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Abstract

Lipoprotein(a) [Lp(a)], a low-density lipoprotein-like particle containing apolipoprotein(a) [apo(a)], is a
genetically determined independent risk factor for cardiovascular disease. Elevated Lp(a) levels,
present in ~20% of Europeans, are linked to myocardial infarction, ischemic stroke, calcific aortic valve
disease, and other cardiac events. Its role in venous thromboembolism (VTE) remains controversial
despite shared arterial and venous mechanisms. Elevated Lp(a), particularly smaller apo(a) isoforms,
exhibits antifibrinolytic effects by inhibiting plasminogen activation via interactions with plasminogen,
tissue-type plasminogen activator, and fibrin. Prothrombotic mechanisms include increased
plasminogen activator inhibitor-1 (PAI-1) production, formation of denser fibrin networks, platelet
activation, enhanced oxidation of phospholipids, and tissue factor dysregulation. Emerging therapies
targeting Lp(a) could reduce thromboembolic risks. This review summarizes Lp(a)'s prothrombotic and
antifibrinolytic actions, clinical associations with thromboembolism, and the role of oxidized
phospholipids in explaining discrepancies in VTE-related findings.



Matgorzata Konieczynska®?, Joanna Natorskal?*, Michat Zabczyk?, Anetta Undas®?

Lp(a) and thromboembolism: current state of knowledge and unsolved issues

Affiliations:

! Department of Thromboembolic Disorders, Institute of Cardiology, Jagiellonian University
Medical College, Pradnicka 80, Krakow, Poland

2 The John Paul II Hospital, Pradnicka 80, Krakéw, Poland

#Contributed equally

Correspondence:

Anetta Undas, MD, PhD

Jagiellonian University Medical College
Institute of Cardiology

Department of Thromboembolic Diseases
80 Pradnicka St.

31-202 Krakoéw, Poland

Tel.: +48 12 614 30 04

Fax: +48 12 614 21 20

Email: mmundas@cyf-kr.edu.pl

Running head: Lp(a) and thromboembolism



Abstract

Lipoprotein(a) [Lp(a)], a low-density lipoprotein-like particle containing a highly
polymorphic apolipoprotein(a) [apo(a)] homologous in >90% to plasminogen, was identified
as a genetically determined independent risk factor for cardiovascular disease. Elevated Lp(a)
levels, found in about 20% of Europeans, are strongly linked to higher rates of myocardial
infarction, major adverse cardiac events, accelerated plaque progression, ischemic stroke
(especially in younger adults), and calcific aortic valve disease. However, its role in venous
thromboembolism, including atypical locations like cerebral and retinal vein thrombosis,
remains controversial despite several shared mechanisms underlying arterial and venous
thromboembolism. The most robust evidence supports antifibrinolytic properties of elevated
Lp(a), particularly smaller apo(a) isoforms, which inhibit plasminogen activation mainly by
interacting with the tissue-type plasminogen activator, plasminogen, and fibrin. Other
prothrombotic mechanisms include increased synthesis of plasminogen activator inhibitor
(PAI-1), formation of denser fibrin networks composed of thinner fibers, less susceptible to
lysis, increased platelet activation, enhanced oxidation of phospholipids leading to a low-
grade proinflammatory state, upregulated tissue factor expression, and suppression of tissue
factor pathway inhibitor. Targeted Lp(a) lowering therapies are currently being tested in
randomized clinical trials and could potentially have clinically relevant antithrombotic effects,
evidenced by reduced risk of thromboembolism. This review summarizes the available data
on the prothrombotic and antifibrinolytic actions of Lp(a), along with clinical evidence for
increased risk of thromboembolic events related to elevated Lp(a). It also introduces new
concepts to explain discrepant clinical results regarding venous events, highlighting the

impact of oxidized phospholipids on a prothrombotic state under conditions of high Lp(a).
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Introduction

An antigen (a) associated with low-density lipoprotein (LDL), called lipoprotein(a)
[Lp(a)], was discovered by Kare Berg in 1963 [1]. Lp(a) is a specific lipoprotein that contains
apolipoprotein(a) [apo(a)]. Apo(a) is a polymorphic glycoprotein and carbohydrate-rich
moiety whose mMRNA is expressed almost entirely in the liver [2]. The LPA gene encoding
apo(a), with a homology up to 70% with the human plasminogen gene, was sequenced in
1987 by the group of Richard M. Lawn [3].

Lp(a) is a well-established genetically determined risk factor for premature
atherosclerosis and its sequelae [4-6]. It has been shown that high Lp(a) in circulating blood,
usually defined as values above 50 mg/dL (125 nM), is associated with increased risk for
coronary artery disease (CAD), myocardial infarction (MI), ischemic stroke, peripheral
arterial disease (PAD), calcific aortic valve disease (CAVD), and heart failure [7].
Inconsistent data link Lp(a) to venous thromboembolism (VTE). At long-term follow-up an
increased risk of recurrent major adverse cardiac and cerebrovascular events (MACE) persists
after the first episode in patients with hyperlipoproteinemia(a) in comparison with the low
Lp(a) population [8].

Mechanisms underlying increased risk of arterial thromboembolism are still unclear
and reach beyond processes typical of atherosclerosis as low-grade lipid-driven inflammation.
This overview summarizes the current knowledge on clinical and molecular mechanisms
linking Lp(a) with thrombosis at various locations along with future perspectives of emerging

therapy reducing Lp(a).

Structure
Lp(a) (~3002 kDa) is a particle structurally similar to a regular LDL, containing a core of

cholesterol esters and triglycerides surrounded by a monolayer of phospholipids, free



cholesterol, and apolipoprotein B-100 (apoB-100) encircled by apo(a) which is bound via a
single disulfide bond (Fig. 1) [2,9]. Apo(a) has a unique structure with loop-like structures,
termed kringles, including 10 subtypes of KIV (with KIV-1 and KIV-3-10 present in 1 copy,
and KIV-2 present in 1 to >40 copies), 1 copy of KV, and an inactive protease domain (Fig.
1) [2,9]. Unlike apoB, apo(a) does not contain lipid domains. Each individual inherits two
copies of the LPA gene, one from each parent, therefore up to 80% of individuals carry two
alleles being heterozygous for apo(a) [2]. The KIV type 2 (KIV-2) is encoded in a variable
number of tandemly repeated copies in LPA, resulting in different apo(a) isoforms in humans
(Fig. 1) [2,9]. Due to the fact that smaller apo(a) forms are easily secreted by the liver, the
lower number of KIV-2 is associated with higher Lp(a) levels [2,9]. Apo(a) isoforms display a
structural and functional homology with plasminogen with KIV as the most homologous

domain (Fig. 1) [2,9].

Synthesis and clearance of Lp(a)

Lp(a) synthesis and metabolism are primarily regulated by genetic factors, and the
levels of Lp(a) seem to be relatively stable throughout life, though up to 25% variability in
Lp(a) in relation to diet, hormone replacement therapy or inflammation [9,10]. The Lp(a)
synthesis takes place in the liver in a two-step process — the largely genetically dependent
protein synthesis with post-translational modification in the endoplasmic reticulum followed
by glycosylation in the Golgi apparatus [11]. The synthesis of Lp(a) proteins and
consequently its concentration is related to the coded sequences with numerous different
variants modified by single nucleotide polymorphisms and kringle 1V type 2-like repeats
generating over 40 isoforms of various size [12]. However, other loci (APOH, CETP) can
have effect on Lp(a) expression and concentration in post-translational processing [11]. The
LPA gene (6g26) includes a genetic variant (rs3798220) that leads to an lle to Met substitution

in the protease-like domain of apo(a). The Met allele has been linked to higher plasma Lp(a)



levels, smaller apo(a) isoforms, and an increased risk of CAD [12]. Notably, heterozygous
individuals with the 1le4399Met variant showed elevated Lp(a) levels, a higher risk for CAD,
and responded better to aspirin therapy compared to non-carriers [13].

Lp(a) has a relatively long half-life, estimated to be 3 to 4 days in humans, which is
longer than LDL, contributing to the persistence of elevated Lp(a) levels in individuals with
high genetic predisposition [14]. The exact pathways for Lp(a) clearance are not fully
understood, but it is believed that Lp(a) is taken up by multiple tissues and organs, including

the kidneys and liver [10,14].

