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Review

Changes in circulating pro-protein
convertase subtilisin/kexin type 9 levels –
experimental and clinical approaches with
lipid-lowering agents

C Macchi1, M Banach2,3,4, A Corsini1,5, CR Sirtori6, N Ferri7 and
M Ruscica1

Abstract

Regulation of pro-protein convertase subtilisin/kexin type 9 (PCSK9) by drugs has led to the development of a still small

number of agents with powerful activity on low-density lipoprotein cholesterol levels, associated with a significant

reduction of cardiovascular events in patients in secondary prevention. The Further Cardiovascular Outcomes

Research with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER) and Evaluation of Cardiovascular

Outcomes After an Acute Coronary Syndrome During Treatment With Alirocumab (ODYSSEY [AQ51]
OUTCOMES) studies, with the two available PCSK9 antagonists, i.e. evolocumab and alirocumab, both reported a

15% reduction in major adverse cardiovascular events. Regulation of PCSK9 expression is dependent upon a number

of factors, partly genetic and partly associated to a complex transcriptional system, mainly controlled by sterol regulatory

element binding proteins. PCSK9 is further regulated by concomitant drug treatments, particularly by statins, enhancing

PCSK9 secretion but decreasing its stimulatory phosphorylated form (S688). These complex transcriptional mechanisms

lead to variable circulating levels making clinical measurements of plasma PCSK9 for cardiovascular risk assessment a

debated matter. Determination of total PCSK9 levels may provide a diagnostic tool for explaining an apparent resistance

to PCSK9 inhibitors, thus indicating the need for other approaches. Newer agents targeting PCSK9 are in clinical

development with a major interest in those with a longer duration of action, e.g. RNA silencing, allowing optimal patient

compliance. Interest has been expanded to areas not only limited to low-density lipoprotein cholesterol reduction but

also investigating other non-lipid pathways raising cardiovascular risk, in particular inflammation associated to raised high-

sensitivity C-reactive protein levels, not significantly affected by the present PCSK9 antagonists.

Keywords

Alirocumab, evolocumab, inclisiran, pro-protein convertase subtilisin/kexin type 9 circulating levels, pro-protein

convertase subtilisin/kexin type 9 [AQ3]

Received 13 November 2018; accepted 25 January 2019

Introduction

The reduction of low-density lipoprotein cholesterol
(LDL-C) has been an extensively evaluated pharmaco-
logical target. LDL-C is the modifiable risk factor
associated with cardiovascular (CV) risk that has
been thoroughly investigated in the last decades, with
an outstanding number of therapeutic options.1

Analysis of large primary and secondary prevention
patients has generally indicated that a 38.6mg/dl
LDL-C reduction is associated with, roughly, a 22%
lowering of CV risk.2 This benefit is consistent also in
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patients starting with LDL-C levels as low as a median
of 63mg/dl and achieving levels as low as a median of
21mg/dl.3 The relevance of LDL-C in the initiation and
progression of atherosclerosis is also based on ultra-
sound studies, e.g. those evaluating carotid intima
media thickness as a non-invasive tool to assess CV
risk; indeed, the rate of atherosclerotic plaque progres-
sion is directly linked to the absolute LDL-C level.4

Very recently, a person’s total atherosclerotic plaque
burden has been associated with his/her cumulative
LDL exposure evaluated in mg-years by means of the
following formula: age�LDL-C, measured in mg/dl.5

On this background of epidemiological and pharma-
cological findings, new approaches have been investi-
gated in order to further reduce LDL-cholesterolaemia
and CV risk.6 In 2006, the Atherosclerosis Risk in
Communities (ARIC) epidemiological study demon-
strated that ‘loss of function’ mutations of pro-protein
convertase subtilisin/kexin type 9 (PCSK9) were asso-
ciated with lower levels of LDL-C (–28%, –37mg/dl)
and an astonishing 88% risk reduction in myocardial
infarction (MI), fatal coronary heart diseases (CHDs)
or coronary revascularization, despite a significant
prevalence of other non-lipid-related CV-risk factors.7

More importantly, a genome-wide association study
led to the identification of nine CHD/MI susceptibility
loci including PCSK9.8 This finding, together with the
discovery in 2003 of a missense ‘gain of function’ muta-
tion in PCSK9, directly linked to LDL-C,9 led to the
identification of PCSK9 as a new pharmacological
target and paved the way for the development of a
number of PCSK9 antagonists,10 e.g. monoclonal anti-
bodies (mAbs) and small interfering RNA (siRNA).

Beyond cholesterol metabolism, a direct role of
PCSK9 in atherosclerotic plaque formation has been
also identified. The ATHEROREMO-IVUS study
showed that higher serum PCSK9 levels were linearly
associated with a higher necrotic core fraction in cor-
onary atherosclerosis, regardless of serum LDL-C,11

confirming data from our group in PCSK9 knock-out
(KO) mice partially protected from neointimal forma-
tion.12 [AQ4] A significant association between PCSK9
levels and carotid intima–media thickening13 as well as
with arterial stiffness14 and liver fat accumulation15 was
also shown. PCSK9 expression has been described in
different cell types involved in atherosclerosis, e.g.
endothelial and smooth muscle cells16 and macro-
phages.17 Circulating platelets were added to the list
of PCSK9 targets,18 together with the description of
pro-inflammatory effects on macrophages19 and the
involvement in aortic valve calcification.20

The clinical relevance of measuring circulating
PCSK9 plasma levels may be hindered by the complex-
ity of PCSK9 biology at the transcriptional and trans-
lational levels,21 leading to concentrations varying over

approximately a 100-fold range.22 Indeed, PCSK9
expression and plasma levels are tightly regulated by
nutritional and hormonal status, e.g. hepatic glucagon
receptor signaling23 as well as by a diurnal rhythm.24

Thus, in order to assess whether PCSK9 levels may
contribute to risk prediction, even in patients already
on preventive pharmacological therapy, i.e. on statins,
it is of major interest to better understand whether
drugs affecting lipid metabolism modulate PCSK9
gene expression and protein levels.

The present review article is aimed at covering major
biological and clinical aspects of PCSK9 activity and
antagonism. Discussion of studies investigating the
mechanistic aspects of PCSK9 activity will be followed
by detailed evaluation of the impact of lipid-lowering
drugs and nutraceuticals on PCSK9 regulation. These
different aspects of the present role of PCSK9 in system
biology and in atherosclerosis induction/prevention will
thus allow a potential forecast of events leading to more
effective drug utilization in CV disease prevention,
as well indications of possible new approaches to this
therapeutic area.

The biology

PCSK9 is the ninth member and last-discovered protein
belonging to the family of mammalian proprotein con-
vertases (PCs), i.e. endoprotease enzymes. The first
seven proteins (PCSK1–PCSK7) are structurally and
biochemically similar to each other and to bacterial
and yeast proteins - subtilisin and kexin, respectively -
from which they probably derive.25 A further classifi-
cation is based on the predilection for the substrate
cleavage motif which leads to precursor proteolysis;26

the first seven PCSKs cleave precursors at basic resi-
dues, whereas subtilisin kexin isozyme 1/site 1 protease
(SKI-1/S1P), the eighth member, does not require basic
residues for cleavage and finally PCSK9 cleaves itself at
its internal VFAQ152 sequence.

27 [AQ5]
PCSK9 acts as a protein binding to specific cell sur-

face receptors.28 PCSK9 possesses the unique feature of
being unable to get rid of its prodomain, thus leading to
a secreted inactive protease. Produced in the endoplas-
mic reticulum (ER), PCs navigate through the secretory
pathway to their final destination, which is one of the
Golgi, the trans-Golgi network, secretory granules,
endosomes, the plasma membrane, the extracellular
matrix and the cell surface.

