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Abstract

:

Elevated plasma lipoprotein(a) [Lp(a)] is a relatively common and highly heritable trait conferring individuals time-dependent risk of developing atherosclerotic cardiovascular disease (CVD). Following its first description, Lp(a) triggered enormous scientific interest in the late 1980s, subsequently dampened in the mid-1990s by controversial findings of some prospective studies. It was only in the last decade that a large body of evidence has provided strong arguments for a causal and independent association between elevated Lp(a) levels and CVD, causing renewed interest in this lipoprotein as an emerging risk factor with a likely contribution to cardiovascular residual risk. Accordingly, the 2022 consensus statement of the European Atherosclerosis Society has suggested inclusion of Lp(a) measurement in global risk estimation. The development of highly effective Lp(a)-lowering drugs (e.g., antisense oligonucleotides and small interfering RNA, both blocking LPA gene expression) which are still under assessment in phase 3 trials, will provide a unique opportunity to reduce “residual cardiovascular risk” in high-risk populations, including patients with arterial hypertension. The current evidence in support of a specific role of Lp(a) in hypertension is somehow controversial and this narrative review aims to overview the general mechanisms relating Lp(a) to blood pressure regulation and hypertension-related cardiovascular and renal damage.






Keywords:


lipoprotein(a); hypertension; hypertensive organ damage; cardiovascular disease; renal function; endothelial cells; vascular smooth muscle cells; arterial stiffness; antisense oligonucleotides; small interfering RNA












1. Introduction


Lipoprotein(a) [Lp(a)] was first described by Kare Berg in 1963 [1] and its strong association with coronary artery disease (CAD) was reported in the early 1970s in many retrospective and case–control studies [2,3,4,5,6,7,8,9,10,11,12]. These observational studies, however, could not establish evidence of a causal role of Lp(a) as opposed to the possibility to be just a disease marker. Results of subsequent prospective investigations [13,14,15,16,17,18,19,20,21,22,23,24] that were conducted in the early 1990s were somewhat discordant as to the contribution of plasma Lp(a) to the development of CAD, and this is why the scientific interest in Lp(a) was dampened, dragging this lipoprotein temporarily out of the picture. During the last 15 years, publication of many landmark reports (prospective, population-based studies; meta-analyses of prospective, population-based studies; Mendelian randomization studies; genome-wide association studies) made this landscape rapidly change and Lp(a) has entered a new era of heightened interest, emerging again as a robust genetic, independent, and realistically causal risk factor for atherosclerotic cardiovascular disease (CVD) and calcific aortic valve disease [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. In the setting of primary prevention, measurement of Lp(a) can reclassify up to 40% of patients at intermediate risk of CVD (according to Framingham and Reynolds risk scores) either to a higher or a lower risk category [48]. In secondary prevention, evidence coming from the recent AIM-HIGH [49], JUPITER [50], and LIPID trials [51] underscore the concept that elevated Lp(a) increases the risk of recurrent cardiovascular events despite optimal LDL-C reduction on statin therapy. These studies support the hypothesis that genetically elevated Lp(a) plays a pivotal role in determining “residual cardiovascular risk” and provide a rationale to develop and test specific Lp(a) lowering agents. Not surprisingly, in line with the aforementioned bulk of evidence, many recent national and international guidelines and consensus statements have been published on Lp(a) testing and treatment [52,53,54,55,56]. All these documents do recognize elevated Lp(a) as a critical factor for reclassification of cardiovascular risk and recommend measurement of Lp(a) in individuals at intermediate-to-high risk and subjects with a family history of premature CVD.



From a historical perspective, Lp(a) has been the least studied of the four main clinical categories of lipid disorders (elevated LDL-C, low-HDL-C, elevated triglycerides, and elevated Lp[a]), being the interest of lipidologists primarily focused on LDL-C because of its predominant role in CVD and important benefits of LDL-C-lowering treatments in prevention. Conversely, current lipid-lowering treatments and dietary changes have yielded only unremarkable effects on Lp(a) levels, and potential cardiovascular benefits of Lp(a) reduction are all yet to be proven [57]. The recent development of specific Lp(a)-lowering agents [58,59] has paved the way towards the possibility to test the hypothesis that Lp(a) reduction decreases the risk of CVD. However, while awaiting the results of the ongoing phase-3 Lp(a)-HORIZON trial (NCT04023552) involving small interfering RNA inhibition of hepatic synthesis of Lp(a) and, as indicated by current guidelines, this heterogenous lipoprotein cannot be considered a target of treatment. Furthermore, the growing interest in targeting plasma Lp(a) levels is considerably hampered by significant gaps in the knowledge of its metabolism and pathophysiological mechanisms [60]. At least in part, these gaps can be attributed to the lack of physiologically adequate animal models and large part of the mechanistic evidence on Lp(a) contribution to atherothrombotic events comes from in vitro studies [61].



Arterial hypertension is the most common chronic disease worldwide [62,63], with a prevalence that exceeds 30% in many adult populations, accounting for approximately 10 million yearly deaths [64]. For these reasons, hypertension is broadly considered the leading modifiable cardiovascular risk factor, increasing the risk of morbidity, disability, and mortality related to CVD [65]. Although the propensity of hypertensive patients to develop cardiovascular and renal damage is directly related to the direct influence of high blood pressure (BP), additional factors, including circulating lipids, play an important role. In fact, dyslipidemia is often detected in hypertensive patients, and circulating levels of specific lipoproteins, including Lp(a), can contribute to the development of subclinical and overt hypertension-related organ damage [66,67].