Lp(a) concentrations

It is estimated that up to 20% of people worldwide have levels of Lp(a) >50 mg/dL
(125 nM) and a very high concentration of Lp(a) >180 mg/dL occurs in 1% [15,16]. In
Europeans, the prevalence of elevated Lp(a), defined as concentration over 30 mg/dL, reached
26.6% in Germany, 15.9% in Finland, 19.2% in Greece, while 35.0% in the United States [17-
20]. In Poland, 17.8% of 800 individuals with a median age of 49 years (interquartile range:
44-53 years) had Lp(a) levels >50 mg/dL [21]. Blacks have the highest Lp(a) level of all
race/ethnic groups studied followed by South Asians, Whites, Hispanics, and East Asians
[22]. Women, especially those aged >50 years, tend to have higher Lp(a) levels compared to
men and this difference is more pronounced after menopause [23,24]. In Caucasians a mean
Lp(a) level is about 10 mg/dL [25]. It has been suggested that Lp(a) increases with age,
however, such data are scarce and reported for very selected populations [26]. Moreover,
atrial fibrillation, hyperlipidemia, and hypertension were independently associated with
elevated Lp(a) levels in 2475 primary prevention patients referred to outpatient cardiology
units [24]. Given previous studies, variability of serum Lp(a) is >25% in about 41% of 432

subjects at a median age of 50 years during 1 year follow-up [27]. Given that elevated Lp(a) is



an established risk factor for CVD, fluctuations in Lp(a) levels over time can influence both
risk assessment and management strategies [28]. This is particularly relevant with ongoing

Lp(a)-lowering clinical trials using specific cut-off values for inclusion.

Lp(a) as a prothrombotic factor

Multiple prothrombotic mechanisms reported in animal and human studies on Lp(a) have

been presented in Fig. 2.

Impaired fibrinolysis and increased PAI-1 expression

Antifibrinolytic properties of Lp(a) are complex and unclear despite more than 30 years of
extensive research. The first concept was based on 80% homology of apo(a) to human
plasminogen (Fig. 1) leading to the observation that Lp(a) can interfere with plasmin
formation [29]. Plasminogen is activated by forming a ternary complex with tissue
plasminogen activator (tPA) and fibrin, after which plasmin is released to cleave fibrin.
However, in the presence of Lp(a), the apo(a) fragment binds to fibrin, creating a quaternary
complex that significantly slows down the rate of plasminogen activation. A biological role of
kringles in the Lp(a) molecule is linked to ligand interactions, mostly with lysine-containing
substrates [2,14]. Lysine binding sites (LBS) in KI have the highest affinity for lysine analogs,
followed by KIV and KV [30]. Apo(a) binding to fibrin relies on the KV region and the
strong LBS in KIV type 10 but does not involve the inactive plasminogen-like protease
domain [30]. Small apo(a) isoforms exhibit greater affinity for fibrin than larger isoforms.
Lp(a) interacts with fibrinogen, fibrin, and fibrin degradation products, since lysine residues

provide binding sites for apo(a) [14]. All the three alpha, beta, and gamma chains have been



found to interact with Lp(a) [31]. Lp(a) also competes with plasminogen and tPA for binding
fibrin, thereby preventing plasmin-mediated clot breakdown and promoting a prothrombotic
state [32]. In addition to disrupting ternary complex formation, Lp(a) can influence
plasminogen activation by interacting with inhibitors of its components. Lp(a) has been
shown to reduce tPA secretion from endothelial cells [33]. Regardless of its impact on tPA
secretion, Lp(a) has been reported to increase plasminogen activator inhibitor-1 (PAI-1)
expression in HUVEC and human coronary artery endothelial cells via a protein kinase C
(PKC)-dependent pathway [34], with effects can be enhanced by oxidized or glycated Lp(a)
[35]. Additionally, Lp(a) binds to a2-macroglobulin (a plasmin inhibitor), histidine-rich
glycoprotein (HRG), and al-antitrypsin (a tPA inhibitor) [31]. Thus, Lp(a) can impair
fibrinolysis through several mechanisms: disrupting the interaction of plasminogen, fibrin,
and tPA, reducing tPA availability or upregulating the tPA inhibitor, PAI-1. It is important to
note that, on a molar basis, plasminogen is nearly always present in higher amounts than
apo(a), which markedly minimizes in vivo potency of this protein in inhibiting plasminogen
activity [7]. This excess of plasminogen is essential when considering the role of Lp(a) in
CVD, where apo(a) may contribute to thrombosis. A study performed on plasminogen
knockout mice overexpressing apo(a) showed high incidence of thrombosis, suggesting that
Lp(a) may contribute to thrombotic events independently of plasminogen [36]. In summary,
although key mechanistic issues and the impact of Lp(a) isoform size are still unclear, the
current literature consistently shows that Lp(a)/apo(a) can hinder fibrinolysis and the

activation of plasminogen both within fibrin clots and on endothelial cells.

Unfavorably altered fibrin clot structure

Unfavorably altered fibrin clot properties, the so-called prothrombotic fibrin clot

phenotype, involve formation of denser fibrin network with thinner, more branched fibrin



fibers and smaller pores, which makes clot relatively resistant to fibrinolysis [37]. Such clot
phenotype has been reported in patients with arterial and venous thrombosis [37]. It has been
suggested that Lp(a) can unfavorably modulate plasma fibrin clot properties in patients
[38,39], even without a prolongation of clot lysis time [40]. This modulation is at least in part
genetically determined. It has been demonstrated that white individuals with the LPA
[le4399Met variant (5.33% carriers) had higher Lp(a) levels (18.5 [2.8-29.7] vs. 5.5 [3.1-12.9]
mg/dL) and formed denser fibrin clots (a decrease of clot porosity by 0.44, 95% confidence
interval [C1] 0.26-0.62 per each natural log increase in Lp(a)) that were less susceptible to
lysis (a prolongation of clot lysis time by 0.48, 95% CI 0.30-0.66 minutes per each natural log
increase in Lp(a)) compared to non-carriers [41]. It appears that Lp(a) levels >30 mg/dL
discriminates subjects with unfavorable fibrin features from those with a healthy clot
phenotype”. Such Lp(a) concentrations have been associated with about 20% lower fibrin clot
porosity and about 15% prolonged clot lysis time both in healthy individuals and patients
following MI [42]. In patients with severe aortic stenosis (AS) at a median age of 67 (59-72)
years, Lp(a) at a median level of 11.6 (4.0-60.0) mg/dL explained about 20% of variability in
plasma clot lysis time among other lipid profile parameters, however, Lp(a) in the
multivariable analysis showed a weaker association with clot lysis time than PAI-1 and
oxidized LDL [39]. Available data show that in humans Lp(a) affects the fibrin clot

phenotype at Lp(a) levels above 30-50 mg/dL.

Increased platelet activation

Lp(a) has been shown to enhance platelet activation and aggregation, but evidence for
such Lp(a) mediated effects is limited and their mechanisms are elusive [43-45]. It has been
demonstrated that Lp(a) and apo(a) alone can promote platelet activation via thrombin-

receptor-activated hexapeptide (TRAP) acting through protease-activated receptor [43]. Lp(a)
8



has inconsistent effects on aggregation. It has been shown that Lp(a) increases platelet
aggregation mediated by arachidonic acid (AA) and TRAP, but not by collagen [44]. Lp(a)
levels >30 mg/dL in 6601 patients after percutaneous coronary intervention were associated
with greater clot strength assessed by thromboelastography and enhanced platelet aggregation
induced by AA and adenosine diphosphate compared to Lp(a) levels <30 mg/dL, despite dual
antiplatelet therapy with aspirin and clopidogrel [45]. On the other hand, Lp(a), isolated from
human EDTA plasma samples of apparently healthy donors, in vitro at concentrations
between 20-80 ug/mL inhibited in a dose-dependent manner platelet aggregation induced by
platelet activating factor (PAF), potentially due to its interaction with PAF-acetylhydrolase
(PAF-AH, currently known as lipoprotein-associated phospholipase A2; Lp-PLA2) [46]. A
similar effect of Lp(a) at concentrations 1-100 mg/dL on collagen-induced platelet
aggregation has been observed, depending on the increasing levels of cyclic adenosine
monophosphate (CAMP) [47]. Moreover, Lp(a) inhibited fibrinogen binding to platelets in
response to PAF [46]. However, more recent data showed that Lp(a) enhanced platelet
aggregation independently of Lp-PLAZ2 [48]. Moreover, Salsoso et al. [49] have reported no
effect of Lp(a) on platelet reactivity in CAD patients, even at a concentration >50 mg/dL.
These contradictory effects may depend on different platelet agonists and the interactions
between Lp(a) subunits (apo(a) and apoB-100/LDL). An impact of Lp(a) on platelets can be
however modified by posttranslational modifications, such as lipid peroxidation or

acetylation, highlighting the complexity of Lp(a)-platelet interactions.

