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Abstract: Proprotein convertase subtilisin/kexin type 9 (PCSK9), mainly secreted in the liver, is a key
regulator of cholesterol homeostasis inducing LDL receptors’ degradation. Beyond lipid metabolism,
PCSK9 is involved in the development of atherosclerosis, promoting plaque formation in mice and
human, impairing the integrity of endothelial monolayer and promoting the events that induce
atherosclerosis disease progression. In addition, the PCSK9 ancillary role in the atherothrombosis
process is widely debated. Indeed, recent evidence showed a regulatory effect of PCSK9 on redox
system and platelet activation. In particular, the role of PCSK9 in the activation of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase (Nox2) system, of MAP-kinase cascades and
of CD36 and LOX-1 downstream pathways, suggests that PCSK9 may be a significant cofactor
in atherothrombosis development. This evidence suggests that the serum levels of PCSK9 could
represent a new biomarker for the occurrence of cardiovascular events. Finally, other evidence
showed that PCSK9 inhibitors, a novel pharmacological tool introduced in clinical practice in recent
years, counteracted these phenomena. In this review, we summarize the evidence concerning the role
of PCSK9 in promoting oxidative-stress-related atherothrombotic process.

Keywords: proprotein convertase subtilisin/kexin type 9 (PCSK9); platelets; thrombosis; anti-PCSK9;
oxidative stress

1. Introduction

The World Health Organization (WHO) estimated that around one third of global
deaths are due to cardiovascular disease (CVDs); hence, both primary and secondary CVD
prevention is one of the most important challenges of our times.

A fundamental aspect of CVD development is represented by atherosclerosis, the
anatomopathological process of large arteries leading to coronary artery disease (CAD),
ischemic stroke and other CVDs. Low-density lipoprotein cholesterol (LDL-c) is the only
risk factor meeting the causality criteria for atherosclerosis [1]. However, the inflammatory
process plays a key role in the promotion of LDL-c transcytosis across the endothelium
and LDL-c retention in the artery wall [2]. In the arterial intima, LDL-c itself exerts a
prooxidative and proinflammatory role [2]. In this site, LDL-c particles undergo enzymatic
and non-enzymatic oxidative processes, inducing oxidized-LDL (ox-LDL) [3,4].
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Notably, platelets not only play a role in thrombus growth but, upon stimulation, in-
duce LDL oxidation, contributing to the atherosclerotic process. Indeed, platelets, activated
by inflammatory stimulus, adhere to endothelium cells and amplify immuno-inflammatory
process, favoring innate immunity cells’ chemotaxis [5] and the release of pro-oxidative
and pro-inflammatory mediators [6], leading to the production of prothrombotic agents
such as ox-LDL [7].

The interplay among lipid, platelets and inflammatory stimuli exemplifies the com-
plexity of CVD prevention, which must be based on a multifactorial approach built on
lipid-lowering strategies and the management of residual cardiovascular risk, which is
beyond LDL-c control [8].

Proprotein Convertase Subtilisin Kexin Type 9 (PCSK9) is an enzyme of the serine
proteases classes first described in 2003 [9]. This enzyme is synthesized in the cell as a
soluble zymogen and converted into its active form after an autocatalytic process in the
endoplasmic reticulum [10].

PCSK9 is a critical regulator of cholesterol homeostasis, acting as an inhibitor of the
LDL receptors (LDLR) pathway [11]. Mostly secreted in the liver, PCSK9 is also expressed
in the arterial wall, where it can influence local hemostasis and atherosclerosis [12].

Given the strong correlation between dyslipidemia and CVD, LDL-C reduction by
inhibiting the LDLR-PCSK9 axis drastically contributes to reduced CVD risk [13,14].

In the last decade, two different human monoclonal antibodies were developed,
namely alirocumab and evolocumab. PCSK9 inhibitors (PCSK9-i) bind circulating PCSK9,
and prevent PCSK9-LDL-LDLr complex production and the subsequent LDL turnover [15].
Their use reduces circulating LDL-c by about 40–65% when used on top of statins [16,17].

Phase-3 interventional studies demonstrated that both alirocumab and evolocumab
reduce cardiovascular events beyond the lipid-lowering effect of the PCSK9 inhibitors
(PCSK9i) [18,19], inducing investigations into the so-called pleiotropic effects of inhibit-
ing PCSK9.

In recent years, a growing number of studies were conducted to explore the ancillary
effects of PCSK9-i, which may explain the cardiovascular protective effect of these drugs.

The aim of this narrative review is to discuss the latest evidence on the role of PCSK9
in the atherothrombotic process, via oxidative stress and platelet activity modulation.
MEDLINE research was conducted on works published until 15 January 2022, combining
“PCSK9” and “proprotein convertase subtilisin kexin type 9” with “oxidative stress”, “anti-
oxidant”, “platelet”, “thrombosis”, “atherothrombosis”, “anti-thrombotic”.

2. Oxidative Stress
2.1. Role of Oxidative Stress in the Atherothrombotic Process

Numerous evidence suggests that oxidative stress is a relevant actor involved in
endothelial dysfunction and, consequently, in the biological mechanism, including platelet
activation, at the basis of CVD progression [20]. Oxidative stress is a phenomenon caused by
the imbalance between the production of oxygen reactive species (ROS) and the biological
systems’ ability to detoxify these reactive products [21]. Several enzymatic systems seem to
be involved in this process, such as xanthine oxidase, the nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases, mitochondrial sources, and nitric oxide synthase (NOS) [22].
Among them, NADPH oxidase plays a main role, as shown by the almost complete cellular
ROS suppression in patients with a hereditary deficiency of Nox2, the catalytic subunit
of the enzyme [23]. Finally, antioxidant molecules play a key role in maintaining the
physiological redox balance. Along with albumin, uric acid represents the main circulating
non-enzymatic antioxidant system in human [24,25]. Other non-enzymatic antioxidants
include Vitamins E and C, Coenzyme Q10 and polyphenols that are integrated through the
diet [26] and glutathione (GSH), the most abundant low-molecular-weight thiol compound
synthesized in cells [27].

Vascular inflammation and oxidative stress play an important role in the pathogenesis
of CVDs, from the initiation of atherosclerosis through to the progression of plaques until
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thrombotic complications [28,29]. Platelets, which play a key role in the atherothrombosis
mechanism via the release of inflammatory and pro-thrombotic molecules, are also able
to produce ROS [30]. Currently, we know that, upon activation, platelet ROS, mainly pro-
duced by NADPH oxidase, are implicated in several processes, including the propagation
of platelet activation, releasing platelet agonists such as Adenosine Diphosphate (ADP),
forming isoprostanes and ox-LDL, and releasing pro-atherogenic molecules such as CD40
ligand (CD40L) [31]. Several studies demonstrated a key role for Nox2-mediated ROS for-
mation in eliciting platelet activation. In particular, the interplay between Nox2, a NADPH
oxidase isoform and platelet activation was first studied in platelets derived from X-linked
chronic granulomatous disease (X-CGD) patients [32]. These patients, characterized by a
genetic deficiency of NADPH oxidase [33], showed a reduction in CD40L expression and
production upon collagen- and thrombin-stimulation, in addition to the almost complete
suppression of superoxide anion (O2−) radical production [32].

Lipid peroxidation by ROS derived from NADPH oxidase activity results in initiation
of the inflammatory signaling, an early event in atherosclerotic plaque development [34].
Based on this evidence, platelets represent a source of ROS that contributes to LDL oxi-
dation, and, in turn, determines enhanced LDL uptake by macrophages via an oxidative
stress-mediated mechanism. Two platelet receptors that are important in the development
of atherosclerosis are scavenger receptors, such as the cluster of differentiation 36 (CD36)
and lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1). CD36 is a ligand for
ox-LDL, and previous studies have shown that their interaction triggers signaling path-
ways, activating platelets, and inducing the expression of P-selectin and the activation
of integrin αIIbβ3 (a fibrinogen receptor) [35]. Furthermore, the binding of ox-LDL to
CD36 was associated with platelet hyperreactivity and plays a crucial role in the prothrom-
botic phenotype [35] via many mechanisms including NADPH oxidase activation and
ROS production.

