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Abstract: Lipoprotein(a) [Lp(a)] is a lipid molecule with atherogenic, inflammatory, thrombotic,
and antifibrinolytic effects, whose concentrations are predominantly genetically determined. The
association between Lp(a) and cardiovascular diseases (CVDs) has been well-established in numerous
studies, and the ability to measure Lp(a) levels is widely available in the community. As such, there
has been increasing interest in Lp(a) as a therapeutic target for the prevention of CVD. The impact
of the currently available lipid-modifying agents on Lp(a) is modest and heterogeneous, except for
the monoclonal antibody proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i), which
demonstrated a significant reduction in Lp(a) levels. However, the absolute reduction in Lp(a) to
significantly decrease CVD outcomes has not been definitely established, and the magnitude of
the effect of PCSK9i seems insufficient to directly reduce the Lp(a)-related CVD risk. Therefore,
emerging therapies are being developed that specifically aim to lower Lp(a) levels and the risk
of CVD, including RNA interference (RNAi) agents, which have the capacity for temporary and
reversible downregulation of gene expression. This review article aims to summarize the effects of
Lp(a) on CVD and to evaluate the available evidence on established and emerging therapies targeting
Lp(a) levels, focusing on the potential reduction of CVD risk attributable to Lp(a) concentrations.

Keywords: lipoprotein(a); cardiovascular diseases; treatment; RNA interference

1. Introduction

HMG-CoA reductase inhibitors (statins); other lipid-modifying agents, such as ezetimibe;
and proprotein convertase subtilisin/kexin type 9 inhibitors (PCSK9i) have demonstrated
clinical benefits for reducing the risk of cardiovascular diseases (CVDs), mainly through
lowering circulating levels of low-density lipoprotein (LDL) cholesterol [1–4]. However,
despite the effective control of LDL and other known modifiable risk factors, for some patients,
a residual risk of major cardiovascular events (MACEs) remains [5–7]. Consequently, further
investigation into unidentified CVD risk factors has become increasingly important.

Lipoprotein(a) [Lp(a)], a form of LDL, has emerged as an important and strong risk
factor for CVD. First identified in the 1960s, the most robust evidence of its causal role
in the risk of CVD has been generated in the last decade [8]. Elevated levels of Lp(a) are
well recognized as an independent and causal risk factor for CVD through mechanisms
associated with atherogenesis, inflammation, and thrombosis. International guidelines
for CVD prevention have recently incorporated Lp(a) as a risk enhancer for elevated
LDL [9–11]. It is estimated that up to 20% of the world’s population has levels of Lp(a) that
result in an increased risk of CVD [12,13].

Lp(a) is predominantly a monogenic cardiovascular risk determinant [14]. Unlike
other lipoproteins, for which diet, lifestyle, and genetics play a substantial role in deter-
mining plasma levels, Lp(a) concentrations are more than 90% genetically determined
by constitutive hepatocyte production [15,16]. However, several studies conducted in
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pediatric and adult patients have shown that Lp(a) levels increase with older age, thus
challenging the assumption that definitive Lp(a) levels are reached at an early age and
do not change during adulthood [17,18]. Elevations in Lp(a) levels may be also observed
during pregnancy, during menopause, during stress, and with infections [18,19]. Ethnicity
may also affect Lp(a) concentrations, with concentrations being higher in Chinese, South
Asian, and Black individuals. However, sample sizes and variability in research conducted
pose limitations on the generalizability of these findings [20]. Furthermore, sex could also
influence Lp(a) levels, with women having 5–10% higher concentrations than men [21].

Historically, there has been relatively little attention given in the clinical setting to the
role of Lp(a) as a cardiovascular risk factor. There have been several reasons contributing
to this. Firstly, the LPA gene, which is responsible for the production of apolipoprotein A
[apo(a)], is not present in lower mammals or prosimians, thus limiting its study in animal
models [8]. Additionally, early attempts to lower the CVD risk related to Lp(a) levels by
using statins, which are ineffective in directly reducing Lp(a) levels, or other lipid-lowering
agents which have modest effects on Lp(a), did not show any improvement in cardiovascu-
lar outcomes [8]. Therefore, although effective interventions are now available for many
other lipid-related cardiovascular risk factors, Lp(a) has remained an effectively untreatable
dyslipidemia. Consequently, emerging therapies are being developed to specifically lower
Lp(a) levels and the associated risk of CVD, including RNA interference (RNAi) agents,
which have the capacity for temporary and reversible downregulation of gene expression.

This review article aims to summarize the effects of Lp(a) on CVD and to evaluate the
available evidence on established and emerging therapies targeting Lp(a) levels, focusing
on the potential reduction of CVD risk attributable to Lp(a) concentrations.

2. Biochemistry of Lp(a)

Lp(a) is an LDL-like molecule that contains two domains: the apolipoprotein B-100
(apoB), which is encoded by the APOB gene and binds to hydrophilic highly glycosylated
apo(a), which, in turn, is encoded by the LPA gene [22,23]. The apo(a) portion determines
the differences in density and electrophoretic mobility between LDL and Lp(a) [24], and
it was formerly termed “Lp(a) antigen” [25]. Apo(a) has key associations with Lp(a), as
this plasminogen (PLG)-like particle imparts unique synthetic, catabolic, and functional
characteristics [23]. Apo(a) and PLG share high amino acid sequence similarities in several
regions, including the protease domain and the loop-like structures called “Kringles” [23].
Unlike PLG, apo(a) contains two kringles domains (KIV and KV) instead of five [26].
Each kringle contains six conserved cysteine residues that form three disulfide bonds to
provide the characteristic triple-loop structure [26]. These loop-like structures are also
present in other coagulation factors, such as prothrombin, urokinase, and tissue-type PLG
activators [15].

Plasma Lp(a) arises from the codominant expression of two LPA gene alleles [27]. The
KIV copy number variant is inversely proportional to the Lp(a) concentration, and it is
responsible for heterogenicity in the Lp(a) concentration between different individuals [15].
Additionally, numerous single-nucleotide polymorphisms (SNPs) in the LPA locus are
strongly associated with Lp(a) levels [28].

3. Association between Lp(a) and Cardiovascular Diseases

The relationship between Lp(a) and cardiovascular events has been well-established in
several studies across the last decades, and Lp(a) is currently considered the strongest single
genetic risk factor for CVD [29]. Collectively, there is robust evidence linking elevated Lp(a)
levels with relevant cardiovascular endpoints, such as atherosclerotic cardiovascular disease
(ASCVD), coronary artery disease (CAD), cerebrovascular disease, calcific aortic valve
stenosis (AS), aortic dissection (AD), peripheral arterial disease (PAD), and heart failure
(HF) (Figure 1). A relationship between type 2 diabetes mellitus (DM) and thrombosis,
considered a potential risk factor for the development of many cardiovascular conditions,
has also been described [21,30–36].
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Figure 1. The relationship between Lp(a) and cardiovascular diseases has been well-established
in several studies across the last decades, with robust evidence linking elevated Lp(a) levels with
atherosclerotic cardiovascular disease, coronary artery disease, cerebrovascular disease, calcific aortic
valve stenosis, aortic dissection, peripheral arterial disease, and heart failure.

3.1. Atherosclerosis and Coronary Artery Disease

Lp(a) promotes atherosclerotic plaque formation through various mechanisms: it
induces the expression of inflammatory cytokines, increases the expression of adhesion
molecules on the surface of the endothelial cells, promotes monocyte chemotaxis, and binds
transport oxidized phospholipids (OxPLs), which are involved in plaque vulnerability and
destabilization [37].

A strong association between high serum levels of Lp(a) and atherosclerosis has been
reported by several large prospective population-based studies, with the most recent ones
analyzing the connection between high serum Lp(a) levels and high baseline atherosclerotic
plaque volumes and the presence of adverse plaque features in patients with CAD [10,38].
A post hoc analysis of six randomized controlled trials (RCTs) employing intravascular ul-
trasound demonstrated that elevated Lp(a) is associated with increased coronary atheroma
volume, a finding that supports a pro-atherogenic mechanism of cardiovascular risk re-
lated to Lp(a) [39]. Kaiser et al. investigated the relationship between Lp(a) and plaque
progression by coronary computed tomography in 191 patients with advanced stable CAD
who were already using guideline-directed preventive therapies [40]. After a 12-month
follow-up, Lp(a) was associated with accelerated progression of coronary low-attenuation
plaque (necrotic core), which may explain the association between Lp(a) and the high
residual risk of myocardial infarction. In another study conducted by Mehta et al., plasma
Lp(a) and coronary artery calcium (CAC) score were measured at enrollment among asymp-
tomatic participants of the MESA (Multi-Ethnic Study of Atherosclerosis) (n = 4512) and
DHS (Dallas Heart Study) (n = 2078) studies [41]. On long-term follow-up (13.2 years in
MESA and 11.0 years in DHS), the Lp(a) and CAC score were independently associated
with ASCVD risk among participants. The presence of elevated levels of both markers
identified a subgroup with a significantly increased ASCVD risk who may benefit from
more aggressive therapeutic strategies.
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3.2. Cerebrovascular Disease

The role of Lp(a) as a risk factor for stroke is less well documented than for CAD,
and large population-based cohort studies on stroke have produced heterogeneous re-
sults [42,43]. However, a recent systematic review and meta-analysis including 41 studies
with 7874 ischemic stroke patients and 7 studies with 871 intracerebral hemorrhage cases
demonstrated a significant association between increased levels of Lp(a) and risk of is-
chemic stroke as compared to control subjects [44]. Lp(a) levels were also found to be
significantly associated with the risk of large artery atherosclerosis subtype of ischemic
stroke, as well as being significantly associated with the risk of intracerebral hemorrhage.

