 expression triggered by ox-LDL, followed by nuclear
translocation of NF-kB (34). Basically, PCSK9 is most likely to
increase the expression of pro-inflammatory cytokines through
combining with the C-terminal domain of TLR4, resulting in
increased TLR4 expression as well as activated TLR4/NF-kB
signaling pathway (34).

The effects of PCSK9 on TLR4/NF-kB regulated inflammation
has also been verified in a study with LPS-induced sepsis model,
in which LPS could induce inflammatory response by virtue
of increased PCSK9 (37). The interaction of LPS and PCSK9
may be explained by previous facts. LPS could induce TLR4
and trigger NF-kB signaling pathway, at the same time it up-
regulates PCSK9, then leads to systemic inflammation (38),
which might indicate that the pro-inflammatory effect of PCSK9
may be intermediated, at least in proportion, by targeting the
activation of the TLR4/NF-kB pathway (38). Another previous
study also showed that PCSK9 over-expression could increase
plasma IL-6 concentration, while knockout of PCSK9 could
decrease plasma IL-6 levels and attenuate organ inflammatory
response in themouse septicemiamodel (39). Similar results were
also reported by another study on PCSK9 knockout mice. In
their study, data showed an attenuated impact on LPS-induced
inflammation and decreased plasma levels of pro-inflammatory
cytokines such as tumor necrosis factor-α (TNF-α), IL-6, MCP-
1, and macrophage inflammatory protein 2(MIP-2) (40). Results
from a human study further supported that patients with septic
shock who carried the PCSK9 loss-of-function (LOF) allele had
lower serum levels of pro-inflammatory cytokines compared
with patients with the gain-of-function (GOF) allele (40). These
findings indicated an association of PCSK9 with inflammation
in LPS-induced sepsis model, suggesting that PCSK9 would
play a role of pro-inflammatory mediator. Moreover, in the
study we have discussed at the beginning of this paragraph,
down-regulation of PCSK9 inhibitor Farnesoid X receptor
and peroxisome proliferation-activated receptor alpha (PPARα)
transcription factor could increase PCSK9 expression, resulting
in a decrease in liver LDLR expression and an increase in plasma
LDL-C (37) (Figure 2).

Next, the activation of the PCSK9-LOX-1 axis has also been
demonstrated to participate in PCSK9-mediated inflammatory
response. During the formation of atherosclerotic plaque,
circulating oxidized LDL (ox-LDL) is bound to scavenger
receptors (SRs) of inflammatory mediators like LOX-1 locating
on the surface of endothelial cells (ECs) (22). As a well-
recognized mediator of inflammation and atherosclerosis (21,
41, 42), LOX-1 is the principal receptor for ox-LDL on ECs
and VSMCs, and is expressed when macrophages, SMCs,
and fibroblasts are exposed to ox-LDL, angiotensin II, or
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FIGURE 2 | PCSK9 mediate inflammation through enhancing expression of TLR4 and LOX. LOX can mainly increase uptake of ox-LDL, and TLR4 increase uptake of

LPS. Then activation of NF-kB follows. Overall, activated NF-kB up-regulates expression of inflammatory cytokines, such as IL-6, IL-1, TNF-α, IFN- γ, and MCP-1.

IL-1, interleukin 1; IL-6, interleukin 6; IFN-γ, interferon gamma; MCP-1, monocyte chemoattractant protein 1.

proinflammatory cytokines. Studies have shown that there is a
positive feedback between PCSK9 and LOX-1 in VSMCs. The
activation of LOX-1 stimulates the expression of PCSK9 (25),
and in contrast, PCSK9 promotes the expression of LOX-1
and the uptake of ox-LDL, which triggers a pro-inflammatory
state. Additionally, pathological studies did suggest that LOX-
1 and PCSK9 were co-expressed in atherosclerotic plaques,
indicting that PCSK9 and LOX-1 may interact with each other
in the inflammatory microenvironment (25). Notably, LOX-1
is highly expressed in growing plaques and ruptured plaques
(41) and also in ischemic heart, leading to inflammation and
cardiomyocyte apoptosis (43). And also, acting as a primary
NF-kB activator, ox-LDL induces inflammatory response in EC
and macrophages and enhances the expression of PCSK9 (44).
In contrast, down-regulation of PCSK9 could reduce ox-LDL-
induced inflammatory response accompanied by reduction in
pro-inflammatory cytokines including IL-1α, IL-6, and TNF-
α (44). Laboratory studies on LOX-1 gene deletion and
LDLR knockout mice have shown a significant reduction in
atherosclerosis progression (45), which might be in relation
to a critical reduction in the accumulation of inflammatory
cells in the vessel wall. On the contrary, LOX-1 overexpression
in ECs could accentuate plaque formation and atherosclerotic
progression (46).

