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Abstract

:

Atherosclerosis is a chronic inflammatory disease characterized by the accumulation of lipids in the vessel wall, leading to the formation of an atheroma and eventually to the development of vascular calcification (VC). Lipoproteins play a central role in the development of atherosclerosis and VC. Both low- and very low-density lipoproteins (LDL and VLDL) and lipoprotein (a) (Lp(a)) stimulate, while high-density lipoproteins (HDL) reduce VC. Apolipoproteins, the protein component of lipoproteins, influence the development of VC in multiple ways. Apolipoprotein AI (apoAI), the main protein component of HDL, has anti-calcific properties, while apoB and apoCIII, the main protein components of LDL and VLDL, respectively, promote VC. The role of lipoproteins in VC is also related to their metabolism and modifications. Oxidized LDL (OxLDL) are more pro-calcific than native LDL. Oxidation also converts HDL from anti- to pro-calcific. Additionally, enzymes such as autotaxin (ATX) and proprotein convertase subtilisin/kexin type 9 (PCSK9), involved in lipoprotein metabolism, have a stimulatory role in VC. In summary, a better understanding of the mechanisms by which lipoproteins and apolipoproteins contribute to VC will be crucial in the development of effective preventive and therapeutic strategies for VC and its associated cardiovascular disease.
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1. Introduction


According to the World Health Organization, atherosclerosis represents the main cause of mortality, leading to cardiovascular and vascular diseases (including myocardial infarction, stroke, peripheral arterial diseases, cerebrovascular diseases) [1,2]. Thus, atherosclerosis represents a major public health problem. Common atherosclerosis risk factors are age, hypertension, smoking, sedentarity, dyslipidemia, obesity and type 2 diabetes [3]. Atherosclerosis is a chronic inflammatory process due to the formation of plaques that build up inside the large and median arteries (aorta, carotids, femoral arteries) as a result of the deposition of fat, cholesterol, calcium, fibrotic tissue, cells and cellular debris [4]. Over decades, a plaque hardens and narrows the arteries, leading to clinical manifestations [2]. The development of atherosclerosis involves the activation of various cell types (including endothelial cells, smooth muscle cells (SMC), lymphocytes, monocytes and macrophages) in the intima of the arteries, which results in a local inflammatory response [4]. An increase in circulating LDL (low density lipoprotein)-cholesterol levels and the subsequent accumulation of oxidized LDL (OxLDL) in the subendothelial space triggers the recruitment and retention of monocytes and lymphocytes in the arterial wall. In the intima, monocytes differentiate into macrophages, which scavenge lipoprotein particles, accumulate lipids (mainly cholesterol) and become foam cells [5]. These macrophage-derived foam cells secrete inflammatory molecules and factors that further promote lipoprotein retention, affect SMC phenotype, proliferation and migration to the intima, degrade the extracellular matrix and sustain inflammation [4]. While lesional macrophages are mainly derived from blood monocytes, it has been shown that lesional macrophage-like cells can also be derived from SMC [6]. Moreover, it has been also reported that tissue-resident macrophages can renew themselves by local proliferation [7]. Progression of atherosclerosis is characterized by apoptosis of these resident macrophages in the lipid core of the lesion. The clearance of apoptotic cells is mediated by phagocytes, mostly macrophages, which recognize and internalize dead cells in a process termed efferocytosis [8,9]. In early lesions, phagocytes readily clear apoptotic cells, avoiding further progression of atherosclerosis. In chronic, advanced lesions, however, efferocytosis is no longer sufficient to engulf all dead cells, and the gradual accumulation of apoptotic debris results in the formation of a necrotic core, which triggers further inflammation, necrosis and thrombosis [8,9]. Plaque necrosis associated to fibrous cap thinning provokes plaque rupture, resulting in acute luminal thrombosis leading to atherosclerosis clinical manifestations [10]. In addition to drug administration, such as anti-platelets and statins [11], cardiovascular interventions such as angioplasty and stenting play a central role in the treatment of atherosclerotic-associated diseases, although restenosis remains a risk limiting factor for these procedures [12].



An important element in the atherosclerotic process development is vascular calcification, defined as an inappropriate deposition of calcium minerals in arterial wall beds. In fact, atherosclerotic plaque stability depends on the differential amounts, sizes, shapes and location of calcification [13].



The purpose of this updated review of the literature is to present the current state of knowledge on the role of lipoproteins in vascular calcification by discussing clinical and experimental studies.




2. Vascular Calcification Process


Vascular calcification (VC) is a complex process by which calcium deposits accumulate within the vessel walls and valves, resulting in the formation of extra-cellular calcified nodules. It is a gradual process that occurs over time and is associated with aging and acquired chronic metabolic diseases such as diabetes or chronic kidney disease [14].



Although vascular and valvular calcifications share risk factors and molecular pathways, several physio-pathological key differences between these two forms of VC are important to consider [15]. One of the main differences is linked to the histological structure of calcification sites, with valves consisting of tri-layered structures defined as fibrosa (connective tissue providing strength), spongiosa (mucopolysaccharides facilitating movement), and ventricularis (elastin contributing to flexibility), while vessel walls are constituted mainly by vascular smooth muscle cell (VSMCs) and elastin-rich and connective layers. Furthermore, cells involved in VC also differ, with VSMCs in vessels versus interstitial cells (VICs) in valves. Differences in how vessels and valves are exposed to shear stress also impacts VC, and vessels calcify faster than valves.