3.3. Calcific Aortic Valve Stenosis

The identification and better understanding of risk factors for AS is likely to help
medical and scientific communities develop novel treatment strategies. A large prospective
study by Arsenault et al. was among the first to demonstrate the association between high
Lp(a) levels and the risk of AS [31]. They found that a common genetic variant (rs10455872)
in the LPA locus was simultaneously associated with both serum Lp(a) levels and the risk
of AS, further suggesting that this association was likely to be causal [31].

More recent studies have demonstrated that, among AS patients, cases with elevated
Lp(a) and OxPL plasma levels exhibit increased valvular calcification activity, faster disease
progression, and increased risk of aortic valve replacement (AVR) or death than subjects
with lower levels [45]. This appears to be mediated by the pro-osteogenic effects of Lp(a)
and OxPL on valvular interstitial cells, and these effects are potentially reversible with
targeted treatment inactivating OxPL [46,47].

A recent publication by Kaiser et al. showed that, in the population-based longitudinal
Rotterdam Study with over 14 years of follow-up (n = 922), Lp(a) was robustly associated
with baseline and new-onset aortic valve calcification but not with progression of calcifica-
tion, suggesting that Lp(a)-lowering interventions may be most effective in the pre-calcific
stages of aortic valve diseases [48].

3.4. Aortic Dissection

It is well-known that Lp(a) plays a role in promoting monocyte trafficking to arterial
walls and that its OxPL content promotes an inflammatory response in the arterial wall and
subsequent vascular injury [49]. Due to the sudden onset of AD, its high mortality, and
poor prognosis, it is imperative that we identify the unidentified potential risk factors in
order to intervene at an early stage. A recent study of 200 patients with AD and 200 controls
showed that patients with AD had greater median Lp(a) concentrations than non-AD
cases (152.50 vs. 81.75 mg/L) [34]. However, due to some study limitations and the lack
of additional evidence about this potential association, future large cohort or Mendelian
randomization studies are needed to determine the causal relationship between Lp(a)
and AD.

3.5. Peripheral Arterial Disease

High Lp(a) levels and their association with PAD have also been demonstrated in
several studies [50–54]. A study published by Klarin et al. identified new LPA loci that
were associated with PAD, suggesting that the modulation of circulating Lp(a) may result
in decreasing the risk of developing this condition [55]. An important aspect of PAD
suggested by Golledge et al. in a recent publication is the relationship between serum Lp(a)
concentrations and the requirement for PAD interventions [56]. In this research, the authors
assessed 1472 patients with a follow-up of 2.4 years and showed that participants with
Lp(a) ≥ 30 mg/dL had more extensive disease, resulting in a greater requirement for any
PAD operation and lower-limb peripheral revascularization.
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3.6. Heart Failure

Several studies have investigated the link between Lp(a) and HF. One study tested
whether elevated Lp(a) levels and corresponding LPA risk genotypes (rs3798220 and
rs10455872) were associated with an increased risk of HF. From a total of 98,097 patients,
4122 were diagnosed with HF. The authors concluded that elevated Lp(a) levels and
corresponding LPA risk genotypes were associated with HF, increasing HF risk with higher
Lp(a) percentile [57].

Agarwala et al. examined the association of Lp(a) levels with incident HF hospital-
izations in the Atherosclerosis Risk in Communities (ARIC) study [58]. After a median
follow-up of 23.4 years, individuals with higher levels of Lp(a) had an increased risk of
HF hospitalization even after adjustment for other risk factors (age, race, gender, hyper-
tension, DM, smoking status, body mass index, heart rate, and high-density lipoprotein
cholesterol) [58].

3.7. Diabetes Mellitus

Several studies reported that type 1 DM patients have Lp(a) concentrations that are
not different from healthy individuals if they are well-controlled and free from kidney
dysfunction [59–61]. Type 2 DM patients, on the other hand, may have reduced Lp(a) levels
due to mutations or polymorphisms in genes that affect the expression of the apo(a) gene
and the phenotype of DM.

In a study conducted by Kamstrup et al. with 80,000 patients, investigators measured
plasma Lp(a) concentrations, the number of KIV-2 repeats, and the rs10455872 SNP [62].
They showed that type 2 DM patients had lower Lp(a) concentrations. Individuals with high
numbers of KIV-2 repeats (that correlate with low plasma Lp(a) levels) showed a higher risk
for type 2 DM. On the other hand, carriers of the rs10455872 SNP associated with elevated
Lp(a) concentrations did not show a different risk of type 2 DM. The authors concluded
that low Lp(a) concentrations by themselves might not be causal for increased type 2 DM
risk, yet this might differ for individuals with a high number of KIV-2 repeats [63].

Moreover, work by Gudbjartsson et al. has shown similar findings; the 10% of subjects
with very low Lp(a) concentration (<3.5 nmol/L) were reported to be at greater risk of type
2 DM. However, type 2 DM risk was independent of Lp(a) concentration in subjects with
Lp(a) levels above the median (14 nmol/L) [64].

3.8. Thrombosis

Lp(a) has a pro-thrombotic potential by reducing PLG activation and fibrin degrada-
tion while increasing PLG Activator Inhibitor-1 expression on endothelial cells and the
activity of the tissue factor pathway inhibitor. All of these mechanisms result in enhanced
platelet activation and thrombus formation [29,65]. Elevated Lp(a) levels are correlated
with reduced fibrin clot permeability and impaired fibrinolysis [33], which is more pro-
found for smaller-sized isoforms of Lp(a) because these have higher affinity for fibrin [66].
Assessment of associations between genetically elevated Lp(a) levels and different forms of
venous thrombosis, however, have demonstrated uniformly negative results, which rule
out a role for elevated Lp(a) in the etiology of venous thrombosis [33,67,68]. In light of these
findings, it is likely that venous thrombosis reflects impaired anti-coagulation/accelerated
coagulation rather than impaired fibrinolysis and, likewise, that Lp(a) does not promote
coagulation in vivo as much as it impairs fibrinolysis.

4. Lp(a) Treatment
4.1. The Effect of Currently Available Therapies on Lp(a)

The effects of currently available lipid-modifying agents on Lp(a) are modest and
variable, except for the monoclonal antibody PCSK9i that reported a potentially relevant
reduction in Lp(a) levels [69,70].

The PSCK9i Lp(a)-lowering effects are related to the increase in Lp(a) clearance, re-
sulting in a decrease in Lp(a) concentrations in the range of 14% to 35% [9,71]. Multiple
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secondary analyses from RCTs evaluating PCSK9i have provided evidence for their po-
tential role in reducing Lp(a)-related cardiovascular risk [72–75]. Although the absolute
reductions in Lp(a) to produce clinically significant lowering in CVD risk is not definitively
established, the magnitude of the effect of these therapies seems insufficient to appro-
priately reduce Lp(a)-related CVD risk [76]. In a secondary analysis from the FOURIER
(Further Outcomes Research With PCSK9 Inhibition in Subjects With Elevated Risk) study,
median Lp(a) reduction with evolocumab was 26.9%, and patients with higher baseline
Lp(a) levels (greater than 37 nmol/L) experienced greater reductions in Lp(a) and tended
to show greater cardiovascular benefits from PCSK9i treatment [72]. Data derived from
ODYSSEY OUTCOMES (Evaluation of Cardiovascular Outcomes After an Acute Coronary Syn-
drome During Treatment With Alirocumab) trials confirmed a significant median reduction in
Lp(a) with alirocumab of 25.6%, along with a reduction in the risk of MACE [69]. How-
ever, controversy exists whether the Lp(a) reductions were significantly associated with
a decrease in the risk of MACE independent of LDL reductions [77]. While some studies
suggested that Lp(a) lowering by alirocumab was an independent contributor to MACE
reduction [73,78], other publications demonstrated that, in patients with low Lp(a) levels
(<13.7 mg/dL) and LDL at or near target levels, alirocumab did not further reduce the risk
of recurrent MACE [77]. In summary, although there is a reduction in Lp(a) levels seen
with PCSK9i therapy, these results come from post hoc analyses of RCTs in patients with
overall low Lp(a) concentrations, and it is controversial if these reductions are adequate
to enable a significant lowering of MACE. Regarding side effects, PSCK9i appears to be
well tolerated; however, local injection site reactions (usually mild) are reported in 6–10%
of evolocumab- and alirocumab-treated patients [71]. These drugs do not appear to cause
severe muscle or liver toxicity.