Oxidative Stress and Inflammation

Oxidative stress generates reactive oxygen species (ROS), which can damage
endothelial cells and promote a pro-thrombotic environment. Moreover, inflammation triggers
the release of cytokines and other inflammatory mediators, further disrupting vascular

integrity and activating platelets and blood coagulation. Lp(a) is considered a pro-



inflammatory lipoprotein largely via enhanced oxidative stress. The expression of Lp(a) is
upregulated by the proinflammatory cytokine interleukin-6 (IL-6), which binds to multiple
sites in the apo(a) promoter in the LPA gene, suggesting that Lp(a) might function as an acute
phase reactant [50]. Lp(a) is known to stimulate the secretion of inflammatory cytokines,
attract inflammatory cells, facilitate transendothelial migration, and probably most important,
to carry oxidized phospholipids (oxPL). oxPL are typically associated with apoB-100, but
within the Lp(a) molecule, their binding depends on the KV of the apo(a) component [51].
The amount of oxPL bound to apo(a) remains constant regardless of apo(a) size, indicating
that this binding occurs during synthesis in the liver and not from plasma LDL containing
apoB-100 [51]. While this binding may - at low concentrations - play a potential anti-
inflammatory role, in individuals with high Lp(a) levels, it could lead to the deposition of
oxPL in the vessel walls, contributing to local thrombogenesis [51]. oxPL deposition results
from competing action between apo(a) and Lp-PLA2 for oxPL binding, favoring the former
reaction. Absence of apo(a) reduced this effect, undelaying a dose-dependent manner of Lp(a)
action [52]. Moreover, oxPL as well as oxidized Lp(a) can damage the endothelium and
activate monocytes and macrophages, which upon activation with inflammatory cytokines

(e.g., IL-6, tumor necrosis factor-a, and IL-1p) can express tissue factor (TF) on their surface.

TF-mediated coagulation

TF is a key initiator of blood coagulation in vivo, leading finally to thrombin
generation and fibrin formation. An in vitro study showed that monocytes isolated from
peripheral blood of healthy individuals treated with Lp(a) or recombinant apo(a) (each 100
nM, encountering concentrations >30 mg/dL in vivo) doubled TF expression resulting from
macrophage-1 antigen (Mac-1; integrin amp2) and the NFkB signaling pathway activation
[53]. In contrast to normal arteries, all types of atherosclerotic lesions (from early to

advanced) were rich in apo(a) colocalizing in 97% with Mac-1 expression, regardless of age,
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gender, atherosclerotic risk factors or comorbidities [31]. A similar effect of Lp(a) was not
observed for endothelial cells [54]. An actual impact of this mechanism on the risk of

thrombosis is unclear.

Reduction in TFPI

Besides enhancing TF expression in monocytes, Lp(a) may also inhibit tissue factor
pathway inhibitor (TFPI). In 2001 Caplice et al. [55] showed that nanomolar levels of Lp(a)
inhibit TFPI via the apo(a) component, and both TFPI and apo(a) have been found colocalized
in smooth muscle cell-rich regions of atherosclerotic plaques, indicating potential interactions.
Of note, 90% of both free and cell-bound TFPI in plasma is bound to lipoproteins, including
Lp(a), which therefore exert procoagulant effects [55]. In a study performed in 136 CAD
patients serum Lp(a) levels correlated positively with total TFPI concentrations (r=0.28,
p<0.05) [56]. Moreover, Di Nisio et al. [57] showed about 15% higher TFPI antigen in CAD

patients with Lp(a) levels >30 mg/dL compared to those with Lp(a) <30 mg/dL.

Lp(a) in arterial thromboembolism

Coronary artery disease

Mendelian randomization studies and genome wide association studies have
conclusively shown that elevated Lp(a) levels are associated with a higher risk of CVD [7].
The association between Lp(a) levels and several cardiovascular outcomes have been reported
in recent years (Table 1). Moreover, both in the secondary and primary prevention setting
among middle-aged UK Biobank participants, elevated Lp(a) levels were associated with an
increased risk of MACE [58].

The Danish Copenhagen City Heart Study showed a stepwise increase in risk of MI

with increasing levels of Lp(a) in both genders. It has been found that high Lp(a) levels >120
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mg/dL (>95th percentile) predicted a 3- to 4-fold increase in risk of MI and absolute 10-year
risks of 20% and 35% in high-risk women and men [59]. A recent report from the Zabrze-
Lipoprotein (a) Registry in Silesia, Poland, revealed that the prevalence of increased Lp(a)
>30 mg/dL (75 nmol/L) were the highest in patients with previous Ml (20.6% vs. 14.9%; p =
0.002), with chronic CAD (52.2% vs. 41.5%; p < 0.001) and in those undergoing PCI during
hospitalization (23.9 vs. 19%; p=0.01)[60].

The INTERHEART Lp(a) study demonstrated wide interethnic differences in Lp(a)
concentration and isoform size. Higher Lp(a) concentrations were associated with an
increased risk of MI and carried an especially high population burden in South Asians and
Latin Americans. Isoform size was inversely associated with Lp(a) concentration, but in this
study did not significantly contributed to risk [61].

Atherosclerotic plaques in patients with elevated Lp(a) levels have a complex
morphology, these plaques are prone to repeated ruptures and healing, which can lead to
severe and rapid progression of atherosclerosis [62]. Coronary atherosclerosis in patients with
high Lp(a) levels mostly manifests clinically as an acute MI, rather than stable angina [63].
Rallidis et al. [64] reported that elevated Lp(a) above 50 mg/dL (125 nmol/L) was associated
with a 3-fold likelihood of acute coronary syndrome (ACS) in adults aged <45 years and a 2-
fold likelihood in middle-aged (45-60 years) adults, but there was no association in the older
participants (>60 years). A recent analysis has shown that aspirin use reduced coronary heart
disease events (hazard ratio [HR] 0.54, 95% CI 0.32-0.94) without significant risk of bleeding
in individuals with Lp(a) >50 mg/dL without CVD at enrollment [65]. Trials on novel agents
that substantially reduce Lp(a) are currently underway and will evaluate whether Lp(a)

lowering does reduce incidence of MACEs [66].
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Stroke

Stroke is the second leading cause of death and a major cause of disability worldwide.
Almost 80% of strokes are ischemic stroke (IS) and 15-20% are hemorrhagic stroke (HS) in
origin [67]. Numerous data published in recent years have shown that increased Lp(a) levels
could be considered as a predictive marker for identifying individuals who are at risk of

developing stroke (Table 1).

Emerging Risk Factors Collaboration based on 36 prospective studies found that each 3.5-fold
increase in the Lp(a) level was associated with a 10% increased risk for IS and a 6% increased
risk for HS [68,69]. The large Danish cohort study showed Lp(a) levels >93 mg/dL (>95th
percentile) were associated with an increased IS risk compared with Lp(a) levels <10 mg/dL,
(HR 1.60, 95% CI 1.24 - 2.05) [70]. Lange et al. [71], who followed patients with acute first-
ever IS, demonstrated that after adjustment for potential confounders, patients with elevated
Lp(a) levels >30 mg/dL had a notably higher risk of combined vascular event recurrence (IS,
transient ischemic attack [TIA], M1, nonelective coronary revascularization, and
cardiovascular death). Meta-analysis of 41 studies performed by Kumar et al. [72] revealed
that increased levels of Lp(a) are significantly associated with the risk of IS in adult Asian and
Caucasian populations. In the Atherosclerosis Risk in Communities (ARIC) study showed
that high Lp(a) was associated with a higher incidence of IS in Blacks and white women, but
not in white men [73]. In the Reasons for Geographic and Racial Differences in Stroke
(REGARDS) study a stronger association between Lp(a) and IS in black than in white
participants was reported [74]. Since Lp(a) is an atherothrombotic risk factor, its association
with stroke or TIA is likely to be linked to thromboembolic etiology [75]. In the BIOSIGNAL
study elevated Lp(a) was independently associated with large artery atherosclerosis stroke
etiology and risk of recurrent cerebrovascular events among individuals aged <60 years or

with evident atherosclerotic disease [76].
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Interestingly Lp(a) has been reported to be associated with incident IS in children, which
is an uncommon disease (<1% of children) [76]. Meta-analysis performed by Sultan et al. [77]
demonstrated that children with high Lp(a) levels have a 4-fold risk of IS with an even higher
risk for recurrent event. It is speculated that among the children with elevated Lp(a) the causal
mechanism of IS may be disturbed fibrinolysis, as children rarely have atherosclerosis [75].

There are data suggesting that thrombophilic risk factors combined with higher Lp(a)
level amplify the risk of IS and VTE/sinus venous thrombosis [78]. Youyou et al. [79] have
suggested that fibrinogen accounts for 10% of the association between Lp(a) and the risk of IS.