The aim of this narrative review is to update the current views on the specific involvement that Lp(a) might have in BP regulation and, most importantly, in the development of hypertension-related organ damage. We systematically searched the medical literature published in the English language using the Pubmed MeSH and the key terms “blood pressure”, “arterial hypertension”, “hypertensive-organ damage”, “lipoprotein(a)”, and “apolipoprotein(a)”, for extraction. We considered only full-text articles with original experimental animal or human data and systematic reviews and meta-analyses reporting on the effects of Lp(a) on mechanisms of BP regulation and hypertension-related cardiac, vascular, and renal subclinical and clinical damage. Articles were retrieved by G.B. and were independently reviewed by C.C. and L.A.S. and subsequently discussed together for final article selection. Article selection was performed according to the quality of evidence of studies that was defined following the Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) criteria that are based upon the study design, dimension, consistency, and magnitude and dose-dependency of effect [68]. Only studies rated with moderate-to-high GRADE ratings of certainty were considered.




2. Lipoprotein(a) Structure, Genetics, Metabolism, Distribution of Plasma Concentration Levels, and Measurement Methods


2.1. Lp(a) Structure


Lp(a) consists of an LDL-like core lipoprotein molecule, containing apolipoprotein B (apo-B), to which a glycoprotein of variable molecular weight, apolipoprotein (a) [apo(a)], is covalently linked via a single cysteine–cysteine disulfide bond [69] (Figure 1). Lp(a) particles contain apo(a) and apo-B100 in a 1-to-1 molar ratio [70]. The lipoprotein moiety is essentially indistinguishable from LDL regarding its physical chemical properties and consists of a hydrophobic core of esterified cholesterol and triglicerides, surrounded by a surface monolayer of phospholipids, unesterified cholesterol, and other proteins [71]. The peculiar characteristics and the size variability of Lp(a) that is the main determinant of its plasma concentration are almost entirely accounted for by the presence of apo(a). Apo(a) is encoded by the LPA gene, located on chromosome 6q26 [72], and cloning of a c-DNA encoding apo(a) revealed a high degree of homology of this lipoprotein with the fibrinolytic proenzyme plasminogen [73]. Both molecules contain coding sequences forming multiple triple-loop structures called kringles (K) [74] that, due to resemblance of shape, were named after Danish pastries [75]. The characteristic tri-looped arrangement of the kringle structure is stabilized by the presence of three internal disulfide bridges, resulting from the interaction of six conserved cysteine residues [74]. Plasminogen contains an N-terminal tail domain that is attached to one copy each of five kringles, designated as kringle-1 through kringle-5, and a trypsin-like protease domain [76]. In contrast to plasminogen, apo(a) lacks the tail domain and the first three kringle domains of plasminogen and instead is formed of multiple repeated copies of sequences homologous to plasminogen kringle-4 (K4) domain, followed by a single kringle-5-like domain and an inactive protease-like domain [77]. Lp(a) contains 10 subtypes of K4 repeats (K4 type-1 to K4 type-10) that differ from each other based on aminoacidic sequence. All K4 kringle types are present in a single copy within the Lp(a) moiety, with the notable exception of K4 type-2, which is present in a variable number of identically repeated copies, usually ranging from 3 to more than 40 [70], that are encoded by the LPA gene. This important variation leads to the size heterogeneity in apo(a) isoforms found in the general population. As a rule, apo(a) isoform size is inversely related to plasma Lp(a) concentration in most populations [78]. Kringles are ligand-binding sites and as such serve critical functions and pathobiological roles that are mediated by their lysine-binding sites (LBS). K4 type-9 forms a covalent disulfide bridge to the apo-B100 moiety of LDL and is critical in the creation of the covalent apo(a) LDL-complex whose formation is crucially initiated by noncovalent interaction between LBS of apo(a) and lysine residues of apoB100. The lysine binding site in K4 type-10 is thought to mediate the binding of Lp(a) to different substrates including fibrin, cell surface receptors, and extracellular matrix proteins [79,80,81,82]. Moreover, in recent years, K4 type-10 has emerged as a key component for the pathogenic potential of Lp(a) as it contains the site to which oxidized phospholipids (OxPL), are covalently bound to two histidine residues [83,84,85]. Kringles have also been identified in several other proteases involved in the coagulation process and fibrinolysis, including prothrombin, factor XII, tissue-type plasminogen activator, and urokinase-type plasminogen activator [86]. In addition to apoB-100 and apo(a), which account for 88% of the total protein mass of Lp(a), recent proteomic analysis has shown a more complex composition of Lp(a) [87,88], with more than 35 proteins identified on its surface.