There is substantial heterogeneity in the effects of statins on Lp(a) levels, ranging
from a significant reduction demonstrated in the Collaborative Atorvastatin Diabetes
Study (CARDS) to a suggested increase in the Scandinavian Simvastatin Survival Study
(4S) [79,80]. In a subject-level meta-analysis including 5256 patients (1371 on placebo and
3885 on statin) from six RCTs, statins significantly increased plasma Lp(a) levels, with a
mean percent change from baseline ranging from 8.5% to 19.6% [81]. Another meta-analysis
using patient-level data from seven RCTs included 29,069 patients with repeated Lp(a)
measurements. This study showed an independent approximately linear relation between
Lp(a) levels and CVD risk, but the initiation of statin therapy had no significant effects on
Lp(a) concentrations [6]. Muscle-related adverse reactions and hepatic dysfunction remain
the main side effects related to statins’ use. Several RCTs have reported no significant
increase in the incidence of persistently elevated aminotransferases, but a meta-analysis
showed an excess risk of aminotransferases’ elevation of 0.4% [82]. A small increase in
muscle symptoms was found in a recent meta-analysis; however, another meta-analysis
conducted in 2014 found little or no excess risk of myalgias, creatine kinase elevations, or
rhabdomyolysis when using a strict definition [83,84].

Cholesteryl Ester Transfer Protein (CETP) inhibition can reduce Lp(a) levels in the
range of 25% to 40% [85,86]. In a placebo-controlled trial including 393 patients, Evacetrapib
significantly reduced the concentrations of Lp(a) by 32% as monotherapy and by 31% when
combined with a statin [86]. In a fixed-sequence, double-blind study of the effects of
anacetrapib on the metabolism of apoB and high-density lipoproteins enrolling 39 patients,
anacetrapib treatment lowered Lp(a) by 34.1% [85]. In a RCT including 120 dyslipidemic
patients with background high-intensity statin treatment, obicetrapib significantly reduced
Lp(a) levels [87]. However, CETP inhibitors did not demonstrate an overall benefit for
MACE reduction and were mainly evaluated in trials that did not enroll patients based
on elevated Lp(a) levels [69]. Therefore, drug development for most CETP inhibitors was
halted because of futility or even adverse cardiovascular side effects [88]. The exception
was anacetrapib that reduced CVD events on top of statin therapy and was not associated
with major side effects. However, there was a small (0.7 mmHg) increase in systolic blood
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pressure in anacetrapib treated subjects, similar to that observed with evacetrapib and
dalcetrapib, but less than for torcetrapib [88].

Niacin can also reduce Lp(a) levels in a range between 20 and 30%. In an RCT including
25,673 participants with ASCVD, niacin was associated with a reduction in Lp(a) levels but
did not significantly reduce the risk of MACE [89]. Similarly, another RCT demonstrated
that Lp(a) levels were associated with an increased CVD risk, but the use of niacin did not
reduce the CVD risk despite favorable changes in Lp(a) [90]. Niacin was also associated
with an increased risk of serious adverse events related to the gastrointestinal system,
musculoskeletal system, skin, infection, and bleeding [89].

Lipoprotein apheresis, an intensive therapy that requires patients to attend several
sessions, may be effective at lowering lower Lp(a) [69]. In a retrospective cohort study,
lipoprotein apheresis demonstrated a reduction of 63% for Lp(a) and a 94% reduction in
MACE over a mean treatment period of 48 months [91]. In a prospective observational
multicenter study including 170 patients with Lp(a) hyperlipoproteinemia, progressive
CVD, and maximally tolerated lipid-lowering medication, lipoprotein apheresis effectively
lowered the incidence of MACE [92]. A phase-three prospective, multicenter, multinational,
two-arm matched-pair cohort study whose primary objective is to demonstrate the clinical
benefit of Lp(a) reduction using lipoprotein apheresis is ongoing [93]. Although data
derived from apheresis studies appear promising, definitive results from RCTs of apheresis
in the prevention or reduction of MACE are lacking. Moreover, this treatment may be
not only cumbersome for patients but also implies the risk of adverse events, including
vascular access complications and transient hemodynamic effects [94]. Lastly, this therapy
is very infrequently used worldwide and may be only highly effective in the acute setting,
but due to rapid hepatocyte synthesis, Lp(a) concentrations may return to baseline after
1 week [16].

4.2. Inclisiran

Inclisiran is a small interfering RNA (siRNA) that was shown to inhibit the hepatic
synthesis of the PCSK9 protein [95]. It is the first-in-class siRNA against PCSK9 and has
been recently approved by US Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) for the treatment of adults with heterozygous familial hyperc-
holesterolemia or ASCVD who require additional LDL lowering despite diet and maximally
tolerated statin therapy [96].

The effects of this agent on lipid molecules were tested in the ORION trials. ORION-1
was a phase-two trial assessing six different Inclisiran dosing regimens versus placebo
and included 501 patients with elevated LDL levels despite maximally tolerated statin
therapy [97]. In this study, Inclisiran reduced Lp(a) levels in the range of 14% to 26%. In
the ORION-3 trial, a 4-year open-label extension study of the ORION-1 trial [97,98], Lp(a)
levels were reduced by 6.3% in the Inclisiran-only arm and by 14.3% in the switching arm.
The ORION-9 trial was a phase-three study that included 482 patients with heterozygous
familial hypercholesterolemia receiving Inclisiran or placebo; in the Inclisiran group, the
median levels of Lp(a) were reduced by 17.2% from baseline [99].

In two phase-three studies, patients with ASCVD (ORION-10 trial) and those with
ASCVD or an ASCVD risk equivalent (ORION-11 trial) who had elevated LDL cholesterol
levels despite statin therapy at the maximum tolerated dose were enrolled [100]. Inclisiran
lowered levels of Lp(a) by 25.6% (ORION 10) and 18.6% (ORION 11), and drug-related
adverse events were generally similar in the Inclisiran and placebo groups, although
injection-site adverse events were more frequent with Inclisiran. In a pre-specified analysis
of the ORION-11 trial that included 203 individuals at risk of, but without prior ASCVD,
and LDL ≥ 2.6 mmol/L despite maximally tolerated statins, Inclisiran reduced Lp(a) levels
by 28.5% [101].

The infrequent dosing regimen (twice yearly) offers a prolonged lipid-lowering effect,
supporting a substantial and sustained lipid-lowering response among patients treated



Pharmaceuticals 2023, 16, 919 8 of 18

with Inclisiran [101]. This may help overcome non-adherence issues, which are a major
cause of not achieving medical targets with existing therapies.

4.3. Novel Therapies

As already detailed, most lipid-modifying therapies do not have a substantial impact
on the reduction of Lp(a)-related MACE. Therefore, with advancing technology, new
therapies are emerging, including RNAi agents [8], which are promising in their potential to
address Lp(a)-mediated CVD risk [69]. RNAis are a subtype of oligonucleotide therapeutics,
and their mechanism of action is linked with the temporary and reversible downregulation
of gene expression [69]. These pharmacological interventions are therefore very specific,
and further precision has been achieved through the conjugation of RNAi to a cluster of
amino sugars, the N-acetyl galactosamines (GalNAc) [102]. GalNAc is a ligand for the
asialoglycoprotein receptors, which are found in large concentrations on the surface of
hepatocytes with a high degree of cell-type specificity [22]. Conjugation of RNAi molecules
to GalNAc clusters therefore directs these agents near-exclusively to hepatocytes, where
their action can be targeted without affecting other unintended cell types [22].

Considering the Lp(a) structure and its production, two genes may be potential targets
to reduce serum Lp(a) levels. However, APOB is not specific for Lp(a), and loss-of-function
mutations in APOB can lead to hepatic steatosis [103]. In contrast, the LPA gene is highly
specific for Lp(a), thus making this gene a more attractive aim for Lp(a) reduction. By
specifically downregulating LPA in hepatocytes, the production and secretion of Lp(a) by
the liver can be reduced.

The most common RNAi agents include siRNA and antisense oligonucleotides (ASOs);
siRNA consists of a class of drugs capable of blocking gene expression by interaction with
mRNA before its translation and has the ability to silence the expression of disease-causing
genes [104]. ASOs are short, synthetic, single-stranded oligodeoxynucleotides that can
alter RNA and reduce, restore, or modify protein expression through several distinct
mechanisms [105] (Figure 2).
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Figure 2. RNA interference agents include small interfering RNA (siRNA) and antisense oligonu-
cleotides (ASOs). siRNAs are capable of blocking gene expression by interaction with mRNA before
its translation. ASOs can alter RNA and reduce, restore, or modify protein expression through several
distinct mechanisms. Novel treatments that inhibit the translation of mRNA for proteins specifically
involved in lipid metabolism are currently being developed, and siRNAs and ASOs to lower Lp(a)
are under study.
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Different siRNAs and ASOs have demonstrated effectiveness in clinical studies against
other therapeutic targets, such as the siRNA therapeutic agents Patisiran (targeting heredi-
tary ATTR amyloidosis) and Givosiran (targeting acute hepatic porphyria) [106,107]. Novel
treatments that inhibit the translation of mRNA for proteins specifically involved in lipid
metabolism are currently being developed, and siRNAs and ASOs to lower Lp(a) are
currently under study [108] (Table 1).

Table 1. Main completed and ongoing trials related to new Lp(a)-lowering therapies. RNAi: RNA
interference. GalNAc–siRNA: N-acetylgalactosamine-conjugated small interfering RNA. Lp(a):
lipoprotein(a). ASO: antisense oligonucleotides.