Tsimikas [75] has suggested that in young adults with stroke, plaque burden may not
fully account for stroke/TIA, and genetically elevated Lp(a) from birth along with
superimposed proinflammatory effects of OxPLs and antifibrinolytic properties of
apolipoprotein(a) may predispose to ischemic events. Finally, in elderly subjects with stroke,
accumulation of multiple risk factors may be additive or synergistic to elevated Lp(a) in
manifesting carotid and intracranial disease, leading to distal embolization of plaque/platelet
emboli as well as acute thrombotic occlusion [75]. Taken together, elevated Lp(a) increases the

risk of IS also without advanced atherosclerosis.

Calcific aortic valve disease

Aortic stenosis (AS) is the most common acquired valvular heart disease in the aging
population. The prevalence of severe AS in those aged >75 years is 3.4% in Europe and the
US [80]. Within the stenotic aortic valves, a prominent accumulation of lipoproteins has been
observed, being an essential component of CAVD development [81].

In the Danish cohort studies (the Copenhagen City Heart Study and the Copenhagen
General Population Study) patients were followed up for 20 years. In patients with Lp(a)

levels >90 mg/dL, the risk for CAVD was 2.9-fold higher than in patients with low Lp(a)
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level [82]. The main pathophysiological processes involving Lp(a) in CAVD include
endothelial dysfunction, indirect promotion of foam cells formation through OxPL, valvular
calcification, as well as inflammation, oxidative stress, and the direct promotion of valvular
calcification [83]. OxPLs are co-expressed with Lp(a) within the stenotic leaflets and promote
valvular calcification [82].
A genome-wide association study revealed that LPA rs10455872 genetic variant was
associated with a 2-fold increased risk of aortic leaflet calcification [83]. Kamstrup et al.
[82] demonstrated that OXPL levels were related to increased risk of AS. Siudut et al.
[39] reported that in AS, Lp(a) and oxidized LDL contribute to hypofibrinolysis. Kopytek et
al. [85] observed enhanced valvular OXPL expression in patients with increased serum Lp(a)
concentrations equal to or above 50 mg/dL. At increased Lp(a) levels OxPLs impaired
fibrinolysis by inhibiting tPA-mediated plasminogen activation and inhibition of plasminogen
binding to fibrin [86]. There is evidence that hypofibrinolysis is linked to increased
AS severity [39,87], therefore OxPL-lowering therapies could slow down AS progression.

A post-hoc analysis of the FOURIER (Further Cardiovascular Outcomes Research
With PCSK9 Inhibition in Subjects With Elevated Risk) trial with evolocumab highlighted
the Lp(a) reduction as a therapeutic option for AS. In this analysis, elevated Lp(a) levels were
associated with higher rates of AS events including aortic valve replacement.
Patients treated with evolocumab had a numerically lower incidence of new or worsening AS
or valve replacement when compared with placebo [88]. Given this findings authors speculate
whether targeted Lp(a) reduction may impact AS progression. This is in line with the results
from the Rotterdam Study, in which Lp(a) was associated with baseline and new-onset CAVD
but not with AS progression, suggesting that Lp(a)-lowering interventions may be most

effective in pre-calcific stages of CAVD [89]. Of note, proprotein convertase subtilisin/kexin
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type 9 (PCSK9) inhibitors were reported to reduce the incidence of cardiovascular events

[90].

Venous thromboembolism

VTE is the third most common cause of vascular mortality worldwide and comprises
deep-vein thrombosis (DVT) and pulmonary embolism (PE). About two-thirds of VTE
episodes manifest as DVT and one-third as PE with or without DVT. Less frequently,
thrombosis affects other veins including upper extremity veins, cerebral venous sinuses, and
mesenteric, renal, and hepatic veins [91]. Evidence that Lp(a) might represent a risk factor for
VTE remains highly controversial (Table 1).
Pulmonary embolism and deep vein thrombosis

Meta-analysis performed by Dentali et al. [92], showed significant but weak
association between Lp(a) levels and VTE (OR 1.56, 95%CI 1.36-1.79). The study by Wang
et al. [93] among individuals with spinal cord injuries demonstrated that increased serum
Lp(a) was an independent predictor of DVT in this population. However, in the large
Copenhagen City Heart Study and Copenhagen General Population Study, neither tertiles of
Lp(a) levels nor LPA KIV2 repeats were associated with incident VTE [94]. Interestingly,
post hoc analyses in both populations revealed that extremely high Lp(a) levels (>95th
percentile) were associated with VTE occurrence (OR 1.33, 95%CI 1.06-1.69) [94].
However, there were no associations between Lp(a) quintile and total, provoked (e.g. by
cancer, surgery, or hospitalization) or unprovoked VTE in participants in the Women’s Health
Study [95]. Only extremely high Lp(a) (>99th percentile or 130.6 mg/dL) were significantly
associated with provoked VTE (HR 2.55, 95% CI1 1.13-5.7) . None of the LPA genetic
variants were associated with VTE [95]. Similarly, the Mendelian randomization study

conducted in the UK BioBank found no significant relationship between elevated Lp(a) and
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either DVT (OR 1.00, 95%CI:0.96-1.04 per 50 mg/dL increase; 9454 cases) or PE (OR 1.01,
95% CI: 0.95-1.07; 6148 cases) [96,97].

Meta-analysis of combined data from FOURIER (evolocumab) and ODYSSEY
OUTCOMES (Evaluation of Cardiovascular Outcomes After an Acute Coronary Syndrome
During Treatment with Alirocumab) demonstrated a 31% relative risk reduction in VTE with
PCSKO9 and Lp(a) reduction seemed to be an important mediator of this effect [98]. There was
an association between baseline Lp(a) concentrations and the magnitude of VTE risk
reduction. In patients with higher baseline Lp(a) levels, evolocumab reduced Lp(a) by 13.2
mg/dL (33 nmol/L) and the risk of VTE by 48% (HR 0.52, 95% CI, 0.30-0.89) whereas, in
patients with lower baseline Lp(a) levels, evolocumab reduced Lp(a) by only 7 nmol/L and
had no effect on VTE risk. Altogether, association of Lp(a) with VTE appears much weaker

and more complex as compared to that for arterial thrombosis.

Venous thromboembolism at atypical sites
Cerebral vein thrombosis (CSVT)

In the literature there have been case reports linking CVST to markedly increased
Lp(a) levels [99-101] with one case of recurrence of CVST [100]. In 2019 Skuza et. al [102]
reported that patients with CVST and Lp(a) >30 mg/dL had a 3.9-fold higher risk of recurrent
CVST. It has been found that faster formation of denser plasma fibrin clots displaying
reduced susceptibility to lysis characterizes patients with CVST, and importantly, denser clot
structure may predispose to recurrence of CVST. It might be speculated that association of
elevated Lp(a) with CVST could be at least in part driven by unfavorably altered fibrin clot

properties.

Retinal vein thrombosis (RVO)
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There is some evidence that elevated Lp(a) plasma levels >30 mg/dL, were
significantly more prevalent among RVO patients than among controls [103,104], Table 1.
However, recent data from the TriNetX US Collaborative Network, a large national database
showed the lack of association between Lp(a) concentration and the risk of RVO [105].
Portal vein thrombosis (PVT)

Malaguarnera et al. [106] have observed that patients with PVT had higher serum
Lp(a) levels than healthy individuals. This small-sized study has not been confirmed by

further reports.

Taking into account the prothrombotic and antifibrinolytic properties of Lp(a) and the
emerging evidence from both epidemiological and clinical studies; there is debate that Lp(a)
may also be linked to the development of VTE or recurrent VTE, especially in patients with
unfavorably altered fibrin clot properties, which have been reported to be associated both with
first-ever and recurrent thrombosis [107]. Despite conflicting data one could speculate that the

effects of Lp(a) on VTE risk may be evident only at the highest Lp(a) concentrations [108].

Future perspectives

Current evidence indicates that Lp(a) levels above 30 mg/dL in the US and 50 mg/dL in
Europe are associated with an increased risk of MI and stroke, being perceived as an
important potentially modifiable contributor among several modifiable and nonmodifiable CV
risk factors [109]. Interestingly, Lp(a) has been linked to arterial thrombosis, with some
studies suggesting a connection to atypical forms of thrombosis. However, data regarding its
role in patients with DVT remain inconsistent, despite several prothrombotic effects of Lp(a)
that are common for both venous and arterial thrombosis. Lp(a) containing protein and lipid

components, both of which can undergo post-translational modifications in particular
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oxidation, especially under conditions of heightened oxidative stress could produce
prothrombotic effects of varying magnitude depending on environmental factors. It appears
that prothrombotic and antifibrinolytic effects of Lp(a) are more pronounced when oxidative
stress is significantly elevated linking this lipoprotein with arterial thrombosis largely in
atherosclerotic vascular disease. Therefore, this effect may be less relevant in younger
patients, in whom oxidative stress has been documented to be counterbalanced by
antioxidative mechanisms [110]. Ongoing research explores new drugs, for instance
pelacarsen, that can lower Lp(a) levels even by 80% [7, 111], and it can be speculated that
they might exert anticoagulant effects and further reduce the risk of thromboembolic events,
regardless of the vascular bed involved, like statins do [112]. Advances in genomic,
proteomic, and metabolomic research might help better characterize Lp(a) as a factor

increasing thrombotic risk and guide novel Lp(a) reducing therapies.