The interplay between PCSK9 and LOX-1 may also be
explained by the regulation of mitochondrial ROS (mtROS)
and NF-kB (47). Interestingly, VSMC-originated PCSK9 was
shown to induce the damage of mitochondrial DNA, the
fragments of which could promote mtROS-mediated expression
of PCSK9/LOX-1 (48). Both in vitro and in vivo studies

showed that changes in ROS production and fluid shear force
would activate the PCSK9-LOX-1 axis (47). Mechanically, the
regulation of fluid shear stress on PCSK9 expression was
mediated by Nicotinamide Adenine Dinucleotide Phosphate
(NADPH) oxidase-dependent ROS production in VSMCs and
ECs of human and mouse aorta (47). Meanwhile, evidence
showed that the two-way crossover linking ROS production
and PCSK9 expression may be mediated by the NADPH
oxidase system in aortic tissue under inflammatory state, thereby
regulating the deposition of LDL and ox-LDL in atherosclerotic
areas (49). In general, under low shear stress conditions, such as
in the inflammatory state, PCSK9 could enhance inflammatory
response in atherosclerotic lesion through activation of the
ROS/NF-kB/LOX-1/oxLDL axis in VSMCs.

In summary, PCSK9 up-regulates the expression of TLR4
and LOX-1, both of which further activates NF-kB and induces
the expression of inflammatory cytokines. Thus, TLR4/NF-
kB axis and PCSK9/LOX-1/NF-kB axis are the two mainly
involved signaling pathways mediating the PCSK9-induced pro-
inflammatory conditions.

PCSK9 INHIBITORS AND INFLAMMATION:
CLINICAL AND EXPERIMENTAL
OBSERVATIONS

Both experimental results and clinical trials indicated the
repressive role of PCSK9 inhibition on vascular inflammation
and subsequent development of atherosclerosis.
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FIGURE 3 | The effect of PCSK9 inhibition on vascular inflammation. PCSK9 inhibition could decrease the expression of main markers of vascular inflammation

including M-CSF-1 and VEGF-A which leads to reduced ICAM-1 expression in endothelial cells and reduced infiltration of monocytes into the subendothelial layer.

Moveover, PCSK9 inhibition reduces CCR2 expression and the inhibition of monocyte migration. Besides pro-inflammatory mediators, PCSK9 inhibitors may function

through elevating anti-inflammatory cytokines such as IL-10. CCR2, C–C chemokine receptor Type 2; ICAM-1, intercellular adhesion molecule 1; LDL-C, low-density

lipoprotein cholesterol; LOX-1, lectin-like oxidized LDL receptor-1; MCSF-1, major histocompatibility complex; oxLDL, oxidized low-density lipoprotein; SMCs, smooth

muscle cells; VEGF-A, vascular endothelial growth factor A. The signal “→”indicates “promotes,” “⊣”indicates “inhibits”.

PCSK9 antagonists could be achieved by active vaccination
which binds to PCSK9 and inhibits its interaction with LDLR.
In APOE∗3 Leiden.cholesteryl ester transfer protein (CETP)
mice study (16), data showed that PCSK9 AT04A vaccine
could exert immunosuppression to circulating PCSK9, and
reduce the plasma cholesterol levels by 53% (16), and decrease
the concentrations of macrophage colony stimulating factor
1(M-CSF-1), vascular endothelial growth factor A(VEGF-A).
Then, reduced plasma levels of M-CSF-1 and VEGF-A led
to decreased expression of intracellular adhesion molecule-1
(ICAM-1) in endothelial cells, thereby reducing recruitment
and adhesion of monocytes to the vascular endothelium
(16) (Figure 3). Moreover, a decrease in the number and
size of atherosclerotic plaques was also observed in AT04A-
inoculated mice (16). Besides, in a prospective, observational,
multicenter trial involving 21 consecutive patients with stable
CVD, researchers evaluated arterial inflammation using 18F-
fluoro-2-deoxy-D-glucose.

(FDG) positron emission tomography/computed tomography
(PET/CT). They found that long-term administration of PCSK9

inhibitor significantly improved arterial inflammation, and that
in index vessel, target-to-background ratio (TBR) detected by
PET/CT significantly decreased by 0.92 (95% CI: 0.56, 1.28, P <

0.001) (50).
In addition of clinical data, there was also experimental data

from an in vivo study using ApoE ∗3Leiden.CETP mice. This
study found that alirocumab reduced endothelial expression
of ICAM-1 and Ly6Chi monocytes (Ly6Chi monocytes are the
precursors of proinflammatoryM1macrophages, and they would
progress into pro-inflammatory M1 macrophages) (15). The
results also showed the decrease of other markers for vascular
inflammation including T cell abundance in the aortic root
region, necrotic content in macrophages, cholesterol division in
arterial plaques as well (15). Briefly, alirocumab can significantly
improve morphology and stability of lesion in mouse models of
atherosclerosis (15).