Similar to other members of the proprotein conver-
tase family, PCSK9 shares a N-terminal prodomain, a
subtilisin-like catalytic domain and a cysteine- and his-
tidine-rich domain. Once in the ER, the signal peptide
is cleaved and the zymogen proPCSK9 (aa 31–692,
about 74 kDa) undergoes an autocatalytic cleavage
of the prodomain (aa 31–152 at VFAQ152: S1P);

29,30
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this last remains firmly attached to its catalytic pocket
by strong noncovalent interactions, thereby preventing
any trans-catalytic activity of the enzyme. This phe-
nomenon is a prerequisite for the release of the
mature PCSK9 (aa 153–692, about 62 kDa) from the
ER to the Golgi, likely because the prodomain serves as
a chaperone (Figure 1).31,32 Loss-of-function mutations
in the prosegment can result in lower PCSK9 circulat-
ing levels due to impaired autocatalytic processing and
secretion.33 A similar phenotype has been found when
misfolded precursors in the ER are present; indeed,
they act in a dominant negative manner by strongly
decreasing secretion of PCSK9.34

Common to other subtilisins, trademarks of the
catalytic domain (aa 153–454), are the triad Asp186,
His226 and Ser386 as well as the amino acid sequence
367–380.31,32 The catalytic domain is responsible for
the binding of PCSK9 to the epidermal growth
factor-like repeat homology domain A (EGF-A) of
human LDL receptor (LDLR). Finally, the PCSK9
C-terminal domain (aa 455–692) although not required
for LDLR binding, plays a pivotal role in targeting

LDLRs for subsequent degradation.35 In circulation,
mature PCSK9 undergoes a furin enzymatic inactiva-
tion at position 218 of the catalytic domain
(RFHR218:QA) resulting in the formation of a
55-kDa-truncated form.36 This last, representing
15–40% of the total circulating PCSK9, is believed to
be inactive. PCSK9 exists in a phosphorylated and non-
phosphorylated form and after statin treatment the
phosphorylated state is reduced by 25%. Considering
that phosphorylation at site S688 could be stimulatory,
statin therapy may reduce PCSK9 activity by decreas-
ing the phosphorylated state.37

Another unclear aspect of PCSK9 biology remains
its ability to circulate bound to lipoproteins (20–40%:
one PCSK9 molecule for every 500–1000 LDL par-
ticles). Upon lipoprotein-apheresis half of plasma
PCSK9 is removed.38 This has led to the hypothesis
that the cellular regulation of cholesterol concentra-
tions is under the tight control of a stochastic extracel-
lular system in which LDLR fate is regulated by the
interaction with PCSK9-carrying LDL; this could
explain, at least in part, why LDLR recycles hundreds

Prepro PCSK9

Pro PCSK9
~74kDa

PCSK9 mature
Active secreted

~60kDa

Removal of signal peptide

Autocatalytic cleavage

C-terminal domainCatalytic domainProdomainSP COOH

692

NH2

452152301

C-terminal domainCatalytic domainProdomain COOH

692
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45215231

+

C-terminal domainCatalytic domain
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NH2
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Figure 1. [AQ50]The mature form of pro-protein convertase subtilisin/kexin type 9 (PCSK9) consists of a signal peptide (SP) (aa:

1–30), a prodomain (aa: 31–152), a catalytic domain (aa: 153–452) and a C-terminal domain (aa: 453–692). Once in the endoplasmic

reticulum, the SP is cleaved and autocatalysis of the PCSK9 zymogen occurs between Gln152 and Ser153 (VFAQ152: S1P). Mature

PCSK9 (aa: 153–692, about 60 kDa) undergoes a furin enzymatic inactivation at RFHR218:QA leading to a 55-kDa truncated form.

Adapted from Abifadel et al.175 S1P: site 1 protease.
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of times.39 PCSK9 was also found in association with
lipoprotein(a) (Lp(a)) particles in humans with high
Lp(a) levels and in mice carrying human Lp(a), whereas
in vitro data do not support this conclusion.40

Interestingly, after treatment with an anti-Lp(a) anti-
body, total PCSK9 levels were not affected whereas
there was a steady decline in those bound to Lp(a),
i.e. PCSK9-Lp(a).41 The binding with high-density lipo-
protein (HDL) remains controversial.42,43

Transcriptional regulation of PCSK9

Discovered in 2003,44 PCSK9 is one of the 33 genes
regulated by the sterol regulatory element binding pro-
tein (SREBP) family of transcription factors.45 In the
same year, Abifadel et al. discovered the association
between mutations in the neural apoptosis-regulated
convertase-1 (NARC1 or PCSK9) human orthologue
and the autosomal dominant form of
hypercholesterolaemia.9

The regulation of PCSK9 by SREBPs is not a matter
of surprise, since these transcription factors are finely
regulated by intracellular sterols and lipid levels. The
SREBP family consists of three different proteins,
SREBP1a, SREBP1c and SREBP2. SREBP1a is a
potent activator of all SREBP-responsive genes, includ-
ing those mediating cholesterol, fatty acid and trigly-
ceride (TG) biosynthesis, whereas the roles of SREBP1c
and SREBP2 are more selective.46 It is generally
assumed that genes involved in fatty acid metabolism,
e.g. fatty-acid-synthase and stearoyl-CoA desaturase-1,
are preferentially regulated by SREBP1c, whereas the
expression of enzymes involved in cholesterol metabol-
ism (3-hydroxy-3-methyl glutaryl coenzyme A (HMG-
CoA) synthase), LDL uptake and intestinal absorption
(Niemann-Pick C1-like 1 (NPC1L1)) are equally modu-
lated by the activity of both SREBP1c and SREBP2.47

The SREBP cleavage-activating protein (SCAP) con-
tains a sterol-sensing domain (SSD) and, in response to a
reduced availability of cholesterol, permits the dissoci-
ation of SREBP from the ER-resident membrane pro-
tein, INSIG. [AQ6] The conformational change of
SCAP exposes a portion of the protein, that signals
inclusion as a cargo in the COPII vesicles moving from
the ER to the Golgi apparatus. [AQ7] In these vesicles,
SREBP – linked to SCAP – is transported to theGolgi.48

Within the Golgi, SREBP undergoes two sequential
cleavage processes, mediated by the S1P and the site-2
protease (S2P), that release the soluble amino-terminal
portion of SREBP, then translocated into the nucleus
driving the transcription of target genes.49

The SREBP-dependent regulation of PCSK9 was
explained by the identification of the sterol-regulatory
element (SRE) in its promoter region. Thus, in response
to cell cholesterol depletion or to inhibition of

intracellular synthesis, i.e. statins, PCSK9 promoter
activity is induced determining increased transcription
and higher circulating levels50 (Figure 2). Interestingly,
the expression of both NPC1L1 and PCSK9 is regu-
lated by a second transcription factor, the hepatocyte
nuclear factor 1 (HNF1)a.51–53 The highly conserved
HNF1-binding site has been identified in close proxim-
ity to the SRE in the promoter region of PCSK9.54

A further characterization of the transcriptional con-
trol of the PCSK9 gene expression brought the discov-
ery of the histone nuclear factor P (HINFP), also
binding PCSK9 promoter sequence. HINFP interacts
with a highly conserved HINFP-recognition sequence
located between HNF1-binding site and the SRE of
PCSK9 promoter.55 HINFP can exert either a positive
or negative impact on target genes through an inter-
action with the MBD2 protein.55 [AQ8] In the case of
PCSK9, HINFP behaves as a transactivator, by med-
iating the histone H4 acetylation on the PCSK9 pro-
moter region.55 Along this line, deficiency of the histone
deacetylase sirtuin 6 in the liver leads to elevated
PCSK9 expression.56 Sirtuin 6 is recruited to the
PCSK9 promoter by the transcription factor forkhead
box protein O3 (FoxO3), leading to deacetylation of
histone H3 and repression of PCSK9 transcription by
suppression of HNF1 activity.56 With a similar mech-
anism, the flavonoid pinostrobin can inhibit PCSK9
expression by up-regulating FoxO3a in hepatic cells.56

Potent inhibitory effects are also exerted by the epigen-
etic drug 5-azacytidine, reducing expression of PCSK9
and of additional key genes, i.e. HMG-CoA reductase
and fatty acid synthase.57 Azacytidine activation of the
related deacetylase Sirt1 further leads to a marked
reduction in PCSK9 secretion by an unknown posttran-
slational mechanism.57 These findings confirm a major
role of the epigenetic regulation of PCSK9 expression
through DNA methylation and histone acetylation.