2.2. Lp(a) Genetics


The apo(a) gene (LPA) is located on chromosome 6q26-q27 in linkage with the plasminogen gene [72] and is highly expressed in the liver [89,90] but not in other organs [73]. The apo(a) gene is composed of four main regions: the sequence coding for the signal peptide, the sequence coding for the plasminogen-like 4 domains (K4) containing several tandem repeats of a 5.5 kB sequence encoding a cysteine-rich motif, the sequence for the plasminogen-like 5 domain (K5), and the sequence coding for the plasminogen-like protease domain [73]. The extensive structural homology of the apo(a) gene with the plasminogen gene (78–100%) [73] and the proximity of the two genes suggest a common origin, with apo(a) gene diverging from the plasminogen gene during primate evolution about 40 million years ago, and evolving over time through duplications, deletions, gene conversions, and point mutations [91]. The plasminogen gene consists of five different kringle domains (K1 to K5), each present as single copies [72,73]; in the Lp(a) gene K1 to K3 were lost by deletion, whereas K4 expanded and differentiated into 10 different types of K4 domains, each with specific aminoacidic composition. While K4 type-1 and K4 type-3 to K4 type-10 are present only as single copies [92], the K4 type-2 further replicated, resulting, as previously stated, in multiple copies (2 to >40 repeats, with a repeat size of 5.5 kB) [93]. This accounts for the extensive size heterogeneity in the apo(a) gene and consequently in the apo(a) protein because the K4 type-2 copy number variation, also termed “apo(a) size polymorphism”, is the major determinant of Lp(a) isoform size. Therefore, the number of K4 type-2 encoding sequences results in more than 40 isoforms and more than 40 different sizes of Lp(a) particle, with substantial molecular mass variation (200–800 kilodaltons) [58,74]. Within the general population, homozygosity for the apo(a) size is rare and more than 80% of individuals carry two different-sized apo(a) isoforms, each inherited from one parent [74]. However, it should be noted that 20% of subjects express as protein only one isoform, although two isoforms are transcribed at the DNA level.



As previously stated, a strong inverse association exists between the number of K4 type-2 copies and the circulating level of Lp(a) [75,94]. Individuals with small apo(a) isoforms (≤22 K4 type-2 repeats) have higher Lp(a) concentrations and 2–4-fold higher risk of CVD [95,96], whereas those carrying large apo(a) isoforms (>22 K4 type-2 repeats) have lower Lp(a) levels and no increase in risk of CVD [97,98]. This inverse relationship between isoform size and Lp(a) concentration might be explained by a slower intracellular processing, assembling, and secretory rate of larger Lp(a) molecules [99,100,101].



Expression of LPA is regulated both at the transcriptional and post-transcriptional levels, although considerable controversy exists concerning the regulatory factors. Studies in humans have suggested that acute-phase inducers increase and sex hormones decrease LPA expression and apo(a) levels, but results are highly controversial [102]. Functional analyses of LPA conducted in transgenic mice expressing apo(a) identified two candidate regions that possess gene enhancer activities and are accessible to nuclear transcription factors [103]. One of these regions is located 26 kb away from the apo(a) gene promoter and its activity is blocked by estrogens [104]. The other region is called apo(a) transcription control region and exhibits the strongest stimulating activity over the apo(a) promoter, thereby contributing to LPA expression in vivo [105]. Characterization of the apo(a) gene promoter in HepG2 cell lines identified two composite regulatory regions, one located proximally that activates apo(a) gene transcription and one located distally that represses transcription [106]. Influence of endogenous and exogenous factors on these complex mechanisms that regulate LPA expression was reported [107,108,109], although most of these studies require confirmation. Thus, more research will be needed to better clarify the mechanisms that contribute to transcriptional and post-transcriptional regulation of apo(a) gene expression.



In addition to LPA gene expression, other genetic determinants of Lp(a) concentration have been identified, including pentanucleotide repeats in the promoter region (PNRP) [110,111], variants that affect RNA splicing, and single nucleotide polymorphisms (SNPs) within the structural and functional domains [112,113,114,115]. More than 200 single nucleotide polymorphisms (SNPs) have been identified by genome-wide association studies [116,117] showing variable influence on Lp(a) levels. Some of these SNPs are associated with elevated Lp(a) levels, while others are associated with low Lp(a) levels. However, not all variants are demonstrated to be relevant in predicting Lp(a) levels [118,119,120,121,122]. In these studies, only rs3798220, located in the protease-like domain of apo(a) and rs10455872, which maps to intron 25, have repeatedly been associated with an increased Lp(a) level and a reduced copy number of K4 repeats.



In summary, Lp(a) is highly heritable with plasma concentration predominantly determined by variation in the LPA gene (accounting for >70–90% of variance), and is not significantly influenced by age, sex, physical activity, and diet. The K4 type-2 copy number variation which determines the apo(a) isoform size, explains from 20% to 77% of the variation in Lp(a) concentration depending on the population and methods used, whereas taken together, specific clusters of SNPs in various regions of the LPA gene account for 35–40% of variability.




2.3. Lp(a) Metabolism


Lp(a) biosynthesis faces four main steps: transcription of LPA, protein translation, transfer to the secretory pathway, and assembly of the Lp(a) particles. Lp(a) is exclusively produced in the liver which secretes apo(a)- and apoB-containing lipoproteins separately, so that the final assembly of Lp(a) takes place extracellularly by covalent linkage of apo(a) with apoB [123]. Synthesis and secretion are regulated by the effects of genetic control of LPA expression and processing of the apo(a) protein, respectively. Recognition that LPA expression is closely linked to Lp(a) levels established the premises for the development of antisense oligonucleotides to prevent apo(a) translation and lower circulating Lp(a) [124].