ROS production by ox-LDL/CD36 requires Src-family kinases, PKC-dependent phos-
phorylation and the activation of Nox2, and is inhibited in vitro by CD36 inhibitors and
Nox2 inhibitor (gp91ds-tat) [36]. Similarly, ROS production is inhibited in Nox2(−/−)

mice [36], confirming the crucial role of Nox2. This evidence supports the hypothesis that
platelet activation via specific ox-LDL/CD36 is mediated by Nox2 [37].

As a consequence, a vicious circle of LDL oxidation and platelet activation occurs [38].
LOX1 is also involved in the regulation of ox-LDL uptake by both endothelial cells and
platelets. LOX1 expression is atheroma-related and not native and, like CD36, its interac-
tion with ox-LDL induces platelet activation and aggregation, contributing to thrombus
formation [39].

2.2. PCSK9 and Oxidative Stress

Recent data highlighted that PCSK9 has pro-atherogenic functions independently
of its regulatory effect on plasma lipid levels. PCSK9 is highly expressed in vascular
smooth muscle cells and in human atherosclerotic plaques, and its expression is regulated
by its many pro-atherogenic mediators, including the production of NADPH oxidase-
derived ROS and, in turn, ox-LDL formation [40]. In this regard, scavenger receptors such
as CD36 and LOX-1 promote the endocytosis of ox-LDL particles in inflammatory cells
and their expression is increased by inflammatory stimulus such as lipopolysaccharide
(LPS) or tumor necrosis factor-α (TNFα) [41]. Once internalized, ox-LDL can induce the
overexpression of PCSK9, perpetrating a proatherogenic stimulus, as PCSK9, in turn, are
able to stimulate Nox2-mediated ox-LDL formation [36].

The relationship between PCSK9, NOX and the atherogenic ox-LDL is described in
both animal models and humans at high risk for CVE. In particular, the interplay between
PCSK9 and ROS production was studied in p47phox and gp91phox knockout mice mod-
els [41,42]. The authors found a relationship between PCSK9 and ROS production by
studying endothelial cells (ECs) and smooth muscle cells (SMCs) treated with different
concentrations of recombinant human PCSK9 protein (hPCSK9). The data showed that
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hPCSK9-treated ECs and SMCs produce more ROS in a concentration-dependent man-
ner [42]. Furthermore, a cross-sectional study proved the correlation between plasma
PCSK9 levels and soluble markers of endothelial damage (sICAM-1 and sVCAM-1) in
patients with chronic kidney disease (CKD) [43].

Moreover, PCSK9 administration influenced NADPH oxidase activation, enhancing
the expression of NADPH oxidases subunits such asp47 and gp91 phox [42]. Ding et al.
demonstrated that macrophages from gp91phox−/−, p47phox−/−, and p22phox−/− mice
showed lower levels of ROS generation compared to wild-type (WT) mice. Furthermore,
PCSK9 gene overexpression induced by plasmid transfection enhances ROS production in
macrophages from knockout mice [41].

Several clinical studies showed that PCSK9 is involved in atherosclerotic inflammation.
In fact, there is an association between serum PCSK9 levels and coronary plaque inflamma-
tion, independently of serum LDL cholesterol levels [44]. Moreover, the PCSK9 levels in
acute coronary syndromes (ACS) seem to be modulated by inflammation, lipid-lowering
therapy, and the clinical onset of ACS. Indeed, in the acute phase of patients with ACS early
high PCSK9 plasma levels are associated with high C-reactive protein levels [45]. Recently,
high circulating levels of PCSK9 were found to be associated with increased downstream
signaling activation, a mechanism that seems to be related to an ROS-mediated pathway, in
patients with atrial fibrillation (AF). In this context, PCSK9 levels can discriminate patients
at increased risk of cardiovascular events [46]. In particular, patients with higher PCSK9
levels showed a significantly increased rate of ROS and ox-LDL generation [47]. Moreover,
a post-hoc analysis of a prospective, single-centre cohort study of 907 patients with non-
valvular atrial fibrillation (AF), demonstrated, in vivo, that circulating levels of PCSK9 and
LPS are associated with a mechanism possibly involving NADPH oxidase activation, as
both LPS and PCSK9 are correlated with Nox2 activation, and patients with concomitant
increase in PCSK9 and LPS showed a higher risk of CVEs [48].

2.3. Anti-Oxidant Effect of PCSK9-I

Since recent studies have shown an association between PCSK9 and oxidative stress,
PCSK9 inhibition could represent a novel therapy to reduce oxidative-stress-associated
cardiovascular risk. In a clinical study, Lankin et al. reported the effect of evolocumab on
reducing the plasma concentration of ox-LDL in patients with coronary artery diseases
without affecting the activity of antioxidant enzymes, including glutathione peroxidase,
superoxide dismutase and catalase, in erythrocytes of patients [49]. Similarly, other authors
demonstrated that alirocumab modulates oxidative stress by decreasing the hepatic level
of lipid peroxidation products in a rat model of alcohol-induced liver injury [49]. The
antioxidant effects of evolocumab during oxidative stress condition were investigated in
endothelial cells. It was shown to be able to counteract the damage caused by H2O2 in
human umbilical vein endothelial cells (HUVEC) [50]. In a multicenter before–after study
in 80 heterozygous familial hypercholesterolemia (HeFH) patients, after 6 months treatment
with PCSK9i, oxidative stress was significantly inhibited [51]. Indeed, both Nox2 activation
and ox-LDL production were lower compared with basal value [51].

3. PCSK9 and Thrombotic Process
3.1. The Role of the Thrombosis in the Atherosclerotic Cardiovascular Disease

The pathogenesis of arterial thrombosis is complex and dynamic and originates in an
injured atherosclerotic plaque. Thrombus formation involves the release of prothrombotic
molecules (such as tissue factor), platelet adhesion to the vascular wall and platelet ag-
gregation and recruitment. This process, along with the activation of coagulation cascade,
which is, responsible for fibrin production in the damaged site, leads to the formation and
growth of thrombus. The platelets’ role in this process, namely, hemostasis, depends on
their capacity to respond to the specific receptors expressed on damaged endothelium [52].
Collagen-mediated platelet thrombus formation occurs when endothelial cells expose colla-
gen to the circulation [53]. Platelets, through their glycoproteins, interact with collagen and
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collagen-deposited von Willebrand factor (vWF), shape change and adhere to the site of
injury. This event leads to the secretion of alpha-granule and release of ADP, serotonin and
TxA2, leading to the recruitment of more platelets [54]. Activated platelets release thrombin
and clotting activation. Deeper tissue damage leads to the release of Tissue Factor (TF)
from smooth muscle and adventitial layer. TF mediates thrombin generation, leading to, in
turn, platelet activation, fibrin generation and, finally, the coagulation cascade activation
implicated in thrombus formation [53]. Enhanced platelet reactivity and thrombosis risk are
also associated with pathophysiological conditions, such as atherosclerosis, hyperlipidemia,
and hyperglycemia [55,56]. Risk factors implicated in thrombosis, such as hypertension,
diabetes, smoking and, newly, Coronavirus Disease 2019 (COVID-19), can contribute to the
growth of thrombus through the amplification and propagation of platelet aggregation [57].

3.2. PCSK9 and Platelet Activation

Pre-clinical and clinical data support the hypothesis that circulating PCSK9 could
affect the platelet activation pathway using different mechanisms.

