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Summary. Dyslipidemia is one of the predominant causes of atherosclerosis and cardiovascular disease (CVD) de-
velopment. Accordingly, lifestyles approaches and therapeutic targeting of low-density lipoprotein (LDL)-choles-
terol remain the main strategies for CVD prevention and treatment. Proprotein convertase subtilisin/kexin type
9 (PCSKDY) is a secretory serin-protease with important roles in lipoprotein metabolism. In particular, PCSK9 pro-
motes degradation of hepatic LDL-receptors, leading to reduced clearance of LDL particles and increased plasma
LDL-cholesterol levels. To date, a large body of evidence from experimental, genetic and clinical studies indicates
that PCSK9 is implicated in the development of atherosclerosis. As this research is moving forward, additional roles
of PCSK9 beyond cholesterol metabolism and atherosclerosis are being discovered. In the present paper, we will
discuss our current knowledge of the role of PCSK9 in atherosclerosis and its associations with cardiometabolic risk
factors, and provide a brief overview of the recent achievements in pharmacological inhibition of PCSK9-mediated
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LDL-receptor degradation toward LDL-cholesterol reduction and prevention of CVD development.
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INTRODUCTION

For decades, atherosclerosis and cardiovascular diseases
(CVD) remain the leading causes of worldwide mortality
and, consequently, the focus of scientific research. The devel-
opment of atherosclerosis involves interactions of multiple
biochemical pathways, so the network of CVD risk factors is
wide and complex. Nevertheless, the crucial role in athero-
genesis is attributed to alterations in lipid homeostasis, while
the accumulation of low-density lipoprotein (LDL) particles
within the vessel wall is considered a hallmark of atheroscle-
rosis. Furthermore, modern cardiovascular pharmacotherapy
is grounded on the so-called “cholesterol hypothesis”, ad-
vocating LDL-cholesterol targeting as the main strategy for
CVD risk reduction (Vekic et al. 2019).

It is now firmly established that cholesterol levels per se
does not account for extensive lipid deposition in vascular

intima, but rather qualitative characteristics and the func-
tional properties of lipoprotein particles, the carriers of cho-
lesterol in plasma. Circulating LDL particles have different
composition, density and size, and numerous experimental
data have demonstrated that the smallest LDL subfractions
have the highest atherogenic potential (Rizzo et al. 2009a).
These small, dense LDL (sdLDL) particles are particularly
prone to oxidative modifications, which is a critical step pre-
ceding their accumulation in the vascular intima (Rizzo et al.
2009b). In this context, the size and number of circulating
LDL particles have emerged as novel lipid biomarkers, su-
perior to LDL-cholesterol level in terms of CVD prediction
(Allaire et al. 2017). A new chapter in the research of dyslip-
idemia was opened by the discovery of proprotein convertase
subtilisin/kexin type 9 (PCSK9) (Seidah et al. 2003). Shortly
thereafter, a large body of research demonstrated that PCSK9
is an important factor that controls the atherogenicity of LDL
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particles, and thus could be a potential therapeutic target
(Shapiro et al. 2018). In this paper, we discuss the function
and clinical significance of PCSK9 in atherosclerosis-related
diseases, as well as strategies for its therapeutic modulation
that have recently been approved.

BIOSYNTHESIS AND PLASMA HOMEOSTASIS
OF PCSK9

PCSKO is a secretory serin-protease that regu-
lates the expression of LDL-receptors and plasma
LDL-cholesterol levels. It is one of nine serine-prote-
ases in the proprotein convertase superfamily (Horton et
al. 2007). The liver is the chief organ responsible for PCSK9
synthesis and also its main target tissue (Seidah et al. 2003).
PCSKO is also produced in the intestine, pancreas, kidneys
and brain, but to a much lesser extent than in the liver. Simi-
larly to other secretory peptides, PCSK9 undergoes com-
plex intracellular processing from preproPCSK9 to mature
PCSK9, following autocatalytic cleavage of the prodomain
in proPCSKO9. Interestingly, the prodomain remains bound
to the mature PCSKY, preventing its further catalytic activ-
ity (Norata et al. 2016). Although the mechanism by which
PCSK9 accomplishes its roles in the metabolism of LDL par-
ticles is still not completely clear, it seems that it does not
require the enzymatic activity of PCSK9 (Horton et al. 2007;
Kosenko et al. 2013; Norata et al. 2016).

