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RESUME 

Omics vise à la caractérisation et à la quantification collectives de pools de molécules 

biologiques qui traduisent notre compréhension de la structure et de la fonction d'un organisme 

ou d'une partie de celui-ci. Les lipoprotéines plasmatiques humaines jouent un rôle important 

dans le développement de la résistance à l'insuline, de la dyslipidémie, de l'hypertension, de 

l'adiposité centrale et de maladie cardiovasculaire (MCV), le tout collectivement appelé maladie 

cardiométabolique (MCM). En effet, on sait que la diminution des taux de cholestérol 

lipoprotéine de haute densité (LHD) et l’augmentation des taux de cholestérol lipoprotéine de 

basse densité (LBD) sont associées à un risque accru de MCM. En dépit des succès enregistrés 

dans le développement de médicaments normalisant les taux de cholestérol-LBD (C-LBD), les 

MCM représentent toujours la majorité de morbidité et des décès dans les pays développés. Nos 

nouvelles tentatives de réduction du risque de MCM ne réussissent pas toujours, reflétant parmi 

d'autres notre méconnaissance de biologie des lipoprotéines qui inclut, comme éléments clés, la 

fonction biologique et les caractéristiques de composition des particules de lipoprotéine lequel les 

rendent distinctement indispensables pour les conditions métaboliques saines. Notre 

compréhension du protéome des LHD et des LBD a beaucoup progressé, alors que leur lipidome 

et leur glycome n’ont guère retenu l’attention de la communauté scientifique ces dernières 

années. Ce travail porte sur la lipidomique et la glycomique des LHD et LBD plasmatiques chez 

l'humain en ce qui concerne leurs fonctions biologiques chez les sujets sains et les patients 

atteints de MCM, comprenant déficit familial en apoA-I (DFAI) - dyslipidémie déterminée 

génétiquement entraînant un risque cardiovasculaire (RV) élevé, et infarctus du myocarde avec 

élévation du segment ST (IMEST), une présentation aiguë des MCV.  



9 

Dans la section Introduction du manuscrit, connaissances existantes sur la structure, la fonction et 

le métabolisme des LBD et des LHD est discuté, tout en abordant brièvement d'autres classes de 

lipoprotéines, avec un accent particulier sur les approches omiques. La section Méthodes décrit 

comment le recherche a été accompli, décrivant les méthodes de recrutement de patients, de 

prélèvements sanguins, d’analyses chimiques des lipoprotéines, de dosages fonctionnels, de 

détermination par chromatographie en phase liquide-spectrométrie de masse en tandem de la 

composition en lipoprotéines et d’aboutir aux méthodes statistiques utilisées. La section suivante 

Résultats décrit les résultats sur le lipidome des lipoprotéines chez les sujets normolipidémiques, 

le lipidome des lipoprotéines dans le MCM et le glycome des lipoprotéines chez les sujets 

normolipidémiques. Le lipidome de lipoprotéines, isolé de sujets normolipidémiques et MCM, a 

été caractérisé et quantifié en environ 160 espèces lipidiques individuelles, appartenant à 9 sous-

classes lipidiques: la phosphatidylcholine (PC), la sphingomyéline (SM), la 

lysophosphatidylcholine (LPC), la phosphatidyléthanolamine (PE), le céramide (Cer), la 

phosphatidylsérine (PS), l’acide phosphatidique (PA) et le phosphatidylglycérol (PG). Le 

lipidome normolipidémique a révélé une forte hétérogénéité parmi les principales sous-

populations de HDL (2b, 2a, 3a, 3b et 3c), de petites denses HDL3b et HDL3c présentant un 

potentiel plus élevé en termes de propriétés anti-athérogènes et enrichies en LPC, PI, PS et PA. 

En MCM, des perturbations du lipidome des espèces affectées par les LHD de toutes les classes 

de lipides. Notamment, les LHD DFAI manquaient de nombreuses espèces lipidiques 

polyinsaturées, telles que PC 34:2 et PC 40:8, tout en possédant des quantités accrues d'espèces 

saturées telles que PC 32:0 et PC 34:0, alors que IMEST LHD possédait des quantités réduites 

d'espèces lipidiques polyinsaturées, notamment PC 36:2 et PC 38:5, tout en possédant des 

quantités accrues d'espèces pro-inflammatoires lysophospholipidiques saturées, telles que LPC 

16:0, LPC 18:0 et PA 32:0. Des altérations du lipidome dans le MCM ont été associées à des 
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voies de fonctionnement incorrect du métabolisme de l'acide linoléique et des 

glycérophospholipides.  

Quand les glycomes des LHD et LBD normolipidémiques ont été caractérisés, plus de 17 pics 

chromatographiques distincts ont été identifiés, présentant une diversité élevée. Structurellement, 

la composition comprenait des fractions du complexe, du mannose élevé aux hybrides N-

glycanes. Les fonctions biologiques des HDL, à savoir la capacité d'efflux de cholestérol 

cellulaire, les activités antioxydantes et anti-apoptotiques, se sont avérées diminuées dans le 

MCM comparativement aux témoins sains. Les lipidomes et les glycomes ont montré des 

associations avec les fonctions biologiques des lipoprotéines, établissant ainsi des relations 

structure-fonction distinctes pour les deux MCM étudiés. Le manuscrit est fini par une discussion 

des résultats et des conclusions générales, au cours desquelles on suppose les applications 

potentielles des résultats obtenus. Nous proposons notamment un concept de normalisation de la 

fonction LHD en les exposant à des perfusions de certains lipides qui ont montré des associations 

avec la fonctionnalité LHD dans nos tests.  

Ces études ont été publiées dans le Journal of Clinical Lipidology [1] et Biochimica et 

Biophysica Acta - Molecular and Cell Biology of Lipids [2].  
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ABSTRACT 

Omics aims at the collective characterization and quantification of pools of biological molecules 

that translate into our understanding of the structure and function of an organism and/or its 

components. Human plasma lipoproteins play important roles in the development of insulin 

resistance, dyslipidemia, hypertension, central adiposity and cardiovascular disease (CVD), all 

collectively referred to as cardiometabolic disease (CMD). Indeed, decreased levels of high-

density lipoprotein (HDL)-cholesterol (HDL-C) and increased levels of low-density lipoprotein 

(LDL)-cholesterol (LDL-C) are known to be associated with an increased risk of CMD. Despite 

successes in the development of drugs normalizing LDL-C levels, CMD still account for the 

majority of morbidity and mortality in developed countries. Our further attempts in decreasing 

CMD risk do not always succeed reflecting among others our poor grasp of lipoprotein biology 

which includes, as key elements, biological function and compositional features of lipoprotein 

particles that make them distinctly indispensable for healthy metabolic conditions. Major 

advances have been made in our understanding of the proteome of HDL and LDL, while their 

lipidome and glycome has not enjoyed much attention of scientific community. This thesis 

focuses on lipidomics and glycomics of human plasma HDL and LDL in respect to their 

biological functions in healthy subjects and in patients with CMD, including familial apoA-I 

deficiency (FAID), a genetically determined dyslipidemia resulting in elevated cardiovascular 

(CV) risk, and ST-elevated myocardial infarction (STEMI), an acute presentation of CVD.  

In the Introduction section of the manuscript, existing knowledge about LDL and HDL structure, 

function and metabolism is discussed, while briefly touching upon other lipoprotein classes, with 

a particular emphasis on the omics methods. The Methods section describes how this research 

was accomplished, detailing approaches to patient recruitment, blood sampling, chemical analysis 
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of lipoproteins, functional assays, liquid chromatography-tandem mass-spectrometry 

determination of lipoprotein composition and statistical methods employed. The following 

Results section describes findings on the lipidome of HDL in normolipidemic subjects, lipidome 

of HDL in CMD, and glycome of LDL and HDL in normolipidemic subjects. Lipidome of HDL, 

isolated from normolipidemic and CMD subjects, was characterized and quantified into ~160 

individual lipid species belonging to 9 lipid subclasses, including phosphatidylcholine (PC), 

sphingomyelin (SM), lysophosphatidylcholine (LPC), phosphatidylinositol (PI), 

phosphatidylethanolamine (PE), ceramide (Cer), phosphatidylserine (PS), phosphatidic acid 

(PA), and phosphatidylglycerol (PG). Normolipidemic lipidome revealed high heterogeneity 

among major HDL subpopulations (2b, 2a, 3a, 3b and 3c), with small, dense HDL3b and HDL3c 

showing enhanced anti-atherogenic properties and being enriched in LPC, PI, PS, and PA relative 

to large, light HDL. In CMD, perturbations of the lipidome of HDL affected species from all lipid 

classes. Notably, FAID HDLs lacked numerous polyunsaturated lipid species, including PC 34:2 

and PC 40:8, while possessing increased amounts of saturated species, including PC 32:0 and PC 

34:0, while STEMI HDL possessed decreased amounts of polyunsaturated lipid species, 

including PC 36:2 and PC 38:5, while possessing increased amounts of saturated 

lysophospholipid pro-inflammatory species, such as LPC 16:0, LPC 18:0 and PA 32:0. 

Alterations of the HDL lipidome in CMD were associated with improperly functioning pathways 

of linoleic acid and glycerophospholipid metabolism.  

When glycomes of normolipidemic HDL and LDL were characterized, more than 17 distinct 

moieties were identified and quantified, revealing high compositional diversity. Structurally, 

lipoprotein glycans varied from complex, high-mannose to hybrid N-glycans. Biological 

functions of HDL, namely cellular cholesterol efflux capacity, antioxidative and anti-apoptotic 
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activities, were found to be diminished in CMD as compared to healthy normolipidemic controls. 

Both lipidome and glycome revealed multiple associations with biological functions of 

lipoproteins, thereby establishing distinct structure-function relationships for the two CMD 

studied. The manuscript is completed with discussion of the results and general conclusions, 

suggesting potential applications of the results obtained. Notably, we propose a concept of 

normalizing HDL function through intravenous infusions of certain lipids that showed 

associations with HDL functionality in our in analysis. 

These studies were published in Journal of Clinical Lipidology [1] and Biochimica et Biophysica 

Acta - Molecular and Cell Biology of Lipids [2]. 
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INTRODUCTION 

1. Introduction to lipoproteins 

Lipids provide structural, signaling (steroid hormones), and energetic functions (bile acids, 

nutritional fatty acids). The structural function of lipids involves formation and sustaining of 

membranes, and this is important in separation of water-soluble and water-insoluble media of the 

human organism. Since our blood is water-based, lipids need to be compartmentalized in order to 

be transported through such polar milieu. Here is where lipoproteins come into play: they form 

micellar structures, engulfing lipids into ready-transportable “packages” with special 

apolipoproteins being attached to them, serving as ever-vigilant “courier”. 

These packages have hydrophobic lipids, including triglyceride (TG) and cholesterol esters (CE), 

as their major “cargo”. The package is wrapped around with a monolayer of phospholipids (PL) 

and free cholesterol (FC). Proteins, primarily apolipoproteins and enzymes, serve as an all-in-one 

transportation company courier: they “pack” the lipids inside, ensuring their safety, and then 

“knock on the door” of a cell, delivering the lipid cargo to the cell, or from the cell.  

Lipoproteins are distinguished by their structural, biological, chemical and physical properties. 

Differences in physical properties allows separating lipoproteins according to their density, charge 

and size. In the order of increasing density, major lipoproteins in human plasma are chylomicron 

(CM), very low-density lipoprotein (VLDL), intermediate-density lipoprotein (IDL), low-density 

lipoprotein (LDL) and high-density lipoprotein (HDL).  
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Table 1. Density, size, molecular weight and apolipoprotein contents of different human plasma 

lipoproteins [3, 4] 

Lipoproteins Density 

(g/ml) 

Diameter 

(nm) 

Molecular  

mass (Da) 

Major 

apolipoproteins 

CM 0.93 75-1200 50-1000×106 B48, E, C, A-Ⅰ 

VLDL 0.93-1.006 30-800 10-80×106 B100, E, C 

IDL 1.006-1.019 27-35 5-10×106 B100, E 

LDL 1.019-1.063 18-27 2.3×106 B100 

HDL2 1.063-1.125 9-12 360×103 A-Ⅰ, A-Ⅱ, C 

HDL3 1.125-1.210 7-9 175×103 A-Ⅰ, A-Ⅱ, C 

Pre-β HDL 1.210-1.240 ＜7 (discoidal) 28-70×103 A-Ⅰ 

 

Lipoprotein(a) (Lp(a)) forms additional lipoprotein subpopulation which consists of an LDL-like 

particle and the specific apolipoprotein (a) [5]. Density, size and major apolipoproteins of these 

lipoproteins are listed in Table 1 and Figure 1. LDL and HDL particles play key roles in the 

development of cardiometabolic disease (CMD), which is a term encompassing insulin 

resistance, dyslipidemia, hypertension, central adiposity and cardiovascular disease (CVD) [6]; 

therefore, we initially focus on these two lipoproteins. 



16 

 

Figure 1. Density and diameter of human plasma lipoproteins[7] 

1.1 LDL 

LDL particles possess a hydrophobic core predominantly comprised of CE with a minor amount 

of TG, packaged into PL-FC coat with a single apoB100 molecule and some other minor proteins 

embedded into it. LDL particles display size of 18-27 nm and density of 1.019-1.063 g/ml. LDL 

perform their lipid transporting actions with a various degree of lipid capacity [8] and they deliver 

lipid to cells via receptor-mediated endocytosis [9, 10].  

1.2 HDL 

HDL are lipoproteins with a diameter of 7-12 nm and density of 1.063-1.21 g/ml. As LDL, HDL 

carry CE, TG and other lipids in its hydrophobic core, but the core/surface ratio is much smaller in 

HDL. The coating is made of a monolayer of PL and FC, with apolipoproteins embedded into it. 

1.12 

1.16 

https://en.wikipedia.org/wiki/Protein
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The most abundant of these apolipoproteins are apolipoprotein A-I (apoA-I) and apolipoprotein A-

II (apoA-II), which are crucial to HDL metabolism [11, 12].  

HDL pool in the circulation is highly heterogeneous and can be separated according to size and 

density using ultrancentrifugation, gel electrophoresis, and FPLC or on the basis of apolipoprotein 

composition into three classes: apoA-I-only HDL (LpA-I), apoA-I- and apoA-II-containing HDL 

(LpA-I:A-II), or apolipoprotein E (apoE)-containing HDL [13]. HDL possess multiple 

antiatherogenic properties which primarily include cellular cholesterol efflux capacity together 

with antioxidative, anti-inflammatory, antithrombotic, anti-infectious and vasodilatory activities.  

1.3 Other lipoprotein classes 

CMs are secreted by the intestine after a meal. These are large and light (75-1200 nm, mean density 

of 0.93 g/ml) spherical particles [14, 15], predominantly consisting of TG with minor amounts of 

CE, covered by a monolayer of PL and FC, with proteins residing in the monolayer [16-20]. 

ApoB48 is the main structural protein of CM. CM levels in the circulation surge shortly after a 

fatty meal and rapidly decrease in normolipidemic individuals [21, 22]. CMs are formed in the 

endoplasmic reticulum (ER) of enterocytes and are released into the circulation via the lymphatic 

system [23, 24]. Elevated CM production is associated with dyslipidemia and increased CVD risk 

in metabolic disorders, such as in Type 2 diabetes (T2D). 

VLDLs are large (30-800 nm, 0.93-1.006 g/ml) particles produced by the liver from TG, FC, and 

apolipoproteins and let off into the circulation [25]. Unlike CM, VLDL transports endogenous 

liver-derived lipids to peripheral tissues, making it the key transport vehicle for endogenous lipids. 

Apolipoprotein B100 (apoB100) is the main structural protein of VLDL which ensures its proper 

assembly and secretion [26]. Newly produced VLDL particles contain apoB100, apolipoprotein C 

(apoC)-Ⅰ, apoE, PL, FC, CE, and TG. During maturation in the circulation, they acquire apoC-II 

https://en.wikipedia.org/wiki/Nanometers
https://en.wikipedia.org/wiki/Triglycerides
https://en.wikipedia.org/wiki/Apolipoprotein_B100
https://en.wikipedia.org/wiki/Cholesteryl_ester
https://en.wikipedia.org/wiki/Triglycerides
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and apoE from HDL. VLDL is converted in the circulation to IDL and LDL and is a metabolic 

precursor of LDL [27]. Both IDLs and LDL are recognized by receptors in the liver and 

endocytosed by the hepatocytes. Once cholesterol level inside IDLs exceeds the level of TG, IDL 

finally becomes LDL. 

Term “TG-rich lipoproteins (TGRL)” encompasses lipoproteins that display a high content of TG, 

such as CM and VLDL, secreted by the intestine and the liver, respectively. TG in TGRL is 

hydrolyzed by lipoprotein lipase (LPL), producing free fatty acids and glycerol. Similarly to LDL, 

remnants of CM and VLDL produced by lipolysis may enter the arterial wall and provoke 

formation of atherosclerotic lesions [28-30].  

2. Epidemiology of lipoproteins 

2.1 LDL  

Our interest to LDL is primarily derived from the fact that elevated LDL-cholesterol (LDL-C) 

levels are associated with an increased risk of coronary heart disease (CHD), as shown in 

multiple large-scale epidemiological studies. Framingham Heart Study, for example, explicitly 

specified LDL-C as an independent risk factor for CHD after multivariate adjustments [31]. 

According to this study, circulating LDL-C levels of higher than 130 mg/dl are associated with an 

increased risk of CHD, reaching values of approximately +70% for the relative likelihood of the 

development of CHD in patients with LDL-C levels higher than 160 mg/dl. The Atherosclerosis 

Risk in Communities Study estimated increase in relative risk of CHD as approximately 40% for 

every 38.8 mg/dl (1 mmol/l) increase from the median values of LDL-C of 88 mg/dl and 95 

mg/dl for women and men, respectively [32]. A meta-analysis revealed that single nucleotide 

polymorphisms (SNPs) of genes associated with increased LDL-C levels were implicated in 

increased risk of coronary artery disease (CAD) [33]. These genes were coding for the apoB and 
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apoE protein families, proprotein convertase subtilisin/kexin type 9 (PCSK9) and LDL receptor 

(LDLR). Other epidemiological studies produced similar results [34-37]. On the other hand, the 

opposite is also true: naturally occurring SNPs that reduce circulating LDL-C levels are 

associated with decreased risk of CHD [38]. The risk decrease is stronger than in patients with 

statin treatment started later in life reaching similar reduction in LDL-C levels, implying 

cumulative effect of the exposure to high levels of LDL-C [39, 40]. All these observations made 

LDL-C to be colloquially known as “bad cholesterol”. 

