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CHAPTER 1. LIPOPROTEIN(a) 

1.1 INTRODUCTION 

Lipoprotein(a) [Lp(a)] was first discovered by the Norwegian physician Kare Berg almost 6 

decades ago [1]. Lp(a) has a complex structure that combines a low-density lipoprotein 

(LDL)-like particle and apolipoprotein(a) [apo(a)], a glycoprotein of variable size. Apo(a) 

shares a high degree of sequence homology with plasminogen (PLG) (75-94%) but lacks 

fibrinolytic activity [2]. The structure of Lp(a) led to the suggestion of a possible link between 

high circulating concentrations of Lp(a) and atherothrombotic risk. After many years of 

debate, Mendelian randomization studies established a causal role for elevated Lp(a) 

concentrations in atherosclerotic cardiovascular disease (ASCVD) and, specifically, in 

coronary heart disease (CHD) and stroke [3]. Lp(a) mediates atherogenesis through 

mechanisms linked to its LDL and apo(a) components and associated oxidized phospholipids 

(OxPLs), of which Lp(a) is their major lipoprotein carrier [4]. Elevated Lp(a) plasma 

concentrations predict the presence and progression of CHD [5]. Lp(a) levels increase 

following acute coronary syndrome and percutaneous coronary intervention because Lp(a) 

behaves like a positive acute-phase reactant, increasing in response to inflammation and tissue 

injury [6]. High Lp(a) levels predict death, myocardial infarction, stroke and need for 

revascularization in the general population [7, 8]. They also correlate with an amplified risk 

for peripheral artery disease, abdominal aortic aneurysms and major adverse limb events [9]. 

Moreover, when coexisting with thrombotic factors, such as fibrinogen, d-dimer, plasmin-

antiplasmin complex and factor VIII, elevated Lp(a) levels are associated with even higher 

risk of ASCVD events [10]. During the COVID-19 pandemic, elevated Lp(a) levels did not 

seem to increase susceptibility to SARS-CoV-2 infections nor to thromboembolic events, 

however, SARS-CoV-2 infection may have enforced the association between elevated Lp(a) 

levels and ischemic heart disease [11]. 

 

1.2 STRUCTURE AND METABOLISM OF Lp(a) 

The Lp(a) particle consists of an LDL particle with an apo(a) moiety covalently bound to its 

apolipoprotein B-100 (apoB-100) component [12-15] (Figure 1). Lp(a) exerts pro-

inflammatory, pro-thrombotic and pro-atherogenic properties and is an independent 

cardiovascular risk factor [8, 15, 16]. Lp(a) synthesis occurs almost exclusively in the liver. 

Approximately 90% of circulating Lp(a) levels are inherited and strongly determined by a 

single gene, the LPA gene [17]. The LPA gene is evolutionarily derived from and is highly 
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homologous to the PLG gene [18, 19]. The PLG gene encodes 5 unique kringle (Κ) domains 

and an active protease domain that is activated to plasmin by tissue-type plasminogen 

activator (tPA). The LPA gene, and therefore apo(a), does not contain K I-III, but does 

contain KIV, KV and a protease domain. This protease domain is catalytically inactive and, 

thus, cannot be converted to a plasmin-like molecule because of amino acid substitutions at 

the site of cleavage of PLG activators [20]. Furthermore, because of multiple duplication 

events during evolution, the LPA gene has accumulated 10 copies of KIV that are each unique 

in amino acid sequence except for KIV type 2 (KIV2). KIV contains 1 copy of KIV type 1 

(KIV1) and KIV types 3-10 (KIV3-10), but variable copies of KIV2, ranging from 1 to >40 

on each allele. KIV2 repeats may show variations at the DNA level between copies, but these 

variations do not change the resulting amino acid sequence; therefore, all KIV2-encoded 

protein domains are identical [20]. Consequently, the different repeats of KIV2 in apo(a) 

account for the various size polymorphisms of this apolipoprotein.  

 

 

Figure 1. Structure of lipoprotein(a). Lipoprotein(a) [Lp(a)] consists of a low-density lipoprotein-like particle, in 

which the apolipoprotein B-100 is linked by a single disulphide bond to a glycoprotein, known as 

apolipoprotein(a). Apolipoprotein(a) contains 10 copies of kringle IV (KIV), KV and a catalytically inactive 

protease domain. KIV contains 1 copy of KIV1 and KIV3-10, but variable copies of KIV2, ranging from 1 to 

>40 on each allele. Up to 90% of all oxidized phospholipids found in human lipoproteins are carried on Lp(a) 

and subjected to degradation by lipoprotein-associated phospholipase A2. Adopted from Koutsogianni et al., 

[21]. 

 

 

Besides from the apo(a) isoform size, however, other genetic variants have an impact on 

Lp(a) levels for a given isoform. Functional single nucleotide polymorphisms (SNPs) within 

the LPA KIV2-encoding region (+4733G>A, +4925G>A, R21X, rs41272114, rs3798220) 

cooperate in determining Lp(a) variance and induce low Lp(a) concentrations [22-25]. This 

moderate but lifelong genetic Lp(a) reduction translates to noticeable CHD risk reduction, 
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[22, 24, 25]. KIV type 9 (KIV9) contains an unpaired cysteine residue, which is attached by a 

disulfide bridge to a cysteine residue of apoB-100, located near the binding site of LDL to its 

receptor [26]. Specific functionalities relevant to the assembly and molecular pathology of 

Lp(a) are attributable to lysine-binding sites (LBSs), which are present in some of the KIV 

domains of apo(a). The KIV type 10 (KIV10) domain in apo(a) has a LSB of comparable 

affinity to that in PLG KIV, while the KIV types 5-8 (KIV5-8) each contain a weak LBS [4]. 

The strong LBS in KIV10 is thought to mediate binding of apo(a)-Lp(a) to fibrin, cell surface 

receptors and extracellular matrix proteins [4]. On the other hand, those in KIV5-KIV8 

participate in the non-covalent interactions with apoB-100 that precede disulfide bond 

formation [27, 28]. Importantly, KIV10 also contains the site to which a proinflammatory 

OxPL is covalently attached [4].  

Due to the high structural heterogenicity of Lp(a), it remains a challenge to standardize a 

biochemical quantification for clinical practice. Since now, none of the available commercial 

assays for Lp(a) quantification is completely isoform insensitive. The only method (gold 

standard) that is independent of apo(a) size polymorphism uses a monoclonal antibody that 

does not interact with epitopes in KIV2 but does interact with an epitope in KIV9. Antibodies 

binding to epitopes in the KIV2 region will generate multiple antibody-antigen complexes 

dependent on the size of apo(a). However, this ELISA method may be affected by protein 

conformational diversity [29]. The use of Liquid Chromatography - Tandem Mass 

Spectrometry (LC- MS/MS) analysis seems to be independent of apo(a) size polymorphism 

by targeting specific quantification peptides not present in the KIV2 region. Indeed, the 

results obtained by this method are in excellent agreement with those of the current gold 

standard ELISA [29]. Despite all the attempts to harmonize commercial assays, the 

conversion between mg/dL of Lp(a) mass and nmol/L of apo(a) is not accurate and should be 

avoided in clinical practice [29]. 

Plasma Lp(a) levels vary widely among individuals and are largely determined by their apo(a) 

size [20]. There is an inverse relationship between the number of KIV2 repeats of apo(a) and 

the level of Lp(a) in plasma reflecting apo(a) isoform–dependent biosynthetic efficiency: 

large apo(a) isoforms (high KIV2 copy number) are less efficiently processed and secreted 

(more intracellular retention/degradation), leading to lower Lp(a) production rates, whereas 

small isoforms are secreted more efficiently and yield higher plasma Lp(a) [30]. Unlike other 

traditional lipoproteins, lifestyle changes have little impact on Lp(a) levels [16, 31]. Lp(a) 

concentrations may vary with ethnicity and gender [32, 33] (Figure 2). Furthermore, Lp(a) 

levels reach near-adult concentrations by ~5 years of age and remain relatively stable 



21 

 

throughout life except in states of major liver, renal, or inflammatory disease [20, 30]. Thus, 

Lp(a) levels need only be measured once, unless a secondary cause is suspected or specific 

treatment is instituted [33]. 

 

 

Figure 2. Factors affecting variation in lipoprotein(a) concentration. The lipoprotein(a) concentration is 

heterogeneous and, to a major extent, controlled by genetics, inversely related to the copy number variation in 

the LPA gene. Other factors such as ethnicity and race as well as medical and environmental conditions also play 

a role in lipoprotein(a) regulation. Modified from Reyes-Soffer et al., [30]. 

 

Unfortunately, little is known about the dominant sites and processes accountable for the 

removal of Lp(a) from circulation. Scientists debate between liver and kidneys as the 

dominant clearance site (Figure 3). Spleen and muscles may also play a modest role in the 

clearance process [17]. Multiple receptors for Lp(a) have been identified, with the best 

evidence available for the LDL receptor (LDLR) [34, 35], various PLG receptors [36] and 

scavenger receptor class B member 1 (SRB1) [37]. 
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Figure 3. Regulation of lipoprotein(a) biosynthesis and catabolism. Circulating lipoprotein(a) is predominantly 

of liver origin. Apolipoprotein(a) production is regulated at the levels of transcription and protein folding and 

processing in the endoplasmic reticulum (ER) and possibly other compartments of the secretory system, 

including the Golgi apparatus and endosomal compartments. Lipoprotein(a) assembly occurs either 

intracellularly or on the cell surface. Lipoprotein(a) holoparticle clearance seems to be mediated by different 

putative classes of receptors. LDLR, low-density lipoprotein receptor; PLGR, plasminogen receptors; SRB1, 
scavenger receptor class B member 1. Modified from Boffa & Koschinsky, [38]. 

 

Risk from high Lp(a) increases slightly at levels of 30 mg/dL (62 nmol/L) to 50 mg/dL (105 

nmol/L) and becomes clinically relevant above 50 mg/dL (105 nmol/L), with higher levels 

associated with a greater cardiovascular risk [39]. The 2025 Focused Update of the 2019 

ESC/EAS Guidelines for the management of dyslipidaemias recommends that Lp(a) levels 

above 50 mg/dL (105 nmol/L) should be considered in all adults as a cardiovascular risk-

enhancing factor, with higher Lp(a) levels associated with greater in risk (Class of 

recommendation: IIa, Level of Evidence of: B) [39] (Figure 4). Therefore, Lp(a) measurement 

should be considered at least once in every adult’s lifetime [39], either at the first lipid profile 

or at the next one if lipid profiles have previously been performed. Screening is particularly 

relevant in younger patients with familial hypercholesterolemia (FH) or premature ASCVD 

and no other identifiable risk factors, or a family history of premature ASCVD or high Lp(a) 

levels, or in individuals at moderate risk or around treatment decision thresholds to improve 

risk classification. 
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Figure 4. Association between lipoprotein(a) levels and lifetime risk of major cardiovascular events. CI, 

confidence interval; Lp(a), lipoprotein (a); CV, cardiovascular. The risk of major CV events starts to slightly 

increase in individuals with Lp(a) levels >30 mg/dL, and the increase in risk becomes more pronounced in 

individuals with Lp(a) levels ≥50 mg/dL. The grey lines indicate the smoothed adjusted hazard ratio and 95% 

confidence interval for lifetime risk for major CV events for a given Lp(a) concentration relative to the median 

Lp(a) in the population. Modified from Mach et al., [39]. 
 

Lp(a) levels may increase after menopause and a second measurement is reasonable, 

particularly if the pre-menopausal levels were borderline [33, 40]. On the contrary, low levels 

of Lp(a) could be associated with increased risk of diabetes or bleeding [41]. One hypothesis 

is that the increased risk for diabetes results from the harmful trapping of large apo(a) 

isoforms in hepatocytes or other cells, and thus not from the low levels per se [41]. This 

intracellular accumulation may impair cellular function or metabolic signaling, thereby 

contributing to glucose dysregulation and increased diabetes risk [41]. However, it remains 

possible that patients with low Lp(a) levels could have increased risk for diabetes because of 

some unidentified genetic or acquired predisposing cofactor that acts synergistically with low 

Lp(a) [41]. Supporting this idea, the risk of type 2 diabetes is higher in homozygous carriers 

of mutations that cause Lp(a) deficiency as well as in individuals with low genetically 

imputed Lp(a), independent of body mass index (BMI) [42, 43]. 
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1.3 PHYSIOLOGICAL FUNCTIONS OF Lp(a) 

The physiological role of Lp(a) in humans is still not fully elucidated. Individuals with 

extremely low levels of plasma Lp(a) present with no disease or deficiency syndromes [44]. 

In a large, contemporary, general population cohort low levels of Lp(a) and corresponding 

LPA genotypes were not associated with any major disease groups, including cancer/cancer 

subtypes [45] and infections [46]; however, very low Lp(a) levels have been associated with 

increased risk of type 2 diabetes [42, 47, 48]. Observationally and genetically low levels of 

Lp(a) are associated with decreased risk of myocardial infarction, aortic valve stenosis, and 

ischemic stroke [41]. In addition, evidence shows that Lp(a) plays a significant role in 

inhibiting angiogenesis and tumor growth [45]. Lp(a) due to its homology with PLG may 

function as an anti-neoplasmic protein. It may decrease the activation of proteases, which are 

mandatory for the activation of matrix metalloproteinases (MMPs) and the subsequent 

activation of angiogenesis [44]. Moreover, early investigators have purported a positive role 

of Lp(a) in wound healing and tissue repair, by limiting bleeding at sites of injury and 

delivering cholesterol for cell replenishment [44, 49]. Indeed, Lp(a) accumulates in 

endothelial injuries, binds to several components of the vessel wall and sub-endothelial 

matrix, stimulates chemotactic activation of monocytes/macrophages and modulates 

angiogenesis. Contemporary human data do not support, however, such a role. In a recent 

clinical cohort, higher Lp(a) independently predicted slower wound healing after 

endovascular therapy for chronic limb-threatening ischemia, suggesting that elevated Lp(a) 

may impair rather than facilitate tissue repair [50]. Any physiologic “benefit” remains 

unproven and possible context-dependent [14]. In addition, a meta-analysis including 4 

prospective cohorts (n = 74,575 subjects), the risk of incident type 2 diabetes was 

significantly higher in the first two quintiles of Lp(a) concentration -mean Lp(a) 7.5 nmol/L 

(≈ 3 mg/dL) and 17.5 nmol/L (≈ 7 mg/dL), respectively- compared with quintile 5 (155 

nmol/L; ≈ 63 mg/dL): quintile 1 hazard ratio (HR): 1.28 (95% CI: 1.14-1.43); quintile 2 HR: 

1.14 (95% CI: 1.01-1.28) [51]. This finding was replicated recently in a very large case-

control study, with a greater risk of type 2 diabetes in the 10% of subjects with Lp(a) <3.5 

nmol/L (≈ 0.014 g/L) (odds ratio: 1.44; p < 0.0001) [52]. Whilst the mechanisms underlying 

this association are unknown, a causal risk has been hypothesized [47], as the risk of type 2 

diabetes is higher in homozygous carriers of an LPA mutation responsible for Lp(a) 

deficiency (odds ratio: 1.45; p = 0.022) and in subjects with low genetically imputed Lp(a) 

molar concentrations (<3.5 nmol/L) (odds ratio: 1.16; p = 0.0012), independent of ΒΜΙ [42, 

43]. Regardeless of the complicated associations and potential mechanistic effects of Lp(a) on 
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the development of type 2 diabetes, current evidence tend to favor that the anti-atherogenic 

benefits of lowering Lp(a) shall override the paradoxical negative impact on the new-onset 

type 2 diabetes [48]. 

As previously described, apo(a) isoforms share substantial structural and functional homology 

with PLG, the principal component of the fibrinolytic pathway, which is converted to plasmin 

for fibrinolysis [4]. This homology allows apo(a) to compete with PLG for fibrin affinity sites 

[38]. Additionally, Lp(a) attenuates PLG activation to plasmin by the tPA in the presence of 

fibrin [53]. Thus, Lp(a) seems to inhibit fibrinolysis. However, there is little evidence to 

support such a role in vivo. Many studies have reported that Lp(a) levels may increase under 

certain conditions, such as chronic kidney disease, myocardial infarction, inflammatory bowel 

disease, and certain infections [52]. It is hypothesized that Lp(a) acts as a positive acute-phase 

reactant [4]. This is why inflammatory status should always be considered when interpreting 

plasma Lp(a) concentrations [23]. In contrast, Lp(a) may behave as a negative acute-phase 

reactant in cases of serious burns and severe infections, such as visceral leishmaniasis or 

sepsis [53, 54]. 

OxPLs play a fundamental role in the early stages of atherosclerosis [55]. It has been 

suggested that a normal physiologic role of Lp(a) may be to bind and transport 

proinflammatory OxPLs [56]. Because of the high content of lipoprotein-associated 

phospholipase A2 (Lp-PLA2), which hydrolyzes OxPLs, Lp(a) may also mediate their 

clearance [4, 47]. This occurs through the formation of a covalent bond between the KIV10 

and KV of the apo(a) fragment of Lp(a) and OxPLs [55]. 

 

1.4 THE PATHOGENICITY OF Lp(a)  

Convincing evidence has emerged from pathophysiological, epidemiological, and genetic 

studies on the causality of high serum Lp(a) levels as a potent risk factor for CHD, ischemic 

stroke, peripheral artery disease, chronic kidney disease, heart failure, venous 

thromboembolism, calcific aortic valve stenosis (CAVS), as well as retinopathy in patients 

with diabetes [16, 57-62]. Evidence from experimental, observational, and genetic studies 

show that increased Lp(a) is associated with increased risk for CHD, ischemic stroke, 

peripheral artery disease, heart failure, CAVS, mitral valve stenosis, and possibly retinopathy 

in patients with diabetes [63-65] (Figure 5). On the contrary, elevated Lp(a) concentrations do 

not appear to be a risk factor for venous thromboembolism [33, 66], whereas very low Lp(a) 

levels have been linked to an increased risk of incident type 2 diabetes [42]. 

https://www.mdpi.com/1424-8247/16/5/750#fig_body_display_pharmaceuticals-16-00750-f001
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Figure 5. The pathogenicity of lipoprotein(a). Convincing evidence has emerged from pathophysiological, 

epidemiological, and genetic studies on the causality of high serum lipoprotein(a) (Lp(a)) levels as a potent risk 

factor for coronary heart disease (CHD), ischemic stroke, peripheral artery disease, heart failure, calcific aortic 

valve stenosis (CAVS), mitral valve stenosis, and retinopathy in patients with diabetes. Mendelian 

randomization and genome-wide association studies support the role of Lp(a) as an independent cardiovascular 

risk factor. Adopted from Koutsogianni et al., [67]. 

 

Cardiovascular risk assessment with Lp(a) at middle-age may include direct Lp(a) 

measurement or an LPA genetic risk score, comprising 43 variants at the LPA gene [68]. LPA 

genetic risk score is able to discriminate people with the hyper-Lp(a) phenotype (i.e., high 

Lp(a) levels) and high risk for coronary artery disease even among closely related family 

members [68]. Hyper-Lp(a) phenotype frequently co-exists with other risk factors for 

cardiovascular disease (CVD), such as FH or apolipoprotein E4-allele [69-71]. Indeed, hyper-

Lp(a) phenotype is a frequent finding in FH subjects, especially in the presence of CHD [69-

71]. 

Individuals with heterozygous familial hypercholesterolaemia (HeFH) have almost 2.5-fold 

increased Lp(a) levels compared with controls [72]. It is suggested that Lp(a) has a binding 

affinity to LDLR but less than LDL due to apo(a) mask. Thus, its clearance may be decreased 

in HeFH patients [73]. Also, Lp(a) levels have been proposed as a marker of restenosis after 

percutaneous transluminal coronary angioplasty, saphenous vein bypass graft atherosclerosis 

and accelerated coronary atherosclerosis of cardiac transplantation [74]. 

Moreover, various inflammatory conditions, such as rheumatoid arthritis, systemic lupus 

erythematosus, acquired immunodeficiency syndrome and pulmonary arterial hypertension 

are associated with high Lp(a) levels [46]. Particularly, in cases of rheumatoid arthritis 

interleukin-6 (IL-6) receptor blockade by tocilizumab reverses high Lp(a) levels [75, 76]. This 
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suggests that IL-6 may have a potential role in regulating Lp(a) plasma levels [46]. 

Differences in Lp(a) levels have also been observed in pregnancy [77]. Apart from 

inflammation, Lp(a) correlates inversely with bile acid levels in plasma in patients with 

biliary obstructions. It has been revealed that the activation of the Farnesoid X Receptor by 

bile acids suppresses LPA mRNA transcription and therefore decreases plasma Lp(a) levels 

[78]. 

Regarding pathophysiological mechanisms, Lp(a) may act via its LDL-like component [79]. 

Indeed, in some patients, a substantial fraction of LDL-cholesterol (LDL-C) may be 

transported by Lp(a) particles rather than the archetypical LDL particle [80]. The LDL-like 

component of Lp(a) undergoes different types of modification after entry into the vessel wall 

[79]. The atherogenic actions of LDL in the arterial tissue include the formation of 

macrophage-derived foam cells upon phagocytic uptake of aggregated LDL particles, or LDL 

in which lipid and/or protein components have undergone covalent modification, triggering 

uptake by scavenger receptors [81]. Also, they include the release of bioactive pro-

inflammatory lipids exerting both local and systemic actions, the formation of extracellular 

lipid deposits, and induction of an adaptive immune response with the activation of antigen-

specific T-cell responses and antibodies [81]. Additionally, LDL particles induce an innate 

immune response in the arterial wall, that involves damage associated molecular patterns 

(DAMPs). In turn, these DAMPs promote recruitment of immuno-inflammatory cells, such as 

monocyte-macrophages, neutrophils, lymphocytes, and dendritic cells, leading to local and 

potentially chronic inflammation. Cell death by apoptosis or necrosis can then be induced, 

thereby contributing to necrotic core formation [81] (Figure 6). 

 



28 

 

 

Figure 6. Low-density lipoprotein (LDL) as the primary driver of atherogenesis. 

Key features of the influx and retention of LDL in the arterial intima, with ensuing pathways of modification 

leading to (i) extracellular cholesterol accumulation and (ii) formation of cholesterylester droplet engorged 

macrophage foam cells with transformation to a ninflammatory and prothrombotic phenotype. Both of these 

major pathways favour formation of the plaque necrotic core containing cellular and extracellular debris and 

LDL-cholesterol-derived cholesterol crystals. CE, cholesteryl ester; DAMPs, damage-associated molecular 

patterns; ECM, extracellular matrix; FC, free cholesterol; GAG, glycosaminoglycans; PG, proteoglycans; ROS, 

reactive oxygen species. Modified from Boren et al., [81]. 

 

Moreover, Lp(a) may act via the antifibrinolytic/prothrombotic effects of apo(a). Apo(a) is 

highly homologous to PLG and its binding to PLG binding sites prevents interaction between 

PLG and tPA. If tPA cannot cleave PLG to plasmin, then fibrin clots cannot be dissolved 

[38]. Lp(a) also increases the production and activity of tissue plasminogen activator 

inhibitor-1 (PAI-1) [82]. Nonetheless, it is a competitor with both PLG and tPA for binding 

sites on fibrin, which subsequently promote a thrombotic state by preventing plasmin-

mediated clot lysis. Indeed, smaller apo(a) isoforms display higher affinity binding to fibrin 

[82]. Thrombosis may be augmented by Lp(a) binding and then inhibiting tissue factor 

pathway inhibitor (TFPI), which is a potent inhibitor of the tissue factor mediated coagulation 

cascade [59]. Also, Lp(a) prolongs fibrinolysis and activates platelets via PAR1/CD36 

pathways [83] (Figure 7). 
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Figure 7. Potential lipoprotein(a) interactions with platelets and the coagulation system. Lipoprotein(a) [Lp(a)] 

can prolong fibrinolysis by inhibiting tissue plasminogen activator (tPA)-mediated activation of plasminogen 

and conversion to plasmin. Lp(a) also binds to several platelet receptors that can influence platelet activity. The 

apolipoprotein(a) (apo(a)) component of Lp(a) can bind to proteinase-activated receptor 1 (PAR1) and oxidized 

phospholipids (OxPLs) on Lp(a) might theoretically bind to CD36 receptors, both of which activate platelets and 

have pro-aggregatory effects. OxPLs released from platelets promote platelet–neutrophil interactions and 

neutrophil extracellular trap (NET) formation. By contrast, Lp(a) might prevent the activation of platelets by 

inhibiting the binding of fibrinogen to αIIbβ3 integrin (also known as GPIIb/IIIa) and by preventing the 

generation of platelet-activating factor (PAF) by PAF acetylhydrolase (PAFAH). ApoB, apolipoprotein B; FC, 

free cholesterol; KIV, Kringle IV; KV, Kringle V; LysoPC, lysophosphatidylcholine; PAFR, PAF receptor; PL, 
phospholipid. Modified from Bhatia et al., [83]. 

 

Lp(a) is susceptible to oxidative stress, leading to the formation of pro-inflammatory and pro-

atherogenic OxPLs, found on apoB-100, apo(a), and its lipid phase [31]. OxPLs induce 

proinflammatory signaling in endothelial cells, smooth muscle cells, monocytes, 

macrophages, dendritic cells, and platelets [31]. They also mediate plaque destabilizing 

processes, and as they are present in higher quantities (70-fold) in plaque than in plasma, are 

capable of stimulating proinflammatory genes leading to vascular inflammation [4]. 

Additionally, OxPLs are pro-apoptotic in high concentrations, accumulate in atherosclerotic 

lesions and play an important role in atherosclerosis [84-87]. High Lp(a) and OxPLs of Lp(a) 

levels, through their proinflammatory and procalcific activity on valvular interstitial cells, are 

causally associated with increased valve calcification in elderly patients with advanced aortic 

stenosis, a faster hemodynamic progression of aortic stenosis, and increased risk of aortic 

valve replacement and death [88, 89]. OxPL plasma levels correlate strongly with high Lp(a) 

levels and small apo(a) isoforms, or with the presence of LPA SNPs rs3798220 and 

rs10455872, which are also correlated with high Lp(a) levels [90]. This association of OxPLs 
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with small Lp(a) particles may at least partially explain their enhanced atherogenicity and 

association with higher ASCVD risk as compared with large ones [91].  