Funding: This study was supported by the Jagiellonian University Medical College (grant

number N41/DBS/001300, to J.N.).
References:

1. Berg K. A new serum type system in man—the LP system. Acta Pathol Microbiol
Scand 1963; 59: 369-382.

2. Jawi MM, Frohlich J, Chan SY. Lipoprotein(a) the Insurgent: A New Insight into the
Structure, Function, Metabolism, Pathogenicity, and Medications Affecting
Lipoprotein(a) Molecule. J Lipids 2020; 2020: 3491764.

3. McLean JW, Tomlinson JE, Kuang WJ, et al. cDNA sequence of human
apolipoprotein(a) is homologous to plasminogen. Nature 1987; 330: 132-137.

4. Visseren FLJ, MacH F, Smulders YM, et al. 2021 ESC Guidelines on cardiovascular

disease prevention in clinical practice developed by the Task Force for cardiovascular

19



10.

11.

12.

disease prevention in clinical practice with representatives of the European Society of
Cardiology and 12 medical societies With the special contribution of the European
Association of Preventive Cardiology (EAPC). Eur Heart J 2021; 42: 3227-3337.
Reyes-Soffer G, Ginsberg HN, Berglund L, et al. Lipoprotein(a): A Genetically
Determined, Causal, and Prevalent Risk Factor for Atherosclerotic Cardiovascular
Disease: A Scientific Statement From the American Heart Association. Arterioscler
Thromb Vasc Biol 2022; 42: E48-E60.

Kronenberg F, Mora S, Stroes ESG, et al. Lipoprotein(a) in atherosclerotic
cardiovascular disease and aortic stenosis: a European Atherosclerosis Society
consensus statement. Eur Heart J 2022; 43: 3925-3946.

Tsimikas S. A test in context: lipoprotein(a): diagnosis, prognosis, controversies, and
emerging therapies. J Am Coll Cardiol 2017; 69: 692-711.

Zhu L, Zheng J, Gao B, et al. The correlation between lipoprotein(a) elevations and
the risk of recurrent cardiovascular events in CAD patients with different LDL-C
levels. BMC Cardiovasc Disord 2022; 22: 1-10.

Schmidt K, Noureen A, Kronenberg F, Utermann G. Structure, function, and genetics
of lipoprotein (a). J Lipid Res. 2016; 57: 1339-1359.

Enkhmaa B, Berglund L. Non-genetic influences on lipoprotein(a) concentrations.
Atherosclerosis 2022; 349: 53-62.

Chemello K, Chan DC, Lambert G, Watts GF. Recent advances in demystifying the
metabolism of lipoprotein(a). Atherosclerosis 2022; 349: 82-91.

Arai K, Luke MM, Koschinsky ML, et al. The 14399M variant of apolipoprotein(a) is
associated with increased oxidized phospholipids on apolipoprotein B-100 particles.

Atherosclerosis 2010; 209: 498-503.

20



13.

14.

15.

16.

17.

18.

19.

20.

Chasman DI, Shiffman D, Zee RY, Louie JZ, Luke MM, Rowland CM, Catanese JJ,
Buring JE, Devlin JJ, Ridker PM. Polymorphism in the apolipoprotein(a) gene, plasma
lipoprotein(a), cardiovascular disease, and low-dose aspirin therapy. Atherosclerosis
2009; 203: 371-376.

Boffa MB, Koschinsky ML. Understanding the ins and outs of lipoprotein (a)
metabolism. Curr Opin Lipidol 2022; 33: 185-192.

Szymanski FM, Mickiewicz A, Dzida G, et al. Management of dyslipidemia in
Poland: Interdisciplinary Expert Position Statement endorsed by the Polish Cardiac
Society Working Group on Cardiovascular Pharmacotherapy. The Fourth Declaration
of Sopot. Cardiol J 2022; 29: 1-26.

Wilson DP, Jacobson TA, Jones PH, et al. Use of Lipoprotein(a) in clinical practice: A
biomarker whose time has come. A scientific statement from the National Lipid
Association. J Clin Lipidol 2019; 13: 374-392.

Varvel S, McConnell JP, Tsimikas S. Prevalence of Elevated Lp(a) Mass Levels and
Patient Thresholds in 532 359 Patients in the United States. Arterioscler Thromb Vasc
Biol 2016; 36: 2239-2245.

an Buuren F, Horstkotte D, Knabbe C, Hinse D, Mellwig KP. Incidence of elevated
lipoprotein (a) levels in a large cohort of patients with cardiovascular disease. Clin Res
Cardiol Suppl 2017; 12: 55.

Kouvari M, Panagiotakos DB, Chrysohoou C, et al. Lipoprotein (a) and 10-year
Cardiovascular Disease Incidence in Apparently Healthy Individuals: A Sex-based
Sensitivity Analysis from ATTICA Cohort Study. Angiology 2019; 70: 819-829.
Raitakari O, Kiveld A, Pahkala K, et al. Long-term tracking and population
characteristics of lipoprotein (a) in the Cardiovascular Risk in Young Finns Study.

Atherosclerosis 2022; 356: 18-27.

21



21.

22.

23.

24,

25.

26.

217.

28.

29.

Konieczynska M, Nowak K, Pudto J, et al. Elevated lipoprotein(a) in the middle-aged
Polish population: Preliminary data on the genetic background. Kardiol Pol 2023; 81.:
1279-1281.

Mehta A, Jain V, Saeed A, Saseen JJ, Gulati M, Ballantyne CM, Virani SS.
Lipoprotein(a) and ethnicities. Atherosclerosis. 2022; 349: 42-52.

Harb T, Ziogos E, Blumenthal RS, Gerstenblith G, Leucker TM. Intra-individual
variability in lipoprotein(a): the value of a repeat measure for reclassifying individuals
at intermediate risk. Eur Heart J Open 2024; 4: oeae064.

Burzynska M, Jankowski P, Babicki M, Banach M, Chudzik M. The prevalence of
hyperlipoproteinemia(a) in outpatient cardiology clinic patients of European ancestry:
results from a STAR-Lp(a) cross-sectional study. Pol Arch Intern Med. 2024:16860.
doi: 10.20452/pamw.16860.

Enkhmaa B, Anuurad E, Berglund L. Lipoprotein (a): impact by ethnicity and
environmental and medical conditions. J Lipid Res 2016; 57: 1111-1125.

Akita H, Matsubara M, Shibuya H, Fuda H, Chiba H. Effect of ageing on plasma
lipoprotein(a) levels. Ann Clin Biochem 2002; 39: 237-240.

Harb T, Ziogos E, Blumenthal RS, et al. Intra-individual variability in lipoprotein(a):
the value of a repeat measure for reclassifying individuals at intermediate risk. Eur
Heart J Open. 2024; 4. oeae064.

Ghouse J, Ahlberg G, Albertsen Rand S, et al. Within-person stability of lipoprotein(a)
concentration. Eur Heart J. 2024: ehae652.

Stulnig TM, Morozzi C, Reindl-Schwaighofer R, Stefanutti C. Looking at Lp(a) and
Related Cardiovascular Risk: from Scientific Evidence and Clinical Practice. Curr

Atheroscler Rep 2019; 21: 37.

22



30.

31.

32.

33.

34.

35.

36.

37.

Hancock MA, Boffa MB, Marcovina SM, Nesheim ME, Koschinsky ML. Inhibition
of plasminogen activation by lipoprotein(a). Critical domains in apolipoprotein(a) and
mechanism of inhibition on fibrin and degraded fibrin surfaces. J Biol Chem 2003;
278: 23260-232609.

von Zychlinski A, Kleffmann T, Williams MJA, McCormick SP. Proteomics of
Lipoprotein(a) identifies a protein complement associated with response to wounding.
Journal of Proteomics 2011; 74: 2881-2891.

Rouy D, Grailhe P, Nigon F, Chapman J, Angles-Cano E. Lipoprotein(a) impairs
generation of plasmin by fibrin-bound tissue-type plasminogen activator: in vitro
studies in a plasma milieu. Arterioscler Thromb 1991; 11: 629-638.