Agent Phase of
Development Study Name Efficacy Data Safety Data

Olpasiran
(GalNAc–siRNA)

Phase 3
(Ongoing)

OCEAN(a)—Outcomes
NCT05581303

Not yet available.
Inclusion Criteria

Elevated Lp(a) levels (≥200 nmol/L)
with a history of either a myocardial

infarction and/or coronary
revascularization.
Primary Outcome

Time to coronary heart disease death,
myocardial infarction, or urgent

coronary revascularization.

Not yet available.

Phase 2
(Completed)

OCEAN(a)-DOSE
NCT04270760

At 36 weeks, Olpasiran significantly
reduced the Lp(a) concentrations in

a dose-dependent manner (from 70%
to 100%).

The incidence of adverse
events was similar across all

the groups. The most
common adverse events were

injection-site reactions.

Phase 1
(Completed)

“Safety, Tolerability,
Pharmacokinetics and

Pharmacodynamics Study of AMG
890 in Subjects with Elevated Plasma

Lipoprotein(a)”
NCT03626662

Olpasiran reduced Lp(a) levels by
71% to 96% (in patients with Lp(a)
levels between 70 and 199 nmol/L)
and by 75% to 89% (in patients with

Lp(a) concentrations higher than
200 nmol/L).

No serious safety concerns
were identified.

Phase 1
(Completed)

“A Study to Evaluate the
Pharmacokinetics,

Pharmacodynamics, Safety and
Tolerability of Olpasiran in Chinese
Participants with Elevated Serum

Lipoprotein(a)”
NCT04987320

The maximal Lp(a) reduction
occurred at day 57, with mean Lp(a)
reductions ranging from 56% to 99%

Adverse events were mild in
severity, with no serious or

fatal adverse events. No
relevant changes in

tolerability-related laboratory
analytes or vital signs were

observed.

Phase 1
(Ongoing)

“A Study to Evaluate the
Pharmacokinetics, Safety, and

Pharmacodynamics of Olpasiran in
Participants with Various Degrees of

Hepatic Impairment”
NCT05481411

Not yet available. Not yet available.

Phase 1
(Ongoing)

“A Study to Evaluate the
Pharmacokinetics, Safety, and

Pharmacodynamics of Olpasiran in
Participants with Normal Renal
Function and Participants with

Various Degrees of Renal
Impairment”

NCT05489614

Not yet available. Not yet available.

Pelacarsen
(ASO)

Phase 3
(Ongoing)

HORIZON Trial
NCT04023552

Not yet available.
Inclusion Criteria

Lp(a) ≥ 70 mg/dL and a history of
myocardial infarction, ischemic
stroke, or clinically significant

symptomatic peripheral
artery disease.

Primary outcome
Time to first occurrence of major
adverse cardiovascular events.

Not yet available.
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Table 1. Cont.

Agent Phase of
Development Study Name Efficacy Data Safety Data

Pelacarsen
(ASO)

Phase 3
(Ongoing)

“A Multicenter Trial Assessing the
Impact of Lipoprotein(a) Lowering

with Pelacarsen (TQJ230) on the Rate
of Weekly Lipoprotein Apheresis

Sessions in Patients with
Hyperlipoproteinemia(a) and

Established Cardiovascular Disease
in Germany”

NCT05305664

Not yet available.
Inclusion Criteria

Patients undergoing lipoprotein
apheresis for isolated Lp(a) with

Lp(a) >60 mg/dL and prior
myocardial infarction, ischemic

stroke, and/or clinically significant
symptomatic peripheral

artery disease.
Primary outcome

Rate of lipoprotein apheresis
sessions performed over 52 weeks

normalized to the weekly
lipoprotein apheresis schedule.

Phase 2
(Completed)

“Phase 2 Study of ISIS 681257
(AKCEA-APO(a)-LRx) in

Participants with
Hyperlipoproteinemia(a) and

Cardiovascular Disease”
NCT03070782

Pelacarsen resulted in
dose-dependent decreases in lp(a)

levels from 35% to 80%.

Injection-site reactions were
the most frequently reported
adverse event and occurred
in 27% of the patients who

received Pelacarsen.

Phase 1/2a
(Completed)

“Safety, Tolerability,
Pharmacokinetics, and

Pharmacodynamics of IONIS
APO(a)-LRx in Healthy Volunteers

with Elevated Lipoprotein(a)”
NCT02414594

Significant dose-dependent
reductions in mean Lp(a)

concentrations were noted in
patients treated with Pelacarsen

(single dose 26%
to 85%; multiple doses

66% to 92%).

No significant differences
between any Pelacarsen dose
and placebo were seen with

respect to side effects.

Phase 1
(Completed)

“A Study to Assess Safety,
Tolerability, Pharmacokinetics, and
Pharmacodynamics of Pelacarsen
(ISIS 681257) in Healthy Japanese

Participants”
NCT05337878

Not available. Not available.

Phase 1
(Completed)

“Study to Assess the
Pharmacokinetics of Pelacarsen

(TQJ230) in Participants with Mild
Hepatic Impairment Compared to

Matched Healthy Participants”
NCT05026996

Not available. Not available.

SLN360
(GalNAc–siRNA)

Phase 2
(Active, not
recruiting)

“Evaluate SLN360 in Participants
with Elevated Lipoprotein(a) at High

Risk of Atherosclerotic
Cardiovascular Disease Events”

NCT05537571

Not yet available. Not yet available.

Phase 1
(Completed)

“Study to Investigate Safety,
Tolerability, PK and PD Response of

SLN360 in Subjects with Elevated
Lipoprotein(a)”
NCT04606602

Significant dose-dependent lowering
of plasma Lp(a) concentrations was

observed with SLN360 treatment
(from 46% to 98%).

No significant side effects.
One participant experienced

two serious adverse event
episodes judged to be

unrelated to study drug.

LY3819469
(GalNAc–siRNA)

Phase 1
(Completed)

“A Study of LY3819469 in Healthy
Participants”

NCT04914546
Not available. Not available.

Phase 2
(Active, not
recruiting)

“A Study of LY3819469 in
Participants with Elevated

Lipoprotein(a) [Lp(a)]”
NCT05565742

Not yet available. Not yet available.

4.3.1. Olpasiran

Olpasiran is a hepatocyte-targeted siRNA against the LPA gene that emerged as
the best candidate for clinical testing from an initial group of 108 siRNAs specific for
LPA that were selected using a bioinformatics algorithm [109]. This agent reduced Lp(a)
concentrations in transgenic mice and cynomolgus monkeys in a dose-responsive manner,
achieving up to over 80% reduction [109].

A phase-one clinical trial evaluating the safety, tolerability, pharmacokinetics, and
pharmacodynamics of single doses of Olpasiran versus a placebo included patients with
elevated plasma levels of Lp(a) who were grouped in different cohorts according to their
Lp(a) concentrations (≥70 nmol/L and ≤199 nmol/L, or ≥200 nmol/L) [109]. Olpasiran
reduced the mean Lp(a) levels at day 43 by 71% to 96% (in patients with Lp(a) levels



Pharmaceuticals 2023, 16, 919 11 of 18

between 70 and 199 nmol/L) and by 75% to 89% (in patients with Lp(a) concentrations
higher than 200 nmol/L). No safety concerns were identified. Two phase-one studies are
evaluating the pharmacokinetics, safety, and pharmacodynamics of this agent in patients
with various degrees of hepatic impairment (NCT05481411) [110] and in participants with
various degrees of renal dysfunction (NCT05489614) [111]. Both studies are currently
recruiting participants.

A phase-two randomized, double-blind, placebo-controlled, dose-finding trial of this
drug (Olpasiran Trials of Cardiovascular Events and Lipoprotein(a) Reduction (OCEAN[a]-
DOSE) was recently reported [112]. This study included 281 patients with established
CVD and Lp(a) concentrations higher than 150 nmol/L. Four doses of Olpasiran were
tested, resulting in a significant reduction of Lp(a) concentrations in a dose-dependent
manner [112]. The overall incidence of adverse events was similar across the Olpasiran and
placebo groups, and the most common Olpasiran-related adverse events were injection-
site reactions.

A phase-three study with this agent is ongoing (Olpasiran Trials of Cardiovascular
Events and Lipoprotein(a) Reduction (OCEAN(a))—Outcomes Trial). This double-blind,
randomized, placebo-controlled multicenter study plans to include 6000 participants be-
tween 18 and 85 years old with elevated Lp(a) levels (≥200 nmol/L) and with a history of
myocardial infarction and/or coronary revascularization [113].

4.3.2. Pelacarsen

Pelacarsen is a second-generation ASO that is currently being tested in different trials.
In a phase-two randomized, double-blind, placebo-controlled, dose-ranging trial involving
286 patients with established CVD and Lp(a) levels ≥60 mg/mL, Pelacarsen resulted in a
dose-dependent significant decrease in Lp(a) levels, with mean percent decreases ranging
from 35% at the lowest dose and 80% with the highest dose [60]. No significant differences
between any Pelacarsen dose and placebo were seen with respect to serious side effects.

Another phase 1/2a randomized, placebo-controlled study enrolled 58 participants
with elevated Lp(a) concentrations. Participants assigned to Pelacarsen demonstrated
mean Lp(a) reductions between 26% and 92%, suggesting that this drug may be a tolerable,
potent therapy to reduce Lp(a) concentrations [114].

