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Abstract

Lipoprotein(a) [Lp(a)] has emerged as a major genetically determined cardiovascular risk
factor that extends beyond the traditional low-density lipoprotein cholesterol (LDL-C)-
centred model of atherosclerotic disease. Despite optimal LDL-C lowering, a substantial
proportion of patients continue to experience cardiovascular events, highlighting the clin-
ical relevance of residual cardiovascular risk. This review summarizes current evidence
regarding the epidemiology, genetics, pathophysiology and therapeutic implications of
Lp(a) in cardiovascular disease. Epidemiological, genetic, and Mendelian randomization
studies consistently demonstrate an independent and likely causal association between
elevated Lp(a) and atherosclerotic cardiovascular disease, ischemic stroke, calcific aortic
valve stenosis, heart failure, and recurrent cardiovascular events, even in patients with
well-controlled LDL-C levels. Lp(a) promotes atherosclerosis through proatherogenic,
proinflammatory, and prothrombotic mechanisms, largely mediated by oxidized phos-
pholipids and the structural homology of apolipoprotein(a) with plasminogen. Current
guidelines increasingly recognize Lp(a) as a risk-enhancing factor capable of refining cardio-
vascular risk stratification beyond traditional algorithms, thus recommending measuring
Lp(a) at least once in a lifetime in all adults. Accurate measurement and standardization of
Lp(a) remain essential in clinical practice due to apo(a) isoform size variability; reporting in
molar concentrations (nmol/L) is preferred as it better reflects particle number being less
affected by isoform size variations and improves the reliability of cardiovascular risk strati-
fication. Collectively, these findings support the integration of Lp(a) into precision-based
cardiovascular prevention strategies and suggest a paradigm shift from an exclusively
LDL-centric approach toward genetically informed risk assessment and treatment.

Keywords: Lp(A); cardiovascular risk; LDL-C; atherosclerosis; cardiovascular prevention

1. Introduction

Nowadays, cardiovascular diseases are the leading cause of mortality in the Western
world. The high prevalence of coronary events cannot be explained only by traditional risk
factors. Residual cardiovascular risk is defined as the probability of major cardiovascular
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events onset nevertheless treating patients according to recommended standard of care. It
is represented by non-modifiable factors (age, sex, ethnicity and genetic predisposition)
and modifiable factors (obesity, diabetes, smoking, hypertension, HDL-cholesterol and
triglycerides levels). Dyslipidaemia, with high LDL-C levels, is the main factor influencing
the outbreak of cardiovascular diseases. However, despite statin treatment, which is
the leading treatment in reducing LDL-C levels, other lipid profile abnormalities are
responsible for residual cardiovascular risk [1]. Indeed, beyond LDL-C particles, other
apolipoprotein B-containing lipoproteins, such as Lp(a), have a key role in the development
of atherosclerosis [2]. For example, as demonstrated by the Jupiter study, the association
between basal levels of Lp(a) and the first cardiovascular event is independent of LDL-C
levels. Indeed, Lp(a) is associated with an increased risk of aortic stenosis, myocardial
infarction, heart failure, ischemic stroke, and cardiovascular death [3]. By integrating
traditional and emerging cardiovascular risk factors, the purpose of this review is to outline
the Lp(a) role in cardiovascular risk definition.

2. Structure and Biology of Lp(a)

Lp(a) is an LDL-like particle characterized by the covalent binding of apolipoprotein(a)
[apo(a)] to apolipoprotein B-100 (apoB-100) via a disulfide bond (Figure 1) [4]. Its lipid core
contains cholesterol esters, triglycerides, and phospholipids, similar to LDL, while apo(a)
confers distinct structural and functional properties [4,5]. A key feature distinguishing
Lp(a) from LDL is its role as a preferential carrier of oxidized phospholipids (OxPL), which
are major contributors to its pathogenic potential [6,7]. As illustrated in Figure 1, the unique
structural organization of Lp(a), consisting of an LDL-like particle covalently linked to
apo(a) and enriched in oxidized phospholipids (OxPLs), provides the molecular basis for
its pro-atherogenic, pro-inflammatory, pro-thrombotic, and pro-calcific properties.
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Figure 1. Structural organization of lipoprotein(a). Lp(a) consists of an LDL-like particle containing
apolipoprotein B-100 (apoB-100) covalently linked to apolipoprotein(a) [apo(a)] through a disul-
fide bond. Apo(a) is characterized by multiple kringle IV (KIV1-10) domains, a single kringle V
(KV) domain, and an inactive protease-like domain. The LDL-like core contains cholesterol esters,
triglycerides, and phospholipids, whereas apo(a) confers unique structural and functional properties
that distinguish Lp(a) from LDL. This structural organization enables Lp(a) to preferentially carry
oxidized phospholipids (OxPLs) and other bioactive molecules that contribute to its pro-atherogenic,
pro-inflammatory, pro-thrombotic, and pro-calcific properties.

Apo(a) is a highly polymorphic glycoprotein structurally homologous to plasminogen,
characterized by multiple kringle IV repeats (types 1-10), a single kringle V domain, and
an inactive protease-like domain [4,8]. This structural homology underlies the ability of
Lp(a) to interfere with fibrinolysis. Apo(a) competes with plasminogen for binding sites on
fibrin and endothelial surfaces, thereby reducing plasmin generation and impairing clot
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dissolution [8,9]. This antifibrinolytic effect represents a central mechanism underlying the
pro-thrombotic properties of Lp(a) [9,10]. Beyond impairing fibrinolysis, this structural
similarity may further enhance thrombus persistence at sites of vascular injury, thereby
amplifying cardiovascular risk.