PCSK9 knockout mice show reduced carotid artery thrombosis induced by FeCl3,
with the formation of non-occlusive thrombi [58] (70% of PCSK9 knockout mice after
30 min, while 57% of Wt mice showed total artery occlusion before 15 min after FeCl3
administration, suggesting an impaired platelet function) [58]. In line with this, PCSK9
enhances in vivo thrombosis in a FeCl3-injured mesenteric arteriole thrombosis mouse
model, while PCSK9 inhibitor evolocumab inhibits its enhancing effects [59]. Notably,
platelets from PCSK9 knockout mice show a reduced platelet activation, as demonstrated
by the significant reduction in glycoprotein IIb/IIIa expression levels, sP-selectin expression
levels and circulating platelet-leukocyte aggregates compared to Wt mice [58]. In addition,
von Brühl et al. showed that thrombi generated by the ligation of inferior vena cava in
PCSK9 knockout mice models have less leukocyte enrolment, a phenomenon dependent
upon sP-selectin, which results in downregulated PCSK9 knockout mice [60]. Soluble
P-selectin (sP-selectin) and soluble CD40 ligand (sCD40L) are markers of platelet activation
associated with cardiovascular risk [61]. In animal model experiments conducted on
30 male rabbits with dyslipidemia, treated with 10-Dehydrogingerdione, a novel cholesteryl
ester transfer protein (CETP) inhibitor, which is able to suppress PCSK9 expression, induced
a marked decrease in the soluble sCD40L and sP-selectin [62]. Indeed, the reduction in
these markers showed a significant correlation with PCSK9 suppression [62]. This is further
evidence that PCSK9 is involved in platelet activation. Several human perspective studies
investigated the role of PCSK9 in platelet function and the onset of cardiovascular outcomes.
Navarese et al. explored platelet aggregation and the onset of major adverse cardiovascular
events (MACEs) in PCSK9-REACT patients with ACS receiving prasugrel or ticagrelor,
P2Y12 inhibitors, and undergoing percutaneous coronary intervention (PCI) [63]. Their
data showed that increased PCSK9 levels are associated with higher platelet reactivity and
are a possible predictor of ischemic events in ACS patients undergoing PCI. In more detail,
patients with the highest PCSK9 plasma levels had a 2.62-fold risk of developing recurrent
coronary events in comparison with those with lower PCSK9 plasma levels [63]. These
results were corroborated by experiments in which human recombinant PCSK9, added to
healthy human platelet-rich plasma, was able to significantly increase platelet aggregation
and reduced aggregation lag time after stimulation with a subthreshold concentration
of epinephrine (0.3 and 0.6 mM) [58]. Similarly, platelets incubated with PCSK9, at the
concentration found in the circulation of atrial fibrillation (AF) patients, increased platelet
aggregation and platelet thromboxane B2 (TxB2) release [47], a marker of in vivo platelet
activation [64].

In patients with stable coronary artery disease (CAD), a relationship was found be-
tween PCSK9 plasma levels and total number of circulating platelets [65]. Similarly, a direct
relationship between in vivo platelet activation, PCSK9 plasma levels and cardiovascular
events incidence has been reported in AF patients [46]. AF patients with PCSK9 above the
median levels have a higher rate of platelet aggregation and recruitment, coinciding with
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higher levels of thromboxane B2 expression and P-selectin release [26]. Altogether, these
data support the hypothesis that increased PCSK9 levels correlates with impaired platelet
reactivity and subsequent higher atherothrombotic risk.

Despite all this observational evidence, whether PCSK9 exerts a direct effect on
platelets or the effects result from dyslipidemia generated by PCSK9 binding to LDLR is still
debated. It is known that PCSK9 is involved in lipid metabolism and the atherothrombotic
process binding LDLR [66], but its pleiotropic effect on cellular mechanisms involved in
atherogenesis and plaque complications is still being studied. A direct effect of PCSK9 on
platelets, independent of its lipid-lowering effects, was recently demonstrated.

Dyslipidemia induces ox-LDL generation and, in turn, facilitates platelet activation by
binding scavenger receptors including CD36 and LOX1 [35,67]. PCSK9-induced platelet
activation involves these two important receptors on the platelet surface [35,67]. Platelets’
incubation with PCSK9 increased PA, oxidative stress and p38, p47 and Phospholipase A2
(PLA2) phosphorylation. These changes were amplified by exogenous LDL and blunted
by a CD36 inhibitor. Additionally, co-immunoprecipitation analysis revealed an immune
complex of PCSK9 with CD36. The same results were confirmed by Qi et al., who, through
in vitro and in vivo experiments, showed that PCSK9 directly enhances agonist-induced
platelet aggregation, dense-granule ATP release, and integrin αIIbβ3 activation P-selectin
release from α-granules [59]. However, a large in vivo study demonstrated the correlation
between serum PCSK9 levels and urinary markers of platelet activation, independently of
circulating levels of lipids [46].

Mechanism studied revealed that PCSK9 binds platelet CD36, and thus activates Src
kinase and mitogen-activated protein kinase (MAPK)—extracellular signals, increasing the
generation of ROS and activating the signaling pathways downstream of CD36. The CD36
knockout mice corroborated that the enhancing effects of PCSK9 on platelet activation are
CD36-dependent [59]. Hence, PCSK9 in the plasma directly enhances platelet activation
and in vivo thrombosis by binding to platelet CD36 and thus activating the downstream
signaling pathways.

Evidence has shown the role of PCSK9 in LOX1 signaling modulation in different
cell lines. Murine models demonstrated that PCSK9 induces LOX1 expression on primed
macrophages, favoring ox-LDL uptake [41]. The same process was observed on human
vascular endothelial cells [68].

Finally, a recent study, conducted on patients with CAD, proved the platelets’ ability to
store PCSK9 and release the stored PCSK9 when activated. The released PCSK9 promotes
platelet aggregation and thrombus formation, monocyte chemotaxis and monocytes differ-
entiation into macrophages/foam cells [69]. These findings, together, confirm the role of
platelets–PCSK9 interaction at different stages of the atherothrombotic process. (Figure 1).

3.3. Anti-Platelet Effect of PCSK9-I

PCSK9i effects on platelet activity highlight the interplay between PCSK9 and platelet
function modulation in humans. PCSK9i reduces oxidative stress, inhibiting Nox2 activation
and blocking acid arachidonic signaling, and inhibits platelet activation in human platelets of
healthy subjects [51]. Barale et al. [70] demonstrated that 6 months of PCSK9i administration
reduced platelet activation. They found a decrease in circulating levels of platelet activation
markers, such as the expression of CD62P, plasma levels of soluble CD40L, Platelet Factor-4, and
sP-Selectin, and a correlation between these markers and serum PCSK9 in 23 HeFH patients
after PCSK9i treatment [70]. These results were recently confirmed by a multicenter before–after
study conducted on a larger population of HeFH patients, where PCSK9i treatment reduced
platelet activation, modulating Nox2 activity and, in turn, ox-LDL formation, as proven by the
lowered platelet aggregation after treatment and the independent correlation between PCSK9
and serum TXB2 decrease [51] (Figure 1).
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Figure 1. PCSK9 effects on platelet activation. (1) PCSK9 directly binds CD36 receptor on platelet’s
surface, enhancing platelet activation and the downstream signaling, including (2) Src and (3) JNK
kinase. Moreover, PCSK9 increases the generation of ROS by (4) p38MAPK phosphorylation inducing
(5) Nox2 activation, (6) PLA2, (7) AA and (8) TxA2 signaling. (9) The Nox2-mediated ROS production
increases (10) ox-LDLs formation that amplify the platelet activation through both (11a) LOX1 and
(11b) CD36 platelet receptors. All these events act as the amplifying signal for platelet activation
leading to (12) p-selectin expression, (13) CD40L expression and (14) release of granule contents.
(15) mAbs-PCSK9 inhibit all these mechanisms. Abbreviations. AA: arachidonic acid; CD40L: CD40
ligand; Gp: glycoprotein; H2O2: hydrogen peroxide; JNK: c-Jun N-terminal kinase; LDL: low-density
lipoproteins; MAPK: mitogen-activated protein kinase; ox-LDLs: oxidized low-density lipoproteins;
PCSK9: proprotein convertase subtilisin/kexin 9; PLA2: phospholipase A2; ROS: reactive oxygen
species; sNOX2-dp: soluble NOX2-derived peptide; TP: thromboxane receptor; TxA2: thromboxane
A2; LOX-1: Lectin-like ox-LDL receptor-1; mAbs: monoclonal antibodies.