In addition of intracellular accumulation of lipids in
monocytes, a clinical study carried out in patients with Familial
hypercholesterolemia (FH) also observed that PCSK9 inhibition
decreased chemokine receptor Type-2(CCR2) expression
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TABLE 3 | Percentage changes of hsCRP and LDL-C after PCSK9 inhibition agents treatments.

clinical study PCSK9 inhibition agents Hs-CRP (mg/L) LDL-C (mg/dL)

Baseline Post Percentage change Baseline Post Percentage change

FOURIER (52) Evolocumab 1.7 1.4 0% vs. placebo 92.0 30.0 −59% vs. placebo

ODYSSEY COMBOII (54) Alirocumab 3.58 3.51 −2% vs. baseline 108.0 53.3 −49.5% vs. baseline

ODYSSEY OUTCOMES (55) Alirocumab 1.6 NA NA 87.0 53.0 −54.7% vs. placebo

Single-Center study (53) Evolocumab 1.81 2.46 +35.9% vs. baseline 118.0 64.0 −45.7% vs. baseline

Post-hoc analysis of the SPIRE

trials (19)

Bococizumab 1.88 1.84 +6.6% vs. placebo 96.5 34.7 −60.5% vs. placebo

which correlated with diminished trans-endothelial migratory
capability of monocytes (51). Meanwhile, reduction in TNF-α
levels and elevation in anti-inflammatory cytokine IL-10 were
also revealed (51). Further evidence from clinical trials showed
an anti-inflammatory role of evolocumab, alirocumab, and
bococizumab in patients with stable CAD patients (19, 52)
and patients living with HIVs (PLWH) and People With
Dyslipidemia (53) (Table 3).

All these studies indicated that systemic and vascular
inflammation and the development of atherosclerosis were
ameliorated by PCSK9 inhibitors. However, PCSK9 inhibitors
failed to affect the level of hs-CRP in some studies.

Results of post-hoc analysis of the SPIRE trials of bococizumab
(19) showed that plasma levels of hs-CRP measured 14 weeks
after drug initiation did not decrease as expected (+6.6%), while
circulating LDL-C markedly reduced by 60.5%. In a placebo-
controlled, double-blind study, 14 weeks of alirocumab treatment
resulted in a robust reduction in arterial wall inflammation
and marked LDL-C–lowering in high CV risk patients, but no
changes were observed in the plasma inflammatory markers (56).
Besides, in a randomized, double-blind, and dose-ranging phase 2
Study conducted in patients with CHD, PCSK9 inhibitor RG7652
treatment led to a significant dose-dependent decrease in LDL-C
level, but failed to bring in significant reductions in circulating
systemic markers such as hs CRP, IL-6, and TNF-α (57). More
convincingly, a meta-analysis of randomized controlled trials
assessing the impact of PCSK9 inhibitors also concluded that
there was no significant impact on circulating level of hs-
CRP (13).

PCSK9 AND INFLAMMATION:
CONCLUSION

As is well-known, ASCVD is a leading cause of mortality in
the world and lipid metabolic disorder and inflammation are
two principal triggers for the development of ASCVD. PCSK9
as an emerging novel target for LDL-C catabolism has widely
been well-recognized since discovery via parallel molecular
biology and clinical genetics studies in 2003. Following studies
to characterize PCSK9 has shed new light on its multiple effects
of cardiovascular system. One of them is the interaction between
PCSK9 and inflammation.

The pro-inflammatory role of PCSK9 in atherosclerosis
progression has been confirmed both by experimental evidence
and clinical data. Animal models confirmed that PCSK9 gene
expression could affect serum levels of systemic inflammatory
cytokines such as IFN-c, TNF-a, IL-6, and MCP-1. Observations
in recent years from clinical studies found that in patients
with ACS and CAD, elevated plasma levels of PCSK9 were
independently linked to major systemic inflammatory markers
includingWBCs, hs-CRP, and fibrinogen. At the same time, there
still are abundant experimental and clinical data investigating
the consequences of PCSK9 inhibition on systemic and vascular
inflammation. Atherosclerosis models exhibited that PCSK9
inhibition restrains atherosclerotic progression and improves
plaque morphology. Clinical data showed that alirocumab
therapy exerted local anti-inflammatory effect through
decreasing the expression of CCR2 and anti-inflammatory
cytokines. These discoveries regarding the relation of PCSK9 to
inflammation have refreshed our understandings of the PCSK9
and PCSK9 inhibitors, which may help to promote a new era of
cardiovascular disease prevention.