VC within vessels can be classified into two types: intimal and medial [16]. While intimal and medial VC are two distinct types of VC that have different origins and underlying mechanisms, both can lead to cardiovascular complications. Intimal VC occurs within the intima of the vessel wall and is associated with inflammation and atherosclerosis [17]. This type of VC is initiated by the accumulation of lipids and other pro-inflammatory molecules in the intima of the vessel, leading to the formation of an atheroma. As the atheroma progresses, calcified nodules often form in the advanced stages of atherosclerosis and can be observed in the aorta, coronary arteries and carotids. Medial VC, on the other hand, occurs within the media of the vessel wall, and is often observed in diabetic or chronic kidney disease (CKD) patients [18]. Medial VC is initiated by the loss of elastic fibers and proteoglycans in the media of the vessel wall, leading to structural changes and eventually the formation of calcium deposits that occur in parallel or independently of atherosclerosis, and can often be observed in femoral, tibial and uterine arteries [19]. Medial VC leads to a reduction in the elasticity of the vessel wall (arterial stiffness), which in turn induces systolic hypertension through impaired cardiovascular hemodynamics, subsequently resulting in cardiovascular disease (CVD) [19]. Interestingly, the pathogenic role of isolated medial calcification is unclear and may be mostly linked to its association to occlusive arterial lesions [20].



Contrary to the initial thoughts of a degenerative process, the mechanism of VC is influenced by a wide range of systemic factors, including aging, diabetes, CKD and cardiovascular risk factors such as hypertension, dyslipidemia and smoking [21]. Several key molecular mechanisms have been identified to contribute to VC, including inflammation, oxidative stress and mineral metabolism disorders, mainly hyperphosphatemia and vitamin D deficiency [22]. Moreover, genetic polymorphisms have been identified to contribute to some types of VC [23].



Atherosclerotic plaque stability is also closely linked to the size and location of VC within the plaque. Macrocalcifications, which are large (>0.5 mm) and visible calcifications, are typically associated with increased plaque stability, while microcalcifications, which are small (≤0.5 mm) and almost undetectable by imaging techniques, are linked to plaque rupture [24]. Macrocalcifications are often found in the deeper layers of the plaque, away from the lumen of the vessel. These calcifications are less likely to disrupt the mechanical properties of the plaque, and are therefore considered as a stabilizing effect that limits plaque rupture. Additionally, macrocalcifications tend to be surrounded by a fibrous cap, which provides additional structural support to the plaque and further increases its stability. On the other hand, microcalcifications are often found in the thin fibrous cap of the plaque, near the lumen of the vessel; these calcifications are more likely to favor possible plaque rupture. Additionally, microcalcifications are often found in association with high-risk plaque features such as a large lipid core and high macrophage infiltration. However, only a small subset of microcalcified plaques has the potential for rupture [25].



The cellular and molecular mechanisms underlying VC are complex and multifactorial; among them, the roles of VSMCs and VICs have been extensively studied. In response to various pro-osteogenic signals, such as high glucose, inflammation and oxidative stress, VSMCs and VICs can undergo a process of trans-differentiation, in which they acquire an osteoblastic phenotype and begin to deposit calcium and other minerals within the vessel wall or valve, respectively [26]. This process is mediated by the expression of osteogenic transcription factors such as RUNX2, which promote the differentiation of VSMCs and VICs into osteoblasts [27]. Additionally, VSMCs/VICs also express enzymes such as alkaline phosphatase (ALP), which converts pyrophosphate into phosphate, an important factor for the nucleation of hydroxyapatite crystals.



Macrophages, on the other hand, play a key role in the regulation of VSMC/VIC-mediated VC [28]. Macrophages can differentiate into different subpopulations, such as pro-inflammatory or anti-inflammatory, depending on their microenvironmental signals. Pro-inflammatory macrophages can release inflammatory molecules that can activate VSMCs/VICs and promote their trans-differentiation into osteoblasts, while anti-inflammatory macrophages can release anti-inflammatory and anti-osteogenic molecules inhibiting the trans-differentiation of VSMCs/VICs [29]. Therefore, the balance between pro- and anti-inflammatory macrophages in the vessel wall strongly influence the development of VC.



Overall, VC is a complex process mediated by a variety of cellular and molecular mechanisms, influenced by a wide range of systemic factors. A better understanding of these mechanisms and factors will be crucial in the development of effective preventive and therapeutic strategies for VC and its associated cardiovascular disease.




3. Lipoproteins and Vascular Calcification


3.1. Lipoproteins and Their Subfractions: Results from Clinical Studies


Clinical studies linking lipoprotein subfractions to VC have been performed in different patient populations by several research groups. Type 1 diabetic patients without a history of CVD show lower levels of circulating osteocalcin positive (OCN+) monocytes, considered as osteogenic precursor cells of myeloid origin, compared to subjects with CVD [30]. Interestingly, the concentration of OCN+ monocytes inversely correlated with total high-density lipoprotein (HDL) cholesterol levels, as well as with large and intermediate HDL-subfractions, but not with small HDL [30]. The amount of OCN+ monocytes was not related to total cholesterol, LDL cholesterol, nor triglycerides. However, the analysis of LDL subfractions showed a trend towards a positive association with small and dense LDL. The use of lipid lowering drugs was not associated with the number of OCN+ cells. The large HDL subfraction was strongly inversely correlated with coronary artery calcification (CAC) in healthy postmenopausal women [31]. Moreover, small, medium and large very low-density lipoprotein (VLDL) subfractions all positively correlated with CAC. The concentration of small dense LDL positively correlated with CAC, which was not the case for medium and large LDL. Furthermore, the association between small dense LDL and intracranial arterial calcification, which increases the risk of ischemic stroke and cognitive decline [32], was evaluated. Serum small dense LDL levels correlated with the hospital admission NIHSS (National Institutes of Health Stroke Scale) score, reflecting the severity of acute cerebral infarctions. The average concentration of small dense LDL was higher in patients who died during hospitalization compared to patients who survived [32].