Catabolism of Lp(a) is not entirely clear. Regulation and function of the endocytic receptor which removes Lp(a) from the circulation is still a matter of debate [125]. The presence of apo(a) and perhaps also involvement of proprotein convertase subtilisin/kexin type 9 (PCSK9) limits removal of Lp(a) by the LDL-receptor. In addition, several other endocytic receptors have been implicated to mediate removal of Lp(a) from blood, including LDL-receptor related protein 1, very low density lipoprotein receptor, scavenger receptor B1, and plasminogen receptor KT (PlgRKT) [125,126]. While most lipoprotein receptors direct Lp(a) into a route which leads to the lysosomal degradation of the entire particle, PlgRKT was reported to shuttle Lp(a) into a pathway which leads to the selective degradation of the lipids and apoB, but to the re-secretion of apo(a) which then associates with another LDL-particle to form a new Lp(a) particle.




2.4. Distribution of Lp(a) Concentration and Effects of Non-Genetic Factors


The distribution of plasma Lp(a) levels is highly variable among different ethnic groups with concentrations varying up to 1000-fold within each population, ranging from less than 0.1 mg/dL to as high as 387 mg/dL. The lowest levels are seen in non-Hispanic Caucasians, Chinese, and Japanese; slightly higher levels have been documented in Hispanics, while the highest levels are found in Blacks [127]. In Caucasians, plasma levels are comparable in men and women, and it is estimated that 20% of the population worldwide has an Lp(a) level >50 mg/dL (>105 nmol/L) [128], 5% of individuals has an Lp(a) level above 120 mg/dL (250 nmol/L), whereas only 1% of individuals has an extremely elevated Lp(a) level above the 99th percentile, corresponding approximately to 180 mg/dL. Plasma levels are generally unaffected by dietary interventions or various physiological and environmental factors, including age, sex, fasting state, or physical activity, but are also known to be slightly influenced by pregnancy, menopause, hormone use, cholestasis, thyroid dysfunction, acute phase events, and renal function [129]. Elevated Lp(a) levels have been observed in patients with chronic kidney disease, being inversely correlated with glomerular filtration rate, with an increase that is independent on the apo(a) phenotype, strongly suggesting a leading role of the kidney in Lp(a) removal from blood [130].




2.5. Lp(a) Measurement


Reproducible and reliable measurement of Lp(a) was difficult to obtain mainly because of the highly polymorphic nature of the apo(a) moiety, due to the variation in isoform size. Additional factors included lack of standardization across laboratories with some assays reporting Lp(a) values as mass concentrations (mg/dL) and others as particle concentrations (nmol/L) [131], and the adoption of antibody-based approaches which led to possible underestimation of the small isoforms and overestimation of the large isoforms [55]. The efforts of The International Federation of Clinical Chemistry and Laboratory Medicine to standardize reference material to calibrate Lp(a) assays improved the reproducibility between methods [132], although some degree of heterogeneity might persist [133]. The recently developed LC–MS/MS method which recurs to selected proteotypic peptides quantified by isotope dilution is isoform-independent, overcoming some of the limitations and allowing better standardization of assays [134].





3. Plasma Lp(a) Concentrations in Hypertension


Dyslipidemia is more prevalent in hypertensive than normotensive individuals, and changes in lipid levels progressively worsen with increasing BP [135]. Increased levels of total and low-density lipoprotein cholesterol and triglycerides, and lower high-density lipoproteins cholesterol were reported in hypertensive patients [136]. Regarding Lp(a), data are highly controversial mostly depending upon lack of standardization of assays and relevant differences among ethnic groups. While some studies reported higher Lp(a) concentrations in hypertensive than normotensive subjects, other studies did not [65,137,138,139,140,141,142,143,144,145,146]. In a study conducted by Lip et al. on ambulatory hypertensive patients, median Lp(a) levels were found to be markedly elevated in Blacks, in line with previous observations [144]. Elevated plasma Lp(a) was also more frequent in hypertensive patients of Indian than Caucasian descent, although in hypertensive Caucasians no differences were observed with the respective normotensive subjects. In agreement with these findings, two additional studies reported an increased prevalence of elevated Lp(a) in Indian hypertensives free of cardiovascular complications in comparison to their respective normotensive controls [147,148]. Moreover, a significantly growing prevalence of elevated plasma Lp(a) levels was demonstrated with increasing severity of hypertension (51%, 55%, and 91.67% in grade 1, 2, and 3 of hypertension, respectively) in Indian patients [148]. This association was not found in any other ethnic group, although in an Australian cohort of hypertensive patients, a greater prevalence of plasma Lp(a) > 50 mg/dL was associated with use of a higher number of antihypertensive drugs [145]. Thus, differences in Lp(a) levels between subjects with normal or increased BP appears to be limited to some selected ethnic groups. This might be related to their different genetic background affecting LPA gene expression, together with possible epigenetic influences due to differences in environmental components primarily related to dietary habits.