During the pandemic, thrombotic COVID-19 complications caught researchers’ inter-
est. Patients with HeFH showed a higher risk of developing severe COVID-19, probably
due to LDL-receptor variants’ modulation of the long-term immune response to COVID-
19 [71]. Despite the hypothesis that statins or PCSK9i, by their lipid-lowering, antioxidative
and antithrombotic properties, could protect against COVID-19 complications [71], no data
were reported.

The main studies evaluating the role of PCSK9 on platelet function are summarized
in Table 1.
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Table 1. Pre-clinical and clinical studies on PCSK9 and platelet function.

References Study Design Platelet Actvation
Markers Main Results

In vitro studies

Camera et al. (2018)
[58]

PRP of HS

+STC of epinephrine (0.3–0.6mM)
+hrPCSK9 (5mg/mL)

↑ Aggregation
↓ Lag phase
↑ GPIIb/IIIa
↑ P-selectin
↑ platelet–leukocyte
aggregates

PCSK9 induced an increase of
platelet reactivity

Cammisotto et al. (2020)
[47]

wPLT from HS

+PCSK9 (1.0–2.0 ng/mL)
alone or with
+LDL (50 µg/mL)

↑ Platelet aggregation
↑ TxB2
↑ cPLA2 Phosphorylation

wPLT from HS

+PCSK9 (1.0–2.0 ng/mL)
alone or with
+LDL (50 µg/mL)

Qi et al. (2021)
[59]

(1)
Human wPLT
+PCSK9
+PLT agonists (ADP, thrombin,
collagen)

(1)
↑ Platelet aggregation
↑ Src, ERK, JNK, p38, and
cPLA2 phosphorylation
↑ TxB2

(1)
Human wPLT
+PCSK9
+PLT agonists (ADP, thrombin,
collagen)

(2)
WT mouse PLT
vs.
CD36−/− mouse PLT

(2)
↓ Platelet aggregation
↓ Src, ERK, JNK, p38, and
↓ cPLA2 phosphorylation
↓ TxB2

(2)
WT mouse PLT
vs
CD36−/− mouse PLT

Cammisotto et al. (2021)
[51]

wPLTs from HS

+plasma from HeFH after PCSK9i

↓ Platelet aggregation
↓ TxB2

PCSK9i treatment reduces
platelet activation in HeFH
patients.

Petersen-Uribe et al. (2021)
[69]

(1) PLTs CRP-stimulated (1) ↑ CD62P expression
↑ PCSK9 release

Platelets are source of PCSK9
Platelet-derived PCSK9
contributes to
atherothrombosis
Inhibition of PCSK9
attenuates athero-thrombotic
process

(2) PLT PCSK9i-treated
(2) ↓ Platelet aggregation CRP-
induced
↓ Thrombus formation

(3) SPN derived to platelets
rhPCSK9-stimulation (3) ↑Monocytes migration

(4) co-culture
Platelets/Monocytes
rhPCSK9-stimulated

(4) ↑Macrophages
differentiation

Animals studies

El- Seweidy et al. (2019)
[62]

30 Dyslipidemic rabbits
10 Normal rabbits

+ 10-Dehydrogingerdione

↓ sCD40L
↓ sP-selectin

Reduction of PA markers
correlated with PCSK9 levels

Camera et al. (2018)
[58]

PCSK9 −/− mice
vs.
PCSK9 +/+ mice

↓GPIIb/IIIa
↓P-selectin
↓platelet–leukocyte

Occlusion of carotid artery
with non-occlusive thrombi
formation

Qi et al. (2021)
[59]

(1)
WT mice
MI mice model

+hrPCSK9

(1)
↑platelet aggregation,
↑ATP release
↑integrin αIIbβ3 activation
↑ sP-selectin
↑spreading and clot retraction

PCSK9 enhances platelet
activation and in vivo
thrombosis

(2)
WT vs. LDLR−/− mice

+hrPCSK9

(2)
↑ increased thrombus formation
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Table 1. Cont.

References Study Design Platelet Actvation
Markers Main Results

Human studies
Li et al. (2015)
[65]

330 CAD patients ↑ Platelet cout Association between plasma
PCSK9 levels and PLT count

Pastori et al. (2017)
[46] 907 AF patients ↑ 11-dh-TxB2

Correlation between PCSK9
and 11-dh-TxB2
Association between PCSK9
levels and increased risk of
CVEs

Navarese et al. (2017)
[63]

178 ACS patients
with follow-up to 1 year ↑ Aggregation

PCSK9 serum levels were
associated with MACEs and
platelet reactivity

Barale et al. (2020)
[70]

24 HeFH

+mAbs anti-PCSK9

↓ sCD40L
↓ sP-selectin
↓ CD62P
↓ PF-4,

Correlation between platelet
activation markers and serum
PCSK9

Cammisotto et al. (2020)
[47]

88 AF patients:

44 AF < 1.2 ng/mL PCSK9 levels
44 AF > 1.2 ng/mL PCSK9 levels

↑ Platelet aggregation
↑ Recruitment
↑ TxB2
↑ sP-selectin

In 44 AF < 1.2 ng/mL PCSK9
levels

Circulating levels of PCSK9
are significantly positively
associated with markers of
platelet activation

Qi et al. (2021)
[59]

Ex vivo study (n = 102)

PRP from patients with low
PCSK9 level vs. high PCSK9 level

↑ Platelet aggregation

high PCSK9 levels increased
platelet aggregation
mAbs anti-PCSK9 inhibited
this effect

Cammisotto et al. (2021)
[51]

80 HeFH

Before-after
mAbs anti-PCSK9

↑ TxB2
↑ ox-LDL

Correlation between ox-LDL
and PCSK9 levels

Abbreviations: proprotein convertase subtilisin/kexin 9 (PCSK9), soluble CD40 ligand (sCD40L), soluble P-
selectin (sP-selectin), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-
C), platelet-rich plasma (PRP), healthy subjects (HS), glycoprotein (GP), subthreshold concentration (STC),
human recombinant PCSK9 (hrPCSK9), acute coronary syndrome (ACS), Major adverse cardiovascular events
(MACEs), atrial fibrillation (AF), Thromboxane B2 (TxB2), washed platelet (wPLT), coronary artery disease
(CAD), 11-dehydro-thromboxane B2 (11-dh-TxB2), cardiovascular events (CVEs), monoclonal antibodies (mAbs),
Platelet Factor-4 (PF-4), wild type (WT), myocardial infarction (MI), phospholipase A2 (cPLA2), heterozygous
familial hypercholesterolemia (HeFH), oxidized-LDL (ox-LDL), PCSK9 inhibitors (PCSK9i), Supernatant (SPN).
(↑) Increased; (↓): decreased; (+): added.