2.2 HDL  

CHD patients typically display reduced circulating levels of HDL-cholesterol (HDL-C) as 

compared to healthy controls [41, 42]. In the 60s [43] and 70s [44], low concentrations of HDL-C 

were implicated in the poor clearance of excessive plasma cholesterol and, as a corollary, were 

proposed to represent the main cause of CHD development. Combined with the observation of 2-

3 % decrease of CHD risk for each additional 1 mg/dl increase of HDL-C [45, 46], and 

additionally reinforced by a multitude of large-scale epidemiological studies, reporting an inverse 

relationship between levels of HDL-C and the risk of CHD [47-52], HDL-C earned itself a 

moniker “good cholesterol”.  

A whole plethora of factors is known to affect HDL-C levels: race [53-55], gender (with women 

displaying higher levels than men) [56, 57], conditions with compromised metabolism, including 

familial dyslipidemias [58], T2D [59, 60] or obesity [57].  

There is however no consensus on the exact role of HDL subclasses in CVD [61, 62]. It has been 

reported that small, dense particles, such as HDL3c, are more efficient in performing their 

biological roles, than large, light HDL2 [63], while at the same time levels of small dense HDL 
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particles are increased in patients with CHD and levels of large, light HDL are decreased [62], 

adding to the controversy.  

2.3 Other lipoprotein classes 

Role of TGRL particles in the atherosclerosis is not particularly straightforward. Indeed, 

atherosclerosis and CVD do not preferentially affect individuals with extremely high plasma TG, 

while those with high LDL-C levels develop premature atherosclerosis [64, 65]. This observation 

be explained by large TGRLs not being able to penetrate the arterial wall to lay a harmful lipid 

deposition there [66, 67]. On the other hand, moderately elevated TG levels most probably 

feature TGRL particles small enough to enter the arterial wall, yet big enough to cause all sorts of 

atherosclerotic mayhem there [68-70]. Copenhagen City Heart Study (CCHS), Women’s Health 

Study and Emerging Risk Factors Collaboration consistently associated increased risks of 

myocardial infarction (MI), CHD, stroke and all-cause mortality with raised levels of TG [71-74]. 

Furthermore, increased fasting triglycerides were associated with elevated risk of ischaemic 

stroke. Other studies demonstrated that the concentration of non-HDL-cholesterol rather than 

raised plasma TG was associated with CHD [75-77]. 

3. HDL  

3.1 Structure  

ApoA-I is a major component of HDL, accounting for approximately 70% of HDL protein mass 

[78]. Depending on the presence or absence of a lipid cargo in an HDL particle and this cargo’s 

composition, apoA-I can occur in multiple forms which include lipid-free apoA-I, a “belt” of 

discoid HDL (also known as pre-β HDL) [79], or a structural component of spherical HDL 

particles [78].  
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Figure 2. X-ray crystal structure of lipid-free apoA-I [78] 

The lipid-free apoA-I most probably does not exist in plasma as the protein avidly interacts, trace 

amounts of lipids. Resulting lipid-poor apoA-I accounts for only 5–10% of total plasma apoA-I 

yet is believed to possess a crucial role in the HDL metabolism. ApoA-I is a 243-amino acid, 28-

kDa single polypeptide organized into eight α-helical segments of 22 amino acids and two 11-

mer repeats, leaving only 44 N-terminal amino acids not pertaining to any tertiary structure (  

Figure 2). Another element in the process of HDL maturation (see section 3.4.2) is represented by 

discoidal HDL which contains small amounts of amphipatic lipids, such as PL and FC, alongside 

the apoA-I itself. The apoA-I in the discoidal HDL particles is thought to form a double-belt 

around the amphipatic lipid bilayer (Figure 3A). Double-belt in this model is formed by two 

apoA-I molecules wrapped beltwise around a small patch of bilayer containing 160 lipid 

molecules with each monomer having a ringlike C-terminal domain, with a curved, planar 

amphipathic alpha helix with an average of 3.67 residues per turn, and with the hydrophobic 

surface curved toward the lipids [80]. The next and last incarnation of the HDL lifecycle involves 
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spherical HDL (Figure 3A). Compared to discoidal HDL, spherical HDL additionally contains 

hydrophobic lipid core formed by TG and CE. In this configuration apoA-I becomes embedded 

into the surface lipid layer of the particle, while keeping contact with the lipid core [78]. 

Arrangement of the three apoA-I chains in the spherical HDL particle was proposed by Silva et 

al. [81] in which the three apoA-I chains are paired with each other for half of their length to 

form a symmetric construct made of three folded rings coined the Trefoil model [82].  

3.2 Composition  

 

Figure 3. Different means of HDL subpopulation classification: A) by maturation step B) by 

protein content C) by size D) by charge [83, 84]  

3.2.1 Classic techniques 

As mentioned above, HDL particles possess a surface coat and a lipid core. The surface coat 

consists of apolipoproteins (approximately 50-55% of total HDL mass), unesterified cholesterol 

(4%) and PL (20-30%). The core consists primarily of CE (14-18%) and TG (3-6%). PL 

subclasses present in HDL include phosphatidylcholine (PC), sphingomyelin (SM), 
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lysophosphatidylcholine (LPC), phosphatidylinositol (PI), phosphatidylethanolamine (PE), 

ceramide (Cer), phosphatidylserine (PS), phosphatidic acid (PA), and phosphatidylglycerol (PG) 

[85] (Figure 4). 

 

Figure 4. Structure of the major lipid subclasses studied, source: lipidmaps.org 
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Generally, before the arrival of proteomic techniques all HDL proteins identified by classic 

techniques were attributed to one of the three categories which involved apolipoproteins, lipid 

transfer proteins, and enzymes. Apolipoproteins included apoA-I, apoA-II, apoA-IV C-I, C-II, C-

III and apoE, with apoA-I being the most prominent of them in terms of the abundance (70% of 

the protein mass of HDL), while apoA-Ⅱ was found to account for about 20% of total HDL 

protein, which rendered it a second-major protein component of HDL [86]. Lipid transfer 

proteins included phospholipid transfer protein (PLTP) and cholesteryl ester transfer protein 

(CETP). Enzymes of HDL encompassed lecithin:cholesterol acyltransferase (LCAT), 

paraoxonase-1 (PON1), PON3 and platelet-activating factor-acetyl hydrolase (PAF-AH). Among 

these proteins identified by classic biochemical assays, many play important biological roles: for 

example, LCAT converts FC into CE, while PAF-AH and PON1 exert plausible antioxidative 

activities [87-91].  

In order to successfully realize the qualitative and quantitative analysis of lipid components of 

HDL in the past, many analytical methods had to be employed, including thin-layer 

chromatography (TLC), gas chromatography (GC), liquid chromatography (LC), enzyme-linked 

immunosorbent assays (ELISA) and nuclear magnetic resonance (NMR) which allowed 

characterizing major lipid classes [92]. However, analysis of molecular lipid species was either 

impossible or highly laborious using these techniques. 

Lest we forget about the glycan part of the HDL. Indeed, it has been long known that in addition 

to lipids and proteins, lipoproteins contain carbohydrates as a minor component (e.g. 3.3 wt% in 

HDL) [93]. However, without qualitative and quantitative analysis of HDL carbohydrates was 

not feasible using traditional methodology (see section 3.2.2.3 Glycome). 

3.2.2 Omics approaches 
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Omics refers to a field of study in biology ending in -omics, such as genomics - study of genes and 

their function, proteomics - study of proteins, lipidomics - study of cellular lipids or glycomics - 

study of cellular carbohydrates. 

3.2.2.1 Proteome 

Advances in omics approaches allowed for a detailed molecular characterization of individual 

proteins present in HDL particles. Before the widespread arrival of liquid chromatography-mass 

spectrometry (LC-MS), the proteins had to be purified and subsequently exposed to Edman 

degradation – a slow and painful process, requiring the protein of interest to be broken into 

fragments of 50 amino acid long, with each such fragment taking up more than full three days of 

constant work from an automatic Edman sequencer to be analyzed [94]. On the other hand, liquid 

chromatography–electrospray ionization–tandem MS (LC-ESI-MS/MS), can detect more than 

100 different proteins in HDL during a single run (Figure 5) [90]. Some of these proteins are 

cross-validated by classical methods yet revealing many previously undetected minor proteins 

representing less than 5% of HDL protein mass. Multiple complement-regulatory proteins and a 

diverse array of distinct serpins with serine-type endopeptidase inhibitor activity, as well as 

acute-phase response proteins were thereby detected, supporting the idea that HDL is of central 

importance in inflammation and immune response [90, 95]. More importantly, proteomics 

allowed not only to find minor yet crucial proteins in HDL, but also permitted a reliable 

quantification of their abundances across heterogeneous HDL subpopulations of HDL2 and 

HDL3 (see Figure 5; more details in section 3.3 Heterogeneity) in both normolipidemic subjects 

and subjects with disorders of lipid metabolism and CAD. Example of such proteins, 

differentially presented in the control vs CAD subjects, may include acute-phase-response 

proteins, C4A/C4B, C9, and vitronectin [90]. Indeed, HDL from CAD patients was selectively 
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enriched in proteins that play critical roles in macrophage biology, lipid metabolism, and the 

inflammatory response (Figure 6) [90]. 

 

Figure 5. Abundance patterns of representative proteins across major HDL subpopulations. 

Class A — limited to dense HDL3, those listed showed the same pattern (not shown). Class B - 

prefer dense HDL3 but are in all subfractions. Class C - evenly distributed. Class D — prefer 

light HDL2 but are in all subfractions. Class E — limited to light HDL2. Error bars =1 S.D 

(n=9) [95].  
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Figure 6. Relative abundance of proteins isolated from HDL3 of control and CAD subjects. 

HDL3 was isolated from plasma of 6 control subjects and 7 subjects with established CAD. The 

relative abundance of proteins in the CAD subjects versus the control subjects was assessed by 

the peptide index. *P < 0.05 by Student’s t test (peptide number) or Fisher’s exact test (subject 

number) [90]. 

3.2.2.2 Lipidome 

Thanks to mass spectrometry, which bests the classic techniques in that it combines high sensitivity 

and specificity, high throughput and high accuracy [92], we can delve into lipidomics with a 

relative ease. Before the arrival of the omics technologies, analysis of individual lipid components 

of lipoproteins was probably even more cumbersome than the assessment of the composition of 
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their protein moieties. Indeed, lipids are an extremely diverse group of compounds consisting of 

tri-, di- and monoacylglycercols, free fatty acids, PL, sterols, carotenoids and vitamins A and D 

among others [96] and require a plethora of analytical techniques to be analyzed properly.  

Although lipidomics is still considered to be in its early stages of development [92], lipidomic 

analysis already made significant progress in the determination of the lipoprotein composition. 

PC, the principal plasma phospholipid that accounts for 32-35 mol % of total lipids in HDL, is a 

structural lipid, consistent with its even distribution across HDL subpopulations (Figure 7) [97]. 

LPC is another important phospholipid subclass in HDL (1.4-8.1 mol % of total lipids) derived 

from regulated degradation of PC by phospholipases, including LCAT. PE is moderately 

abundant in HDL (0.7-0.9 mol % of total lipids). Plasmalogens are minor phospholipids which 

contain a vinyl ether linked fatty acid essential for their antioxidative properties [98]. PI, PS, PG, 

PA and cardiolipin are negatively charged minor (0.8 mol % of total lipids) PL present in HDL 

which may impact its net surface charge and modulate lipoprotein interactions with lipases, 

extracellular matrix and other protein components [97].  

SM, a structural lipid which enhances surface rigidity, is the major HDL sphingolipid (SL) (5.6-

6.6 mol % of total lipids), which largely originates from TGRL [98]. Cer is a minor (<0.1 mol % 

of total lipids) sphingolipid intermediate implicated in cell signalling, apoptosis, inflammatory 

responses, mitochondrial function and insulin sensitivity. Both SM and Cer are enriched in large, 

light relative to small, dense HDL [97]. Among lysosphingolipids, sphingosine-1-phosphate 

(S1P) is particularly interesting, reflecting its key role in vascular biology [99]. S1P is associated 

preferentially with small, dense HDL particles [98], consistent with their elevated content of 

apoM [95], a carrier for S1P [100]. 

Unesterified (free) sterols are located in the surface monolayer of HDL particles and regulate its 

fluidity. HDL sterols are dominated by cholesterol, reflecting the pivotal role of lipoproteins in 
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the cholesterol transport through the body. CE are largely (up to 80%) produced in HDL and form 

its lipid core [101]. Most of HDL CE is accounted for by cholesteryl linoleate. HDL-associated 

TG are dominated by species containing oleic, palmitic and linoleic acid moieties [101]. Minor 

HDL lipids include diacylglycerides, monoacylglycerides and free fatty acids.  

 
Figure 7. Differential representation of the major glycerosphingolipid classes in five major HDL 

subpopulations [97]. 

Akin to the discoveries of the newfangled proteomics, lipidomics readily reveals differences 

between HDL subpopulations, as well as between HDL obtained from normolipidemic controls 

and from metabolically compromised patients. An example of the first would be the report of 

Camont and colleagues documenting differences between major HDL subpopulations in 

normolipidemic patients [97]. As it can be seen in Figure 7, differences between the five major 
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HDL subpopulations (HDL2b, 2a, 3a, 3b and 3c) were observed in the contents of PC, SM, LPC, 

PI, PE, PS, Cer, PA and PG. Concentrations of PS, PC, LPC and PA generally increased in 

parallel with increase in hydrated density from HDL2b to HDL3c. Indeed, small, dense HDL 

were enriched in PC, PS, and PA relative to large, light HDL (P=0.01, P=0.003, and P<0.001 for 

trend, respectively). HDL3c was enriched in LPC (+48%; P=0.05) and PS (17-fold; P<0.01) 

relative to HDL2b. Similarly, PE, PI, and PG tended to concentrate in small, dense HDL; these 

trends did not, however, attain significance. Proportion of SM and Cer decreased progressively in 

parallel with HDL density from 20% and 0.19% of total PL+SL in HDL2b to 14% and 0.11% in 

HDL3c. Another report details lipid classes of HDL that are most affected by ST-elevated 

myocardial infarction (STEMI) [102], and which include LPC and PA (Figure 8). Many if not all 

of these lipids are biologically active and play either signalling role (LPC and PA), or are 

believed to be involved in anti-apoptotic and anti-inflammatory features of HDL (PS, Cer and 

PA) [103-109]. However, all reports known to date do not provide a detailed representation of the 

contents of molecular lipid species, although more than 200 species of lipids are known to be 

present in the lipidome of HDL [97, 110]. 
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Figure 8. Levels (A, C) and content (B, D) of LPC (A, B) and PA (C, D) in HDL subpopulations 

and in total HDL, expressed as mg/dl (A, C) and % of total PL + SL (B, D), in STEMI patients 

and control subjects; *p < 0.05 vs. controls [102]. 

3.2.2.3 Glycome 

HDLs are highly sialylated particles in which most of the glycans contain one or two sialic acid 

residues [111]. Several HDL proteins, including LCAT, CETP, apoCs, fetuin A and -1-

antitripsin, are glycosylated, while the glycosylation of apoA-I remains controversial [112-114]. 

Remarkably, carbohydrate residues are specifically associated with distinct HDL proteins, such 

as apoC-III which contains O-linked glycans [115]. Glycans, attached not to proteins, but rather 

to lipids directly with a covalent bond (glycolipids), contain sialic acids as well [116]. 

3.3 Heterogeneity 



32 

HDL particles are heterogeneous in size, charge, protein content or by biological activities they 

exert. 

Ultracentrifugation (~200 000 g for 48 h) allows HDL particles to be subfractionated by density 

into light, large, lipid-rich HDL2 particles with a density of 1.063-1.125 g/ml and small, dense, 

protein-rich HDL3 particles with a density of 1.125-1.21g/ml [13]. HDL2 and HDL3 are two 

major subpopulations of spherical HDL. HDL2 particles contain PL, FC, CE and TG at 

approximately 25, 6, 18 and 9 wt %, respectively, while HDL3 contains PL, FC, CE and TG at 

approximately 23, 3, 14, and 7 wt %, respectively [117]. Further fractionation of HDL2 and 

HDL3 into five increasing-density subpopulations of HDL2b, HDL2a, HDL3a, HDL3b, and 

HDL3c can be achieved by density gradient ultracentrifugation (Figure 3C) [13, 118].  

It is also possible to subfractionate HDL particles by their charge and size (Figure 3D). Namely, 

2D gel electrophoresis separates plasma HDL particles into: (a) very small discoidal precursor 

HDL of pre-β mobility (pre-β-1 HDL, diameter about 5.6 nm), which contains apoA-I and PL; 

(b) very small discoidal HDL of α mobility (α-4 HDL, diameter about 7.4 nm), which contains 

apoA-I, PL, and free cholesterol; (c) small spherical HDL of α mobility (α-3 HDL, diameter 

about 8.0 nm), which contains apoA-I, apoA-II, phospholipid, free cholesterol, cholesteryl ester, 

and triglyceride; (d) medium-sized spherical HDL of α mobility (α-2 HDL, diameter about 9.2 

nm), which contains the same constituents as α 3 HDL; and (e) large spherical HDL of α mobility 

(α-1 HDL), which contains the same constituents as α-3 and α-2 HDL, except for the near 

absence of apoA-II (Figure 9) [13].  
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Figure 9. The apoA-I–containing HDL subpopulation profiles of a CHD patient (A) and a healthy 

individual (control) (B), with a schematic diagram of all of the apoA-I-containing HDL particles 

shown on the right (C). Below panel (A) is a plot of a densitometric scan across the α-migrating 

HDL-particle region indicating the presence of 4 α-migrating HDL particles ranging in mean 

particle diameter from very large α-1 HDL (11.0-nm diameter) to very small pre-β-1 HDL (5.6-

nm diameter). In the schematic diagram α-migrating apoA-I-containing particles in the α-2 

region (9.2-nm diameter) and in the α-3 region (8.1-nm diameter) contain both apoA-I and apoA-

II (more heavily shaded), whereas all other particles containing apoA-I, including small α-4 

HDL (7.4-nm diameter), do not contain appreciable amounts of apoA-II (less heavily shaded). 