By using bioinformatics and in vitro functional ana-
lysis, microRNAs (miRNA, miR)-191, miR-222 and
miR-224 were identified as natural regulators of
PCSK9.58 These small endogenous non-coding RNAs
regulate a wide range of molecular pathways by target
genes, such as PCSK9, controlling expression at the
post-transcriptional level. In particular, miR-122 and
miR-33 appear to play a major role in fatty acid and
cholesterol metabolism.58

Pharmacological modulation of PCSK9
levels by drugs affecting lipid metabolism

Statins

Statins are the most commonly prescribed class of lipid-
lowering drugs. They act as competitive inhibitors of
HMG-CoA reductase, the rate-limiting enzyme in the
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cellular cholesterol biosynthetic pathway. The end pro-
cess is increased expression of LDLRs and uptake of
LDL-C from the circulation. Statins have provided out-
standing contributions to the primary and secondary
prevention of CHD.59,60 Analysis of large populations
in primary and secondary prevention have generally
indicated that a 38.6mg/dl LDL-C reduction is asso-
ciated with an approximate 22% lowering of CV risk.2

A paradoxical effect of statins on PCSK9 expression
has been detected. By inhibiting cholesterol biosynthe-
sis, statins favour the nuclear translocation of SREBP2
and, through a direct interaction with the SRE-1
element, raise both LDLR and PCSK9 cellular gene
expression,50,61 resulting in an elevation of circulating
PCSK9 levels.

Beyond the SREBP2-induced activation of PCSK9,
statin treatment also stimulates gene and protein
expression of HNF1a, a further transcriptional activa-
tor of PCSK9. In this respect, Dong et al., in dyslipi-
daemic hamsters treated with rosuvastatin, reported an
unexpected increment of LDL-C levels, caused by
a higher induction of PCSK9 compared with that
of LDLRs. In an attempt to clarify the mechanism,
the authors found that statins increased both

SREBP2 and HNF1a, resulting in a stronger activation
of PCSK9 compared with that of LDLRs.61 More
recently Dong et al. demonstrated that, besides
HNF1a, HNF1b is also a positive regulator of liver
PCSK9. A transient liver-specific knockdown of either
HNF1a or HNF1b blunted the rosuvastatin-driven ele-
vation of serum PCSK9 with a concomitant reduction
of cholesterolaemia.62

Overall, a consequence of raised PCSK9 levels upon
statin treatment may be the increment of LDLR lyso-
somal degradation, with a reduced efficacy of statins.
This mechanism could explain why increasing doses of
statins fail to achieve proportional LDL-C lowering,
leading to the ‘rule of 6%’. According to this, each
doubling of statin dose improves LDL-C reduction by
only approximately 6%.63

Atorvastatin. Definition of the effects of atorvastatin
on PCSK9 levels came from a meta-analysis on the
effects of statin therapy. A significant PCSK9 rise was
observed in all subgroups (80mg, 40mg or 20mg/day)
with atorvastatin.64 The effect appears to be dose-
dependent, as described by Kera et al.64 reporting that
atorvastatin 10mg/day increases PCSK9 levels by 19%,
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Figure 2. Statin increases the activity/nuclear translocation of sterol regulatory element-binding protein-2 (SREBP2), a transcription

factor activating the low-density lipoprotein receptor (LDLR) and pro-protein convertase subtilisin/kexin type 9 (PCSK9) genes. Statin

treatment also stimulates gene and protein expression of hepatocyte nuclear factor 1 (HNF1)a, a further transcriptional activator of

PCSK9. This results in increased expression and secretion of PCSK9 protein, which binds the LDLR and targets it for lysosomal

degradation. Berberine reduces PCSK9 mRNA transcription activity due to a negative interaction with the SREBP2 and HNF1

transcription factors on the PCSK9 promoter. Aloricomab and evolocumab are fully humanised monoclonal antibodies against PCSK9.

Inclisiran, a synthetic silencing RNA, targets the 30 UTR of the PCSK9 mRNA. Adapted from Konrad et al.176 IgG: immunoglobulin G;

RYR: red yeast rice; SRE: sterol regulatory element.
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with a stronger effect (þ27%) of atorvastatin 80mg. In
other cohorts, atorvastatin 10mg/day led to non signifi-
cant PCSK9 increases, whereas atorvastatin 20mg
raised circulating PCSK9 levels in a range between
30% and 35%,65 atorvastatin 40mg by 34–38%66,67

and atorvastatin 80mg by 46%.68 [AQ9] In addition
to dose-dependency, the impact on PCSK9 is relatively
rapid; 24-hour treatment with atorvastatin 10 and 80mg
raises PCSK9 by 13% and 27%, respectively.65

Rosuvastatin. In a clinical trial with 60 patients with
stable angina, 14-day therapy with rosuvastatin
(10mg) led to a 19% rise in circulating PCSK9 levels
(together with a 60% reduction of LDL-C).69 In a sub-
analysis of the Justification for the Use of Statins in
Prevention: An Intervention Trial Evaluating
Rosuvastatin (JUPITER) study, one-year treatment
with rosuvastatin (20mg) increased PCSK9 by 35%
in women and 28% in men vs a similar fall of LDL-C
in the two genders (–55% for women and –53% for
men). The largest LDL-C reduction was associated
with the largest rise in plasma PCSK9 concentrations,
an effect consistent across genders.69 In a series of
27 hypercholesterolaemic subjects, administration of
rosuvastatin for three months resulted in a positive cor-
relation between PCSK9 plasma levels and LDL-C
reduction, with a 27% rise of PCSK9 with a dose
increase from five to 40mg.70 In homozygous familial
hypercholesterolaemic (HoFH) patients, LDL-C levels
were reduced by 16.5% and in heterozygous familial
hypercholesterolaemic (HeFH) patients levels were
reduced by 48.5%. Conversely, PCSK9 levels increased
by 17% in HoFH patients and by 27% in HeFH
patients.70 Overall, PCSK9 levels are elevated in
untreated familial hypercholesterolaemia (FH)
patients, particularly HoFH and high-dose statin ther-
apy further increases PCSK9 levels. Thus, the positive
correlation between PCSK9 and LDL-C, found in
untreated HoFH and HeFH patients, was lost.71

Finally, the statin-driven stimulatory effect on PCSK9
levels remained consistent when rosuvastatin was
administered in combination with ezetimibe.69