Nevertheless, up to 90% of all OxPLs found in human lipoproteins are carried on Lp(a), 

which is not necessarily oxidized. Thus, OxPLs may impart additional and potent 

proinflammatory properties to Lp(a) and play a key role in Lp(a) functionality [4, 56, 92]. 

OxPLs are degraded into lysophosphatidylcholine (lyso-PC) and oxidized free fatty acids, 

which also manifest proinflammatory and proatherogenic effects. Lp-PLA2, among other 

lipoproteins, is associated with Lp(a) [91, 93]. However, the Lp-PLA2 associated with small 

apo(a) isoforms has a lower catalytic efficiency compared with the Lp-PLA2 associated with 

larger apo(a) isoforms. This could be another factor that favors the sequestration of plasma 

OxPLs on small apo(a) isoforms, and therefore the strong correlation between small apo(a) 

isoforms and high OxPL levels in plasma [91]. 

Moreover, Lp(a) may serve as a carrier of monocyte chemo-attractant protein-1 (MCP-1). 

MCP-1 is a major chemokine involved in the development of atherosclerosis via monocyte 

recruitment to the vascular wall [94]. Lp(a) in plasma may serve as a carrier for MCP-1, and 

OxPLs are major determinants of the MCP-1 binding [94]. Once Lp(a) has entered the arterial 

intima with its associated MCP-1, it may subsequently enhance the trafficking of monocytes 

to the vascular wall, and thereby exacerbate lesion progression [94, 95]. Furthermore, Lp(a) 

promotes the adhesion and transendothelial migration of monocytes, through the interaction 

of apo(a) with the b2-integrin Mac-1 [96, 97]. 

Last but not least, autotaxin (ATX) is another important molecule associated with Lp(a). 

ATX, preferentially transported by Lp(a), catalyzes the hydrolysis of lyso-PC into 

lysophosphatidic acid (lyso-PA) [98]. As mentioned previously, lyso-PC is formed by 

hydrolysis of OxPLs, mediated by the Lp(a)-associated Lp-PLA2 [91]. Lyso-PA stimulates 

complex intracellular signaling pathways. As a result, it generates various cellular responses, 

such as inflammatory cytokine release, monocyte attraction and adhesion, abnormal 

endothelial cell behavior, endothelial permeability, and LDL uptake for plaque formation, and 

participates in different pathophysiological conditions such as inflammation, atherogenesis 

and CAVS [98, 99]. 

All these pathophysiological mechanisms of Lp(a), including proatherogenic, 

proinflammatory and antifibrinolytic ones, probably contribute to cardiovascular risk in all 

age groups [100]. However, it is proposed that specific properties may predominate and 

manifest clinically in different age groups, with antifibrinolytic effects mainly in children, 

proinflammatory effects in young adults, and proatherogenic effects in the elderly [100]. 
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1.5 EFFECT OF HYPOLIPIDEMIC TREATMENT INTERVENTIONS ON Lp(a) 

Lp(a) levels above 50 mg/dL (105 nmol/L) should be considered in all adults as a 

cardiovascular risk-enhancing factor, with higher Lp(a) levels associated with a greater in risk 

[39]. Importantly, about 20% of the general population have Lp(a) >50 mg/dL [33].  

Εlevated Lp(a) improves myocardial infarction risk prediction beyond conventional risk 

factors as Lp(a) concentrations >47 mg/dL reclassified 23% of first myocardial infarction 

events correctly, while no events were reclassified incorrectly, in a cohort of 8,720 individuals 

[101]. Whether lowering Lp(a) reduces the risk of ASCVD and CAVS progression has yet to 

be shown; the extent of Lp(a) required for clinical benefit is also not known [39]. In the 

absence of specific Lp(a)-lowering therapies, early risk factor management and more 

intensive LDL-C and other risk factor lowering is reasonable, considering both absolute 

cardiovascular risk and Lp(a) levels [33]. Lipoprotein apheresis (LA) is effective in reducing 

Lp(a) levels [102]. Statins [15] may raise Lp(a) levels by approximately 10-30%. On the other 

hand, fibrates [103], and most hormones (except growth hormone) [104, 105] may reduce 

Lp(a) levels. Niacin [106], proprotein convertase subtilisin kexin 9 (PCSK9) [107-109] and 

cholesteryl transfer protein (CETP) inhibitors [110], aspirin [104], antibodies to IL-6 [104], 

nutraceuticals [111-114], L-carnitine [115] and ezetimibe [116], may decrease Lp(a) levels. 

Vitamin C [117] and bile acid sequestrants [118] have a neutral effect on plasma Lp(a) levels. 

 

1.5.1 Effects of Lipid-Modifying Interventions on Lp(a) Levels 

1.5.1.1 Lipoprotein Apheresis (LA) 

The most effective clinically available intervention for Lp(a)-lowering is LA [102]. Lp(a) 

levels are reduced by 70-80% acutely after treatment, but rebound elevations between 

apheresis sessions, which are typically weekly, biweekly, or less frequently, result in a mean 

interval Lp(a) reduction of 25-40% [102]. LA is infrequently used worldwide, except for 

Germany, and long-term studies in patients with high Lp(a) undergoing LA suggest that this 

therapy may reduce 5-year cardiovascular risk by up to 86% [119]. However, LA remains a 

semi-invasive, time-consuming, and expensive therapy with variable adherence [120]. The 

Hellenic consensus panel on the clinical use of LA proposes that LA treatment still has a role 

in individuals with hypercholesterolemia, including HeFH for the secondary prevention of 

ASCVD on maximum-tolerated lipid-lowering treatment (LLT) and Lp(a) levels >100 mg/dL 

(>238 nmol/L) [121]. Furthermore, LA may be implemented in individuals with severely 

elevated Lp(a) [>180 mg/dL (>430 nmol/L)] for the primary prevention of ASCVD if they 
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have LDL-C >190 mg/dL on maximum LLT as well as in individuals with diabetes and Lp(a) 

>180 mg/dL (>430 nmol/L) with (a) ASCVD, (b) chronic kidney disease stage 4 or 5, or (c) 

24-urine albumin >300 mg [121]. 

 

1.5.1.2 Statins 

The effect of statin treatment on Lp(a) levels remains an area of controversy. Clinical trials of 

statin therapy have shown mixed results. A large meta-analysis of 6 trials, including 5,256 

patients randomized to receive various statins or placebo, indicated that most statins may 

increase Lp(a) by an average of 8-24%, although significant heterogeneity has been reported 

[104]. However, another meta-analysis of 39 trials, including 24,448 patients randomized to 

receive various statins or placebo, indicated a non-significant 0.1% increase in Lp(a) in the 

statin group, with no significant differences among statins or statin intensities [122]. 

Nonetheless, statin therapy has demonstrated a clinical benefit in patients with elevated Lp(a) 

in both primary and secondary prevention [123-124]. A meta-analysis of 7 randomized 

controlled trials, including 29,069 patients with high Lp(a) levels and a history of 

cardiovascular event, concluded that those with Lp(a) levels >50 mg/dL, at baseline or on 

treatment with statins, have significantly higher risk of ASCVD as compared with Lp(a) <30 

mg/dL, independent of other conventional risk factors [123]. The data from a meta-analysis 

suggest that patients with raised concentrations of Lp(a) (>50 mg/dL), representing about 

25% of those with ASCVD, are at substantial residual risk, despite statin treatment [123]. The 

mechanisms by which statins influence Lp(a) levels remain unclear [104]. Statins elevate the 

expression of LPA mRNAs as well as the synthesis and secretion of the apo(a) protein in 

HepG2 cells, which may result in an increase in Lp(a) levels [104]. Moreover, statins activate 

the expression of PCSK9 genes and increase PCSK9 levels, which then may enhance Lp(a) 

production [125-126]. 

 

1.5.1.3 Niacin 

Niacin decreases Lp(a) in a dose-dependent manner by approximately 30-40% [127], but only 

by 18% in those with the highest Lp(a) levels [128]. The effect of niacin is likely due to a 

decreased apo(a) production rate [129]. Importantly, studies with cardiovascular outcomes 

showed no benefit of adding niacin to statins [130, 131]. Moreover, niacin use is limited by 

side effects, such as flushing, gastrointestinal discomfort, and new-onset diabetes [130, 131].  
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1.5.1.4 Ezetimibe 

Ezetimibe reduces LDL-C levels by limiting cholesterol intestinal absorption via the 

inhibition of Niemann-Pick C1-Like1 (NPC1L1) protein [132]. A meta-analysis of 10 

randomized placebo-controlled clinical trials involving a total of 5,188 (3,020 ezetimibe and 

2,168 control) showed that ezetimibe therapy had no effect on plasma Lp(a) concentrations [-

2.59%, (95% CI: -8.26; 3.08), p = 0.370]. In addition, subgroup analysis revealed no 

significant alteration in plasma Lp(a) levels either in trials comparing ezetimibe versus 

placebo [-4.64%, (95% CI: -11.53; 2.25), p = 0.187] or in trials comparing ezetimibe plus a 

statin versus statin alone [-1.04%, (95% CI: -6.34, 4.26), p = 0.700].  

 

1.5.1.5. PCSK9 Inhibitors 

PCSK9 monoclonal antibodies, i.e., alirocumab and evolocumab, reduce Lp(a) levels by 

approximately 20-30% [133, 134]. In the two major PCSK9 inhibitor trials, the FOURIER 

trial with evolocumab, and the ODYSSEY OUTCOMES trial with alirocumab, both PCSK9 

inhibitors were associated with an approximately 25% reduction in the risk of major adverse 

cardiovascular events (MACEs) [108, 109, 135, 136]. Secondary analyses of these trials 

indicated that one of the main factors determining the risk for MACEs was Lp(a) level [43]. 

In the FOURIER trial patients in the evolocumab arm with Lp(a) >50 mg/dL experienced a 

larger absolute reduction in the risk of MACE compared to those with lower Lp(a) levels (-

2.4% vs -1.4%, respectively) [135]. Similarly, in a sub-analysis of the ODYSSEY 

OUTCOMES trial, the absolute reduction in the risk of MACE was 3.7% in patients with 

Lp(a) >60 mg/dL compared to 0.5% in patients with basal Lp(a) <7 mg/dL [137]. In this trial, 

25% of the observed MACE reduction was suggested to be the consequence of 20 mg/dL 

reduction in Lp(a) levels by alirocumab in patients with baseline Lp(a) >60 mg/dL. A very 

recent meta-analysis of 62 trials comparing PCSK9 inhibitors mainly to placebo estimated a -

6.37 mg/dL (95% CI -7.26; -5.47) mean Lp(a) reduction (corresponding to a ~29% mean 

reduction) [138] (Figure 8).  
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Figure 8. Forest plots indicating the impact of PCSK9 inhibitors on lipoprotein(a) levels. The trials are sorted by 

published year. The pooled estimate and 95% confidence intervals are shown in absolute mean differences 

(mg/dL). CI: confidence interval; MD: mean difference; SD: standard deviation. Modified from Xie et al., [138]. 

 

The exact mechanism by which PCSK9 inhibitors reduce Lp(a) levels remains unclear [139]. 

Current hypotheses include increased clearance of Lp(a) particles via the LDLR, increased 

clearance of Lp(a) via other receptors (the LDL receptor-related protein 1, the cluster of 

differentiation 36 receptor, toll-like receptor 2, SRB1, and PLG receptors), as well as a 

reduction in apo(a) production, secretion, and/or assembly [139].  

Inclisiran, a small interfering RNA (siRNA) targeting intracellular PCSK9, has been shown to 

reduce Lp(a) levels by approximately 20% [110]. More recently a meta-analysis of 4 RCT’s 
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with inclisiran revealed a mean decrease of -4.76 mg/dL (95% CI -5.83; -3.69) corresponding 

to a -22% reduction [138].  

 

1.5.1.6 Fibrates 

A very recent meta-analysis of 7 trials revealed that fibrates did not affect Lp(a) concentration 

[-0.61 mg/dL (95%CI -1.42; 0.20), -2.30% from mean Lp(a) value of 26.55 mg/dL at 

baseline] [138]. 

 

1.5.1.7 Lomitapide  

Lomitapide inhibits the microsomal triglyceride transfer protein (MTP), thus halting the 

assembly/lipidation of VLDL and consequently LDL [140]. Lomitapide, was effective in 

reducing Lp(a) levels up to 17% in one study [140].  

 

1.5.1.8 Cholesteryl-Ester Transfer Protein (CETP) Inhibitors 

The most potent inhibitors of the CETP [which is involved in the exchange of cholesterol 

esters (CE) and triglycerides between the apoB-100-containing particles and the high-density 

lipoproteins (HDL)] are also capable of reducing Lp(a) levels [141]. This is the case for 

obicetrapib which could lower Lp(a) up to 56% [142]. Obicetrapib seems to reduce not only 

Lp(a), but also LDL-C (~30% at the dose of 10 mg), even in HeFH [143, 144]. CETP 

mediates the transfer of CEs by bridging the apoB-100-containing lipoprotein and the HDL 

with its N-terminal and C-terminal domains, which penetrate the phospholipid monolayer of 

both lipoproteins [138]. Whether the content of OxPLs or the number of Κ repeats interferes 

with the ability of CETP to connect the lipoproteins and regulate the exchange of CEs is 

unknown. The mean Lp(a) reduction across 17 trials on CETP was estimated at -6.77 mg/dL 

(95% CI -8.67; -4.88) [138] (Figure 8). Recent trials with obicetrapib either as monotherapy 

at 5 or 10 mg/day [142], monotherapy at 10 mg/day [143] or in combination with ezetimibe 

[144] revealed mean reductions of -10.4 mg/dL (95% CI -15.7; -5.1), -5.7 mg/dL (95% CI -

7.1; -4.4) and -15.0 mg/dL (95% CI -20.2; -9.8) [138] (Figure 9). 
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Figure 9. Forest plots indicating the impact of CETP inhibitors on lipoprotein(a) levels. The trials are sorted by 

published year. The pooled estimate and 95% confidence intervals are shown in absolute mean differences 

(mg/dL). CI: confidence interval; MD: mean difference; SD: standard deviation. Modified from Xie et al., [138]. 
 

1.5.1.9 Bempedoic Acid 

Bempedoic acid is a small oral molecule that inhibits cholesterol synthesis by blocking the 

action of ATP citrate lyase, a cytosolic enzyme, upstream of 3-hydroxy-3-methylglutaryl 

coenzyme A reductase. The CLEAR Outcomes trial was a double-blind, randomized 

controlled trial targeting patients who were statin-intolerant (those unable or unwilling to take 

statins owing to side effects). These patients had ASCVD or were at high risk for ASCVD 

and received either 180 mg/day bempedoic acid or placebo. The baseline mean LDL-C level 

was 139.0 mg/dL in both groups. At 6 months, the bempedoic acid group showed a greater 

reduction in LDL-C compared to the placebo group by 29.2 mg/dL, resulting in a relative 

reduction difference of 21.1%, however Lp(a) did not change [0% [-1.58; 1.58]. Over a 

follow-up period of 40.6 months, the incidence of the primary composite endpoint, which 

included cardiovascular death, non-fatal myocardial infarction, non-fatal stroke, and coronary 

revascularization, was significantly lower in the bempedoic acid group (11.7% vs. 13.3%; HR 

0.87, 95% CI 0.79-0.96, p = 0.004). Similarly a recent meta-analysis also revealed no effect of 

bempedoic acid on Lp(a) levels [0.01 mg/dL (95% CI -1.36 to 1.39)] [138]. 

 

1.5.1.10 Bile Acid Sequestrants 

Bile acid sequestrants (colesevalem, cholestyramine, and colestipol) interrupt the 

enterohepatic circulation of bile acids [145]. Thus, they increase the conversion of cholesterol 

into bile acids and upregulate LDLR. These drugs have not been shown to affect Lp(a) levels 

[145]. 
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1.5.1.11 Antisense Oligonucleotides (ASOs)   

ASOs are short DNA single-stranded modified oligonucleotides, which directly target 

complementary mRNA sequences causing their degradation by RNase-H [146]. ASOs are 

internalized either via clathrin- or caveolin-dependent endocytic pathways, or via 

nonconventional endocytic pathways (including micropinocytosis), depending on their design. 

Once inside the cell, they traffic from early-to late endosomes, to lysosomes, and, escaping 

from these organelles, they reach the cytosol [147]. Pelacarsen (formerly IONIS-APO(a)-

LRX, AKCEA-APO(a)-LRX, TQJ230) is a second-generation ASO that binds to its target 

complementary RNA sequence via base pairing, thereby leading to the degradation of the 

apo(a) mRNA strand and reduced Lp(a) production [148] (Figure 10). To limit the possibility 

to target sequences that are shared between apo(a) and PLG, pelacarsen has been designated 

to bind to the exon 24:25 splice site of the mature human apo(a) mRNA, at position 3901-

3920 with the unique sequence (-CTTGTTCTGCTCCGTTGGTG-) that is absent in the 

mRNA of PLG; this is a region where no polymorphisms in the DNA sequence have been 

reported, hereby being able to target all the human isoforms of apo(a) [149].  

 

 

 

Figure 10. Mechanism of action of antisense oligonucleotide and small interfering RNA-based therapies. (a) 

After entering the nucleus, the antisense oligonucleotide (ASO) binds to the complementary sequence of the 

targeted mRNA. The resulting mRNA antisense duplex is recognized by RNase H, which cleaves the mRNA 

and, thus, prevents protein translation. (b) After the small interfering RNA (siRNA) enters the cell, it is 

recognized by the RNA-Induced Silencing Complex (RISC), which removes the sense strand. The resulting 

complex binds to the complementary mRNA sequence and degrades it, thus preventing protein translation. The 

antisense strand bound to the RISC forms a recyclable, stable complex, and, as a result, its action against target 

mRNA strands is long-lasting. Thereby, less-frequent dosing of siRNAs is needed compared to that of ASOs. 

Modified from Koutsogianni et al., [67]. 
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Clinical trials demonstrated the efficacy of pelacarsen in reducing Lp(a) levels. In phase 1, a 

dose-escalating study in healthy volunteers with elevated Lp(a) levels, a dose dependent 

reduction of 40-78%, together with a decrease in the content of OxPLs carried by Lp(a) was 

reported [150]. Phase 2 studies in subjects with ASCVD and elevated Lp(a) plasma levels 

tested a single or multiple-administrations, with a dose-escalating regimen, followed by a 4-

month wash-out phase, to assess the kinetics of Lp(a) [148]. In these studies, Lp(a) was 

reduced by 60-70% in the single dose regimen and by 66-92% in the multiple dose regimen 

group. Administration of pelacarsen resulted in dose-dependent decreases in Lp(a) levels, 

with mean percent decreases of 35% at a dose of 20 mg every 4 weeks, 56% at 40 mg every 4 

weeks, 58% at 20 mg every 2 weeks, 72% at 60 mg every 4 weeks, and 80% at 20 mg every 

week, as compared with 6% with placebo (Figure 11). Regarding the safety profile there were 

no significant differences between any pelacarsen dose and placebo with respect to platelet 

counts, liver and renal measures, or influenza-like symptoms. The most common adverse 

events were injection-site reactions. Of note, the levels of Lp(a) remained almost undetectable 

for up to 3 months after the last dose and interestingly, while plasma clearance of pelacarsen 

is estimated of around 4 hours, tissue half-life was shown to be approximately 3 weeks, 

indicating that the compound can accumulate in some tissues [151]. It should be mentioned 

that, along with the dramatic reduction of Lp(a), LDL-C and apoB-100 levels were 

significantly decreased [149]. The latter observation suggests the possibility that apoB-100 

particles that do not any longer carry apo(a) are catabolized faster or, if the LDLR plays a role 

in Lp(a) catabolism, that there is a decreased competition of LDL versus Lp(a) for the hepatic 

LDLR.  

 

 

 

Figure 11. Effect of Pelacarsen on lipoprotein(a) level. (A) least-squares mean percent changes from baseline to 

the primary analysis time point (PAT) (i.e., 6 months of exposure [at week 25 in the groups that received 

monthly doses and at week 27 in the groups that received more frequent doses]). I bars denote 95% confidence 

intervals. (B) least-squares mean percent changes from baseline in lipoprotein(a) over time. Error bars denote 

95% confidence intervals. (C) percent of patients with lipoprotein(a) levels of less than 50 mg per deciliter (125 

nmol per liter) in each group at the primary analysis time point. Modified from Tsimikas et al., [104]. 
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1.5.1.12 Small interfering RNA (siRNA) agents 

siRNAs are double-stranded RNA molecules that dissociate once inside the cell, where the 

antisense strand is inserted into the RNA-Induced Silencing Complex (RISC) [152]. The 

antisense strand binds to its homologous target mRNA sequence, leading to its degradation 

[152]. The antisense strand bound to the RISC forms a recyclable, stable complex, and, as a 

result, its action against target mRNA is long-lasting [152]. Thereby less-frequent dosing of 

siRNAs is needed compared to that of ASOs [152].  

1. Olpasiran, is a Gal-NAc siRNA, designed to target apo(a). While pelacarsen requires 

monthly injections, olpasiran is being evaluated as a 3-monthly injection. In a phase I trial, 

olpasiran was administered as a single subcutaneous dose of 3, 9, 30, 75 or 225 mg to 64 

subjects with Lp(a) >70 nmol/L and to a subgroup of subjects with Lp(a) ≥200 nmol/L [153]. 

Lp(a) was reduced by 71-98%, in a dose-dependent manner and Lp(a) levels remained below 

baseline values for up to 225 days. Overall, olpasiran was well tolerated, without relevant 

concerns regarding safety. The phase 2 study, the olpasiran trial of Cardiovascular Events 

And lipoproteiN(a) reduction-DOSE finding study (OCEAN(a)-DOSE) enrolled 281 subjects 

with prior CVDs and Lp(a) levels ≥150 nmol/L and demonstrated that subcutaneous 

injections of 10, 75, 225 mg olpasiran for 4 times every 12 weeks lowered Lp(a) in a dose 

dependent manner (-97% at the maximal titration) compared to placebo [152]. At 36 weeks, 

olpasiran substantially reduced Lp(a) levels in a dose-dependent manner, resulting in placebo-

adjusted mean percent changes of 70.5% with the 10 mg dose, 97.4% with the 75 mg dose, 

101.1% with the 225 mg dose administered every 12 weeks, and 100.5% with the 225 mg 

dose administered every 24 weeks [152]. The overall incidence of adverse events was similar 

across groups, with the most common olpasiran-related adverse events being injection site 

reactions [152]. The Phase III trial [OCEAN(a) Outcomes Trial] is currently ongoing and will 

test whether olpasiran also reduces the incidence of MACEs over 4 years of follow-up in 

patients in secondary prevention for ASCVD and at least one risk factor. OCEAN(a) 

Outcomes Trial has recruited patients with high Lp(a) levels (Lp(a) ≥200 nmol/L). 

2. Zerlasiran [SLN360 (NCT04606602)] is another GalNAc-conjugated siRNA against the 

apo(a) mRNA, which reduced circulating Lp(a) by up to 95% in cynomolgus monkeys [154]. 

A phase 1 trial of SLN360 showed a dose-dependent Lp(a) reduction of up to 98% in 32 

patients with elevated Lp(a) levels and no known CVD [155] (Figure 12).  
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Figure 12. Percent change in lipoprotein(a) serum concentrations following zerlasiran administration in phase I 

trial. Modified from Nissen et al., [155]. 

 

Most patients treated with SLN360 experienced mild to moderate injection site reactions 

[155]. In the phase II clinical trial of zerlasiran participants were randomized to receive a 

subcutaneous dose of placebo every 16 weeks for 3 doses (n = 23) or every 24 weeks for 2 

doses (n = 24) or zerlasiran 450 mg every 24 weeks for 2 doses (n = 45), 300 mg every 16 

weeks for 3 doses (n = 42), or 300 mg every 24 weeks for 2 doses (n = 44) [156]. The primary 

outcome was the time-averaged percent change in Lp(a) concentration from baseline to 36 

weeks, with follow-up to 60 weeks.The results of the phase II zerlasiran trial indicated that 

compared with the pooled placebo group, median (IQR) percent change in Lp(a) 

concentration at week 36 was -94.5% (-97.3% to -84.2%) for the 450 mg every 24 weeks 

group, -96.4% (-97.7% to -92.3%) for the 300 mg every 16 weeks group, and -90.0% (-93.7% 

to -81.3%) for the 300 mg every 24 weeks group [156]. The most common treatment-related 

adverse effects were injection site reactions, with mild pain occurring in 2.3-7.1% of 

participants in the first day following drug administration (Figure 13).  
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Figure 13. Percent change of lipoprotein(a) serum concentrations following zerlasiran administration in phase II 

trial. Modified from Nissen et al., [156]. 

 

3. Lepodisiran (LY3819469) is a Gal-NAc siRNA with the potential to maintain Lp(a) 

reduced up to 1 year after the injection, by virtue of its longer nucleotide length and the 

double-stranded RNA (dsRNA) design. Indeed, a single subcutaneous administration of 

lepodisiran at the dosage of 608 mg in subjects with baseline Lp(a) levels >30 mg/dL, led to a 

97% reduction of Lp(a) on day 29, which persisted after 48 weeks of follow-up [157]. 

Participants were randomized to receive placebo or a single dose of lepodisiran (4 mg, 12 mg, 

32 mg, 96 mg, 304 mg, or 608 mg) administered subcutaneously. The primary outcome was 

the safety and tolerability of the single ascending doses of lepodisiran. The secondary 

outcomes included plasma levels of lepodisiran for 168 days after dose administration and 

changes in Lp(a) serum concentrations through a maximum follow-up of 336 days (48 weeks) 

(Figure 14). The plasma concentrations of lepodisiran reached peak levels within 10.5 hours 

and were undetectable by 48 hours. The maximal median change in Lp(a) concentration was -

5% (IQR, -16% to 11%) in the placebo group, -41% (IQR, -47% to -20%) in the 4 mg of 

lepodisiran group, -59% (IQR, -66% to -53%) in the 12 mg dose group, -76% (IQR, -76% to -

75%) in the 32 mg dose group, -90% (IQR, -94% to -85%) in the 96 mg dose group, -96% 

(IQR, -98% to -95%) in the 304 mg dose group, and -97% (IQR, -98% to -96%) in the 608 
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mg dose group [157]. Currently the ongoing phase 3 cardiovascular outcomes randomized, 

double-blind, placebo-controlled trial of lepodisiran [ACCLAIM-Lp(a)] is testing whether 

lepodisiran reduces ASCVD events in adults with elevated Lp(a) who have established 

ASCVD or are at high risk for a first event. 