The asterisk marks the serum albumin or α front. Based on their composition, very small pre-β-1 

HDL and small α-4 HDL are discoidal particles that do not contain cholesteryl ester or 

triglyceride, whereas medium, large, and very large α-3, -2, and -1 HDL are spherical and 

contain cholesteryl ester and triglyceride in their cores. CHD patients in general in the untreated 

state tend to have significant decreases in the levels of apoA-I in very large and large α-

migrating HDL and modest increases in apoA-I in very small pre-β-1 HDL and small α-4 HDL. 

In (C), 1, 2, 3, and 4 refer to α-1, -2, -3, and -4, respectively [119]. 
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Plasma HDL can also be subfractionated and classified on the basis of their apolipoprotein 

composition into particles containing apoA-I (LpA-I) and those containing apoA-I and apoA-II 

(LpA-I:A-II) (Figure 3B). LpA-I and LpA-I:A-II are the major HDL subpopulations accounting 

for approximately 35% and 65% of plasma apoA-I, respectively. The cardioprotective roles of 

LpA-I and LpA-I:A-II are however controversial. A general conclusion resulting from these 

studies is that increased HDL-C concentrations involving an increase in the large HDL subclasses 

containing both LpA-I and LpA-I:A-II is associated with decreased CHD risk, whereas the 

reduction in lipid-poor LpA-I and pre-β HDL is associated with increased CHD risk [13]. 

Finally, NMR can quantify three distinct HDL subclasses differing in size, notably large (8.8-

13.0 nm), medium (8.2-8.8 nm) and small (7.3-8.2 nm) HDL [13] 

HDL heterogeneity is also observed at the level of the proteome, lipidome and glycome. For 

example, proteins, exclusively present in HDL3, but not present in HDL2, include apoL-I, apoF, 

PON1/2, PLTP, apoJ, PON3, α1-antitrypsin (A1AT), apoA-IV, albumin, fibrinogen, Hrp, PBP 

and transthyretin [95]. In a similar fashion, PS is predominantly associated with the more 

biologically active HDL3 particle pool and thus, its HDL content is positively correlated with all 

metrics of HDL functionality [97]. In contrast, SM and Cer are preferentially found in large, light 

HDL [97]. Potential heterogeneity of the HDL glycome however remains undeterminate. 
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3.4 Metabolism  

 

Figure 10. HDL particle remodelling and metabolism [120] 

3.4.1 Biosynthesis 

ApoA-I is initially secreted by the liver and the intestine as either a mere apoA-I protein or as a 

lipid-poor apoA-I:PL complex, which is then exposed to the cholesterol and phospholipid transfer 

activity of the cellular ABCA1 (ATP binding cassette transporter A1) transporter and facilitates 

cholesterol efflux, resulting in the formation of pre-β HDL [13, 78]. Hepatically secreted apoA-II 

associates with LpA-I during this step to form LpA-I:A-II. The role of apoA-II in HDL 

metabolism has not been definitively established, although apoA-II has been reported to delay 

HDL remodeling and to reduce cholesterol uptake by hepatic scavenger receptor class B type I 

(SR-B1) [13]. Mice models also suggest that apoE and apoC-Ⅲ might also ensure biosynthesis of 

mature HDL particles from lipid-free apolipoproteins [121]. When LPL hydrolyses TG from 

TGRL, a by-product of small HDL precursors can be generated from the redundant surface 

components of TGRLs (CMs and VLDL). 



36 

3.4.2 Remodelling 

Discoidal pre-β HDL particles are subjected to LCAT, which forms CE from FC, and mature into 

a full-fledged spherical HDL which constitutes a majority of plasma HDL pool [78]. Plasma CETP 

primarily transfers CE from mature spherical HDL to apoB-containing particles, particularly 

VLDL, in exchange for TG [122]. As a result of CETP activity, HDL becomes depleted of CE and 

enriched in TG, which accelerates HDL catabolism. PLTP is involved in the interconversion of 

HDL2 and HDL3 and that conversion generates small nascent HDL [123].  

Both surface and core lipids of HDL are extensively modified by lipases. Hepatic lipase (HL) 

breaks down primarily tri- and diglycerides but also phospholipids of HDL, resulting in the 

reduction of HDL particle size. Endothelial lipase (EL) primarily hydrolyses HDL phospholipids 

but also triglycerides. Lastly, further remodeling of HDL occurs through particle fusion or PLTP-

mediated transfer of surface remnants such as PL from LPL-hydrolized CMs of VLDL, eventually 

producing mature HDL [123]. Mature spherical HDL can further grow via effluxing cellular 

cholesterol and phospholipid through ATP-binding cassette transporter G1 (ABCG1) [124]. 

Selective uptake of HDL-C via SR-B1 includes apoA-Ⅰ-dependent binding of HDL to SR-B1, 

transfer of HDL-CE to the cell membrane and intracellular hydrolysis of CE by cholesterol esterase 

to FC, with a release of small cholesterol-depleted HDL particles [125]. 

3.4.3 Catabolism 

In healthy individuals, LpA-I is catabolized at a faster rate than LpA-I:A-II. The major sites of 

catabolism of the protein components of LpA-I and LpA-I:A-II are the liver and kidney, and the 

majority of HDL cholesterol is transported to the liver. Kinetic models incorporating the different 

rates of catabolism of LpA-I and LpA-I:A-II have been developed. The differential rates of 

metabolism of LpA-I and LpA-I:A-II have been proposed to be related to the decreased ability of 

apoA-I-containing lipoproteins to reassociate with HDL particles following cholesteryl ester 
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delivery to the liver via the SR-B1 receptors. This process includes apoA-Ⅰ-dependent binding of 

HDL to SR-B1, transfer of HDL-CE to the cell membrane and intracellular hydrolysis of CE by 

cholesterol esterase to FC, with a release of small cholesterol-depleted HDL particles [125]. 

Intracellular FC is subsequently excreted into the bile or converted to bile acids for excretion [11, 

125].  

CETP also plays a role in the catabolism of HDL: CETP mediates the transfer of CE from HDL to 

apoB-containing lipoproteins (VLDL and LDL) in exchange for TG from the latter, thereby 

forming CE-depleted and TG-enriched HDL. CE-enriched TGRL transport CE to the liver and bind 

to the LDL receptor for subsequent particle uptake [125, 126]. TG-enriched HDLs are hydrolyzed 

by HL and EL to reduce particle size and release apoA-Ⅰ, which interacts with ABCA1 in the next 

lipidation cycle [11, 127, 128]. 

HDL particles can be removed from the circulation by holoparticle HDL receptors, such as cubulin 

present in kidney proximal tubules and the ectopic -chain of ATP synthase at the surface of 

hepatocytes [129, 130]. 

3.5 Biological activities and structure-function relationships 

Beneficial effects of HDL are not limited to their influence on lipid metabolism. HDL equally 

possess cellular cholesterol efflux, antioxidative, anti-inflammatory, anti-apoptotic, 

cytoprotective, vasodilatory, anti-infectious and anti-thrombotic activities (Figure 11) [120, 131]. 
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Figure 11. Biological activities of HDL [132] 

Since several decades, the major biological role of HDL is thought to involve the removal of excess 

cholesterol from peripheral tissues to the liver for subsequent biliary excretion [133, 134]. Lipid-

loaded macrophages that acquired cellular debris and modified or aggregated lipoproteins and are 

unable to metabolize nor to get rid of them, form foam cells. These foam cells are always found in 

the atherosclerotic lesions, implying their key role in atherogenesis. Cholesterol efflux from 

macrophages can be mediated through (a) one-directional, ATP-dependent pathways involving 

ABCA1 and ABCG1 transporters; (b) a bi-directional, ATP-independent pathway mediated by SR-

B1; and (c) passive diffusion according to the gradient of cholesterol concentration [135, 136]. 

Mutations in ABCA1 lead to severe HDL deficits, manifesting as Tangier disease or other forms 

of familial hypoalphalipoproteinemia [137]. Highlighting the role of ABCA1 in cholesterol 

metabolism is the observation that any type of modulation (over- or under-representation) of this 
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transporter impacts the capacity of apoA-Ⅰ to perform cholesterol efflux [138]. Nuclear liver X 

receptors (LXRs) type α and β and retinoid X receptor (RXR) regulate the expression of ABCA1 

[139]. LXRs expression is modulated by cellular concentrations of oxysterols, a product of 

enzymatic modification of cholesterol. Therefore, LXR agonists and oxysterols can modulate the 

transcription of ABCA1 in macrophages, thereby enhancing cholesterol efflux to lipid-poor HDL 

particles. However, it is challenging to isolate lipid-poor apoA-Ⅰ from the bloodstream, because 

after being secreted, it rapidly matures into spherical HDLs. Such mature, spherical HDLs can also 

perform cellular cholesterol efflux through ABCG1 transporter pathway [140, 141]. SR-B1 

mediates another pathway of cholesterol efflux from microphages to mature HDL [142], and in 

knockout mice models was shown to be atheroprotective [143, 144].  

ApoA-I and apoA-II are the primary acceptors in the cholesterol efflux process, while apoA-IV, 

apoC-I, apoE and apoM can efficiently accept cellular cholesterol, too [122, 145-148]. Enzymes 

also exert major functions in cellular cholesterol efflux and reverse cholesterol transport (RCT). 

Thus, LCAT participates in the transfer of cholesterol from peripheral cells to the liver, ensuring 

formation of CE which is subsequently taken up by the liver via SR-B1. HDL lipids are also 

relevant in its cholesterol efflux capacity; thus, HDL containing liquid-crystal unsaturated PLs is a 

more efficient cholesterol acceptors than HDL containing gel-state saturated PLs [149, 150]. 

ApoA-I and S1P of HDL can inhibit expression of pro-inflammatory adhesion molecules in the 

cells, thereby diminishing inflammation [151]. These adhesion molecules include vascular cell 

adhesion molecule-1, endothelial-leukocyte adhesion molecule 1 and intracellular adhesion 

molecule-1 [152, 153]. HDL promotes proliferation of endothelial cell and attenuates apoptosis of 

the endothelial cells [12, 121, 153], inhibits monocyte activation, inhibits secretion of pro-

inflammatory cytokines and chemokines and decreases activation of neutrophils in the arterial wall 

[124, 154]. 
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Furthermore, HDL can inhibit one-electron and two-electron oxidation of LDL, two most common 

types of LDL oxidation to occur in vivo [155, 156]. The mechanisms of such actions are well 

understood: one-electron oxidants generate phospholipid hydroperoxides, which are sequestered 

by HDL and reduced by the redox-active methionine residues of apoA-I into redox-inactive PL 

hydroxides and methionine sulphoxides [157, 158]. Two-electron oxidation of LDL can be 

intercepted by direct oxidant scavenging of HDL [159]. ApoA-I, apoA-II, apoA-IV, apoE, apoJ, 

apoM as well as PON1, PAF-AH and LCAT exert antioxidative activities [120, 131, 160-167]. As 

mentioned in section 3.3 Heterogeneity, HDL subpopulations are not equally potent in their key 

biological functions, antioxidative function being one them: small, dense HDL are more potent in 

their antioxidative activity than large, light HDL [168]. 

ABCG1-mediated efflux can serve as a mediator in the removal of oxidized lipids from the cells to 

HDL, with the latter exerting cytoprotective function. Oxidized lipids activate apoptotic caspases 

and may compromise the integrity of mitochondria [151]. HDL stimulates release of nitric oxide 

(NO) mediated by endothelial nitric oxide synthase (eNOS), and production of prostacyclin (PGI2) 

in endothelial cells to maintain normal function of vascular endothelium [169]. Endothelial NO 

beneficially regulates inflammatory response of endothelium, platelet activity and proliferation of 

vascular smooth muscle cells [133]. Studies show that HDL promotes expression and activity of 

eNOS, which increases production of NO [170-173]. Activation of eNOS mediated by HDL 

includes HDL binding to the endothelial SR-B1, which triggers cell signaling pathways of 

phosphatidylinositol 3-kinase (PI3K)/Akt and the phosphorylation of eNOS [172, 173]. Moreover, 

NO production mediated by eNOS can be promoted by HDL-associated S1P via S1P1/S1P3 

receptors [173, 174]. The eNOS activation can also be mediated by HDL-associated PON1 [170]. 

HDL possesses anti-coagulation activity, namely it inhibits activation of platelets and 

coagulation-promoting factors X, Va, VIIIa and tissue factor [169, 175, 176]. HDL is also known 
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to possess strong ability to quench infection by eliminating lipopolysaccharides (LPS), should 

they infiltrate the bloodstream. For example, apoA-I-overexpressing mice subjected to systemic 

inflammation by LPS show reduced CD14 expression on monocytes as compared to their wild-

type counterparts [177].  

Content-wise, there is no clear unanimity about the components with the most significant role. 

Abundances of specific lipids, such as sphingosine-1-phosphate (S1P) [178], or groups of lipids, 

such as PS [97, 179, 180] may modulate HDL’s efficiency to reduce risk of CHD. Recent studies 

demonstrated that miRNAs, associated with CVD, can be exported or released by cells and 

circulate with the blood in a remarkably stable form, namely bound to apolipoproteins of HDL, 

and modulated in the CVD [181, 182], but this assumption was not confirmed by others [183]. 

Finally, the activity of myeloperoxidase (MPO), and PON1 - both HDL-associated enzymes, 

were also found to be associated with CVD [184-186] 

Measurements of HDL biological performance could have potentially presented a viable 

alternative to the largely obsolete HDL-C metric, if they themselves were free of controversies: in 

one study cellular cholesterol efflux capacity of HDL was negatively correlated with the 

development of CHD [187], while another showed that enhanced cholesterol efflux was 

associated with elevated CVD risk [188]. 

3.6 Dysfunctional HDL  

3.6.1 Cardiometabolic diseases and atherosclerosis 

Metabolic conditions associated with elevated CHD risk, such as dyslipidemia, insulin resistance, 

obesity and inflammation, are collectively called cardiometabolic diseases (CMD). Alterations in 

the composition, structure, and metabolism of HDL particles under such conditions lead to the loss 
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of their atheroprotective functions, rendering them “dysfunctional” [189]. In addition, CMD are 

frequently characterized by low plasma HDL-C. 

Several genetically determined conditions feature low HDL-C, accelerated CHD and 

dysfunctional HDL. Thus, homozygous or compound heterozygous apoA-I deficiency is a rare 

condition which results in complete absence of apoA-I from plasma accompanied by a marked 

decrease in HDL-C and increased risk of premature CVD [190]. Subjects with heterozygous 

forms of apoA-I deficiency feature plasma HDL-C and apoA-I levels that are about 50% of 

normal. HDL biogenesis is disrupted in apoA-I deficiency as a result of abnormal HDL 

production and deficient LCAT activation by apoA-I. Remarkably, some rare variants of apoA-I, 

including apoA-I Milano and apoA-I Paris, are paradoxically associated with low HDL-C levels 

and reduced risk of CVD paralleled by greater longevity [191]. 

Most known ABCA1 mutations result in Tangier disease associated with the deficiency in 

cellular cholesterol efflux to lipid-free and lipid-poor apolipoproteins [192]. Low HDL-C is a 

common characteristic of ABCA1 deficiency, frequently resulting in elevated CV risk [192]. 

Naturally occurring mutations in LCAT are another common cause of low plasma HDL-C 

(Figure) [193]. Familial LCAT deficiency results from the complete loss of LCAT activity, while 

fish-eye disease is associated with a change in the substrate specificity of LCAT that becomes 

inactive towards HDL, while retaining its CE-generating activity towards apoB-containing 

lipoproteins. The latter property can be important in accelerating atherosclerosis in fish-eye 

disease relative to familial LCAT deficiency [194]. In these diseases, plasma HDL-C and apoA-I 

levels are reduced, while plasma FC is elevated.  

Genetic defects of LPL may lead to hypertriglyceridemia and low HDL-C [195]. Thus, familial 

LPL deficiency is a rare disorder characterised by severe hypertriglyceridemia and marked 



43 

reductions in HDL-C and LDL-C levels. Reduced LPL activity contributes to HDL-C lowering 

by reducing the availability of surface constituents of TGRL, primarily FC [196]. 

Genetically-determined elevated CETP activity leads to decreased concentrations of HDL-C and 

hypertriglyceridemia [197]. In addition, HDL metabolism is substantially altered in dyslipidemic 

states of hypertriglyceridemia and insulin resistance, reflecting rapid removal from the circulation 

of small HDL particles which result from the intravascular lipolysis of TG-enriched HDL. In 

hypercholesterolemia, abnormalities in HDL metabolism are primarily observed as moderate 

reductions in plasma apoA-I and HDL-C levels. 

Finally, decrease in circulating HDL-C levels, increase in triglyceride levels and HDL 

enrichment in serum amyloid A (SAA) at the expense of apoA-I are typical components of 

inflammatory states and the acute phase reaction [198]. 

3.6.2 Altered composition and impaired biological function 

The capacity of the plasma HDL pool to remove cholesterol from peripheral cells can be reduced 

as a result of diminished circulating levels of HDL particles (i.e., diminished HDL quantity). The 

link between reduction in plasma HDL levels, impairment of normal clearance of cholesterol 

from the arterial wall and acceleration of atherosclerosis was proposed by Miller and Miller in 

1975 [44]. An assay that quantifies clinically relevant functional properties of HDL (i.e., 

diminished HDL quality) rather than its plasma concentrations can however be more appropriate 

for the evaluation of CV risk. A considerable body of evidence points to cellular cholesterol 

efflux from macrophages as a biomarker of beneficial effects of HDL on CV health [187, 199]. 

The negative relationship between cholesterol efflux capacity of HDL and both the presence of 

CVD and the risk of future CV events is frequently independent of HDL-C concentrations [187, 

199], additionally suggesting that low levels of HDL-C can represent a crude biomarker of 

impaired HDL function rather than be causally related to CVD.  
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Monogenetic forms of low HDL-C dyslipidemia, such as apoA-I or LCAT deficiency, can be 

equally characterised by the presence of HDL with defective intrinsic cholesterol efflux capacity. 