4. Conclusions

Exciting novel findings suggest that the PCSK9 is an unknown major player in the
atherothrombotic process. Although initially found to regulate cholesterol metabolism
by LDLR modulation, accumulating evidence demonstrates that PCSK9 is also able to
directly and indirectly modulate several pathways involved in ROS production and platelet
activation, as represented in Figure 1.

Thus, PCSK9 is deeply involved in the atherothrombotic process, and the introduction
of PCSK9i gave us a new tool to counteract this phenomenon, not only by lowering
LDL cholesterol but also by inhibiting platelet activation and thrombus formation, as
demonstrated by several human, in vitro and animal models.

However, the availability of this new drug class must not let us forget that prevention
comes first. Indeed, cardiovascular prevention strategies showed favorable effects on
circulating levels of PCSK9. For instance, high adherence to the Med-Diet is associated
with lower levels of PCSK9 [48]. In particular, extra-virgin olive oil and wine, two foods
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rich in antioxidant compounds, showed an independent, inverse association with PCSK9
levels [48] and resveratrol, the main red wine polyphenol, reduces PCSK9 liver expres-
sion [72], suggesting supplementation with a Med-diet and/or antioxidants as a helpful
tool to regulate PCSK9 level and reduce CV risk.

Author Contributions: V.C., F.B., P.P. conceived, designed the article, reviewed and supervision;
P.G.S., C.B., E.L., G.G., F.S., I.R. studied the literature and wrote the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was supported by Ateneo Sapienza 2021 of Vittoria Cammisotto (Number:
AR22117A883B9B1E).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ference, B.A.; Ginsberg, H.N.; Graham, I.; Ray, K.K.; Packard, C.J.; Bruckert, E.; Hegele, R.A.; Krauss, R.M.; Raal, F.J.; Schunkert, H.; et al.

Low-density lipoproteins cause atherosclerotic cardiovascular disease. 1. Evidence from genetic, epidemiologic, and clinical
studies. A consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart J. 2017, 38, 2459–2472.
[CrossRef] [PubMed]

2. Borén, J.; Chapman, M.J.; Krauss, R.M.; Packard, C.J.; Bentzon, J.F.; Binder, C.J.; Daemen, M.J.; Demer, L.L.; Hegele, R.A.; Nicholls, S.J.; et al.
Low-density lipoproteins cause atherosclerotic cardiovascular disease: Pathophysiological, genetic, and therapeutic insights: A
consensus statement from the European Atherosclerosis Society Consensus Panel. Eur. Heart J. 2020, 41, 2313–2330. [CrossRef]
[PubMed]

3. Binder, C.J.; Papac-Milicevic, N.; Witztum, J.L. Innate sensing of oxidation-specific epitopes in health and disease. Nat. Rev. Immunol.
2016, 16, 485–497. [CrossRef] [PubMed]

4. Bochkov, V.N.; Oskolkova, O.V.; Birukov, K.G.; Levonen, A.L.; Binder, C.J.; Stöckl, J. Generation and biological activities of
oxidized phospholipids. Antioxid. Redox Signal. 2010, 12, 1009–1059. [CrossRef]

5. Von Hundelshausen, P.; Weber, C. Platelets as immune cells: Bridging inflammation and cardiovascular disease. Circ. Res. 2007,
100, 27–40. [CrossRef]

6. Badrnya, S.; Schrottmaier, W.C.; Kral, J.B.; Yaiw, K.C.; Volf, I.; Schabbauer, G.; Soderberg-Naucler, C.; Assinger, A. Platelets
mediate oxidized low-density lipoprotein-induced monocyte extravasation and foam cell formation. Arterioscler. Thromb. Vasc.
Biol. 2014, 34, 571–580. [CrossRef]

7. Morrell, C.N.; Aggrey, A.A.; Chapman, L.M.; Modjeski, K.L. Emerging roles for platelets as immune and inflammatory cells.
Blood 2014, 123, 2759–2767. [CrossRef]

8. Ridker, P.M. Clinician’s Guide to Reducing Inflammation to Reduce Atherothrombotic Risk: JACC Review Topic of the Week.
J. Am. Coll. Cardiol. 2018, 72, 3320–3331. [CrossRef]

9. Seidah, N.G.; Benjannet, S.; Wickham, L.; Marcinkiewicz, J.; Jasmin, S.B.; Stifani, S.; Basak, A.; Prat, A.; Chretien, M. The secretory
proprotein convertase neural apoptosis-regulated convertase 1 (NARC-1): Liver regeneration and neuronal differentiation. Proc.
Natl. Acad. Sci. USA 2003, 100, 928–933. [CrossRef]

10. Poirier, S.; Mayer, G. The biology of PCSK9 from the endoplasmic reticulum to lysosomes: New and emerging therapeutics to
control low-density lipoprotein cholesterol. Drug Des. Devel. 2013, 7, 1135–1148. [CrossRef]

11. Seidah, N.G.; Abifadel, M.; Prost, S.; Boileau, C.; Prat, A. The Proprotein Convertases in Hypercholesterolemia and Cardiovascular
Diseases: Emphasis on Proprotein Convertase Subtilisin/Kexin 9. Pharm. Rev. 2017, 69, 33–52. [CrossRef] [PubMed]

12. Glerup, S.; Schulz, R.; Laufs, U.; Schluter, K.D. Physiological and therapeutic regulation of PCSK9 activity in cardiovascular
disease. Basic Res. Cardiol. 2017, 112, 32. [CrossRef] [PubMed]

13. Mancini, G.B.; Baker, S.; Bergeron, J.; Fitchett, D.; Frohlich, J.; Genest, J.; Gupta, M.; Hegele, R.A.; Ng, D.; Pope, J. Diagnosis,
prevention, and management of statin adverse effects and intolerance: Proceedings of a Canadian Working Group Consensus
Conference. Can. J. Cardiol. 2011, 27, 635–662. [CrossRef] [PubMed]

14. Marks, D.; Thorogood, M.; Neil, H.A.; Humphries, S.E. A review on the diagnosis, natural history, and treatment of familial
hypercholesterolaemia. Atherosclerosis 2003, 168, 1–14. [CrossRef]

15. Gallego-Colon, E.; Daum, A.; Yosefy, C. Statins and PCSK9 inhibitors: A new lipid-lowering therapy. Eur. J. Pharm. 2020, 878, 173114.
[CrossRef]

16. Robinson, J.G.; Farnier, M.; Krempf, M.; Bergeron, J.; Luc, G.; Averna, M.; Stroes, E.S.; Langslet, G.; Raal, F.J.; El Shahawy, M.; et al.
Efficacy and safety of alirocumab in reducing lipids and cardiovascular events. N. Engl. J. Med. 2015, 372, 1489–1499. [CrossRef]

http://doi.org/10.1093/eurheartj/ehx144
http://www.ncbi.nlm.nih.gov/pubmed/28444290
http://doi.org/10.1093/eurheartj/ehz962
http://www.ncbi.nlm.nih.gov/pubmed/32052833
http://doi.org/10.1038/nri.2016.63
http://www.ncbi.nlm.nih.gov/pubmed/27346802
http://doi.org/10.1089/ars.2009.2597
http://doi.org/10.1161/01.RES.0000252802.25497.b7
http://doi.org/10.1161/ATVBAHA.113.302919
http://doi.org/10.1182/blood-2013-11-462432
http://doi.org/10.1016/j.jacc.2018.06.082
http://doi.org/10.1073/pnas.0335507100
http://doi.org/10.2147/DDDT.S36984
http://doi.org/10.1124/pr.116.012989
http://www.ncbi.nlm.nih.gov/pubmed/27920219
http://doi.org/10.1007/s00395-017-0619-0
http://www.ncbi.nlm.nih.gov/pubmed/28439730
http://doi.org/10.1016/j.cjca.2011.05.007
http://www.ncbi.nlm.nih.gov/pubmed/21963058
http://doi.org/10.1016/S0021-9150(02)00330-1
http://doi.org/10.1016/j.ejphar.2020.173114
http://doi.org/10.1056/NEJMoa1501031