 

 

 

Figure 14. Upper panel: Plasma concentrations of lepodisiran from dose administration to 48 hours post-

injection; Lower panel: percentage change in levels of lipoprotein(a) from baseline to days 336 (48 weeks) post-

administration. Modified from Nissen et al., [157]. 

 

4. Muvalaplin is an orally administered molecule blocking the interaction of apo(a) with 

apoB-100 and, therefore, the assembly of Lp(a). A phase I study, enrolling healthy individuals 

and subjects with Lp(a) >30 mg/dL, revealed a significant Lp(a) lowering effect of 

muvalaplin. Muvalaplin reduced Lp(a) up to 65% following daily administration for 14 days 

compared to placebo [158]. The cross-interaction between muvalaplin and PLG cannot be 

ruled-out; however, the activity of PLG was only marginally reduced at the maximal dose of 
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500 mg (-14%). In the phase II placebo-controlled, randomized, double-blind muvalaplin trial 

233 participants with Lp(a) concentrations of 175 nmol/L or greater with ASCVD, diabetes, 

or FH at 43 sites in Asia, Europe, Australia, Brazil, and the United States were enrolled [159]. 

Participants were randomized to receive orally administered muvalaplin at dosages of 10 

mg/day (n = 34), 60 mg/day (n = 64), or 240 mg/day (n = 68) or placebo (n = 67) for 12 

weeks. The primary end point was the placebo-adjusted percentage change from baseline in 

Lp(a) molar concentration at week 1, whilst secondary end points included the percentage 

change in apoB-100 and high-sensitivity CRP [159]. Muvalaplin resulted in placebo-adjusted 

reductions in Lp(a) of 47.6% (95% CI, 35.1%-57.7%), 81.7% (95% CI, 78.1%-84.6%), and 

85.8% (95% CI, 83.1%-88.0%) for the 10 mg/day, 60 mg/day, and 240 mg/day dosages, 

respectively (Figure 15). Dose-dependent reductions in apoB-100 were observed at 8.9% 

(95% CI, -2.2% to 18.8%), 13.1% (95% CI, 4.4%-20.9%), and 16.1% (95% CI, 7.8%-23.7%) 

at 10 mg/day, 60 mg/day, and 240 mg/day, respectively. No change in high-sensitivity CRP 

was observed. 

 

 

Figure 15 Percentage change in lipoprotein(a) concentration in the phase II muvalaplin. Modified from Nicholls 

et al., [159]. 



44 

 

1.5.2 Effects of other medications on Lp(a) levels 

1.5.2.1 Sex Hormone Therapies 

Estrogen and its analogs reduce the transcription of the LPA gene [160]. While endogenous 

sex hormones do not substantially affect Lp(a) levels, postmenopausal hormone replacement 

therapy can lower Lp(a) levels by approximately 20-25% [161]. A systematic review and 

meta-analysis of 10 clinical trials, which included 2049 postmenopausal women, A systematic 

review and meta-analysis of 10 clinical trials, which included 2049 postmenopausal women 

showed that treatment with selective estrogen receptor modulators (SERMs) significantly 

reduced Lp(a) levels by 5.9% [162]. However, adverse effects (e.g., breast cancer, stroke, and 

thrombosis) may outweigh potential cardiovascular benefits [163]. Although previous data 

suggested that testosterone treatment may lower Lp(a) levels [164], randomized control trials 

did not confirm this effect [165, 166]. Tamoxifen administration in patients with breast cancer 

has been found to reduce Lp(a) levels by approximately 40% [167]. 

 

1.5.2.2. Thyroid Hormone Therapies 

Lp(a) levels are decreased in hyperthyroidism and increased in hypothyroidism [168]. 

Thyromimetic agents (e.g., eprotirome) have been shown to reduce Lp(a) levels [168]. 

However, these agents were discontinued because of significant adverse effects, such as 

elevations in liver enzymes and cartilage side effects [168]. Liver-selective thyromimetic 

agents, such as the thyroid hormone receptor agonist eprotirome and resmetirom (MGL-

3196), a liver-directed, orally active thyroid hormone receptor beta agonist, FDA-approved 

for the treatment of metabolic dysfunction-associated steatohepatitis (MASH), reduced Lp(a) 

levels (by 32.3% and 37.9%, respectively) without extrahepatic adverse events [169, 170]. 

The phase III trial of resmetirom demonstrated reductions in Lp(a) levels by 27-38% 

compared to placebo after 52 weeks at the oral dose of 80 or 100 mg [171]. Of note in the 

same study, LDL-C was reduced up to 20% (mean baseline value 115 mg/dL) and apoB-100 

up to 22% (mean baseline value 101.1 mg/dL). These findings suggest that the effect is not 

solely due to increased apoB-100 particle catabolism; however, the precise cellular 

mechanisms responsible for the reduction in Lp(a) remain to be elucidated. In a recent 

systematic review and meta-analysis, treatment of overt hyperthyroidism with thyroidectomy, 

antithyroid drugs, or radioactive iodine increased Lp(a) levels by 20-25%, whereas the 

treatment of overt and subclinical hypothyroidism with levothyroxine decreased Lp(a) levels 

by 5-20% [168]. 
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1.5.2.3. Growth Hormone Replacement Therapy 

A prospective observational study in men with growth hormone defieciency (GHD) 

documented a small but significant rise in Lp(a) (from a mean of 27.4 to 34.3 nmol/L after 

growth hormone replacement), a finding suggesting non-genetic Lp(a) influences [172]. The 

increase in Lp(a) levels induced by growth hormone replacement therapy did not correlate 

with thyroid hormone levels [172]. However, long-term studies with growth hormone 

replacement therapy in GHD are warranted. 

 

1.5.2.4 Aspirin 

Available data regarding the effects of aspirin on Lp(a) concentrations and any potent clinical 

implications are scarce. In a post hoc analysis of the Women’s Health Study, a randomized 

primary prevention trial, 25,131 healthy White women with Lp(a) >65 mg/dL received aspirin 

(100 mg every other day) or placebo [173]. Aspirin treatment was not associated with any 

significant reduction of ASCVD events over a 10-year period [173]. In a subgroup analysis, 

though, carriers of the rs3798220 variant, which is associated with high circulating Lp(a) 

levels, with a baseline median Lp(a) 80 mg/dL, significantly benefitted from aspirin treatment 

(HR 0.44; 95% CI: 0.20-0.94, p = 0.03) [173]. This may imply that the benefit of aspirin 

treatment depends on the Lp(a) levels, but this warrants validation in further studies [33]. 

Thus, individuals with high Lp(a) levels might be considered for aspirin therapy if they have 

other indications (high ASCVD risk and low bleeding risk) [33, 174]. A recent analysis 

showed that participants with Lp(a) >50 mg/dL had a higher burden of ASCVD risk factors, 

more frequent aspirin use (61.7% vs 55.3%, p = 0.02), and higher rate of incident CHD events 

(13.7% vs 8.9%, p < 0.01) compared with those with Lp(a) ≤50 mg/dL [83]. Aspirin was 

associated with a significant reduction in CHD events among those with elevated Lp(a) [HR, 

0.54 (95% CI, 0.32-0.94); p = 0.03]. Those with Lp(a) >50 mg/dL and aspirin use had similar 

CHD risk as those with Lp(a) ≤50 mg/dL regardless of aspirin use. The authors concluded 

that aspirin use was associated with a significantly lower risk for CHD events in participants 

with Lp(a) >50 mg/dL at primary prevention [83, 174]. 

 

1.5.2.5 Anti-Inflammatory and anti-human immunodeficiency virus (HIV) agents 

Tocilizumab, a monoclonal antibody targeting IL-6, reduced Lp(a) levels by approximately 

30-40% when administered in patients with rheumatoid arthritis [175]. The LPA gene 
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promoter contains functional IL-6-responsive elements; thus, the effect of tocilizumab may be 

attributed to its inhibitory action in this region of the gene [176]. On the contrary, protease 

inhibitors and antiretroviral therapy have been associated with increased Lp(a) levels when 

administered in patients with HIV with baseline Lp(a) levels >20-30 mg/dL [177]. 

 

1.5.3 Effects of dietary intervention and physical activity on Lp(a) levels 

Lifestyle changes, including low-fat diets, have no significant effect on Lp(a) levels [178, 

179]. Some, but not all, studies reported that isocaloric replacement of dietary saturated fats 

with carbohydrates or unsaturated fats increased Lp(a) levels by approximately 8-20% [179-

181]. On the contrary, low-carbohydrate, high-saturated fat diets and diets enriched with 

walnuts or pecans decreased Lp(a) levels by 15% and 6-15%, respectively [179, 182]. Other 

studies have investigated the effect of dietary supplements (L-carnitine and coenzyme Q10) 

and specific foods (coffee, tea, and alcoholic beverages, especially red wine) on Lp(a) levels 

and have shown modest decreases of 10-30% with these interventions [115, 178]. Moreover, 

vitamin C, in supplementary (1 g/day) or pharmacologic doses (4.5 g/day), has a neutral effect 

on plasma Lp(a) levels as shown in a meta-analysis [117]. Most studies suggest that physical 

activity has no or minimal impact on Lp(a) levels, although there are conflicting data, 

particularly among younger or populations with diabetes in whom physical fitness correlated 

inversely with Lp(a) levels and decreased ASCVD risk [183, 184]. 

 

1.5.4 Effect of bariatric surgery on Lp(a) levels 

A prospective observational study of 59 patients with severe obesity (BMI 48 kg/m2) 

undergoing metabolic surgery (31 underwent Rouxen- Y gastric bypass, 19 sleeve 

gastrectomy, and 9 omega loop bypass) demonstrated a significant increase in Lp(a) levels at 

12 months [from 10.2 (range 3.8-31.9) to 16.9 (range 4.9-38.6) mg/dL, p = 0.002] [185]. 

These results may suggest an increased synthetic liver capacity, leading to enhanced 

production and secretion of Lp(a) and, thus, to higher plasma levels [185].  

Table 1 summarizes the effects of non-genetic factors on Lp(a) levels. Several lines of 

evidence suggest that large absolute reductions in Lp(a) concentrations of ~100 mg/dL are 

needed to achieve meaningful reductions in ASCVD risk [33, 47]. Therefore, only those drugs 

that are specifically designed for Lp(a)-lowering could be expected to have beneficial effects 

on ASCVD outcomes. 
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 Table 1. Agents modifying lipoprotein(a) concentrations and their possible mechanisms of action  

Lp(a)-Lowering 

Therapy 

Lp(a) effect Mechanism of possible Lp(a) effect 

Lipoprotein apheresis  Acute decrement of 70-75%, but regular 
apheresis can translate to mean Lp(a) 
reduction between 25-40%. 

Direct physical removal of circulating particles, 
independent of hepatic synthesis or clearance 
pathways. 

Statins Most statins may increase Lp(a) on average 
8-24%, although significant heterogeneity 

in response is present. 

i. Elevate the expression of LPA mRNA 
[15]. 

ii. Elevate the synthesis and secretion of 
apo(a) protein in HepG2 cells [15]. 

iii. Activate the expression of PCSK9 genes 
and increase PCSK9 levels [125]. 

Niacin Potential Lp(a) lowering effect between 20-
30%, but use is limited by side effects. 

Decreases apo(a) production rate [129]. 

Ezetimibe As monotherapy provides a modest 7% 

reduction in Lp(a) levels. 

May influence Lp(a) production via anti-

inflammatory activity [103].  

PCSK9 inhibitors Mean reduction of Lp(a) levels between 14-
30% (evolocumab, alirocumab). 
Mean reduction of Lp(a) levels between 
15%-25% (inclisiran). 

i. Increased clearance of Lp(a) particles 
via the LDLR [186]. 

ii. Increased clearance of Lp(a) via other 
receptors [187]. 

iii. Reduce apo(a) production, secretion, 
and/or assembly [188]. 

Lomitapide Mean reduction of 17%. Decreases the number of apoB-100-containing 
lipoprotein particles secreted into the 
bloodstream, including Lp(a) particles [189]. 

CETP inhibitors 25-40% reduction. Mediate the transfer of cholesteryl esters from 
HDL to apoB-100-containing particles in 
exchange for triglycerides [136, 142, 190]. ~30% 
reduction in Lp(a) [144, 159].  

Bempedoic acid ~0.1% mean reduction in Lp(a) levels. Inhibition of ATP citrate lyase, high-sensitivity 
C-reactive protein (hsCRP) and low-density 
lipoprotein cholesterol (LDL-C) [138]. 

Antisense 
oligonucleotides 

Lp(a) reductions up to 92% (IONIS-
Apo(a)LRX (pelacarsen, TQJ230). 

Bind to its target complementary RNA sequence 
via base pairing, thereby leading to degradation 
of the apo(a) mRNA strand and reduced Lp(a) 
production [148]. 

Small interfering 
RNAs 

Observed maximum reduction of > 90% 
[Olpasiran (AMG890)]. 
98% in 32 patients (phase 1 trial) 
(Zerlasiran) [155]. 
97% reduction of Lp(a) on day 29 
(Lepodisiran) [157]. 

Double-stranded RNA molecules that dissociate 
once inside the cell, and the antisense strand is 
inserted into the RISC. The antisense strand 
binds to its homologous target mRNA sequence, 
leading to its degradation. The antisense strand 
bound to the RISC forms a recyclable, stable 
complex, and, as a result, its action against target 
mRNA strands can be repeated [152]. 

Muvalaplin Up to 65% reduction following daily 
administration for 14 days compared to 
placebo [158]. 

Reduction in Lp(a) assembly. 
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CHAPTER 2. OXIDIZED PHOSPHOLIPIDS AND LIPOPROTEIN(a) 

2.1 OXIDATIVE MODIFICATION OF LIPOPROTEINS 

Oxidative stress and inflammation lead to the oxidative modification of phospholipids in 

cellular membranes and lipoproteins, and thus generation of OxPLs. OxPLs play important 

role in a variety of diseases, including atherosclerosis, and exert either proinflammatory or 

anti-inflammatory effects [191, 192]. Lp(a) is susceptible to oxidative stress, leading to the 

formation of proinflammatory and proatherogenic OxPLs [15]. Lp(a) mediates atherogenesis 

through mechanisms linked to its associated OxPLs, as Lp(a) is their major lipoprotein carrier 

[92]. Elevated Lp(a) plasma concentrations and OxPLs associated with Lp(a) [OxPLs of 

apoB-100-containing lipoproteins (OxPL-apoB) and OxPLs of Lp(a) (OxPL-apo(a)] predict 

the presence and progression of coronary, femoral and carotid artery disease [15, 57, 59]. 

Furthermore, they are increased following acute coronary syndrome and percutaneous 

coronary intervention as well as predict death, myocardial infarction, stroke and the need for 

revascularization [57]. They are also correlated with an amplified risk of aortic valve stenosis 

and peripheral artery disease [59]. Notably, there are currently no available treatments for 

potent reduction in high Lp(a) or OxPL-apoB / OxPL-apo(a). In this section, we present an 

overview on OxPLs, focusing mainly on the OxPLs associated with Lp(a) and their biological 

role, relationship with cardiovascular risk and the effect of current and future medical 

interventions. 

 

2.2 STRUCTURE AND FORMATION OF OxPLs  

Under conditions of oxidative stress or inflammation, different biomolecules, including 

proteins, lipids and nucleic acids, can be oxidatively modified. Phospholipids in cellular 

membranes and lipoproteins are among such biomolecules. This oxidative modification is 

observed when there is an imbalance between the reactive oxygen species (ROS) generation 

and the protective capacity of cellular antioxidant mechanisms [191, 192]. The most 

important bioactive phospholipids in oxidized LDL (OxLDL) are generated by oxidation of 

the sn-2 arachidonoyl-phospholipids [91]. Structurally, OxPLs derived from 1-palmitoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (PAPC) can be separated into two main classes: 

the first class generated by the oxidative fragmentation of sn-2 fatty acids. 1-palmitoyl-2-(5,6-

epoxyisoprostane E2)-sn-glycero-3 phosphocholine (PEIPC) and the esterified 

epoxycyclopentenone 1-palmitoyl-2-(5,6-epoxycyclopentenone)-sn-glycero- 3-

phosphorylcholine (PECPC). Isoprostanes are a unique series of prostaglandin-like 
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compounds that are generated from arachidonic acid peroxidation [92]. Unstable phospholipid 

hydroperoxides are initially formed during phospholipid peroxidation and subsequently are 

degraded into smaller fragments named as “fragmented OxPLs” (Figure 16). The most 

important fragmented OxPLs are 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero-3-phosphocholine 

(POVPC) and 1-palmitoyl-2-glutaroylsn-glycero-3-phosphocholine (PGPC). Lp-PLA2 could 

detoxify OxPLs in the circulation and the product lyso-PC is carried by albumin in plasma 

[91]. Lyso-PC induces the formation of atherosclerotic plaques, and it is related to 

inflammatory factors such as IL-1β and IL-6 [92]. The concentration of Lyso-PC in plasma 

correlates with vascular damage and heart rate. Different acyl chain dependent mechanisms 

were involved in vascular relaxation [193]. Lyso-PC has pro-inflammatory effects on 

monocytes, endothelial cells, and macrophages. Lyso-PC may also increase ROS production 

and have a number of potentially atherogenic effects, such as monocytes chemoattraction and 

an increased expression of adhesion molecules [93]. Another bioactive lipid is Lyso-

phosphatidic acid (Lyso-PA), which is produced by the hydrolytic action of Lyso-PC by 

phospholipase D (PLD). Lyso-PA as well as Lyso-PC promote inflammation. Except for the 

acyl chains in the sn-2 position glycerol structure of OxPLs, the phosphocholine (PC)-

containing OxPLs could regulate endothelial cell and macrophage function [193]. PC 

headgroup of OxPLs could bind to CD36, a class B scavenger that mediates the recognition 

and uptake of OxLDL by macrophages [93]. 

 

2.3 PREFERENTIAL ASSOCIATION OF OxPLs WITH Lp(a) IN HUMAN PLASMA 

Most of circulating OxPLs are associated with Lp(a) with only small amounts found on other 

apoB-100 particles (eg LDL) and HDL [193]. OxPLs are also associated with PLG, favouring 

its fibrinolytic action [10]. The levels of OxPLs are measured in a chemiluminescent 

immunoassay using the murine monoclonal antibody MB47, which binds human apoB-100 in 

plasma [92]. Then, the natural murine IgM monoclonal antibody, E06, that recognizes the PC 

head group on oxidized but not on native phospholipids is added to determine the amount of 

OxPLs present on apoB-100 [194-196]. Therefore, OxPL plasma levels, mainly associated 

with Lp(a), are expressed as OxPL-apo(a) and OxPL-apoB. OxPLs can be formed on oxLDL, 

apoptotic cells, oxidized cell membranes and sites of inflammation [55]. Afterwards, OxPLs 

are released into the circulation from these sources and are preferentially transferred to Lp(a) 

[83, 197].   
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Figure 16. Formation of oxidized phospholipids. OxPLs generally arise from the oxidation of the PUFAs of 

phospholipids, which are usually esterified at the sn-2 position of phospholipids. PUFAs are highly susceptible 

to radical-mediated oxidation. Their oxidation is initiated either enzymatically by lipoxygenases or ROS under 

conditions of oxidative stress and propagates via the classical mechanism of lipid peroxidation chain reaction. 

The number of oxidation products from each PUFA is likely to be at least 50, and effects of all these products 

are unknown. During the oxidative modification of phospholipids, different OSEs are formed, including the PC 

moiety revealed on OxPLs, as well as different types of OxPL-protein adducts that are generated during lipid 

peroxidation. Different OxPLs and OSEs are present on cellular membranes and lipoproteins as DAMPs, which 
are recognized by a set of PRRs, and a wide variety of proinflammatory and anti-inflammatory effects is 

generated. PUFAs, polyunsaturated fatty acid residues; ROS, reactive oxygen species; OxPL-apoB, OxPLs of 

Lp(a); OSEs, oxidation-specific epitopes; PC, phosphorylcholine; OxPL, oxidized phospholipid; DAMPs, 

danger-associated molecular patterns; PRRs, pattern-recognition receptors. Modified from Rader & Bajaj [55]. 

 

 

Up to 90% of all OxPLs found in human lipoproteins are carried on Lp(a), which is not 

necessarily oxidized. Thus, OxPLs may impart additional and potent proinflammatory 

properties to Lp(a) and play a key role in Lp(a) functionality [193] (Figure 17). An interesting 

observation has been made in patients undergoing percutaneous coronary intervention [198]. 

Before percutaneous coronary intervention, most OxPLs in plasma were associated with 

Lp(a). Immediately after percutaneous coronary intervention, an acute increase was noted in 
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both plasma OxPL-apoB and Lp(a). However, only 50% of OxPLs were associated with 

Lp(a), whereas the remaining were present on non-Lp(a) apoB-100 particles. However, by 6 

h, >90% of OxPLs were again present on Lp(a), suggesting their transfer and selective 

binding on Lp(a) [198]. This observation strongly supports the physiological function of 

Lp(a) in preferentially binding OxPLs compared with other apoB-100-containing particles 

and suggests a transfer of OxPLs to Lp(a).  

 

 

Figure 17. Bioactivity of oxidized phospholipids. Under conditions of oxidative stress or during inflammation, 

phospholipids in cellular membranes or lipoproteins can be oxidatively modified. This oxidative modification is 
observed when there is an imbalance between the ROS generation and the protective capacity of cellular 

antioxidant mechanisms. During the oxidative modification of phospholipids, different OSEs are formed. OSEs 

include the phosphorylcholine moiety revealed on OxPLs, as well as different types of OxPL-protein adducts 

that are generated during lipid peroxidation. OxPL, oxidized phospholipid; ROS, reactive oxygen species; PRRs, 

pattern-recognition receptors; OSEs, oxidation-specific epitopes; TLR, Toll-like receptors; NFkB, nuclear factor 

kappa-light-chain- enhancer of activated B cells. Modified from Koutsogianni et al., [21]. 
 

 

Currently available evidence suggests that the majority of the OxPLs present on Lp(a) are 

probably transferred to Lp(a) rather than being generated exclusively in situ by oxidation of 

the lipids of the LDL-like component of Lp(a) [55, 193]. Studies of the production of 

recombinant apo(a) constructs in cell culture, which generates large numbers of apoptotic 

cells, showed that these purified apo(a) constructs already contain substantial amounts of 

covalently attached OxPLs before any exposure of the apo(a) to environmental stimuli [193]. 

It is postulated that hepatocytes from patients with MASH, which contain copious amounts of 

OxPLs [199], might transfer their OxPLs to newly synthesized and assembled Lp(a), which, 
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when secreted, will carry the OxPLs into the circulation. Patients with rheumatic diseases 

often have elevated plasma Lp(a) levels and potentially also higher plasma OxPL levels, as 

has been shown in those with lupus erythematosus [176]. Another hypothesis is that OxPLs 

are generated at sites of inflammation and are subsequently transferred to Lp(a) particles, 

which will further increase the risk of ASCVD. Presence of OxPLs on triglyceride-rich 

lipoproteins has not been reported to date.  

OxPL-apoB is not a measure of plasma OxLDL, because OxPLs can be present on Lp(a), 

LDL, intermediate-density lipoprotein (IDL) and very low-density lipoprotein (VLDL). By 

design, the OxPL-apoB assay detects OxPLs on all apoB-100-containing lipoproteins -with 

Lp(a) being the predominant carrier- rather than quantifying a discrete pool of fully OxLDL 

particles [55]. Moreover, the current view is that highly/fully OxLDL is not expected to 

persist in plasma because it is rapidly cleared via scavenger-receptor pathways; most 

oxidation occurs on vessel-wall-retained LDL [200]. A further complication is assay 

specificity. The widely used E6 antibody-based ELISAs (marketed “OxLDL” assays) 

recognize aldehyde-modified apoB-100 epitopes [e.g., malondialdehyde-modified LDL 

(MDA-LDL), copper-oxLDL] and can cross-react with native LDL, limiting their specificity 

for “OxLDL” [201, 202]. In classic spiking experiments, adding native LDL to plasma 

artificially increases the measured “OxLDL” signal, demonstrating lack of specificity (e.g., 

from 88 U/L to 141/399 U/L after adding 5-15 ng native LDL), while adding OxLDL raises 

the readout to a similar extent -a pattern inconsistent with a specific OxLDL measurement 

[203]. 

 

 

2.4 Lp-PLA2: ASSOCIATION BETWEEN Lp(a) AND OxPLs OF Lp(a) 

Once OxPLs are on Lp(a), they are accessible to endogenous Lp-PLA₂ activity on the particle 

-functionally facilitated by the apoB-100 moiety of Lp(a) [4, 93] (Figure 18). Lp-PLA₂ on 

apoB-100-containing lipoproteins is heavily glycosylated and can be oxidatively modified in 

vitro, which diminishes catalytic activity [93]. Across equimolar protein concentrations, 

Lp(a)-Lp-PLA₂ mass is ~1.5-7-fold higher than LDL-bound Lp-PLA₂, while catalytic activity 

is lower and varies by apo(a) isoform -implying that apo(a) modulates the enzyme’s 

performance on Lp(a) without serving as the binding site itself [93, 204]. Small-isoform Lp(a) 

tends to show lower Lp(a)-Lp-PLA₂ catalytic efficiency, a feature proposed to favor 



53 

 

retention/accumulation of OxPLs on these particles and to help explain the strong correlation 

between small apo(a) isoforms and higher OxPL-apoB levels in plasma [93]. 

 

 

Figure 18. Attachment of Lp-PLA2 on lipoprotein(a). Up to 90% of all oxidized phospholipids found in human 

lipoproteins are carried on lipoprotein(a) and subjected to degradation by lipoprotein-associated phospholipase 

A2. Modified from Koutsogianni et al., [21]. 