PCSKO9 circulates in the plasma in two different forms.
The first is in the form of an intact heterodimer, which has
high affinity for the LDL-receptor and stimulates its degra-
dation, so is considered to be an active form of PCSK9. The
second, less abundant form results from hydrolytic cleavage
of PCSK9 by furin. Such PCSK9 molecules have lower af-
finity for the LDL-receptor and therefore are denoted as the
less active or inactive form (Norata et al. 2016). It should be
mentioned that nearly 30% of circulating PCSK9 is associ-
ated with LDL particles (Kosenko et al. 2013). Apart from
LDL, PCSK9 can be linked to lipoprotein (a), but not to other
lipoproteins containing apolipoprotein B, i.e. triglyceride-rich
lipoproteins and their remnants (Tavori et al. 2016). However,
the physiological importance of PCSK9 complexes with li-
poproteins is still undefined. Some authors have suggested
that LDL particles actually protect PCSK9 from degradation
by furin; and it has been shown that PCSK9-LDL complexes
have higher affinity for LDL-receptors, compared to free
PCSK9 (Tavori et al. 2013). This observation suggests that
PCSK9-LDL complexes might be a functional form of this
protein. Of note, there is also evidence that PCSK9 bound to
LDL particles exhibit delayed plasma clearance, but are un-
able to mediate LDL-receptor degradation (Tavori et al. 2013).
Considering the above, LDL particles seem to be important
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regulators of PCSKO9, but the exact physiological role of LDL-
bound PCSK9 will need to be established in the future.

The synthesis of PCSKO9 is regulated by intracellular
cholesterol levels, via sterol regulatory element-binding
protein-2 (SREBP-2) (Jeong et al. 2007). This transcription
factor modulates expression of several genes involved in li-
poprotein metabolism, including LDL-receptors (Horton et
al. 2002). As a result, the depletion of intracellular cholesterol
content up-regulates the synthesis of both PCSK9 and LDL-
receptors. Data from clinical and epidemiological studies
have demonstrated that plasma concentrations of PCSK9
have high inter-individual variation (Lakoski et al. 2009).
Indeed, PCSK9 levels are largely affected by hormonal and
nutritive status (Fig. 1).

The concentrations of PCSK9 are significantly reduced
during prolonged fasting. Also, it has been established that
PCSKO9 has a diurnal rhythm that corresponds to that of cho-
lesterol synthesis (Persson et al. 2010). For that reason, plas-
ma PCSK9 measurement should be performed preferably in
the morning, after an overnight fast. Dietary patterns are also
able to modulate circulating PCSK9 level. In particular, high
calorie intake increases PCSK9 (Cariou et al. 2013), whereas
a Mediterranean diet decreases concentrations of PCSK9 in
the plasma (Richard et al. 2012). Investigations in pediatric
populations showed that levels of PCSK9 increase with age
in girls, while in boys a decrease of PCSK9 levels with age
was reported (Baass et al. 2009). In adults, PCSK9 levels are
higher in women than in men (Lakoski et al. 2009), which
could be attributable to the effects of estrogen on PCSK9
synthesis (Fig. 1).

PCSK9 AND ATHEROSCLEROSIS

The interaction between apolipoproteins on the sur-
face of the lipoprotein particles and membrane receptors
of different cells is critical for lipid transfer into the cells,
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Fig. 1. Factors that modulate PCSK9 concentrations in
plasma.
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but also for the effective removal of potentially atherogenic
lipoproteins from circulation. As previously mentioned, the
most likely confirmed role of PCSK9 is the regulation of LDL
receptor expression and, consequently, clearance of LDL par-
ticles. Since its discovery, numerous gain-of-function and
loss-of-function mutations in the PCSK9 gene have been
described and associated with increased and decreased LDL-
cholesterol levels, respectively (Shapiro et al. 2018). Nowa-
days, gain-of-function mutations in the PCSK9 gene are ac-
cepted as the third cause of familiar hypercholesterolemia
(Lakoski et al. 2009), in addition to mutations of the genes
encoding LDL-receptors and apolipoprotein B.