HDL particles are also deficient in antioxidative activity in dyslipidemic states involving low 

HDL-C levels, often in association with insulin resistance [200]. 

Altered composition of HDL, primarily depletion of apoA-I paralleled by its oxidation and 

glycation as well as alterations in the HDL lipidome, typically underlies functional deficiency of 

HDL [201]. Furthermore, functionally relevant alterations in the HDL proteome occur under pro-

atherogenic conditions [202], while inflammation-induced modifications of HDL composition 

may further contribute to HDL dysfunction [203]. In particular, SAA can replace apoA-I in HDL, 

attenuating anti-inflammatory properties of the lipoprotein, whereas deficiency in PON1, PAF-

AH and/or LCAT can contribute to the impairment of HDL capacity to reduce inflammation 

[203]. In addition, HDL glycome can be altered under pathological conditions, bearing a potential 

to aggravate functional HDL deficiency. Such alterations may include desialylation which 

decreases size and negative charge of HDL and alters interactions with lipases and cellular 

proteins, resulting in diminished cholesterol efflux capacity and reduced LCAT activity [112]. 

HDL desialylation may be proatherogenic, diminishing both HDL-promoted cellular cholesterol 

efflux and cholesteryl esterification rate mediated by LCAT [204]. Desialylated HDL might be 

internalized via scavenger receptors without provoking cholesteryl ester accumulation in 

macrophages [205]. Furthermore, desialylation of apoE, a protein HDL component, decreases its 

binding to HDL, potentially leading to impaired RCT function [206]. Interestingly, patients with 

CAD display distinct HDL glycosylation pattern that distinguishes them from non-CAD controls 

[112]. Similar differences were found between patients with metabolic syndrome and healthy 

subjects [207]. Furthermore, HDL glycoprotein composition differentiates between clinical 

groups, correlating with immunomodulatory capacity of HDL [113]. 
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Importantly, clinical relevance of impaired antiatherogenic activities of HDL in cardiometabolic 

diseases largely remains indeterminate. Indeed, the very concept of HDL dysfunction has been 

developed using ex vivo assays; it is unclear whether HDL particles are also dysfunctional in a 

setting of a living organism. 

3.6.3 Altered metabolism 

The alterations of HDL proteome and lipidome are intimately linked to altered HDL metabolism, 

which can involve defective HDL formation and/or remodeling. The common pathways of altered 

HDL formation include reduced production and deficient lipidation of apoA-I upon interaction 

with ABCA1 reflecting the presence of defective apoA-I and/or ABCA1, which results in the 

decreased levels of HDL-C. Cholesterol esterification in HDL can be diminished in the presence 

of deficient LCAT. When hepatic SAA production is increased, apoA-I is replaced by SAA in HDL.  

Altered HDL remodelling include increased hepatic production of VLDL, formation of TG-

enriched HDL reflecting elevated CETP activity, enhanced intravascular lipolysis of TG-enriched 

HDL particles by HL; accelerated HDL remodelling by PLTP and elevated hydrolysis of HDL-PL 

by EL and secretory phospholipase A2 (sPLA2). 

3.7 Therapeutic targeting of abnormal HDL metabolism 

Reflecting growing knowledge of HDL, a concept of therapeutic normalisation of HDL 

metabolism was proposed in the 1990s. Development of HDL-targeting therapeutics has been 

concentrated around several major directions including inhibition of CETP, infusions of 

reconstituted HDL (rHDL, a form of small pre-β HDL), activation of LPL and use of nicotinic 

acid, in addition to a broad variety of other strategies. 

3.7.1 CETP inhibition 
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The first clinical trial attempting to intervene into this pathway of HDL metabolism was 

conducted with torcetrapib which was administrated to statin-treated patients prone to coronary 

events whose HDL-C levels were increased by +72% and LDL-C levels decreased by -25% 

[208]. Unexpectedly, both overall and CV mortality were significantly elevated in the treatment 

arm relative to placebo. This deleterious effect was proposed to reflect off-target hypertensive 

effects of the drug [209].  

Dalcetrapib, the second CETP inhibitor which entered clinical trials, raised HDL-C by +35% 

without affecting LDL-C levels. The development of the drug was discontinued due to the lack of 

positive effects on overall and coronary events-associated mortality [210]. The increase in HDL-

C was suggested to be too modest for potential clinical benefits. Evacetrapib, another CETP 

inhibitor, was investigated in high-risk patients with vascular disease and did not result in a lower 

rate of CV events, whilst showing large increases in HDL-C (+133%) and reductions in LDL-C (-

31%) concentrations [211]. Anacetrapib, the most recent addition to the class of CETP inhibitors, 

was thoroughly tested for safety and was found to be clinically effective, decreasing incidence of 

major coronary events in the absence of increased risk of death, cancer, or other serious adverse 

events [212]. The beneficial effect of the drug was however modest (-9%) despite large increase 

in HDL-C (+104%); in addition, anacetrapib was found to accumulate in adipose tissue [213] and 

its development was stopped. The clinical benefit of anacetrapib could be accounted for by the 

reduction in non–HDL-C, and more specifically, small VLDL levels, suggesting little clinical 

role of the HDL-C raising [213]. Therefore, despite considerable initial promise, CETP inhibition 

provides insufficient CV benefit for clinical use in patients treated with statins.  

3.7.2 rHDL infusion 
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The first drug of this class entering clinical trials was ETC-216 comprised of apoA-I Milano 

protein supplied with a phospholipid [214]. The infusions of ETC-216 were indeed able to 

decrease the mean atheroma volume in patients with acute coronary syndrome (ACS) [214]. 

However, the drug was not pushed into further clinical development primarily due to high 

production costs compared to its moderate clinical benefit. Furthermore, ETC-216 was 

responsible for a dose-dependent increase in neutrophils [215].  

Seeking improvement in safety and efficacy, a formulation called MDCO-216 comprised of 

apoA-I Milano and phosphatidylcholine was introduced [216] which did not induce adverse 

immunostimulation [215], but neither showed effectiveness in a clinical setting [217].  

The initial success with the trials of ETC-216 was followed by the development of CSL-111 

consisting of normal human apoA-I combined with soybean phosphatidylcholine. Short-term 

infusions of CSL-111 did not reduce atheroma volume and were slightly hepatotoxic at high 

concentrations, but did improve the plaque characterization index and coronary score [218]. The 

drug was reformulated as CSL-112 that did not contained hepatotoxic cholate and was essentially 

homogenous in the particle size. In a phase II trial, CSL-112 was well tolerated and acutely 

enhanced cholesterol efflux in patients with CVD [219], probably acting via remodeling the 

circulating HDL pool through formation of small particles possessing enhanced anti-atherogenic 

activities [220]. 

Another infusion agent named CER-001, a negatively charged rHDL containing human 

recombinant apoA-I, sphingomyelin and phosphatidylglycerol, was somewhat efficient in 

patients with extreme conditions including homozygous familial hypercholesterolemia [221] and 

extensive plaque-burdened ACS [222], but was eventually proven to be ineffective in statin-

treated patients with more typical presentation of ACS [223, 224]. 
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A modification of HDL infusion therapy involved reinfusion of autologous delipidated HDL 

after their selective delipidation ex vivo [225]. This approach converted large, lipid-rich HDL to 

small, lipid-poor particles with enhanced atheroprotective activities [97] and tended to reduce 

total atheroma volume after seven weekly injections in ACS patients undergoing cardiac 

catheterisation as compared to control plasma apheresis treatment [225].  

ApoA-I-mimetic peptides structurally resemble apoA-I in a way that they all contain amphipatic 

α-helical structures albeit often do not share any sequence homology to apoA-I yet possessing 

similar biological function [226]. These agents can beneficially impact HDL metabolism upon 

infusion. Unlike recombinant or purified apoA-I proteins, apoA-I mimetics are short-chain and 

easy to produce. Moreover, they can be administered orally, though their oral bioavailability is 

limited [227]. Initial reports were promising on the effectiveness of these agents in animal models 

but a recent report of aggregated results shows inconsistencies between in vitro and in vivo 

functional properties of seven apoA-I mimetic peptides [228]. 

Another therapeutic strategy features infusions of recombinant LCAT, a single HDL protein. A 

formulation called ACP-501 favorably modified HDL metabolism after a single intravenous 

infusion [229]; an approach involving multiple intravenous infusions is currently being assessed 

in a phase 2 trial.  

To sum up, none of the HDL infusions has proven to be both effective and safe up to date; 

furthermore, intravenous infusions appeared to be too impractical for everyday therapy. 

3.7.3 LPL activation 

Up-regulation of LPL activity is normally considered as a means to reduce plasma TG but this 

approach is highly effective in elevating HDL-C levels and can be added to the list of HDL-

targeting therapies. ApoC-III represents a promising therapeutic target for the treatment of 
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hypertriglyceridemia as it inhibits TGRL hydrolysis by LPL [230]. Recent phase I trial of the 

administration of volanesorsen, an apoC-III antisense oligonucleotide, in healthy subjects 

revealed reductions in plasma apoC-III and TG levels accompanied by elevated HDL-C [230]. 

This approach is currently entering clinical trials [231]. 

Fibrates is a class of compounds that work by activating peroxisome proliferator-activated 

receptor  (PPARα). PPARα is active in hepatocytes where it stimulates production of apoA-I 

and apoA-II and inhibits production of apoC-III, thereby enhancing LPL activity [232]. As a 

result, fibrates increase concentrations of HDL-C and small pre-β1-HDL. Fibrates are normally 

considered for treatment of hypertriglyceridemia and provide moderate clinical benefits [233] but 

their side-effects include formation of cholesterol gallstones, rhabdomyolysis and myopathy. A 

novel member of this drug class, pemafibrate, did not show major adverse effects and recently 

passed phase 3 of clinical trials [234].  

Another approach to combat hypertriglyceridemia employs an adenoviral vector AMT-011 

expressing human LPL, with an intent to replace a faulty LPL gene with a properly functioning 

copy [235]. If successful, this strategy should equally be able to increase HDL-C. 

3.7.4 Nicotinic acid 

In the pre-statin era, nicotinic acid, also known as niacin and vitamin B3, was considered as a 

promising candidate to prevent CVD, reflecting its ability to raise HDL-C, decrease TG, alleviate 

carotid intima-media thickening and reduce incidence of stenosis [232]. However, recent large-

scale studies performed in patients on statins failed to demonstrate clinical benefits of niacin 

treatment [236, 237]. In addition, Cochrane meta-analysis of long-term clinical trials did not find 

evidence for niacin’s efficiency in patients already treated with statins [238]. Prolonged exposure 

to niacin was also found to be associated with increased risk for onset of diabetes [238]. Despite 
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these limitations, nicotinic acid may still be helpful for individuals not tolerating statins. Indeed, a 

meta-analysis reveals that niacin is capable of reducing CV events in the absence of statin 

treatment [239]. 

3.7.5. Other agents 

Other agents employed within the paradigm of HDL-targeting therapy can be classified into 

bromodomain and extra-terminal domain (BET) inhibitors, nuclear receptors agonists and miR 

inhibitors.  

BETs are protein-interaction modules involved in chromatin organization and modulation of gene 

transcription. Apabetalone (RVX-208), a small BET inhibitor designed to directly upregulate 

hepatic secretion of apoA-I, moderately raised HDL-C and showed promising results in the early 

stages of clinical trials [240], but later failed to present significant clinical benefits compared to 

placebo [241]. In recent trials, vulnerability of atherosclerotic plaques was however favorably 

modified by apabetalone [242]. Pooled together, results from available clinical trials of 

apabetalone reveal a reduction in CV events relative to placebo [243]. 

Nuclear receptor agonists are primarily represented by those acting LXR. LXR agonists raise 

HDL-C and exert a multitude of antiatherogenic actions, including beneficial effects on 

cholesterol metabolism, inflammation, proliferation and insulin sensitivity [244]. Major adverse 

effects of LXR agonists however involve hepatic steatosis and nervous system deficiency [245]. 

There are two LXR types, notably LXRα expressed in the liver, kidney, and several other organs, 

and LXRβ expressed ubiquitously [246]. Importantly, specific activation of LXRα retains 

beneficial effects on HDL whilst lacking lipogenic effects and may represent a promising strategy 

of dyslipidemia treatment. 



51 

MiRs are small RNAs that do not code proteins, and, hence, were earlier considered as “junk 

RNA” to be later discovered to play important biological role in the development, repair and 

homeostasis. HDL transports miRs, one of which, miR-33, inhibits ABCA1 expression [247, 

248]. Although animal models support the role of miR-33 as a potential therapeutic target for 

HDL biogenesis, the efficacy of this approach in humans remains to be established. 

 

4. LDL 

4.1 Structure and composition 

Similarly to HDL, plasma LDL is not a structurally homogeneous entity but consists of different 

particles varying in size, density, charge, and lipid and protein content. Two distinct LDL 

phenotypes have been described: phenotype or pattern A, with a predominance of large buoyant 

LDL (lbLDL) particles, and phenotype or pattern B, with a predominance of small dense LDL 

(sdLDL) particles. An intermediate phenotype, A/B, has also been characterized [249].  

4.1.1 Proteome 

ApoB-100 is the major structural component of LDL, accounting for over 95% of the total protein 

mass. There are, however, a number of other plasma proteins which can temporarily bind to or be 

associated with LDL particles in the circulation. Using a global approach involving techniques 

such as ultracentrifugation, 2D gel electrophoresis, amino acid sequencing, and peptide mass 

fingerprinting by time-of-flight (TOF) or tandem mass spectrometry, proteomic analyses have 

identified over 50 proteins to date, in addition to apoB-100 [249]. They include apolipoproteins 

regulating apoB metabolism and lipid transport (apoC-II, apoC-III, apoE, apoA-I, apoA-IV, and 

apoF) as well as proteins associated with inflammation (apolipoprotein D (apoD), apoJ, apoM, 

SAA4, PON1, prenylcysteine oxidase 1, migration inhibitory factor-related protein 8, and retinol 
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binding protein), thrombosis (fibrinogen a chain), the complement system, and innate immunity 

and antimicrobial functions (lysozyme C, A1AT, apoL-1, and transthyretin) [249]. Comparisons 

of the LDL and VLDL proteomes have revealed, further, that the proteins are preferentially 

distributed, with a greater number of proteins associated with VLDL than LDL. Taken together, 

these findings suggest that LDL particles may acquire some proteins directly from plasma, HDL 

particles, or peripheral cells, and not only through the intravascular remodeling of VLDL. Thus, 

some of these proteins may have LDL-specific functions [249]. 

4.1.2 Lipidome 

LDL is a CE-rich lipoprotein and displays high CE content of approximately 55% of total lipid. 

Overall, LDL shows a low phospholipid to cholesterol ratio of 0.35. In relation to the sum of all 

analyzed glycerophospholipids and sphingolipids, PC was by far the most abundant lipid class at 

around 70%. As compared to other lipoproteins, LDL displayed a high content of SM (25%). 

Moreover, LDL carried more than 5-fold more of Cer than HDL. PE and PE-based plasmalogen 

had approximately 1% share in LDL lipidome [250]. 

4.1.3 Glycome 

LDL apoB carries 4.4 wt% of carbohydrate residues [251]. Sialic acids are present in LDL as 

terminal carbohydrates of biantennary carbohydrate chains in apoB and of carbohydrate chains in 

gangliosides [252, 253].  

4.2 Metabolism 

4.2.1 Biosynthesis 

In the circulation, the endothelium-bound LPL hydrolyzes TG in VLDL and turns it into LDL 

particles. LPL is expressed in the peripheral vessels, especially in muscle and adipose tissues. In 

addition, VLDL TG may be exchanged for CEs of HDL by CETP. Therefore, size, density and 
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composition of LDL particles depend on LPL and CETP activities. LDL particles are rich in CEs 

and can be absorbed by the liver and peripheral tissues via interactions between apo-B100 and LDL 

receptor (LDLR) [254]. Despite the volume of research on LDL particle size and CHD risk, the 

origin of sdLDL particles is still not well understood. Studies assessing kinetics of apoB-containing 

lipoproteins with stable isotope methodology and multicompartmental modeling have proposed 

several metabolic pathways. Positive correlations between sdLDL and plasma TG concentrations 

suggest that sdLDL particles are derived directly from LDL precursor particles and largely 

produced independently of lbLDL particles. Packard et al. [255] observed that healthy individuals 

with elevated plasma TG levels and LDL phenotype B reveal delayed catabolism of apoB in large 

VLDL, higher production of apoB in small VLDL, delayed lipolysis of both large and small VLDL, 

a marked decrease in the catabolism of LDL apoB, and diminished de novo production of apoB in 

IDL and LDL. In contrast, Aguilar-Salinas et al. [256] concluded, based on data from a study of 

familial combined hyperlipidemia kindred, that the formation of sdLDL particles is due to a clear 

precursor–product relationship between apoB in lbLDL and sdLDL, which is promoted by the 

delipidation of lbLDL. To address the discordant findings of these tracer studies, Geiss et al. [257] 

studied sdLDL particle formation by measuring rebound apoB concentrations in LDL subfractions 

after LDL apheresis. Using this approach in a study of heterozygous familial hypercholesterolemic 

individuals on statin therapy, they determined that the data were best fit with a model in which 

there was direct apoB production into VLDL and IDL, followed by direct conversion into large, 

intermediate, and small dense LDL (58% of total sdLDL), as well as the simultaneous delipidation 

of lbLDL to sdLDL (42% of total sdLDL) [249]. 

Although the data are not conclusive, it can be argued that sdLDL particles most likely originate 

from multiple sources and, furthermore, that the contribution of each pathway to the total sdLDL 

apoB pool depends on underlying metabolic conditions. Support for this concept comes from a 
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study by Zheng et al [258], who assessed the production and catabolism of apoB-containing 

lipoproteins according to the apoE and apoC-III content of particles isolated by immunoaffinity 

chromatography and density ultracentrifugation. ApoE and apoC-III possess well-known functions 

as offsetting regulators of apoB lipoprotein metabolism, which help to clarify the metabolic origin 

of the particles. Zheng et al. reported that when plasma TG levels were normal [<150 mg/dl (1.7 

mmol/l)], sdLDL particles were formed primarily from VLDL and lbLDL particles which were 

secreted directly by the liver and subsequently delipidated to the denser subfraction. In 

hypertriglyceridemia, however, more sdLDL particles than lbLDL particles were secreted by the 

liver, more VLDL particles were converted to particles of sdLDL density than were catabolized, 

and the fraction of lbLDL delipidated to sdLDL increased [249]. 