4. Lp(a) and The Vascular Wall


Essential hypertension is the most frequent form of hypertension and is characterized by a complex and multifactorial pathophysiology, where blood vessels, heart, and kidneys are reciprocally involved in regulation of the leading determinants of systemic BP, namely cardiac output and peripheral vascular resistance [149]. Within this complex interplay, a crucial role belongs to vascular endothelium that, in normal conditions, balances vasoconstriction and vasodilation of resistance vessels, also exerting important antithrombotic and anti-inflammatory functions that might be impaired in the process of atherogenesis [150]. A dysfunctional endothelium has been extensively demonstrated in hypertension [151], and a large body of evidence suggests that high BP and endothelial dysfunction influence each other, giving raise to a pathogenetic vicious circle [152]. Endothelial dysfunction can be defined as a phenotypic modification that is characterized by a shift of its actions toward reduced vasodilation, vascular cell proliferation, platelet adhesion, and activation and proinflammatory and prothrombic mechanisms [153].



In vitro studies indicate that elevated Lp(a) can directly contribute to atherogenesis and cause endothelial cell (ECs) and vascular smooth muscle cell (VSMCs) dysfunction (Table 1). These effects appear to be prevalently mediated by the apo(a) moiety, due to its hydrophilic properties which allow a direct interaction with the vascular endothelium as well as other cellular receptors [154]. Much like other lipoproteins, Lp(a) can diffuse passively through endothelial surfaces via concentration gradients, accumulating in subendothelial spaces where, after binding to proteoglycans and other subendothelial structures, becomes oxidized, promotes inflammation, and mediates atherogenesis [155]. Lp(a) accumulation and retention in the vessel wall and sub-endothelial surfaces is facilitated by a potent lysine-binding pocket present on K4 type-10 that binds to exposed lysine on denuded endothelial surfaces and to components of the subendothelial matrix [156]. Moreover, Lp(a) is the preferential lipoprotein carrier of oxidized phospholipids (OxPLs), markedly increasing its proinflammatory properties in comparison to other atherogenic lipoproteins [81,82,157,158]. Once retained and oxidized, Lp(a) modifies the properties of endothelial cells (ECs) that are shifted towards a more inflammatory phenotype characterized by: (a) enhanced expression of cell adhesion molecules (VCAM-1, E-selectin, and ICAM-1) [159,160]; (b) increased oxidative stress with increased generation of reactive oxygen species leading to accelerated senescence [161] and disruption of the integrity of ECs, leading in turn to increased permeability of the endothelial monolayer [162]; (c) enhanced contraction and loss of contact of ECs due to increased phosphorylation of myosin light chains and rearrangement of actin cytoskeleton through the Rho/Rho-kinase-dependent signaling pathway [163,164]; (d) impaired adhesion and migration of endothelial progenitor cells (EPCs) [165]; (e) impairment of angiogenesis signaling pathways and enhanced ECs apoptosis [166] (Figure 2).



In animal models, high Lp(a) levels impair endothelium-dependent vasodilation, as demonstrated by a dose-dependent reduction in the expression of inducible nitric oxide synthase, both at mRNA and protein level [167,168]. Lp(a) can also affect vascular smooth muscle cells (VSMCs), as suggested by early in vitro studies showing that cell migration and proliferation could be triggered by apo(a)-mediated downregulation of plasmin-dependent activation of transforming growth factor-β [169]. Moreover, apo(a) interacts with integrin αVβ3 on the surface of VSMCs and signals through tyrosine kinases to activate RhoA, thereby causing stress fiber formation, cell spreading, and chemorepulsion, with a negative impact on VSMCs remodeling and progression of atherosclerosis and arterial stiffening [170].



Despite the large body of experimental data, evidence obtained in vivo on Lp(a)-mediated effects on functional and structural vascular changes is limited to a few small studies. Early studies reported that elevated Lp(a) concentration is related to endothelial dysfunction in children with familial hypercholesterolemia [171], healthy adolescents [172], and healthy adults [173]. In patients with angiographically normal coronary arteries, elevated plasma Lp(a) levels were found to be associated with impaired coronary vasomotion induced by acetylcholine infusion [174,175], but not by dipyridamole [176]. The effects of Lp(a) on vascular response were investigated in the forearm arterial bed of healthy subjects by intraarterial infusion of increasing doses of acetylcholine, sodium nitroprusside, and N-monomethyl L-arginine (L-NMMA) [173]. Both endothelium-dependent and endothelium-independent vasodilatory responses were comparable in the groups with low, medium, and high plasma Lp(a) concentrations, whereas the endothelium-dependent vasoconstrictive response to L-NMMA infusion was greater in patients with elevated plasma Lp(a). The influence of Lp(a) levels on early vascular changes was evaluated in another study on healthy subjects in which flow-mediated (endothelium-dependent) and nitrate-mediated (smooth muscle-dependent) arterial dilations were measured by high-resolution ultrasound reporting no significant relationships with Lp(a) concentration [177]. By contrast, more recent studies that have examined in a multiethnic cohort of healthy subjects the brachial artery response by ultrasound imaging have found an inverse correlation of Lp(a) levels and low-molecular weight apo(a) with endothelium-dependent flow-mediated vasodilation, but not endothelium-independent nitrate-induced vasodilation [178]. Thus, while substantial in vitro evidence indicates that Lp(a) can impair ECs and VSMCs function in the arterial wall, the evidence obtained in vivo is controversial and still under debate.