 

Hydrolysis of OxPLs by Lp-PLA₂ generates oxidized non-esterified fatty acids (OxFFAs) and 

lyso-PC, which can transfer from Lp(a) to albumin and retain bioactivity in the circulation 

[17, 92]. Thus, while Lp(a) may act as a scavenger/transport vehicle for OxPLs, its net effect 

depends on particle concentration, isoform, and local redox conditions; at high Lp(a) levels, 

arterial wall deposition under oxidative stress likely amplifies atherogenesis [4, 55]. Early 

observational data suggest patients with coronary artery disease can exhibit lower Lp(a)-Lp-

PLA₂ activity than controls, consistent with enzyme oxidative inactivation and substrate 

accumulation on Lp(a) [93]. Clinically, plasma Lp-PLA₂ (as a biomarker/target) has not 

translated into outcome benefit: large randomized clinical trials of the Lp-PLA₂ inhibitor 

darapladib (STABILITY and SOLID-TIMI 52) were neutral for cardiovascular events [205, 

206]. The primary end point occurred in 769 of 7924 patients (9.7%) in the darapladib group 

and in 819 of 7904 patients (10.4%) in the placebo group (HR in the darapladib group, 0.94; 

95% CI, 0.85 to 1.03; p = 0.20) and  in 903 of 6504 participants in the darapladib group and 

910 of 6522 participants in the placebo group [16.3% vs 15.6% at 3 years; HR, 1.00 (95% CI, 

0.91-1.09) for the STABILITY trial  and SOLID-TIMI 52 clinical trials respectively] (Figure 
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19). Notably, both trials quantified total-plasma or LDL-associated Lp-PLA₂ but did not 

specifically measure Lp(a)-bound Lp-PLA₂, so any isoform-dependent Lp(a) effects remain 

unresolved [55]. 

 

 

Figure 19. Kaplan-Meier curves for the primary end point of death from cardiovascular causes, myocardial 
infarction, or stroke for the STABILITY (A) and SOLID-TIMI 52 (B) clinical trials. Modified from White et al., 

[205] and O’Donoghue et al., [206]. 

 

2.5 RELATIONSHIP OF Lp(a)-ASSOCIATED OxPLs WITH CARDIOVASCULAR 

RISK 

Several studies have shown that plasma levels of OxPL-apoB can be used to predict the 

presence of anatomical atherosclerotic stenoses in multiple vascular beds, improve the 

prediction of the risk of first and recurrent myocardial infarction, ischemic stroke and 

peripheral artery disease in primary prevention settings and in patients with pre-existing 

CVD, and optimize patient risk stratification [15, 194, 198, 207-211]. Elevated OxPL-apoB 

levels have also been associated with both early and late CAVS, its rapid progression, and the 

need for aortic valve surgery [86, 88, 89, 212-215]. 

From an epidemiological and clinical perspective, these studies reveal a range of weak to 

strong correlations between plasma Lp(a) and OxPL-apoB measurements that vary by 

baseline demographic characteristics, race and ethnicity, apo(a) isoform distribution and 

acuity of CVD presentation. For example, in the Dallas Heart study, individuals with small 

apo(a) isoforms tended to have a narrower range of Lp(a) levels but a significantly larger 

spread in plasma OxPL-apoB levels [210, 216]. By contrast, individuals with large apo(a) 

isoforms tended to have a large spread of plasma Lp(a) levels but a much narrower range of 

plasma OxPL-apoB levels within the low range (Figure 20). 
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Figure 20. Relationship of OxPL-apoB and lipoprotein(a) levels according to size of the major apolipoprotein(a) 

isoform. Small apo(a) isoforms are associated with elevated OxPL-apoB and Lp(a) levels; however, at the 

extremes small apo(a) isoforms are associated with a wide range of OxPL-apoB concentrations but narrow range 

of Lp(a) concentrations, and large apo(a) isoforms is associated with low OxPL-apoB levels but a larger range of 

Lp(a) levels. Modified from the Dallas Heart study [210, 216]. 

 

This observed variability in the correlations between plasma Lp(a) and OxPL-apoB 

measurements has implications for both the underlying pathophysiological relationships and 

the observed differences in the predictive value of these measurements. For example, Lp(a) 

and OxPL-apoB levels represent distinct pathophysiological phenomena. The level of Lp(a) in 

plasma is primarily (~90%) genetically determined by the LPA gene, with minor influences 

from the LDLR, APOE, CETP and APOH genes [217]. Given that the LPA promoter also 

contains an IL-6 response element, LPA expression can be regulated by conditions that 

increase IL-6 levels [218]. Sex hormones, growth hormone and dietary fat also affect Lp(a) 

levels [219, 220]. By contrast, OxPL-apoB encompass genetic, environmental and dietary 

factors that increase inflammation and oxidation of lipoproteins [55]. Because Lp(a) is a 

preferential carrier of OxPL, OxPL-apoB can summate both the genetics of Lp(a) and the 

extent of lipoprotein oxidation, thereby conferring a ‘two-hit’ effect on cardiovascular risk. 

For this reason, in the studies in which participants had elevated oxidative and/or 

inflammatory stress, such as those with acute coronary syndromes or undergoing 

percutaneous coronary intervention, plasma Lp(a) and OxPL-apoB levels showed lower 

correlations than in individuals with lower oxidative and inflammatory stress [209, 221]. 

Although both markers can predict CVD events, OxPL-apoB is usually a numerically stronger 

[197] and/or independent predictor of CVD risk even after adjustment for Lp(a) levels [85, 

104]. When both OxPL-apoB and Lp(a) levels are elevated, the risk of CVD seems to be 

higher than when either marker alone is elevated [222]. The relationship between elevated 

plasma OxPL-apoB levels and anatomical CVD and its downstream clinical manifestations is 

depicted in Figure 21. 
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Figure 21. Association of OxPL-apoB with anatomical cardiovascular events. Modified from Tsimikas 

&Witztum, [92]. 

 

Taken together, the findings indicate that elevated OxPL-apoB levels are associated with 

endothelial dysfunction, coronary, carotid and peripheral artery disease, and calcific aortic 

valve disease [56, 83, 223]. For example, in patients undergoing LA, plasma OxPL-apoB 

levels showed a significant inverse correlation with myocardial perfusion, but no correlation 

was noted for other blood lipid variables [224]. 

The association between elevated OxPL-apoB levels and coronary artery disease as well as 

peripheral artery disease has been documented [55, 197]. In the classic MAYO study, plasma 

OxPL-apoB levels showed a strong and graded association with the presence and extent of 

coronary artery disease (defined as >50% stenosis of the luminal diameter) [209]. The 

multivariable-adjusted association between OxPL-apoB level and coronary artery disease was 

independent of all clinical and lipid measures, except Lp(a). However, among patients aged 

≤60 years, OxPL-apoB remained an independent predictor of coronary artry disease, whereas 

Lp(a) did not [209]. Among patients aged ≤60 years, the odds ratio for coronary artery disease 

for OxPL-apoB level in the highest quartile was 3.12 (p < 0.001), and 16.8 (p < 0.001) if the 

patient had concomitant hypercholesterolemia [209]. These findings were replicated ~20 

years later in the CASABLANCA study in a contemporary cohort of 1098 patients 

undergoing coronary angiography [197]. The authors used a convenience cohort of 1098 

participants undergoing coronary angiography (93% were white, 71% were male, and 51% 

had coronary artery disease at baseline). All 3 measures were strongly intercorrelated (Figure 

22 A & B). Importantly, during a median follow-up of 4.2 years, Lp(a), OxPL-apoB and 

OxPL-apo(a) were all strongly associated with incident MACE outcomes [odds ratio 1.08 

(95% CI 1.03-1.14), 1.15 (95% CI 1.05-1.26) and 1.07 (95% CI 1.01-1.14) for Lp(a), OxPL-
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apoB level and OxPL-apo(a), respetively] [197] (Figure 22 C). Moreover, while prior studies 

have shown a significant association between OxPL-apoB and CVD risk, in most studies, this 

association was dependent on Lp(a) levels [222, 225]. Furhermore, when the authors adjusted 

for the OxPLs, the association of Lp(a) with MACE outcomes was substantially attenuated, 

suggesting the importance of OxPL itself to CVD. These findings are consistent with prior 

work asserting the association of Lp(a) with risk for atherosclerotic disease and 

cardiovascular events [226] and it expands on prior evidence [25] by demonstrating the 

association of OxPLs with these outcomes in a statin-treated population with relatively low 

LDL-C levels (baseline 83.4 mg/dL). 

 

 

Figure 22. Interrealtionships between lipoprotein(a), OxPL-apo(a) and OxPL-apoB and their association with 

both prevalent and incident cardiovascular disease. Modified from Gilliland et al., [197]. 

 

The MAYO and CASABLANCA studies are similar in that both enrolled a patient population 

undergoing clinically indicated coronary angiography and revascularization if required, and 

were different in that only a minority of patients in the MAYO study were receiving statin 

therapy (baseline LDL-C level 124 mg/dL), whereas most of the participants in the 

CASABLANCA study were receiving statins (baseline LDL-C level 83 mg/dL). Additionally, 

the medical, percutaneous and surgical care of patients undergoing coronary angiography has 

been improved since the MAYO study. Despite these improvements, elevated OxPL-apoB 

levels remained strong predictors of both anatomical coronary artery disease and recurrent 

MACE in the CASABLANCA study, suggesting that targeting OxPLs might provide 

additional cardiovascular benefit in these patients [55]. 

The Dallas Heart Study is a multi-ethnic, probability-based sample of the Dallas County 

population in which Black individuals were systematically oversampled so that the final 

cohort consisted of 50% Black persons [216]. A total of 3481 individuals from three racial or 

ethnic groups (Black, white and Hispanic) were followed up for 9.5 years. In the entire 

cohort, Cox regression analysis with multivariable adjustment revealed that quartile 4 of 

OxPL-apoB levels was associated with a HR for time to MACE of 1.89 (95% CI 1.26-2.84; p 

= 0.003) versus quartile 1 [216]. Addition of the major apo(a) isoform size and three LPA 
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SNPs linked to elevated Lp(a) levels in plasma to these models attenuated the risk of MACE 

associated with high OxPL-apoB or Lp(a) levels, but this remained significant for both 

parameters [216]. These findings were generally consistent among specific ethnic groups. 

Others have also shown that the two most common LPA SNPs associated with elevated 

plasma Lp(a) levels, rs37898220 and rs10455982, have been associated with elevated plasma 

OxPL-apoB levels [89, 227]. A meta-analysis of OxPL-apoB and the risk of coronary artery 

disease including 8 studies and a total of 2578 patients with coronary artery disease and 

14,008 control individuals demonstrated that those in the top fifth of OxPL-apoB levels had 

an approximately 2-fold higher relative risk of coronary artery disease than individuals in the 

bottom fifth (relative risk 2.11, 95% CI 1.78-2.52) [222]. 

The role of OxPL-apoB measurement in secondary prevention of CVD was assessed in a 

random sample of 1503 participants from the TNT study [194]. Levels of OxPL-apoB at 

randomization predicted the risk of subsequent MACE, with a HR of 1.21 (95% CI 1.04-1.41; 

p = 0.018) per doubling of OxPL-apoB concentration and HR of 1.69 (95% CI 1.14-2.49; p = 

0.01) for tertile 3 versus tertile 1 of OxPL-apoB level after multivariate adjustment [194]. 

Tertile 3 of OxPL-apoB concentration was associated with a higher risk of MACE than tertile 

1 in the group receiving atorvastatin 10 mg (HR 2.08, 95% CI 1.20-3.61; p = 0.01), but not in 

the group receiving atorvastatin 80 mg (HR 1.40, 95% CI 0.80-2.46; p = 0.24). These data 

suggest that elevated OxPL-apoB levels predict secondary MACE in patients with stable 

coronary artery disease, a risk that was mitigated by atorvastatin 80 mg. These observations 

were further confirmed in the SPARCL study with 4385 patients with previous stroke or 

transient ischemic attack at baseline but no previous coronary artery disease [207]. In this 

study, elevated OxPL-apoB levels were associated with increased risk of first major coronary 

events (HR 4.0; p < 0.0001) and any cardiovascular event (HR 4.4; p < 0.0001) over the 5 

years of follow-up [207]. 

 

2.6 EFFECT OF HYPOLIPIDEMIC TREATMENT INTERVENTIONS ON OxPL-

apoB/OxPL-apo(a) 

The most effective intervention in reducing plasma OxPLs levels, ranked from highest to 

lowest reductions, include the ASO pelacarsen [15], LA [228], bariatric surgery [185] and 

niacin therapy [229]; these therapies are associated with mean decreases of 17-88% (Figure 

23).  
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Figure 23. Effect of therapeutic interventions on plasma levels of OxPL-apoB and lipoprotein(a). Mean 

percentage change in the plasma levels of oxidized phospholipid (OxPL)-apolipoprotein B (apoB) (a) and 
lipoprotein(a). Modified from Tsimikas & Witztum, [92]. 

 

2.6.1 ASOs (Pelacarsen) 

In prior studies of pelacarsen, it has been observed that not only does it lower Lp(a) but it also 

lowers OxPL-apo(a) and OxPL-apoB by a consistent effect (~70%-90%) across all studies 

[15, 148, 226]. In a phase IIb trial [15], the mean percentage reduction in Lp(a) level was 80% 

with the highest dose of pelacarsen (20 mg weekly) versus 6% reduction in the placebo group 

(placebo-corrected reduction of 74%). However, pelacarsen had a more potent effect on 

OxPL-apoB levels, with an 88% reduction in the pelacarsen group versus 14% increase in the 

placebo group (placebo-corrected reduction of 102%) [15]. Plasma OxPL-apo(a) levels were 

reduced by 70% in the pelacarsen group and 20% in the placebo group (placebo-corrected 

reduction of 50%) (Figure 24).  

 

 

Figure 24. Effect of pelacarsen on oxidized phospholipids. Data are absolute change from baseline at 6 months 

of Exposure. Modified from Tsimikas et al., [15]. 

 

2.6.2 Lipoprotein apheresis 

A study in patients with FH and varying levels of Lp(a) showed that LA induced acute 

reductions in OxPL-apoB levels by 60-70%, in parallel with reductions in Lp(a) levels [228]. 
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This finding is not surprising given that LA removes all apoB-100-containing lipoproteins. In 

another study in patients undergoing LA who also underwent intensive coronary blood flow 

measurements before and after LA, the baseline OxPL-apoB level was an inverse predictor (r 

= −0.75) of the change in myocardial perfusion in contrast to other lipid parameters, including 

Lp(a) [224] (Figure 25). In a prospective observational study in patients with multiple 

recurrent CVD events who had controlled LDL-C, patients who underwent LA to reduce 

elevated Lp(a) levels had a reduction of 80-90% in CVD events compared with event rates 

before LA [119]. LA in patients with refractory angina, 60% of whom had elevated Lp(a) 

levels, improved coronary blood flow (as measured by MRI) and reduced the frequency of 

angina episodes; however, OxPL-apoB levels were not measured in this study [230].  

 

 

Figure 25. OxPL-apoB as predictor of the change in myocardial perfusion. Correlations are shown for (A) OxPL 

on apo B-100 lipoproteins and (B) LDL cholesterol with myocardial perfusion on myocardial contrast 

echocardiography expressed as the microvascular blood flux rate (b). Data are combined for pre-apheresis 

(green) and post-apheresis (pink) stages. Modified from Wu et al., [224]. 

 

Taken together, the above studies showing that pelacarsen and LA significantly lower OxPL-

apoB and OxPL-apo(a) levels suggest that the presence of OxPL on Lp(a) might, in part, 

mediate its detrimental effects. As a clinical corollary, the binding, inactivation and 

neutralization of OxPLs -for example, with an E06-like antibody-might be an alternative 

approach to reduce the Lp(a)-mediated risk of CVD. The observed effects of the above 

interventions on Lp(a) are concordant with most of the studies that assessed the effect of 

therapeutic interventions aimed at lowering lipid levels on plasma OxPL-apoB levels. These 

studies showed a modest-to-substantial concordance in the direction of changes in OxPL-

apoB and Lp(a) levels. One exception is a study of bariatric surgery associated with potent 

reductions in weight and BMI (from 48 to 33 kg/m2 at 12 months) [185]. Mean OxPL-apoB 

levels decreased 12 months after surgery by 25% (from 5.0 to 3.8 nM; p = 0.001), whereas 
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Lp(a) increased by 40% (from 10.2 to 16.9 mg/dL; p = 0.002) (Figure 26). The reductions in 

OxPL-apoB levels were accompanied by reductions in several other biomarkers of oxidized 

lipoproteins (IgG and IgM MDA-LDL autoantibodies and apoB-100-immune complexes). 

The interpretation of these findings was that weight loss resulted in improved hepatocyte 

function, leading to lower oxidative stress and thus a reduction in OxPL-apoB levels. 

Furthermore, the marked weight loss likely improved hepatocyte metabolic function, thereby 

increasing hepatocyte synthetic capacity and leading to enhanced Lp(a) production, with 

levels returning to or exceeding those observed before bariatric surgery. This explanation is 

consistent with data suggesting that progressive liver disease results in a reduction in Lp(a) 

levels [231]. Future studies might further address this aspect by measuring total OxPLs levels 

to assess the global effects on plasma OxPLs of weight loss interventions in patients with 

liver disease. 

 

 

Figure 26. Absolute changes in A) lipoprotein(a) and B) OxPL-apoB from baseline to 6 months and 12 months 

after bariatric surgery and medical weight management. Modified from Ho et al., [185]. 

 

2.6.3. Low-fat, high-carbohydrate dietary interventions 

Interestingly, low-fat, high-carbohydrate dietary interventions [232] and statin therapy tend to 

raise both OxPL-apoB [15, 229] and Lp(a) [15] levels. At that time, the increase in OxPL-

apoB levels was difficult to interpret in view of the beneficial effects of both low-fat diets and 

statins on CVD events. However, these effects became clearer when newer studies showed 

that a low-fat diet and statin treatment increased the plasma levels of Lp(a), which is the main 

lipoprotein carrier of OxPLs [192]. 
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2.6.4 Statins 

An analysis of 13 distinct cohorts of patients receiving statin therapy for the first time, with 

follow-up measurements of plasma OxPL-apoB and Lp(a) levels, show mean pooled 

estimates of 19% and 10% change, respectively (Figure 27). Of the 13 cohorts, 12 showed 

increases in OxPL-apoB levels after statin therapy initiation, with a mean increase of 19% 

[86, 194, 207, 208, 233-236]. Lp(a) measurements were available in 10 cohorts, and 7 of 

these showed increases in Lp(a) levels after statin therapy initiation, with a mean increase of 

10% [86, 198, 233-236].  

 

Figure 27. Mean percentage change from baseline in oxidized phospholipids and lipoprotein(a) in response to 
first-time statin therapy. The figure displays three distinct cohorts of patients receiving statin therapy for the first 

time, with follow-up measurements of plasma OxPL-apoB and lipoprotein(a) (Lp(a)) levels using the same 

methodology in all studies. In the vast majority of the studies, an increase in OxPL-apoB is present, with an 

overall mean increase of 19%. Lp(a) measurement was available in 10 cohorts and 7 of the 10 showed an 

increase in Lp(a) levels, with a mean increase of 10%. ApoB, apolipoprotein B; OxPL, oxidized phospholipid. 

Modified from Tsimikas & Witztum, [92]. 

 

In a previous, patient-level meta-analysis (n = 5256) of studies using the same Lp(a) assay, 

the mean percentage change from baseline ranged from 8.5% to 19.6% in the statin groups 

and -0.4% to -2.3% in the placebo groups [15] (Figure 28). The mechanism underlying the 

increase in Lp(a) with statin therapy is not known, but preliminary data suggest that the 

increase might be attributable to an elevation in PCSK9 protein level, which then may induce 

a higher production rate of apo(a) [15, 237]. The source of enriched OxPLs in Lp(a) is also 

not known but might reflect changes in fatty acid substrates and oxidative stress in the liver, 
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given that no evidence is available to date to indicate that the OxPL-apoB measure reflects the 

oxidation of lipids on Lp(a) itself [238].  

 

 

Figure 28. The forest plot shows the mean percent changes (95% confidence interval) in lipoprotein(a) values in 

the placebo and statin groups in individual trials. Modified from Tsimikas et al., [15]. 
 

Despite these potentially unfavourable changes in Lp(a) and OxPL-apoB levels with statins, 

patients with elevated Lp(a) levels do benefit from statin therapy. However, these patients 

tend to derive less benefit from statins than individuals with lower Lp(a) levels and with 

similar achieved LDL-C levels, as suggested in multiple studies, including the 4S study [239] 

and the PCSK9 inhibitor studies [135, 136]. However, a retrospective study of consecutive 

patients undergoing percutaneous coronary intervention showed that plasma Lp(a) levels 

increased by 19% after initiation of statin therapy, and patient with the highest increase (>10 

mg/dL) had the highest rates of MACE at 3 years, suggesting that the effect might not be 

benign or neutral [240]. This is an area of active interest and requires further mechanistic and 

clinical studies. 

 

2.6.5 siRNA agents 

OxPL-mediated risk of CVD might be addressed by therapeutic use of oxidation-specific 

antibodies [196], and OxPLs specifically present on Lp(a) might be reduced by novel RNA 

therapeutics targeting Lp(a) production and assembly [15, 152]. The study by O'Donoghue et 

al was a randomized, double-blind, placebo-controlled, dose-finding trial involving patients 

with established ASCVD and a Lp(a) concentration of more than 150 nmol/L. Participants 

were randomly assigned to receive one of 4 doses of olpasiran (10 mg every 12 weeks, 75 mg 

every 12 weeks, 225 mg every 12 weeks, or 225 mg every 24 weeks) or matching placebo, 
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administered subcutaneously. The primary end point was the percent change in the Lp(a) 

concentration from baseline to week 36. At 36 weeks, the Lp(a) concentration increased by a 

mean of 3.6% in the placebo group, whereas olpasiran therapy led to a significant reduction of 

Lp(a) concentration in a dose-dependent manner, resulting in placebo-adjusted mean percent 

changes of -70.5% with the 10 mg dose, -97.4% with the 75 mg dose, -101.1% with the 225 

mg dose administered every 12 weeks, and -100.5% with the 225 mg dose administered every 

24 weeks (p < 0.001 for all comparisons with baseline) (Figure 29). Interestingly an off-

treatment effect follow-up reported that participants receiving doses ≥75 mg Q12W sustained 

a ∼40% to 50% reduction of Lp(a) levels close to 1 year after the last dose [241]. 

Subsequently, the results of phase 2 dose-ranging trial of olpasiran in 281 individuals with 

ASCVD and elevated Lp(a) levels demonstrated a significant and sustained reduction in 

OxPL-apoB [242]. Specifically, the placebo-adjusted mean percentage change in OxPL-apoB 

from baseline to week 36 was -51.6% (95% CI, -64.9% to -38.2%), -89.7% (95% CI, -103.0% 

to -76.4%), -92.3% (95% CI, -105.6% to -78.9%) and -93.7% (95% CI, -107.1% to -80.3%) 

for the 10 mg Q12W, 75 mg Q12W, 225 mg Q12W and 225 mg Q24W dose, respectively  

(all p < 0.001). In addition, there was a strong correlation between percentage reduction in 

Lp(a) and OxPL-apoB for patients treated with olpasiran (r = 0.79; p < 0.001). 

 

 

Figure 29. Percent change in lipoprotein(a) concentration and the placebo-adjusted mean percent change 
from baseline in the lipoprotein(a) concentration with olpasiran at weeks 36 and 48. Modified from 
O'Donoghue et al., [241].  

 

Lepodisiran, another short interfering RNA directed at hepatic synthesis of apo(a), was tested 

in a single ascending-dose trial conducted at 5 clinical research sites in the US and Singapore 

[157]. The trial enrolled 48 adults without CVD and with Lp(a) serum concentrations of 75 

nmol/L or greater (≥30 mg/dL). This phase 1 study reported that lepodisiran was well 

tolerated and produced dose-dependent, long-duration reductions in serum Lp(a) 
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concentrations; however, neither OxPL-apoB nor OxPL-apo(a) were included as study 

outcomes. In a subsequent study lepodisiran reduced mean serum concentrations of Lp(a) 

from 60 to 180 days after administration, but no data on OxPL-apoB/OxPL-apo(a) were 

reported [243]. Similarly, zerlarisan reduced Lp(a) in phase I [155] and phase II trials [156], 

but effects on OxPL-apoB/OxPL-apo(a) were not reported. Finally, muvalaplin reduced Lp(a) 

up to 65% following daily administration for 14 days phase I trial [158] and by ~45-85% in 

phase II trial [159], but again effects on OxPL-apoB/OxPL-apo(a) were not mentioned.  

Gaps within this research field include the limited data regarding OxPL-apoB and therapeutic 

interventions, including the effects of the Mediterranean, plant-based and ketogenic diets as 

well as the effects of drugs including antioxidants, ezetimibe, bempedoic acid, ω-3 fatty acids, 

glucagon-like peptide 1 receptor agonists, CETP and PCSK9 inhibitors. PCSK9 inhibitors 

resulted in no significant difference in the mean per cent change in OxPL-apoB in both the 

ANITSCHKOW and EQUATOR studies [244], but this finding requires confirmation in 

larger studies. There are no studies addressing the impact of PCSK9 inhibitors on OxPL-

apo(a). Monotherapy with extended-release niacin lowers OxPL-apoB (by 17%), as 

demonstrated in one study where OxPL-apoB and Lp(a) were determined in 591 patients at 

baseline and after 24 weeks [229]. In the same study the combination of ezetimibe, 

simvastatin and niacin increased OxPL-apoB by 26% [229]. 

Table 2 presents the various therapeutic interventions and their effect on plasma OxPL-

apoB/OxPL-apo(a) and Lp(a) levels.  

 

Table 2. Agents modifying OxPL-apoB/OxPL-apo(a) concentrations and their possible 

mechanisms of action 

Lp(a)-Lowering Therapy Plasma Lp(a)  Plasma OxPL-apoB/OxPL-apo(a)  

Lipoprotein apheresis 25-40% reduction [119]. 50-75% reduction [224, 228]. 

Statins 7-26% increase (mean 10.6%). 8-48% increase [86, 194, 207, 208, 

233-236]. 

Low-saturated-fat diets 7-79% increase (mean 19.4%). 12-54% increase (mean 21.3%) [15, 

150].  

Bariatric surgery ~11.3% increase. ~2% reduction [185]. 

Niacin 20-30% reduction. ~17% reduction [229]. 

PCSK9 inhibitors ~25-30% reduction. Neutral effect [135, 136, 244]. 

CETP inhibitors ~40% reduction. Unknown effect. 

ASO targeting apo(a) 

(pelacarsen) 

Reduction up to 92.4%. Reduction up to 72% [15, 150]. 

AMG 890 (olpasiran) Reduction of > 90% [15; 152]. Reduction of ~50-90% across dose 

range [242]. 