4.2.2 Catabolism 

The LDLR is expressed in the liver cells and other tissues, so that about 70% of circulating LDL 

particles are transferred into the liver and 30% by other tissues [254]. Metabolic studies have 

demonstrated that sdLDL remains in circulation longer than lbLDL before being cleared by the 

LDLR. It is hypothesized that delayed catabolism results in the lipid composition and size of 

sdLDL being altered through the CETP-mediated exchange of CE and TG between LDL and 

VLDL and/or HDL and, subsequently, by the action of HL on core TG and surface phospholipids 

[249]. 

4.3 Altered composition and metabolism in cardiometabolic diseases 

Patients with condition like familial hypercholesterolemia (FH) feature autosomal dominant 

disorder, which causes defects in the gene that encodes the LDLR, so their LDL-C levels are 

severely increased, leading to a major increase in the risk of CVD for these patients [259]. 
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Epidemiological studies have documented that sdLDL cholesterol levels are elevated in cases of 

myocardial infarction, stroke, and overall CVD [249]. Evidence from in vitro studies underscores 

the enhanced atherogenicity of sdLDL and, in turn, the potential for increased CHD risk due to 

higher sdLDL concentrations. sdLDL particles have been shown to be more readily oxidized in 

vitro than lbLDL [249]. They have enhanced affinity for proteoglycans in the arterial wall, contain 

an increased percentage of glycated apoB, and are overall more susceptible to glycation, relative 

to larger LDL particles. A recent study of modified LDL has also revealed that the activity of the 

inflammatory marker lipoprotein-associated phospholipase A2 (LpPLA2) was increased in apoB-

containing lipoproteins in phenotype B, but not in diabetic individuals with phenotype A or in 

normolipidemics [249]. 

A critical question pertaining to the function, metabolism, and atherogenicity of LDL 

subfractions is the complement of exchangeable proteins associated with a particular particle size. 

Davidsson et al. [260] used surface-enhanced laser adsorption/ionization and matrix-assisted 

laser-desorption ionization-TOF/TOF mass spectrometry techniques to compare the 

apolipoprotein composition of LDL subfractions in men with metabolic syndrome or T2D and 

manifesting LDL phenotype B with the apolipoprotein composition of LDL subfractions in 

healthy men having phenotype A. In this study, phenotype B was characterized by a 

predominance of LDL particles of d 1.040–1.060 g/ml (24.4–25.2 nm in diameter), whereas 

phenotype A referred to a predominance of particles of d 1.030-1.040 g/ml (25.2–26.5 nm). After 

the data were adjusted for apoB-100 content, the sdLDL particles in the individuals with LDL 

phenotype B were observed to be enriched in all isoforms of apoC-III and depleted, in 

descending order, in apoC-I, apoE, and apoA-I, whereas the sdLDL particles in normolipidemic 

individuals with phenotype A had more apoC-I, apoA-I, and apoE and less apoC-III. In addition, 

there was a significant correlation between the sdLDL apoC-III concentration and the affinity of 
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LDL to bind arterial proteoglycans. The analyses revealed no significant differences in the 

exchangeable apolipoprotein content of lbLDL in the study cohorts. These findings underscore 

the significant regulatory role that apoC-III has in sdLDL metabolism [249].  

Alterations of LDL composition in CMD are largely undeterminate. LDL glycome can be altered 

in disease. Desialylation of LDL by neuraminidases (sialidases) and other glycoside hydrolases 

may occur in vivo under normal and, particularly, under pathological conditions [261]. As a 

result, sialic acid content is diminished in LDL isolated from plasma of patients with CVD and 

T2D relative to LDL from healthy donors [262-265]. Moreover, atherogenic immune complexes 

present in the circulation contain LDL that display modifications similar to those found in 

desialylated LDL [266]. When administered to a primary culture of human aortic intimal cells or 

to a culture of human monocyte-derived macrophages, desialylated LDL induce intracellular 

cholesterol accumulation [262, 265, 267, 268]. Native LDL desialylated with neuraminidase in 

vitro reveal similar biological activity [205, 269].  

LDL can undergo in vivo modifications by glyco-oxidation [270], glycation [271], oxidation 

[272], and desialylation [273] that increase LDL atherogenicity. Such modified LDL is taken up 

by macrophages through scavenger receptors, leading to the formation of foam cells. More 

specifically, uptake of desialylated LDL by human and mouse macrophages can be mediated by 

both scavenger receptors [265] and galactose-specific lectin receptors which recognize terminal 

galactose residues of LDL exposed after desialylation [274]. LDL apoB can also be oxidized and 

glycated [271, 272] while alterations of other LDL-associated proteins were not studied. 

Similarly, unclear remain alterations in the LDL lipidome in CMD. 

4.4 Therapeutic targeting of abnormal LDL metabolism 
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Statins, or 3-hydroxy-methylglutaryl coenzyme A reductase inhibitors, decrease hepatic 

cholesterol biosynthesis and reduce serum LDL-C and triglyceride levels, acting via enhanced 

expression of hepatic LDLR. Landmark clinical trials have convincingly demonstrated the 

efficacy of statins for both primary and secondary prevention of CHD. It has been proposed that 

statins exert both LDL-C-dependent and LDL-C-independent (or pleiotropic) effects. In addition, 

clinical studies show statin benefits in diseases that are not clearly related to LDL-C elevation, 

but some of the outcomes may be due to direct cholesterol lowering. Thus, decreased gallstone 

formation could be related to decreased hepatic cholesterol formation, as decreased plasma 

cholesterol reduces platelet aggregation and could lead to diminished occurrence of deep vein 

thrombosis, and decreased LDL-C can affect the progression of renal disease by decreasing renal 

artery atherosclerosis [275].  

Despite the long-term documented benefits of statin use, controversy exists over using statins for 

primary prevention as some believe that risks outweigh benefits for those without CVD. 

Although many people tolerate statins without issue, reported side effects in as many as one in 

five people include severe muscle aches, memory disturbance, sexual dysfunction, cataracts, and 

diabetes. Statin therapy could also cause myopathy, rhabdomyolysis, and liver function 

abnormalities in some people. Therefore, in older adults, intensive statin regimens remain a 

debate. Statins have also been associated with cognitive impairment including memory loss, 

forgetfulness, and confusion as well as increased risk for elevated blood glucose and for 

developing T2D [276].  

Statin therapy – whether pravastatin, atorvastatin, or rosuvastatin – in individuals with 

dyslipidemia, familial combined hyperlipidemia, metabolic syndrome, or T2D significantly 

decreased the pool size of apoB-containing lipoproteins in a dose-dependent manner by 
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increasing the fractional catabolic rate of apoB, as predicted by the inhibitory effects of statins on 

LDLR activity.  

Other approaches to target elevated LDL-C involve ezetimibe, which helps reducing blood 

cholesterol by limiting the absorption of dietary cholesterol [277], and PCSK9 inhibitors that 

enhance hepatic LDLR expression by inhibiting PCSK9 involved in the degradation of LDLR 

and make liver absorb more LDL cholesterol, thus lowering the amount of cholesterol in the 

circulation, especially in individuals with hypercholesterolemia or in post-CHD patients who 

have intolerance to statins or other cholesterol medications [278].  
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WORKING HYPOTHESIS AND OBJECTIVE 

Available data reveal that abnormal composition of HDL and LDL is associated with CMD. In 

parallel, in vitro assays of HDL particles isolated from metabolically compromised patients often 

show diminished anti-atherosclerotic activity, and LDL particles isolated from such patients 

display pro-atherogenic features in such tests, all the while simultaneously possessing altered 

physicochemical properties. These findings clearly indicate that structure and composition of 

these lipoproteins are important in their proper functioning.  

With a decrease of cost and an increase in performance of mass-spectrometrical systems, protein 

moieties of lipoprotein particles have been extensively studied, while lipidomic and particularly, 

glycomic moieties remain less well investigated. There is however a large body of evidence 

documenting the importance of lipid and carbohydrate moieties in the procurement of biological 

functions of lipoproteins, primarily of HDL and LDL. It is therefore necessary to provide an 

appropriate insight into individual molecular components of lipid and glycan moieties of HDL 

and LDL that allow for a healthy performance of these particles.  

We therefore hypothesize that certain molecular components of HDL and LDL might be enriched 

or depleted in CMD and that altered abundances of these components ought to be associated with 

deficient biological function of said lipoproteins. We further hypothesize that disturbances in 

certain metabolic pathways can be observed as a result of, or as a reason for, the deficient 

function of the lipoproteins. 

To test our hypothesis, we employed protocols for the assessment of lipidomic composition of 

HDL, as well as glycomic composition of HDL and LDL using omics technology in parallel with 

the evaluation of their biological functionality. We deployed these protocols on HDL and LDL 
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particles isolated from healthy subjects and patients with CMD. We focused at apoA-I deficiency, 

a genetically determined dyslipidemia resulting in elevated CV risk, and at acute myocardial 

infarction, an acute presentation of CVD. Thus, in this body of work our objective was to reveal 

structure-function relationships in human plasma HDL and LDL in healthy subjects and in 

patients with CMD, putting an emphasis on the lipidome and the glycome. The data obtained 

were analysed using original data analysis scripts developed in-house.  
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METHODS  

1. Subjects 

In our studies we focused on the structure and function of human plasma lipoproteins in 

individuals with compromised lipid metabolism. We were interested in chronic (genetically-

determined) and acute forms of dyslipidemia both well-known to be associated with CVD. As a 

chronic dyslipidemia, we chose familial apoA-I deficiency (FAID), and as acute one, we chose 

ST-elevated myocardial infarction. Subjects recruited for our studies were, thus, split into the 

following categories: subjects with a rate hereditary mutation in the APOA1 gene, and recent 

survivors of ST-elevated myocardial infarction.  

For the first cohort of subjects we recruited four Caucasian male and one female heterozygous 

patients from a family with a nonsense mutation at APOA1 codon -2, Q[-2]X, genotyped 

according to Santos et al [58], and eight healthy male Caucasian normolipidemic, non-smoking 

age-matched controls with no signs of a known disease, all recruited at the Heart Institute (InCor) 

of the University of Sao Paulo Hospital in Sao Paulo, Brazil, as previously described [279]. None 

of the patients or controls had pathologies affecting lipid metabolism such as T2D Mellitus, 

kidney and thyroid diseases. All subjects were off lipid-lowering medication for at least 2 months 

at the time of assessment. Written informed consent was obtained from all subjects, and the 

project was approved by the Ethics Committee of the Heart Institute-InCor in accordance with 

local institutional guidelines conformed to the Declaration of Helsinki.  

The second cohort consisted of twelve male patients presenting STEMI recruited at the Heart 

Institute-InCor University of Sao Paulo Medical School Hospital (São Paulo, Brazil). All patients 

were recruited within no later than 24 hours of ischaemic symptoms and clinical presentation in 
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the Emergency Room. The diagnosis of AMI was confirmed by clinical assessment by a 

cardiologist, including electrocardiography changes, troponin I elevation, and the presence of 

CAD on coronary angiography in accordance with the Braunwald criteria [280]. Exclusion 

criteria were: female gender, smoking, secondary causes of hyperlipidemia (e.g; thyroid 

dysfunction), presence of inflammatory or infectious diseases, AMI or stroke during last six 

months, use of anti-inflammatory drugs (except aspirin) or antioxidant vitamins and use of lipid-

lowering drugs during the month preceding the clinical event. Importantly, alterations in lipid 

metabolism observed in this cohort were therefore unrelated to lipid lowering medication. Ten 

male healthy, non-smoking, normolipidemic, age-matched subjects were recruited as controls. 

Written informed consent was obtained from all study subjects and the project was approved by 

the Ethics Committee of InCor in accordance with local institutional guidelines conformed to the 

Declaration of Helsinki. 

2. Blood samples 

Venous blood was collected from the antecubital vein into sterile evacuated tubes (Vacutainer) in 

the presence or absence (to obtain serum) of ethylenediaminetetraacetic acid (EDTA) (final 

concentration, 1.8 mg/ml) after an overnight fast. After blood collection, EDTA plasma was 

immediately separated by centrifugation at 4°C (20 min at 2000 rpm followed by 5 min at 4500 

rpm), while serum was obtained after incubating samples for 30 min at room temperature and 

centrifugating for 10 min at 3000 RPM. Sucrose (final concentration, 0.6%) was added as a 

cryoprotectant for lipoproteins [281, 282] and samples were aliquoted and stored at -80°C under 

nitrogen. Each aliquot was thawed only once directly before analyses.  

3. Isolation of lipoproteins 
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An aliquot of 3 ml serum and an aliquot of plasma were thawed and subjected to a single step, 

isopycnic nondenaturing density gradient ultracentrifugation in a Beckman SW41 Ti rotor at 

40,000 rpm for 44 h in a Beckman XL70 ultracentrifuge at 15°C as described previously [283, 

284]. Briefly, plasma density was increased to 1.21 g/ml by adding dry solid KBr. A 

discontinuous density gradient was then constructed as follows: 2 ml of a NaCl/KBr solution 

(d=1.24 g/ml), 3 ml plasma (d=1.21 g/ml), 2 ml of a solution (d=1.063 g/ml), 2.5 ml of a solution 

(d=1.019 g/ml), and 2.5 ml of a NaCl solution (d=1.006 g/ml). All density solutions contained 

sodium azide (0.01%), EDTA (0.01%), and gentamicin (0.005%), pH 7.4. After the 

ultracentrifugation, gradient was fractionated in predefined volumes from the meniscus 

downwards with an Eppendorf precision pipette, yielding five major HDL subfractions: large, 

light HDL2b (d 1.063–1.087 g/ml) and HDL2a (d 1.088–1.110 g/ml), and small, dense HDL3a (d 

1.110–1.129 g/ml), HDL3b (d 1.129–1.154 g/ml) and HDL3c (d 1.154–1.170 g/ml) (Figure 12). 

Lipoproteins were extensively dialysed against phosphate-buffered saline (PBS; pH 7.4) at 4°C in 

the dark, stored at 4°C and used within 8 days for lipidomic analysis and functional studies. The 

validity and reproducibility of this density gradient procedure, which facilitates preparative 

fractionation of HDL particle subspecies in a non-denaturated, native state, have been extensively 

documented [283, 285, 286].  
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Figure 12. Density gradient distribution 

4. Chemical analysis of lipoproteins 

TC, FC, PL and TG contents of isolated lipoprotein subfractions were determined using 

commercially available assays (Diasys, France). CE was calculated by multiplying the difference 

between total and free cholesterol concentrations by 1.67. Total lipoprotein mass was calculated 

as the sum of total protein, CE, FC, PL and TG. ApoA-I and apoA-II content in HDL was 

quantified using commercially available kits (Diasys, France) [85].  

LCAT activity of HDL was measured using a commercially available fluorescent kit for plasma 

LCAT activity from Roar Biochemical (New York, NY, USA) that evaluates accumulation of 

free cholesterol in the samples. The protocol was modified to include in the assay an amount of 

HDL similar to that employed in the measurement of LCAT activity in plasma. More 

specifically, a fixed amount of HDL protein of 50 µg was mixed with reagents according to the 

manufacturer’s instructions. The coefficient of variation of the assay was 2.4%. 

5. Heterogeneity and mean size of HDL 
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The heterogeneity of HDL was evaluated by native PAGE using precasted 4-12% gradient gels 

from Invitrogen (France) according to the manufacturer’s instructions. This approach allowed 

detecting lipid-free/lipid-poor apoA-I by Western blotting and calculating mean HDL size as 

described elsewhere [287]. Briefly, 15 µg of HDL protein or 5 µg of lipid-free ApoA-I were 

applied to NuPAGE Tris-acetate 4-12% gels (Invitrogen, CA, USA) and the gels were run for 3h 

at 150V in the MOPS buffer according to the manufacturer’s instructions. Following the transfer 

to nitrocellulose, goat anti-human apoA-I antibody (Merck) and donkey anti-goat IRDye 800CW 

antibody (LI-COR, Lincoln, NE, USA) were used as a primary and secondary antibody, 

respectively, to detect apoA-I.  

The mean HDL size was calculated using the PageRuler Broad Range Unstained Protein Ladder 

as a calibration (Thermo Scientific, USA). Gels were scanned using Odyssey Imaging System for 

Western blots and gel imaging (LI-COR, Lincoln, NE, USA) and the mean position of each peak 

was identified using the system’s software. 

6. Lipidomic analysis  

Lipidomic analysis in our laboratory is done through several major steps: extraction of lipids 

from the sample, their separation by high-performance liquid chromatographer, followed by 

detection using MS/MS, and finished with data aggregation and analysis (Figure 13). 
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Figure 13. An in-house pipeline for extraction and separation of lipids, followed by detection 

using MS/MS and automated acquisition of the resulting data 

6.1 Lipid standards 

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine-N,N,N-trimethyl-d9 (PC 16:0/16:0 d9), 1-lauroyl-

2-tridecanoyl-sn-glycero-3-phospho-(1′-myo-inositol) (PI 12:0/13:0), 1-dodecanoyl-2-

tridecanoyl-sn-glycero-3-phosphoethanolamine (PE 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-

glycero-3-phospho-(1′-rac-glycerol) (PG 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-

phosphate (PA 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phospho-l-serine (PS 

12:0/13:0), 1-pentadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 15:0), and N-

heptadecanoyl-d-erythro-sphingosine (Cer d18:1/17:0) were used as internal standards. 1-

Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 16:0), 1-stearoyl-2-hydroxy-sn-glycero-

3-phosphocholine (LPC 18:0), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (PC 14:0/14:0), 1-

myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (PC 14:0/16:0), 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (PC 16:0/16:0), 1-palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine (PC 
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16:0/18:0), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:1), 1-palmitoyl-2-

linoleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:2), 1,2-distearoyl-sn-glycero-3-

phosphocholine (PC 18:0/18:0), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC 

18:0/18:1), 1-stearoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PC 18:0/18:2), 1-stearoyl-2-

arachidonoyl-sn-glycero-3-phosphocholine (PC 18:0/20:4), 1-palmitoyl-2-docosahexaenoyl-sn-

glycero-3-phosphocholine (PC 16:0/22:6), 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-

phosphocholine (PC 18:0/22:6), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PE 

18:0/18:0), 1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycero-3-phospho-(1′-myo-inositol) (PI 

17:0/14:1), N-stearoyl-d-erythro-sphingosine (Cer d18:1/18:0), 1,2-distearoyl-sn-glycero-3-

phosphate (PA 18:0/18:0), 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 18:0/18:0), 

and 1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-l-serine (PS 16:0/18:2) were purchased from 

Avanti Polar Lipids (Alabaster, AL) to construct separate calibration curves as a function of the 

number of double bonds in fatty acid moieties and of their chain length. 