A phase-three randomized, double-blind, placebo-controlled multicenter study (NCT0
4023552, HORIZON trial) is ongoing, with the aim of supporting the indication of Pelacarsen
for the reduction of cardiovascular risk in patients with established CVD and elevated
Lp(a) [108]. This study randomizes patients with Lp(a) ≥ 70 mg/dL who are receiving
optimal LDL-cholesterol-lowering treatment and who have a history of myocardial infarc-
tion, ischemic stroke, or clinically significant symptomatic PAD to receive Pelacarsen 80 mg
injected monthly subcutaneously versus a placebo. The aim of this study is to evaluate the
clinical-event-related impact of this new treatment on the incidence of cardiovascular death,
non-fatal myocardial infarction, non-fatal stroke, or urgent coronary revascularization.

4.3.3. SLN360

SLN360 is a chemically stabilized, double-stranded siRNA conjugated to GalNAc
that interferes with the biosynthesis of Lp(a) in the liver [22]. It forms a complex with
the transcription product of the LPA gene (LPA-mRNA) and facilitates its degradation,
thus preventing translation and impeding the production of apo(a) [108]. SLN360 was
tested in vitro, using human hepatocytes, and in vivo, using cynomolgus monkeys. These
preclinical studies showed a potent reduction in LPA mRNA, while no effect was observed
for the expression of APOB. In vivo, SLN360 administration resulted in a specific LPA
mRNA reduction (up to 91%) and a potent (up to 95%) and long-lasting (≥9 weeks)
serum Lp(a) reduction. The minimally effective dose was determined to be 0.3 mg/kg
subcutaneously [22].

A phase-one randomized, single-ascending-dose clinical trial of SLN360 enrolled
32 adults with high Lp(a) plasma concentrations (≥150 nmol/L) and no known CVD [115].
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In this study, SLN360 was well tolerated, and a dose-dependent lowering of serum Lp(a)
levels was observed (46% to 98% reduction). An additional part of this study (NCT04606602)
is recruiting patients with elevated plasma Lp(a) (≥150 nmol/L), a body mass index of
≥18 kg/m2 and ≤45 kg/m2, and a confirmed history of stable ASCVD. This study will
primarily evaluate the incidence of treatment-emergent adverse events at day 150 [116].

The “Evaluate SLN360 in Participants with Elevated Lipoprotein(a) at High Risk of
Atherosclerotic Cardiovascular Disease Events” (NCT05537571) is a phase-two ongoing
study that includes patients with Lp(a) ≥ 125 nmol/L who are at high risk of ASCVD
events and who have a body mass index in the range of 18.0 to 32.0 kg/m2 [117]. The
primary aim of this study is to determine the safety and efficacy of this siRNA in larger
populations and establish the time-averaged change in Lp(a) from baseline to week 36.

4.3.4. LY3819469

Lastly, LY3819469, a GalNAc-conjugated siRNA, is under study for the treatment
of elevated Lp(a). A phase-one study (“A Study of LY3819469 in Healthy Participants”,
NCT04914546) to evaluate the safety and tolerability of LY3819469 in healthy participants
with high Lp(a) levels is completed, but the results are not yet available [118]. A phase-two
study is planned but yet to commence. The goal is to recruit 254 participants of at least
40 years of age, with Lp(a) ≥ 175 nmol/L and on a stable regimen for at least 4 weeks
prior to screening [119]. The primary outcome will be the percent change from baseline in
time-averaged Lp(a).

5. Future Perspectives

Genetic data, including LPA genotype, are becoming more readily available, and they
may provide valuable information to supplement Lp(a) serum concentrations’ measure-
ments in the assessment of CVD risk [69]. Additionally, genetic information could help
evaluate pharmacogenetic interactions of RNAi therapeutics and identify likely responder
patients [69]. As a limitation, genetic information regarding SNPs in the LPA gene is pre-
dominantly limited to European populations, while it is known that Lp(a) concentrations
in various ethnicities are less dependent on LPA SNPs alone [120,121]. The complexity of
the genetic variants in the LPA gene remains an area that needs further exploration, and
the impact of ethnicity on Lp(a) levels should be considered in future studies.

HORIZON (Pelacarsen) and OCEAN(a) (Olpasiran) phase-three trials will establish the
populations with the largest benefit from Lp(a)-lowering therapies in secondary prevention.
Following the completion of these studies, Lp(a)-lowering therapeutics will likely be
evaluated in studies for primary prevention. In the primary prevention trials, inclusion
criteria such as LDL levels before enrollment, baseline maximally tolerated LDL-lowering
therapy, inflammatory markers, and, most importantly, thresholds for elevated Lp(a) should
be accurately addressed [9]. Regarding this last point, data from trials and Mendelian
randomization analyses have suggested a cutoff value of 175 nmol/L (70 mg/dL) to be
sufficient to reach the necessary Lp(a) reduction to achieve significant benefits in the
prevention of CVD outcomes [9]. However, this cutoff point should be considered a
dynamic value, and the demographic characteristics of the included population should be
taken into account for its definition.

Furthermore, analyses of the results according to ethnicity will help determine thresh-
olds for potential ethnicity-focused trials. Lastly, imaging endpoints helped demonstrate
the efficacy of other lipid-lowering therapies on atherosclerosis; thus, these could also be
utilized in Lp(a) therapies trials as surrogate endpoints to evaluate subclinical atherosclero-
sis [122].

6. Summary and Conclusions

Lp(a) is primarily genetically determined, and elevated levels are strongly associated
with the development of CVD and clinical events. It is a laboratory measure that is widely
accessible. However, until recently, it was not considered possible to effectively treat it
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in clinical practice for the prevention of CVD, with limited impact afforded by statins.
Meanwhile, PCSK9i therapy did not demonstrate an independent effect on Lp(a)-related
CVD outcomes despite lowering Lp(a) levels. Novel therapies aimed at clinically significant
Lp(a) reduction include RNA interference agents, which have the capacity for temporary
and reversible downregulation of gene expression, with numerous agents now under
investigation. These emerging therapies that are designed to specifically lower Lp(a)
levels with a directly related reduction in attributable CVD outcomes hold the promise
of a new era in CVD prevention for patients with a genetically mediated higher risk
(Graphical Abstract).

Author Contributions: Conceptualization, J.M.F., M.P., A.K.M., T.B., C.-J.C., S.M.H.D., C.A. and R.A.;
methodology, J.M.F., M.P., A.K.M., C.A. and R.A.; investigation, J.M.F., M.P., T.B., C.-J.C., S.M.H.D.
and R.A.; resources, J.M.F., M.P., A.K.M., T.B., C.-J.C., S.M.H.D., C.A. and R.A.; writing—original
draft preparation, J.M.F., M.P. and A.K.M.; writing—review and editing, J.M.F., T.B., C.-J.C., S.M.H.D.,
C.A. and R.A.; visualization, J.M.F., M.P., A.K.M., T.B., C.-J.C., S.M.H.D., C.A. and R.A.; supervision,
J.M.F., C.A. and R.A.; project administration, J.M.F., M.P., A.K.M., T.B., C.-J.C., S.M.H.D., C.A. and
R.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: This publication was supported by Mayo Clinic Arizona Cardiovascular Clinical
Research Center.

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

References
1. Cholesterol Treatment Trialists Collabtion. Efficacy and safety of statin therapy in older people: A meta-analysis of individual

participant data from 28 randomised controlled trials. Lancet 2019, 393, 407–415. [CrossRef] [PubMed]
2. Zhan, S.; Tang, M.; Liu, F.; Xia, P.; Shu, M.; Wu, X. Ezetimibe for the prevention of cardiovascular disease and all-cause mortality

events. Cochrane Database Syst. Rev. 2018, 11, CD012502. [CrossRef]
3. Jakob, T.; Nordmann, A.J.; Schandelmaier, S.; Ferreira-Gonzalez, I.; Briel, M. Fibrates for primary prevention of cardiovascular

disease events. Cochrane Database Syst. Rev. 2016, 11, CD009753. [CrossRef] [PubMed]
4. Robinson, J.G.; Farnier, M.; Krempf, M.; Bergeron, J.; Luc, G.; Averna, M.; Stroes, E.S.; Langslet, G.; Raal, F.J.; El Shahawy, M.; et al.