Lepodisiran Reductions ~40-95% [157, 243]. Unknown effect [157, 243]. 

Zerlasiran Reductions ~95% [155, 156]. Unknown effect [155,156]. 
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Muvalaplin Reductions 45-85% [158, 159]. Unknown effect [158,159]. 
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CHAPTER 3. PLASMINOGEN, LIPOPROTEIN(a) AND OXIDIZED 

PHOSPHOLIPIDS 

3.1 Lp(a) AND FIBRINOLYSIS 

While much in vitro data point to a role for Lp(a) in inhibiting fibrinolysis, in vivo findings 

[38] and a recent translational ex vivo study [245] generally cast doubt on this theory. 

Physiological hemostasis is initiated on tissue factor (TF)-bearing cells, and results in a small 

amount of thrombin that mediates the amplification phase which produces the active 

coagulation factors and active cofactors required for the propagation phase (Figure 27) [4]. 

This phase, occurring on the negatively charged surface of activated platelets, produces the 

large amounts of thrombin required for formation of a stable fibrin clot. Clotting can also be 

initiated by the contact pathway; this pathway may be particularly important in 

atherothrombosis where the ruptured atherosclerotic plaque could provide the necessary 

surface [4]. Lp(a) and apo(a) can promote TF expression on monocytes and can bind to and 

TFPI and may also promote platelet activation and aggregation [193, 246] (Figure 30). 

 

 

Figure 30. Interactions of lipoprotein(a) and apolipoprotein(a) with the coagulation system. HMWK: high 

molecular weight kininogen; PK: prekallikrein. Modified from Boffa, [4]. 
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3.2 IMPAIRED FIBRINOLYSIS IN DYSLIPIDEMIA 

Dyslipidemia promotes the progression of atherosclerosis, whereas impaired fibrinolysis can 

contribute to thrombosis upon atherosclerotic plaque rupture. Atherosclerotic plaque forms as 

lipids build up in the intima layer of the subendothelial matrix. Lipoproteins ionically bind to 

the negatively charged proteoglycans of the extracellular matrix on the arterial wall [247]. 

When this occurs, lipoproteins may become oxidized [248] and then engulfed by 

macrophages, which then become lipid-laden foam cells that exacerbate atherogenesis. When 

the plaque becomes overloaded with lipids, it becomes more vulnerable to rupture. When the 

rupture occurs, the exposed subendothelium triggers platelet activation and aggregation [249], 

and coagulation follows, which leads to a thrombus formation. When the fibrinolytic 

mechanism is impaired, the undissolved thrombus worsens the narrowed atherosclerotic 

artery to occlude, resulting in tissue ischemia. The coupling of dyslipidemia and impaired 

fibrinolysis contributes to atherosclerosis and severe thrombotic cardiovascular outcomes. 

A recent review summarizes the correlations between tPA activity, PAI-1 antigen levels, 

atherogenic apoB-100-containing lipoproteins, and serum or plasma lipid levels [248]. 

Overall, the authors concluded that high tPA activity is associated with low triglyceride levels 

and apoB-100-containing lipoprotein levels. Patients with low tPA activity have the highest 

levels of serum cholesterol and triglyceride, while high serum triglyceride levels are 

associated with high PAI-1 antigen levels. Also, high Lp(a) levels are associated with high 

PAI-1 activity and inhibition by Lp(a) is dependent on the interaction of apo(a) with fibrin 

[248]. 

Apo(a) on Lp(a) can bind to fibrin through its lysinebinding site on its Kringle 4 domain 

[250]. The interaction between apo(a) and fibrin becomes competitive for PLG/fibrin binding, 

which halts the conversion of PLG to plasmin, thus impairing the fibrinolysis mechanism that 

follows this reaction [25, 193, 250]. Lp(a) also inhibits fibrinolysis by inhibiting the 

conversion from glutamine-PLG to lysine-PLG, which is a better substrate for tPA [246].  

Some evidence for an adaptive role of Lp(a) in inhibiting clot lysis (or promoting hemostasis) 

comes from a Mendelian randomization study which found that elevated Lp(a) and genotypes 

associated with elevated Lp(a) decreased risk of major bleeding in the brain and airways 

[251]. The major focus regarding the prothrombotic effects of Lp(a) has been on inhibition of 

PLG activation in the context of the fibrin clot and thus inhibition of clot lysis. However, 

Lp(a) can also inhibit plasmin generation on the surface of endothelial cells, 

monocytes/macrophages, and smooth muscle cells [252]. The reduction in plasmin generation 

could impact both the development of atherosclerosis as well as the clearance of arterial 
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thrombi [25, 193]. Others have speculated that elevated Lp(a) may predispose to worse 

clinical outcomes in patients with COVID-19 [253]. This is based on the potential 

antifibrinolytic and pro-inflammatory activity of Lp(a) and the dramatically enhanced 

occurrence of venous and arterial thrombosis in these patients, as well as the presence of 

airway fibrin deposition in COVID-19-related acute respiratory distress syndrome [254]. 

Notably, Lp(a) concentrations could be acutely raised in COVID-19 by the action of IL-6 

[253].  

Three studies have taken the first steps to examine these possibilities. Di Maio and coworkers 

examined the UK BioBank and found that elevated Lp(a) was causally associated with 

increased risk for ischemic heart disease in both population controls (n = 435,104) and SARS-

CoV-2 positive patients [23]. However, the risk related to elevated Lp(a) appeared to be 

heightened in COVID-19 patients. On the other hand, elevated Lp(a) did not influence the risk 

for VTE in either population [23]. Lippi et al., [255] studied 50 COVID-19 patients and 30 

matched controls who had respiratory symptoms but were COVID-19-negative. Lp(a) 

concentration was not elevated in the COVID-19 patients but was significantly associated 

with severity of COVID-19 illness, including acute kidney failure stage and admission disease 

severity. Additionally, a report from Nurmohamed and coworkers studied 219 COVID-19 

patients admitted to hospital, with 146 having at least 4 serial blood samples available for 

measurement of Lp(a) and inflammatory markers [256]. Together, these studies suggest that 

while Lp(a) may not consistently rise during acute COVID-19 infection, elevated baseline 

Lp(a) could contribute to increased cardiovascular risk in affected patients. However, the 

precise role of Lp(a) in COVID-19 pathophysiology remains uncertain and warrants further 

investigation. 

 

3.3 BENEFICIAL EFFECTS OF LIPID-LOWERING THERAPIES ON 

FIBRINOLYSIS 

Lipid-modifying therapies aim to reduce both cholesterol and triglyceride levels associated 

with apoB-100-lipoproteins [257]. These therapies also show improving fibrinolytic capacity 

(Table 3) [258-265]. 
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Table 3. Summary of lipid-lowering therapies that improve fibrinolysis in humans 

Medication Mechanism Effect on blood lipids Effect on fibrinolysis 

Statins Inhibit β-hydroxy β 

methylglutaryl-CoA reductase 

activity, resulting in increased 

SERBP2 and LDLR gene 

expression. 

Mostly lower LDL 

cholesterol. 

Decrease mean clot lysis 

time, increase blood tPA, 

decrease plasmin inhibitor 

and TAFI activity [258]; 

Increase clot permeability 

[259]. 

Ezetimibe 

 

Increases flow-mediated 

dilation (FMD), resulting in 

improved endothelial function. 

Mostly lower LDL 

cholesterol. 

Proinflammatory LPS 

stimulation and platelet–

endothelium interactions 

increased endothelial uPAR 

expression, which was 

significantly attenuated by 

pre-incubation with 

ezetimibe (100-1000 ng/ml) 

[266]. 

Bembedoic acid  Inhibits ATP-citrate lyase 

(ACLY) that converts citrate 

(exported from mitochondria) 

to acetyl-CoA. 

Mostly lower LDL 

cholesterol. 

Reduced lipid accumulation 

in the aortic wall, suggesting 

a protective effect on 

endothelial integrity [267]. 

PCSK9 

inhibitors 

Increase hepatic LDLR levels 

by inhibiting PCSK9-mediated 

LDLR endocytosis and 

degradation. 

Mostly lower LDL 

cholesterol. 

Reduce venous 

thromboembolism risk and 

Lp(a) levels [260]. 

Fibrates Activate peroxisome 

proliferator-activated receptor 

alpha (PPARα), resulting in 

reduced VLDL production and 

increased LPL activity. 

Mostly lower plasma 

triglyceride. 

Decrease plasma PAI-1 and 

increase tPA release [261]; 

Increases clot permeability 

and decreases clot lysis time 

[259]. 

Niacin Decrease HDL clearance rate. Mostly increases HDL 

cholesterol. 

Decrease PAI-1 [Brown et 

al., 1995] and Lp(a) levels 

[263]. 

 

Statin use in the acute phase of stroke after thrombolysis may improve both short-term (7 

days after onset of stroke) and long-term (3 months after onset of stroke) neurologic function 

[268]. In patients with coronary artery disease, statin use increases plasma fibrinolytic 

potential [258]. Specifically, following statin treatment, the mean clot lysis time decreased, 

tPA levels increased, and plasmin inhibitor levels and TAFI activity decreased [258] (Figure 

31). Statins also increase clot permeability [259].  
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Figure 31. Effects of rosuvastatin on measures of fibrinolysis. Modified from Schol Gelok et al., 2020. 

 

PCSK9 binds to the cell surface of LDLR and reduces LDLR by increasing its intracellular 

lysosomal degradation [264]. Treatment with PCSK9 inhibitors leads to increased cell surface 

LDLR [269]. Interestingly, the use of PCSK9 inhibitors has been shown to reduce venous 

thromboembolism risk. In the FOURIER study of a population with high cardiovascular risk, 

evolocumab reduced the HR for venous thromboembolism events and plasma Lp(a) levels 

beyond one year [270] (Figure 32). Subgroup analyses showed that evolocumab reduced 

Lp(a) by 33 nmol/L and risk of venous thromboembolism by 48% in patients with higher 

baseline Lp(a) levels, whereas evolocumab reduced Lp(a) by only 7 nmol/L and had no effect 

on venous thromboembolism risk in patients with lower baseline Lp(a) levels. Modeled as a 

continuous variable, there was a significant interaction between baseline Lp(a) concentration 

and venous thromboembolism risk reduction, suggesting that Lp(a) reduction may be an 

important mediator of the protective effect of PCSK9 inhibition on venous thromboembolism. 

Because Lp(a) inhibits fibrinolysis by inhibiting PLG activation, increasing fibrin density, and 

enhancing platelet activation [2]. Future studies should investigate the correlation of Lp(a), 

fibrin density, and platelet activity with venous thromboembolism incidence. 
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Figure 32. Effect of evolocumab on the reduction in venous thromboembolism. A, A 29% reduction in the 

overall FOURIER trial (HR, 0.71 [95% CI, 0.50-1.00]; p = 0.05) is demonstrated. B, No difference in VTE 

during the first year (HR, 0.96 [95% CI, 0.57-1.62]; p = 0.89) is shown. C, A landmark analysis highlighting the 

46% reduction in VTE beyond 1 year (HR, 0.54 [95% CI, 0.33-0.88]; p = 0.014). FOURIER indicates Further 

Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects With Elevated Risk; HR, hazard ratio; 

and VTE, venous thromboembolism. 

 

Therapeutic intervention to decrease triglyceride and increase HDL cholesterol levels with a 

goal of lowering atherosclerosis risk also decreases clot lysis time and increases tPA release, 

suggesting increased fibrinolysis [259, 261, 265, 271, 272, 274]. Fibrates, which are 

peroxisome proliferator-activated receptor alpha (PPARα) activators, led to decreased plasma 

PAI-1 level and increased tPA release upon venous occlusion stimulation [261]. Fibrates also 

increase clot permeability and decrease clot lysis time [259]. Niacin, a type of vitamin B that 

increases HDL cholesterol [275], attenuates the synthesis of PAI-1 [262] and lowers Lp(a) 

[263]. 

Recombinant tPA has been approved as a thrombolytic therapy in thrombotic CVD, including 

ischemic stroke and myocardial infarction [276]. Interestingly, human studies showed 

decreased total cholesterol and LDL-C after use of recombinant tPA in patients with ischemic 

stroke [277]. Also, tPA infusion therapy leads to decreased plasma apoB-100 and Lp(a) levels 

in patients with unstable angina [278]. 
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CHAPTER 4. AIM AND EXPERIMENTAL DESIGN 

4.1 BACKGROUND AND AIM 

As discussed above in detail, over the past few years several studies have focused on Lp(a), a 

lipid molecule with atherogenic, thrombogenic and inflammatory properties [26]. Elevated 

Lp(a), mostly genetically determined by the LPA gene locus, has been identified as an 

important cardiovascular risk factor as well as a risk factor for CAVS, with a prevalence rate 

of ~20% in the general population [31]. Currently, there are no medications specifically 

approved for Lp(a) lowering [15, 21, 67]. In this context, current guidelines recommend 

optimal control of other cardiovascular risk factors 33]. In terms of cholesterol management, 

statins remain the cornerstone of lipid-lowering management, but they slightly increase Lp(a) 

levels [190, 124]. Although most lipid-modifying agents do not significantly alter Lp(a) 

concentration [17, 21, 67], PCSK9 inhibitors have been shown to reduce Lp(a) levels [35, 

133, 134].  

ASCVD remains the leading cause of mortality worldwide despite intensive LLT [279]. 

OxPLs contribute to atherosclerosis by promoting inflammation and oxidative modification of 

lipoproteins, while PLG plays a central role in fibrinolysis that can be modified by OxPLs, 

potentially affecting thrombotic risk [21]. Lp(a), structurally similar to LDL, is strongly 

linked to ASCVD [21]. Apo(a) shares homology with PLG, potentially interfering with 

fibrinolysis [21]. Importantly, Lp(a) is the preferential lipoprotein carrier of OxPLs in the 

bloodstream [21]. 

OxPLs, arising from oxidative modifications of phospholipids, are involved in inflammation, 

immunity, and lipid metabolism [21]. They primarily associate with apo(a) [OxPL-apo(a)] 

and apoB-100 [OxPL-apoB], a key component of various lipoproteins, including Lp(a) [91, 

193]. OxPLs accumulate in atherosclerotic lesions and impact vascular endothelial cells, 

immune cells, and coagulation, influencing the pathogenesis of atherosclerosis and 

thrombosis [21]. Increased levels of OxPL-apoB and OxPL-apo(a) are associated with higher 

risks of cardiovascular events [92]. 

PLG is the precursor to plasmin, responsible for fibrinolysis, and exhibits pleiotropic 

functions in extracellular matrix remodeling, cell migration, and inflammatory signaling 

[280]. OxPLs are also bound covalently to PLG, and when they are enzymatically removed 

are associated with longer time to fibrinolysis [281]. Increased levels of OxPL-PLG are 

associated with lower risk of acute thrombotic events [10, 280]. 
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The effects of currently used lipid-lowering medications on OxPL levels remain unclear. 

Statins show mixed effects on OxPL-apoB [282, 229] with limited data on OxPL-apo(a) 

[282]. Ezetimibe’s effect on OxPL-apoB and OxPL-apo(a) is not well studied. PCSK9 

inhibitors have a neutral effect on OxPL-apoB [135, 136, 244, 134], but data for any effect on 

OxPL-apo(a) are lacking. Novel Lp(a)-lowering agents, pelacarsen and olpasiran, has shown 

significant reductions in OxPL-apoB and OxPL-apo(a) levels [150, 242], but for other novel 

pharmacological agents (Lepodisiran, Zerlasiran, muvalaplin) the effect on OxPL-

apoB/OxPL-apo(a) levels remains unknown [15, 152, 155-159]. 

Atherosclerosis is characterized by chronic inflammation and oxidative modification of 

lipoproteins, particularly LDL [283]. Among oxidative modifications, malondialdehyde 

(MDA) is a highly reactive byproduct of lipid peroxidation formed during the oxidative 

degradation of polyunsaturated fatty acids, reacting with peptides including apoB-100 to form 

MDA-modified apoB-100 (MDA-apoB) adducts or neoepitopes [284]. These MDA-apoB 

adducts are recognized as non-self by the immune system, thereby triggering humoral 

immune responses, including the production of IgG and IgM autoantibodies against MDA-

modified epitopes [285]. MDA-modified apoB is considered an important biomarker of 

oxidative stress, inflammation, endothelial dysfunction, immunogenicity and atherogenicity in 

ASCVD [286-288]. Autoantibodies generated by these oxidative modifications can be 

measured as autoantibodies targeting apoB-100-containing immune complexes (IgG and IgM 

apoB-IC), as well as autoantibodies targeting MDA-modified LDL, which can be detected 

using an MDA-peptide mimotope mimicking oxidation-specific epitopes on apoB-100 (IgG 

and IgM anti-MDA-mimotope) [289]. Elevated IgG autoantibodies against MDA-apoB, 

especially against MDA-modified peptide epitopes such as p45 and p210, have been linked to 

incident cardiovascular events and plaque instability [288, 290]. 

Elevated Lp(a) concentrations are associated with increased oxidative burden and immune 

activation, which may predispose to enhanced apoB-100 modification and autoantibody 

generation [85, 238, 281]. Lp(a) carries a disproportionately high content of OxPLs, 

particularly on its apo(a) moiety, which colocalizes with apoB-100 on the LDL-like particle 

[85, 238, 281]. OxPLs on Lp(a) serve as potent epitopes for immune recognition, leading to 

the generation of circulating IgG and IgM autoantibodies targeting oxidation-specific 

epitopes, including MDA-apoB and mimotopes of oxLDL [85, 238, 281]. These 

immunogenic features may contribute to the proatherogenic and proinflammatory properties 

of Lp(a) [85, 235, 281]. 
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Although high-intensity statins, ezetimibe and PCSK9 inhibitors are effective in lowering 

LDL-C and apoB-100 concentrations [39] their effect on oxidized forms of apoB-100 and 

immune responses remain less well understood. To our knowledge, no study has evaluated 

how these treatments impact IgG and IgM autoantibodies against apoB-IC or anti-MDA-

mimotope, either in the general population or in individuals with elevated Lp(a) 

concentrations. 

Taken together, these considerations highlight the need to examine lipid-lowering therapy in 

patients with elevated Lp(a) at clinical, biochemical, and immunologic levels. In this context, 

the aim of this thesis was to evaluate the effect of hypolipidemic therapies on patients with 

elevated levels of Lp(a). Specifically, the thesis aimed to evaluate: (i) the effect of 

hypolipidemic therapies on the lipidemic profile of patients with elevated levels of Lp(a) (≥75 

nmol/L); (ii) the impact of high-intensity statins, add-on ezetimibe and add-on PCSK9 

inhibitors on OxPL-apoB, OxPL-apo(a) and OxPL-PLG levels in individuals with elevated 

Lp(a) concentrations; and (iii) the effect of high-intensity statin treatment, add-on ezetimibe 

and add-on PCSK9 inhibitor therapy on IgG and IgM autoantibodies to apoB-IC as well as 

IgG and IgM anti-MDA-mimotope. 

 

4.2 RESEARCH DESIGN 

The present study included consecutive adult patients with elevated Lp(a) levels and 

dyslipidemia attending the Outpatient Lipid Clinic of the University Hospital of Ioannina. 

Patients were non-randomly allocated to three treatment groups according to the national 

guidelines for the management of dyslipidemias [291]. The 10-year total cardiovascular risk 

was estimated using the Systematic Coronary Risk Evaluation (SCORE) 2 model in 

apparently healthy subjects aged 40-69 years and the SCORE 2 old persons (OP) model in 

those aged ≥70 years [292] These models are recommended for the implementation of 

primary prevention strategies and have been integrated into the European Society of 

Cardiology prevention guidelines [39]. 

According to these guidelines, patients were allocated to one of the following treatment 

strategies: high-intensity statin monotherapy, add-on ezetimibe on stable high-intensity statin 

treatment, or add-on PCSK9 inhibitor (evolocumab or alirocumab) on stable high-intensity 

statin treatment plus ezetimibe (Figure 33). Patients receiving add-on ezetimibe or PCSK9 

inhibitor had been on high-intensity statin treatment or high-intensity statin treatment plus 

ezetimibe, respectively, for at least three months prior to treatment escalation. High-intensity 
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statin treatment was defined as rosuvastatin 20-40 mg or atorvastatin 40-80 mg [39]. Follow-

up duration was three months. 

All study participants were of Caucasian origin. The study protocol conformed to the ethical 

guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics Committee of 

the University General Hospital of Ioannina, Greece (896/21-12-2020). Written informed 

consent was obtained from all participants. 

 

Adult patients with lipoprotein(a) 

levels ≥75 nmol/L and 

dyslipidemia (n=70) 

High-intensity statin monotherapy

(n=28) 

Add-on ezetimibe to patients 

receiving high-intensity statin 

for at least 3 months

(n=31)

Add-on proprotein convertase 

subtilisin/kexin type 9 (PCSK9) inhibitor 

(evolocumab or alirocumab) to patients 

receiving high-intensity statin plus 

ezetimibe for at least 3 months

(n=11)
 

Figure 33. Study design and allocation groups. 

 

4.3 METHODS 

4.3.1 Sample 

The study population consisted of consecutive adult patients with elevated Lp(a) levels (≥30 

mg/dL or ≥75 nmol/L) according to the Hospital Biochemical Laboratory) and dyslipidemia. 

A complete assessment of demographic and clinical characteristics was performed at baseline 

and at three months following initiation or modification of lipid-lowering treatment. Recorded 

variables included sex, age, smoking history, concomitant diseases with emphasis on 

established ASCVD, including coronary artery disease, stroke, peripheral artery disease, and 

carotid stenosis ≥50%, as well as CAVS and cardiometabolic risk factors. BMI and blood 

pressure (BP) were recorded for all participants. 

Office BP measurements were performed according to ESC/ESH guidelines using a validated 

upper-arm cuff BP measurement device and appropriate cuff size [293] Height and weight 
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were measured using validated and calibrated instruments, and BMI was calculated as weight 

(kg) divided by height squared (m²). HeFH was defined according to the Dutch Lipid Clinic 

Network (DLCN) criteria [294]. 

 

4.3.2 Measurements 

4.3.2.1 Routine laboratory assessments 

Venous blood samples were obtained in the morning after overnight fasting of at least 8-12 

hours, using sterile Vacutainer-SST II advance tubes (Becton-Dickinson, Plymouth, UK) and 

potassium EDTA tubes, as appropriate. Tubes were refrigerated immediately after collection, 

centrifuged at 4 °C within 40 minutes, and analyzed within two hours or stored at −80 °C 

until analysis. Plasma and serum samples were subjected to no more than two freeze-thaw 

cycles. 

Routine laboratory measurements included fasting plasma glucose, insulin, uric acid, 

creatinine, and a complete lipid profile comprising total cholesterol (TC), triglycerides (TG), 

high-density lipoprotein cholesterol (HDL-C), LDL-C, apoB-100, and Lp(a). Serum TC and 

TG were determined enzymatically using the Olympus AU600 Clinical Chemistry Analyzer 

(Olympus Diagnostica, Hamburg, Germany). HDL-C was measured by a direct assay 

(Olympus Diagnostica, Hamburg, Germany). LDL-C was calculated using the Friedewald 

formula when TG levels were <400 mg/dL (4.5 mmol/L). Renal function was estimated using 

the CKD-EPI equation based on creatinine values traceable to isotope dilution mass 

spectrometry [295]. 

Insulin resistance was estimated using the Homeostatic Model Assessment for Insulin 

Resistance (HOMA-IR), calculated as fasting plasma glucose (mg/dL) × insulin (mU/L) / 405 

[296]. Common reference levels for HOMA-IR range from 0.7 to 2.2. Lp(a)-cholesterol 

content was estimated as 30% of Lp(a) mass and subtracted from LDL-C to derive corrected 

LDL-C [LDL-Ccorr = LDL-C − 0.3 × Lp(a)] [297]. Concomitant therapies were also 

recorded. 

 

4.3.2.2 Measurement of Lp(a) 

Lp(a) plasma concentrations were measured using a validated, isoform-independent enzyme-

linked immunosorbent assay (ELISA) traced to WHO/IFCC reference material SRM 2B, 

ensuring accurate quantification irrespective of apo(a) isoform size [298]. The assay 

employed the LPA4 monoclonal antibody to capture plasma Lp(a) and a second monoclonal 
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antibody (LPA-KIV9) targeting a unique antigenic site on kringle IV type 9. The analytical 

range of the assay was 0.27-1.402 nmol/L and met strict criteria for accuracy, linearity, 

recovery, and precision. 

 

4.3.2.3 Measurement of oxidized phospholipids 

OxPL-apoB and OxPL-apo(a) reflect the relative enrichment of OxPLs on normalized 

amounts of apoB-100-containing lipoproteins or Lp(a), respectively, captured on microtiter 

plates, independent of total plasma concentrations. These assays therefore reflect the OxPL-

carrying capacity per lipoprotein particle. Although Lp(a) is the major carrier of OxPLs, 

measuring OxPL-apoB provides additional information on OxPL content across other apoB-

100-containing lipoproteins, including LDL and very low-density lipoprotein (VLDL). 

Both the OxPL-apoB and the OxPL-apo(a) ELISA assays utilize a two-antibody system 

consisting of a capture antibody specific to the lipoprotein of interest and a detection antibody 

that targets OxPL. For the OxPL-apoB assay, the capture antibody is recombinant murine 

monoclonal IgG MB47, which binds an epitope on human apoB-100, ensuring selective 

binding to all apoB-100-containing particles. For the OxPL-apo(a) assay, the capture antibody 

is recombinant murine monoclonal IgG antibody LPA4, which recognizes the 14-amino acid 

peptide TRNYCRNPDAEIRP present on apo(a) KIV 5, KIV 7, and KIV 8 and the partial 

sequence NYCRNPDA present on KIV 2, enabling specific capture of Lp(a). In both assays, 

OxPL are detected using the well-characterized biotinylated murine IgM monoclonal antibody 

E06, which binds to phosphocholine-containing oxidized but not native phospholipids, 

thereby ensuring specificity for oxidatively modified phospholipids. 

The assays were replicated at the Medpace Reference Laboratories based on the predicate 

methods developed at the University of California, San Diego (UCSD). MB47, LPA4, and 

E06 monoclonal antibodies were produced under controlled conditions from hybridoma-

derived and recombinant expression systems (GenScript). Lot-to-lot comparability and 

functional equivalence were verified prior to assay implementation using standardized 

quality-control materials within the CLIA laboratory. 