Simvastatin. In a single centre, randomised clinical trial,
subjects with fasting LDL-C<190mg/dl, treated for
14 days with simvastatin (40mg/day) showed a reduc-
tion of LDL-C levels by 41%, and a marked rise of
PCSK9 concentrations (þ67.8%). The association
with ezetimibe lowered LDL-C by 60%, with a com-
parable effect on PCSK9 to simvastatin monotherapy,
i.e.þ 67.3%.72

A similar trend was found in a cross-over study,
enrolling men with mixed dyslipidaemia, given simvas-
tatin (40mg/day) for two weeks. Along with a LDL-C
lowering effect of –24%, simvastatin raised PCSK9

levels significantly in both fed (þ29%) and fasted
(þ16%) states.73

A different conclusion was instead reached in a
double-blind, placebo-controlled, crossover trial invol-
ving 215 African- and European-American men. Six-
week simvastatin (10mg/day) treatment did not affect
PCSK9 concentrations, despite a 25% drop in LDL-C
levels. No significant correlations were found between
simvastatin-mediated LDL-C lowering and baseline or
on-treatment PCSK9 levels.74

Finally, looking at the pleiotropic effects of statins
beyond cholesterol-lowering, an interesting effect on
PCSK9 expression of the isoprenoid cholesterol precur-
sor geranylgeraniol was shown. Studies in Caco-2 cells
indicated that induction of PCSK9 mRNA and protein
driven by simvastatin was significantly prevented by the
addition of geranylgeraniol. The mechanism involved
the suppression of Rac1-GTP levels driven by simvas-
tatin (–35.7%).75 [AQ10]

Pravastatin and pitavastatin. The effect of pravastatin
(20mg/day) and pitavastatin (4mg/day) treatment on
PCSK9 has been evaluated in the Treatment With
Statin on Atheroma Regression Evaluated by
Intravascular Ultrasound With Virtual Histology
(TRUTH) study, i.e. an eight-month prospective,
open-labeled, randomised, multicentre trial. Among
164 patients with coronary artery disease (CAD), not
on lipid-lowering therapy, assignment to pravastatin or
pitavastatin significantly reduced LDL-C by 28% and
41%, respectively, with concomitant rises of total
PCSK9, by 39% and 78%, respectively.76

Ezetimibe

Among other commonly prescribed LDL-C lowering
medications, ezetimibe is a cholesterol-absorption
inhibitor acting on the absorption of biliary and dietary
cholesterol across the brush border membrane of the
intestinal enterocyte, by blocking the transport protein
NPC1L1. By reducing cholesterol absorption ezetimibe
increases liver LDLR expression.77

Studies of the effects on PCSK9 levels have provided
contrasting findings. The previously quoted trial in 215
African- and European-American with LDL-C between
130–175mg/dl, showed that six-week treatment with
ezetimibe (10mg/q.d.), simvastatin (10mg/q.d.) and
both in combination did not significantly raise plasma
PCSK9 levels.74 Similar conclusions were reached in
healthy72 and type 2 diabetes (T2D) subjects,78 for
whom ezetimibe alone or in addition to a statin did
not affect PCSK9 levels, despite an incremental reduc-
tion of LDL-C.

Contrasting findings were provided by Davignon
and Dubuc who showed that hypercholesterolaemic
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patients on ezetimibe in combination with a statin had
higher PCSK9 levels compared with controls and
statin-treated subjects.79 These data were confirmed in
patients on statins or on combined statin-ezetimibe
treatment who presented with roughly 45% and 77%
higher PCSK9 levels, respectively, vs controls. The
combination regimen was associated with 22% higher
plasma PCSK9 levels70 compared with statin alone.

A meta-analysis showed a non-significant impact of
combining statin with ezetimibe vs statin monotherapy
in terms of altering PCSK9.64 Removal from the ana-
lysis of the study by Lakoski et al.74 led to a significant
elevation of plasma PCSK9 after ezetimibe.
The authors justified this discrepancy, speculating that
the lowest intensity of statin therapy (simvastatin
10mg/day) was used and that African-Americans
have a reduced response to statins.64 More importantly,
African-Americans have a higher rate of non-response
to ezetimibe, due to frequent NPC1L1 mutations.80

Finally, if a molecular mechanism is searched, HepG2
and Caco-2 cells treated with ezetimibe 25 lM or 50 lM
showed a �1.5 to two-fold increase of PCSK9 mRNA
with no changes in protein secretion.79 [AQ11]

Overall, if it is indisputable that PCSK9 levels
are raised by cholesterol synthesis and absorption
inhibitors, treatment with PCSK9-antibodies did not
affect the balance between cholesterol synthesis and
absorption.81 [AQ12]

Fibrates

Fibrates are activators of the transcription factor per-
oxisome proliferator–activated receptor (PPAR)
system, mainly PPAR-a. They have shown significant
benefit in clinical trials of CV prevention, i.e. reducing
occurrence of nonfatal MI in patients with concomitant
TG elevation and HDL-C reduction. PPAR-a agonists,
i.e. fibrates, are powerful TG-lowering agents. They
mainly affect TG catabolism and consequently raise,
particularly fibrates, HDL-C levels.82 Of minor signifi-
cance, their effect on cholesterol metabolism is charac-
terised by a modest reducing activity of HMG-CoA
reductase and an increase of cholesterol 7alpha-
hydroxylase (CYP7A1), raising bile acid excretion,
in some cases associated with an increased risk of gall-
stone formation.83

Although studies in rodents have clearly showed a
decrement of PCSK9 protein content upon fenofibrate
treatment,84 discordant findings have been reported in
humans.85–87 The effects of bezafibrate and fenofibrate
on PCSK9 plasma levels have been assessed in an eight-
week open randomised crossover study enrolling 14
dyslipidaemic subjects with impaired glucose tolerance
or T2D. Fibrates raised PCSK9 levels by 40% (bezafi-
brate) and 67% (fenofibrate).88 In line with these

studies, two other studies reported that 12- or 24-
week treatments with fibrates raised serum PCSK9
levels by 25%86 and 17%,85 respectively. A different
conclusion was reached instead in a post-hoc analysis
of the Fenofibrate Intervention and Event Lowering in
Diabetes (FIELD) study showing that, in diabetics,
six-week treatment with fenofibrate (200mg/day)
modestly, but significantly, reduced plasma PCSK9
concentrations by 8.5%, paralleling a 13% reduction
in LDL-C.87

Again, also in case of concomitant administration of
a statin with fenofibrate, inconclusive evidence has been
reported. Six-week treatment with atorvastatin (10mg)
or fenofibrate (160mg) raised PCSK9 by 14% and
26%, respectively; combination therapy enhanced
PCSK9 by 19%, thus showing no additive effect.89

Conversely, in statin-treated T2D patients, fenofibrate
(145mg) as monotherapy led to a 13% drop in PCSK9
levels.90

Fibrates and statins share a common pathway reg-
ulating PCSK9, i.e. SREBP2 activation. Indeed, like
statins, fibrates decrease LDL-C by modest activity
on HMG-CoA reductase,91 thus upregulating
SREBP2. This mechanism may be valid when fibrates
are administered as monotherapy, whereas they are less
likely to further influence cholesterol synthesis and
SREBP2 expression when given with background sta-
tins. In this condition, PPAR-a activation may coun-
teract PCSK9 induction by statins, repressing PCSK9
promoter activity and furthermore raising furin expres-
sion, leading to protein degradation.92

Omega-3 fatty acids (omega-3s)