A defining feature of Lp(a) is the marked size heterogeneity of apo(a), determined
by the variable number of kringle IV type 2 repeats encoded by the LPA gene [4,11].
This genetic polymorphism gives rise to multiple apo(a) isoforms with distinct molecular
weights. An inverse relationship exists between apo(a) isoform size and circulating Lp(a)
concentrations, with smaller isoforms generally associated with higher plasma levels
and increased cardiovascular risk [11,12]. As a genetically determined trait, Lp(a) levels
remain relatively stable throughout life and are minimally influenced by environmental or
lifestyle factors [5,12].

This extensive isoform heterogeneity also represents a major analytical challenge, as it
may influence assay performance and complicate the standardization of Lp(a) measurement
across laboratories.

Lp(a) contributes to atherogenesis through multiple complementary pathways. Its
LDL-like component promotes cholesterol deposition within the arterial wall, while associ-
ated OxPL induce endothelial dysfunction, oxidative stress, and foam cell formation [6,7,13].
In addition, Lp(a) is retained within the subendothelial space through interactions with
extracellular matrix components [7,13,14].

Beyond its atherogenic role, Lp(a) exerts pro-thrombotic effects by inhibiting fibrinoly-
sis via apo(a), increasing the expression of plasminogen activator inhibitor-1 (PAI-1), and
enhancing platelet activation [9,10,15]. These mechanisms establish a pathophysiological
link between lipid accumulation and thrombosis, thereby promoting plaque progression
and instability [13,15].

Beyond atherosclerosis, increasing evidence supports a causal role for Lp(a) in the
development of calcific aortic valve stenosis (CAVS) [15,16]. OxPL carried by Lp(a) accu-
mulate within the aortic valve, where they trigger inflammatory signaling and promote the
osteogenic differentiation of valvular interstitial cells (VICs) [14,16]. In addition, autotaxin
(ATX), an enzyme preferentially associated with Lp(a), converts lysophosphatidylcholine
into lysophosphatidic acid (LPA), further amplifying inflammatory and pro-calcific path-
ways [14]. These mechanisms ultimately promote extracellular matrix remodeling, calcium
deposition, and progressive valve calcification [14,16].

Whether selective Lp(a)-lowering therapies can delay the onset or progression of
CAVS remains under investigation and is currently being evaluated in ongoing randomized
clinical trials.

Lp(a) is a potent mediator of vascular inflammation. OxPL carried by Lp(a) acti-
vate endothelial cells and upregulate adhesion molecules such as vascular cell adhesion
molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1), facilitating mono-
cyte recruitment [6,7,17]. Following transmigration into the intima, monocytes differentiate
into macrophages and internalize Lp(a), contributing to foam cell formation [13,17]. In
parallel, Lp(a) stimulates the release of pro-inflammatory cytokines, including interleukin-6
(IL-6), thereby amplifying local inflammatory responses [17,18]. This pro-inflammatory
milieu plays a critical role in plaque development, progression, and rupture [13,18].

The inflammatory effects of Lp(a) extend beyond the arterial wall to the aortic
valve [15]. OxPL-rich Lp(a) particles activate valvular endothelial and interstitial cells,
promoting the release of inflammatory mediators and osteogenic factors such as bone
morphogenetic protein-2 (BMP-2) and runt-related transcription factor-2 (RUNX2) [14,16].
Through ATX-mediated generation of lysophosphatidic acid, Lp(a) further enhances VIC
mineralization and valve calcification [14,19]. Collectively, these findings identify in-
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flammation as the key biological process linking elevated Lp(a) to both atherosclerotic
cardiovascular disease and calcific aortic valve stenosis [15,16].

3. Genetics of Lp(a): A Biomarker “Stamped at Birth”

Lp(a) is an LDL-like particle whose blood concentration is under strict genetic con-
trol. Its levels are largely set by variants in the LPA gene and show striking variation
between individuals and ethnic groups, with relatively modest influence from environment
or lifestyle [20].

Lp(a) blood concentration is largely controlled by one single gene, the LPA gene,
whose kringle IV-2 copy-number variation dictates apo(a) isoform size and is the
main determinant of plasma Lp(a) levels, explaining a large share of inter-individual
variance [21-24]. Heritability estimates reach ~90%, making Lp(a) one of the most her-
itable quantitative traits [21,23]. Additionally, LPA single-nucleotide polymorphisms
(SNPs) and genes outside the LPA locus, including the APOE, APOH, and CEPT gene
regions, further modulate concentrations and contribute to Lp(a) variability across
different populations [24,25].

Lp(a) levels are highly right-skewed; the inter-individual Lp(a) concentrations ex-
tend for about three orders of magnitude (<0.1 mg/dL to >300 mg/dL) [23]. Marked
ethnic differences are consistent: Black populations have the highest levels, followed by
South Asians, Whites, Hispanics, and East Asians, with substantial within-group vari-
ability [25,26]. Recent evidence from a multi-ethnic cohort has demonstrated that plasma
Lp(a) concentrations and their association with coronary artery disease (CAD) risk differ
substantially across racial and ethnic groups. These findings indicate that the use of a single
universal Lp(a) threshold may result in inaccurate cardiovascular risk classification in popu-
lations with distinct baseline Lp(a) distributions. Consequently, race- and ethnicity-specific
Lp(a) cutoff values may provide a more accurate assessment of CAD risk and improve the
clinical utility of Lp(a)-based screening and risk stratification strategies, highlighting the
importance of developing and validating population-specific thresholds [27].