Efficacy and safety of alirocumab in reducing lipids and cardiovascular events. N. Engl. J. Med. 2015, 372, 1489–1499. [CrossRef]
5. Dhindsa, D.S.; Sandesara, P.B.; Shapiro, M.D.; Wong, N.D. The Evolving Understanding and Approach to Residual Cardiovascular

Risk Management. Front. Cardiovasc. Med. 2020, 7, 88. [CrossRef]
6. Willeit, P.; Ridker, P.M.; Nestel, P.J.; Simes, J.; Tonkin, A.M.; Pedersen, T.R.; Schwartz, G.G.; Olsson, A.G.; Colhoun, H.M.;

Kronenberg, F.; et al. Baseline and on-statin treatment lipoprotein (a) levels for prediction of cardiovascular events: Individual
patient-data meta-analysis of statin outcome trials. Lancet 2018, 392, 1311–1320. [CrossRef]

7. Shaya, G.E.; Leucker, T.M.; Jones, S.R.; Martin, S.S.; Toth, P.P. Coronary heart disease risk: Low-density lipoprotein and beyond.
Trends Cardiovasc. Med. 2022, 32, 181–194. [CrossRef]

8. Fujino, M.; Nicholls, S.J. Lipoprotein (a): Cardiovascular risk and emerging therapies. Expert. Rev. Cardiovasc. Ther. 2023, 21,
259–268. [CrossRef] [PubMed]

9. Malick, W.A.; Goonewardena, S.N.; Koenig, W.; Rosenson, R.S. Clinical Trial Design for Lipoprotein (a)-Lowering Therapies:
JACC Focus Seminar 2/3. J. Am. Coll. Cardiol. 2023, 81, 1633–1645. [CrossRef]

10. Emerging Risk Factors Collaboration; Erqou, S.; Kaptoge, S.; Perry, P.L.; Di Angelantonio, E.; Thompson, A.; White, I.R.;
Marcovina, S.M.; Collins, R.; Thompson, S.G.; et al. Lipoprotein (a) concentration and the risk of coronary heart disease, stroke,
and nonvascular mortality. JAMA 2009, 302, 412–423.

11. Visseren, F.L.J.; Mach, F.; Smulders, Y.M.; Carballo, D.; Koskinas, K.C.; Bäck, M.; Benetos, A.; Biffi, A.; Boavida, J.M.;
Capodanno, D.; et al. 2021 ESC Guidelines on cardiovascular disease prevention in clinical practice. Eur. Heart J. 2021, 42,
3227–3337. [CrossRef]

12. Nordestgaard, B.G.; Chapman, M.J.; Ray, K.; Borén, J.; Andreotti, F.; Watts, G.F.; Ginsberg, H.; Amarenco, P.; Catapano,
A.; Descamps, O.S.; et al. Lipoprotein (a) as a cardiovascular risk factor: Current status. Eur. Heart J. 2010, 31, 2844–2853.
[CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(18)31942-1
https://www.ncbi.nlm.nih.gov/pubmed/30712900
https://doi.org/10.1002/14651858.CD012502.pub2
https://doi.org/10.1002/14651858.CD009753.pub2
https://www.ncbi.nlm.nih.gov/pubmed/27849333
https://doi.org/10.1056/NEJMoa1501031
https://doi.org/10.3389/fcvm.2020.00088
https://doi.org/10.1016/S0140-6736(18)31652-0
https://doi.org/10.1016/j.tcm.2021.04.002
https://doi.org/10.1080/14779072.2023.2197593
https://www.ncbi.nlm.nih.gov/pubmed/37010028
https://doi.org/10.1016/j.jacc.2023.02.033
https://doi.org/10.1093/eurheartj/ehab484
https://doi.org/10.1093/eurheartj/ehq386
https://www.ncbi.nlm.nih.gov/pubmed/20965889


Pharmaceuticals 2023, 16, 919 14 of 18

13. Varvel, S.; McConnell, J.P.; Tsimikas, S. Prevalence of Elevated Lp(a) Mass Levels and Patient Thresholds in 532 359 Patients in the
United States. Arter. Thromb. Vasc. Biol. 2016, 36, 2239–2245. [CrossRef] [PubMed]

14. Reyes-Soffer, G.; Ginsberg, H.N.; Berglund, L.; Duell, P.B.; Heffron, S.P.; Kamstrup, P.R.; Lloyd-Jones, D.M.; Marcovina, S.M.;
Yeang, C.; Koschinsky, M.L. Lipoprotein (a): A Genetically Determined, Causal, and Prevalent Risk Factor for Atherosclerotic
Cardiovascular Disease: A Scientific Statement From the American Heart Association. Arter. Thromb. Vasc. Biol. 2022, 42, e48–e60.
[CrossRef] [PubMed]

15. Schmidt, K.; Noureen, A.; Kronenberg, F.; Utermann, G. Structure, function, and genetics of lipoprotein (a). J. Lipid Res. 2016, 57,
1339–1359. [CrossRef] [PubMed]

16. Tsimikas, S.; Moriarty, P.M.; Stroes, E.S. Emerging RNA Therapeutics to Lower Blood Levels of Lp(a): JACC Focus Seminar 2/4.
J. Am. Coll. Cardiol. 2021, 77, 1576–1589. [CrossRef] [PubMed]

17. Akita, H.; Matsubara, M.; Shibuya, H.; Fuda, H.; Chiba, H. Effect of ageing on plasma lipoprotein (a) levels. Ann. Clin. Biochem.
2002, 39 Pt 3, 237–240. [CrossRef]

18. de Boer, L.M.; Hof, M.H.; Wiegman, A.; Stroobants, A.K.; Kastelein, J.J.P.; Hutten, B.A. Lipoprotein (a) levels from childhood to
adulthood: Data in nearly 3,000 children who visited a pediatric lipid clinic. Atherosclerosis 2022, 349, 227–232. [CrossRef]

19. Derby, C.A.; Crawford, S.L.; Pasternak, R.C.; Sowers, M.; Sternfeld, B.; Matthews, K.A. Lipid changes during the menopause
transition in relation to age and weight: The Study of Women’s Health Across the Nation. Am. J. Epidemiol. 2009, 169,
1352–1361. [CrossRef]

20. Reyes-Soffer, G. The impact of race and ethnicity on lipoprotein (a) levels and cardiovascular risk. Curr. Opin. Lipidol. 2021, 32,
163–166. [CrossRef]

21. Patel, A.P.; Wang, M.; Pirruccello, J.P.; Ellinor, P.T.; Ng, K.; Kathiresan, S.; Khera, A.V. Lp(a) (Lipoprotein[a]) Concentrations and
Incident Atherosclerotic Cardiovascular Disease: New Insights From a Large National Biobank. Arter. Thromb. Vasc. Biol. 2021, 41,
465–474. [CrossRef] [PubMed]

22. Rider, D.A.; Eisermann, M.; Löffler, K.; Aleku, M.; Swerdlow, D.I.; Dames, S.; Hauptmann, J.; Morrison, E.; Lindholm, M.W.;
Schubert, S.; et al. Pre-clinical assessment of SLN360, a novel siRNA targeting LPA, developed to address elevated lipoprotein (a)
in cardiovascular disease. Atherosclerosis 2022, 349, 240–247. [CrossRef] [PubMed]

23. Jawi, M.M.; Frohlich, J.; Chan, S.Y. Lipoprotein (a) the Insurgent: A New Insight into the Structure, Function, Metabolism,
Pathogenicity, and Medications Affecting Lipoprotein (a) molecule. J. Lipids 2020, 2020, 3491764. [CrossRef] [PubMed]

24. Gaubatz, J.W.; Chari, M.V.; Nava, M.L.; Guyton, J.R.; Morrisett, J.D. Isolation and characterization of the two major apoproteins in
human lipoprotein [a]. J. Lipid Res. 1987, 28, 69–79. [CrossRef] [PubMed]

25. Vavuranakis, M.A.; Jones, S.R.; Cardoso, R.; Gerstenblith, G.; Leucker, T.M. The role of Lipoprotein (a) in cardiovascular disease:
Current concepts and future perspectives. Hellenic. J. Cardiol. 2020, 61, 398–403. [CrossRef]

26. Marcovina, S.M.; Albers, J.J.; Gabel, B.; Koschinsky, M.L.; Gaur, V.P. Effect of the number of apolipoprotein (a) kringle 4 domains
on immunochemical measurements of lipoprotein (a). Clin. Chem. 1995, 41, 246–255. [CrossRef]

27. Gries, A.; Nimpf, J.; Nimpf, M.; Wurm, H.; Kostner, G.M. Free and Apo B-associated Lpa-specific protein in human serum. Clin.
Chim. Acta 1987, 164, 93–100. [CrossRef]

28. Kamstrup, P.R. Lipoprotein (a) and Cardiovascular Disease. Clin. Chem. 2021, 67, 154–166. [CrossRef]
29. Maloberti, A.; Fabbri, S.; Colombo, V.; Gualini, E.; Monticelli, M.; Daus, F.; Busti, A.; Galasso, M.; De Censi, L.; Algeri, M.; et al.