As a consequence, further studies may be needed to be
carried out to explore the direct anti-inflammatory effect of
PCSK9 inhibitors irrespective of LDL-C reduction. Exploring the
connections of PCSK9 inhibition, amelioration of inflammation,
and CV risk reduction by virtue of investigations from future
studies and post-hoc analyses of long-term clinical trials are also
of necessity.

AUTHOR CONTRIBUTIONS

J-JL was the originator, supervisor of the project, and conducted
elaborate polishment on the paper. N-QW and H-WS collected
and analyzed relevant literature, then completed the writing of
the first draft of the paper. All authors read and agree with the
final manuscript.

FUNDING

This study was partly supported by Capital Health Development
Fund (201614035) and Chinese Academy of Medical Sciences
Innovation Fund for Medical Sciences (2016-I2M-1-011)
awarded to J-JL.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 February 2022 | Volume 9 | Article 763516

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. PCSK9 and Inflammation

REFERENCES

1. Ruparelia N, Chai JT, Fisher EA, Choudhury RP. Inflammatory processes in

cardiovascular disease: a route to targeted therapies. Nat Rev Cardiol. (2017)

14:133–44. doi: 10.1038/nrcardio.2016.185

2. Zhang Y, Zhu CG, Xu RX, Li S, Guo YL, Sun J, et al. Relation of circulating

PCSK9 concentration to fibrinogen in patients with stable coronary artery

disease. J Clin Lipidol. (2014) 8:494–500. doi: 10.1016/j.jacl.2014.07.001

3. Xie W, Liu J, Wang W, Wang M, Qi Y, Zhao F, et al. Association

between plasma PCSK9 levels and 10-year progression of carotid

atherosclerosis beyond LDL-C: a cohort study. Int J Cardiol. (2016)

215:293–8. doi: 10.1016/j.ijcard.2016.04.103

4. Pirillo A, Norata GD, Catapano AL. LOX-1, OxLDL, and atherosclerosis.

Mediators Inflamm. (2013) 2013:152786. doi: 10.1155/2013/152786

5. Ferri N, Marchiano S, Tibolla G, Baetta R, Dhyani A, Ruscica M, et al.

PCSK9 knock-out mice are protected from neointimal formation in response

to perivascular carotid collar placement. Atherosclerosis. (2016) 253:214–

24. doi: 10.1016/j.atherosclerosis.2016.07.910

6. Li S, Guo YL, Xu RX, Zhang Y, Zhu CG, Sun J, et al. Association

of plasma PCSK9 levels with white blood cell count and its subsets in

patients with stable coronary artery disease. Atherosclerosis. (2014) 234:441–

5. doi: 10.1016/j.atherosclerosis.2014.04.001

7. Gencer B, Montecucco F, Nanchen D, Carbone F, Klingenberg R, Vuilleumier

N, et al. Prognostic value of PCSK9 levels in patients with acute coronary

syndromes. Eur Heart J. (2016) 37:546–53. doi: 10.1093/eurheartj/ehv637

8. Shapiro MD, Fazio S. PCSK9 and atherosclerosis - lipids and beyond. J

Atheroscler Thromb. (2017) 24:462–72. doi: 10.5551/jat.RV17003

9. Sun HL, Wu YR, Song FF, Gan J, Huang LY, Zhang L, et al. Role of PCSK9 in

the development of mouse periodontitis before and after treatment: a double-

edged sword. J Infect Dis. (2018) 217:667–80. doi: 10.1093/infdis/jix574

10. Giunzioni I, Tavori H, Covarrubias R, Major AS, Ding L, Zhang Y, et al.

Local effects of human PCSK9 on the atherosclerotic lesion. J Pathol. (2016)

238:52–62. doi: 10.1002/path.4630

11. Li S, Zhang Y, Xu RX, Guo YL, Zhu CG, Wu NQ, et al. Proprotein convertase

subtilisin-kexin type 9 as a biomarker for the severity of coronary artery

disease. Ann Med. (2015) 47:386–93. doi: 10.3109/07853890.2015.1042908

12. Heinzl MW, Resl M, Klammer C, Egger M, Dieplinger B, Clodi M. Proprotein

convertase subtilisin/kexin type 9 (PCSK9) is not induced in artificial human

inflammation and is not correlated with inflammatory response. Infect

Immun. (2020) 88:piie00842–19. doi: 10.1128/IAI.00842-19

13. Tavori H, Giunzioni I, Predazzi IM, Plubell D, Shivinsky A, Miles J,

et al. Human PCSK9 promotes hepatic lipogenesis and atherosclerosis

development via apoE- and LDLR-mediated mechanisms. Cardiovasc Res.