5. Lp(a) and Organ Damage in Hypertension


The development of organ damage in essential hypertensive patients is likely related, but not limited to, the direct effects of increased BP levels. Additional factors, including circulating lipids, play a crucial role in the process of vascular damage since dyslipidemia, which is frequently detected in hypertension, and serum levels of specific lipoproteins greatly affect cardiovascular morbidity and mortality in hypertensive populations [179]. Retrospective and prospective studies have shown that high serum levels of Lp(a) are an independent risk factor for cardiovascular diseases [180]. Moreover, previous studies performed in large cohorts of hypertensive patients have demonstrated that serum Lp(a) levels predict the presence and severity of hypertensive organ damage [65]. In 277 untreated patients with mild-to-moderate essential hypertension and 102 matched healthy controls, we measured plasma Lp(a) and characterized apo(a) phenotypes. In hypertensive patients, organ damage was defined as stage 0 (no organ damage), stage I (subclinical organ damage), and stage II (clinically relevant organ damage) according to current guidelines, after extensive investigation of cerebral, cardiac, vascular, and renal damage. Although plasma Lp(a) was comparable in hypertensive patients and normotensive controls, Lp(a) levels increased significantly and progressively across stages of hypertension-related organ damage. In a multivariate analysis, Lp(a) levels were the best discriminator of the presence of organ damage and an increase in its concentration was associated with significantly greater expression of low molecular weight apo(a) phenotypes, suggesting a genetic predisposition to hypertensive complications linked to circulating Lp(a).



The longitudinal relationship of Lp(a) and hypertension to cardiovascular outcomes in primary prevention has been recently assessed in a retrospective analysis of the Multi-Ethnic Study of Atherosclerosis (MESA), an ongoing community-based cohort study [181]. Analysis included 6674 individuals free of clinical CVD at baseline, who were divided into four groups according to Lp(a) status (<50 mg/dL vs. >50 mg/dL) and hypertension status (hypertension vs. no hypertension). After an average follow-up of 13.9 years, CVD-free survival was comparable in normotensive subjects with low or high plasma Lp(a), whereas among subjects with hypertension, those with Lp(a) ≥ 50 mg/dL had a significantly higher risk of CVD than those with Lp(a) < 50 mg/dL (HR, 1.24; C.I., 1.01–1.53). Notably, the interaction between hypertension with Lp(a) concentrations had stronger association with increased CVD risk among Blacks (HR, 1.48; C.I., 1.09–2.02) than in other ethnic groups. In this study, although the major contribution to cardiovascular risk could be attributed to hypertension, elevated plasma Lp(a) significantly worsened the association of hypertension with cardiovascular disease. These findings suggest that high Lp(a) levels might also contribute to the residual cardiovascular risk of well-treated hypertensive patients by increasing the burden of subclinical organ damage via its well-known proatherogenic, proinflammatory, and prothrombotic effects [182,183], and interacting with the renin–angiotensin system [184].



Arterial vessels are one of the main targets of hypertension and a broad interest has gathered around the mechanisms that might contribute to arterial stiffening. Arterial stiffness is recognized as a strong predictor of cardiovascular events, both in the general population [185,186] and in hypertensive patients [187,188]. Currently, arterial stiffness can be estimated by noninvasive methods, including measurements of the augmentation index (AIx) by pulse wave analysis and carotid–femoral pulse wave velocity (PWV), which provide a comprehensive assessment of the stiffness of the entire arterial tree (elastic plus muscular arteries and arterioles) [189]. These are now widely accepted tools for the assessment of subclinical arterial damage in hypertension [61]. Increased arterial stiffness has been associated with major cardiovascular risk factors, including being overweight or obese, impaired glucose tolerance, dyslipidemia, and smoking [190,191,192,193] and is characterized by both structural and functional changes of the vascular wall [194]. Arterial stiffening results from extensive anatomical rearrangement with the depletion and fragmentation of elastin fibers and the deposition of collagen elements in the extracellular matrix. This is closely related to aging, but other factors, in addition to high blood pressure, might play a role, including endothelial dysfunction, activation of tissue-specific renin–angiotensin–aldosterone system, increased production of proinflammatory cytokines, and a prothrombotic state [194,195,196,197].



The hypothesis of a possible contribution of Lp(a) to arterial stiffening was initially investigated in elderly Japanese subjects with type 2 diabetes, reporting an independent association of its levels with the PWV [198]. A significant correlation between the plasma levels of oxidized Lp(a) and PWV was also reported in a subset of relatively old (mean age: 66 years) hypertensive patients with coronary artery disease and diabetes [199]. Similarly, in a small study enrolling hypertensive women, a significant relationship was reported between oxidized Lp(a) levels and the cardio–ankle vascular index [200]. More recently, in 138 patients with hypertension who were younger (mean age: 51 years) and free of diabetes and cardiovascular and renal complications, we measured plasma lipids and assessed AIx and PWV [66]. Plasma Lp(a) concentrations were significantly and directly related with both AIx and PWV, although multiple regression analysis showed independence of correlation of Lp(a) only with the AIx. Due to the relevance of AIx to the assessment of the peripheral arterial tree, these findings might indicate greater and more specific relevance of Lp(a) to the peripheral component of arterial stiffness.