Fatty acids of the n-3 series, i.e. those with multiple
double bonds – the first one being in the n-3 position
from the terminal methyl group – have provided an
important addition to dietary treatment in syndromes
characterised by elevated TGs. Omega-3s act as
‘fraudulent fatty acids’,93 i.e. somewhat similar to
drugs with a fatty acid-like structure, particularly
fibrates. They do not enter the liver metabolic handling
by the classical fatty acetyl coenzyme A (acetylCoA)
oxidative mechanism with carnitine-mediated transport
to mitochondria. Omega-3s rather stimulate the metab-
olism of fatty acids coming from diet or end products of
TG metabolism by the peroxisomal PPAR-a mediated
pathway (see review by Botta et al.).94

The potential activity of omega-3s on PCSK9 has
been evaluated in numerous experimental studies. The
transcription factor SREBP1c95 has been shown to be
inhibited by docosahexaenoic acid (DHA), thus redu-
cing expression of PCSK9. In rats, 12-week supplemen-
tation with eicosapentaenoic acid (EPA)þDHA
reduced liver cholesterol synthesis by downregulating
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HMG-CoA reductase and SREBP2.96 The SREBP
involvement was confirmed in a study testing the effi-
cacy of a novel conjugate of EPA with niacin, i.e. CAT-
2003, on the prevention of nonalcoholic steatohepatitis.
This formulation, designed to be hydrolysed by a fatty
acid amide hydrolase-releasing EPA, inhibited process-
ing of SREBP1 and SREBP2 to their mature nuclear
forms, thus, reducing expression of many SREBP
target genes, e.g. PCSK9, HMGCR, and LDLR.
CAT-2003, when administered to APOE*3-Leiden
mice fed a cholesterol-containing Western diet, lowered
PCSK9 along with total cholesterol and TGs.97 [AQ13]

Clinical studies have examined different aspects of
omega-3 activity. In a double-blinded, parallel-group,
placebo-controlled intervention study, involving 90 pre-
or post-menopausal women, 12-day supplementation
with 2.2 g omega-3 polyunsaturated fatty acids
(PUFAs) (38.5% EPA, 25.9% DHA and 6.0% DPA)
vs control thistle oil led to a PCSK9 drop of 16.1% in
premenopausal and 13.1% in postmenopausal women.
Neither group showed LDL-C changes.98 [AQ14]

Cholesterol ester transfer protein (CETP) inhibitors

CETP is a hydrophobic glycoprotein mainly secreted
by the liver. CETP promotes a net mass transfer of
cholesteryl esters (CEs) from the HDL fraction to the
potentially proatherogenic non-HDL fractions in
exchange for TGs. The discovery of the CETP system
has led to the development of agents interfering with
CETP, thus elevating HDL-C, decreasing LDL-C and
potentially preventing CV disease. However, this
pharmacological approach has provided convincing
evidence of HDL-C raising activity, but disappointing
results in trials of CV prevention.99

In mildly hypercholesterolaemic patients, anacetra-
pib as monotherapy or in combination with a statin
reduced LDL by increasing fractional catabolic rate
(FCR), most likely reflecting a rise in the number of
LDLRs, rather than an involvement of PCSK9. A sig-
nificant 19% reduction of PCSK9 levels was found only
in subjects treated with anacetrapib monotherapy,
whereas – given in combination with atorvastatin –
anacetrapib had no effect on either the production
rate or the FCR of PCSK9.100 This was confirmed in
another study in similar patients.101

In an effort to shed light on the mechanism of the
side effects observed in the Investigation of Lipid Level
Management to Understand its Impact in
Atherosclerotic Events (ILLUMINATE) trial, PCSK9
levels were evaluated in a subset of the study.102

Atorvastatin treatment was positively associated with
PCSK9 levels in a dose-dependent fashion at the end of
the run-in period, during which patients were titrated to
doses of 10, 20, 40 or 80mg/day, in order to achieve an

LDL-cholesterolaemia �100mg/dl. PCSK9 concentra-
tions were 37 ng/ml higher in patients receiving 80mg
atorvastatin vs those on the lowest 10mg dose.
Conversely, after three months of treatment with
either atorvastatin or torcetrapibþatorvastatin
PCSK9 levels rose modestly in the torcetrapib group
(þ3.7%) vs no change with placebo (þ0.7%),102 an
effect evident only in patients with T2D.

Overall, in humans, it appears that the impact of
CETP inhibition on PCSK9 modulation is mainly
explained by the background lipid-lowering therapy.

Nicotinic acid

Nicotinic acid (niacin or vitamin B3) is a natural com-
pound exerting a variety of activities on lipids, both
cholesterol and TGs, at pharmacological doses, i.e.
about 1–2 g/day.

Limited information is available on the activity of
niacin on PCSK9 levels. In a study of drug combin-
ations in 70 patients with carotid atherosclerosis, a
comparison between simvastatin 20mg/day alone and
simvastatin 20mgþextended-release (ER) niacin
2 g/day was carried out. PCSK9 levels were raised by
simvastatin alone (þ13%) whereas they fell with the
combination (�13%). This trend was also found in 19
dyslipidaemic patients randomised to atorvastatin
10mg with the serial addition of fenofibrate 135mg fol-
lowed by ER niacin titrated to 2 g/day. Fenofibrate
raised PCSK9 by 23% whereas the addition of niacin
reduced it by 17%.103 These findings may provide a
demonstration of a possible mechanism whereby
niacin lowers LDL-C levels.

Nutraceuticals

The role of dietary interventions to lower LDL-C levels
is well established with a major impact of low fat and
omega-6 and omega-3 fatty acid diets. Recent reports
have, however, been focused on the potential of func-
tional foods or food additives with a significant activity
on LDL-C levels, promoted for patients with LDL-C
elevation.104 Consumers have free access to these prod-
ucts and some of them have definitely provided an indi-
cation of significant LDL-C lowering activity, in some
cases with clear changes in PCSK9 levels.105

Berberine

Berberine, a natural isoquinoline alkaloid present in
several plants such as Berberis vulgaris, Coptis chinensis
and Berberis aristate, has a traditional use as an anti-
microbial, immunomodulatory and antidiarrhoeal
agent. Berberine administration can reduce total chol-
esterol (�23.5mg/dl), LDL-C (�25.1mg/dl) and TGs
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(–44.2mg/dl) as well as raise HDL-C (þ1.93mg/dl).106

The main mechanisms of the lipid-lowering effects are
dependent on increased liver LDLR expression and
reduction of PCSK9. The raised LDLR expression
does not appear to be dependent on SREBP1 and 2,
but consequent to the activation of the extra-signal
regulated kinase (ERK).107 The berberine-associated
PCSK9 lowering, from in vitro and in vivo studies, is
instead linked to a reduction of hepatic PCSK9 mRNA
and protein levels. A study of a combination of berber-
ine and mevastatin showed an increase of LDLR
mRNA levels with a suppressed upregulation of
PCSK9 mRNA, induced by mevastatin alone.108 The
berberine-mediated drop of PCSK9 thus appears to be
directly consequent to a reduction in mRNA transcrip-
tion activity108 due to a negative interaction with the
SREBP2 and HNF1 transcription factors on the
PCSK9 promoter. Berberine can also enhance
HNF1a protein ubiquitination and proteasomal deg-
radation.109 Alternatively, berberine could induce
AMP-activated protein kinase (AMPK), in turn acti-
vating the PPARa downregulation of PCSK9 mRNA
levels.108 Somewhat contrasting findings were reported
in rats in which berberine raised plasma PCSK9 levels
with a concomitant increase of SREBP2 and reduction
of HNF1.108