The number of circulating LDL particles (LDL-P) represents an alternative measure of LDL concentration, allowing a better understanding and measure of residual CVD risk in patients achieving the recommended LDL-cholesterol concentrations upon statin treatment. Indeed, LDL-P has been shown to be a better CVD risk predictor than LDL-cholesterol [33]. In intermediate coronary artery disease (CAD) risk factor subjects (aged 40 to 69 years, 67.6% male), in the absence of treatment with statin or niacin, the LDL-P showed a stronger association with CAC than the traditional lipoprotein concentration [34]. Patients with the highest tercile of total LDL-P had an approximately 3.7-times higher risk to develop CAC than those with the lowest tercile. Similar results were obtained in a population of Japanese men (aged 40 to 79 years), where LDL-P were significantly associated with the CAC, independently of LDL cholesterol [35].



A study conducted in a sub-population of the Multi-Ethnic Study of Atherosclerosis (MeSA) cohort, without subclinical atherosclerotic CVD and without lipid lowering treatment, showed that concentrations of apolipoprotein B (apoB) were associated with CAC in patients older than 45 years [36]. However, this study provided only modest additional value of apoB for CAC prevalence, incidence or progression beyond the measure of LDL cholesterol and non-HDL cholesterol. Moreover, it has been reported that the LDL cholesterol/apoB ratio, representing the predominance of small dense LDL, was better compared to the apoB alone in the diagnosis of CAC [37].



By analyzing the same MeSA cohort, the concentration of HDL particles (HDL-P), representing the sum of HDL subclass particles, considered as a novel marker that inversely associated with CVD risk, was evaluated [38]. Results showed that the high HDL-P concentrations were associated with lower odds of CAC presence and progression, which is in line with the inverse association between HDL-P and cardiovascular risk [39].



Interestingly, results from the ATLANTA I study, analyzing the relationship between lipoproteins and plaque components by computed tomography angiography (CTA) and intravascular ultrasound (IVUS), showed that apoB-containing lipoproteins, as well as HDL-P, were involved [40]. Indeed, apoB particles were associated with a higher proportion of non-calcified plaque and a lower proportion of calcified plaques. Concerning HDL-P, small HDL were also associated with larger plaque burden and more non-calcified plaques, whereas larger HDL and pre-β2 HDL were associated with less calcification and less stenosis, but a higher proportion of fibrotic tissue. Moreover, small lipid-poor HDL (pre-α4, pre-α3 and α3 HDL) were associated with a lower proportion of calcified and a higher proportion of non-calcified plaques.



Analysis of the relative importance of non-HDL cholesterol concentration on CAC at different stages of life has been evaluated, including adolescence (12–18 years), young adulthood (21–30 years) and midadulthood (33–45 years) [41]. Results showed that elevated non-HDL cholesterol at each life stage was associated with CAC in mid-adulthood. Interestingly, non-HDL cholesterol in adolescence showed the strongest association with the presence of CAC in adulthood.



The atherogenic index of plasma (AIP), calculated as the log of the triglycerides/HDL cholesterol ratio, has been suggested to be more closely related to CVD risk, compared to individual lipoprotein cholesterol concentration [42]. The association between AIP and CAC progression has been studied in asymptomatic Korean adult subjects [43]. Results showed that the presence of CAC at baseline, and its progression during a 3.3 year follow-up, were more frequently observed in patients with the higher AIP quartile. However, the AIP was associated with the risk of CAC progression over the traditional CVD risk factors in subjects without heavy CAC at the baseline [43].



Some studies have also looked at the direct involvement of individual apolipoproteins in the process of human aortic valve calcification. The concentration of apoAI, the major component of HDL, was higher in control than in human stenotic aortic valves. In these tissues, apoAI surrounded calcium depots and colocalized with apoB, apoE and osteoprotegerin (OPG), a calcification inhibitor [44]. Moreover, apo(a) was prominent in aortic valves with calcified nodules or large calcification areas [45]. Indeed, by comparing non-fibrotic/non-calcified to fibrotic/calcified aortic valve tissues, the authors identified the presence of apoCIII, apoB, and to a lesser extent apoJ and apoE, which was more abundant around calcified regions. In particular, apoCIII was detected in both lipid-rich and lipid-poor areas surrounding calcified nodules, suggesting that apoCIII may contribute to calcification independently of its role in lipoprotein metabolism [46]. These results suggest that apolipoproteins may play critical roles in calcification initiation and progression, either through direct pathological interaction with cells and the extra-cellular matrix, or through their functions as lipid carriers. However, patients with aortic valve sclerosis exhibited higher concentrations of serum apoCII, apoCIII and apoCIII contained in VLDL + LDL fractions [47]. Heterozygous carriers of a null mutation (R19X) in the gene encoding apoCIII, compared with noncarriers, had lower fasting and postprandial serum triglycerides, higher levels of HDL-cholesterol, lower levels of LDL-cholesterol and less coronary artery calcification [48,49].