All these findings might have considerable clinical implications for the identification of target organ damage in hypertensive patients as well as for their prevention and treatment. Lp(a) measurement might indeed be useful in the diagnostic workup of these patients, to identify those who might be more prone to developing organ damage. On the other hand, in consideration of the encouraging data coming from clinical trials of new Lp(a)-lowering therapies, in the near future, a reduction in Lp(a) levels might possibly improve hypertension outcomes. Nowadays, detection of elevated Lp(a) levels in hypertensive patients could be an alarm light and induce clinicians to pursue better control over blood pressure and additional risk factors to prevent cardiovascular events.




6. Lp(a) and Hypertensive Renal Damage


Despite robust evidence suggesting an inverse relationship between renal function and plasma Lp(a) levels in patients with severely impaired glomerular filtration rate [16,201], only a few studies have investigated this relationship in patients with hypertensive nephrosclerosis. Data obtained from large cohorts of subjects with end-stage renal disease that included mostly patients with diabetic nephropathy suggested a reciprocal relationship between Lp(a) levels and renal function. As stated above, an impaired kidney function affects Lp(a) catabolism, increasing its circulating levels [130] but, on the other hand, Lp(a) itself might have a role in causing renal disease progression [16,201,202]. Support to a possible role of Lp(a) in the development and progression of renal dysfunction has been provided also in other studies [203,204], although in the Chronic Renal Insufficiency Cohort (CRIC) study that enrolled 3939 adults with chronic kidney disease, mostly diabetics, none of the circulating lipids, including Lp(a), were significantly associated with progression of kidney disease [205]. Further work is needed to better understand the complex relationship between Lp(a) and renal disease, although it should be kept in mind that increased Lp(a) levels are one the main contributors to the increased cardiovascular risk found in patients with progressive renal disease [206].



In a cross-sectional study of 417 hypertensive patients, 160 of whom had glomerular filtration rate from 30 to 89 mL/min/1.73 m2 of body surface area, we measured serum lipids and apolipoproteins [130]. Lp(a) levels were significantly higher in patients with early impairment of renal function caused by hypertensive nephrosclerosis and, most importantly, there was a highly significant inverse relationship between Lp(a) levels and glomerular filtration rate. In these patients, elevated serum Lp(a) was also associated with greater prevalence of cerebrovascular, coronary artery, and peripheral vascular disease [207]. The inverse relationship of Lp(a) with glomerular filtration was confirmed in another group of 250 hypertensive subjects with hypertensive nephrosclerosis and early reduction of glomerular filtration in whom apo(a) phenotypes were characterized [208]. In this study, no relationship was found between serum Lp(a) and urinary protein losses and the frequency of low-molecular weight phenotypes was comparable across levels of glomerular filtration, suggesting that renal failure per sè or other genes beside LPA could be responsible for Lp(a) increase in subjects with early impairment of renal function. Finally, a contribution of Lp(a) has been demonstrated in 50 patients with angiographic evidence of atherosclerotic renal artery stenosis [209]. In these patients, multivariate analysis showed that Lp(a) was associated with renal artery stenosis independently of other confounders including renal function and history of CVD. Thus, substantial evidence suggests that in addition to the referred evidence of the impact that elevated circulating Lp(a) has on cardiovascular outcomes in hypertensive patients, a close relationship exists between this lipoprotein and hypertensive nephrosclerosis, starting from the earliest stages of renal disease.




7. Lipoprotein(a): Dietary and Pharmacological Interventions


Regarding lifestyle interventions, there is a historical assumption according to which diet has no effect on Lp(a). However, since the first report of dietary effects on Lp(a) in 1991 [210], there have been only a few well controlled clinical studies investigating the consequences of dietary modification on its levels. Overall, current evidence, albeit limited, indicates that diet modulates only modestly Lp(a) and often in the opposite direction to LDL-C [211,212,213,214,215,216,217,218,219]. Response of Lp(a) levels to dietary modifications is highly heterogeneous, although a trend towards increasing levels with diets rich in saturated fatty acids intake and reduction when these fatty acids are replaced by long-chain carbohydrates and unsaturated fatty acids has been reported. In hypertension, administration for 1 month of 4 g/day of polyunsaturated fatty acids to patients with plasma Lp(a) > 25 mg/dl significantly decreased these levels by 38%, whereas administration for the same time of 1 mg/day reduced Lp(a) by 17% [220]. It is our opinion that, whatever could be the effect of diet on plasma Lp(a), clinicians should keep recommending patients to replace saturated fatty acids with unsaturated fat from their diets to reduce CVD risk.



The resurgence of Lp(a) in the context of cardiovascular prevention and treatment is mainly due to the relatively recent development of new RNA-directed treatments. Indeed, traditional lipid-lowering agents had demonstrated little and clinically irrelevant effects on Lp(a). These agents included statins; niacin (20% reduction of Lp(a) at maximal dose but with an unknown effectiveness in reducing major atherosclerotic cardiovascular events-MACE) [221]; cholesteryl ester transfer protein (20–30% reduction of Lp(a) with no reduction in MACE) [222]; and apolipoprotein B100 antisense oligonucleotide mipomersen (20–40% reduction in Lp(a) levels but MACE reduction unknown in patients with elevated Lp(a) with significant concerns regarding potential hepatotoxicity which justifies limited approval for homozygous familiar hypercholesterolemia) [223]. Encouraging data have emerged for PCSK9 inhibitors (evolocumab and alirocumab) in secondary analyses of the FOURIER and ODYSSEY outcome trials [224,225], where a modest reduction of Lp(a) (27% with evolocumab, 23% with alirocumab) was independently associated with an absolute reduction in MACE (ARR 2.5% with NNT of 45 for evolocumab; ARR 2.3% with NNT 43 for alirocumab), suggesting that even a modest reduction of Lp(a) levels may translate into a significant benefit.