Lipoprotein (a): Cardiovascular Disease, Aortic Stenosis and New Therapeutic Option. Int. J. Mol. Sci. 2022, 24, 170. [CrossRef]
30. Berman, A.N.; Blankstein, R. Current and future role of lipoprotein (a) in preventive cardiology. Curr. Opin. Cardiol. 2019, 34,

514–518. [CrossRef]
31. Arsenault, B.J.; Boekholdt, S.M.; Dube, M.P.; Rheaume, E.; Wareham, N.J.; Khaw, K.T.; Sandhu, M.S.; Tardif, J.C. Lipoprotein

(a) levels, genotype, and incident aortic valve stenosis: A prospective Mendelian randomization study and replication in a
case-control cohort. Circ. Cardiovasc. Genet. 2014, 7, 304–310. [CrossRef]

32. Lamina, C.; Ward, N.C. Lipoprotein (a) and diabetes mellitus. Atherosclerosis 2022, 349, 63–71. [CrossRef] [PubMed]
33. Boffa, M.B.; Koschinsky, M.L. Lipoprotein (a): Truly a direct prothrombotic factor in cardiovascular disease? J. Lipid Res. 2016, 57,

745–757. [CrossRef] [PubMed]
34. Yang, Y.; Hong, Y.; Yang, W.; Zheng, Z. Association of lipoprotein (a) with aortic dissection. Clin. Cardiol. 2022, 45, 908–912. [CrossRef]
35. Kamstrup, P.R.; Tybjaerg-Hansen, A.; Steffensen, R.; Nordestgaard, B.G. Genetically elevated lipoprotein (a) and increased risk of

myocardial infarction. JAMA 2009, 301, 2331–2339. [CrossRef]
36. O’Donoghue, M.L.; Morrow, D.A.; Tsimikas, S.; Sloan, S.; Ren, A.F.; Hoffman, E.B.; Desai, N.R.; Solomon, S.D.; Domanski, M.;

Arai, K.; et al. Lipoprotein (a) for risk assessment in patients with established coronary artery disease. J. Am. Coll. Cardiol. 2014,
63, 520–527. [CrossRef] [PubMed]

37. Ugovsek, S.; Sebestjen, M. Lipoprotein (a)-The Crossroads of Atherosclerosis, Atherothrombosis and Inflammation. Biomolecules
2021, 12, 26. [CrossRef] [PubMed]

38. Kamstrup, P.R.; Benn, M.; Tybjaerg-Hansen, A.; Nordestgaard, B.G. Extreme lipoprotein (a) levels and risk of myocardial infarction
in the general population: The Copenhagen City Heart Study. Circulation 2008, 117, 176–184. [CrossRef] [PubMed]

39. Huded, C.P.; Shah, N.P.; Puri, R.; Nicholls, S.J.; Wolski, K.; Nissen, S.E.; Cho, L. Association of Serum Lipoprotein (a) Levels and
Coronary Atheroma Volume by Intravascular Ultrasound. J. Am. Heart Assoc. 2020, 9, e018023. [CrossRef]

https://doi.org/10.1161/ATVBAHA.116.308011
https://www.ncbi.nlm.nih.gov/pubmed/27659098
https://doi.org/10.1161/ATV.0000000000000147
https://www.ncbi.nlm.nih.gov/pubmed/34647487
https://doi.org/10.1194/jlr.R067314
https://www.ncbi.nlm.nih.gov/pubmed/27074913
https://doi.org/10.1016/j.jacc.2021.01.051
https://www.ncbi.nlm.nih.gov/pubmed/33766265
https://doi.org/10.1258/0004563021901937
https://doi.org/10.1016/j.atherosclerosis.2022.03.004
https://doi.org/10.1093/aje/kwp043
https://doi.org/10.1097/MOL.0000000000000753
https://doi.org/10.1161/ATVBAHA.120.315291
https://www.ncbi.nlm.nih.gov/pubmed/33115266
https://doi.org/10.1016/j.atherosclerosis.2022.03.029
https://www.ncbi.nlm.nih.gov/pubmed/35400495
https://doi.org/10.1155/2020/3491764
https://www.ncbi.nlm.nih.gov/pubmed/32099678
https://doi.org/10.1016/S0022-2275(20)38724-1
https://www.ncbi.nlm.nih.gov/pubmed/2951469
https://doi.org/10.1016/j.hjc.2020.09.016
https://doi.org/10.1093/clinchem/41.2.246
https://doi.org/10.1016/0009-8981(87)90110-0
https://doi.org/10.1093/clinchem/hvaa247
https://doi.org/10.3390/ijms24010170
https://doi.org/10.1097/HCO.0000000000000661
https://doi.org/10.1161/CIRCGENETICS.113.000400
https://doi.org/10.1016/j.atherosclerosis.2022.04.016
https://www.ncbi.nlm.nih.gov/pubmed/35606077
https://doi.org/10.1194/jlr.R060582
https://www.ncbi.nlm.nih.gov/pubmed/26647358
https://doi.org/10.1002/clc.23834
https://doi.org/10.1001/jama.2009.801
https://doi.org/10.1016/j.jacc.2013.09.042
https://www.ncbi.nlm.nih.gov/pubmed/24161323
https://doi.org/10.3390/biom12010026
https://www.ncbi.nlm.nih.gov/pubmed/35053174
https://doi.org/10.1161/CIRCULATIONAHA.107.715698
https://www.ncbi.nlm.nih.gov/pubmed/18086931
https://doi.org/10.1161/JAHA.120.018023


Pharmaceuticals 2023, 16, 919 15 of 18

40. Kaiser, Y.; Daghem, M.; Tzolos, E.; Meah, M.N.; Doris, M.K.; Moss, A.J.; Kwiecinski, J.; Kroon, J.; Nurmohamed, N.S.; van
der Harst, P.; et al. Association of Lipoprotein (a) with Atherosclerotic Plaque Progression. J. Am. Coll. Cardiol. 2022, 79,
223–233. [CrossRef]

41. Mehta, A.; Vasquez, N.; Ayers, C.R.; Patel, J.; Hooda, A.; Khera, A.; Blumenthal, R.S.; Shapiro, M.D.; Rodriguez, C.J.; Tsai, M.Y.;
et al. Independent Association of Lipoprotein (a) and Coronary Artery Calcification with Atherosclerotic Cardiovascular Risk.
J. Am. Coll. Cardiol. 2022, 79, 757–768. [CrossRef] [PubMed]

42. Ohira, T.; Schreiner, P.J.; Morrisett, J.D.; Chambless, L.E.; Rosamond, W.D.; Folsom, A.R. Lipoprotein (a) and incident ischemic
stroke: The Atherosclerosis Risk in Communities (ARIC) study. Stroke 2006, 37, 1407–1412. [CrossRef] [PubMed]

43. Ridker, P.M.; Stampfer, M.J.; Hennekens, C.H. Plasma concentration of lipoprotein (a) and the risk of future stroke. JAMA 1995,
273, 1269–1273. [CrossRef]

44. Kumar, P.; Swarnkar, P.; Misra, S.; Nath, M. Lipoprotein (a) level as a risk factor for stroke and its subtype: A systematic review
and meta-analysis. Sci. Rep. 2021, 11, 15660. [CrossRef] [PubMed]

45. Zheng, K.H.; Tsimikas, S.; Pawade, T.; Kroon, J.; Jenkins, W.S.A.; Doris, M.K.; White, A.C.; Timmers, N.K.L.M.; Hjortnaes, J.;
Rogers, M.A.; et al. Lipoprotein (a) and Oxidized Phospholipids Promote Valve Calcification in Patients with Aortic Stenosis.
J. Am. Coll. Cardiol. 2019, 73, 2150–2162. [CrossRef] [PubMed]

46. Yu, B.; Hafiane, A.; Thanassoulis, G.; Ott, L.; Filwood, N.; Cerruti, M.; Gourgas, O.; Shum-Tim, D.; Al Kindi, H.;
de Varennes, B.; et al. Lipoprotein (a) Induces Human Aortic Valve Interstitial Cell Calcification. JACC Basic Transl. Sci.
2017, 2, 358–371. [CrossRef]

47. Torzewski, M.; Ravandi, A.; Yeang, C.; Edel, A.; Bhindi, R.; Kath, S.; Twardowski, L.; Schmid, J.; Yang, X.; Franke, U.F.W.; et al.
Lipoprotein (a) Associated Molecules are Prominent Components in Plasma and Valve Leaflets in Calcific Aortic Valve Stenosis.
JACC Basic Transl. Sci. 2017, 2, 229–240. [CrossRef]

48. Kaiser, Y.; van der Toorn, J.E.; Singh, S.S.; Zheng, K.H.; Kavousi, M.; Sijbrands, E.J.G.; Stroes, E.S.G.; Vernooij, M.W.; de Rijke, Y.B.;
Boekholdt, S.M.; et al. Lipoprotein (a) is associated with the onset but not the progression of aortic valve calcification. Eur. Heart J.
2022, 43, 3960–3967. [CrossRef]

49. van der Valk, F.M.; Bekkering, S.; Kroon, J.; Yeang, C.; Van den Bossche, J.; van Buul, J.D.; Ravandi, A.; Nederveen, A.J.; Verberne,
H.J.; Scipione, C.; et al. Oxidized Phospholipids on Lipoprotein (a) Elicit Arterial Wall Inflammation and an Inflammatory
Monocyte Response in Humans. Circulation 2016, 134, 611–624. [CrossRef]

50. Aboyans, V.; Criqui, M.H.; Denenberg, J.O.; Knoke, J.D.; Ridker, P.M.; Fronek, A. Risk factors for progression of peripheral arterial
disease in large and small vessels. Circulation 2006, 113, 2623–2629. [CrossRef]

51. Volpato, S.; Vigna, G.B.; McDermott, M.M.; Cavalieri, M.; Maraldi, C.; Lauretani, F.; Bandinelli, S.; Zuliani, G.; Guralnik, J.M.;
Fellin, R.; et al. Lipoprotein (a), inflammation, and peripheral arterial disease in a community-based sample of older men and
women (the InCHIANTI study). Am. J. Cardiol. 2010, 105, 1825–1830. [CrossRef] [PubMed]