In clinical trials, berberine is often administered
together with other nutraceuticals or with drugs, with
contrasting effects on PCSK9 regulation. In patients
with HeFH, treated with statins or a combination of
statins and ezetimibe, supplementation with a nutra-
ceutical tablet containing berberine, policosanol and
red yeast rice (RYR), further reduced plasma LDL-C
levels by 10.6%, possibly mediated by berberine
through a modulation of PCSK9 expression.110 In 23
dyslipidaemic subjects, a combination of berberine
(531.2mg), monacolin K (3.3mg), and Morus alba
extract (200mg) given for four weeks did not change
PCSK9 plasma levels, a neutral effect explained by a
rise of PCSK9 levels by monacolin K, with negative
modulation by berberine and Morus alba.111

RYR

RYR is a food product made by fermenting the yeast
Monascus purpureus on white rice. RYR contains sev-
eral monacolins inhibiting HMG-CoA reductase. RYR
is an effective natural cholesterol-lowering agent.112

In statin-intolerant patients, it has been indicated as
an alternative to statin therapy for patients with mild
to moderate hypercholesterolaemia.113

Since monacolin K has the same chemical structure
as lovastatin, it can be inferred that administration of
RYR may lead to a rise in PCSK9 levels. Initially, this
hypothesis was confirmed in two different studies

showing that three-day administration of a purified
extract of RYR, Xuezhikang (1200mg/kg/day), led
to an increment in PCSK9 levels in the range of
56–70%.114 [AQ15]

The effect of RYR on the regulation of PCSK9
appears to be counteracted when given in combination
with other nutraceuticals, e.g. berberine. In particular,
in 23 dyslipidaemic subjects, a nutraceutical combin-
ation of RYR (monacolin K 3.3mg), berberine
531.25mg and leaf extract of Morus alba 200mg did
not modify PCSK9 levels. A possible explanation
could be the opposite impact on PCSK9 modulation.
i.e. up-regulated by RYR and down-regulated by
berberine. Similar results were obtained with berberine
200mgþmonacolin K 3mg, in individuals with non-
HDL-cholesterol levels� 160mg/dl.115 When given in
combination with ezetimibe (10mg/kg/day),
Xuezhikang led to an increment of PCSK9 levels by
63%, an effect similar to that obtained by the adminis-
tration of RYR as monotherapy.114

PCSK9 clinical evaluation – results from
the Further Cardiovascular Outcomes
Research with PCSK9 Inhibition in
Subjects with Elevated Risk (FOURIER)
and Evaluation of Cardiovascular
Outcomes After an Acute Coronary
Syndrome During Treatment With
Alirocumab (ODYSSEY OUTCOMES)
trials

PCSK9 is at present the most extensively studied drug
target for treating dyslipidaemia and several strategies
are being explored to reduce plasma levels or to inhibit
either PCSK9 protein synthesis or binding to LDLR,
by way of mAbs, vaccines, small protein inhibitors
(peptides/adnectins), antisense oligonucleotides or
siRNA. Among these to date, two fully human mAbs,
alirocumab and evolocumab, have been approved in
the USA and in the European Union, whereas bococi-
zumab, a humanised mAbs, has been discontinued in
November 2016116,117 and will not be given further
space in this review article. Alirocumab and evolocu-
mab contain two human heavy chains each covalently
linked to a fully human kappa light chain through a
disulfide bond. Molecular weights are approximately
146 and 144 kDa, respectively.118,119

Alirocumab is indicated as an adjunct to diet and
maximally tolerated statin therapy for the treatment
of adults with HeFH or clinical atherosclerotic cardio-
vascular disease (ASCVD), who require additional low-
ering of LDL-C; evolocumab is also authorised in
patients with HoFH requiring additional lowering of
LDL-C, in order to reduce the risk of MI, stroke,
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and coronary revascularization in adults with CVD.
Overall, in the context of CVD prevention in FH
patients, PCSK9 inhibitors are to be considered in
patients with severe HeFH without ASCVD with
LDL-C �200mg/dl or LDL-C �175mg/dl in the pres-
ence of comorbidities, i.e. diabetes mellitus or hyper-
tension. HoFH, excluding those with null LDLR
mutations, should receive maximal lipid-lowering ther-
apy including lipoprotein apheresis plus a PCSK9
inhibitor, namely evolocumab.120 A recent approach,
based on the estimation of the number needed to
treat (NNT) determined by patients’ absolute risk and
estimated relative reduction in risk, has identified the
addition of ezetimibe to PCSK9 mAbs to maximally
tolerated statin therapy to be cost effective in very
high and high-risk patients.121

The practical clinical guidance of the European
ESC/EAS Task Force advises use of PCSK9 inhibitors
in (a) patients with ASCVD with elevated LDL-C
levels, despite maximally tolerated statin with or with-
out ezetimibe therapy; (b) patients at very high risk who
do not tolerate appropriate doses of at least three sta-
tins; (c) in FH subjects without clinically diagnosed
ASCVD, at high or very high CV risk despite max-
imally tolerated statin plus ezetimibe therapy.122

[AQ16]
Absolute bioavailability is 72% for evolocumab and

85% for alirocumab, with distribution volumes of 3.3 l
and 3.0–3.8 l, respectively, confirming their limited
tissue distribution. Effective plasma half-lives are
11–17 days for evolocumab and 17–20 days for aliro-
cumab, reduced by statin co-administration. Indeed,
evolocumab clearance is increased by about 20%, par-
tially due to the statin-driven upregulation of
PCSK9.118 Similarly, alirocumab exposure was reduced
by about 40%, 15% and 35% when administered with
statins, ezetimibe and fenofibrate, respectively. These
drug-drug interactions are not to be rated as clinically
meaningful and do not generally require dose
adjustment.

Evolocumab

The efficacy of evolocumab as a lipid-lowering drug
was tested in the clinical development programme,
Program to Reduce LDL-C and Cardiovascular
Outcomes Following Inhibition of PCSK9 In
Different Populations (PROFICIO).

The FOURIER study evaluated the efficacy of evo-
locumab in patients with ASCVD on major adverse
cardiovascular events (MACEs), i.e. the composite of
CV death, MI, stroke, hospitalization for unstable
angina, or coronary revascularization. Evolocumab
reduced the primary end-point by 15%, an effect pri-
marily ascribable to MI (–27%), stroke (–21%) and

coronary revascularization (–22%) reductions. Over
the course of the trial, LDL-C had a median value of
30mg/dl with 42% of patients reaching <25mg/dl.
Non-HDL was reduced by 52%, similar to apolipopro-
tein B (apoB) (–49%); Lp(a) levels were reduced by
27%.123 A post-hoc analysis reported that when base-
line Lp(a) levels were >37 nmol/l evolocumab reduced
MACEs by 2.5% (NNT¼ 40). Conversely, if baseline
Lp(a) levels were �the median, the absolute benefit was
reduced to 0.95% (NNT¼ 105).124 Similar conclusions
were reached in the presence of diabetes, with a 17%
RR in diabetics vs 13% in non-diabetics.125 [AQ17]

Overall, the FOURIER trial highlighted how sever-
ity and extent of CAD are leading features in order to
identify people who benefit the most from LDL-C low-
ering. Recent MI, multiple prior MIs and residual mul-
tivessel coronary disease were independent predictors
of CV outcomes, leading to an absolute risk reduction
by treatment of over 3% in high risk vs approximately
1% in low-risk groups, respectively. In patients with at
least one high-risk feature there was a relative risk
reduction in CV death, MI or stroke of 19% during
the first year and of 27% beyond the first year.126 A
further sub-analysis showed that in patients with per-
ipheral artery disease (PAD) absolute RR for the pri-
mary CV endpoint was 3.5% (NNT¼ 29) vs 1.6%
(NNT¼ 63) for patients without PAD. Major adverse
limb events were further reduced by 42% with evolo-
cumab. This benefit followed a linear correlation with
LDL-C reduction.127 Evolocumab did not raise either
the risk of new-onset diabetes 125 or of cognition
impairment.128

Evolocumab was also the object of assessment of
plaque regression, evaluated by IVUS in the GLobal
Assessment of Plaque reGression With a PCSK9
antibOdy as Measured by intraVascular Ultrasound
(GLAGOV) study. [AQ18] Drug treatment was asso-
ciated with a small, yet significant, reduction in percent-
age and total atheroma volume,129 but with
inconsistent changes in coronary fibrous, fibrofatty
and necrotic volumes as well as in coronary calcium
by virtual histology.130

Alirocumab

The efficacy of alirocumab has been tested in the
ODYSSEY programme including 16 clinical trials,
designed to evaluate the antibody together with other
lipid-lowering agents, e.g. statins, or as monotherapy
across a wide range of patients, including those with
high CV risk, intolerant to statins and HeFH.