For both the OxPL-apoB and the OxPL-apo(a) chemiluminescent ELISAs, 96-well microtiter 

plates (Eppendorf) were coated overnight at 4oC with 40 μl per well of either MB47 (5 μg/ml 

for OxPL-apoB) or LPA4 [5 μg/ml for OxPLapo(a)] in Dulbecco’s phosphate-buffered saline 

(pH 7.0). Plates were then blocked with 1% bovine serum albumin (BSA; Sigma-Aldrich) in 

Tris-buffered saline (TBS) for 1 h at room temperature. Cartoons of the methodologies for the 

OxPL-apoB and OxPL-apo(a) assays are shown in Figure 34. Serum or EDTA plasma 
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samples are diluted 1:50 for OxPL-apoB and OxPL-apo(a) in TBS containing 0.025 mM 

Butylated hydroxytoluene (BHT), 1% BSA, 0.27 mM EDTA, and 0.02% sodium azide. 

Samples are added in duplicate (40 μl/well) and incubated for 1 h at room temperature. 

Following three washes with TBS-EDTA, biotinylated E06 (1 μg/ml) is added to each well 

and incubated for an additional hour. After washing, NeutrAvidin-conjugated alkaline 

phosphatase (AP; Thermo Fisher Scientific) with activators (1 M MgCl 2, 0.1 mM ZnCl 2) is 

applied for 1 h, followed by detection using 25 μl/well of Lumi-Phos 530 chemiluminescent 

substrate (Lumigen Inc). Plates are read using a BioTek Synergy H1 plate reader (Agilent 

Technologies), and relative light units per 100 ms (RLU) are recorded. Assay calibration 

curves are generated using serial dilutions of a pooled high-OxPL serum reference material 

(Medpace Reference Laboratories) whose values are referenced to known quantities of PC-

BSA, and results are interpolated using a 4-parameter logistic fit. The OxPL-apoB and OxPL-

apo(a) assays were implemented at the Medpace Reference Laboratories and the analytical 

validation was performed in accordance with the Clinical Laboratory Improvement 

Amendments (CLIA) and College of American Pathologists (CAP) accreditation 

requirements. Testing procedures were based on the Clinical and Laboratory Standard 

Institute (CLSI) method evaluation standard. Acceptability criteria for quantitation limits, as 

well as storage and freeze/thaw stability, were based on the 2022 FDA M10 Bioanalytical 

Method Validation and Study Samples (FDA M10 BMVSS) guidance. Validation parameters 

included within-run precision, total imprecision, linearity, analytical measuring range (AMR), 

lower and upper limits of quantification (LLOQ, ULOQ), spike and recovery, dilutability, 

accuracy, matrix equivalency, and reference ranges in normolipidemic individuals [299]. 

Results were expressed as nmol/L of phosphocholine equivalents. 

 

 

Figure 34. Methodologies for the OxPL-apoB and OxPL-apo(a) assays. (A) To quantify OxPL-apoB, the MB47 

antibody is plated overnight at 5 μg/ml to bind apoB-100 on the microtiter plate; the excess material is then 

washed off, and the plasma sample is added at a 1:50 dilution to allow apoB-100 to bind to the immobilized 

MB47. Because MB47 recognizes all apoB-100-containing particles with similar specificity, the apoB-100 

captured on the plate will reflect the proportion of apoB-100-containing particles that are present in the plasma 

sample. For example, if Lp(a) levels are elevated, a higher proportion of apoB-100 from Lp(a) will be captured 

on the microtiter well plate. Biotin-modified E06 (1 μg/ml) is then added to the plate to bind to the OxPLs 
present on apoB-100-containing lipoproteins, and streptavidin modified with alkaline phosphatase is added to 
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bind to the biotin–E06 in a 1:1 ratio. A chemiluminescent substrate for alkaline phosphatase (Lumi-Phos) is then 

added to generate light, which is directly proportional to the amount of phosphocholine-containing OxPLs 

present in the microtiter well plate and reported as RLU emitted per 100 ms. RLUs are then converted to 

nanomoles per liter using a standard curve of phosphocholine (PC) equivalents; (B) To quantify OxPL-apo(a), 

the LPA4 antibody is plated overnight at 5 μg/ml to bind apo(a) on the microtiter plate; the excess material is 

then washed off, and the plasma sample is added at a 1:50 dilution to allow Lp(a)/apo(a) to bind to the 

immobilized LPA4. Biotin-modified E06 (1 μg/ml) is then added to the plate to bind to the OxPLs present on 

Lp(a)/apo(a)-containing lipoproteins, and streptavidin modified with alkaline phosphatase is added to bind to the 

biotin–E06 in a 1:1 ratio. A chemiluminescent substrate for alkaline phosphatase (Lumi-Phos) is then added to 

generate light, which is directly proportional to the amount of PC-containing OxPLs present in the microtiter 
well plate and reported as RLU emitted per 100 ms. RLUs are then converted to nanomoles per liter using a 

standard curve of PC equivalents. Modified from Marcovina et al., 2026. 

 

4.3.2.4 Measurement of oxidation-specific autoantibodies 

Plasma IgG and IgM autoantibodies against apoB-IC and MDA-mimotope peptides were 

measured using validated chemiluminescent ELISAs adapted from previously published 

protocols [198, 208, 209]. Microtiter plates were coated either with monoclonal antibodies 

against apoB-100 (MB47) to capture circulating apoB-100-containing lipoproteins or with 

synthetic MDA-mimotope peptides. Diluted plasma samples were added in duplicate and 

incubated for two hours at room temperature. Internal controls consisting of high and low 

standard plasma samples were included on each microtiter plate to detect potential variations 

between plates. Each sample was assayed in triplicate, and data are expressed as relative light 

units in 100ms. The intra-assay coefficients of variation for all assays were 6% to 10%. For 

oxidation-specific autoantibody detection: Plasma titers of IgG and IgM antibodies against 

MDA-modified LDL were measured using defined plasma dilutions (e.g., 1:200 for MDA 

epitopes), based on previously validated oxidation-specific epitope immunoassays. 

Bound antibodies were detected using alkaline phosphatase-conjugated goat anti-human IgG 

or IgM secondary antibodies, followed by chemiluminescent development with Lumi-Phos 

530. Relative light units were measured using a BioTek SYNERGY HTX multi-mode 

luminometer. Results were expressed in arbitrary units relative to reference plasma samples. 

Internal high- and low-standard plasma controls were included on each plate. Intra-assay and 

inter-assay coefficients of variation were <10% and <15%, respectively. 

 

4.3.3 Statistical analysis 

Continuous variables were tested for normality using the Kolmogorov-Smirnov test. Data are 

presented as mean ± standard deviation (SD) for normally distributed variables and as median 

[interquartile range (IQR)] for non-normally distributed variables. Categorical variables are 

presented as frequency counts and percentages. Comparisons between categorical variables 

were performed using the chi-square (χ²) test. Comparisons between baseline and post- 
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treatment measurements were performed using paired statistical tests (paired t-test or 

Wilcoxon signed-rank test, as appropriate) within each group. The independent samples t-test 

and Mann-Whitney U test were used for the comparison of continuous numeric values 

between 2 groups, as appropriate. One-way analysis of variance (one-way ANOVA) and 

Kruskal-Wallis test were used to assess differences in continuous variables among two or 

more groups, as appropriate. Multivariate analysis of covariance (MANCOVA) was used to 

compare continuous variables between two or more groups, adjusting for the baseline value of 

the variable of interest. In analyses examining OxPLs and immune-related biomarkers, 

MANCOVA models were additionally adjusted for key covariates, including age, sex, LDL-

C, Lp(a), and ASCVD status. Correlation analyses were performed using Pearson’s 

correlation coefficient to assess associations between Lp(a), LDL-C, oxidized phospholipid 

biomarkers [OxPL-apoB and OxPL-apo(a)], apoB-100, and IgG apoB-IC at baseline and 

follow-up, as well as between changes observed over time. Correlation analyses were 

conducted for the entire cohort and separately for each treatment group. All statistical tests 

were two-tailed, and statistical significance was defined as p < 0.05. Statistical analyses were 

performed using SPSS software (SPSS Statistics for Windows, Version 28.0; IBM Corp., 

Armonk, New York, NY, USA). 
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CHAPTER 5. RESULTS 

5.1 SAMPLE 

In total, 70 subjects were included. Mean age was 51 ± 15 years, 40% of participants were 

male, 39% were diagnosed with HeFH, and 16% had established ASCVD. Overall, 36%, 

33%, and 15% of participants were classified as being at very high, high, and moderate 

cardiovascular risk, respectively (Table 4). 

 

Table 4. Study participants baseline characteristics. 

 High-

intensitystatin 

monotherapy 

Add-on 

ezetimibe to 

statin 

Add-on PCSK9 

inhibitor to statin 

and ezetimibe 

Total 

sample 

 

Number of patients (N) 

 

28 

 

31 

 

11 

 

70 

Gender Male 32% 42% 55% 40% 

Age (years) 45 (±16) 54 (±13) 55 (±14) 51 (±15) 

Smoking 

Never smoker 

Former smoker 

Current smoker 

 

64% 

11% 

25% 

 

58% 

16% 

26% 

 

60% 

30% 

10% 

 

61% 

16% 

23% 

Cardiovascular Risk Categories     

Low risk 26% 11% 9% 17% 

Intermediate risk 22% 15% 0 15% 

High risk 39% 37% 9% 33% 

Very high risk 13% 37% 82% 36% 

Arterial hypertension 11% 36%* 36% 26% 

Type 2 diabetes  4% 23%* 20% 15% 

Heterozygous  

familial hypercholesterolemia 

21% 32% 100%*# 39% 

Coronary heart disease 0 7% 64%*# 13% 

Stroke 0 3% 9% 3% 

Carotid stenosis 4% 0 9% 3% 

Peripheral artery disease 0 0 18%*# 3% 

Atherosclerotic  

cardiovascular disease 

4% 10% 100%*# 16% 

Calcific aortic valve stenosis 0 0 9% 1% 

Chronic kidney disease 0 0 18%*# 3% 

Data are presented as N (%). Parametric variables are presented as mean (±SD) and non-parametric as median 

(IQR). *p < 0.05 for the comparison with high-intensity statin monotherapy; #p < 0.05 for comparison with 

high-intensity statin plus ezetimibe. Abbreviations: LDL-C; Low-density lipoprotein cholesterol, PCSK9; 

proprotein convertase subtilisin/kexin type 9. 

 
Regarding treatment allocation, 28 naïve patients received high-intensity statin monotherapy, 

31 patients on stable high-intensity statin treatment received add-on ezetimibe, and 11 

patients on stable high-intensity statin treatment plus ezetimibe received add-on PCSK9 

inhibitor therapy. In the statin monotherapy group, all patients received rosuvastatin (median 
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dose 20 mg). In the statin plus ezetimibe group, 77% were on rosuvastatin (median dose 20 

mg) and 23% on atorvastatin (median dose 40 mg). In the PCSK9 inhibitor group, 55% were 

on rosuvastatin (median dose 40 mg) and 45% on atorvastatin (median dose 40 mg). 

Patients who received add-on ezetimibe ± PCSK9 inhibitor had significantly increased 

prevalence of arterial hypertension and type 2 diabetes compared with patients on high-

intensity statin monotherapy (p = 0.026 and p = 0.033, respectively). In addition, patients on 

triple therapy had significantly increased prevalence of HeFH, ASCVD and chronic kidney 

disease compared with the other 2 groups (p = 0.000, p = 0.000 and p = 0.021, respectively, 

for the comparison with the high-intensity statin monotherapy group and p = 0.000, p = 0.000 

and p = 0.015, respectively, for the comparison with the add-on ezetimibe group). All 

therapeutic interventions were well tolerated, and no adverse events were reported during the 

study. 

 

5.2 LIPIDEMIC AND GLYCEMIC PROFILE 

All interventions were associated with significant reductions of apoB-100, TC, LDL-C and 

non-high-density lipoprotein cholesterol (non-HDL-C), but only PCSK9 inhibitors were 

associated with significant decreases of Lp(a) (Table 5 and Figures 35-39). Indeed, PCSK9 

inhibitors were associated with the highest reduction in LDL-C (add-on PCSK9 inhibitor: -

55% vs add-on ezetimibe: -22% vs high-intensity statin: -43%, p < 0.05) and Lp(a) levels 

(add-on PCSK9 inhibitor: -43.1% vs add-on ezetimibe: +15.3% vs high-intensity statin: 

+5.5%, p < 0.05). The same was noted for the change in LDL-Ccorr across 3 groups (Table 

5). TGs and HDL-C were reduced only in the high-intensity statin group (Table 5 and Figure 

40 and 41).   

 

Table 5. Effect of lipid-lowering drugs on the lipidemic profile of patients with elevated lipoprotein(a) 

 Baseline Visit After 3 Months Absolute Change 

within each Group 

Within group 

% change  

Total Cholesterol, mg/dL, mean (SD) 

High-intensity statin 

(n=28) 

256 (±38) 177 (±35) -79 (±51) ‡ -31% ‡ 

Add-on ezetimibe to statin 

(n=31) 

176 (±23) * 151 (±23) * -25 (±20) ‡ -14% ‡ 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

217 (±52) *# 138 (±43) * -78 (±30) ‡*# -36% ‡*# 

Triglycerides, mg/dL, median (IQR) 

High-intensity statin 

(n=28) 

97 (57;263) 78 (45;371) -21 (-140;284) ‡ -20% ‡ 

Add-on ezetimibe to statin 105 (44;198) 81 (45;254) -8 (-98;74) -23% 
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(n=31) 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

96 (72-270) 79 (44-363) -20 (-119 to 93) -18% 

High-density Lipoprotein Cholesterol, mg/dL, mean (SD) 

High-intensity statin 

(n=28) 

60 (±15) 58 (±13) -3 (±7) ‡ -3% ‡ 

Add-on ezetimibe to statin 

(n=31) 

54 (±16) 54 (±14) -1 (±7) 0 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

52 (±12) 51 (±15) 0 -2% 

Non-high-density Lipoprotein Cholesterol, mg/dL, mean (SD) 

High-intensity statin 
(n=28) 

196 (±38) 119 (±31)  -76 (±49) ‡ -39% ‡ 

Add-on ezetimibe to statin 

(n=31) 

122 (±20) * 97 (±19)  -25 (±20) ‡* -20% ‡* 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

165 (±47) *# 87 (±36) * -78 (±39) ‡# -47% ‡# 

Low-density Lipoprotein Cholesterol, mg/dL, mean (SD) 

High-intensity statin 

(n=28) 

174 (±34) 99 (±27) -75 (±44) ‡ -43% ‡ 

Add-on ezetimibe to statin 
(n=31) 

101 (±19) * 79 (±15) * -22 (±19) ‡ -22% ‡ 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

140 (±45) *# 63 (±30) #* -78 (±37) ‡*# -55% ‡*# 

Low-density Lipoprotein Cholesterol corrected for Lipoprotein(a) Cholesterol, mg/dL, mean (SD) 

High-intensity statin 

(n=28) 

153 (±36) 78 (±30) -77 (±46) ‡ -50% ‡ 

Add-on ezetimibe to statin 

(n=31) 

81 (±20) * 56 (±20) * -25 (±20) ‡* -31% ‡* 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 

(n=11) 

113 (±54) *# 42 (±34) * -71 (±38) ‡# -63% ‡# 

Apolipoprotein B-100, mg/dL, mean (SD) 

High-intensity statin 

(n=28) 

102 (±27) 70 (±18) -32 (±28) ‡ -31% ‡ 

Add-on ezetimibe to statin 

(n=31) 

85 (±26) * 65 (±13) -20 (±20) ‡ -24% ‡ 

Add-on PCSK9 inhibitor 
to statin and ezetimibe 

(n=11) 

107 (±22) # 59 (±19) -47 (±28) ‡* -45% ‡* 

Lipoprotein(a), nmol/L, median (IQR) 

High-intensity statin 

(n=28) 

131.4 (100.4;171.9) 138.7 (111.0;195.5) 17.9 (-111.4;124.2) +5.5% 

Add-on ezetimibe to statin 

n=31) 

128.5 (75.0;184.8) 148.2 (106.6;179.9) 11.3 (-84.3;129.7) +15.3% 

Add-on PCSK9 inhibitor 

to statin and ezetimibe 
(n=11) 

139.6 (75.0;278.9) 84.8 (39.5;210.9) -44.9 (-249.6;46.3) -43.1 ‡ 

Parametric variables are presented as mean (±SD) and non-parametric as median (IQR). ‡p < 0.05 for the comparison within 

each group; *p < 0.05 for the comparison with patients treated with a high-intensity statin; #p < 0.05 for comparison with 

patients treated with ezetimibe plus high-intensity statin. Abbreviations: PCSK9; proprotein convertase subtilisin/kexin type 

9. 
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Figure 35. Effect of lipid-lowering treatment on the levels [mean (SD)] of apolipoprotein B-100 (apoB-100). 

 
 

 

 

Figure 36. Effect of lipid-lowering treatment on the levels [mean (SD)] of total cholesterol (TC). 
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Figure 37. Effect of lipid-lowering treatment on the levels [mean (SD)] of low-density lipoprotein cholesterol 

(LDL-C). 
 

 
Figure 38. Effect of lipid-lowering treatment on the levels [mean (SD)] of non-high-density lipoprotein 

cholesterol (non-HDL-C). 
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Figure 39. Effect of lipid-lowering treatment on the levels [median (IQR)] of lipoprotein(a) [Lp(a)]. 

 

 

Figure 40. Effect of lipid-lowering treatment on the levels [median (IQR)] of triglycerides (TGs). 
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Figure 41. Effect of lipid-lowering treatment on the levels [mean (SD)] of high-density lipoprotein cholesterol 

(HDL-C). 

Patients in the add-on ezetimibe to statin group and the add-on PCSK9 inhibitor to statin and 

ezetimibe group achieved the highest rates of LDL-C target attainment (Table 6). 

Table 6. Effect of lipid-lowering drugs on achieving low-density lipoprotein cholesterol (LDL-C) target. 

 LDL-C target achieved 

High-intesity statin (n=28) 36% (10/28) 

Add-on ezetimibe to statin (n=31) 45% (14/31) 

Add-on PCSK9 inhibitor to statin and 

ezetimibe (n=11) 
45% (5/11) 

Abbreviations: LDL-C; Low-density lipoprotein cholesterol, PCSK9; proprotein convertase subtilisin/kexin type 9. 

 

Among study participants without diabetes (n=60), high-intensity statin treatment and the 

addition of ezetimibe to high-intensity statin had no significant effect on glycemic profile 

(Table 7). Similar results were noted for PCSK9 inhibitors, although a non-significant trend 

towards a decrease in HOMA-IR index by 19% was noticed (Table 7). 
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Table 7. Effect of lipid-lowering drugs on the glycemic profile of patients with elevated lipoprotein(a). 

 Baseline Visit After 3 Months Absolute 

Change within 

each Group 

% Change 

within 

each 

group 

Glucose, mg/dL, mean (SD) 

High-intesity statin 

(n=28) 

90 (±8)     91 (±12)         1 (±11)        1% 

Add-on ezetimibe to 

statin (n=31) 

  97 (±11) *      98 (±10) *        0        0 

Add-on PCSK9 

inhibitor to statin and 

ezetimibe (n=11) 

91 (±6)      90 (±10)        -1 (±11)      -1% 

Insulin, μU/mL, median (IQR) 

High-intesity statin 

(n=28) 

7.2 (2.8-151.4) 7.3 (3.3-123.3) 0.4 (-28.1 to 18.4)      6% 

Add-on ezetimibe to 

statin (n=31) 

6.7 (2.8-42.0) 8.3 (2.9-30.3) 0.1 (-21.8 to 18.8)      1% 

Add-on PCSK9 

inhibitor to statin and 

ezetimibe (n=11) 

10.8 (3.1-55.9)          9 (2.4-37.1)            -1.8 (-27.5 to 6.4)      -17% 

HOMA Insulin Resistance Index, median (IQR) 

High-intesity statin 

(n=28) 

1.7 (0.4-38.1) 1.6 (0.6-42.6)       -0.1 (-1.5 to 4.5)     -6% 

Add-on ezetimibe to 

statin (n=31) 

1.7 (0.7-10.0) 2.1 (0.7-7.6)    0     0 

Add-on PCSK9 

inhibitor to statin and 

ezetimibe (n=11) 

2.6 (0.7-12.0)         2 (0.5-9.0)      -0.5 (-6.3 to -0.6)      -19% 

Parametric variables are presented as mean (±SD) and non-parametric as median (IQR). *p < 0.05 for the comparison 

with patients treated with a high-intensity statin. Abbreviations: PCSK9; proprotein convertase subtilisin/kexin type 9. 

 

5.3 OxPL-apoB, OxPL-apo(a) AND OxPL-PLG 

Both high-intensity statins and add-on ezetimibe significantly increased OxPL-apoB by 2.9% 

and 28.7% (Table 8 and Figure 42), respectively, as well as OxPL-apo(a) by 100.8% and 

40.1% (Table 8 and Figure 43), respectively. Add-on PCSK9 inhibitors resulted in a numerical 

decrease of OxPL-apoB by 12.5% (p = NS) and a numerical increase of OxPL-apo(a) by 12% 

(p = NS) (Table 8 and Figures 42 and 43).  

 

Table 8. Effect of lipid-lowering drugs on oxidized phospholipids and plasminogen levels.  

 Baseline Visit After 3 Months % Change within 

each group 

OxPL-apoB, nmol/L, median (IQR) 

High-intensity statin (n=28) 27.9 (19.7;33.0) 28.7 (21.2;49.2) +2.9% ǂ 

Add-on ezetimibe to statin (n=31) 27.5 (21.3;37.8) 35.4 (19.8;57.9) +28.7% ǂ 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 
24.8 (16.7;45.4) 21.7 (5.7;55.3) -12.5% 



90 

 

OxPL-apo(a), nmol/L, median (IQR) 

High-intensity statin (n=28) 11.9 (9.7;15.6) 23.9 (13.4;33.1) +100.8% ǂ 

Add-on ezetimibe to statin (n=31) 14.2 (11.6;20.0) 19.9 (13.8;34.5) +40.1% ǂ 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 
15.0 (9.4;20.1) 16.8 (10.5;39.8) +12.0% 

OxPL-PLG, nmol/L, median (IQR) § 

High-intensity statin (n=28) 257.9 (224.4;343.2) 252.2 (175.5;294.6) -2.2% ǂ 

Add-on ezetimibe to statin (n=31) 303.3 (237.9;373.8) 246.4 (202.3;333.3) -18.8% ǂ 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 
283.6 (170.4;380.2) 268.8 (194.9;299.6) -5.2% 

Total Plasminogen, mg/dL, median (IQR) 

High-intensity statin (n=28) 10.1 (7.5;12.6) 10.3 (7.9;13.3) +2.0% 

Add-on ezetimibe to statin (n=31) 10.7 (9.1;14.0) 11.2 (7.6;12.5) +4.7% 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 
11.3 (8.5;14.3) 12.0 (9.7;13.6) +6.2% 

ǂp < 0.05 for the comparison within each group; *p < 0.05 for the comparison with patients treated with high-

intensity statin; #p < 0.05 for the comparison with patients treated with high-intensity statin plus ezetimibe; § p 

values were calculated after excluding 4 outliers. Abbreviations: PCSK9; proprotein convertase subtilisin/kexin 

type 9, OxPL-apoB; oxidized phospholipids on apolipoprotein B-100, OxPL-apo(a); oxidized phospholipids on 

apolipoprotein(a), OxPL-PLG; oxidized phospholipids on plasminogen. 
 

 

 

 
Figure 42. Effect of lipid-lowering treatment on the levels [median (IQR)] of oxidized phospholipids on 

apolipoprotein B-100 (OxPL-apoB). 
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Figure 43. Effect of lipid-lowering treatment on the levels [median (IQR)] of oxidized phospholipids on 

apolipoprotein(a) levels [OxPL-apo(a)]. 

 

In the total population, correlation analyses at baseline revealed a significant association 

between Lp(a) and OxPL-apo(a) (r = 0.667, p < 0.001, Figure 44) as well as between Lp(a) 

and OxPL-apoB (r = 0.695, p < 0.001) (Figure 45), while LDL-C was not significantly 

correlated with OxPL-apoB (r = –0.198, p = 0.109) (Figure 46).  

 

 

Figure 44. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at baseline for the whole sample. 



92 

 

 

Figure 45. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at baseline for the whole sample. 

 

 

Figure 46. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at baseline for the whole sample. 
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Similar patterns were observed at 3 months for the whole sample, with Lp(a) showing 

significant correlations with both OxPL-apo(a) (r = 0.696, p < 0.001) (Figure 47) and OxPL-

apoB (r = 0.861, p < 0.001) (Figure 48), while LDL-C was not significantly associated with 

OxPL-apoB (r = 0.114, p = 0.355) (Figure 49).  

 

 

Figure 47. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at 3 months for the whole sample. 

 

 

Figure 48. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at 3 months for the whole sample. 
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Figure 49. Correlation between low density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at 3 months for the whole sample.  

 

Correlation analyses based on changes from baseline to follow-up for the whole sample 

showed no significant associations between changes in OxPL-apoB and LDL-C (r = –0.007, p 

= 0.958) (Figure 50), whereas a significant correlation was observed between changes in 

OxPL-apoB and Lp(a) (r = 0.646, p < 0.001) (Figure 51) or OxPL-apo(a) and Lp(a) (r = 

0.520, p < 0.001) (Figure 52).  

 

Figure 50. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 

low-density lipoprotein cholesterol (LDL-C) levels for the whole sample. 
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Figure 51. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 

lipoprotein(a) levels for the whole sample. 

 

 

Figure 52. Correlation between changes in oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] and 

lipoprotein(a) levels for the whole sample. 
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For the high-intensity statin group correlation analyses at baseline revealed a significant 

association between Lp(a) and OxPL-apo(a) (r = 0.602, p = 0.001) (Figure 53) as well as 

between Lp(a) and OxPL-apoB (r = 0.694, p < 0.001) (Figure 54), while LDL-C was not 

significantly correlated with OxPL-apoB (r = –0.299, p = 0.13) (Figure 55).  

 

 
Figure 53. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at baseline for the high-intensity statin group. 

 
 

 
Figure 54. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein-apoB [OxPL-apoB] 

levels at baseline for the high-intensity statin group. 
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Figure 55. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at baseline for the high-intensity statin group. 