Zhang J, Ren S, Shen GX. Glycation amplifies lipoprotein(a)-induced alterations in
the generation of fibrinolytic regulators from human vascular endothelial cells.
Atherosclerosis 2000; 150: 299-308.

Ren S, Shatadal S, Shen GX. Protein kinase C-§ mediates lipoprotein-induced
generation of PAI-1 from vascular endothelial cells. Am J Physiol Endocrinol Metab
2000; 278: E656-E662.

Riches K, Porter KE. Lipoprotein(a): Cellular Effects and Molecular Mechanisms.
Cholesterol 2012; 2012: 923289.

Sha J, McCullough B, Hart E, Nassir F, Davidson NO, Hoover-Plow J. Apo(a)
promotes thrombosis in a vascular injury model by a mechanism independent of
plasminogen. J Thromb Haemost 2005; 3: 2281-2289.

Zabczyk M, Ariéns RAS, Undas A. Fibrin clot properties in cardiovascular disease:

from basic mechanisms to clinical practice. Cardiovasc Res. 2023; 119: 94-111.

23



38.

39.

40.

41.

42.

43.

44,

45,

Undas A, Plicner D, Stepien E, et al. Altered fibrin clot structure in patients with
advanced coronary artery disease: a role of C-reactive protein, lipoprotein(a) and
homocysteine. J Thromb Haemostasis 2007; 5: 1988-1990.

Siudut J, Natorska J, Wypasek E, et al. Apolipoproteins and lipoprotein(a) as factors
modulating fibrin clot properties in patients with severe aortic stenosis.
Atherosclerosis 2022; 344: 49-56.Mansson M, Kalies I, Bergstrom G, et al. Lp(a) is
not associated with diabetes but affects fibrinolysis and clot structure ex vivo. Sci Rep
2014; 4: 5318.

Rowland CM, Pullinger CR, Luke MM, et al. Lipoprotein (a), LPA lle4399Met, and
fibrin clot properties. Thromb Res 2014; 133: 863-867.

Undas A, Stepien E, Tracz W, Szczeklik A. Lipoprotein(a) as a modifier of fibrin clot
permeability and susceptibility to lysis. J Thromb Haemost 2006; 4: 973-975.

Rand ML, Sangrar W, Hancock MA, et al. Apolipoprotein(a) enhances platelet
responses to the thrombin receptor-activating peptide SFLLRN. Arterioscler Thromb
Vasc Biol 1998; 18: 1393-1399.

Martinez C, Rivera J, Loyau S, et al. Binding of recombinant apolipoprotein(a) to
human platelets and effect on platelet aggregation. Thromb Haemost 2001; 85: 686-
693.

Zhu P, Tang XF, Song Y, Zhang Y, Gao LJ, Gao Z, Chen J, Yang YJ, Gao RL, Xu B,
Yuan JQ. Association of lipoprotein(a) with platelet aggregation and thrombogenicity
in patients undergoing percutaneous coronary intervention. Platelets. 2021; 32: 684-
689.

Tsironis LD, Mitsios JV, Milionis HJ, Elisaf M, Tselepis AD. Effect of lipoprotein (a)
on platelet activation induced by platelet-activating factor: role of apolipoprotein (a)

and endogenous PAF-acetylhydrolase. Cardiovasc Res 2004; 63: 130-138.

24



46.

47.

48.

49,

50.

o1,

52.

53.

54,

Barre DE. Apolipoprotein (a) mediates the lipoprotein (a)-induced biphasic shift in
human platelet cyclic AMP. Thromb Res 2003; 112: 321-324.

Liu H, Fu D, Luo Y, Peng D. Independent association of Lp(a) with platelet reactivity
in subjects without statins or antiplatelet agents. Sci Rep. 2022; 12: 16609.

Salsoso R, Dalcoquio TF, Furtado RHM, et al. Relation of High Lipoprotein (a)
Concentrations to Platelet Reactivity in Individuals with and Without Coronary Artery
Disease. Adv Ther 2020; 37: 4568-4584.

Wade DP, Clarke JG, Lindahl GE, et al. 5° control regions of the apolipoprotein(a)
gene and members of the related plasminogen gene family. Proc Natl Acad Sci U S A
1993; 90: 1369-1373.

Tsimikas S, Brilakis ES, Miller ER, et al. Oxidized phospholipids, Lp(a) lipoprotein,
and coronary artery disease. New England Journal of Medicine 2005; 353: 46-57.
Tsimikas S, Tsironis LD, Tselepis AD. New insights into the role of lipoprotein(a)-
associated lipoprotein-associated phospholipase A2 in atherosclerosis and
cardiovascular disease. Arterioscler Thromb Vasc Biol 2007; 27: 2094-2099.

Sotiriou SN, Orlova VV, Al-Fakhri N, et al. Lipoprotein(a) in atherosclerotic plaques
recruits inflammatory cells through interaction with Mac-1 integrin. FASEB J 2006;
20: 559-561.

Etingin OR, Hajjar DP, Hajjar KA, Harpel PC, Nachman RL. Lipoprotein (a) regulates
plasminogen activator inhibitor-1 expression in endothelial cells: a potential
mechanism in thrombogenesis. J Biol Chem 1991; 266: 2459-2465.

Caplice NM, Panetta C, Peterson TE, et al. Lipoprotein (a) binds and inactivates tissue
factor pathway inhibitor: a novel link between lipoproteins and thrombosis. Blood

2001, 98: 2980-2987.

25



55. Bilgen D, Sénmez H, Ekmekg¢i H, Ulutin T, Oztiirk Z, Kékoglu E, Bayram C, Soner
A, Domanig N. The relationship of TFPI, Lp(a), and oxidized LDL antibody levels in
patients with coronary artery disease. Clin Biochem 2005; 38: 92-66.

56. Di Nisio M, ten Wolde M, Meijers JC, Buller HR. Effects of high plasma lipoprotein
(@) levels on tissue factor pathway inhibitor and the protein C pathway. J Thromb

Haemost. 2005; 3: 2123-2125.

57. Zimodro JM, Gasecka A, Arski P, Schwarz J, Banach M, Gouni-Berthold I.
Lipoprotein (a) measurement: potential for personalized cardiovascular disease
management in a patient with acute myocardial infarction. Arch Med Sci 2024; 20:
1043-1047.

58. Patel AP, Wang M, Pirruccello JP, et al. Lp(a) (Lipoprotein[a]) concentrations and
incident atherosclerotic cardiovascular disease: new insights from a large national
biobank. Arterioscler Thromb Vasc Biol 2021; 41: 465-474.

59. Kamstrup PR, Benn M, Tybjaerg-Hansen A, Nordestgaard BG. Extreme lipoprotein(a)
levels and risk of myocardial infarction in the general population: the Copenhagen
City Heart Study. Circulation 2008; 117: 176-184.

60. Dyrbus K, Medrala Z, Konsek K, et al. Lipoprotein(a) and its impact on
cardiovascular disease— the Polish perspective: design and first results of the Zabrze-
Lipoprotein(a) Registry Arch Med Sci 2024; 20: 1069-1076.

61. Yusuf S, Hawken S, Ounpuu S, et al. Effect of potentially modifiable risk factors
associated with myocardial infarction in 52 countries (the INTERHEART study):
case-control study. Lancet 2004; 364: 937-952.

62. Strandberg TE. Benefits and limitations of statin use in primary cardiovascular

prevention: recent advances. Pol Arch Intern Med 2022; 132: 16258.

26



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Geovanini GR, Libby P. Atherosclerosis and inflammation: overview and updates.
Clin Sci (Lond) 2018; 132: 1243-1252.

Rallidis LS, Pavlakis G, Foscolou A, et al. High levels of lipoprotein (a) and
premature acute coronary syndrome. Atherosclerosis 2018; 269: 29-34.

Bhatia HS, Trainor P, Carlisle S, et al. Aspirin and Cardiovascular Risk in Individuals
With Elevated Lipoprotein(a): The Multi-Ethnic Study of Atherosclerosis. J Am Heart
Assoc 2024; 13: e033562.

Sosnowska B, Stepinska J, Mitkowski P, et al. Recommendations of the Experts of the
Polish Cardiac Society (PCS) and the Polish Lipid Association (PoLA) on the
diagnosis and management of elevated lipoprotein(a) levels. Archives of Medical
Science. 2024; 20: 8-27.

Feigin VL, Brainin M, Norrving B, et al. World Stroke Organization (WSQO): Global
Stroke Fact Sheet 2022. Int J Stroke 2022; 17: 18-29.