The blood determination of the basic fractions of the lipid profile (total cholesterol, LDL-C, HDL-C and triglycerides) gives only basic knowledge about the patient’s lipid status. Moreover, lipoproteins can also undergo modifications (oxidation, nitration, glycation, alkylation, aggregation, etc.), especially under oxidative stress [50], which can lead to the formation of more atherogenic lipoproteins that are not routinely measured in clinical practice.



Interestingly, circulating concentrations of oxidized HDL (OxHDL), which are characterized by reduced anti-inflammatory properties compared to normal HDL, were significantly higher in patients with severe calcific aortic valve disease (CAVD), compared to age and gender-matched subjects without CAVD [51]. Indeed, the decrease in OxHDL concentration was associated with an attenuation of the CAC progression in hypercholesterolemic patients under pitavastatin treatment [52].



Measurement of lectin-like oxidized low-density lipoprotein (LDL) receptor-1 (LOX-1) ligand containing apoAI (LAA), an indicator of modified HDL that presents impaired anti-atherogenic functions [53], showed that LAA was associated with CAC, independently of the HDL cholesterol and particle concentrations in middle aged (<65 years) Japanese men [54].



Patients with heterozygous or homozygous mutations of the LDL receptor, characterized by the familial hypercholesterolemia (HeFH) showed increased prevalence of aortic valve calcification, compared with control subjects [55]. Moreover, the progression of the aortic calcification was followed over a period of >8 years in HeFH patients [56]. Aortic calcification increased in all patients in an exponential fashion with respect to age, which remains the most important factor that affects the rate of aortic calcification [56]. The calcification process continued independently of total cholesterol or LDL-C levels. Indeed, age and LDLR-negative mutations were strong predictors of aortic valve calcification.



Altogether, these results suggest that analysis of lipoprotein sub-fractions may improve the prediction of CAD in patients beyond the conventional lipid parameters and risk factors.



3.1.1. Lipoprotein (a) Lp(a)


Lipoprotein (a) (Lp(a)), an LDL-like particle, characterized by the presence of the apo(a) component that is covalently linked to the apoB moiety by the disulfide bound [57], is considered as a strong marker for cardiovascular disease. Lp(a) is the only apoB-containing lipoprotein that transports oxidized phospholipids (OxPL) [58]. Lp(a) also carries autotaxin (ATX), a lysophospholipase D enzyme that converts lysophosphatidylcholine (LysoPC) from OxPL into lysophosphatidic acid (LysoPA) (Figure 1) [45]. The Lp(a) plasma concentration is 90% determined by genetics [59]. The role of Lp(a) has been largely studied in VC, particularly at the aortic valve level. Indeed, an elevated Lp(a) concentration has been associated with approximately one-third of aortic stenosis cases [60]. Calcified aortic valves expressed OxPL epitopes and ATX, as well as apo(a) [45]. Interestingly, ATX expression and activity were higher in mineralized aortic valves compared to control non-mineralized tissues [61]. Moreover, analysis of calcified aortic valves reveals that tissue ATX is probably transported from blood by Lp(a), but also can be directly secreted by VICs [61]. Lp(a) concentration independently correlated with the presence and the severity of CAC in a study enrolling 2806 patients [62].



Patients with the higher Lp(a) tertile had higher valve calcification, as well as higher progression of valvular calcium score, compared to those with the lower tertiles [63]. Elevated Lp(a) and OxPL levels were associated with prevalent calcific aortic valve stenosis in patients. In individuals with elevated Lp(a), evidence of aortic valve microcalcification by 18F-sodium fluoride positron emission tomography/computed tomography was present before the development of clinically manifested calcific aortic valve stenosis, suggesting a role for Lp(a) in the development of the disease [64].



Analysis of the European Prospective Investigation into Cancer–Norfolk cohort demonstrated that individuals with the highest Lp(a) tertile had a 57% higher risk of aortic valves stenosis, and that the rs10455872 variant of the LPA gene was associated with the higher Lp(a) concentrations [65,66]. In line, in a secondary analysis of the “Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk (FOURIER)” [67], increasing Lp(a) concentrations were associated with a higher risk of aortic valve stenosis, including progression or need for valve replacement. Lp(a) measured in routine clinical care over a 14-year follow-up period was higher in subjects with calcified aortic valve stenosis, independent of their sex [68]. Moreover, analysis of asymptomatic HeFH patients showed that 38.2% of them present aortic valve calcification, and that Lp(a) remained a significant predictor of valve calcification after adjustment for all significant covariables [69]. Analysis of the ASTRONOMER cohort (Aortic Stenosis Progression Observation: Measuring Effects of Rosuvastatin) demonstrated that elevated levels of Lp(a)-apoCIII complexes were detected in patients with pre-existing mild-moderate calcific aortic stenosis, and who display rapid progression of the pathology [49].