Recent evidence from a multi-ethnic cohort emphasizes the importance of race/ethnicity
as a key variable in assigning Lp(a) cutoff values for CAD risk assessment and the
need to develop the most clinically useful Lp(a) cutoff values in individual race/
ethnicity groups [27].

Evidence from the Young Finns Study supports the notion that Lp(a) concentrations are
highly stable across the life course, as reflected by a 25-year rank-order tracking correlation
coefficient of r = 0.85 [28].

Nevertheless, a recent work shows clinically relevant intra-individual variation
(>20-50% of the Lp(a) baseline values) in a sizeable minority [29]. Furthermore, Lp(a)
levels are reported to be influenced by kidney/liver disease, inflammation, and other
factors [25]. Because Lp(a) levels are genetically set, according to the 2019 European Society
of Cardiology (ESC) and the European Atherosclerosis Society (EAS) Guidelines for the
management of dyslipidaemias, Lp(a) measurement should be considered at least once
in each adult person’s lifetime (Class Ila, Level C), to identify individuals with very high
inherited Lp(a) levels [30]. New data, however, suggest repeat testing may be useful in
those near risk thresholds or with changing clinical status, challenging a strict “once only”
strategy [29,31,32]. Furthermore, high heritability and autosomal-dominant transmission
underpin emerging recommendations for routine family screening when markedly ele-
vated Lp(a) is found [33]. In particular, according to the 2026 ACC/AHA Guideline on the
Management of Dyslipidaemias, cascade Lp(a) testing has potential value for enhanced
screening in families with high Lp(a), especially if there is a personal or family history of
premature ASCVD [20].
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4. Epidemiological Evidence and Cardiovascular Risk

Experimental and imaging studies suggest that Lp(a)-associated OxPLs promote
endothelial dysfunction, monocyte recruitment, transendothelial migration of inflamma-
tory cells, smooth muscle cell proliferation, and macrophage-derived foam cell forma-
tion, thereby accelerating plaque development and progression. In addition, elevated
Lp(a) levels have been associated with enhanced necrotic core formation and progression
of coronary artery calcification, further contributing to plaque instability and adverse
cardiovascular outcomes [3].

A substantial body of epidemiological evidence supports a likely causal contribution
of Lp(a) to cardiovascular disease across various populations and clinical contexts. Large
prospective datasets, such as the UK Biobank, demonstrate a continuous and approximately
linear association between Lp(a) levels and atherosclerotic cardiovascular disease (ASCVD),
with risk increasing even at modest increments supporting a dose-response relationship
without a clear lower threshold [34].

Elevated Lp(a) promotes arterial wall inflammation and atherosclerotic plaque for-
mation within the carotid and cerebral vasculature, particularly in large-artery dis-
ease. Overall, available mechanistic data suggest that Lp(a)-related stroke risk is pre-
dominantly driven by accelerated atherosclerosis rather than venous or cardioembolic
thrombotic mechanisms [3].

This graded association is further corroborated by more recent electronic health record-
based risk models, which show a progressively greater increase in risk at higher concentra-
tions, thus helping to define clinically meaningful thresholds; notably, a particularly strong
association has been described for ischemic stroke [35].

Consistent findings from longitudinal real-world cohorts indicate that individuals
with the highest Lp(a) levels have a markedly increased incidence of major adverse car-
diovascular events (MACE), reinforcing its role as a predictor of coronary artery disease
and myocardial infarction in both primary and secondary prevention settings [36]. Im-
portantly, the effect of Lp(a) appears to be independent of, and additive to, traditional
lipid parameters. Recent evidence shows that elevated Lp(a) levels are associated with
increased cardiovascular risk even in individuals with well-controlled LDL-C, highlighting
its contribution to residual cardiovascular risk beyond LDL lowering [37].

The association between Lp(a) and cardiovascular outcomes persists independently of
systemic inflammation. Studies incorporating inflammatory markers such as C-reactive
protein (CRP) demonstrate that elevated Lp(a) confers excess cardiovascular risk regardless
of inflammatory status, suggesting distinct and non-overlapping pathogenic pathways [38].
More recent data continue to reinforce the robustness of these findings, with contemporary
analyses confirming Lp(a) as an independent predictor of ASCVD events even after ad-
justment for established risk factors, with a persistent increase in risk per incremental rise
in concentration [39].

The pathogenic role of Lp(a) in calcific aortic valve stenosis (CAVS) is increasingly
supported by the fact that oxidized phospholipids (OxPLs), predominantly transported
by Lp(a), accumulate within the aortic valve leaflets where they activate inflammatory
pathways involving NF-kB and IL-6, thereby creating a pro-calcific microenvironment
that promotes VICs osteogenic differentiation through increased expression of BMP2,
RUNX2 and alkaline phosphatase [40]. This process results in progressive microcalcification
and macrocalcification of the aortic valve. Additional mediators transported by Lp(a),
including autotaxin, catalyzes the generation of lysophosphatic acid (LPA), which further
amplifies inflammatory signaling and mineralization through LPAR1-dependent pathways,
accelerating leaflet fibrosis and calcium deposition [41]. Current epidemiological and
genetic evidence suggest that high Lp(a) concentrations may contribute to an earlier need
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for aortic valve replacement [3]. Although currently available lipid-lowering therapies have
not shown to halt CAVS progression, ongoing phase 3 outcome trials evaluating Pelacarsen
and Olpasiran may clarify whether selective Lp(a) reduction can modify the natural history
of valve calcification and delay the need for aortic valve replacement [42].