Antioxidants 2022, 11, 569 11 of 13

17. Sabatine, M.S.; Giugliano, R.P.; Wiviott, S.D.; Raal, F.J.; Blom, D.J.; Robinson, J.; Ballantyne, C.M.; Somaratne, R.; Legg, J.;
Wasserman, S.M.; et al. Efficacy and safety of evolocumab in reducing lipids and cardiovascular events. N. Engl. J. Med. 2015, 372,
1500–1509. [CrossRef]

18. Sabatine, M.S.; Giugliano, R.P.; Keech, A.C.; Honarpour, N.; Wiviott, S.D.; Murphy, S.A.; Kuder, J.F.; Wang, H.; Liu, T.;
Wasserman, S.M.; et al. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease. N. Engl. J. Med. 2017, 376,
1713–1722. [CrossRef]

19. Schwartz, G.G.; Steg, P.G.; Szarek, M.; Bhatt, D.L.; Bittner, V.A.; Diaz, R.; Edelberg, J.M.; Goodman, S.G.; Hanotin, C.; Harrington, R.A.; et al.
Alirocumab and Cardiovascular Outcomes after Acute Coronary Syndrome. N. Engl. J. Med. 2018, 379, 2097–2107. [CrossRef]

20. Harrison, D.; Griendling, K.K.; Landmesser, U.; Hornig, B.; Drexler, H. Role of oxidative stress in atherosclerosis. Am. J. Cardiol.
2003, 91, 7A–11A. [CrossRef]

21. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:
Harms and Benefits for Human Health. Oxid. Med. Cell. Longev. 2017, 2017, 8416763. [CrossRef] [PubMed]

22. Di Meo, S.; Reed, T.T.; Venditti, P.; Victor, V.M. Role of ROS and RNS Sources in Physiological and Pathological Conditions. Oxid.
Med. Cell. Longev. 2016, 2016, 1245049. [CrossRef] [PubMed]

23. Violi, F.; Carnevale, R.; Loffredo, L.; Pignatelli, P.; Gallin, J.I. NADPH Oxidase-2 and Atherothrombosis: Insight From Chronic
Granulomatous Disease. Arter. Thromb. Vasc. Biol. 2017, 37, 218–225. [CrossRef] [PubMed]

24. Fabbrini, E.; Serafini, M.; Colic Baric, I.; Hazen, S.L.; Klein, S. Effect of plasma uric acid on antioxidant capacity, oxidative stress,
and insulin sensitivity in obese subjects. Diabetes 2014, 63, 976–981. [CrossRef]

25. Inoue, M.; Nakashima, R.; Enomoto, M.; Koike, Y.; Zhao, X.; Yip, K.; Huang, S.H.; Waldron, J.N.; Ikura, M.; Liu, F.F.; et al. Plasma
redox imbalance caused by albumin oxidation promotes lung-predominant NETosis and pulmonary cancer metastasis. Nat.
Commun. 2018, 9, 5116. [CrossRef]

26. Cammisotto, V.; Nocella, C.; Bartimoccia, S.; Sanguigni, V.; Francomano, D.; Sciarretta, S.; Pastori, D.; Peruzzi, M.; Cavarretta,
E.; D’Amico, A.; et al. The Role of Antioxidants Supplementation in Clinical Practice: Focus on Cardiovascular Risk Factors.
Antioxidant 2021, 10, 146. [CrossRef] [PubMed]

27. Forman, H.J.; Zhang, H.; Rinna, A. Glutathione: Overview of its protective roles, measurement, and biosynthesis. Mol. Asp. Med.
2009, 30, 1–12. [CrossRef] [PubMed]

28. Hansson, G.K. Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 2005, 352, 1685–1695. [CrossRef]
29. Shapiro, M.D.; Fazio, S. From Lipids to Inflammation: New Approaches to Reducing Atherosclerotic Risk. Circ. Res. 2016, 118, 732–749.

[CrossRef]
30. Pignatelli, P.; Pulcinelli, F.M.; Lenti, L.; Gazzaniga, P.P.; Violi, F. Hydrogen peroxide is involved in collagen-induced platelet

activation. Blood 1998, 91, 484–490. [CrossRef]
31. Violi, F.; Pignatelli, P.; Basili, S. Nutrition, supplements, and vitamins in platelet function and bleeding. Circulation 2010, 121,

1033–1044. [CrossRef] [PubMed]
32. Pignatelli, P.; Sanguigni, V.; Lenti, L.; Ferro, D.; Finocchi, A.; Rossi, P.; Violi, F. gp91phox-dependent expression of platelet CD40

ligand. Circulation 2004, 110, 1326–1329. [CrossRef] [PubMed]
33. Martire, B.; Rondelli, R.; Soresina, A.; Pignata, C.; Broccoletti, T.; Finocchi, A.; Rossi, P.; Gattorno, M.; Rabusin, M.; Azzari, C.; et al.

Clinical features, long-term follow-up and outcome of a large cohort of patients with Chronic Granulomatous Disease: An Italian
multicenter study. Clin. Immunol. 2008, 126, 155–164. [CrossRef] [PubMed]

34. Hwang, J.; Ing, M.H.; Salazar, A.; Lassegue, B.; Griendling, K.; Navab, M.; Sevanian, A.; Hsiai, T.K. Pulsatile versus oscillatory shear stress
regulates NADPH oxidase subunit expression: Implication for native LDL oxidation. Circ. Res. 2003, 93, 1225–1232. [CrossRef]

35. Podrez, E.A.; Byzova, T.V.; Febbraio, M.; Salomon, R.G.; Ma, Y.; Valiyaveettil, M.; Poliakov, E.; Sun, M.; Finton, P.J.; Curtis, B.R.; et al.
Platelet CD36 links hyperlipidemia, oxidant stress and a prothrombotic phenotype. Nat. Med. 2007, 13, 1086–1095. [CrossRef]

36. Magwenzi, S.; Woodward, C.; Wraith, K.S.; Aburima, A.; Raslan, Z.; Jones, H.; McNeil, C.; Wheatcroft, S.; Yuldasheva, N.;
Febbriao, M.; et al. Oxidized LDL activates blood platelets through CD36/NOX2-mediated inhibition of the cGMP/protein
kinase G signaling cascade. Blood 2015, 125, 2693–2703. [CrossRef]

37. Carnevale, R.; Bartimoccia, S.; Nocella, C.; Di Santo, S.; Loffredo, L.; Illuminati, G.; Lombardi, E.; Boz, V.; Del Ben, M.; De Marco, L.; et al.
LDL oxidation by platelets propagates platelet activation via an oxidative stress-mediated mechanism. Atherosclerosis 2014, 237,
108–116. [CrossRef]

38. Yang, M.; Silverstein, R.L. CD36 and ERK5 link dyslipidemia to apoptotic-like platelet procoagulant function. Curr. Opin. Hematol.
2019, 26, 357–365. [CrossRef]

39. Sawamura, T.; Kakino, A.; Fujita, Y. LOX-1: A multiligand receptor at the crossroads of response to danger signals. Curr. Opin.
Lipidol. 2012, 23, 439–445. [CrossRef]

40. Ragusa, R.; Basta, G.; Neglia, D.; De Caterina, R.; Del Turco, S.; Caselli, C. PCSK9 and atherosclerosis: Looking beyond LDL
regulation. Eur. J. Clin. Investig. 2021, 51, e13459. [CrossRef]

41. Ding, Z.; Liu, S.; Wang, X.; Theus, S.; Deng, X.; Fan, Y.; Zhou, S.; Mehta, J.L. PCSK9 regulates expression of scavenger receptors
and ox-LDL uptake in macrophages. Cardiovasc. Res. 2018, 114, 1145–1153. [CrossRef] [PubMed]