Analysis of two Dutch cohorts of asymptomatic subjects (the Rotterdam and the Amsterdam studies) revealed that higher Lp(a) concentrations were independently associated with the presence of aortic valve calcification in both cohorts. In patients with aortic valve calcification, Lp(a) correlated with increased calcific burden. Aortic valve calcification was already highly prevalent in younger individuals with Lp(a) above the 80th percentile, emphasizing the need for early identification of these subjects [70]. Moreover, very recently it has been reported, by analyzing the Rotterdam study on the apparently healthy general population, that Lp(a) levels were associated with aortic valve calcification onset, but not with its progression in subjects with an already established pathology on a 14-year follow-up [71]. This suggests that Lp(a) lowering strategies may be most effective in the early stage of calcification. These results can appear contradictory with some other previously published results, suggesting that Lp(a) drives valve calcification and disease progression [63,72], but can be explained by difference in population selection (established calcification vs. apparent healthy status), duration of the follow-up period, and choice of the final endpoint.



Finally, concerning the link between ATX and calcific aortic valve stenosis, it has been reported that ATX mass and activity were independently associated with the pathology compared to patients with coronary artery disease without aortic valve disease [73]. Indeed, patients with both higher ATX activity and Lp(a) or OxPL-apoB had an elevated risk of calcific aortic valve stenosis.




3.1.2. Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9)


Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a hepatic enzyme stimulating LDL-R degradation, thus resulting in increased circulating LDL concentrations [74]. The use of specific PCSK9 inhibitors, particularly monoclonal antibodies, such as alirocumab and evolocumab, represents a novel promising approach to reduce circulating LDL-cholesterol.



The role of PCSK9 in calcification, notably in aortic valve calcification (AVC), is well established. PCSK9 is highly expressed in mouse [74] and human calcified aortic valves, particularly in VICs [74,75]. Indeed, old PCSK9-deficient mice presented lower AVC than the controls, and mouse PCSK9-deficient VICs are partially protected from calcification in vitro [74]. Patients with the PCSK9 loss of function mutation (PCSK9 R46L), characterized by decreased circulating Lp(a) and LDL-cholesterol, had reduced risk of calcific aortic stenosis [76]. Exploratory investigation of the randomized clinical trial “FOURIER” showed that patients under evolocumab treatment, on top of statin administration, had a 50% decrease in the incidence of calcification during a follow-up period of approximatively 2.2 years [67].



Treatment with alirocumab plus statin, compared to standard statin therapy, significantly decreased LDL cholesterol in both groups, while the absolute reduction of LDL cholesterol levels was higher in patients treated with alirocumab. Additionally, patients in the alirocumab group demonstrated a significant reduction of Lp(a) levels, not observed under the standard statin treatment. CAC progression was significantly lower in the alirocumab group than in the standard statin group [77]. Altogether, these results suggest the potential beneficial contribution of PCSK9 inhibition to VC (Figure 2).





3.2. Lipoproteins and Extra-Cellular Matrix Mineralization: Results from Experimental Studies


Several experimental studies have investigated the cellular and molecular mechanisms underlying the relationship between lipoproteins and calcification.



3.2.1. Lipoproteins


At late atherosclerosis stages, HDL plays a role in the prevention of VC by inhibiting the trans-differentiation of VSMCs. HDL also reduced the activity of ALP, a marker of osteogenic differentiation of osteoblastic cells [78], and inhibited IL-1β, IL-6 and minimally oxidized LDL-induced osteogenic activity [79]. Interestingly, these effects were mimicked by the lipid moiety of HDL, but not by the HDL-associated apolipoproteins or reconstituted HDL.



Moreover, in vitro addition of HDL to human THP-1 and U937 monocytic cell lines significantly decreased the number of OCN+ monocytes induced by OxLDL, via a mechanism involving the HDL receptor SR-B1 [30]. However, non-oxidized LDL had no effect on the expression of OCN and did not interact with HDL. This represents a novel mechanism by which HDL protects against cardiovascular disease by counteracting monocyte differentiation into pro-calcific cells. However, HDL are prone to oxidative modifications, leading to changes from protective to pro-atherogenic and pro-inflammatory properties. Indeed, OxHDL enhanced cellular osteogenic activity [79]. More precisely, OxHDL enhanced vascular cell mineralization by increasing ALP activity, as well as by inducing the expression of osteogenic factors (RUNX2, BMP-2, WNT5a, Osterix, etc.) [51,80].



Enzyme-modified non-oxidized LDL (ELDL), which have been detected in human calcific aortic valve disease [81], represent one of the many forms of modified LDL. This LDL modification occurs through the action of hydrolytic enzymes and differs from “classical” OxLDL since they lack oxidized lipids. Treatment of cultured human coronary artery SMC with ELDL in a phosphate-containing medium promoted VC by inhibiting the expression of calcification inhibitors such as matrix gla protein and ENPP-1. The latter converts extracellular ATP to adenosine and generates pyrophosphate, an inhibitor of calcification. Up-regulated expression of genes promoting calcification (RUNX2, ALP, BMP-2, Osterix…) was also observed [82].