Elevated Lp(a) concentrations have also been associated with an increased risk of
heart failure, particularly at very high levels. This association is likely mediated, at least
in part, by the contribution of Lp(a) to coronary artery disease and calcific aortic valve
stenosis, which promote ventricular dysfunction and adverse cardiac remodelling. In
addition, Lp(a)-associated OxPLs may contribute directly to myocardial inflammation
and remodelling, although mechanistic evidence remains less established compared with
ASCVD and aortic valve disease [3].

The association between Lp(a) and type 2 diabetes mellitus appears paradoxical, as
several epidemiological studies have reported an increased risk of incident diabetes among
individuals with very low Lp(a) concentrations. The biological mechanisms underlying
this inverse relationship remain poorly understood. Current hypotheses include potential
effects related to apo(a) isoform size, hepatic lipoprotein metabolism, insulin resistance
pathways, or genetically determined alterations in Lp(a) synthesis and clearance. However,
the causal nature of this association remains uncertain [3] (Table 1).

Table 1. Association between Lp(a) levels and cardiometabolic outcomes.

Clinical Outcome Magnitude of Association Relationship Reference
~11% higher ASCVD risk per . . .
ASCVD 50 nmol/L increase in Lp(a) Continuous relationship [34]
. ~23% increased risk per Stronger association at
Ischemic stroke 25 mg/dL increment higher levels (351
Significantly higher
Coronary artery incidence of MACE in Highest-risk groups showed [36]
disease/ MACE individuals with elevated greatest event burden
Lp(@)
Residual cardiovascular risk Increased cardiovascular risk Lp(a) > 50 mg/dL [37]
despite controlled LDL-C p &
o . . Approximately 2-3-fold Very high Lp(a)
Calific aortic valve stenosis higher risk of CAVS concentrations (3]

Heart failure

Increased HF risk mainly at
extreme Lp(a) levels

Highest Lp(a) categories [3]

Type 2 diabetes mellitus

Inverse association between
very low Lp(a) and incident
diabetes

[3]

Lowest Lp(a) concentrations

5. Lp(a) and Residual Risk: Gaps in Traditional Model

Traditional cardiovascular risk scores such as SCORE2 are widely used to estimate the
10-year probability of a first atherosclerotic cardiovascular disease (ASCVD) event and to
guide preventive strategies in clinical practice. SCORE2 integrates conventional cardiovas-
cular risk factors, including age, sex, smoking status, blood pressure, and lipid parameters,
particularly LDL-C [43]. Although these tools significantly improved population-based
cardiovascular risk prediction, several limitations have emerged, particularly in individu-
als who develop cardiovascular disease despite apparently optimal control of traditional
risk factors.
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One of the main limitations of traditional risk scores is their inability to fully account
for residual cardiovascular risk related to non-traditional and genetically determined
factors. In this context, Lp(a) has gained increasing attention as an independent and causal
risk factor for ASCVD and calcific aortic valve disease [3]. Elevated Lp(a) may confer
substantial cardiovascular risk even in individuals classified as low or intermediate risk
according to conventional algorithms.

Recent European Society of Cardiology guidelines acknowledged these shortcomings
and introduced the concept of risk modifiers to refine cardiovascular risk assessment [44].
These modifiers include factors not routinely captured by SCORE2 but may significantly
influence individual cardiovascular risk, such as family history of premature ASCVD,
coronary artery calcium burden, chronic inflammatory conditions, and elevated Lp(a)
levels. Similarly, contemporary American guidelines recognize elevated Lp(a) as a “risk-
enhancing factor” that may refine clinical risk assessment beyond traditional risk estimation
models, although it is not directly incorporated into standard scores such as PREVENT [20].

The addition of Lp(a) as a risk modifier is particularly relevant because elevated
Lp(a) exerts proatherogenic, proinflammatory, and prothrombotic effects independently
of LDL-C levels [45]. Reliance on traditional lipid assessment alone may therefore fail
to identify individuals with substantial hidden cardiovascular risk—a limitation that has
become increasingly important in the contemporary era of widespread statin use, where
improved management of conventional risk factors has paradoxically made residual risk
pathways more clinically visible.

A substantial proportion of patients who experience cardiovascular events present
with LDL-C levels within the recommended target range. Epidemiological and clinical data
consistently demonstrate that optimal LDL-C control, achieved through statin therapy or
combination lipid-lowering regimens, does not eliminate cardiovascular risk entirely—a
phenomenon commonly referred to as residual cardiovascular risk [46].

Lp(a) has emerged as a major contributor to this residual risk for a mechanistically dis-
tinct reason: unlike LDL-C, Lp(a) concentrations are not meaningfully reduced by standard
lipid-lowering therapies, including statins and ezetimibe. Indeed, statins may paradox-
ically increase Lp(a) levels modestly in some patients [47]. Consequently, individuals
who achieve excellent LDL-C control under guideline-directed therapy may nonetheless
carry significantly elevated Lp(a) levels, perpetuating atherogenic, thrombogenic, and
inflammatory processes within the arterial wall through pathways entirely independent of
LDL-C metabolism.