Erqou S, Kaptoge S, Perry PL, et al. Lipoprotein(a) concentration and the risk of
coronary heart disease, stroke, and nonvascular mortality. JAMA 2009; 302: 412-423.
Kosmas CE, Bousvarou MD, Papakonstantinou EJ, Zoumi EA, Rallidis LS.
Lipoprotein (a) and cerebrovascular disease. J Int Med Res 2024; 52:
3000605241264182.

Langsted A, Nordestgaard BG, Kamstrup PR. Elevated Lipoprotein(a) and Risk of
Ischemic Stroke. J Am Coll Cardiol 2019; 74: 54-66.

Lange KS, Nave AH, Liman TG. Lipoprotein (a) levels and recurrent vascular events
after first ischemic stroke. Stroke 2017;48:36-42.

Kumar P, Swarnkar P, Misra S, et al. Lipoprotein (a) level as a risk factor for stroke

and its subtype: A systematic review and meta-analysis. Sci Rep 2021; 11: 15660.

27



73.

74.

75.

76.

77.

78.

79

80.

81.

Ohira T, Schreiner PJ, Morrisett JD, et al. Lipoprotein(a) and incident ischemic stroke:
the Atherosclerosis Risk in Communities (ARIC) study. Stroke 2006; 37: 1407-1412.
Arora P, Kalra R, Callas PW, et al. Lipoprotein(a) and risk of ischemic stroke in the
REGARDS study. Arterioscler Thromb Vasc Biol 2019; 39: 810-818.

Tsimikas S. Elevated lipoprotein(a) and the risk of stroke in children, young adults,
and the elderly. Eur Heart J 2021; 42: 2197-2200.

Arnold M, Schweizer J, Nakas CT, et al. Lipoprotein(a) is associated with large artery
atherosclerosis stroke aetiology and stroke recurrence among patients below the age of
60 years: results from the BIOSIGNAL study. Eur Heart J 2021; 42: 2186-2196.
Sultan SM, Schupf N, Dowling MM, Deveber GA, Kirton A, ElIkind MS. Review of
lipid and lipoprotein(a) abnormalities in childhood arterial ischemic stroke. Int J
Stroke 2014; 9: 79-87.

Kenet G, Lutkhoff LK, Albisetti M, et al. Impact of thrombophilia on risk of arterial
ischemic stroke or cerebral sinovenous thrombosis in neonates and children: a
systematic review and meta-analysis of observational studies, Circulation 2010; 121:

1838-1847.

. Youyou Z, Ruirui J, Hui W, et al. Association between lipoprotein(a) and ischemic

stroke: fibrinogen as a mediator. J Neurol Sci 2023; 452: 120738.

Ancona R, Pinto SC. Epidemiology of aortic valve stenosis (AS) and of aortic valve
incompetence (Al): is the prevalence of AS/Al similar in different parts of the world?
e-Journal of Cardiology Practice 2020; 18: 10.

Yu B, Hafiane A, Thanassoulis G, et al. Lipoprotein(a) induces human aortic valve

interstitial cell calcification. JACC Basic Transl Sci 2017; 2: 358-371.

28



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Kamstrup PR, Tybjaerg-Hansen A, Nordestgaard BG. Elevated lipoprotein(a) and risk
of aortic valve stenosis in the general population. J Am Coll Cardiol 2014; 63: 470—
477.

Hu J, Lei H, Liu L, Xu D. Lipoprotein(a), a Lethal Player in Calcific Aortic Valve
Disease. Front Cell Dev Biol 2022; 10: 812368.

Thanassoulis G, Campbell CY, Owens DS, et al; CHARGE Extracoronary Calcium
Working Group. Genetic associations with valvular calcification and aortic stenosis. N
Engl J Med 2013; 368: 503-512.

Kopytek M, Zabczyk M, Mazur P, et al. Oxidized phospholipids associated with
lipoprotein(a) contribute to hypofibrinolysis in severe aortic stenosis. Pol Arch Intern
Med 2022; 132: 16372.

Leibundgut G, Arai K, Orsoni A, et al. Oxidized phospholipids are present on
plasminogen, affect fibrinolysis, and increase following acute myocardial infarction. J
Am Coll Cardiol 2012; 59: 1426-1437.

Natorska J, Wypasek E, Grudzien G, et al. Impaired fibrinolysis is associated with the
severity of aortic stenosis in humans. J Thromb Haemost 2013; 11: 733-740.
Bergmark BA, O’Donoghue ML, Murphy SA, et al. An Exploratory Analysis of
Proprotein Convertase Subtilisin/Kexin Type 9 Inhibition and Aortic Stenosis in the
FOURIER Trial. JAMA Cardiol 2020; 5: 709-713.

Kaiser Y, van der Toorn JE, Singh SS, et al. Lipoprotein(a) is associated with the onset
but not the progression of aortic valve calcification. Eur Heart J 2022; 43: 3960-3967.
Nicholls SJ. PCSK9 inhibitors and reduction in cardiovascular events: Current
evidence and future perspectives. Kardiol Pol 2023; 81: 115-122.

Nicholson M, Chan N, Bhagirath Vet al. Prevention of Venous Thromboembolism in

2020 and Beyond. J Clin Med. 2020; 9: 2467.

29



92.

93.

94.

95.

96.

97.

98.

99.

Dentali F, Gessi V, Marcucci R, et al. Lipoprotein(a) as a risk factor for venous
thromboembolism: a systematic review and meta-analysis of the literature. Semin
Thromb Hemost 2017; 43: 614-620.

Wang CW, Su LL, Tao SB, et al. An Increased Serum Level of Lipoprotein(a) Is a
Predictor for Deep Vein Thrombosis in Patients with Spinal Cord Injuries. World
Neurosurg. 2016; 87: 607-612.

Kamstrup PR, Tybjaerg-Hansen A, Nordestgaard BG. Genetic evidence that
lipoprotein(a) associates with atherosclerotic stenosis rather than venous thrombosis.
Arterioscler Thromb Vasc Biol 2012; 32: 1732-1741.

Danik JS, Buring JE, Chasman DI, et al. Lipoprotein(a), polymorphisms in the LPA
gene, and incident venous thromboembolism among 21483 women. J Thromb
Haemost 2013; 11: 205-208.

Larsson SC, Gill D, Mason AM, Jiang T, Back M, Butterworth AS, Burgess S.
Lipoprotein(a) in Alzheimer, Atherosclerotic, Cerebrovascular, Thrombotic, and
Valvular Disease: Mendelian Randomization Investigation. Circulation 2020; 141:
1826-1828.

Boffa MB. Beyond fibrinolysis: The confounding role of Lp(a) in thrombosis.
Atherosclerosis 2022; 349: 72-81.

Marston NA, Gurmu Y, Melloni GEM, et al. The Effect of PCSK9 (Proprotein
Convertase Subtilisin/Kexin Type 9) Inhibition on the Risk of Venous
Thromboembolism. Circulation 2020; 141: 1600-1607.

Mizutani Y, Takano A, Miyao S. [Case of cerebral venous thrombosis with a high

plasma lipoprotein (a) level]. Rinsho Shinkeigaku 2010; 50: 404-408.

30



100. Bucurescu S. Recurrent cerebral venous sinus thrombosis in a patient with
increased factor VIII activity, increased lipoprotein (a) level and leukocytosis: a case
report. J Vasc Interv Neurol 2014; 7: 8-10.

101. Karakurum-Goksel B, Karaca S. Isolated inferior sagittal sinus thrombosis
caused by a rare combination of elevated lipoprotein (a) and iron deficiency anemia.
Neurosci 2012; 17: 374-377.

102. Skuza AA, Polak M, Undas A. Elevated lipoprotein(a) as a new risk factor of
cerebral venous sinus thrombosis: association with fibrin clot properties. J Thromb
Thrombolysis 2019; 47: 8-15.

103. Kuhli-Hattenbach C, Miesbach W, Liichtenberg M, et al.. Elevated lipoprotein
(@) levels are an independent risk factor for retinal vein occlusion. Acta Ophthalmol
2017; 95: 140-145.

104. Paciullo F, Giannandrea D, Virgili G,et al. Role of Increased Lipoprotein (a) in
Retinal Vein Occlusion: A Systematic Review and Meta-analysis. TH Open 2021; 5:
€295-e302.

105. Russell MW, Maatouk CM, Kim S, Liu B, Muste JC, Talcott KE, Singh RP.
Lack of association between Lp(a) and retinal vein occlusion in a single institution and
US national database. Can J Ophthalmol 2024; 59: €590-e595.

106. Malaguarnera G, Catania VE, Francaviglia A, et al. Latteri S. Lipoprotein(a) in
patients with hepatocellular carcinoma and portal vein thrombosis. Aging Clin Exp
Res 2017; 29: 185-190.