(2016) 110:268–78. doi: 10.1093/cvr/cvw053

14. Sun H, Krauss RM, Chang JT, Teng BB. PCSK9 deficiency reduces

atherosclerosis, apolipoprotein B secretion, and endothelial dysfunction. J

Lipid Res. (2018) 59:207–23. doi: 10.1194/jlr.M078360

15. Kuhnast S, van der Hoorn JW, Pieterman EJ, van den Hoek AM, Sasiela

WJ, Gusarova V, et al. Alirocumab inhibits atherosclerosis, improves the

plaque morphology, and enhances the effects of a statin. J Lipid Res. (2014)

55:2103–12. doi: 10.1194/jlr.M051326

16. Landlinger C, Pouwer MG, Juno C, van der Hoorn JWA, Pieterman

EJ, Jukema JW, et al. The AT04A vaccine against proprotein convertase

subtilisin/kexin type 9 reduces total cholesterol, vascular inflammation, and

atherosclerosis in APOE∗3Leiden.CETP mice. Eur Heart J. (2017) 38:2499–

507. doi: 10.1093/eurheartj/ehx260

17. Jialal I, Devaraj S, Venugopal SK. C-reactive protein: risk

marker or mediator in atherothrombosis? Hypertension. (2004)

44:6–11. doi: 10.1161/01.HYP.0000130484.20501.df

18. Emerging Risk Factors C, Kaptoge S, Di Angelantonio E, Lowe G, Pepys MB,

Thompson SG, et al. C-reactive protein concentration and risk of coronary

heart disease, stroke, and mortality: an individual participant meta-analysis.

Lancet. (2010) 375:132–40. doi: 10.1016/S0140-6736(09)61717-7

19. Pradhan AD, Aday AW, Rose LM, Ridker PM. Residual inflammatory risk

on treatment with PCSK9 inhibition and statin therapy. Circulation. (2018)

138:141–9. doi: 10.1161/CIRCULATIONAHA.118.034645

20. Fernandez-Friera L, Fuster V, Lopez-Melgar B, Oliva B, Sanchez-Gonzalez

J, Macias A, et al. Vascular inflammation in subclinical atherosclerosis

detected by hybrid PET/MRI. J Am Coll Cardiol. (2019) 73:1371–

82. doi: 10.1016/j.jacc.2018.12.075

21. Hossain E, Ota A, Karnan S, Takahashi M, Mannan SB, Konishi H, et al.

Lipopolysaccharide augments the uptake of oxidized LDL by up-regulating

lectin-like oxidized LDL receptor-1 in macrophages.Mol Cell Biochem. (2015)

400:29–40. doi: 10.1007/s11010-014-2259-0

22. Steinberg D. Low density lipoprotein oxidation and its pathobiological

significance. J Biol Chem. (1997) 272:20963–6. doi: 10.1074/jbc.272.34.20963

23. Koenig W. High-sensitivity C-reactive protein and atherosclerotic disease:

from improved risk prediction to risk-guided therapy. Int J Cardiol. (2013)

168:5126–34. doi: 10.1016/j.ijcard.2013.07.113

24. Dozio E, Ruscica M, Vianello E, Macchi C, Sitzia C, Schmitz G,

et al. PCSK9 expression in epicardial adipose tissue: molecular

association with local tissue inflammation. Mediators Inflamm. (2020)

2020:1348913. doi: 10.1155/2020/1348913

25. Ding Z, Liu S, Wang X, Deng X, Fan Y, Shahanawaz J, et al. Cross-

talk between LOX-1 and PCSK9 in vascular tissues. Cardiovasc Res. (2015)

107:556–67. doi: 10.1093/cvr/cvv178

26. Boyd JH, Fjell CD, Russell JA, Sirounis D, Cirstea MS, Walley KR. Increased

Plasma PCSK9 levels are associated with reduced endotoxin clearance and the

development of acute organ failures during sepsis. J Innate Immun. (2016)

8:211–20. doi: 10.1159/000442976

27. Cheng JM, Oemrawsingh RM, Garcia-Garcia HM, Boersma E, van Geuns

RJ, Serruys PW, et al. PCSK9 in relation to coronary plaque inflammation:

results of the ATHEROREMO-IVUS study. Atherosclerosis. (2016) 248:117–

22. doi: 10.1016/j.atherosclerosis.2016.03.010

28. Almontashiri NA, Vilmundarson RO, Ghasemzadeh N, Dandona S, Roberts

R, Quyyumi AA, et al. Plasma PCSK9 levels are elevated with acutemyocardial

infarction in two independent retrospective angiographic studies. PLoS ONE.