The prothrombotic properties of Lp(a) are largely attributable to the structural ho-
mology of apolipoprotein(a) with plasminogen, which contributes to impaired fibrinolysis
and enhanced thrombus formation. These mechanisms, combined with the promotion of
oxidative stress, macrophage foam cell formation, and endothelial dysfunction, explain
why LDL-C reduction alone may be insufficient in patients with elevated Lp(a)—and why
such patients continue to experience events despite apparently adequate lipid management.
The integration of Lp(a) into cardiovascular risk assessment offers meaningful improve-
ments in stratification beyond what is achievable with traditional risk models alone. Lp(a)
contributes independently to cardiovascular risk prediction even after adjustment for all
major traditional risk factors. Mendelian randomization studies have provided robust
evidence of a causal relationship between elevated Lp(a) and increased risk of myocardial
infarction, ischemic stroke, and aortic valve stenosis, lending biological plausibility to its
use as a risk stratification tool rather than merely an epidemiological association [48].

The clinical utility of Lp(a) in risk reclassification is most evident in two distinct
populations: individuals classified as low or intermediate risk by conventional algorithms
in whom elevated Lp(a) unmasks a substantially higher true risk, and patients with a strong
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family history of premature ASCVD but without markedly elevated LDL-C, in whom Lp(a)
measurement frequently reveals the underlying genetic driver of familial cardiovascular
risk. Several studies have demonstrated that the addition of Lp(a) to conventional risk
scores reclassifies a significant proportion of patients into higher risk categories, reported
in prospective cohort data [49].

Current European guidelines suggest that Lp(a) levels above 50 mg/dL (approxi-
mately 125 nmol/L) confer an additional cardiovascular risk burden sufficient to upwardly
reclassify risk in borderline cases, potentially shifting therapeutic decisions—such as the
initiation of statin therapy in primary prevention or the intensification of LDL-C lowering
targets. This threshold-based approach provides a practical framework for incorporating
Lp(a) into everyday clinical practice without requiring complex probabilistic modelling.

As discussed above, a substantial proportion of cardiovascular events occur in in-
dividuals without markedly elevated LDL-C or other major traditional risk factors [50].
In these cases, elevated Lp(a) may represent the overlooked determinant contributing to
disease progression and vascular damage, constituting a form of hidden risk not captured
by conventional screening (Figure 2).

Lp(a): A Genetically Pathophysiological Mechanisms Clinical Consequences Residual Cardiovascular Risk Clinical Implications
Determined Risk Factor of Lp(a) Despite Optimal LDL-C Lowering
X Oxidized phospholipids (OxPL) Myocardial infarction Impact of conventional lipid-lowering therapy Measure Lp(a)
rgx» Promote endothelil dysfunction, :"d s gt atleastionce
4 lisease x i
oxidative stress and inflammation LDL-C Lp(a) in adufthood
Markedly reduced | Remains elevated
) T often at target (minimally affected
infismmnation) &) ischemicstroke levels by current therapies)
Enhances monocyte recruitment, \@J Identify hidden
foam cell formation and ‘, ~ offe high-risk
cytokine release /I individuals
and families
Atherosclerosis
Vascular smooth muscle cell N 2
il 2 progression and
BOtVAtions . . > N jaque instabilty RESIDUAL
Encoded by LPA gene Promotes proliferation, migration
(KIV-2 repeat polymorphism) and extracellular matrix remodeling CARDIOVASCULAR RISK Itenaty ovatad
pelinten: PN B PERSISTS risk factor
) Calcific aortic management
4. Prothrombotic effects TR Events occur despite
&®  High inter-individual variability Structural homology with plasminogen achieving LDL-C goals
'Hm Large ethnic differences impairs fibrinolysis and promotes
thrombosis 0 Emerging Lp(a)-
Heart failure = S 0 lowering therapies
Stable throughout life atients gt anicular sl may reduce
(Largely not modified by festyle) Valvular and vascular calcification + Premature ASCVD residual risk
) Induces osteogenic transformation « Recurrent events
of valvular interstitial cells and Peripheral arterial + Strong family history
vascular calcification disacse « Calcific aortic valve stenosis
Lp(a) is an independent, genetically determined, and causal y L
risk factor that drives residual cardiovascular risk beyond - '"’eg’a""9 Lp(a) "f‘%o ”_SK agscosment e.nables more‘
LDL-C~centered models. Sccurate tisk L g
Lp(a) = I : LDL-C = low-density lipoprotein OxPL = oxidized ids; KIV-2 = kringle IV type 2; ASCVD = atherosclerotic cardiovascular disease.

Figure 2. Elevated Lp(a) contributes to persistent residual cardiovascular risk through proatherogenic,
proinflammatory, prothrombotic, and procalcific pathways despite optimal LDL-C lowering.

This hidden risk is particularly important in individuals with a strong family history
of premature cardiovascular disease [51]. Because Lp(a) concentrations are predominantly
genetically determined and remain relatively stable throughout life, a single lifetime mea-
surement is often sufficient to detect an inherited predisposition to atherosclerotic disease,
although repeat testing may be considered in selected clinical circumstances, such as values
near decision thresholds.

The identification of hidden high-risk individuals further has implications for family
screening. Since elevated Lp(a) is inherited in an autosomal codominant manner, rela-
tives of affected patients may also carry significantly elevated levels. Early recognition
within families allows preventive interventions to begin before the development of overt
cardiovascular disease, potentially reducing long-term morbidity and mortality [52].