52. Gurdasani, D.; Sjouke, B.; Tsimikas, S.; Hovingh, G.K.; Luben, R.N.; Wainwright, N.W.; Pomilla, C.; Wareham, N.J.; Khaw, K.T.;
Boekholdt, S.M.; et al. Lipoprotein (a) and risk of coronary, cerebrovascular, and peripheral artery disease: The EPIC-Norfolk
prospective population study. Arter. Thromb. Vasc. Biol. 2012, 32, 3058–3065. [CrossRef] [PubMed]

53. Laschkolnig, A.; Kollerits, B.; Lamina, C.; Meisinger, C.; Rantner, B.; Stadler, M.; Peters, A.; Koenig, W.; Stöckl, A.; Dähnhardt, D.;
et al. Lipoprotein (a) concentrations, apolipoprotein (a) phenotypes, and peripheral arterial disease in three independent cohorts.
Cardiovasc. Res. 2014, 103, 28–36. [CrossRef]

54. Forbang, N.I.; Criqui, M.H.; Allison, M.A.; Ix, J.H.; Steffen, B.T.; Cushman, M.; Tsai, M.Y. Sex and ethnic differences in the
associations between lipoprotein (a) and peripheral arterial disease in the Multi-Ethnic Study of Atherosclerosis. J. Vasc. Surg.
2016, 63, 453–458. [CrossRef]

55. Klarin, D.; Lynch, J.; Aragam, K.; Chaffin, M.; Assimes, T.L.; Huang, J.; Lee, K.M.; Shao, Q.; Huffman, J.E.; Natarajan, P.; et al.
Genome-wide association study of peripheral artery disease in the Million Veteran Program. Nat. Med. 2019, 25, 1274–1279.
[CrossRef] [PubMed]

56. Golledge, J.; Rowbotham, S.; Velu, R.; Quigley, F.; Jenkins, J.; Bourke, M.; Bourke, B.; Thanigaimani, S.; Chan, D.C.; Watts, G.F.
Association of Serum Lipoprotein (a) with the Requirement for a Peripheral Artery Operation and the Incidence of Major Adverse
Cardiovascular Events in People with Peripheral Artery Disease. J. Am. Heart Assoc. 2020, 9, e015355. [CrossRef]

57. Kamstrup, P.R.; Nordestgaard, B.G. Elevated Lipoprotein (a) Levels, LPA Risk Genotypes, and Increased Risk of Heart Failure in
the General Population. JACC Heart Fail. 2016, 4, 78–87. [CrossRef]

58. Agarwala, A.; Pokharel, Y.; Saeed, A.; Sun, W.; Virani, S.S.; Nambi, V.; Ndumele, C.; Shahar, E.; Heiss, G.; Boerwinkle, E.; et al. The
association of lipoprotein (a) with incident heart failure hospitalization: Atherosclerosis Risk in Communities study. Atherosclerosis
2017, 262, 131–137. [CrossRef]

59. Eraikhuemen, N.; Lazaridis, D.; Dutton, M.T. Emerging Pharmacotherapy to Reduce Elevated Lipoprotein (a) Plasma Levels. Am.
J. Cardiovasc. Drugs 2021, 21, 255–265. [CrossRef]

60. Tsimikas, S.; Karwatowska-Prokopczuk, E.; Gouni-Berthold, I.; Tardif, J.C.; Baum, S.J.; Steinhagen-Thiessen, E.; Shapiro, M.D.;
Stroes, E.S.; Moriarty, P.M.; Nordestgaard, B.G.; et al. Lipoprotein (a) Reduction in Persons with Cardiovascular Disease. N. Engl.
J. Med. 2020, 382, 244–255. [CrossRef]

https://doi.org/10.1016/j.jacc.2021.10.044
https://doi.org/10.1016/j.jacc.2021.11.058
https://www.ncbi.nlm.nih.gov/pubmed/35210030
https://doi.org/10.1161/01.STR.0000222666.21482.b6
https://www.ncbi.nlm.nih.gov/pubmed/16675734
https://doi.org/10.1001/jama.1995.03520400039041
https://doi.org/10.1038/s41598-021-95141-0
https://www.ncbi.nlm.nih.gov/pubmed/34341405
https://doi.org/10.1016/j.jacc.2019.01.070
https://www.ncbi.nlm.nih.gov/pubmed/31047003
https://doi.org/10.1016/j.jacbts.2017.03.015
https://doi.org/10.1016/j.jacbts.2017.02.004
https://doi.org/10.1093/eurheartj/ehac377
https://doi.org/10.1161/CIRCULATIONAHA.116.020838
https://doi.org/10.1161/CIRCULATIONAHA.105.608679
https://doi.org/10.1016/j.amjcard.2010.01.370
https://www.ncbi.nlm.nih.gov/pubmed/20538138
https://doi.org/10.1161/ATVBAHA.112.255521
https://www.ncbi.nlm.nih.gov/pubmed/23065826
https://doi.org/10.1093/cvr/cvu107
https://doi.org/10.1016/j.jvs.2015.08.114
https://doi.org/10.1038/s41591-019-0492-5
https://www.ncbi.nlm.nih.gov/pubmed/31285632
https://doi.org/10.1161/JAHA.119.015355
https://doi.org/10.1016/j.jchf.2015.08.006
https://doi.org/10.1016/j.atherosclerosis.2017.05.014
https://doi.org/10.1007/s40256-020-00437-7
https://doi.org/10.1056/NEJMoa1905239


Pharmaceuticals 2023, 16, 919 16 of 18

61. Farmakis, I.; Doundoulakis, I.; Pagiantza, A.; Zafeiropoulos, S.; Antza, C.; Karvounis, H.; Giannakoulas, G. Lipoprotein (a)
Reduction with Proprotein Convertase Subtilisin/Kexin Type 9 Inhibitors: A Systematic Review and Meta-analysis. J. Cardiovasc.
Pharmacol. 2021, 77, 397–407. [CrossRef] [PubMed]

62. Kamstrup, P.R.; Nordestgaard, B.G. Lipoprotein (a) concentrations, isoform size, and risk of type 2 diabetes: A Mendelian
randomisation study. Lancet Diabetes Endocrinol. 2013, 1, 220–227. [CrossRef] [PubMed]

63. Kostner, K.M.; Kostner, G.M. Lp(a) and the Risk for Cardiovascular Disease: Focus on the Lp(a) Paradox in Diabetes Mellitus. Int.
J. Mol. Sci. 2022, 23, 3584. [CrossRef] [PubMed]

64. Gudbjartsson, D.F.; Thorgeirsson, G.; Sulem, P.; Helgadottir, A.; Gylfason, A.; Saemundsdottir, J.; Bjornsson, E.; Norddahl, G.L.;
Jonasdottir, A.; Jonasdottir, A.; et al. Lipoprotein (a) Concentration and Risks of Cardiovascular Disease and Diabetes. J. Am. Coll.
Cardiol. 2019, 74, 2982–2994. [CrossRef]

65. Wilson, D.P.; Jacobson, T.A.; Jones, P.H.; Koschinsky, M.L.; McNeal, C.J.; Nordestgaard, B.G.; Orringer, C.E. 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. [CrossRef] [PubMed]

66. Galvano, F.; Malaguarnera, M.; Vacante, M.; Motta, M.; Russo, C.; Malaguarnera, G.; D’Orazio, N.; Malaguarnera, L. The
physiopathology of lipoprotein (a). Front. Biosci. 2010, 2, 866–875.

67. Helgadottir, A.; Gretarsdottir, S.; Thorleifsson, G.; Holm, H.; Patel, R.S.; Gudnason, T.; Jones, G.T.; van Rij, A.M.; Eapen, D.J.; Baas,
A.F.; et al. Apolipoprotein (a) genetic sequence variants associated with systemic atherosclerosis and coronary atherosclerotic
burden but not with venous thromboembolism. J. Am. Coll. Cardiol. 2012, 60, 722–729. [CrossRef]

68. Kamstrup, P.R.; Tybjaerg-Hansen, A.; Nordestgaard, B.G. Genetic evidence that lipoprotein (a) associates with atherosclerotic
stenosis rather than venous thrombosis. Arter. Thromb. Vasc. Biol. 2012, 32, 1732–1741. [CrossRef]

69. Swerdlow, D.I.; Rider, D.A.; Yavari, A.; Wikstrom Lindholm, M.; Campion, G.V.; Nissen, S.E. Treatment and prevention of
lipoprotein (a)-mediated cardiovascular disease: The emerging potential of RNA interference therapeutics. Cardiovasc. Res. 2022,
118, 1218–1231. [CrossRef]

70. Ray, K.K.; Ference, B.A.; Severin, T.; Blom, D.; Nicholls, S.J.; Shiba, M.H.; Almahmeed, W.; Alonso, R.; Daccord, M.; Ezhov, M.;
et al. World Heart Federation Cholesterol Roadmap. Glob. Heart 2022, 17, 75. [CrossRef]

71. Liu, C.; Chen, J.; Chen, H.; Zhang, T.; He, D.; Luo, Q.; Chi, J.; Hong, Z.; Liao, Y.; Zhang, S.; et al. PCSK9 Inhibition: From Current
Advances to Evolving Future. Cells 2022, 11, 2972. [CrossRef] [PubMed]

72. O’Donoghue, M.L.; Fazio, S.; Giugliano, R.P.; Stroes, E.S.G.; Kanevsky, E.; Gouni-Berthold, I.; Im, K.; Lira Pineda, A.; Wasser-
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