Two separate routes of LDL-receptor degradation by
PCSK9 have been described. In the extracellular pathway, the
catalytic domain of PCSK9 binds to the epidermal growth
factor precursor homology domain A (EGF-A) of the LDL-
receptor. It was recently revealed that the formation of this
PCSK9-LDL-receptor complex is facilitated by heparin-sul-
phate proteoglycans at the surface of hepatocytes (Gustafsen
et al. 2017). The complex PCSK9-LDL-receptor enters the
cell by endocytosis, but PCSK9 prevents recycling of the re-
ceptor to the cell membrane. Instead, the entire complex is
subject to degradation in lysosomes (Lagace 2014). PCSK9-
mediated degradation LDL-receptors can be also achieved
via an intracellular pathway, where newly-synthesized
PCSK9 within the cell binds nascent LDL-receptors and di-
rects them for lysosomal degradation (Strem et al. 2014).

Numerous studies suggest a link between PCSK9 and
traditional cardiometabolic risk factors (Fig. 2). As we re-
cently reviewed, PCSK9 is positively associated with body
mass index, and PCSKO9 levels are higher in obese individuals
(Vekic et al. 2019). However, plasma PCSK9 levels seem to be
unaffected by weight loss (Filippatos et al. 2017). Data from
experimental models convincingly demonstrated that insulin
enhances PCSK9 synthesis (Fig. 1). Namely, reduced plasma
level and PCSK9 mRNA were found in hepatocytes of mice
with liver-specific knockout of the insulin receptor, as well
as in streptozotocin-induced insulin deficient mice and ob/
ob mice treated with antisense oligonucleotides against the
insulin receptor (Miao et al. 2015). In line with previous
clinical studies, significant correlations were found between
PCSK9 and serum glucose concentrations, as well as with
HOMA-IR, an index of insulin resistance, in both adult and
pediatric populations (Baass et al. 2009; Lakoski et al. 2009).
Recently, a positive correlation between PCSK9 and glycated
hemoglobin (HbA, ) was shown in patients with type 2 dia-
betes mellitus (Levenson et al. 2017), indicating that PCSK9
might be one of the factors responsible for development of
diabetic dyslipidemia.

As expected, PCSK9 plasma levels show a strong, posi-
tive correlation with pro-atherogenic serum lipid parameters,

LDL-cholesterol
Triglycerides

Body mass index
HOMA-IR

Fig. 2. Cardiometabolic risk factors associated with increased
PCSK9 levels.

such as LDL-cholesterol and triglycerides levels (Baass et al.
2009; Lakoski et al. 2009). Although high-density lipopro-
teins (HDL) are considered to be essentially atheroprotective
particles, the available data suggest that plasma PCSK9 con-
centrations are positively associated with HDL-cholesterol
levels (Victor et al. 2004). Furthermore, a positive correlation
between PCSK9 and sdLDL particles was found in patients
with CVD (Zhang et al. 2015; Nozue et al. 2016), while such
an association does not exist in healthy individuals (Kwak-
ernaak et al. 2014). We recently analysed the relationship
between plasma PCSK9 levels and lipoprotein subclasses in
pediatric patients with type 1 diabetes mellitus, who were
treated by intensive insulin therapy and had no diabetic
complications (Bojanin et al. 2019). Our data showed that
plasma PCSK9 levels significantly increased with worsen-
ing metabolic control, supporting the role of PCSK9 in the
development of diabetic dyslipidemia. In addition, we found
that PCSK9 was positively associated with HbA , triglycer-
ides, total and LDL-cholesterol levels in patients with dete-
riorated metabolic control, whereas such associations were
not seen in patients with well-controlled diabetes. The same
research revealed that PCSK9 levels are inversely associated
with sdLDL particles in patients with good glucoregulation,
which was explained by the authors to be due to the effects
of insulin therapy (Zhang et al. 2016). Having in mind previ-
ously discussed findings that plasma PCSK9 bound to LDL
particles has reduced affinity toward LDL-receptors (Tavori
et al. 2013), we hypothesised that sdLDL particles may serve
as a feedback mechanism that regulates PCSK9 activity in
well-controlled type 1 diabetes (Bojanin et al. 2019).