6.2 Lipid extraction 

HDL subpopulations were extracted according to a procedure adapted from Larijani et al [288]. 

Briefly, 30 µg of total PL mass determined using a commercially available assay was added to 4 

ml of cold CHCl3/acidified CH3OH (5:2 v/v) containing 4 µg of PC d9 32:0, 100 ng of PI 25:0, 

80 ng of PE 25:0, 80 ng of PA 25:0, 40 ng of PS 25:0, 20 ng of PG 25:0, and 20 ng of Cer 17:0. 

A blank (PBS) and a control (HDL2 obtained from a reference normolipidemic plasma) sample 

were extracted in parallel with each batch to ensure quality control; each sample was corrected 

for blank readings. K4EDTA (200 mM) solution was added (1:5 v/v), and the mixture was 

vortexed for 1 min and centrifuged at 3,600 g for 10 min at 4°C. The organic phase was 

transferred into 5 ml Chromacol glass tubes and dried under nitrogen. Lipids were reconstituted 
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into 150 µl isopropanol-hexane-water (10:5:2 v/v), transferred into LC/MS amber vials with 

inserts, dried under nitrogen, and resuspended in 40 µl of isopropanol-hexane-water (10:5:2 v/v). 

Molecular lipid species were analyzed and quantified by LC/MS/MS. 

6.3 LC/MS analysis 

Seven principal phospholipid subclasses PC, LPC, PE, PI, PG, PS, PA and two principal 

sphingolipid (SL) subclasses SM and Cer, which together comprise approximately 160 individual 

molecular lipid species and account for >95% of total plasma glycerophospholipid (GP) and SM 

[289, 290], were assayed by LC/MS/MS. The lipid subclasses were divided into major (those 

whose content was >1% of total PL + SL, i.e., PC, SM, LPC, PE, and PI) and minor (those whose 

content was <1% of total GP + SL, i.e., PG, Cer, PS, and PA). 

6.4 Quantification 

Lipids were quantified by LC-ESI/MS/MS using a QTrap 4000 mass spectrometer (AB Sciex, 

Framingham, MA) equipped with a turbo spray ion source (300°C) combined with an LC20AD 

high-performance liquid chromatography (HPLC) system, a SIL-20AC autosampler (Shimadzu, 

Kyoto, Japan), and the Analyst 1.5 data acquisition system (AB Sciex). Quantification of GPs 

and SLs was performed in positive-ion mode, except for PI species that were detected in 

negative-ion mode.  

Sample (4 µl) was injected onto a Symmetry Shield RP8 3.5 µm 2.1 × 50 mm reverse phase 

column (Waters Corporation, Milford, MA) using a gradient from 85:15 to 91:9 (v/v) methanol-

water containing 5 mM ammonium formate and 0.1% formic acid at a flow rate of 0.1 ml/min for 

30 min. Lipid species were detected using multiple reaction monitoring reflecting the headgroup 

fragmentation of each lipid class. PC, LPC, and SM species were detected as product ions of m/z 
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184; PE, PS, PG, and PA as neutral losses of respectively m/z 141, 185, 189, and 115; and PI 

molecular species as product ions of m/z −241. Air was used as nebulizing gas and N2 as 

collision gas. PE, PS, PG, PI, PA, and Cer species were monitored for 18 ms, while PC, LPC, and 

SM species were monitored for 30 ms at a unit resolution (0.7 amu at half peak height). 

Lipids were quantified using calibration curves specific for the nine individual lipid classes with 

up to 12 component fatty acid moieties. Twenty-three calibration curves were generated in 

nondiluted and 10-fold diluted matrices to correct for matrix-induced ion suppression effects. 

More abundant lipid species that displayed a nonlinear response in nondiluted extracts were 

quantified from a 10- or 100-fold diluted sample. An in-house-developed Excel Macro script 

(Microsoft Office 2010, Redmond, WA) was used to compile data from the three successive 

injections.  

6.5 Sphingosine-1-phosphate  

S1P was determined in HDL subspecies as described by Nofer et al [173]. Methanol (1 ml) 

containing 2.5 µl concentrated HCl was added to 100 µL of HDL solution (0.5 to 2.0 mg HDL 

protein per ml buffer as a function of HDL subspecies). C17-S1P (15 pmoL) was added as 

internal standard and lipids were extracted by addition of 1 ml chloroform, 200 µl NaCl (4 M) 

and 100 µl NaOH (3 M). The alkaline aqueous S1P-containing phase devoid of other sphingoid 

bases and of the majority of hydrophobic PL was transferred to a clean tube and the organic 

phase was re-extracted with 0.5 ml methanol, 0.5 ml of 1M NaCl and 3N NaOH (50 µl). The 

alkaline aqueous phases were combined, acidified with 100 µl concentrated HCl and extracted 

twice with 1.5 ml chloroform. The organic phases were evaporated and the dried lipids were 

dissolved in a mixture (50 µl) of methanol and 0.07 M K2HPO4 (9:1 v/v). A derivatization 

mixture of 10 mg o-phthaldialdehyde, 200 µl ethanol, 10 µl 2-mercaptoethanol and 10 ml boric 
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acid (3% wt/v) was prepared and adjusted to pH 10.5 with KOH. Five µl of the derivatization 

mixture was added to the lipids and the solution incubated for 15 min at room temperature. The 

derivatives were analyzed with a Hewlett Packard HPLC system using an RP18 Kromasil column 

(2.1 mm i.d. x 150 mm) maintained at 45°C. Separation was performed with the isocratic eluent 

containing methanol: K2HPO4 (0.07 M) (78:22 v/v) at a flow rate of 0.25 ml/min. The derivatives 

were detected selectively using a Hewlett Packard spectrofluorometer with an excitation 

wavelength of 340 nm and an emission wavelength of 456 nm. S1P was quantified by 

comparison of its fluorescent signal with that of the derivative of the internal standard 

(coefficients of variation, <5%) [291]. 

7. Glycomic analysis 

Lipoprotein samples were desalted using ice-cold methanol (Merck, Darmstadt, Germany). 

Briefly, dried lipoprotein samples were resuspended in 1 ml of ice-cold methanol and centrifuged 

for 15 min at 2200 g. The supernatant was carefully removed and the procedure was repeated. 

The remaining methanol was evaporated by drying down in the vacuum concentrator.  

Dried samples were dissolved in 30 μl of 1.33% SDS (w/v) and denatured by incubation at 65°C 

for 10 min. The following steps of N-glycan release and fluorescent labelling were essentially as 

described in [292]. After labelling, the free label and reducing agent were removed from the 

samples by hydrophilic interaction liquid chromatography solid-phase extraction (HILIC-SPE) 

using 0.2 μm GHP filter plates and ice-cold 96% acetonitrile (ACN) [292]. 

Fluorescently labelled N-glycans were separated by hydrophilic-interaction ultra-high-

performance liquid chromatography with fluorescence detection (HILIC-UHPLC-FLD) on a 

Waters Acquity Ultra HPLC (UHPLC) H-class system (Milford, MA, USA) as described 

previously [292].  
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Briefly, labelled N-glycans were separated on a Waters BEH Glycan chromatography column, 

150 × 2.1 mm i.d., 1.7 μm BEH particles, with 100 mM ammonium formate, pH 4.4, as solvent A 

and ACN as solvent B. Separation method used linear gradient of 70–53% ACN (v/v) at flow rate 

of 0.56 ml/min in a 23 min analytical run. Samples were maintained at 10 °C before injection, 

and the separation temperature was 25 °C. The chromatograms obtained were all separated in the 

same manner into 22 and 18 chromatographic peaks for HDL and LDL, respectively, and the 

abundance of glycans in each peak was expressed as % of total integrated area. 

The identity of N-glycans separated by HILIC-UHPLC-FLD was determined by matrix-assisted 

laser desorption ionization time-of-flight mass-spectrometry (MALDI-TOF-MS). Prior to MS 

analysis, fractions of each N-glycan chromatography peak were collected, dried down in a 

vacuum concentrator, resuspended in 10 μl of ultrapure water and stabilized by ethyl 

esterification as previously described [293]. Aliquots of 2 μl were spotted onto an MTP 

AnchorChip 384 BC MALDI target (Bruker Daltronics, Bremen, Germany), mixed on plate with 

1 µl of matrix solution (5 mg/ml 2,5-DHB, 1 mM NaOH in 50 % ACN) and left to dry by air. 

Recrystallization was performed by adding 0.2 µl of ethanol to each spot. Analyses were 

performed in positive-ion reflectron mode on an UltrafleXtreme MALDI-TOF-MS equipped with 

a Smartbeam-II laser and FlexControl 3.4 software Build 119 (Bruker Daltonics). The instrument 

was calibrated using a plasma N-glycome standard. A 25 kV acceleration voltage was applied 

after a 140 ns extraction delay. A mass window of m/z 1000 to 5000 with suppression up to m/z 

900 was used for N-glycan samples. For each spectrum, 10 000 laser shots were accumulated at a 

laser frequency of 2000 Hz, using a complete sample random walk with 200 shots per raster spot 

[2]. 

8. Functional assays 
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8.1 Cholesterol efflux 

The cholesterol efflux capacity of HDL subpopulations were characterised in a human THP-1 

monocytic cell system (ATCC, Manassas, VA, USA) as previously described [294]. In this assay, 

HDL particles were compared on the basis of their PL concentrations because PL was shown to 

represent the key component determining cholesterol efflux capacity of HDL [295]. In brief, 

THP-1 monocytes were cultured on 24-well tissue culture plates, grown in RPMI 1640 media 

with 10% fetal bovine serum and differentiated into macrophage-like cells with 50 ng/ml phorbol 

12-myristate 13-acetate for 48 hours and 37°C. The cells were washed and loaded for 24 h with 

[3H]cholesterol-labelled acetylated LDL (acLDL, 1 µCi/ml) in serum-free RPMI 1640 culture 

medium supplemented with 50 mM glucose, 2 mM glutamine, 0.2% BSA, 100 µg/ml penicillin 

and 100 µg/ml streptomycin (further abbreviated as RGGB) to allow equilibration of cellular 

cholesterol pools. The labelling medium was removed and human macrophages were then 

equilibrated in RGGB for an additional 16-24 h period. Cellular cholesterol efflux to HDL was 

assayed at 15 µg/ml HDL-PL in serum-free medium for a 4- hour chase period. Finally culture 

media were harvested and cleared of cellular debris by brief centrifugation. Cell radioactivity was 

determined by extraction in hexane-isopropanol (3:2 v/v), evaporation of the solvent under 

nitrogen and liquid scintillation counting (Wallac Trilux 1450 Microbeta, Perkin Elmer, USA). 

The percentage of cholesterol efflux was calculated as (medium cpm) / (medium cpm + cell cpm) 

x 100%. Specific cholesterol efflux was determined by subtracting non-specific cholesterol efflux 

occuring in the absence of cholesterol acceptors. 

8.2 Antioxidative activity of HDL  

Antioxidative activity of serum-derived HDL subpopulations (final concentration of each, 10 mg 

total mass/dl) was assessed at a physiological HDL to LDL ratio of 2-6 mol/mol towards 



73 

reference LDL (d 1.019-1.063 g/ml; final concentration, 10 mg TC/dl) isolated from one healthy 

normolipidemic control subject [296-298]. In this assay, HDL particles were compared on the 

basis of their total mass concentrations because both protein and lipid components were shown to 

contribute to the capacity of HDL to inhibit LDL oxidation [157, 158].  

Figure 14. Schematic illustration of LDL oxidation curves and their characteristics 

HDL subfractions were added to LDL directly before oxidation. Lipoprotein oxidation was 

induced by an azo-initiator 2,2′-azo-bis-(2-amidinopropane) hydrochloride (AAPH; final 

concentration 1 mmol/l) [296] as model of mild oxidation induced by free radicals in the arterial 

intima [299]. Serum was used as a source of HDL for this assay to ensure intact paraoxonase 

activity, which is inhibited by EDTA [300]. Thereby this assay employs mild oxidative 

conditions and integrates the antioxidative activities of several HDL components, i.e. apoA-I, 

antioxidative enzymes and lipophilic low-molecular-weight antioxidants [157].  
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Accumulation of conjugated dienes was measured as the increment in absorbance at 234 nm 

[296-298]. Absorbance kinetics were corrected for the absorbance of AAPH itself run in parallel 

as a blank. The kinetics of diene accumulation revealed two characteristic phases, the lag and 

propagation phases. For each curve, the duration of each phase, average oxidation rates within 

each phase and amount of dienes formed at the end of the propagation phase (maximal amount of 

dienes) were calculated [296-298] (Figure 14). 

8.3 Anti-apoptotic activity of HDL 

Anti-apoptotic activity of HDL was assayed as described elsewhere [301] with slight 

modifications. In brief, human umbilical vein endothelial cells (HUVEC) were purchased from 

PromoCell (Germany) and maintained in Endothelial Cell Basal Medium (C-22111, promocell) 

supplemented with fetal bovine serum (20%, v/v), and human basic fibroblast growth factor. 

Growth factor deprivation was induced by changing the media to Endothelial Cell Basal Medium 

(C-22111, promocell) without supplements. Floating endothelial cells were collected by 

centrifugation, while adherent cells were collected by trypsinization. For determination of the 

annexin V binding, combined cell populations (5 × 105/ml) were resuspended in 140 mM NaCl, 

10 mM Hepes, and 2.5 mM CaCl2. Annexin V-FITC (BioLegend's FITC Annexin V Apoptosis 

Detection Kit with 7-AAD) was added for 15 min at room temperature. For determination of the 

cell membrane permeability, endothelial cells (5 × 105/ml) were incubated for 30 min in 

phosphate-buffered saline. Flow cytometric measurements of annexin V binding were performed 

on a BD LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, USA). 

8.4 Cellular cholesterol accumulation induced by LDL 
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THP-1 monocytes were cultured on 24-well tissue culture plates, grown in RPMI 1640 media 

with 10% FBS and differentiated into macrophage-like cells with 50 ng/ml phorbol 12-myristate 

13-acetate (PMA) for 48 hours and 37 °C. The cells were washed and loaded for 48 h with 

desialylated LDL (100 µg protein/mL), or with native LDL (100 µg protein/mL) as a control, in 

serum-free RPMI 1640 culture medium supplemented with RGGB to allow equilibration of 

cellular metabolic processes. Control cells were prepared under identical conditions but without 

addition of LDL. Total cholesterol content of the THP-1 cells was determined by the Amplex 

Red cholesterol assay at the end of the incubations. 

9. Statistical analysis 

Between-group differences were analyzed using Mann-Whitney U -test. Pearson's product 

moment correlations were calculated to evaluate relationships between variables. For all 

statistical tests, a P value of less than 0.05 (Benjamini-Hochberg adjusted, otherwise known as 

false discovery rate [FDR] corrected) was considered statistically significant. 

Principal component analysis (PCA) was performed to provide a broad view on a data set, 

emphasizing its most valuable informationwise subsets. PCA reduces intricate multiple-

dimension data into several (usually two, less often three or more) most meaningful principal 

components in terms of information carried by them by maximizing the variance among the 

components. In this study, principal components (eigenvectors and eigenvalues) were calculated 

using R built-in prcomp function with scale parameter set True; corresponding charts were built 

using ggbiplot R package. 

Heatmap is a graphical representation of data where individual values contained in a matrix are 

represented as colors. To create heatmaps, following rules were used: (i) abundance of each lipid 

species from the patient group was normalized to the mean value of the abundance of this species 
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in the control group; (ii) the given species was represented as a single colored bar; (iii) the bar 

color corresponded to the ratio of the abundance of this species between the patient and the 

control groups, varying from red (decreased abundance in the patient vs control group) through 

black (no difference) to green (increased abundance in the patient vs control group). All the 

charts were built using R, specifically the heatmap.2 function from gplots package. 

Bubble plots were used, which can be described as a more sophisticated variety of a heatmap 

with multiple additions, to provide a more in-depth view on the data as compared with heatmaps. 

As in the heatmaps, the main type of information conveyed in this plot type was the ratio of mean 

abundance of any given molecular species from the patient group to the mean abundances of the 

same species in the control group. In addition, the bubble plots provided quantitative information 

about mean abundance of molecular species in the patient group. Finally, the bubble plots 

contained P-values of the differences between abundances of lipid species in the patient vs 

control groups, thereby excluding from the plots all species, whose abundance was not 

significantly different between the groups. Every molecular species was presented as a colored 

circle (“bubble”), the color coded for phospholipid and sphingolipid class. The circle position 

along X axis represented the abundance of the species, and the position along the Y axis 

represented the ratio of the abundances in the patient vs control groups. The size of the bubble 

was inversely proportional to the P value mentioned above. All the axes as well as the size of the 

bubbles were plotted using logarithmic scale. 

Structural 3D plots were built to convey information about the structure of fatty acid residues of 

affected lipid species, notably the number of double bonds and the length of carbon chains. Each 

dot represented a single molecular species, with a number of carbon atoms in the fatty acid chains 

displayed along the X axis and a number of double bonds displayed along the Y axis. The Z axis 
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enlisted all five HDL subfractions. Only molecular species whose abundances revealed 

statistically significant differences between the patient and control groups were shown in the 

plots. 