The recognition of elevated Lp(a) has important implications for both primary and
secondary cardiovascular prevention. In primary prevention, the identification of high
Lp(a) levels may justify earlier and more intensive intervention in individuals who would
otherwise be considered at moderate or borderline cardiovascular risk. Although lifestyle
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modifications have limited direct effects on Lp(a) concentrations, optimization of all mod-
ifiable risk factors becomes particularly important in these patients [53]. Strict control
of LDL-C, blood pressure, smoking cessation, healthy diet, regular physical activity, and
diabetes management may help mitigate the excess cardiovascular risk associated with
elevated Lp(a). Moreover, the presence of high Lp(a) may lower the threshold for initiating
pharmacological lipid-lowering therapy and prompt clinicians to adopt more aggressive
LDL-C reduction targets to compensate for the additional risk burden.

In secondary prevention, the clinical relevance of Lp(a) becomes even more pro-
nounced. Patients with established cardiovascular disease and elevated Lp(a) are at in-
creased risk of recurrent myocardial infarction, stroke, and progressive atherosclerotic
disease despite standard therapy [54].

In this context, Lp(a) serves as a marker of persistent residual risk that operates in-
dependently of achieved LDL-C levels, and its measurement in patients with established
ASCVD may provide important prognostic information beyond conventional lipid as-
sessment. Importantly, evidence that reducing Lp(a) may translate into clinical benefit
already exists: long-term lipoprotein apheresis in patients with isolated Lp(a) elevation and
progressive cardiovascular disease has been shown to markedly reduce annual cardiovas-
cular event rates, supporting the concept that Lp(a)-driven risk is not only identifiable but
also modifiable [55].

The presence of elevated Lp(a) in this population may therefore justify intensified
follow-up, more aggressive LDL-C lowering targets, and comprehensive management of
all concomitant modifiable risk factors, with the goal of attenuating the excess vascular risk
that standard therapies alone cannot fully address.

6. Measurement and Standardization

Measuring Lp(a) in clinical practice is not as straightforward as it might seem. Al-
though it is increasingly recognized as an important cardiovascular risk factor, several
analytical issues still limit its routine use [4,56].

One of the main challenges lies in how Lp(a) is quantified. Current laboratory methods
rely on immunoassays, which can report results either as mass concentration (mg/dL) or
as molar concentration (nmol/L). However, these two units are not directly interchange-
able. This is because Lp(a) particles vary significantly in size due to differences in apo(a)
isoforms, meaning that the same mass does not necessarily correspond to the same number
of particles [56,57].

This variability is largely driven by the kringle IV type 2 (KIV-2) repeats in the LPA
gene, which determine apo(a) size. As a result, assays that measure Lp(a) in mg/dL may
underestimate levels in individuals with larger isoforms and overestimate them in those
with smaller ones, potentially leading to misclassification of cardiovascular risk [56,57].

For this reason, there is growing consensus that measurements expressed in nmol/L
are more reliable, as they better reflect the actual number of Lp(a) particles and are less
influenced by isoform size [4,56]. Nevertheless, not all assays are fully isoform-independent,
and complete standardization across laboratories is still lacking. The main analytical
challenges and their clinical implications are summarized in Table 2.
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Table 2. Main analytical issues in lipoprotein(a) measurement and their clinical implications.

Aspect Description Implication Reference
Lp(a) particles differ in size due  Individuals with similar
to variability in apo(a), mainly =~ Lp(a) mass may have
. L driven by kringle IV type 2 different numbers of
Apo(a) isoform variability repeats, resulting in marked circulating particles, [561
heterogeneity among affecting cardiovascular
individuals risk estimation
Lp(a) can be reported as mass
concentration (mg/dL) or molar Values expressed in mg/dL
Units of measurement Cor}centratlon (.nmol /L); these may not accurately reﬂect. [4,56]
units are not directly particle number; nmol/L is
interchangeable due to isoform  preferred
variability
These assays quantlfy total Lp(a) May lead to
mass and are influenced by . e
. . : misclassification of
Mass-based assays apo(a) isoform size, potentially . 1 [56,57]
o . cardiovascular risk in some
underestimating large isoforms .~
e individuals
and overestimating small ones
These methods measure Lp(a) Provide a more reliable
particle concentration in estimate of atherogenic
Molar assays nmol/L and are less affected by burden and are [457]
isoform size variability increasingly recommended
Designed to minimize bias More accurate
. s related to apo(a) size variability, measurement, although
Isoform-insensitive assays . . - . . . [57]
improving comparability not yet widely available in
between individuals all laboratories
Despite ongoing efforts, full Results may not be fully
o N comparable across
Standardization harmonization across assays . .. [57]
R . platforms, limiting clinical
and laboratories is still lacking .
Interpretation
Lp(@) levels are largely messusement s general
Measurement timing genetically determined and . S8 y [4,30,43,56]
. . sufficient for risk
remain stable throughout life
assessment
Lp(a) levels > 50 mg/dL (=125 Risk should be interpreted
Risk thresholds nmol/L) are associated with as continuous and within [4,30]

increased cardiovascular risk

the overall clinical context

Efforts to improve harmonization, particularly by the International Federation of

Clinical Chemistry and Laboratory Medicine (IFCC), have made progress, but variability

between assays remains an important limitation [57].

From a clinical standpoint, current guidelines—including those from the ESC and

the EAS—recommend measuring Lp(a) at least once in a lifetime in all adults [4,30,43].
This recommendation is based on the strong genetic determination of Lp(a) levels, which
tend to remain stable over time and are minimally influenced by environmental or lifestyle
factors [56]. Therefore, routine serial monitoring is generally not recommended in clin-
ical practice. However, repeat measurement may be considered in selected clinical sit-
uations, such as when the initial measurement is suspected to be affected by analytical
variability, when confirmation of an unexpected result may influence cardiovascular risk
assessment and patient management, or when results obtained using different assays
require confirmation [4,56].
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In terms of interpretation, Lp(a) levels above 50 mg/dL (approximately 125 nmol/L)
are generally considered associated with increased cardiovascular risk [4,30,43]. How-
ever, the relationship between Lp(a) and cardiovascular risk is continuous rather than
defined by a strict threshold, and values should always be interpreted within the broader
clinical context [4,56].