42. Ding, Z.; Liu, S.; Wang, X.; Deng, X.; Fan, Y.; Sun, C.; Wang, Y.; Mehta, J.L. 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,
760–771. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1500858
http://doi.org/10.1056/NEJMoa1615664
http://doi.org/10.1056/NEJMoa1801174
http://doi.org/10.1016/S0002-9149(02)03144-2
http://doi.org/10.1155/2017/8416763
http://www.ncbi.nlm.nih.gov/pubmed/28819546
http://doi.org/10.1155/2016/1245049
http://www.ncbi.nlm.nih.gov/pubmed/27478531
http://doi.org/10.1161/ATVBAHA.116.308351
http://www.ncbi.nlm.nih.gov/pubmed/27932349
http://doi.org/10.2337/db13-1396
http://doi.org/10.1038/s41467-018-07550-x
http://doi.org/10.3390/antiox10020146
http://www.ncbi.nlm.nih.gov/pubmed/33498338
http://doi.org/10.1016/j.mam.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18796312
http://doi.org/10.1056/NEJMra043430
http://doi.org/10.1161/CIRCRESAHA.115.306471
http://doi.org/10.1182/blood.V91.2.484
http://doi.org/10.1161/CIRCULATIONAHA.109.880211
http://www.ncbi.nlm.nih.gov/pubmed/20194876
http://doi.org/10.1161/01.CIR.0000134963.77201.55
http://www.ncbi.nlm.nih.gov/pubmed/15249506
http://doi.org/10.1016/j.clim.2007.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18037347
http://doi.org/10.1161/01.RES.0000104087.29395.66
http://doi.org/10.1038/nm1626
http://doi.org/10.1182/blood-2014-05-574491
http://doi.org/10.1016/j.atherosclerosis.2014.08.041
http://doi.org/10.1097/MOH.0000000000000522
http://doi.org/10.1097/MOL.0b013e32835688e4
http://doi.org/10.1111/eci.13459
http://doi.org/10.1093/cvr/cvy079
http://www.ncbi.nlm.nih.gov/pubmed/29617722
http://doi.org/10.1089/ars.2014.6054
http://www.ncbi.nlm.nih.gov/pubmed/25490141


Antioxidants 2022, 11, 569 12 of 13

43. Dounousi, E.; Tellis, C.; Pavlakou, P.; Duni, A.; Liakopoulos, V.; Mark, P.B.; Papagianni, A.; Tselepis, A.D. Association between
PCSK9 Levels and Markers of Inflammation, Oxidative Stress, and Endothelial Dysfunction in a Population of Nondialysis
Chronic Kidney Disease Patients. Oxid. Med. Cell. Longev. 2021, 2021, 6677012. [CrossRef] [PubMed]

44. Cheng, J.M.; Oemrawsingh, R.M.; Garcia-Garcia, H.M.; Boersma, E.; van Geuns, R.J.; Serruys, P.W.; Kardys, I.; Akkerhuis, K.M. PCSK9
in relation to coronary plaque inflammation: Results of the ATHEROREMO-IVUS study. Atherosclerosis 2016, 248, 117–122. [CrossRef]

45. Gencer, B.; Montecucco, F.; Nanchen, D.; Carbone, F.; Klingenberg, R.; Vuilleumier, N.; Aghlmandi, S.; Heg, D.; Raber, L.; Auer, R.; et al.
Prognostic value of PCSK9 levels in patients with acute coronary syndromes. Eur. Heart J. 2016, 37, 546–553. [CrossRef]

46. Pastori, D.; Nocella, C.; Farcomeni, A.; Bartimoccia, S.; Santulli, M.; Vasaturo, F.; Carnevale, R.; Menichelli, D.; Violi, F.; Pignatelli, P.; et al.
Relationship of PCSK9 and Urinary Thromboxane Excretion to Cardiovascular Events in Patients With Atrial Fibrillation. J. Am.
Coll. Cardiol. 2017, 70, 1455–1462. [CrossRef]

47. Cammisotto, V.; Pastori, D.; Nocella, C.; Bartimoccia, S.; Castellani, V.; Marchese, C.; Scavalli, A.S.; Ettorre, E.; Viceconte, N.; Violi, F.; et al.
PCSK9 Regulates Nox2-Mediated Platelet Activation via CD36 Receptor in Patients with Atrial Fibrillation. Antioxidant 2020, 9, 296.
[CrossRef]

48. Pastori, D.; Ettorre, E.; Carnevale, R.; Nocella, C.; Bartimoccia, S.; Del Sordo, E.; Cammisotto, V.; Violi, F.; Pignatelli, P.; the
Atherosclerosis in Atrial Fibrillation (ATHERO-AF) Study Group. Interaction between serum endotoxemia and proprotein
convertase subtilisin/kexin 9 (PCSK9) in patients with atrial fibrillation: A post-hoc analysis from the ATHERO-AF cohort.
Atherosclerosis 2019, 289, 195–200. [CrossRef]

49. Lee, J.S.; Mukhopadhyay, P.; Matyas, C.; Trojnar, E.; Paloczi, J.; Yang, Y.R.; Blank, B.A.; Savage, C.; Sorokin, A.V.; Mehta, N.N.; et al.
PCSK9 inhibition as a novel therapeutic target for alcoholic liver disease. Sci. Rep. 2019, 9, 17167. [CrossRef]

50. Safaeian, L.; Mirian, M.; Bahrizadeh, S. Evolocumab, a PCSK9 inhibitor, protects human endothelial cells against H2O2-induced
oxidative stress. Arch. Physiol. Biochem. 2020, 126, 1–6. [CrossRef]

51. Cammisotto, V.; Baratta, F.; Castellani, V.; Bartimoccia, S.; Nocella, C.; D’Erasmo, L.; Cocomello, N.; Barale, C.; Scicali, R.; Di Pino, A.; et al.
Proprotein Convertase Subtilisin Kexin Type 9 Inhibitors Reduce Platelet Activation Modulating ox-LDL Pathways. Int. J. Mol.
Sci. 2021, 22, 7193. [CrossRef] [PubMed]

52. Jurk, K.; Kehrel, B.E. Platelets: Physiology and biochemistry. Semin. Thromb. Hemost. 2005, 31, 381–392. [CrossRef] [PubMed]
53. Furie, B.; Furie, B.C. Mechanisms of thrombus formation. N. Engl. J. Med. 2008, 359, 938–949. [CrossRef] [PubMed]
54. Semple, J.W.; Italiano, J.E., Jr.; Freedman, J. Platelets and the immune continuum. Nat. Rev. Immunol. 2011, 11, 264–274. [CrossRef]
55. Gresele, P.; Momi, S.; Migliacci, R. Endothelium, venous thromboembolism and ischaemic cardiovascular events. Thromb. Haemost.

2010, 103, 56–61. [CrossRef]
56. Santos-Gallego, C.G.; Picatoste, B.; Badimon, J.J. Pathophysiology of acute coronary syndrome. Curr. Atheroscler. Rep. 2014, 16, 401.