107. Undas KW, Siudut J, Zabczyk M. Unfavorably altered fibrin clot properties are

associated with recurrent venous thromboembolism in patients following

post-discharge events. Pol Arch Intern Med 2022; 132: 16326.

31



108. Kunutsor SK, Mikikallio TH, Kauhanen J, Voutilainen A, Laukkanen JA.
Lipoprotein(a) is not associated with venous thromboembolism risk. Scandinavian
Cardiovascular Journal 2019; 53: 125-132.

109. Pajak A, Jankowski P, Zdrojewski T. The burden of cardiovascular disease risk
factors: A current problem. Kardiol Pol. 2022; 80: 5-15.

110. Konieczynska M, Natorska J, Undas A. Thrombosis and Aging: Fibrin Clot
Properties and Oxidative Stress. Antioxid Redox Signal 2024; 41: 233-254.

111. Atar D, Langslet G, Tonstad S. Do we need new lipid-lowering agents in the
era of PCSKO9 inhibitors? Recent advances. Kardiol Pol 2022; 80: 741-749.

112. Undas A. Statins in prevention of thromboembolic events: from seminal

studies to recent advances. Pol Arch Intern Med 2022; 132: 16208.

32



Fig. 1. A homology between plasminogen and apolipoprotein(a).
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Plasminogen is structured into seven domains, including the N-terminal peptide domain five
kringle domains, and the C-terminal serine protease domain, which is activated by a single
cleavage by tissue- or urokinase-type plasminogen activator. In apolipoprotein(a) the protease
domain has a lack of activity. The kringle (K)5 domain of plasminogen is retained as a single
copy (KV) in apo(a), while K1-K3 are absent. The K4 domain of plasminogen has evolved
into 10 subtypes (KIV-1 to KIV-10) in apo(a). Notably, KIV-2 exists in multiple copies.
Weak and strong lysine binding sites (LBS) are indicated by thin and bold markings,

respectively. Created in BioRender. Hojda, A. (2024) https://BioRender.com/g19b716
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Fig. 2. Prothrombotic actions of Lp(a).
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Increased circulating Lp(a) levels associate with enhanced platelet activation and tissue factor

(TF) expression by macrophages, though evidence is limited. Moreover Lp(a) inhibits tissue
factor pathway inhibitor (TFPI), which enhances procoagulant effects of TF. Moreover, Lp(a)
at high concentrations can bind to fibrin resulting in formation of denser fibrin structure,
resistant to fibrinolysis. Plasminogen is activated within a ternary complex consisting of fibrin
and tissue plasminogen activator (tPA), leading to the formation of plasmin, which promotes
thrombolysis. Plasminogen activation is hindered through several mechanisms: Lp(a)
competes with plasminogen and tPA for binding to fibrin. Additionally, Lp(a) upregulates
plasminogen activator inhibitor type 1 (PAI-1) expression within endothelial cells and
associates with increased a1-antitrypsin synthesis, both of which inhibit tPA. Furthermore,
Lp(a) can bind to a2-macroglobulin, a known non-specific plasmin inhibitor. Created in

BioRender. Hojda, A. (2024) https://BioRender.com/b77m703
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Table 1. Clinical studies describing association of Lp(a) with arterial and venous thromboembolism.

Author, year | Study design | Population N Findings Ref.

Arterial thromboembolism

Patel, 2021 Cohort UK Biobank 460 506 Lp(a) predicted ASCVD incident [58]
prospective among middle-aged adults within

participants aged primary and secondary prevention

40-69 years contexts

when recruited in

20062010 HR 1.11, 95%CI: 1.10-1.12 per 20
mg/dL (50 nmol/L) Lp(a) increment

Kamstrup, Cohort The Danish 9330 Lp(a) levels >120 mg/dL (300 [59]

2008 prospective Copenhagen City nmol/L) (>95th percentile) predicted

Heart Study a 3- to 4-fold increase in risk of Ml

individuals aged and absolute 10-year risks of 20%

20 to 100 years and 35% in high-risk women and

recruited using men

the Danish Civil

Registration

System

Dyrbus, 2024 | Registry patients with 2001 The prevalence of increased levels of | [60]

very high CV Lp(a) >30 mg/dl (75 nmol/L) were

risk the highest in patients with a history
of previous MI (20.6% vs. 14.9%; p
=0.002), with chronic CAD (52.2%
vs. 41.5%; p < 0.001) and in patients
undergoing PCI during
hospitalization (23.9 vs. 19%;
p=0.01)

Rallidis, Case-control | patients with a 1457 Elevated Lp(a) >50 mg/dL (125 [64]

2018 history of ACS nmol/L) was associated with a 3-fold

likelihood of acute coronary
syndrome (ACS) in younger adults
(<45 years) and a 2-fold likelihood in
middle-aged (45-60 years) adults, but
no was association in the older
participants (>60 years).

Erqou, 2009 | Meta-analysis | individuals with | 126 634 Each 3.5-fold Lp(a) level increase [68]
of 36 no history of was associated with a 10% increased
prospective CAD and stroke risk for IS and a 6% increased risk
studies for HS

Langsted, Cohort The Danish 60512 HR for stroke was 1.60, 95% Cl:1.24 | [70]

2019 prospective Copenhagen City -2.05 for individuals with Lp(a)

Heart Study and >93mg/dL (>199 nmol/L).
General

Population Study




Arnold M, Cohort Patients with AIS | 1733 Lp(a) > 40 mg/dL (100 nmol/L) [76]
2021 prospective was associated with an increased risk
for recurrent events among patients
who were either
aged <60 years (adjusted HR 2.40,
95% Cl 1.05-5.47), had evident LAA
stroke aetiology (adjusted HR 2.18,
95% CI 1.08-4.40), or had no known
atrial fibrillation (adjusted HR 1.60,
95% CI 1.03-2.48).
Venous thromboembolism
Dentali, 2017 | Systematic adult patients 2824 Lp(a) was slightly but significantly [92]
review and with DVT and/or associated with an increased risk of
meta-analysis | PE VTE (OR: 1.56, 95% CI: 1.36, 1.79;
(14 studies) 10 studies).
Wang, 2015 | Cohort Patients with 279 Elevated Lp(a) > 30 mg/dL incident | [93]
prospective first-ever SCI were independent predictors of DVT,
OR, 10.35, 95% Cl, 2.37-45.35
Kamstrup, Cohort The Danish 38 753 No association of Lp (a) levels nor [94]
2012 prospective Copenhagen City LPA KIV2 repeats with risk of VTE
Heart Study and
General
Population Study
Danik JS, RCT, initially healthy | 21483 Only extremely high Lp(a) (>99th [95]
2013 100 mg of women 45 years percentile or 130.6 mg/dL) were
aspirin or of age or older significantly associated with
placebo and provoked VTE (HR 2.55, 95% CI
then 1.13-5.7). None of the LPA genetic
monitored variants were associated with VTE
them for 10
years for a
first MACE
Larsson, Cohort UK Biobank 367 586 No relationship between genetically | [96]
2020 prospective participants elevated Lp(a) and either DVT
Skuza, 2019 | Cohort Patients with the | 80 Patients with Lp(a) >30 mg/dL (75 | [102]
prospective first CVST after nmol/L) had 3.9-fold higher risk of
anticoagulation recurrent CVST
withdrawal
Kuhli- Cohort Patients with 100 Lp(a) levels >30mg/dL (75 nmol/L) [103]
Hattenbach, | retrospective | RVO were more prevalent among RVO
2017 patients OR, 4.76, 95% CI 2.0-11.5
Paciullo, Systematic Patients with 1040 Lp(a) level above normal limits were | [104]
2021 review and RVO associated with RVO OR 2.38, 95%

meta-analysis

Cl1.7-3.34




Russell, 2023 | Retrospective | TriNetX US
Collaborative
Network

35 687

Lp(a) > 30 mg/dL (75 nmol/L) no
association with RVO was found

[105]

ASCVD- atherosclerotic cardiovascular disease, HR-hazard ratio, Cl-confidence interval, Lp (a)-
lipoprotein a, MI- myocardial infarction , CV-cardiovascular, CAD coronary artery disease, PCI-
percutaneous coronary intervention, ACS-acute coronary syndrome, AlS- acute ischemic stroke,

LAA- large artery atherosclerosis, DVT-deep vein thrombosis, PE-pulmonary embolism, VTE-
venous thromboembolism, OR-odds ratio, SCI- spinal cord injuries, RCT -randomized controlled trial

, MACE — major adverse cardiovascular events, CVST-cerebral venous sinus thrombosis, RVO-

retinal vein thrombosis
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