CV outcomes have been studied in the ODYSSEY
OUTCOMES trial enrolling a total of 18,924 patients,
with an acute coronary syndrome 1–12 months earlier,
from 57 countries with a 2.8 year follow-up. In the
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on-treatment analysis, the mean LDL-C reduction at 4,
12 and 48 months was 38mg/dl, 42mg/dl and 53mg/dl,
respectively. If compared with placebo, decrements were
63% (four months), 61% (12 months) and 55% (48
months). The primary efficacy endpoint, i.e. a
composite of CHD death, non-fatal MI, fatal or non-
fatal ischaemic stroke, or unstable angina requiring hos-
pitalization was reduced by 15%. The absolute risk
reduction in these patients already on intensive or max-
imum-tolerated statin therapy was –1.6% (–9.5 vs –
11.1%). This effect was mainly driven by non-fatal MI
and ischaemic stroke lowering, i.e. –14% and –27%,
respectively. To prevent the occurrence of one primary
end point event, 49 patients would need to be treated for
four years (NNT¼ 49). Without extrapolation the 2.8-
year NNT was 63.131 Deaths from coronary causes were
non-significantly reduced, whereas there was a 15%
reduction of all-cause mortality.132 Overall, when total
(first and subsequent) nonfatal CV events and all-cause
deaths are jointly estimated, alirocumab reduced twice
the number of first events prevented.133 [AQ19]

When the analysis was stratified by baseline LDL-C,
MACE reduction went down to 24% in patients with
baseline LDL-C �100mg/dl with NNT¼ 16 for four
years; a non-significant effect was found in those with
LDL-C <100mg/dl.132 The percentage of LDL-C
reduction was highest in the group with LDL-C
<80mg/dl (i.e. –57%) vs –55% for the 80–100mg/dl
baseline group and and –53% for the patients with
baseline LDL-C >100mg/dl.132 Paradoxically, in the
FOURIER study, patients who benefited the most
were those with LDL-C <80mg/dl and between
80–92mg/dl. The significant effect was lost for
LDL-C >92mg/dl.123 No changes were noted in high-
sensitivity C-reactive protein (hsCRP) levels. Local
injection-site reactions were 3.8% in the alirocumab
group vs 2.1% in the placebo group.132

Comparing the ODYSSEY OUTCOMES with the
FOURIER study, it can be noted that (a) the
ODYSSEY OUTCOMES trial recruited ACS patients
vs those with CAD in the FOURIER study, (b) 89.5%
of ODYSSEY OUTCOMES patients were on high-
intensity statin (atorvastatin 40-80mg/q.d. or rosuvas-
tatin 20-40mg/q.d.) vs 69.2% in the FOURIER study,
and (c) the ODYSSEY OUTCOMES endpoints were
specific for CAD and ischaemic stroke vs CVD and
stroke in the FOURIER study.134 [AQ20] A study
with a similar objective as GLAGOV with evolocou-
mab is being carried out in Japan, i.e. the ALirocumab
for Thin-cap fibroatheroma in patients with coronary
Artery disease estimated by optical coherence
tomogRaphy (ALTAIR) study using OCT imaging
combined with virtual histology, in order to character-
ise the drug efficacy on rupture-prone plaques.135

[AQ21]

Overall, recent data from pooled analysis of the
ODYSSEY programme indicate that alirocumab is
effective with a similar safety profile in high-risk
patients with or without prior coronary revasculariza-
tion,136 in individuals with T2D137 and high CV risk
with or without mixed dyslipidaemia.138

Inclisiran

Among therapeutic strategies aimed at reducing circu-
lating PCSK9 levels, the use of siRNA represents a dif-
ferent strategy for reducing PCSK9 secretion. siRNAs
target RNA directly destroying it before the protein is
synthesised. Inclisiran, targeting the 30 UTR of the
PCSK9mRNA, is a long-acting, subcutaneously deliv-
ered, synthetic siRNA, conjugated to triantennary
N-acetylgalactosamine carbohydrates. It binds to asia-
loglycoprotein receptors on hepatocytes, leading to the
uptake of inclisiran and suppression of hepatic PCSK9
production.139 The drug is rapidly distributed in plasma
with peak concentrations occurring at the end of the
infusion, with a roughly dose-proportional
increment.140

The first study evaluating intracellular PCSK9 inhib-
ition vs LDL-C reduction was a Phase 1 dose-escalation
randomised controlled trial (RCT) enrolling 32 healthy
volunteers with LDL-C>116mg/dl. PCSK9 and LDL-
C were reduced in a dose-dependent manner with
maximal 70% and 40% falls when the highest dose of
inclisiran (0.40mg/kg) was administered.140 Effects
were maintained for at least six months if inclisiran
was administered at the dose of 300mg or more,
either in single- or multiple-dose regimens. No serious
adverse events were observed.141

These data were corroborated in the ORION-1
study, a Phase 2 dose-ranging trial evaluating the effi-
cacy of inclisiran vs placebo in lowering LDL-C at six
months. [AQ22] Six different doses (three single doses
and three two-dose starting regimens administered 90
days apart) were tested. In high CV-risk patients,
already at maximally tolerated statin therapy,
inclisiran, either as single- or two-dose regimens, dra-
matically reduced LDL-C, by 42% and 52.6%, respect-
ively. These percentage reductions were in a range
similar to those achieved with mAbs with an overall
optimal dosage of 300mg given twice as the starting
regimen.142 Whether or not there was the presence of
diabetes at baseline, inclisiran was equally effective in
the management of dyslipidaemias; LDL-lowering was
between 22.8% and 25.2% in patients without diabetes,
and between 22.8% and 25.5% in diabetics.143

Although Lp(a) was reduced, this did not reach statis-
tical significance.144

Phase 3 trials evaluating the efficacy of inclisiran on
HeFH (NCT03397121) or ASCVD (NCT03705234)
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patients are ongoing. A CV outcomes trial involving
approximately 15,000 subjects with high ASCVD risk
is being planned.