[CrossRef]
57. Konstantinides, S.V.; Meyer, G.; Becattini, C.; Bueno, H.; Geersing, G.J.; Harjola, V.P.; Huisman, M.V.; Humbert, M.; Jennings, C.S.;

Jimenez, D.; et al. 2019 ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in collaboration
with the European Respiratory Society (ERS). Eur. Heart J. 2020, 41, 543–603. [CrossRef]

58. Camera, M.; Rossetti, L.; Barbieri, S.S.; Zanotti, I.; Canciani, B.; Trabattoni, D.; Ruscica, M.; Tremoli, E.; Ferri, N. PCSK9 as a
Positive Modulator of Platelet Activation. J. Am. Coll. Cardiol. 2018, 71, 952–954. [CrossRef]

59. Qi, Z.; Hu, L.; Zhang, J.; Yang, W.; Liu, X.; Jia, D.; Yao, Z.; Chang, L.; Pan, G.; Zhong, H.; et al. PCSK9 (Proprotein Convertase
Subtilisin/Kexin 9) Enhances Platelet Activation, Thrombosis, and Myocardial Infarct Expansion by Binding to Platelet CD36.
Circulation 2021, 143, 45–61. [CrossRef]

60. Von Bruhl, M.L.; Stark, K.; Steinhart, A.; Chandraratne, S.; Konrad, I.; Lorenz, M.; Khandoga, A.; Tirniceriu, A.; Coletti, R.;
Kollnberger, M.; et al. Monocytes, neutrophils, and platelets cooperate to initiate and propagate venous thrombosis in mice
in vivo. J. Exp. Med. 2012, 209, 819–835. [CrossRef]

61. Baidildinova, G.; Nagy, M.; Jurk, K.; Wild, P.S.; Ten Cate, H.; van der Meijden, P.E.J. Soluble Platelet Release Factors as Biomarkers
for Cardiovascular Disease. Front. Cardiovasc. Med. 2021, 8, 684920. [CrossRef] [PubMed]

62. El-Seweidy, M.M.; Sarhan Amin, R.; Husseini Atteia, H.; El-Zeiky, R.R.; Al-Gabri, N.A. Dyslipidemia induced inflammatory
status, platelet activation and endothelial dysfunction in rabbits: Protective role of 10-Dehydrogingerdione. Biomed. Pharm. 2019,
110, 456–464. [CrossRef] [PubMed]

63. Navarese, E.P.; Kolodziejczak, M.; Winter, M.P.; Alimohammadi, A.; Lang, I.M.; Buffon, A.; Lip, G.Y.; Siller-Matula, J.M.
Association of PCSK9 with platelet reactivity in patients with acute coronary syndrome treated with prasugrel or ticagrelor: The
PCSK9-REACT study. Int. J. Cardiol. 2017, 227, 644–649. [CrossRef] [PubMed]

64. Catella, F.; FitzGerald, G.A. Paired analysis of urinary thromboxane B2 metabolites in humans. Thromb. Res. 1987, 47, 647–656.
[CrossRef]

65. Li, S.; Zhu, C.G.; Guo, Y.L.; Xu, R.X.; Zhang, Y.; Sun, J.; Li, J.J. The relationship between the plasma PCSK9 levels and platelet
indices in patients with stable coronary artery disease. J. Atheroscler. Thromb. 2015, 22, 76–84. [CrossRef]

66. Li, S.; Li, J.J. PCSK9: A key factor modulating atherosclerosis. J. Atheroscler. Thromb. 2015, 22, 221–230. [CrossRef]
67. Hofmann, A.; Brunssen, C.; Morawietz, H. Contribution of lectin-like oxidized low-density lipoprotein receptor-1 and LOX-1

modulating compounds to vascular diseases. Vasc. Pharm. 2017, 107, 1–11. [CrossRef]
68. Ding, Z.; Liu, S.; Wang, X.; Deng, X.; Fan, Y.; Shahanawaz, J.; Shmookler Reis, R.J.; Varughese, K.I.; Sawamura, T.; Mehta, J.L.

Cross-talk between LOX-1 and PCSK9 in vascular tissues. Cardiovasc. Res. 2015, 107, 556–567. [CrossRef]

http://doi.org/10.1155/2021/6677012
http://www.ncbi.nlm.nih.gov/pubmed/34336112
http://doi.org/10.1016/j.atherosclerosis.2016.03.010
http://doi.org/10.1093/eurheartj/ehv637
http://doi.org/10.1016/j.jacc.2017.07.743
http://doi.org/10.3390/antiox9040296
http://doi.org/10.1016/j.atherosclerosis.2019.07.002
http://doi.org/10.1038/s41598-019-53603-6
http://doi.org/10.1080/13813455.2020.1788605
http://doi.org/10.3390/ijms22137193
http://www.ncbi.nlm.nih.gov/pubmed/34281247
http://doi.org/10.1055/s-2005-916671
http://www.ncbi.nlm.nih.gov/pubmed/16149014
http://doi.org/10.1056/NEJMra0801082
http://www.ncbi.nlm.nih.gov/pubmed/18753650
http://doi.org/10.1038/nri2956
http://doi.org/10.1160/TH09-08-0562
http://doi.org/10.1007/s11883-014-0401-9
http://doi.org/10.1093/eurheartj/ehz405
http://doi.org/10.1016/j.jacc.2017.11.069
http://doi.org/10.1161/CIRCULATIONAHA.120.046290
http://doi.org/10.1084/jem.20112322
http://doi.org/10.3389/fcvm.2021.684920
http://www.ncbi.nlm.nih.gov/pubmed/34235190
http://doi.org/10.1016/j.biopha.2018.11.140
http://www.ncbi.nlm.nih.gov/pubmed/30530048
http://doi.org/10.1016/j.ijcard.2016.10.084
http://www.ncbi.nlm.nih.gov/pubmed/27810295
http://doi.org/10.1016/0049-3848(87)90103-4
http://doi.org/10.5551/jat.25841
http://doi.org/10.5551/jat.27615
http://doi.org/10.1016/j.vph.2017.10.002
http://doi.org/10.1093/cvr/cvv178


Antioxidants 2022, 11, 569 13 of 13

69. Petersen-Uribe, Á.; Kremser, M.; Rohlfing, A.K.; Castor, T.; Kolb, K.; Dicenta, V.; Emschermann, F.; Li, B.; Borst, O.; Rath, D.; et al.
Platelet-Derived PCSK9 Is Associated with LDL Metabolism and Modulates Atherothrombotic Mechanisms in Coronary Artery
Disease. Int. J. Mol. Sci. 2021, 22, 11179. [CrossRef]

70. Barale, C.; Bonomo, K.; Frascaroli, C.; Morotti, A.; Guerrasio, A.; Cavalot, F.; Russo, I. Platelet function and activation markers in
primary hypercholesterolemia treated with anti-PCSK9 monoclonal antibody: A 12-month follow-up. Nutr. Metab. Cardiovasc.
Dis. 2020, 30, 282–291. [CrossRef]

71. Vuorio, A.; Watts, G.F.; Kovanen, P.T. Familial hypercholesterolaemia and COVID-19: Triggering of increased sustained cardiovas-
cular risk. J. Intern. Med. 2020, 287, 746–747. [CrossRef] [PubMed]

72. Ahmet, I.; Tae, H.J.; Lakatta, E.G.; Talan, M. Long-term low dose dietary resveratrol supplement reduces cardiovascular structural
and functional deterioration in chronic heart failure in rats. Can. J. Physiol. Pharm. 2017, 95, 268–274. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms222011179
http://doi.org/10.1016/j.numecd.2019.09.012
http://doi.org/10.1111/joim.13070
http://www.ncbi.nlm.nih.gov/pubmed/32242993
http://doi.org/10.1139/cjpp-2016-0512
http://www.ncbi.nlm.nih.gov/pubmed/28134561

	Introduction 
	Oxidative Stress 
	Role of Oxidative Stress in the Atherothrombotic Process 
	PCSK9 and Oxidative Stress 
	Anti-Oxidant Effect of PCSK9-I 

	PCSK9 and Thrombotic Process 
	The Role of the Thrombosis in the Atherosclerotic Cardiovascular Disease 
	PCSK9 and Platelet Activation 
	Anti-Platelet Effect of PCSK9-I 

	Conclusions 
	References