(2014) 9:e106294. doi: 10.1371/journal.pone.0106294

29. Ferri N, Tibolla G, Pirillo A, Cipollone F, Mezzetti A, Pacia S, et al.

Proprotein convertase subtilisin kexin type 9 (PCSK9) secreted by cultured

smoothmuscle cells reduces macrophages LDLR levels.Atherosclerosis. (2012)

220:381–6. doi: 10.1016/j.atherosclerosis.2011.11.026

30. Denis M, Marcinkiewicz J, Zaid A, Gauthier D, Poirier S, Lazure

C, et al. Gene inactivation of proprotein convertase subtilisin/kexin

type 9 reduces atherosclerosis in mice. Circulation. (2012) 125:894–

901. doi: 10.1161/CIRCULATIONAHA.111.057406

31. Badimon L, Luquero A, Crespo J, Peña E, Borrell-Pages M. PCSK9 and LRP5

in macrophage lipid internalization and inflammation. Cardiovasc Res. (2021)

117:2054–68. doi: 10.1093/cvr/cvaa254

32. Grune J, Meyborg H, Bezhaeva T, Kappert K, Hillmeister P, Kintscher U, et

al. PCSK9 regulates the chemokine receptor CCR2 on monocytes. Biochem

Biophys Res Commun. (2017) 485:312–8. doi: 10.1016/j.bbrc.2017.02.085

33. Guo J, Bot I, de Nooijer R, Hoffman SJ, Stroup GB, Biessen EA, et al.

Leucocyte cathepsin K affects atherosclerotic lesion composition and bone

mineral density in low-density lipoprotein receptor deficient mice. Cardiovasc

Res. (2009) 81:278–85. doi: 10.1093/cvr/cvn311

34. Tang ZH, Peng J, Ren Z, Yang J, Li TT, Li TH, et al. New

role of PCSK9 in atherosclerotic inflammation promotion

involving the TLR4/NF-kappaB pathway. Atherosclerosis. (2017)

262:113–22. doi: 10.1016/j.atherosclerosis.2017.04.023

35. Tang YL, Jiang JH, Wang S, Liu Z, Tang XQ, Peng J, et al.

TLR4/NF-kappaB signaling contributes to chronic unpredictable mild

stress-induced atherosclerosis in ApoE-/- mice. PLoS ONE. (2015)

10:e0123685. doi: 10.1371/journal.pone.0123685

36. de Winther MP, Kanters E, Kraal G, Hofker MH. Nuclear factor kappaB

signaling in atherogenesis. Arterioscler Thromb Vasc Biol. (2005) 25:904–

914. doi: 10.1161/01.ATV.0000160340.72641.87

37. Feingold KR, Moser AH, Shigenaga JK, Patzek SM, Grunfeld C. Inflammation

stimulates the expression of PCSK9. Biochem Biophys Res Commun. (2008)

374:341–4. doi: 10.1016/j.bbrc.2008.07.023

38. Kawai T, Akira S. Signaling to NF-kappaB by Toll-like receptors. Trends Mol

Med. (2007) 13:460–9. doi: 10.1016/j.molmed.2007.09.002

39. Dwivedi DJ, Grin PM, Khan M, Prat A, Zhou J, Fox-Robichaud AE, et

al. Differential expression of PCSK9 modulates infection, inflammation,

and coagulation in a murine model of sepsis. Shock. (2016) 46:672–

80. doi: 10.1097/SHK.0000000000000682

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 February 2022 | Volume 9 | Article 763516