Other lipoproteins including OxLDL and Lp(a) have been shown to activate innate immune responses in cells leading to a gain of pro-calcific phenotypes in calcific aortic valve disease. OxLDL induced the expression of the inorganic phosphate transporter Pit-1 and of BMP-2 in primary human VICs [83]. Moreover, OxLDL increased the RANKL expression in human SMC, without affecting the RANKL decoy receptor OPG [84]. Interestingly, the lipid extracts of these OxLDL reproduced the effects of the whole particle. Moreover, OxLDL-derived LysoPA promoted mineralization and osteogenic transition of human VICs. Addition of Ki16425, an inhibitor of LysoPA receptor 1 (LPAR1/Edg-2) and LPAR3/Edg-7, to cultured VIC prevented OxLDL-induced mineralization, suggesting that LysoPA produced by OxLDL promoted VIC mineralization [85].



Cholesterol per se has also been reported to control calcification [86]. Indeed, murine aortic SMCs from LDL-R deficient (LDLR-/-) mice, cultured under pro-calcifying conditions, displayed less intracellular cholesterol, and are characterized by lower ALP activity and matrix calcium deposition compared to SMCs isolated from control mice. Treatment of cells from control mice, with lipoprotein deficient serum (LPDS), resulted in a reduced matrix calcium deposition, compared to the normal serum. Interestingly, these effects were rescued by addition of cell permeable cholesterol. Finally, treatment of cells from LDLR-/- mice with mevastatin, to reduce intracellular cholesterol synthesis, and with forskolin, a PKA activator known to promote cell mineralization, resulted in a significant reduction of the matrix calcium deposition. Moreover, treatment of SMC with 25-hydroxy cholesterol upregulated ALP expression, thus increasing calcification [87]. Finally, reduction of circulating cholesterol concentration in ApoE-deficient mice led to reduced aortic root calcification [88]. Altogether, these results suggest that lipoprotein and cholesterol metabolism is involved in extra-cellular mineralization (Table 1).




3.2.2. Apolipoproteins


Concerning the role of apolipoproteins, it has been reported that treatment of primary human VICs with human apoCIII, in the presence of a pro-calcifying medium, led to a significant increase of calcium deposition by a mechanism involving mitochondrial dysfunction and inflammatory pathways [46]. In the same experiments, addition of apoAI significantly reduced the VIC calcification, thus supporting its protective role. This has been confirmed in vivo in animal studies, where injection of apoAI mimetic peptides significantly reduced calcification both in mice and rabbits [89,90,91]. Finally, treatment of human valve myofibroblasts with either apoAI, HDL2 or HDL3 increased the secretion of OPG, while exerting anti-inflammatory actions and repressing expression of TNFα [44] (Table 1).
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Table 1. Mechanisms of action of lipoproteins and apolipoproteins in vascular calcification.
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Apo and Lipoproteins

	
Cell or Animal Models

	
Mechanisms of Action

	
References






	
HDL

	
Bovine VSMCs

	
Inhibit VSMCs trans-differentiation by reducing ALP activity.

Inhibit IL-1β, IL-6 secretion and minimally OxLDL-induced osteogenic activity.

	
[79]




	
Human THP-1 and U937 monocytic cell lines

	
Decrease the number of OCN+ monocytes induced by OxLDL by a mechanism involving the SR-B1 receptor.

	
[30]




	
OxHDL

	
Bovine VSMCs

	
Enhance vascular cell mineralization by increasing ALP activity.

	
[79]




	
Human VSMCs and VICs

	
Induce the expression of osteogenic factors (RUNX2, BMP-2, WNT5a, Osterix, etc.).

	
[51,80]




	
ELDL

	
Human coronary artery SMCs

	
Inhibit the expression of calcification inhibitors such as matrix gla protein and ENPP-1.

Up-regulate the expression of genes promoting calcification (RUNX2, ALP, BMP, Osterix…).

	
[82]




	
OxLDL

	
Human VICs

	
Induce the expression of the inorganic phosphate transporter Pit-1 and of BMP-2.

	
[83]




	
Human SMCs

	
OxLDL-derived LysoPA promotes mineralization and cellular osteogenic transition.

	
[84]




	
Increased the RANKL expression in human SMC, without affecting the RANKL decoy receptor osteoprotegerin (OPG). The lipid extracts of OxLDL reproduce the effects of the whole particle.

	
[84]




	
Cholesterol

	
Aortic SMCs from LDL-R deficient (LDLR-/-) mice, cultured under pro-calcifying conditions

	
Lower ALP activity and matrix calcium deposition compared to SMCs isolated from control mice.

	
[86]




	
Cells from control mice

	
Treatment with lipoprotein deficient serum (LPDS), reduces matrix calcium deposition, compared to the normal serum.

	
[86]




	
Cells from LDLR-/- mice

	
Mevastatin reduces the matrix calcium deposition.

	
[86]




	
Mouse SMCs

	
25-hydroxy cholesterol upregulates ALP expression and increases calcification.

	
[87]




	
Reduction of circulating cholesterol concentration in ApoE-deficient mice

	
Reduces aortic root calcification.

	
[88]




	
apoCIII

	
Human VICs

	
Increases calcium deposition by a mechanism involving mitochondrial dysfunction and inflammatory pathways.

	
[46]




	
apoAI

	
Human VICs

	
Reduces calcification.

	
[46]




	
Mice and rabbits

	
Mimetic peptides significantly reduced calcification.

	
[89,90,91]




	
apoAI, HDL2, or HDL3

	
Human valve myofibroblasts

	
Increase OPG secretion.