7. Therapeutic Strategies: Current Status and Future Directions

Traditional lipid-lowering therapies have demonstrated limited efficacy in reducing
Lp(a) concentrations [58]. Statins remain the cornerstone of LDL-C lowering and cardiovas-
cular risk reduction; however, their effect on Lp(a) is neutral or may be slightly increasing,
highlighting the biological independence between LDL-C and Lp(a) metabolism [59]. Eze-
timibe exerts negligible effects on circulating Lp(a) levels.

PCSK9 inhibitors, including evolocumab and alirocumab, reduce Lp(a) by approx-
imately 20-30% and have demonstrated robust cardiovascular benefit in large outcome
trials such as FOURIER and ODYSSEY outcomes [60,61]. Importantly, the magnitude of
Lp(a) reduction appears modest relative to the observed cardiovascular benefit, suggesting
that LDL-C lowering remains the principal driver of outcome improvement, while Lp(a)
reduction may contribute as a secondary mechanism.

Lipoprotein apheresis remains the most effective available intervention for lowering
Lp(a), achieving acute reductions of 60-70%, but its use is restricted to highly selected pa-
tients due to procedural burden, cost, and limited accessibility [58]. Lifestyle interventions,
although essential for global cardiovascular risk management, have minimal impact on
Lp(a) concentrations, underscoring its predominantly genetically determined nature.

Recent advances in molecular therapeutics have enabled direct targeting of hepatic
apolipoprotein(a) synthesis, representing a mechanistic shift from conventional lipid mod-
ulation to gene-silencing strategies [62]. These approaches primarily include antisense
oligonucleotides (ASOs) and small interfering RNA (siRNA) technologies (Figure 3).

Emerging targeted therapies for Lp(a) reduction

THERAPEUTIC NUCLEIC ACID-BASED THERAPIES SMALL MOLECULE THERAPIES
STRATEGY ANTISENSE OLIGONUCLEOTIDES SMALL INTERFERING RNAs SiRNA CONJUGATES LG RTEESS
(ASOs) (SiRNAS) (GalNAc-siRNas)
MECHANISM LPA mRNA LPA mRNA GalNAc—siRNA Lp(a) particle
OF ACTION . /\_/?._/“ conjugate X«mmnmnm o)
RNase H1 T
mediated apoB-100
degradation { ! ASGPR
M RISC /
o e 5 o) ¥ 9 Small molecule
S OR0s T !
ASO binds LPA mRNA and recruits SiRNA-loaded RISC complex cleaves GalNAc conjugation enables targeted Small molecule disrupts apo(a)-apoB
RNase H1, leading to mRNA degradation LPA mRNA, preventing translation delivery to hepatocytes via ASGPR, interaction or interferes with apo(a)
and reduced apo(a) synthesis and reducing apo(a) synthesis followed by siRNA-mediated mRNA assembly/secretion
cleavage
SITE OF ACTION ? Liver (hepatocytes) W Liver (hepatocytes)
EFFECT ON Lp(a) . = Up to ~90-95% reduction Early data suggest ~60-80%
LEVELS Up to ~80-90% reduction Up to ~90-95% reduction (potent and sustained) et
Olpasiran (AMG 890) Olpasiran (AMG 890)
CLINICAL Phase 3 (OCEAN(a)-Outcomes) GalNAc—siRNA .
DEVELOPMENT Pelacarsen (TQI230) Lepodisiran (LY3819469) Phase 3 o M“g“?'ap"_" ()Spf:E'Z‘5)‘
ase 3 (ongoing) — Early stage
(Selected agents) =G oRae) Phase 2 Lepodisiran (LY3819469) g el
Zerlasiran (SLN360) GalNAc-siRNA
Phase 2 Phase 2
DOSING Monthly or less frequent e Every 6 months Oral, once daily
FREQUENCY (e.g., every 4-12 weeks) EryigEomonthe (potential for annual dosing) (oral administration)
+ RNase H—dependent mechanism « High potency + Hepatocyte-targeted delivery + Oral administration
KEY FEATURES + Durable effect « Long duration + Very infrequent dosing « Disrupts Lp(a) assembly/secretion

+ Well-established platform + Subcutaneous administration + High potency and durability - Early-stage development

e COMMON GOAL: Reduce hepatic apo(a) production = Lower circulating Lp(a) levels — Potential reduction in cardiovascular risk

ASGPR, asialoglycoprotein receptor; ASO, antisense GalNAc, N

RISC, RNA-induced silencing complex; SiRNA, small interfering RNA,

Figure 3. Mechanisms of action of emerging lipoprotein(a)-lowering therapies, including antisense
oligonucleotides (ASOs), small interfering RNA (siRNA), and small-molecule inhibitors. ASOs and
siRNAs reduce hepatic apolipoprotein(a) synthesis by targeting LPA mRNA, whereas small-molecule
inhibitors disrupt the interaction between apolipoprotein(a) and apolipoprotein B, thereby preventing
lipoprotein(a) assembly. The arrow in the lower section of the figure indicates the reduction of
apo(a) synthesis.
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Pelacarsen, an antisense oligonucleotide targeting apo(a) mRNA, has demonstrated
dose-dependent reductions in Lp(a) exceeding 80% in phase 2 clinical studies [63]. Similarly,
siRNA-based agents such as olpasiran have shown sustained and profound reductions in
circulating Lp(a), often approaching 90% or greater, with infrequent dosing regimens [64].
These therapies represent a high level of specificity and durability in Lp(a) suppression.