It is now firmly established that low-grade inflammation
is an independent risk factor for the development of CVD.
The concentrations of PCSK9 are positively associated with
high-sensitive C-reactive protein (hsCRP) levels, indicating a
possible role of low-grade inflammation in PCSK9 regulation
(Gencer et al. 2016). Indeed, it has been demonstrated that
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pro-inflammatory cytokines TNF-a and resistin are able to
up-regulate PCSK9 synthesis in hepatocytes (Melone et al.
2012). New insight into the association between PCSK9 and
inflammation was provided by a recent study documenting
that PCSK9 promotes pro-inflammatory cytokines secretion
in macrophages, by activating NF-kB pathway (Tang et al.
2017). These data suggest that PCSK9 may accelerate devel-
opment of atherosclerosis through mechanisms independent
of LDL-receptor degradation. In support of this hypothesis,
it was confirmed that plasma PCSK9 levels are associated
with carotid intima media thickness (cIMT), a non-invasive
marker of subclinical atherosclerosis, independently of LDL
cholesterol concentrations (Xie et al. 2016). Also, PCSK9
concentrations are an independent predictor of coronary
artery calcium (CAC) scores (Zhao et al. 2018), another veri-
fied indicator of subclinical atherosclerosis.

In summary, PCSK9 levels are significantly increased in
patients with high cardiovascular risk, such as obesity, meta-
bolic syndrome and diabetes, as well as in patients with CVD.
However, in spite of numerous epidemiological data linking
PCSK9 and atherosclerosis, the measurement of PCSK9 is
currently employed only for research purposes. Obviously,
PCSK9 might represent a biomarker of familial hypercho-
lesterolemia, in addition to conventional lipid and genetic
markers. According to the available data, PCSK9 determina-
tion could be useful in identifying patients who require more
intensive therapy to lower LDL-cholesterol levels. Statins,
which act as inhibitors of HMG-CoA reductase, the rate-
limiting enzyme of cholesterol synthesis, are reccommended
as first-line therapy for the prevention and treatment of CVD.
Yet, broad spectrums of patients with high CVD risk fail to
achieve recommended LDL-cholesterol levels due to statin
intolerance or resistance. Furthermore, statins are able to
increase plasma PCSKO9 levels, which may account for their
limited efficacy in lowering LDL-cholesterol. Until now, vari-
ous approaches to inhibit PCSK9 and prevent LDL-receptors
degradation have been tested. Among them, monoclonal an-
tibodies against PCSK9 emerged as the most promising strat-
egy to neutralize circulating PCSK9. Data from several clini-
cal studies convincingly demonstrated a dramatic reduction
of LDL-cholesterol levels, with satisfactory safety and toler-
ability (Sabatine et al. 2017). In addition to LDL-cholesterol
levels, PCSK9 inhibitors showed beneficial effects toward
other pro-atherogenic lipid parameters, such as triglycerides
and lipoprotein (a). Therefore, the latest cholesterol-lowering
guidelines recommend the use of PCSK9 inhibitors in ad-
dition to intensive statin therapy in patients with very-high
CVD risk (Grundy et al. 2019). There is no doubt that the
introduction of PCSK9 inhibitors has launched a new era in
personalized medicine. However, the cost-effectiveness of
this therapy remains to be justified in the near future (Kor-
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man et al. 2018). More recently, it is becoming clear that the
impact of PCSK9 on atherosclerosis development extends
beyond the effects on LDL-cholesterol levels. However, the-
clinical consequences of PCSK9’s pleiotropic effects require
further investigation. Several preclinical studies investigating
potential novel applications of PCSK9 inhibitors in cancer
therapy are currently underway. These studies will hopefully
yield routes for new therapeutic strategies aimed to reduce
the proliferation of cancer cells by blocking intracellular cho-
lesterol accumulation.
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