Network maps offer a graph-type visual representation of all intrinsic correlations within a data 

set. Network maps were created to reveal relationships between the lipidome and function of 

HDL. In a given network community, a network map reveals all interconnections between the 

nodes of this community. Assuming the HDL lipidome and function representing the community, 

molecular species and functional metrics stood for the nodes of the graph. If there was a 

significant correlation between abundances of any two species of the lipidome or functional 

metrics (nodes), these species and metrics were assumed to have a connection (edge). The length 

of the vertices between the nodes was inversely proportional to the value of the correlation 

coefficient between the abundances of the lipid species represented by the nodes. Size of the node 

was proportional to the number of neighboring vertices connected to the node. Color of the node 

indicated lipid class each species belonged to, as for the bubble plots described above. All species 

from all HDL subpopulations were used to build network maps. To correlate the lipidomic data 

with the functional metrics, the species abundances were recalculated on the HDL concentration 

basis used to evaluate a given metric (phospholipid for cholesterol efflux capacity and total mass 

for antioxidative activity). 

Affected metabolic pathways were identified and included in the classical pathway representation 

after identification using the MetExplore web-based tool [302]. The metabolic network Homo 

sapiens (strain: Global Network, source: KEGG Map, Version 24/08/2017) of human species was 

based on 88 metabolic pathways including 1572 metabolites [303]. Metabolic networks are 

directed graphs, so it is possible to calculate compound importance based on relative betweenness 
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centrality and out-degree centrality of any given compound from a pathway. Pathway impact is 

then calculated as a sum of the importance measures of the matched metabolites normalized by 

the sum of the importance measures of all metabolites in each pathway. 

Affected genes were identified using MetaboAnalyst's Network Explorer tool [304]. 

Metaboanalyst uses Globaltest [305] and GlobalANCOVA [306], which are similar algorithms 

designed for testing differentially expressed genes or metabolites in functionally related groups. 

Degree centrality and betweenness centrality are two measures to estimate the importance of a 

compound within a given gene-metabolic network and both are used to find the affected genes. 

The former measures the number of connections, between the node of interest and other nodes, 

whereas the latter evaluates the number of shortest paths going through the node of interest.  
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RESULTS 

This part focuses on lipidomics and glycomics of human plasma HDL and LDL in respect to their 

biological functions in healthy subjects and in patients with CMD. As examples of CMD were 

taken FAID and recent survivors of STEMI. FAID is a genetically determined condition resulting 

in elevated CV risk, signifying chronic dyslipidemia and STEMI represents an acute case of 

CVD. Parts of this work have been published [1, 2]. 

1. HDL lipidome and functionality in normolipidemic controls 

Eight male normolipidemic control subjects (Table 2), whose lipidome is described in this 

subsection, were also employed as the control counterpart of the FAID segment of this study. 

Table 2. Clinical and biological characteristics of control subjects (n=8) [85]  

Age, y 51±14 

BMI, kg/m2 24±3 

TC, mg/dl 183±24 

LDL-C, mg/dl 113±27 

HDL-C, mg/dl 53±10 

TG, mg/dl 87±30 

ApoB100, mg/dl 96±26 

ApoA-I, mg/dl 133±18 

ApoC-III, mg/dl 7.6±2.0 

Fasting glucose, mg/dl 92±8 

hsCRP, mg/l 0.62 (0.16; 4.87) 

hsCRP is shown as a median (minimum; maximum) due to non-normal distribution 

1.1 Lipidome  

In short, we identified 157 individual molecular lipid species in 5 normolipidemic HDL 

subpopulations across 9 lipid subclasses, accounting for >95% of total plasma PL and SL [289, 
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290], including 23 PC, 21 SM, 9 LPC, 23 PE, 16 PI, 11 PG, 24 Cer, 17 PS, and 13 PA species. 

PC species clearly predominated, accounting together for 68% to 81% of total PL+SL, followed 

by SM (12%–23%), LPC (0.9%–8.3%), PI (1.1%–2.8%), PE (0.8%–5.1%), Cer (0.07%–0.34%), 

PS (0.02%–3.11%), PG (0.001%–0.028%), and PA (0.004%–0.103%) species (Figure 15). 

Figure 15. Phosphosphingolipidome of HDL subpopulations in healthy normolipidemic subjects 

(n=8). HDL contents of PC, SM, LPC, PI, PE, Cer, PS, PA, and PG, expressed as wt% of total 

phosphosphingolipidome in each HDL subclass, are shown in the order of decreasing 

abundance; *P<0.05, **P<0.01, ***P<0.001. Whiskers represent the extremi of the abundances 

of given lipids in their appropriate HDL subpopulations (without the outliers). 

A high level of heterogeneity in lipid content was found across HDL subpopulations. Although 

absolute levels of the majority of lipid subclasses in HDL followed circulating concentrations of 

HDL particles (Table 3), SM and Cer tended to be enriched in large, light HDL2b, whereas PS 
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preferentially associated with small, dense HDL3 particles (Figure 15). As a result, when 

expressed as a wt% of PL+SL, PS, but also PI, LPC, and PA, showed a marked tendency to 

increase progressively in parallel with increase in hydrated density and reduction in size from 

HDL2b to HDL3c. Indeed, small, dense HDL were enriched in LPC, PS, and PA relative to large, 

light HDL (p<0.05; Figure 15). Similarly, PI and PG tended to concentrate in small, dense HDL; 

these trends did not, however, attain significance (Figure 15). Interestingly, lipid species of PS 

were localized almost exclusively in the densest HDL3c subfractions; PS content varied from 

0.02 wt% of total PL+SL in HDL2b to 0.63 wt% in HDL3c. As a consequence, the percentage of 

negatively charged PLs PI, PS, PG, and PA increased with HDL density from HDL2b to HDL3c.  

Table 3 Total mass (mg/dl) and % chemical composition of lipids and protein (wt/wt) of HDL 

subfractions from normolipidemic controls [85] 

 HDL2b HDL2a HDL3a HDL3b HDL3c 

Total mass 

(mg/dl) 

75.3±33.9 89.0±12.7 73.8±18.7 33.2±9.1**§§§### 14.2±4.4***§§§###≠≠≠ 

PL 
31.9±5.4 30.1±4.4** 28.7±3.1** 26.5±2.9** 20.3±2.9**§§§###≠≠≠ 

CE 
27.1±5.5 22.3±3.9** 20.8±3.7** 17.8±3.6***§ 16.1±2.5***§§## 

FC 
6.6±0.7 3.9±0.5*** 2.9±0.3***§§§ 2.5±0.2***§§§## 2.0±0.4***§§§###≠≠ 

TG 
5.4±2.3 3.6±1.5*** 3.1±1.4*** 3.0±1.8*** 3.3±2*** 

Total protein 29.0±5.4 40.0±5.8* 44.5±5.1* 50.2±6.6§§ 58.3±5.6§§§###≠ 

*p<0.05, **p<0.01, ***p<0.001 vs. HDL2b; §p<0.05, §§p<0.01, §§§p<0.001 vs. HDL2a; #p<0.05, 

##p<0.01, ###p<0.001 vs. HDL3a; ≠p<0.05, ≠≠p<0.01, ≠≠≠p<0.001 vs. HDL3b 
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Concomitant with such enrichment in PLs, the proportion of SM and Cer decreased progressively 

in parallel with HDL density from 21 wt% and 0.24 wt% of total PL+SL in HDL2b to 16 wt% 

and 0.13 wt% in HDL3c, respectively (Figure 15).  

Consistent with published data [296, 307] HDL content of major lipid classes (PL, FC, CE, and 

TG) calculated on the basis of total HDL mass showed a distinct trend to decrease with increment 

in total protein content and particle density across the HDL particle spectrum (Table 3).  

 

Figure 16 Cholesterol efflux capacity of normolipidemic HDL subpopulations compared on the 

basis of HDL PL. * p <0.05, ** p <0.01, ***p < 0.001 

 

 

Figure 17. Antioxidative activity of HDL compared on the basis of total mass content toward 

LDL oxidation, expressed as a decrease in the LDL oxidation rate in the propagation phase (A) 

and an increase in the duration of this phase (B). * denotes significant difference p < 0.05 in 

HDL2b vs HDL3c. 

A B 
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1.2 Function  

The capacity of individual HDL subpopulations to mediate cellular efflux of FC was evaluated in 

macrophage-like human THP-1 cells, which efflux cholesterol predominantly via the ABCA1-

dependent pathway [294]. On the basis of unit PL mass content, both small, dense HDL3b and 3c 

particles displayed greater efficacy in removing cellular cholesterol as compared with other HDL 

subpopulations (p<0.05; Figure 16). Thus, the cholesterol efflux capacity varied from 4.9% for 

HDL2b to 8.9% for HDL3c. Moreover, HDL3c exhibited higher cholesterol efflux capacity than 

HDL3b (p<0.05). 

Antioxidative activity of HDL particles was assessed as inhibition of free radical-induced LDL 

oxidation. Consistent with previous data [296], the inhibitory effects of small, dense HDL3c on 

LDL oxidation was superior relative to large, light HDL2b on the basis of total mass, with respect 

to both reduction in LDL oxidation rate in the propagation phase (4.1-fold; P<0.05; Figure 17A) 

and increases in the duration of this phase (8.5-fold; P<0.05 Figure 17B). 

HDL capacity to efflux cellular cholesterol from THP-1 cells was positively associated with the 

contents of PS. Metrics of antioxidative activity of HDL toward LDL were correlated positively 

with the contents of PS and PA and negatively correlated with those of SM, Cer, CE, FC, and 

TG. 

2. HDL lipidome and functionality in cardiometabolic diseases  

2.1 Familial apoA-I deficiency  

As reported earlier [279], heterozygous apoA-I-deficient patients featured atherogenic 

dyslipidemia with significantly reduced plasma apoA-I and HDL-C levels, while no difference 

between the groups in TG, TC, LDL-C, non-HDL-C, apoB-100, apoC-III, fasting glucose and 
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hsCRP levels was observed (Table 4). This section 2.1 on Familial apoA-I deficiency has been 

published in a peer-reviewed academic journal [1]. 

Table 4. Clinical and biological characteristics of FAID patients (n=5) and age-matched 

controls (n=8) [279]. 

 Controls (n=8) Patients (n=5) 

Age, years 51 ± 14 40 ± 27 

BMI, kg/m2 23.8 ± 2.8 28.7 ± 7.4 

Male/female 8/0 4/1 

Plasma parameters  

TC, mg/dl 183 ± 24 191 ± 8 

LDL-C, mg/dl 113 ± 27 140 ± 27 

HDL-C, mg/dl 53 ± 10 23 ± 4 * 

TG, mg/dl 87 ± 30 127 ± 47 

ApoB100, mg/dl 96 ± 26 116 ± 15 

ApoA-I, mg/dl 133 ± 18 71 ± 14 * 

ApoC-III, mg/dl 7.6 ± 2.0 5.7 ± 3.1 

Fasting glucose, mg/dl 92 ± 8 86 ± 11 

hsCRP, mg/l 0.62 (0.16; 4.87) 0.93 (0.63; 8.87) 

* p<0.05 versus controls; hsCRP is shown as a median (minimum; maximum) due to non-normal 

distribution 
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2.1.1. Abundances of individual lipid species.  

The HDL lipidome was markedly perturbed in apoA-I-deficient patients as reported earlier [279]. 

Among the nine PL- and SL subclasses studied, PA and PG were most strongly affected. Indeed, 

total PA and PG were significantly increased in apoA-I-deficient patients relative to controls in 

all five HDL subpopulations, including both large, light and small, dense HDLs [279]. Other lipid 

classes showed significant between-group differences in three (PC decreased in HDL2b, HDL3b, 

HDL3c; LPC elevated in HDL2b, HDL3b and HDL3c; PI elevated in HDL2b, HDL3a and 

HDL3c; PS increased in HDL2b, HDL2a and HDL3c), two (SM elevated in HDL2b and 

decreased in HDL3a) and one (PE decreased in HDL2b; Cer elevated in HDL2b) subpopulations 

[279]. 

When abundances of lipid species were analysed, all HDL subpopulations revealed significant 

between-group differences. However, the number of significantly differing (FDR-corrected) 

between the groups varied greatly across the HDL subpopulations for all lipid classes, including 

PC (from 1 to 6), SM (from 2 to 7), LPC (from 1 to 9), PI (from 1 to 3), PE (from 1 to 5), PS 

(from 2 to 8), Cer (from 1 to 19), PA (from 5 to 10) and PG (from 3 to 9) lipid species (Table 5 

and Table 6). Significant between-group differences (FDR-corrected) were typically found in the 

abundances of unsaturated lipid species. Indeed, among molecular species significantly differing 

between apoA-I-deficient and control groups 92% (55 of 61), 95% (18 of 19), 94% (16 of 17), 

91% (30 of 33) and 93% (51 of 55) possessed one or more double bond in their fatty acid carbon 

chain residues in HDL2b, 2a, 3a, 3b and 3c, respectively.  
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Table 5 Abundances of molecular lipid species of PL and SL in HDL2b, HDL2a and HDL3a subpopulations significantly differing between FAID 

patients and age-matched controls 

HDL2b   HDL2a 
 

HDL3a 

Class Species Controls Patients   Class Species Controls Patients 
 

Class Species Controls Patients 

PC  32:0 0.82±0.14 1.09±0.13 
 

PC 34:2 21.8±1.7 16.4±1.3 
 

PC 34:2 22.0±2.3 17.0±1.1 

 34:0 0.17±0.04 0.32 (0.30; 0.39) 

     

38:3 1.50±0.41 
3.49 (2.02; 

3.71) 

 34:2 20.2±2.1 15.7±2.3 
     

40:5 0.34 (0.26; 0.56) 0.58±0.12 

 38:3 1.33±0.42 2.69±0.52 
        

 40:4 0.10±0.04 0.19±0.05 
        

 40:8 0.05±0.01 0.03±0.01 
        

SM  36:1 1.00±0.19 1.34±0.16 
 

SM 32:1 0.268±0.055 0.159±0.022 
 

SM 32:1 0.23±0.03 0.12±0.01 

 38:1 0.69±0.14 0.89±0.07 

 
34:0 

0.101 (0.097; 

0.169) 0.077±0.013 
 

34:0 0.10±0.01 0.06±0.01 

 40:1 1.61±0.46 2.37±0.26 
     

34:1 3.62±0.62 2.23±0.33 

 41:1 0.95±0.22 1.38±0.13 
     

34:2 0.64±0.06 0.39±0.08 

 42:1 1.12±0.36 1.78±0.25 
        

LPC  18:0 0.46±0.19 1.34±0.84 
 

LPC 20:3 0.04±0.01 0.45±0.37 
 

LPC 
   

 20:3 0.04±0.02 0.22±0.19 
        

PI  36:2 0.26±0.07 0.39±0.11 
 

PI 
    

PI 38:4 0.91±0.21 1.43±0.17 

 38:3 0.08±0.02 0.13±0.03 
        

 38:4 0.73±0.18 1.03±0.11 
        

PE  34:2 0.183±0.107 0.047±0.023 
 

PE 40:7 0.05±0.02 0.02±0.01 
 

PE 
   

 36:2 0.654±0.372 0.293±0.060 
        

 36:3 0.244±0.172 0.094±0.009 
        

 38:6 0.351±0.243 0.080±0.034 
        

Cer  d18:0 

22:0 
0.0003±0.0002 0.0007±0.0002 

 

Cer d18:1 

26:1 0.0002±0.0001 0.0005±0.0002 
 

Cer 
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 d18:0 

24:0 
0.0004±0.0003 0.0010±0.0003 

        
 d18:1 

14:0 
0.0002±0.0001 0.0004±0.0001 

        
 d18:1 

16:0 
0.0047±0.0017 0.0086±0.0010 

        
 d18:1 

18:0 
0.0025±0.0010 0.0052±0.0009 

        
 d18:1 

20:0 
0.0034±0.0011 0.0054±0.0010 

        
 d18:1 

22:0 
0.0248±0.0110 0.0612±0.0208 

        
 d18:1 

23:0 
0.031±0.013 0.069±0.020 

        
 d18:1 

24:0 
0.074±0.035 0.171±0.038 

        
 d18:1 

24:1 
0.030±0.012 0.069±0.021 

        
 d18:1 

25:0 
0.005±0.003 0.015±0.005 

        
 d18:1 

26:0 

0.0012 (0.0010; 

0.0023) 
0.0038±0.0014 

        
 d18:1 

26:1 
0.0005±0.0002 0.0013±0.0004 

        
 d18:2 

14:0 
0.00011±0.00004 0.0002±0.0001 

        
 d18:2 

16:0 
0.0014±0.0004 0.0028±0.0008 

        
 d18:2 

18:0 
0.0006±0.0003 0.0013±0.0004 
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 d18:2 

20:0 
0.0009±0.0004 0.0015±0.0003 

        
 d18:2 

24:1 
0.0075±0.0028 0.0169±0.0066 

        
 d18:2 

24:2 
0.0008±0.0004 0.0017±0.0006 

        
PS  36:2 0.0030±0.0008 0.0153±0.0125 

 
PS 36:2 0.0035±0.0005 0.0089±0.0045 

 
PS 

   

 38:1 
0.0005 (0.0004; 

0.0009) 

0.0020 (0.0016; 

0.0080) 
 

38:3 0.0017±0.0006 0.0045±0.0015 
   

 38:3 0.0013±0.0008 0.0090±0.0073 
        

 38:4 0.0087±0.0038 0.0424±0.0330 
        

 40:4 0.0018±0.0014 0.0095±0.0083 
        

 40:5 0.0019±0.0009 0.0085±0.0071 
        

PA 
 34:1 0.0013±0.0007 

0.0174 (0.0016; 

0.0565) 
 

PA 

34:1 0.0013±0.0011 

0.0117 (0.0047; 

0.0830) 

PA 

   
 34:2 0.0022±0.0008 0.0346±0.0325 

 
34:2 0.003±0.001 0.037 (0.006; 0.117) 

   

 36:4 0.0003±0.0001 
0.0043 (0.0002; 

0.0148) 
 

36:1 

0.0005 (0.0004; 

0.0011) 

0.0027 (0.0013; 

0.0194) 
   

 38:4 0.0008±0.0004 
0.0082 (0.0010; 

0.0239) 
 

36:2 

0.002 (0.002; 

0.004) 0.030 (0.006; 0.103) 
   

   
 

36:3 0.0014±0.0005 0.016 (0.005; 0.083) 
   

    
36:4 0.0003±0.0002 

0.0087 (0.0010; 

0.0167) 
   

    
38:4 

0.0006 (0.0005; 