An additional emerging class includes oral small-molecule inhibitors, such as mu-
valaplin, which disrupt the non-covalent interaction between apo(a) and apoB. These
agents are currently in early-stage clinical development and represent a potentially scal-
able oral strategy for Lp(a) reduction; however, long-term efficacy and outcome data
remain unavailable.

Collectively, these therapies establish a new therapeutic paradigm by directly sup-
pressing Lp(a) biosynthesis or assembly at its source, rather than modulating downstream
lipid pathways. Despite strong genetic, epidemiological, and mechanistic evidence sup-
porting a causal role of Lp(a) in atherosclerotic cardiovascular disease, several clinically
fundamental questions remain unresolved: the optimal threshold for intervention, the
magnitude of Lp(a) reduction required for clinical benefit, the role of therapy in primary
prevention, and the identification of patient subgroups most likely to benefit [65].

Current evidence from mendelian randomization studies supports a log-linear relation-
ship between absolute Lp(a) reduction and cardiovascular risk, suggesting that substantial
lowering may be required to achieve clinically meaningful event reduction [66]. Overall, the
level of evidence supporting Lp(a) as a causal cardiovascular risk factor is high; however,
the level of evidence supporting clinical benefit from pharmacological lowering remains
low, reflecting the absence of completed outcome trials.

Several phase 3 cardiovascular outcome trials are currently ongoing. The Lp(a) HORI-
ZON trial (pelacarsen) and the OCEAN(a)-Outcomes trial (olpasiran) are designed to deter-
mine whether selective Lp(a) lowering reduces major adverse cardiovascular events [63,64].
Additional studies, including ACCLAIM-Lp(a) and trials evaluating emerging oral agents,
will further refine the clinical role of this pathway.

At present, therefore, Lp(a)-lowering therapies can be classified as high biological
plausibility interventions with low-to-emerging clinical outcome evidence.

The emergence of potent and selective Lp(a)-lowering therapies may redefine car-
diovascular prevention, transitioning from a predominantly LDL-centric model toward
a genetically informed, precision-based framework [67]. While LDL-C lowering remains
the foundation of risk reduction, Lp(a) represents an independent, genetically determined
determinant of residual cardiovascular risk, particularly relevant in premature atheroscle-
rotic cardiovascular disease, recurrent events despite optimal therapy, calcific aortic valve
stenosis, and unexplained familial aggregation of cardiovascular events [68].

This evolving framework supports earlier identification of genetically mediated risk
and selective therapeutic intervention in high-risk phenotypes. Current consensus state-
ments suggest that Lp(a) measurement should be considered at least once in each adult’s
lifetime for cardiovascular risk assessment, given its genetic determination and lifelong sta-
bility, reflecting its stability as a genetically determined biomarker rather than a modifiable
lipid parameter requiring serial monitoring [69].

If ongoing outcome trials confirm that selective Lp(a) lowering reduces cardiovascular
events, future prevention strategies are likely to integrate LDL-C and Lp(a) as comple-
mentary and mechanistically distinct therapeutic targets, enabling a shift toward precision
cardiovascular medicine grounded in causal biology.

Ultimately, Lp(a) may represent a prototype of genetically guided cardiovascular
prevention, in which risk stratification and therapeutic intervention converge within a
unified causal framework.
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8. Conclusions

Lipoprotein(a) represents one of the most important genetically determined con-
tributors to residual cardiovascular risk beyond traditional LDL-C centred paradigms.
Increasing evidence supports its causal involvement in atherosclerotic cardiovascular dis-
ease, ischemic stroke, calcific aortic valve stenosis, and recurrent cardiovascular events
despite optimal conventional therapy. The unique pathophysiological profile of Lp(a), char-
acterized by combined proatherogenic, proinflammatory, and prothrombotic properties,
distinguishes it from other lipid fractions and explains its independent contribution to
cardiovascular disease progression.

Because Lp(a) levels are largely established at birth, remain relatively stable through-
out life, and are minimally influenced by lifestyle interventions, its measurement provides a
powerful tool for the early identification of individuals with hidden inherited cardiovascu-
lar risk. In this context, incorporating Lp(a) into cardiovascular risk assessment, measuring
its levels at least once during adulthood, represents a valuable strategy for improving
patient reclassification and enabling earlier preventive interventions, particularly among
individuals with premature ASCVD, strong familial predisposition, or persistent residual
risk despite controlled LDL-C levels.

While currently available lipid-lowering therapies have limited impact on Lp(a),
emerging RNA-based therapies capable of selectively and profoundly reducing Lp(a)
concentrations may soon transform clinical practice. If ongoing cardiovascular outcome
trials confirm that targeted Lp(a) lowering reduces major adverse cardiovascular events,
future prevention strategies are likely to evolve toward a precision-based and genetically
informed model of cardiovascular risk estimation and treatment, integrating both LDL-C
and Lp(a) as complementary therapeutic targets.

Ultimately, Lp(a) may become a cornerstone biomarker of precision cardiovascu-
lar medicine, bridging genetic predisposition, individualized risk stratification, and
mechanism-driven therapeutic intervention.
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