Summary and conclusions

The pharmacological inhibition of PCSK9 has led to
indisputable benefits in terms of LDL-C and CV-risk
lowering, but the validity of clinical measurements of
plasma PCSK9 for CV-risk prediction is not fully sup-
ported by the analysis of RCTs with PCSK9 inhibitors
and thus remains an open question. While a number of
studies did not report an association between PCSK9
levels and events,145–148 different conclusions were
reached by others. Specifically, looking at meta-ana-
lyses, an association between CV events and PCSK9
levels was found,149 a conclusion supported by a
genome-wide association study of circulating PCSK9
levels showing that genetic reduction of PCSK9 levels
by 50% is associated with a similar percentage reduc-
tion of CAD risk.150 Such discrepancies may be based
on the following observations: (a) plasma PCSK9 levels

differ across study design and clinical outcomes, (b)
assay methods for PCSK9 do not discriminate between
active and inactive truncated forms and (c) PCSK9 is
tightly regulated at the transcriptional level.39 Besides a
diurnal rhythm, nutritional status, environmental
pollutants (PM10 particles)151 and gender differences
regulate plasma PCSK9 levels, significantly higher in
women than in men, with lower levels in postmenopau-
sal vs premenopausal women.152 Most recently, evalu-
ation of two cohort studies in diabetics provided
discordant results, one study (Non-Insulin Dependent
Diabetes, Hypertension, Microalbuminuria or
Proteinuria, Cardiovascular Events, and Ramipril
(DIABHYCAR)) showing a clear association between
PCSK9 levels and incidence of MI, all CV events and
stroke, the other (Survie, Diabète de type 2 et
Génétique (SURDIAGENE)) reporting no such asso-
ciation, confirming the still inconsistent link between
PCSK9 level and CV risk.153 Finally, in the context
of plasma PCSK9 as a possible independent factor
beyond the traditional CV-risk biomarkers, in the
obese subject PCSK9 appeared to be associated with

Table 1. Impact of hypolipidaemic agents on pro-protein convertase subtilisin/kexin type 9 (PCSK9) levels.

Drug class Effect on PCSK9

Statins Atorvastatin 10 mg,þ 19%

20 mg,þ 30–35%

40 mg,þ 34–38%

80 mg,þ 46%

Rosuvastatin Women,þ 35%

Men,þ 28%

HeFH,þ 38%

HoFH,þ 21%

Simvastatin þ16–68%

Pravastatin þ39%

Pitavastatin þ78%

Ezetimibe Ezetimibe Neutral effect

Fibrates Fenofibrate þ67%

Bezafibrate þ40%

Subgroup of FIELD study –8.5%

Fatty acids Omega 3 –16.1%

CETP inhibitors Anacetrapib –19%

Subgroup of ILLUMINATE (n¼ 1745):

after three months of treatment:

Atorvastatinþtorcetrapib þ3.7% vs run-in with atorvastatin (significant)

Atorvastatinþplacebo þ0.7% vs run-in with atorvastatin (not significant)

Nicotinic acid –13%

Nutraceuticals Berberine –

Red yeast rice þ

CETP: cholesterol ester transfer protein; FIELD: Fenofibrate Intervention and Event Lowering in Diabetes; HeFH: heterozygous familial hypercholes-

terolaemic; HoFH: homozygous familial hypercholesterolaemic; ILLUMINATE: Investigation of Lipid Level Management to Understand its Impact in

Atherosclerotic Events.
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a significant rise of the Framingham Risk Score, a well-
established predictor of CV risk.151

The pharmacological regulation of PCSK9 provides
a pointer to estimate possible alterations in the overall
response to lipid-lowering medications in patients at
high CV risk. Prominent in this area has been the
discovery that statins, via SREBP2 involvement, upre-
gulate PCSK9 gene expression (Table 1). Although
clinical trials confirm that statin therapy raises
PCSK9, irrespective of statin type, the magnitude of
this effect remains unclear. Notably, the discovery
that PCSK9 exists in an active S688-phosphorylated
form, reduced by 25% after statin treatment, has led
to the speculation that HMG-CoA reductase inhibition
may reduce PCSK9 activity by decreasing the active
phosphorylated state.37

The pharmacological inhibition of PCSK9 in the
clinic, with fully human mAbs against PCSK9, i.e. evo-
locumab and alirocumab, has provided convincing evi-
dence of a dramatic LDL-C reducing activity, as well as
of significant lowering of CV events.154 Interestingly,
also in this context, measuring PCSK9 circulating
levels has become important. Upon administration of
mAbs, total plasma PCSK9 concentrations increase up
to 10-fold. This may be consequent either to reduced
clearance of the immune complex vs free PCSK9, or to
entrapment in the circulation of newly secreted PCSK9
with the antibody or, finally, to the up-regulation of
PCSK9 secretion by the liver as a counter-regulatory
mechanism.10 These findings have led some authors to
hypothesise the use of PCSK9 total concentrations as a
diagnostic tool assessing apparent cases of resistance to
PCSK9 inhibitors;155 indeed, if PCSK9 elevations are
not detected after mAbs administration, this would
suggest an altered tissue distribution of the drug.
However, when free PCSK9 levels are considered,
these are suppressed by 90–100% within one week of
administration followed by a 65% fall of LDL-C.156

Before the introduction of PCSK9 inhibitors, there
was little to be done to achieve target LDL-C values,
except for adding ezetimibe to statin treatment. This
left out most of the very high-risk patients, e.g. those
with FH, who could not reach LDL-C target values
and could not be adequately treated.157 The newly pub-
lished American College of Cardiology/American
Heart Association (AHA/ACC) 2018 cholesterol guide-
lines recommend – for ASCVD patients who are at very
high risk and LDL-C not adequately controlled by
statin therapy – a stepped approach of ezetimibe, in
addition to the statin. If that combination does not
work adequately, i.e. LDL-C levels �70mg/dl,
PCSK9 inhibitors could be added.158 It should be
noted that a very recent analysis of applicability and
cost implications for PCSK9 inhibitors, based on the
results of the ODYSSEY OUTCOMES study and on

these new guidelines, concludes that only a selective use
of PCSK9 antagonists is justified.159

In the context of the interplay between hypercholes-
terolaemia and the inflammatory burden,160 the clinical
CV preventive activity of PCSK9 antagonists may pos-
sibly be affected by the poor efficacy of these agents on
circulating inflammatory markers, e.g. hsCRP.161,162 In
carriers of the PCSK9R46L loss-of-function mutation,
no changes in GlycA,163 a composite NMR biomarker
of systemic inflammation correlated with CRP,164 was
noted. [AQ23]

This lack of anti-inflammatory efficacy is also
detected in FH patients when they are switched from
lipoprotein apheresis to PCSK9mAbs.165 In the large
FOURIER trial, patients with elevated hsCRP levels
(>3mg/dl) showed the best preventive response to treat-
ment: those with a lower baseline hsCRP had an abso-
lute risk reduction of 1.8%, vs a reduction of 2.6% for
those with the highest baseline levels.166 Open questions
still remain on the association of PSCK9 not only with
inflammation but also with infections as well; indeed,
PCSK9 may play a critical role in the innate immune
defense against bacterial and/or viral infections.167

The very recent introduction of a siRNA PCSK9
antagonist, inclisiran, has given the possibility of widely
spaced treatments, allowing for optimal compliance. This
type of approach, still available to a very limited extent,
may provide a very active cholesterol-lowering treatment
with minimal effort by the patients.168

Relative to safety concerns on the use of PCSK9
inhibitors, uncertainties persist relative to the potential
risk for new-onset diabetes mellitus. While the use of
PCSK9 inhibitors led to significant CV-risk reduction,
generally similar between individuals with and without
diabetes mellitus, with no further worsening of diabetes
mellitus,169 data from Mendelian randomization ana-
lyses reported that genetic inactivation of PCSK9 is
associated with an increased risk of new-onset diabetes
mellitus.170–172 We recently showed that mice lacking
PCSK9 have an impaired insulin secretion vs wild-
type animals, an effect lost in double KO mice for
PCSK9 and LDLR.173 The hypothesis that the target
responsible for the phenotype of defective glucose
homeostasis was the LDLR is supported by the lack
of changes of LDLR expression in b cells from mice
selectively deficient in liver PCSK9. Overall, pharmaco-
logical approaches aimed at targeting liver PCSK9 may
not be associated with an increased risk of developing
diabetes mellitus.174
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