 

Similar patterns were observed at 3 months for the high-intensity statin group, with Lp(a) 

showing significant correlations with both OxPL-apo(a) (r = 0.573, p = 0.001) (Figure 56) 

and OxPL-apoB (r = 0.763, p < 0.001) (Figure 57), and LDL-C not significantly associated 

with OxPL-apoB (r = -0.019, p = 0.554) (Figure 58).  

 

 

 
Figure 56. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at 3 months for the high-intensity statin group. 
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Figure 57. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein-apoB [OxPL-apoB] 

levels at 3 months for the high-intensity statin group. 

 
 

 

Figure 58. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at 3 months for the high-intensity statin group. 
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Correlation analyses based on changes from baseline to follow-up for the high-intensity statin 

group showed no significant associations between changes in OxPL-apoB and LDL-C (r = –

0.375, p = 0.059) (Figure 59) or OxPL-apo(a) and Lp(a) (r = 0.366, p = 0.055) (Figure 60), 

whereas a significant correlation was observed between changes in OxPL-apoB and Lp(a) (r 

= 0.483, p = 0.009) (Figure 61).  

 
Figure 59. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 

low-density lipoprotein cholesterol (LDL-C) levels for the high-intensity statin group. 

 

 

 
Figure 60. Correlation between changes in oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] and 
lipoprotein(a) levels for the high-intensity statin group. 
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Figure 61. Correlation between changes in oxidized phospholipids on apolipoprotein-apoB [OxPL-apoB] and 

lipoprotein(a) levels for the high-intensity statin group. 

 

For the add-on ezetimibe group correlation analyses at baseline revealed a significant 

association between Lp(a) and OxPL-apo(a) (r = 0.651, p < 0.001, Figure 62) as well as 

between Lp(a) and OxPL-apoB (r = 0.686, p < 0.001) (Figure 63), while LDL-C was not 

significantly correlated with OxPL-apoB (r = –0.003, p = 0.987) (Figure 64).  

 

 
Figure 62. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at baseline for the add-on ezetimibe group. 
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Figure 63. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at baseline for the add-on ezetimibe group. 
 

 
Figure 64. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at baseline for the add-on ezetimibe group. 

 

 

Similar patterns were observed at 3 months for the add-on ezetimibe group, with Lp(a) 

showing significant correlations with both OxPL-apo(a) (r = 0.655, p < 0.001) (Figure 65) 

and OxPL-apoB (r = 0.724, p < 0.001) (Figure 66), and LDL-C not significantly associated 

with OxPL-apoB (r = -0.241, p = 0.191) (Figure 67).  
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Figure 65. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at 3 months for the add-on ezetimibe group. 

 

 
Figure 66. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at 3 months for the add-on ezetimibe group. 
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Figure 67. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at 3 months for the add-on ezetimibe group. 

 

Correlation analyses based on changes from baseline to follow-up for the add-on ezetimibe 

group showed no significant associations between changes in OxPL-apoB and LDL-C (r = –

0.068, p = 0.722) (Figure 68) or Lp(a) (r = -0.057, p = 0.762) (Figure 69), whereas a 

significant correlation was observed between changes in OxPL-apo(a) and Lp(a) (r = 0.440, p 

= 0.013) (Figure 70). 

 

 
Figure 68. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 
low-density lipoprotein cholesterol (LDL-C) levels for the add-on ezetimibe group. 
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Figure 69. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 

lipoprotein(a) levels for the add-on ezetimibe group. 

 

 

 

 

Figure 70. Correlation between changes in oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] and 

lipoprotein(a) levels for the add-on ezetimibe group. 
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For the add-on PCSK9 inhibitor group correlation analyses at baseline revealed a significant 

association between Lp(a) and OxPL-apo(a) (r = 0.907, p < 0.001, Figure 71) as well as 

between Lp(a) and OxPL-apoB (r = 0.828, p = 0.002) (Figure 72), while LDL-C was not 

significantly correlated with OxPL-apoB (r = –0.261, p = 0.467) (Figure 73).  

 

 
Figure 71. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 

levels at baseline for the add-on PCSK9 inhibitor group. 
 

 
Figure 72. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at baseline for the add-on PCSK9 inhibitor group. 
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Figure 73. Correlation between low-density lipoprotein (LDL-C) and oxidized phospholipids on apolipoprotein 

B-100 [OxPL-apoB] levels at baseline for the add-on PCSK9 inhibitor group. 

 

Similar patterns were observed at 3 months for the add-on PCSK9 inhibitor group, with Lp(a) 

showing significant correlations with both OxPL-apo(a) (r = 0.942, p < 0.001) (Figure 74) 

and OxPL-apoB (r = 0.976, p < 0.001) (Figure 75), whilst LDL-C was not significantly 

associated with OxPL-apoB (r = 0.220, p = 0.987) (Figure 76).  

 

 
Figure 74. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] 
levels at 3 months for the add-on PCSK9 inhibitor group. 
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Figure 75. Correlation between lipoprotein(a) and oxidized phospholipids on apolipoprotein B-100 [OxPL-

apoB] levels at 3 months for the add-on PCSK9 inhibitor group. 
 

 
Figure 76. Correlation between low-density lipoprotein cholesterol (LDL-C) and oxidized phospholipids on 

apolipoprotein B-100 [OxPL-apoB] levels at 3 months for the add-on PCSK9 inhibitor group. 

 

Correlation analyses based on changes from baseline to follow-up for the add-on PCSK9 

inhibitor group showed no significant associations between changes in OxPL-apoB and LDL-

C (r = 0.022, p = 0.952) (Figure 77), whereas a significant correlation was observed between 
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changes in OxPL-apo(a) and Lp(a) (r = 0.912, p < 0.001) (Figure 78) or between changes in 

OxPL-apoB and Lp(a) (r = 0.841, p = 0.001) (Figure 79). 

 

 
Figure 77. Correlation between changes in oxidized phospholipids on apolipoprotein B-100 [OxPL-apoB] and 

low-density lipoprotein cholesterol (LDL-C) levels for the add-on PCSK9 inhibitor group. 

 

 

 
Figure 78. Correlation between changes in oxidized phospholipids on apolipoprotein(a) [OxPL-apo(a)] and 

lipoprotein(a) levels for the add-on PCSK9 inhibitor group. 
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Figure 79. Correlation between changes in oxidized phospholipids in apolipoprotein B-100 [OxPL-apoB] and 

lipoprotein(a) levels for the add-on PCSK9 inhibitor group. 

 

Both high-intensity statins and add-on ezetimibe significantly decreased OxPL-PLG by 2.2% 

and 18.8% (Table 8 and Figure 80), respectively, whereas no significant changes in PLG were 

noted (Table 8 and Figure 81). Add-on PCSK9 inhibitors resulted in no significant changes in 

OxPL-PLG and PLG (Table 8, Figure 80 and 81). 

 
Figure 80. Effect of lipid-lowering treatment on the levels [median (IQR)] of oxidized phospholipids on 

plasminogen (OxPL-PLG). 
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Figure 81. Effect of lipid-lowering treatment on the levels [median (IQR)] of plasminogen (PLG). 

 

5.4 IgG/ IgM apoB-IC AND IgG/IgM anti-MDA-MIMOTOPE 

Baseline values and follow-up measurements for these biomarkers are detailed in Table 9. 

Significant decreases in IgG apoB-IC levels of 18.3%, 17.5%, and 25.5% were noted in all 

groups, respectively (all p < 0.05) (Figure 82). On the contrary, IgM apoB-IC, IgG and IgM 

anti-MDA-mimotope levels did not significantly change for any treatment group (Figures 83-

85, respectively).  

 
Figure 82. Effect of lipid-lowering treatment on the levels [median (IQR)] of IgG apoB-immune complexes 

(IgG apoB-IC). 
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Figure 83. Effect of lipid-lowering treatment on the levels [median (IQR)] of IgM apoB-immune complexes 

(IgM apoB-IC). 

 

 

Figure 84. Effect of lipid-lowering treatment on the levels [median (IQR)] of IgG anti-malondialdehyde-

mimotope (anti-MDA-mimotope). 

 

 

Figure 85. Effect of lipid-lowering treatment on the levels [median (IQR)] of IgM anti-malondialdehyde-

mimotope (anti-MDA-mimotope). 
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Table 9. Effect of lipid-lowering drugs on apoB-immune complexes and malondialdehyde-modified mimotopes.  

  Baseline Visit After 3 Months % Change within each group 

IgG apoB-IC, RLU, median (IQR) 

High-intensity statin (n=28) 4326.5 (3821.5;5806.0) 3536.0 (2650.0;5112.0)  -18.3% ǂ 

Add-on ezetimibe to statin (n=31) 4820.0 (3378.0;6455.0) 3976.0 (3099.0;4904.0)  -17.5% ǂ 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 

4895.0 (3598.0;5926.0) 3646.0 (2589.0;7838.0) -25.5% ǂ 

IgM apoB-IC, RLU, median (IQR) 

High-intensity statin (n=28) 2865.5 (2199.5; 3957.3) 3345.5 (2520.8; 4574.8) +16.8% 

Add-on ezetimibe to statin (n=31) 3297.0 (1806.0; 4364.0) 3236.0 (1866.0; 4806.0) -1.9% 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 

3312.0 (2422.0; 4060.0) 3818.0 (2686.0; 5319.0) +15.3% 

IgG anti-MDA-mimotope, RLU, median (IQR) 

High-intensity statin (n=28) 3603.5 (1803.5; 4942.8) 3023.5 (1725.0; 5115.8) -16.1% 

Add-on ezetimibe to statin (n=31) 2996.0 (2043.0; 4201.0) 2831.0 (1793.0; 3992.0) -5.5% 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 

2692.0 (1593.0; 3915.0) 2573.0 (1573.0; 3227.0) -4.4% 

IgM anti-MDA-mimotope, RLU, median (IQR) 

High-intensity statin (n=28) 4313.0 (3281.3; 7049.0) 5774.5 (4035.8; 7617.3) +33.9% 

Add-on ezetimibe to statin (n=31) 5349.0 (2729.0; 8177.0) 4606.0 (2425.0; 6806.0) -13.9% 

Add-on PCSK9 inhibitor to statin and ezetimibe 

(n=11) 

4740.0 (3119.0; 6566.0) 4753.0 (2725.0; 7672.0) +0.3% 

ǂ p < 0.05 for the comparison within each group. Abbreviations: RLU; Relative Light Units, MDA-apoB; malondialdehyde-modified human apolipoprotein B-100, IgG apoB-IC; 

IgG apolipoproteinB-100-containing immune complexes, IgM apoB-IC; IgM apolipoproteinB-100-containing immune complexes, IgG MDA-mimotope; IgG autoantibodies to a 

malondialdehyde mimotope, IgM MDA-mimotope; IgM autoantibodies to a malondialdehyde mimotope, PCSK9; proprotein convertase subtilisin/kexin type 9 



113 

 

For the total sample, correlation analyses at baseline showed that there was not any 

association between IgG apoB-IC and apoB-100 (r = 0.077, p = 0.550) (Figure 86), Lp(a) (r = 

-0.091, p = 0.453) (Figure 87), or LDL-C (r = -0.049, p = 0.695) (Figure 88).  

 

Figure 86. Correlation between IgG apoB-IC and apoB-100 levels at baseline for the whole sample. 

 

 
Figure 87. Correlation between IgG apoB-IC and lipoprotein(a) levels at baseline for the whole sample. 
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Figure 88. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at baseline 

for the whole sample. 

 

Similar patterns were observed at 3 months for the total sample, with IgG apoB-IC showing 

no significant correlations with either apoB-100 (r = -0.086, p = 0.488) (Figure 89), Lp(a) (r = 

-0.174, p = 0.150) (Figure 90), or LDL-C (r = -0.105, p = 0.392) (Figure 91).  

 

 
Figure 89. Correlation between IgG apoB-IC and apoB-100 levels at 3 months for the whole sample. 
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Figure 90. Correlation between IgG apoB-IC and lipoprotein(a) levels at 3 months for the whole sample. 

 

 

 
Figure 91. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 3 

months for the whole sample. 

 

 

Correlation analyses based on changes from baseline to follow-up for the whole sample 

revealed a significant negative association between changes in IgG apoB-IC and Lp(a) (r = -

0.303, p = 0.011, Figure 92), but there was no significant associations between changes in IgG 
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apoB-IC and apoB-100 (r = -0.139, p = 0.286, Figure 93) or LDL-C (r = 0.071, p = 0.570) 

(Figure 94).  

 

 
Figure 92. Correlation between changes in IgG apoB-IC and lipoprotein(a) levels for the whole sample. 

 

 

 
Figure 93. Correlation between changes in IgG apoB-IC and apoB-100 levels for the whole sample. 
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Figure 94. Correlation between changes in IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels 

for the whole sample. 

 

For the high-intensity statin group, correlation analyses at baseline showed that there was not 

any association between IgG apoB-IC and apoB-100 (r = 0.208, p = 0.330) (Figure 95), Lp(a) 

(r = 0.024, p = 0.904) (Figure 96), or LDL-C (r = 0.179, p = 0.371) (Figure 97).  

 

Figure 95. Correlation between IgG apoB-IC and apoB-100 levels at baseline for the high-intensity statin group. 

 



118 

 

 
Figure 96. Correlation between IgG apoB-IC and lipoprotein(a) levels at baseline for the high-intensity statin 

group. 

 

 
Figure 97. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at baseline 

for the high-intensity statin group. 

 

Similar patterns were observed at 3 months for the high-intensity statin group, with IgG 

apoB-IC showing no significant correlations with either apoB-100 (r = 0.167, p = 0.396) 
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(Figure 98), Lp(a) (r = 0.044, p = 0.824) (Figure 99), or LDL-C (r = 0.078, p = 0.701) (Figure 

100).  

 

 
Figure 98. Correlation between IgG apoB-IC and apoB-100 levels at 3 months for the high-intensity statin 

group. 

 

 
Figure 99. Correlation between IgG apoB-IC and lipoprotein(a) levels at 3 months for the high-intensity statin 

group. 
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Figure 100. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 3 

months for the high-intensity statin group. 

 

Correlation analyses based on changes from baseline to follow-up for the high-intensity statin 

group revealed no significant associations between changes in IgG apoB-IC and apoB-100 (r 

= 0.219, p = 0.304) (Figure 101), Lp(a) (r = -0.196, p = 0.318) (Figure 102), or LDL-C (r = 

0.113, p = 0.582) (Figure 103).  

 

 
 

Figure 101. Correlation between changes in IgG apoB-IC and apoB-100 levels for the high-intensity statin 

group. 
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Figure 102. Correlation between changes in IgG apoB-IC and lipoprotein(a) levels for the high-intensity statin 

group. 

 

 
Figure 103. Correlation between changes in IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) 
levels for the high-intensity statin group. 
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For the add-on ezetimibe group, correlation analyses at baseline showed that there was not 

any association between IgG apoB-IC and apoB-100 (r = -0.096, p = 0.628) (Figure 104), 

Lp(a) (r = 0.005, p = 0.977) (Figure 105), or LDL-C (r = -0.227, p = 0.229) (Figure 106).  

 

Figure 104. Correlation between IgG apoB-IC and apoB-100 levels at baseline for the add-on ezetimibe group. 

 

 
Figure 105. Correlation between IgG apoB-IC and lipoprotein(a) levels at baseline for the add-on ezetimibe 

group. 
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Figure 106. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 
baseline for the add-on ezetimibe group. 

 

Similar patterns were observed at 3 months for the add-on ezetimibe group, with IgG apoB-IC 

showing no significant correlations with either apoB-100 (r = -0.009, p = 0.964) (Figure 107), 

Lp(a) (r = 0.047, p = 0.802) (Figure 108), or LDL-C (r = 0.131, p = 0.483) (Figure 109).  

 

 
 

Figure 107. Correlation between IgG apoB-IC and apoB-100 levels at 3 months for the add-on ezetimibe group. 
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Figure 108. Correlation between IgG apoB-IC and lipoprotein(a) levels at 3 months for the add-on ezetimibe 

group. 

 

 
Figure 109. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 3 

months for the add-on ezetimibe group. 

 

Correlation analyses based on changes from baseline to follow-up for the add-on ezetimibe 

group revealed no significant associations between changes in IgG apoB-IC and apoB-100 (r 
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= -0.313, p = 0.112) (Figure 110), Lp(a) (r = -0.276, p = 0.133) (Figure 111), or LDL C (r = 

0.192, p = 0.308) (Figure 112).  

 
Figure 110. Correlation between changes in IgG apoB-IC and apoB-100 levels for the add-on ezetimibe group. 

 

 
Figure 111. Correlation between changes in IgG apoB-IC and lipoprotein(a) levels for the add-on ezetimibe 

group. 
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Figure 112. Correlation between changes in IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) 

levels for the add-on ezetimibe group. 

 

For the add-on PCSK9 inhibitor group, correlation analyses at baseline showed that there was 

not any association between IgG apoB-IC and apoB-100 (r = 0.149, p = 0.661) (Figure 113), 

Lp(a) (r = -0.515, p = 0.105) (Figure 114), or LDL-C (r = -0.018, p = 0.961) (Figure 115).  

 

Figure 113. Correlation between IgG apoB-IC and apoB-100 levels at baseline for the add-on PCSK9 inhibitor 
group. 
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Figure 114. Correlation between IgG apoB-IC and lipoprotein(a) levels at baseline for the add-on PCSK9 

inhibitor group. 

 

 
Figure 115. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 

baseline for the add-on PCSK9 inhibitor group. 

 

At 3 months there was a significant correlation between IgG apoB-IC and apoB-100 (r = -

0.637, p = 0.048) (Figure 116), whilst there was no correlation between IgG apoB-IC and 

Lp(a) (r = -0.545, p = 0.083) (Figure 117) or LDL-C (r = -0.310, p = 0.383) (Figure 118) for 

the add-on PCSK9 inhibitor group.  



128 

 

 
Figure 116. Correlation between IgG apoB-IC and apoB-100 levels at 3 months for the add-on PCSK9 inhibitor 

group. 
 

 

 
Figure 117. Correlation between IgG apoB-IC and lipoprotein(a) levels at 3 months for the add-on PCSK9 

inhibitor group. 
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Figure 118. Correlation between IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) levels at 3 

months for the add-on PCSK9 inhibitor group. 

 

Correlation analyses based on changes from baseline to follow-up for the add-on PCSK9 

inhibitor group revealed no significant associations between changes in IgG apoB-IC and 

apoB-100 (r = -0.376, p = 0.284) (Figure 119), Lp(a) (r = -0387, p = 0.239) (Figure 120), or 

LDL-C (r = -0.172, p = 0.635) (Figure 121).  

 
Figure 119. Correlation between changes in IgG apoB-IC and apoB-100 levels for the add-on PCSK9 inhibitor 

group. 
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Figure 120. Correlation between changes in IgG apoB-IC and lipoprotein(a) levels for the add-on PCSK9 

inhibitor group. 

 

 

 
Figure 121. Correlation between changes in IgG apoB-IC and low-density lipoprotein cholesterol (LDL-C) 

levels for the add-on PCSK9 inhibitor group. 
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CHAPTER 6. DISCUSSION 

1. Main findings 

The present thesis demonstrated that add-on PCSK9 inhibitors achieved the highest LDL-C 

and apoB-100 reduction compared with high-intensity statin monotherapy and add-on 

ezetimibe in patients with elevated Lp(a) levels (≥75 nmol/L). Moreover, PCSK9 inhibitors 

were the only therapeutic class that significantly reduced Lp(a), while no differences were 

noted regarding the effect of lipid-lowering interventions on the participants’ glycemic 

profile. Furhtermore, high-intensity statin therapy and add-on ezetimibe were associated with 

significant increases in OxPL-apoB and OxPL-apo(a) levels, despite non-significant changes 

in Lp(a) concentration. In contrast, add-on PCSK9 inhibition resulted in a significant 

reduction in Lp(a) levels without significant changes in OxPL-apoB or OxPL-apo(a). 

Moreover, high-intensity statins, add-on ezetimibe, and add-on PCSK9 inhibitors were each 

associated with significant reductions in IgG apoB-IC, while IgM apoB-IC and IgG and IgM 

anti-MDA-mimotope remained unchanged. 

 

2. Effect on lipids 

Elevated Lp(a) represents the most common inherited lipid disorder associated with ASCVD 

[66]. Approximately 90% of circulating Lp(a) levels are autosomal dominantly inherited and 

strongly determined by the LPA gene [17], which is fully expressed by early childhood [122]. 

Thereafter, Lp(a) levels remain largely stable and are not substantially influenced by diet, 

physical activity, or other environmental factors [33]. Evidence from experimental, 

observational, and genetic studies consistently demonstrates that increased Lp(a) is associated 

with CHD, ischemic stroke, peripheral artery disease, heart failure, CAVS, mitral valve 

stenosis, and possibly diabetic retinopathy [58, 63, 74, 300, 301]. Although Lp(a) thresholds 

have historically been proposed, a linear relationship between Lp(a) levels and ASCVD risk is 

now recognized [33]. 

At present, no medications are specifically approved for Lp(a) lowering [17, 21, 67]. Novel 

therapies targeting apo(a), including ASOs and siRNAs, have demonstrated reductions in 

Lp(a) exceeding 90%, although their cardiovascular benefit has not yet been established [153, 

157]. However, a few available therapeutic agents have a modest effect on Lp(a) [17, 21, 67]. 

Although the effect of statin treatment on Lp(a) levels remains an area of controversy, it 

seems that statins slightly increase Lp(a) levels [124, 190, 302]. Most other lipid modifying 

agents, including ezetimibe do not significantly alter Lp(a) concentration [17, 21, 67], except 
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for PCSK9 inhibitors, which have been shown to reduce Lp(a) levels, by ~20-30% [35, 133, 

134]. 

Our results concerning the effect of high intensity statins, ezetimibe and PCSK9 inhibitors on 

patients with elevated Lp(a) levels agree with past evidence derived from the general 

population. Similar to our study, statins reduce LDL-C by 30-63% [303], TGs by 14-33% 

[304], and increase HDL-C up to 10% [305] in patients with hypercholesterolemia, with 

atorvastatin 40-80 mg and rosuvastatin 20-40 mg being the most potent ones. Nevertheless, 

the effect of statin treatment on Lp(a) levels remains an area of controversy. Statin trials have 

shown mixed results regarding their impact on Lp(a) levels. A large meta-analysis of 6 trials 

including 5256 patients randomized to various statins or placebo indicated that most statins 

increase Lp(a) by 8-24%, although a significant heterogeneity in the response of Lp(a) levels 

to statin administration, as well as between different statins was reported [15]. On the other 

hand, another meta-analysis of 39 trials including 24,448 patients randomized to receive 

various statins or placebo indicated a non-significant trend towards an increase in Lp(a) by 

0.1% in statin groups (vs placebo), with no significant differences among statins or different 

intensities of statins [122]. Similarly, our study indicated a nonsignificant increase in Lp(a) 

levels in the group of patients who received a high-intensity statin by 5.5%.  

Ezetimibe, a cholesterol absorption inhibitor, has a modest LDL-C lowering efficacy; 17% 

when used alone [306] and 14-25% when used in combination with statins [307]. Its effect on 

Lp(a) remains controversial [103]. In a meta-analysis of 7 randomized controlled trials with 

ezetimibe monotherapy in 2237 patients with primary hypercholesterolemia, ezetimibe 

significantly reduced Lp(a) levels by 7.1%, whereas another meta-analysis including 11 

double-blind randomized controlled trials with 1926 adults with hypercholesterolemia, 

showed that ezetimibe, either as monotherapy vs placebo or in combination with statin vs 

statin monotherapy, did not significantly alter Lp(a) concentration [103]. Our study showed 

that the addition of ezetimibe on high-intensity statin treatment increased nonsignificantly 

Lp(a) levels by 15.3%. This could be attributed at least in part to the small sample size of the 

study or to the different design of our study including only patients with elevated Lp(a) levels.  

Regarding add-on PCSK9 inhibitors therapy, our results are in agreement with past evidence 

derived from FOURIER and the ODYSSEY OUTCOMES trials [308-311] showing that 

PCSK9 inhibitors are highly effective in lowering LDL-C levels by ~60% in patients on statin 

therapy, as well as Lp(a) levels by 20-30% [133, 134]. According to a post hoc analysis of the 

ODYSSEY OUTCOMES trial including statin-treated patients with LDL-C ~70 mg/dL, 

alirocumab was associated with a higher reduction in risk for MACEs in patients with 
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elevated Lp(a) levels (≥13.7 mg/dL) (adjusted treatment HR: 0.68, 95% confidence interval: 

0.52-0.90) in comparison with those having lower Lp(a) levels (adjusted treatment HR: 1.11, 

95% confidence interval: 0.83-1.49) [43]. Furthermore, it appears that Lp(a) reduction may 

have contributed to the clinical benefit [43]. In patients with LDL-C levels near 70 mg/dL, 

alirocumab produced similar LDL-C reductions regardless of baseline Lp(a), yet a significant 

reduction in MACE was observed only among those with elevated Lp(a). This dissociation 

implies that LDL-C lowering alone cannot fully explain the observed treatment effect. The 

authors note that because LDL-C and Lp(a) typically decrease in parallel with PCSK9 

inhibition, separating their individual contributions is challenging; however, the magnitude of 

benefit in patients with elevated Lp(a) suggests either a direct effect of Lp(a) lowering or that 

elevated Lp(a) identifies a subgroup particularly responsive to therapy. Similarly, according 

to a post hoc analysis of the FOURIER trial, patients with higher baseline Lp(a) levels (>37 

nmol/L) experienced greater absolute reductions in Lp(a) with evolocumab and tended to 

derive greater coronary benefit (HR: 0.77, 95% confidence interval: 0.67-0.88) in comparison 

with those having lower baseline Lp(a) levels (HR: 0.93, 95% confidence interval: 0.80-1.08) 

[108]. 

 

3. Effect on glycemic profile 

Type 2 diabetes development is the caveat of statin therapy, mainly concerning high-intensity 

statins. A meta-analysis of clinical trials (13 randomized controlled endpoint trials of statins 

with 91140 participants) showed that statins were associated with an increased risk of newly 

developed diabetes, with the absolute risk increase by statins being 0.4% [7, 312]. It is worth 

noting, however, that the increase in type 2 diabetes development risk mainly concerns 

patients with predisposing factors, such as prediabetes and obesity and definitely this risk 

does not supersede the cardiovascular benefit of statins [7, 312]. In our study, high-intensity 

statin treatment had no significant effect on the participants’ glycemic profile, but its small 

size and short follow-up, along with the lack of data on glycosylated hemoglobin test 

(HbA1c) levels consist major limitations.  