https://doi.org/10.1038/nrcardio.2016.185
https://doi.org/10.1016/j.jacl.2014.07.001
https://doi.org/10.1016/j.ijcard.2016.04.103
https://doi.org/10.1155/2013/152786
https://doi.org/10.1016/j.atherosclerosis.2016.07.910
https://doi.org/10.1016/j.atherosclerosis.2014.04.001
https://doi.org/10.1093/eurheartj/ehv637
https://doi.org/10.5551/jat.RV17003
https://doi.org/10.1093/infdis/jix574
https://doi.org/10.1002/path.4630
https://doi.org/10.3109/07853890.2015.1042908
https://doi.org/10.1128/IAI.00842-19
https://doi.org/10.1093/cvr/cvw053
https://doi.org/10.1194/jlr.M078360
https://doi.org/10.1194/jlr.M051326
https://doi.org/10.1093/eurheartj/ehx260
https://doi.org/10.1161/01.HYP.0000130484.20501.df
https://doi.org/10.1016/S0140-6736(09)61717-7
https://doi.org/10.1161/CIRCULATIONAHA.118.034645
https://doi.org/10.1016/j.jacc.2018.12.075
https://doi.org/10.1007/s11010-014-2259-0
https://doi.org/10.1074/jbc.272.34.20963
https://doi.org/10.1016/j.ijcard.2013.07.113
https://doi.org/10.1155/2020/1348913
https://doi.org/10.1093/cvr/cvv178
https://doi.org/10.1159/000442976
https://doi.org/10.1016/j.atherosclerosis.2016.03.010
https://doi.org/10.1371/journal.pone.0106294
https://doi.org/10.1016/j.atherosclerosis.2011.11.026
https://doi.org/10.1161/CIRCULATIONAHA.111.057406
https://doi.org/10.1093/cvr/cvaa254
https://doi.org/10.1016/j.bbrc.2017.02.085
https://doi.org/10.1093/cvr/cvn311
https://doi.org/10.1016/j.atherosclerosis.2017.04.023
https://doi.org/10.1371/journal.pone.0123685
https://doi.org/10.1161/01.ATV.0000160340.72641.87
https://doi.org/10.1016/j.bbrc.2008.07.023
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.1097/SHK.0000000000000682
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Wu et al. PCSK9 and Inflammation

40. Walley KR, Thain KR, Russell JA, Reilly MP, Meyer NJ, Ferguson

JF, et al. PCSK9 is a critical regulator of the innate immune

response and septic shock outcome. Sci Transl Med. (2014)

6:258ra143. doi: 10.1126/scitranslmed.3008782

41. Akhmedov A, Rozenberg I, Paneni F, Camici GG, Shi Y, Doerries C,

et al. Endothelial overexpression of LOX-1 increases plaque formation

and promotes atherosclerosis in vivo. Eur Heart J. (2014) 35:2839–

48. doi: 10.1093/eurheartj/eht532

42. Pothineni NVK, Karathanasis SK, Ding Z, Arulandu A, Varughese

KI, Mehta JL. LOX-1 in atherosclerosis and myocardial ischemia:

biology, genetics, and modulation. J Am Coll Cardiol. (2017)

69:2759–68. doi: 10.1016/j.jacc.2017.04.010

43. Mehta JL, Sanada N, Hu CP, Chen J, Dandapat A, Sugawara F, et al. Deletion

of LOX-1 reduces atherogenesis in LDLR knockout mice fed high cholesterol

diet. Circ Res. (2007) 100:1634–42. doi: 10.1161/CIRCRESAHA.107.149724

44. Tang Z, Jiang L, Peng J, Ren Z, Wei D, Wu C, et al. PCSK9 siRNA suppresses

the inflammatory response induced by oxLDL through inhibition of NF-

kappaB activation in THP-1-derived macrophages. Int J Mol Med. (2012)

30:931–8. doi: 10.3892/ijmm.2012.1072

45. Li DY, Chen HJ, Staples ED, Ozaki K, Annex B, Singh BK, et

al. Oxidized low-density lipoprotein receptor LOX-1 and apoptosis in

human atherosclerotic lesions. J Cardiovasc Pharmacol Ther. (2002) 7:147–

53. doi: 10.1177/107424840200700304

46. Liu S, Deng X, Zhang P, Wang X, Fan Y, Zhou S, et al. Blood flow patterns

regulate PCSK9 secretion via MyD88-mediated pro-inflammatory cytokines.

Cardiovasc Res. (2020) 116:1721–32. doi: 10.1093/cvr/cvz262

47. Ding Z, Liu S, Wang X, Deng X, Fan Y, Sun C, et al. Hemodynamic shear

stress via ROS modulates PCSK9 expression in human vascular endothelial

and smooth muscle cells and along the mouse aorta. Antioxid Redox Signal.