	
[44]








Summary of the main actions of lipoproteins, apolipoproteins and cholesterol in vascular calcification, in cells and animal models. OCN: osteocalcin; OxHDL: oxidized HDL; ELDL: enzyme-modified LDL; OxLDL: oxidized LDL; apo: apolipoprotein; SR-B1: scavenger receptor B1; OPG: osteoprotegerin; ENPP-1: ectonucleotide pyrophosphatase/phosphodiesterase 1; VICs: valvular interstitial cells; SMCs: smooth muscle cells.












3.2.3. Lp(a) and PCSK9


Mechanisms by which Lp(a) controls VIC and SMC calcification have been determined in vitro [63]. Regarding the understanding of the mechanisms of Lp(a)-mediated calcification, in vitro results showed that treatment of human aortic SMC with native Lp(a) increased cell mineralization, as well as the expression of pro-calcific proteins, by a mechanism involving the activation of the Notch1 signaling pathway, which, in turn, allows translocation of the nuclear factor-κB (NF-κB) [62]. Indeed, NF-κB silencing reduced Lp(a)-induced mineralization [62]. Moreover, Lp(a) stimulated the release of extracellular vesicles able to calcify collagen matrix, independent of the presence of cells [92]. Native Lp(a) increased expression of BMP-2, OPN and RUNX2, an effect attenuated by pre-incubation of Lp(a) with a natural monoclonal antibody against the OxPL (E06). These data have been confirmed using a specific construct with defective binding of OxPL, thus indicating that the OxPL moiety of Lp(a) was responsible for its effects on calcification (Figure 1). Interestingly, the involvement of OxPL has been also confirmed in vivo in LDLR-deficient mice expressing a fragment of the E06 antibody [93]. Indeed, the presence of E06 decreased aortic valve calcium content by approximately 41%.



The role of ATX, as well as LysoPC and LysoPA, on cell mineralization has also been studied. Treatment of human VICs with both LysoPC and LysoPA, in the presence of calcifying medium, significantly increased cell mineralization through a NF-κB/IL-6/BMP2 pathway [61]. The pro-mineralizing effects of LysoPC were abrogated in the presence of ATX siRNA. In vivo, treatment with LysoPA increased the calcium deposition in aortic valve leaflets in a mouse model [61] (Figure 1).
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Figure 1. Lp(a) in vascular calcification: mechanisms of actions. Lp(a) is a lipoprotein transporting oxidized phospholipids (OxPL), as well as autotaxin (ATX), a lysophospholipase D that converts lysophosphatidylcholine (LysoPC) from OxPL into lysophosphatidic acid (LysoPA). Lp(a) increases cell mineralization, as well as the expression of pro-calcific proteins, by a mechanism involving the activation of the Notch1 signaling pathway, which, in turn, allows nuclear translocation of the nuclear factor-κB (NF-κB). This results in the induction of IL-6 expression, increasing BMP-2 concentrations, as well as the induction of the expression of RUNX2, osteopontin (OPN) and ALP. LysoPA also increases NF-κB nuclear translocation. These effects are blocked by the presence of E06, a natural monoclonal antibody against OxPL. LPAR: lysophosphatidic acid receptor. 
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Mechanistically speaking, PCSK9 mRNA and secreted protein increased in VICs exposed to a pro-osteogenic medium [75]. Human and rat SMC overexpressing PCSK9 had an increased mineralization, released a higher number of extracellular vesicles, containing more calcium and ALP, and expressed more pro-calcifying markers and lower anti-calcifying mediators than control cells [94]. VIC calcification positively correlated with the amount of secreted PCSK9 [75] (Figure 2). An important issue regarding the pro-calcifying effects of PCSK9 is whether they were associated with intra- or extra-cellular protein. Indeed, while neither the addition of extracellular recombinant PCSK9 nor treatment with evolocumab to PCSK9-over-expressing SMC had any effect on cell calcification [94], another study reported that addition of a PCSK9 neutralizing antibody significantly reduced calcium accumulation in human primary VICs [75]. These discrepancies could be explained by differences in the cell model used or can be due to differences in the composition of osteogenic medium.
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Figure 2. Role of PCSK9 in vascular calcification. PCSK9 expression is high in mouse and human calcified aortic valves, as well as in vitro VICs in the presence of pro-osteogenic medium. PCSK9 increases the number of secreted extracellular vesicles, containing more calcium and ALP, enhances the expression of pro-calcifying markers and lowers those of anti-calcifying mediators. These effects are blocked by evolocumab and alirocumab, two specific antibodies against PCSK9. ALP: alkaline phosphatase. 
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4. Lipid-Lowering Drugs in VC and AVC: The Good and the Bad


Among the lipid-lowering drugs, statins represent the most prescribed class of drugs globally. Since 1990, a large amount of literature has acknowledged the fact that statins are associated with a beneficial effect on atherosclerotic plaques by slowing progression of coronary atherosclerosis [95]. In addition to the reduction of cholesterol levels, the beneficial effect of statins on plaque regression results from complex pleiotropic effects, including local anti-inflammatory effects, changes in phenotypic plaque composition and the reduction of high-risk plaques [96]. Paradoxically, statins have been reported to increase VC and AVC [95,97,98]. This calcifying effect is considered beneficial by favoring plaque stabilization. However, the net beneficial impact of statins on VC and AVC is still debated [99,100], since it interferes with AVC [101] by promoting a deleterious effect on aortic valves [102]. Statins also interfere with the anti-calcifying mechanisms affecting SMC proliferation [103], and induce disturbances in the regulation of the extracellular nucleotidic pathways [104], or inhibition of vitamin K dependent factors [105]. Due to the direct role of PCSK9 on VC [94], anti-PCSK9 are expected to reduce this effect. The calcification effect of statins was attenuated when associated with anti-PCSK9 agents [106]. Addition of ezetimibe to statin therapy could also reduce plaque and lipid burdens, but may not modify plaque composition. Although current evidence supports a similar impact from the addition of PCSK9 inhibitors to statin therapy, more studies are needed to confirm such an effect [107]. Therefore, the debate about the opportunistic presence of calcification in the vascular wall or the aortic valves is far from being closed, and much is expected from the emerging non-lipid therapeutics targeting the inflammasome.