Our results showing a neutral effect of the addition of ezetimibe on the glycemic profile of 

patients with elevated Lp(a) levels are similar to past evidence in the general population. In 

the IMPOVE-IT trial the addition of ezetimibe to simvastatin vs simvastatin alone did not 

increase the risk of new-onset diabetes (ΗR: 1.04, 95% confidence interval: 0.94-1.15) [313].  
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Furthermore, the results for PCSK9 inhibitors are also in agreement with the data from 

clinical trials so far. Published clinical studies to date have not demonstrated any correlation 

between PCSK9 inhibition, insulin resistance, plasma glucose levels, pancreas insufficiency, 

or increased rates of type 2 diabetes [135, 308, 314, 315]. However, genetic evidence suggests 

a more subtle relationship between PCSK9-mediated LDL-C lowering and glycemic risk. 

Mendelian randomization analyses have shown that LDL-C–lowering alleles in PCSK9 are 

associated with a modest increase in type 2 diabetes risk, similar to variants affecting 

HMGCR and LDL receptor pathways [316]. These findings imply that the diabetogenic signal 

may reflect a pathway-specific biological consequence of enhanced LDL receptor activity and 

hepatic cholesterol uptake rather than a direct pharmacologic toxicity of PCSK9 inhibition. 

Consistent with this hypothesis, additional genetic studies evaluating PCSK9 variants have 

reported small increases in fasting glucose or diabetes risk proxies despite favorable lipid 

effects [317].  

It is worth noting that this is the first study concerning exclusively patients with elevated 

Lp(a) levels, especially considering the association between very low Lp(a) levels and 

incident type 2 diabetes, an association derived from large prospective epidemiological 

cohorts with robust duration of follow-up [104]. In addition, a non-significant trend towards a 

reduction in HOMA-IR index was noted with PCSK9 inhibitors. There was no correlation 

between the Lp(a) lowering and HOMA-IR lowering; therefore, the observed trend in 

HOMA-IR in the present study should be interpreted cautiously and may represent a chance 

finding or indirect metabolic effect unrelated to Lp(a) lowering. More evidence is needed to 

investigate the causality between Lp(a) and type 2 diabetes and whether Lp(a) reduction by 

treatment modalities can lead to incident type 2 diabetes [104]. 

 

4. Effect on OxPLs 

High-intensity statin treatment resulted in a significant increase in both OxPL-apoB and 

OxPL-apo(a) levels by 2.9% and 100.8%, respectively. Data from the MIRACL trial, showed 

a reduction of OxPL-apoB levels by 29.7% after treatment with high-intensity atorvastatin in 

patients (n=1151) with recent acute coronary syndrome [198]. On the contrary, atorvastatin 

resulted in significant increases in OxPL-apoB by 22.9% in the VISION trial, in which 42 

patients were randomized to pitavastatin 2 mg/day or atorvastatin 10 mg/day, with no effect 

on OxPL-apo(a) level 236]. In a study of 3896 patients treated with various statins an increase 

in OxPL-apoB by 23.8% was noted [229]. Of importance, OxPL-apoB levels increase 



135 

 

transiently with new statin therapy, peaking at 4 months and declining to below baseline 

thereafter [92]. Therefore, the 3-month follow-up of this study may coincide with the early 

peak in OxPL-apoB levels. It may be hypothesized that the reduction of LDL-C levels with 

high-intensity statin treatment ensues a mobilization of OxPLs from the atherosclerotic plaque 

into circulation, where they bind to apoB-100 particles. The increase in OxPL-apoB supports 

this possible mobilization. The substantial increase in OxPL-apo(a), despite unchanged Lp(a) 

concentration suggests that Lp(a) may become more enriched in OxPL following statin 

treatment. The mobilization of OxPLs from the vessel wall during high-intensity statin 

treatment can be attributed to several factors [92]. One key factor is the reduction in LDL-C, 

which changes lipid dynamics and increases OxPLs’ affinity to other lipoprotein particles 

[92]. Additionally, statins have anti-inflammatory effects, which may help stabilize 

atherosclerotic plaques and reduce local inflammation [92]. This reduction in inflammation 

can lead to the mobilization of OxPLs as the inflammatory environment shifts [92]. Also, 

statin treatment improves endothelial function, potentially enhancing the endothelium’s 

ability to process and clear OxPLs [92]. Although the mobilization of OxPLs from the vessel 

wall is a plausible hypothesis, it remains to be conclusively demonstrated. Statins have been 

associated with mixed effects on OxPL-apoB levels while limited data are available on their 

impact on OxPL-apo(a) levels.  

The addition of ezetimibe to high-intensity statin led to a significant increase in OxPL-apoB 

and OxPL-apo(a) levels by 28.7% and 40.1%, respectively. As with high-intensity statin, the 

increase in OxPL-apo(a) is greater compared with the increase in Lp(a). The underlying 

mechanisms behind these changes may be like those hypothesized with high-intensity statin 

treatment. The combination of ezetimibe with simvastatin significantly increased OxPL-apoB 

in one study [229]. Furthermore, the addition of PCSK9 inhibitors resulted in a non-

significant decrease in OxPL-apoB and OxPL-apo(a) levels. Similarly, the ANITSCHKOW 

study, in which 129 patients were randomized 1:1 to monthly evolocumab 420 mg or placebo 

for 16 weeks, resulted in no significant difference in the mean percent change in both OxPL-

apoB and OxPL-apo(a) levels [134]. The EQUATOR study, in which 224 patients were 

randomized to RG7652 or placebo resulted in no significant difference in the mean percent 

change in OxPL-apoB [134]. However, a small but significant reduction in OxPL-apo(a) 

levels (-10.1 ± 31.3 nmol/L in the PCSK9 inhibitor group vs 30.6 ± 90.8 nmol/L in the 

placebo group; p = 0.029) was observed [318].  

The ODYSSEY OUTCOMES trial provided further insights into the effect of PCSK9 

inhibition on OxPL-apoB [319]. In that study, alirocumab reduced OxPL-apoB levels by a 
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median of 15% after 4 months of treatment compared to placebo [319]. Importantly, baseline 

OxPL-apoB strongly correlated with Lp(a) levels (r = 0.68, p < 0.001), suggesting that the 

majority of OxPL-apoB is carried on Lp(a) particles [319]. Elevated OxPL-apoB levels in the 

placebo group were predictive of MACEs, especially in people with low Lp(a) [319]. 

However, in the alirocumab group, neither baseline OxPL-apoB nor Lp(a) predicted MACEs, 

suggesting that PCSK9 inhibition mitigates the OxPL-apoB- and Lp(a)-mediated risk [319]. 

Notably, despite the substantial Lp(a) reduction with PCSK9 inhibitor, OxPL-apoB and 

OxPL-apo(a) levels did not decrease, which would be expected if Lp(a) was the major carrier 

of these species in plasma, raising questions about the underlying mechanisms. It should be 

noted that the assays used to measure OxPL-apoB and OxPL-apo(a) are designed to reflect 

the OxPL content per captured apoB or apo(a) particle, rather than total plasma OxPL levels. 

Therefore, the significant reduction in Lp(a) particle number may not necessarily lead to 

reduced OxPL-apo(a) values, particularly if the remaining particles maintain high OxPL 

content. Another possible explanation is that the composition of Lp(a) particles may be 

altered by PCSK9 inhibition, leading to a change in the types of phospholipids incorporated 

into these particles. Overall, our findings suggest that the initiation of a high-intensity statin or 

the addition of ezetimibe results in apoB-100 and Lp(a) particles that are more enriched in 

OxPLs, an effect that appears to be mitigated by the addition of a PCSK9 inhibitor. The 

reasons behind the differential effect of PCSK9 inhibitors on OxPLs compared to high-

intensity statins and ezetimibe remain unclear. However, this may be attributed to the fact that 

PCSK9 inhibitor treatment was added on top of high-intensity statin and ezetimibe therapy, 

potentially leaving limited room for further increases in OxPLs. At both baseline and after 3 

months of treatment, significant positive correlations were observed between Lp(a) and both 

OxPL-apo(a) and OxPL-apoB across the total study population, reinforcing that Lp(a) is the 

primary carrier of OxPLs in plasma. In contrast, LDL-C did not show significant correlations 

with OxPL-apoB suggesting that OxPL enrichment is largely independent of LDL-C 

concentrations. Correlation analyses for changes in these parameters showed a significant 

positive correlation between changes in OxPL-apo(a) and Lp(a), suggesting OxPL-apo(a) 

alteration may be partially explained by change in Lp(a) levels. Therefore, measuring OxPL 

enrichment per particle provides valuable information on the oxidative modification of 

individual lipoproteins, while assessing the total plasma OxPL burden would complement this 

by indicating the overall atherogenic and inflammatory potential. Both parameters are 

clinically relevant and may provide complementary insights into cardiovascular risk. 
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5. Effect on OxPL-PLG 

Treatment with high-intensity statins had no effect on PLG levels but significantly decreased 

OxPL-PLG levels. The possible underlying mechanisms remain poorly understood. Prior 

studies have shown that PLG can carry OxPLs and that these OxPL modifications may 

interfere with PLG activation and fibrinolytic efficiency [84, 281]. Statin therapy has been 

reported to modestly enhance fibrinolytic activity, potentially through reductions in PAI-1 

levels and improved endothelial function [10, 112, 280, 281]. The observed reduction in 

OxPL-PLG levels with high-intensity statin treatment may be relevant in this context, as prior 

studies have shown that OxPL adducts on PLG impair PLG function and fibrinolysis, and that 

their removal enhances fibrinolytic capacity [10, 112, 280, 281]. Add-on ezetimibe showed a 

similar pattern, with reduced OxPL-PLG but no significant change in total PLG. Treatment 

with PCSK9 inhibitors also showed a small, non-significant reduction in OxPL-PLG levels 

but not PLG, like high-intensity statin treatment and add-on ezetimibe. These findings suggest 

that lipid-lowering therapies may have a minor effect on OxPL modification of PLG, which 

could potentially enhance fibrinolysis and lower thrombotic risk, although this hypothesis 

requires direct functional studies. Overall, the clinical significance of changes in OxPL-PLG 

remains uncertain and warrants further investigation, especially given the central role of PLG 

in thrombosis and its emerging role as an OxPL carrier complementary to Lp(a). 

  

6. Effect on IgG & IgM apoB-IC autoantibodies 

In patients treated with high-intensity statins, we observed a significant reduction in IgG 

apoB-IC autoantibodies, while IgM apoB-IC autoantibody levels remained unchanged. These 

findings suggest that statins may exert selective immunomodulatory effects, particularly on 

the IgG response to apoB-IC. The reduction in IgG apoB-IC levels with high-intensity statin 

therapy may reflect statin-associated attenuation of chronic immune activation or reduced 

formation of circulating immune complexes. The absence of significant changes in IgM 

autoantibody levels aligns with prior evidence suggesting that these natural antibodies are 

predominantly involved in maintaining immune homeostasis and are less susceptible to 

modulation by short-term pharmacologic interventions [320]. 

Among individuals receiving ezetimibe added to high-intensity statin therapy, we also 

observed a significant reduction in IgG apoB-IC autoantibodies and no notable changes in 

IgM apoB-IC autoantibody levels. Although data specifically addressing ezetimibe effect on 

these autoantibodies are limited, it can be assumed that the significant drop in IgG apoB‑IC 
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may reflect additive benefits of ezetimibe in lowering of oxidative neoepitopes. Furthermore, 

when PCSK9 inhibitors were added to statin and ezetimibe therapy we observed a significant 

reduction in IgG apoB-IC autoantibodies, but no significant change in IgM apoB-IC 

autoantibodies levels. Mechanistic studies indicate that PCSK9 inhibition dampens monocyte 

activation and inflammatory phenotype but does not necessarily reduce antibody responses or 

oxidation-specific biomarkers [321, 322]. 

Correlation analyses showed that individuals who experienced larger changes in Lp(a) tended 

to show smaller changes in IgG apoB-IC levels. This suggests that when Lp(a) _a major 

carrier of oxidation-specific epitopes_ declines substantially, the antigenic stimulus for 

antibody production diminishes, stabilizing IgG responses. Conversely, in patients with 

smaller Lp(a) reductions, continued exposure to oxidation-specific epitopes may sustain 

immune complex formation, leading to more pronounced decreases in circulating IgG apoB-

IC due to ongoing antibody-antigen complexing and clearance (Figure 45). Conversely, in 

individuals whose Lp(a) levels increased during follow-up, the enhanced availability of Lp(a)-

associated oxidation-specific epitopes could potentially sustain or even augment immune 

stimulation. However, in our study the magnitude of Lp(a) increases was small, and therefore 

we did not observe a corresponding rise in IgG apoB-IC levels. Taken together, these 

observations suggest that both the direction and magnitude of Lp(a) change may influence 

circulating immune complex dynamics. These findings support the concept that apoB-100-

containing lipoproteins [such as Lp(a)] serve as antigenic carriers of oxidation-specific 

epitopes that modulate adaptive immune responses [323]. 

With respect to MDA-mimotope autoantibodies, neither high-intensity statins, nor add-on 

ezetimibe, nor add-on PCSK9 inhibitors altered IgG or IgM responses to MDA-mimotope 

peptides. Data on these autoantibodies are limited, but they are thought to reflect recognition 

of specific MDA-related epitopes within oxLDL. Given that reductions in oxLDL with 

ezetimibe plus statins have been documented [324, 325], one might expect parallel effects on 

MDA-mimotope responses (Figure 122). However, the unchanged autoantibody titers in our 

study may indicate that either longer treatment duration is needed, or that these epitopes are 

less immunogenic and thus resistant to modulation by lipid lowering. 
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Figure 122. Potential explanation illustrating the relationship between lipoprotein(a) reduction and IgG apoB-IC 

decline. Abbreviations: IgG apoB-IC; IgG apolipoproteinB-100-containing immune complexes, Lp(a); lipoprotein(a), OSEs; 

oxidation-specific epitopes, PCSK9i; proprotein convertase subtilisin/kexin type 9 inhibitor. 

 

8. Limitations of the present thesis 

Major limitations of the present thesis include the small sample size and follow-up, along 

with the lack of data on dietary habits and physical activity of the patients. Another limitation 

is the lack of Lp(a) values before any therapeutic intervention in patients receiving ezetimibe 

or PCSK9 inhibitors. In addition, the inherent variability in Lp(a) and OxPL levels 

significantly limit the power and generalizability of this study as well as interpretation of non-

significant findings. Therefore, these findings should be viewed as preliminary and 

hypothesis-generating and should be further validated with larger studies and longer follow-

up periods. Furthermore, the lack of randomization and differences in baseline characteristics 

may have introduced confounding factors affecting treatment response despite statistical 

adjustment. Specifically, differences in baseline characteristics such as the higher prevalence 

of ASCVD and HeFH in the PCSK9 inhibitor group may have influenced OxPL dynamics 

independently of treatment effects. This non-randomized design limitation should be 

considered when interpreting study results. Patients who received add-on ezetimibe or add-on 

PCSK9 inhibitor were already on a stable lipid-lowering regimen prior to the addition of these 

agents. Consequently, the results presented reflect the additive effect of ezetimibe or PCSK9 

inhibitors when incorporated into existing therapy, rather than their isolated efficacy. Finally, 

while we quantified OxPL enrichment per particle, we did not measure the total plasma OxPL 
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burden, which could have provided further insight into the overall atherogenic and 

inflammatory potential.   

 

9. Implications and directions for future research 

 Lp(a) concentration, OxPL enrichment per particle, and downstream immune responses 

represent distinct but interconnected biological dimensions. Lipid-lowering therapies 

differentially affected these layers: add-on PCSK9 inhibition substantially reduced Lp(a) 

particle levels without proportionate reductions in OxPL enrichment, whereas high-intensity 

statins and add-on ezetimibe increased OxPL-apoB and OxPL-apo(a) despite minimal change 

in Lp(a). These findings suggest that Lp(a) particle number and particle composition are 

dissociable, and that short-term increases in OxPL enrichment may reflect redistribution or 

mobilization rather than increased oxidative burden. 

Reductions in OxPL-PLG observed with high-intensity statins and add-on ezetimibe indicate 

that lipid-lowering therapy may influence thrombotic pathways, although the functional 

implications for fibrinolysis remain uncertain. In parallel, consistent reductions in IgG apoB-

IC across treatment strategies, with preserved IgM responses, suggest selective modulation of 

adaptive immune responses to oxidation-specific epitopes rather than generalized immune 

suppression. 

Future research should focus on longer-term, preferably randomized studies linking changes 

in Lp(a), OxPL enrichment, and immune biomarkers to clinical outcomes. Simultaneous 

assessment of OxPL enrichment per particle and total OxPL burden, incorporation of 

functional fibrinolytic assays, and extension of this biomarker framework to novel Lp(a)-

lowering therapies will be essential to clarify the clinical relevance of these mechanistic 

findings. 
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CHAPTER 7. CONCLUSIONS 
 

The present thesis examined the effect of hypolipidemic therapies on the lipidemic profile, the 

impact of high-intensity statins, add-on ezetimibe and add-on PCSK9 inhibitors on OxPL-

apoB, OxPL-apo(a) and OxPL-PLG levels, and the effect of high-intensity statin treatment, 

add-on ezetimibe and add-on PCSK9 inhibitor therapy on IgG and IgM autoantibodies to 

apoB-IC as well as IgG and IgM anti-MDA-mimotope in patients with Lp(a) ≥75 nmol/L. In 

conclusion:  

1. Add-on PCSK9 inhibitors were associated with the highest rates of LDL-C reduction 

compared with high-intensity statin treatment ± ezetimibe, and the only class to 

significantly lower Lp(a) in patients with elevated Lp(a) levels. Although these 

interventions did not affect participants’ glycemic profile, longer follow up is needed. 

2. Both high-intensity statins and add-on ezetimibe led to increases in OxPL-apoB and 

OxPL-apo(a) levels, while the addition of PCSK9 inhibitors did not significantly modify 

these parameters during a 3-month follow-up.  

3. High-intensity statins, add-on ezetimibe and add-on PCSK9 inhibitors reduced IgG apoB-

IC. No significant changes were observed in IgM apoB-IC or anti-MDA-mimotope levels.  
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ABSTRACT 

Amalia Despoina Koutsogianni 

Aim: The evaluation of the effect of lipid-lowering treatment on lipidemic, OxPLs levels and 

IgG/IgM apoB-IC and IgG/IgM anti-MDA-mimotope in individuals with elevated Lp(a) 

concentrations.  

Material and methods: A prospective study including 70 patients with dyslipidemia and 

elevated Lp(a) levels (≥75 nmol/L) attending a Lipid Clinic in Greece. Subjects were 

allocated to the following therapies according to the national guidelines for cholesterol 

management: high-intensity statin monotherapy (n=28), ezetimibe added to high-intensity 

statin (n=31), and PCSK9 inhibitor added to high-intensity statin plus ezetimibe (n=11). 

Follow-up duration was 3 months.  

Results: Mean age was 51 ± 15 years, 40% were male, 39% were diagnosed with HeFH, 16% 

with ASCVD, while 36%, 33% and 15% were at very high, high, and moderate 

cardiovascular risk, respectively. All interventions significantly reduced apoB-100, TC and 

LDL-C, but only add-on PCSK9 inhibitor group significantly reduced Lp(a) levels (add-on 

PCSK9 inhibitor: -43.1% vs add-on ezetimibe: +15.3% vs high-intensity statin: +5.5%, p < 

0.05). Patients in the add-on PCSK9 inhibitor group achieved the highest rates of LDL-C 

reductions (add-on PCSK9 inhibitor: -55% vs add-on ezetimibe: -22% vs high-intensity 

statin: -43%). No significant effect on glycemic profile across treatment groups was noted. 

OxPL-apoB and OxPL-apo(a) significantly increased, while OxPL-PLG significantly 

decreased with both high-intensity statin monotherapy and add-on ezetimibe group. Add-on 

PCSK9 inhibitor group treatment was associated with no significant changes in OxPL-apoB, 

OxPL-apo(a) and OxPL-PLG levels. Significant reductions in IgG apoB-IC levels were 

observed following treatment with all regimens (by 18.3%, 17.5% and 25.5%, respectively, 

all p < 0.05). No significant changes in IgM apoB-IC, or IgG and IgM anti-MDA-mimotope 

levels were observed in any treatment group.  

Conclusions: Add-on PCSK9 inhibitors were associated with the highest rates of LDL-C 

target achievement compared with high-intensity statin and add-on ezetimibe in high-risk 

patients with elevated Lp(a) and were the only class to significantly lower Lp(a) levels. In 

addition, both high-intensity statin and add-on ezetimibe significantly increased OxPL-apoB 

and OxPL-apo(a) levels, while significantly decreased OxPL-PLG levels. Add-on PCSK9 

inhibitors had no significant effect on OxPLs levels. 
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ΠΕΡΙΛΗΨΗ 

Σκοπός: Η αξιολόγηση της επίδρασης της υπολιπιδαιμικής αγωγής στο λιπιδαιμικό προφίλ, 

στα επίπεδα των οξειδωμένων φωσφολιπιδίων (OxPLs), καθώς και στα IgG/IgM σύμπλοκα 

ανοσοσφαιρίνης-οξειδωτικά τροποποιημένης από μηλονική διαλδεΰδη απολιποπρωτεΐνης Β-

100 (apoB-IC) και στα IgG/IgM αυτοαντισώματα έναντι μιμητικών επιτόπων παρουσία της 

μηλονικής διαλδεΰδης (anti-MDA-mimotope) σε άτομα με αυξημένα επίπεδα 

λιποπρωτεΐνης(a) [Lp(a)].  

Υλικό και μέθοδοι: Προοπτική μελέτη παρακολούθησης που περιέλαβε 70 ασθενείς με 

δυσλιπιδαιμία και αυξημένα επίπεδα Lp(a) (≥75 nmol/L), οι οποίοι παρακολουθούνταν σε 

Ιατρείο Λιπιδίων στην Ελλάδα. Οι συμμετέχοντες κατανεμήθηκαν στις ακόλουθες 

θεραπευτικές παρεμβάσεις σύμφωνα με τις εθνικές κατευθυντήριες οδηγίες για τη διαχείριση 

της δυσπιπιδαιμίας: μονοθεραπεία με ισχυρή στατίνη (n=28), προσθήκη εζετιμίμπης σε 

ισχυρή στατίνη (n=31) και προσθήκη αναστολέα της προπρωτεϊνικής 

κονβερτάσης σουμπτιλισίνης/κεξίνης τύπου 9 (PCSK9) σε ισχυρή στατίνη και εζετιμίμπη 

(n=11). Η διάρκεια παρακολούθησης ήταν 3 μήνες.  

Αποτελέσματα: Η μέση ηλικία ήταν 51 ± 15 έτη, το 40% ήταν άνδρες, το 39% είχε 

διαγνωσθεί με ετερόζυγο οικογενή υπερχοληστερολαιμία και το 16% με αθηροσκληρωτική 

καρδιαγγειακή νόσο, ενώ το 36%, 33% και 15% των ασθενών κατατάχθηκαν στις κατηγορίες 

του πολύ υψηλού, υψηλού και μέτριου καρδιαγγειακού κίνδυνου, αντίστοιχα. Όλες οι 

θεραπευτικές παρεμβάσεις οδήγησαν σε σημαντική μείωση της απολιποπρωτεΐνης Β-100, της 

ολικής χοληστερόλης και της LDL-χοληστερόλης, ωστόσο μόνο η προσθήκη PCSK9 

αναστολέα μείωσε σημαντικά τα επίπεδα της Lp(a) (προσθήκη PCSK9 αναστολέα: −43.1% 

έναντι προσθήκη εζετιμίμπης: +15.3% έναντι μονοθεραπεία με ισχυρή στατίνη: +5.5%, p < 

0,05). Δεν παρατηρήθηκε σημαντική επίδραση στο γλυκαιμικό προφίλ μεταξύ των 

θεραπευτικών ομάδων. Τα OxPL-apoB και OxPL-apo(a) αυξήθηκαν σημαντικά, ενώ τα 

OxPL-PLG μειώθηκαν σημαντικά τόσο με τη θεραπεία με μονοθεραπεία με ισχυρή στατίνη 

όσο και με την προσθήκη εζετιμίμπης. Η θεραπεία με προσθήκη PCSK9 αναστολέα δεν 

συσχετίστηκε με σημαντικές μεταβολές στα επίπεδα των OxPL-apoB, OxPL-apo(a) και 

OxPL-PLG. Παρατηρήθηκαν σημαντικές μειώσεις στα επίπεδα των IgG apoB-IC με όλες τις 

θεραπευτικές παρεμβάσεις (κατά 18,3%, 17,5% και 25,5% αντίστοιχα, όλα p < 0,05). Δεν 

παρατηρήθηκαν σημαντικές μεταβολές στα IgM apoB-IC ούτε στα IgG και IgM anti-MDA-

mimotope σε καμία θεραπευτική ομάδα.  
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Συμπεράσματα: Η θεραπεία με προσθήκη PCSK9 αναστολέα συσχετίστηκε με την 

υψηλότερη μείωση της LDL-C σε σύγκριση με την μονοθεραπεία με ισχυρή στατίνη και την 

προσθήκη εζετιμίμπης σε ασθενείς υψηλού κινδύνου με αυξημένα επίπεδα Lp(a) και 

αποτέλεσε τη μόνη θεραπευτική κατηγορία που μείωσε σημαντικά τα επίπεδα της Lp(a). 

Επιπλέον, τόσο η μονοθεραπεία με ισχυρή στατίνη όσο και η προσθήκη εζετιμίμπης αύξησαν 

σημαντικά τα επίπεδα των OxPL-apoB και OxPL-apo(a), ενώ μείωσαν σημαντικά τα επίπεδα 

των OxPL-PLG. Η θεραπεία με προσθήκη PCSK9 αναστολέα δεν είχε σημαντική επίδραση 

στα επίπεδα των OxPLs. 

 

Λέξεις-κλειδιά: Λιποπρωτεΐνη(a), Οξειδωμένα φωσφολιπίδια, Πλασμινογόνο, Στατίνες, 

Εζετιμίμπη, Αναστολείς PCSK9, Αυτοαντισώματα, Οξειδωτικό στρες 
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