(2015) 22:760–71. doi: 10.1089/ars.2014.6054

48. Ding Z, Liu S, Wang X, Mathur P, Dai Y, Theus S, et al. Cross-

Talk between PCSK9 and damaged mtDNA in vascular smooth

muscle cells: role in apoptosis. Antioxid Redox Signal. (2016)

25:997–1008. doi: 10.1089/ars.2016.6631

49. Brandes RP, Kreuzer J. Vascular NADPH oxidases: molecular

mechanisms of activation. Cardiovasc Res. (2005) 65:16–

27. doi: 10.1016/j.cardiores.2004.08.007

50. Vlachopoulos C, Koutagiar I, Skoumas I, Terentes-Printzios D, Zacharis

E, Kolovou G, et al. Long-Term administration of proprotein convertase

subtilisin/kexin type 9 inhibitors reduces arterial FDG uptake. JACC

Cardiovasc Imaging. (2019) 12:2573–4. doi: 10.1016/j.jcmg.2019.09.024

51. Bernelot Moens SJ, Neele AE, Kroon J, van der Valk FM, Van den Bossche

J, Hoeksema MA, et al. PCSK9 monoclonal antibodies reverse the pro-

inflammatory profile of monocytes in familial hypercholesterolaemia. Eur

Heart J. (2017) 38:1584–93. doi: 10.1093/eurheartj/ehx002

52. Bohula EA, Giugliano RP, Leiter LA, Verma S, Park JG, Sever PS, et al.

Inflammatory and cholesterol risk in the FOURIER trial. Circulation. (2018)

138:131–140. doi: 10.1161/CIRCULATIONAHA.118.034032

53. Leucker TM, Gerstenblith G, Schär M, Brown TT, Jones SR,

Afework Y, et al. Evolocumab, a PCSK9-monoclonal antibody, rapidly

reverses coronary artery endothelial dysfunction in people living

with HIV and people with dyslipidemia. J Am Heart Assoc. (2020)

9:e016263. doi: 10.1161/JAHA.120.016263

54. Cannon CP, Cariou B, Blom D, McKenney JM, Lorenzato C, Pordy R, et al.

Efficacy and safety of alirocumab in high cardiovascular risk patients with

inadequately controlled hypercholesterolaemia on maximally tolerated doses

of statins: the ODYSSEY COMBO II randomized controlled trial. Eur Heart J.

(2015) 36:1186–94. doi: 10.1093/eurheartj/ehv028

55. Steg PG, Szarek M, Bhatt DL, Bittner VA, Brégeault MF, Dalby AJ, et

al. Effect of alirocumab on mortality after acute coronary syndromes.

Circulation. (2019) 140:103–12. doi: 10.1161/CIRCULATIONAHA.118.0

38840

56. Hoogeveen RM, Opstal TSJ, Kaiser Y, Stiekema LCA, Kroon J, Knol RJJ, et

al. PCSK9 antibody alirocumab attenuates arterial wall inflammation without

changes in circulating inflammatory markers. JACC Cardiovasc Imaging.

(2019) 12:2571–3. doi: 10.1016/j.jcmg.2019.06.022

57. Baruch A, Mosesova S, Davis JD, Budha N, Vilimovskij A, Kahn R, et al.

Effects of RG7652, a monoclonal antibody against PCSK9, on LDL-C, LDL-

C subfractions, and inflammatory biomarkers in patients at high risk of

or with established coronary heart disease (from the phase 2 EQUATOR

study). Am J Cardiol. (2017) 119:1576–83. doi: 10.1016/j.amjcard.2017.

02.020

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022Wu, Shi and Li. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 February 2022 | Volume 9 | Article 763516

https://doi.org/10.1126/scitranslmed.3008782
https://doi.org/10.1093/eurheartj/eht532
https://doi.org/10.1016/j.jacc.2017.04.010
https://doi.org/10.1161/CIRCRESAHA.107.149724
https://doi.org/10.3892/ijmm.2012.1072
https://doi.org/10.1177/107424840200700304
https://doi.org/10.1093/cvr/cvz262
https://doi.org/10.1089/ars.2014.6054
https://doi.org/10.1089/ars.2016.6631
https://doi.org/10.1016/j.cardiores.2004.08.007
https://doi.org/10.1016/j.jcmg.2019.09.024
https://doi.org/10.1093/eurheartj/ehx002
https://doi.org/10.1161/CIRCULATIONAHA.118.034032
https://doi.org/10.1161/JAHA.120.016263
https://doi.org/10.1093/eurheartj/ehv028
https://doi.org/10.1161/CIRCULATIONAHA.118.038840
https://doi.org/10.1016/j.jcmg.2019.06.022
https://doi.org/10.1016/j.amjcard.2017.02.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Proprotein Convertase Subtilisin/Kexin Type 9 and Inflammation: An Updated Review
	Introduction
	PCSK9 and Inflammation: Observational Cohort Evidence
	PCSK9 and Inflammation: Basic Investigations in Atherosclerosis
	PCSK9 and Inflammation: Potential Signaling Pathways
	PCSK9 Inhibitors and Inflammation: Clinical and Experimental Observations
	PCSK9 and Inflammation: Conclusion
	Author Contributions
	Funding
	References