The novel RNA-directed therapies that specifically target the LPA gene drew roots in a study that Frank et al. published more than 20 years ago [226]. In elegant experiments performed in transgenic mice expressing apo(a), these authors provided the first demonstration that production of this apolipoprotein could be blocked by use of an apo(a)-antisense-RNA. Following this evidence, clinical applications of LPA-targeting treatments for use in humans have recently been developed. These include a single-stranded antisense oligonucleotides (ASO), which prevent gene expression through degradation of the target mRNA by RNaseH1, and a small interfering RNA (siRNA), composed of two strands (passenger strand and guide strand), with the guide strand binding to target mRNA within an RNA-induced silencing complex (RISC). These compounds have been named pelacarsen (ASO), olpasiran (siRNA), and SLN360 (siRNA), and all have remarkably and dose-dependently lowered Lp(a) levels, while maintaining a good safety profile in phase 2 and phase 1 trials (reduction of Lp(a) levels of 35–80%, 80–94%, and 46–98% within 112, 113, and 150 days by pelacarsen, olpasiran, and SLN360, respectively) [227,228,229]. The HORIZON trial (Assessing the Impact of Lipoprotein (a) Lowering With Pelacarsen [TQJ230] on Major Cardiovascular Events in Patients With CVD) (NCT 04023552), a large ongoing phase 3 multicenter, international cardiovascular outcome study with a planned duration of 4.25 years enrolling approximately 8000 patients, will provide a more definite answer to the possible contribution of pelacarsen to MACE reduction. Thus, while awaiting the results of ongoing and future outcome trials, the therapeutic strategy in patients with high Lp(a) levels should focus on reducing residual “lipid-driven” cardiovascular risk by further lowering of LDL-C levels and better control of the other cardiovascular risk factors, including hypertension.




8. Conclusions


The relationship between elevated Lp(a) levels and essential hypertension is still a matter of intriguing debate due to limited clinical evidence in support of a causal and/or reciprocal association. Nevertheless, solid evidence indicates that elevated Lp(a) levels can significantly contribute to cardiovascular and renal damage in hypertensive patients, leading to a worse clinical outcome. These effects of Lp(a) could be ascribed to the multiple detrimental effects that Lp(a) exerts on the vascular wall. Recent evidence of a longitudinal relationship of Lp(a) levels with the cardiovascular outcome in a large multiethnic cohort of hypertensive patients reinforces the need for more extensive clinical research in this field. This is further encouraged by the very promising results of the studies that have employed novel RNA-targeted treatments for Lp(a) reduction. If their benefits will be confirmed by the ongoing outcome trials, these new treatments will shift the gear for effective intervention on the residual cardiovascular risk of patients with high BP.
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Figure 1. Structure of lipoprotein(a). Lipoprotein(a) consists of an LDL-like core lipoprotein molecule, containing apolipoprotein-B100 to which a glycoprotein of variable molecular weight, apolipoprotein (a) [apo(a)] comprising multiple heterogeneous triple-loop structures called kringles, is covalently linked via a single cysteine–cysteine disulfide bond. K IV, kringle 4; LBS, lysine binding sites; oxPL, oxidized phospholipids. 
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Figure 2. Consequences of lipoprotein(a) interaction with vascular endothelium. Lp(a) crosses endothelial surfaces bound to oxidized phospholipids and binds to subendothelial structures. Once retained and oxidized, Lp(a) modifies the properties of endothelial cells that enhance expression of cell adhesion molecules and monocyte chemotaxis. Enhanced contraction and loss of contact of endothelial cells due to increased phosphorylation of myosin light chains and rearrangement of the actin cytoskeleton disrupts the integrity of the endothelial monolayer, leading to increased permeability and transendothelial migration of monocytes. Moreover, migration and adhesion of progenitor endothelial cells is impaired together with activation of endothelial cells apoptosis. K IV, kringle IV; LBS, lysine binding sites; oxPL, oxidized phospholipids; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; COX-2, cyclooxygenase-2; PGE, prostaglandin E; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; IL-8, interleukin-8; CCL-1, CC chemokine ligand-1. 
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Table 1. Mechanisms potentially involved in the proatherogenic effects of Lp(a).
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	General Vascular
	Endothelial Cells
	Vascular Smooth Muscle Cells





	Passive diffusion to subendothelial space
	Enhanced expression of adhesion molecules
	Promotion of cell migration to subintima



	Binding to proteoglycans by the lysin-binding pocket of kringle IV type-10
	Accelerated senescence with disruption of cells
	Integrin αVβ3-mediated activation of tyrosine kinase and RhoA



	Interaction with oxidized phospholipids
	Enhanced contraction and loss of contact between cells
	Cell spreading with impaired cell remodeling and fiber formation



	Increased generation of reactive oxygen species
	Impaired adhesion and migration of endothelial progenitor cells
	Vascular stiffening



	
	Impaired angiogenesis signaling pathways
	



	
	Increased apoptosis
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