5. Conclusions


VC, particularly those affecting aortic valves, represents a chronic disorder with increasing incidence worldwide. The link between lipoproteins and their related factors and VC (summarized in Figure 3) appears logical since inappropriate calcium deposition mainly occurs in tissues where the presence of lipids and the control of their metabolism is of extreme importance.



VC lacks specific pharmacological therapies. In particular, LDL lowering strategies (namely statins) have failed in clinical trials. It is thus of crucial importance to identify novel molecules that can be targeted to develop new therapeutic strategies.



Moreover, clinicians are looking for more discriminating factors to better evaluate patients at risk of cardiovascular disease, particularly VC at the early stage, than those currently used, in order to propose personalized care. The relationship between calcification and lipoprotein sub-fractions could represent a promising avenue of this type of research. Indeed, specific pharmacological approaches treating lipoproteins with an effect on calcification can represent a novel venue for the treatment of this pathology. However, the role of lipoproteins and apolipoprotein remains insufficiently elucidated. In particular, there is an urgent need to identify the specific role of different lipoprotein components and related factors, also by using pre-clinical models. As an example, PCSK9 inhibitors led to a reduction of both LDL cholesterol and Lp(a). It is thus difficult to identify the specific factors controlling calcification. Thus, drugs based on PCSK9 and/or Lp(a) inhibition can represent promising molecules for the treatment of VC.
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Figure 3. Illustration of the roles of different (apo)lipoproteins in vascular calcification. VLDL and LDL lipoprotein subfractions, and their oxidized or enzyme-modified forms (OxLDL and ELDL), were shown to stimulate calcium crystal deposition. Components of these particles, such as apoCIII, apoB and cholesterol, were also linked to increased calcification. The same was shown for Lp(a) and the enzyme autotaxin carried by these particles. The hepatic enzyme PCSK9 was shown to stimulate vascular calcification by increasing LDL concentrations through degradation of the LDL receptor. HDL subfractions and the main apolipoprotein found in these particles (apoAI) were shown to reduce calcification, although the oxidized form of HDL (OxHDL) was shown to do the opposite. VIC: valvular interstitial cell; SMC: smooth muscle cell; ECM: extra-cellular matrix. 






Figure 3. Illustration of the roles of different (apo)lipoproteins in vascular calcification. VLDL and LDL lipoprotein subfractions, and their oxidized or enzyme-modified forms (OxLDL and ELDL), were shown to stimulate calcium crystal deposition. Components of these particles, such as apoCIII, apoB and cholesterol, were also linked to increased calcification. The same was shown for Lp(a) and the enzyme autotaxin carried by these particles. The hepatic enzyme PCSK9 was shown to stimulate vascular calcification by increasing LDL concentrations through degradation of the LDL receptor. HDL subfractions and the main apolipoprotein found in these particles (apoAI) were shown to reduce calcification, although the oxidized form of HDL (OxHDL) was shown to do the opposite. VIC: valvular interstitial cell; SMC: smooth muscle cell; ECM: extra-cellular matrix.



[image: Metabolites 13 00457 g003]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  metabolites-13-00457


  
    		
      metabolites-13-00457
    


  




  





media/file5.png
Calcified tissues
Osteogenic cell medium

‘ Anti-calcifying factors
PCSK9 expression »

- Pro-calcifying factors

0 - lC\:rcium containing extra-cellular vesicles
VIC
| Evolocumab
Alirocumab

SMC

Vascular calcification





media/file6.jpg
LDL
OxHDL
Lp(a)

ApoB
oxLDL
ELDL
ViDL
ApoCill
PCSK9
Autotaxin
Cholesterol

HDL
HDL,
HDL,
ApoAl

X o& Calcium

crystals
EcM






media/file3.png
OxPL LysoPC

( Lp(a)  LysoPA ‘\

NF-xB

r..

SMC ALP
RUNX2
' BMP-2 OPN

Vascular calcification |_ EO6






media/file0.png





media/file4.jpg
Calcified tissues
Osteogeniccell medium

S

PCsK9 expression
- Pro-calcifying factors

A
- Calcium containing extra-cellular vesicles

vic
smc Evolocumab

" wiocumas

Vascular calcification





media/file7.png
LDL
OxHDL
Lp(a)
ApoB
OxLDL
ELDL
VLDL
ApoClll
PCSK9
Autotaxin
Cholesterol

HDL
HDL,
HDL,
ApoAl

X ‘; Calcium

h N

crystals

N vic

SMC ECM






media/file2.jpg
OxPL LysoPC

( tp(a)  tysopA \

caleification |——— €06

Vascul