0.0021) 0.0117±0.0089 
   

      
 

38:6 0.0003±0.0001 0.0032±0.0019 
    

PG 
 34:1 

0.0028 (0.0016; 

0.0060) 
0.0097±0.0034 

 

PG 

34:1 0.0034±0.0023 0.0174±0.0061 
 

PG 
34:1 0.0038±0.0015 0.0186±0.0074 

 36:1 0.0034±0.0015 0.0070±0.0020 
 

36:2 0.0044±0.0017 0.0177±0.0057 36:1 0.0038±0.0021 0.0104±0.0025 

 36:2 0.0040±0.0014 0.0112±0.0024 
 

36:3 0.0008±0.0003 0.0033±0.0006 36:2 0.0045±0.0024 0.0167±0.0041 

 36:3 0.0007±0.0003 0.0020±0.0006 
     

36:3 0.0008±0.0003 0.0026±0.0006 
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 38:2 0.0004±0.0002 0.0019±0.0010 
     

36:4 0.0004±0.0001 0.0010±0.0005 

 38:3 0.0002±0.0001 
0.0005 (0.0003; 

0.0012) 
     

38:2 0.0004±0.0003 0.0020±0.0006 

 38:4 0.0004±0.0002 0.0012±0.0003 
     

38:5 0.0004±0.0002 0.0010±0.0004 

 38:5 0.0003±0.0001 0.0007±0.0001 
     

   

Data are shown as means ± SD and expressed as wt% of total PL+SL; only lipid species significantly (p<0.05) differing between the groups are 

shown; significantly elevated values are highlighted in bold. 
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Table 6 Abundances of molecular lipid species of PL and SL in small, dense HDL3b and HDL3c subpopulations significantly differing between apoA-I-deficient 

patients and age-matched controls 

HDL3b  HDL3c 

Class Species Controls Patients  Class Species Controls Patients 

PC 

34:2 22.2±1.9 14.9±1.2  

PC 

34:1 6.70±0.77 3.95±1.59 

36:2 14.6±0.6 12.8±1.3  34:2 20.3±1.4 15.9±2.3 

36:5 1.42±0.61 0.54±0.18  38:3 1.68 (0.93; 1.88) 2.77±0.56 

38:3 1.36±0.48 2.85±0.74  38:6 4.11±1.27 2.57±0.49 

40:4 0.09±0.04 0.19±0.08  40:4 0.10±0.04 0.18 (0.15; 0.32) 

40:8 0.07±0.01 0.04±0.01  40:8 0.07±0.01 0.04±0.01 

SM 

32:1 0.25±0.04 0.14±0.02  

SM 

32:1 0.276±0.039 0.140±0.026 

34:0 0.12±0.03 0.07±0.01  32:2 0.013±0.002 0.007±0.002 

    34:0 0.126±0.025 0.080±0.016 

    34:1 3.99±0.52 2.61±0.44 

    34:2 0.600 (0.573; 0.804) 0.415±0.081 

    42:1 0.74±0.11 1.03±0.21 

LPC 

16:0 0.86±0.40 4.40±2.40 

LPC 

16:1 0.033±0.023 0.095±0.059 

16:1 0.02±0.01 0.13±0.08  18:0 0.93±0.35 2.53±1.00 

18:0 0.52±0.34 3.10±1.59 18:1 0.576±0.263 1.23±0.59 

18:1 0.35±0.18 1.62±0.99 18:2 0.72±0.45 1.83±0.72 

18:2 0.57±0.39 2.74±1.86 20:3 0.079 (0.031; 0.352) 0.499±0.287 

20:3 0.06±0.04 0.67±0.43 20:4 0.180 (0.085; 0.597) 0.805±0.338 

20:4 0.16±0.08 1.00±0.34 22:5 0.036±0.025 0.129±0.077 

22:5 0.03±0.02 0.16±0.08 
   

22:6 0.05 (0.03; 0.19) 0.24±0.10 
   

PI 
    

PI 
38:3 0.10±0.03 0.17±0.04 

    38:4 1.01±0.22 1.46±0.21 
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PE 

    

PE 

34:0 0.0034±0.0031 0.0112±0.0061 

    38:3 0.04±0.03 0.08±0.03 

    40:4 0.03±0.02 0.09±0.03 

PS 

    

PS 

36:2 0.033 (0.006; 0.196) 0.232±0.185 

    38:1 0.011 (0.001; 0.156) 0.066±0.050 

    38:2 0.010 (0.001; 0.056) 0.037±0.028 

    38:3 0.022 (0.005; 0.092) 0.121±0.088 

    38:4 0.18 (0.01; 1.09) 0.57±0.32 

    40:4 0.024±0.015 0.097±0.066 

    40:5 0.029±0.026 0.083±0.050 

Cer 

d18:1 24:0 0.031±0.006 0.046 (0.036; 0.110) 

Cer 

d18:0 22:0 0.00019 (0.00009; 0.00100) 0.00056±0.00031 

d18:2 24:2 0.00058±0.00019 0.00103±0.00020 d18:0 24:0 0.00017 (0.00010; 0.00086) 0.00061±0.00036 

    d18:1 25:0 0.00203±0.00051 0.00364±0.00140 

PA 

34:1 0.004±0.001 0.033 (0.013; 0.301) 

PA 

34:1 0.005 (0.003; 0.018) 0.033 (0.020; 0.172) 

34:2 0.006±0.002 0.055 (0.025; 0.709) 34:2 0.006 (0.004; 0.024) 0.053 (0.040; 0.319) 

36:1 0.0022±0.0011 0.010 (0.004; 0.081) 36:1 0.0031±0.0017 0.0123 (0.005; 0.0611) 

36:3 0.002 (0.001; 0.005) 0.028 (0.016; 0.502) 36:2 0.005 (0.001 ;0.020) 0.049 (0.041; 0.256) 

36:4 0.0009±0.0008 0.011 (0.004; 0.081) 36:3 0.002 (0.001; 0.015) 0.026 (0.023; 0.199) 

38:4 0.002 (0.002; 0.007) 0.021 (0.008; 0.125) 36:4 0.0009 (0.0005; 0.0045) 0.0106 (0.0057; 0.0589) 

   38:4 0.0033±0.0023 0.0250 (0.0161; 0.0795) 

   38:6 0.0010±0.0007 0.0043 (0.0025; 0.0212) 

PG 

34:1 0.0032±0.0008 0.0152±0.0045 

PG 

36:1 0.0037±0.0027 0.0099±0.0018 

36:1 0.0031±0.0013 0.0098±0.0027 36:2 0.0051±0.0025 0.0175±0.0036 

36:2 0.004 (0.001; 0.005) 0.016±0.003 36:3 0.0009±0.0005 0.0041±0.0004 

36:3 0.0009±0.0004 0.0047±0.0035 38:2 0.0004±0.0003 0.0028±0.0011 

    38:4 0.0004±0.0003 0.0017±0.0007 

Data are shown as means ± SD and expressed as wt% of total PL+SL; only lipid species significantly (p<0.05) differing between the groups are 

shown; significantly elevated values are highlighted in bold.
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2.1.2. PCA 

Control and patient groups were entirely separated for the lipidome of both small, dense and 

large, light HDL subpopulations on a plane of the first two Principal Components PC, indicating 

that individual components of the HDL lipidome were strongly altered in apoA-I-deficient 

subjects (Figure 18). Indeed, for all 5 HDL subpopulations, the variance explained by the first 

two PC was higher than 45%, consistent with marked between-group differences. 

2.1.3. Heatmaps 

A distinct pattern was observed across all HDL subpopulations between apoA-I-deficient and 

control subjects (Figure 19). Notably, abundances of LPC, PA, PG and, to a lesser extent, Cer 

species were typically elevated in apoA-I-deficient HDLs as compared to their counterparts from 

controls, whereas abundances of PE species were decreased. PC, SM, PS and PI profiles revealed 

mixed patterns, with species overrepresented and underrepresented in apoA-I-deficient HDLs 

making up approximately equal shares. 

2.1.4. Bubble plots 

Similar to the heatmaps, the bubble plots revealed that abundances of numerous molecular 

species of LPC, PA and PG, as well as some of Cer species were consistently increased in apoA-

I-deficient HDLs (Figure 20). By contrast, PC, SM, PE and PI species revealed mixed patterns 

across HDL subpopulations, involving both elevated and reduced abundances. Importantly, a 

majority of lipid species significantly altered (FDR-corrected) by apoA-I deficiency were located 

in the middle-right part of the plots, indicating that they were moderately to highly abundant. 

Negative correlations between the magnitude of between-group difference for the species and 

their overall abundance in the HDL lipidome were observed for PC, LPC, PI, PA, PS, PG and 
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Cer lipids collectively (r = -0.31, -0.61, and -0.35 for HDL2b, 3a, and 3c, respectively; p < 0.05 

for all). On the contrary, PE and SM species collectively avoided this trend, presenting with a 

counter-trend of positive correlations between the magnitude of difference between the groups 

and overall abundance in HDL lipidome, reaching significance in HDL3a (r = 0.94, p < 0.05), 

subpopulation. Together with the heatmaps, the bubble plots thereby demonstrated that the LPC, 

PA and PG species were altered most when compared to the control group, while being 

moderately abundant, whilst moderately- to highly-abundant species of PC and SM revealed 

mixed patterns.  
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Figure 18. PCA plots for large, light HDL2b, HDL2a and small, dense HDL3a, HDL3b and 

HDL3c subpopulations. Blue and red ellipses represent the control and apoA-I-deficient groups, 

respectively. Total amounts of variance explained by the first two components is more than 45% 

for each chart. 
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Figure 19. Heatmaps of molecular lipid species in the lipidome of HDL subpopulations of apoA-

I–deficient patients and healthy controls. Abundance of every molecular species in apoA-I–

deficient HDL is shown as a colored bar relative to its mean abundance in control HDL. The 

color represents the direction and the magnitude of the between-group differences: green color 

corresponds to increases in the abundance of molecular species in patients vs controls, whereas 

red color stays for their decreases. Within each lipid subclass, the species are presented in the 

order of increasing their backbone carbon chain length from left to right. Note that in HDL3b & 

3c the order of Cer and PS species is inversed as compared to HDL2b, 2a &3a, reflecting their 

different distribution in small, dense HDL3b & 3c. 

HDL2b HDL2a 

HDL3a 

HDL3b HDL3c 
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2.1.5. Structural plots 

This type of chart reveals the structure of lipid species significantly differing between the groups. 

Cornucopia of PC, LPC, PE, PA, and PG species with multiple double bonds in their fatty acid 

moieties showed significant differences (FDR-corrected) in their abundances between the patient 

and control groups, while differences in the species containing only saturated fatty acid residues 

did not reach significance (Figure 21). There were several significantly different (FDR-corrected) 

between the groups fully saturated species of PC, LPC and Cer classes, while the majority of the 

species shown in Figure 21 possessed one or several double bonds in their structure.  

The most prominent and consistent differences (FDR-corrected) were found throughout HDL 

subpopulations for PC 34:2 (which was significantly decreased in apoA-I-deficient vs control 

subjects), SM 32:1 and 34:0 (which were decreased), LPC 20:3 (which was increased), PA 34:1, 

36:3, 36:4 and 38:4 (which were increased), and PG 34:1, 34:2, 36:1, 36:2 and 36:3 (which were 

increased), revealing that unsaturated molecular species were most strongly affected by the apoA-

I deficiency in the HDL lipidome. Of particular interest was the PC 34:2 species, which not only 

was underrepresented in all five apoA-I deficient HDL subpopulations, but was also highly 

abundant, representing the major HDL phospholipid species (~22 wt% of total PL+SL). 

Intermediate- and long-chain species of SM and Cer were more strongly affected by FAID than 

their short-chain counterparts, resulting in positive correlations between their fold decrease in 

FAID and the carbon chain length (r = 0.60 and 0.38, respectively; p < 0.01). The opposite was 

discovered for PG: short chains were most affected by FAID, judging by a negative correlation of 

r = -0.41 (p<0.05) between its fold decrease in FAID and the carbon chain length. Significant 

negative correlation was observed between the fold decrease of PI in FAID and both carbon chain 

length and number of double bonds in it (r = -0.61 and -0.66, respectively; both p < 0.01), 
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implying that PI with long-chain polyunsaturated species of PI took the blunt of the FAID 

impact. In addition, the fold decrease in PE, PG and PI species was positively correlated with the 

number of double bonds (e.g. r = 0.40, 0.39 and 0.34 for PE, PG and PI, respectively; all p < 

0.01). 
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 Abundance in apoA-I-deficient HDL3b Abundance in apoA-I-deficient HDL3c 

Figure 20. Bubble plots. Each colored bubble corresponds to a single molecular species. Horizontal axis represents a log2 of the abundance of 
molecular species in the patient group (as wt%); vertical axis represents log2 of the ratio of abundances of each molecular species in the patient 

and control groups. The y = 0 line separates the species that are increased in the patient group (above the line) from the species that are 

decreased (below the line) relative to controls. Size of each bubble is inversely proportional to the P value of the difference between the patient 
and control groups for a given molecular species. Only species with P values of < 0.05 for the between-group differences are shown. Species with 

between-group abundance ratio more than 2 or less than −2, and with between-group difference P value less than 0.01 are denoted by name tags 

showing their carbon backbone structure. Straight lines and corresponding r-values denote significant (p<0.05) correlations between the 

abundance in FAID and FAID/ Control ratio 

r = -0.31 

r = 0.94 

r = -0.61 

r = -0.35 
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A. Phosphatidylcholines  B. Sphingomyelins  C. Lysophosphatidylcholines 

      

D. Phosphatidylinositols E. Phosphatidylethanolamines  F. Ceramides  

   

      

G. Phosphatidylserines  H. Phosphatidic acids I. Phosphatidylglycerols  

Color legend: log2(mean[ApoA-I-deficient]/mean[Control])  

 

Figure 21 Structural double bond vs. carbon chain length plots of molecular species of PC (A), SM (B), LPC (C), PI (D), PE (E), 

Cer (F), PS (G), PA (H) and PG (I) in HDL subpopulations in apoA-I deficiency. The length of fatty acid carbon chains, their 

number of double bonds, and HDL subpopulation name are plotted along X, Y, and Z axes, respectively, in every single chart. 

Differences in lipid abundances relative to the control group expressed as log2(mean[ApoA-I-deficient]/mean[Control]) are 

color-coded. Red color denotes decreased abundance in comparison to controls, while green color accounts for increased 

abundance. The size of the dot is proportional to the mean abundance of a species in the patient group. Only species significantly 

differing (p < 0.05) in their abundance between the groups are shown. 
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2.1.6. Network analysis  

To elucidate the role of compositional alterations for biological properties of HDL particles, 

network analysis was performed for all correlations between functional metrics and abundances 

of individual lipids in HDLs, as well as abundances of apoA-I and apoA-II proteins.  

Compositional relationships revealed a systematic pattern across HDL subpopulations. Notably, 

SM, Cer and PS species formed three separate clusters, while LPC and PA species overlapped in 

another cluster. PC, PE and PI species were largely scattered around these clusters, with PG 

species on top (Figure 22 A). SM species were located next to those of Cer, while PS species 

appeared in the vicinity of those of LPC, PA and PG. 

As earlier reported by us, biological properties of HDL differed significantly between the control 

and FAID groups for the majority of HDL subpopulations [279]. Indeed, cellular cholesterol 

efflux capacity was significantly reduced in the patient vs control group in all HDL 

subpopulations, except HDL3c. In addition, antioxidative activity of HDL, evaluated as LDL 

oxidation rate in the propagation phase and maximal concentration of dienes at the end of the 

propagation phase, showed significant decrease in the patient group for the HDL3c 

subpopulation, although no differences were found in HDL3b [279]. 

Cholesterol efflux capacity and antioxidative activity of HDLs were correlated with the 

abundances of multiple lipid species (Figure 22 B, C and D). Whereas cholesterol efflux capacity 

of HDLs was most closely associated with a single PC 34:2 as well as with numerous PS and PE 

species, the relationships between the HDL lipidome and antioxidative activity were less specific. 

Remarkably then, abundances of several species revealed significant correlations (FDR-

corrected) with all the metrics of HDL functions assessed. The list of such species whose 
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abundances correlated with both cholesterol efflux capacity and antioxidative metrics contained 6 

PC, 2 SM, 1 PI, 4 PE, 6 PS, and 5 Cer species (Table 7). Interestingly, this list contained only 

species with unsaturated fatty acid moieties. LPC, PA and PG species whose HDL content was 

markedly affected by apoA-I deficiency did not reveal significant associations with all the three 

functional metrics evaluated by us.  

As expected, abundances of the species we observed to be positively correlated with the 

biological activities of HDL were significantly decreased (FDR-corrected) in apoA-I-deficient 

patients, while abundances of the species negatively correlated with those metrics were found to 

be increased (Table 7, green and red arrows). Abundances of 13 out of 24 species, linked to 

biological function of HDL did not show significant differences (FDR-corrected) between the 

groups in any HDL subpopulation. Strikingly, the abundance of PC 34:2 was decreased in apoA-

I-deficient subjects throughout all five HDL subpopulations, while abundances of PC 40:4 and 

PC 40:8 differed in three HDL subpopulations. In addition, abundances of SM 42:1 and PS 38:4 

differed in two HDL subpopulations, while abundances of PC 36:5, SM 41:1, PE 38:6, PE 40:7, 

Cer d18:2/14:0 and Cer d18:2/24:1 revealed differences in one HDL subpopulation only.  
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Table 7 Molecular lipid species whose abundance was significantly correlated with cholesterol 

efflux capacity and antioxidative activity of HDL subpopulations 

Species significantly associated with 

HDL functions  

HDL subpopulations in which species 

abundance revealed between-group differences 

PC 34:2 ↓ HDL2b, HDL2a, HDL3a, HDL3b, HDL3c 

PC 34:3 none 

PC 36:3 none 

PC 36:5 ↓ HDL3b 

PC 40:4 ↑ HDL2b, HDL3b, HDL3c 

PC 40:8 ↓ HDL2b, HDL3b, HDL3c 

SM 41:1 ↑ HDL2b 

SM 42:1 ↑ HDL2b, HDL3c 

PI 40:6 none 

PE 38:6 ↓ HDL2b 

PE 40:6 none 

PE 40:7 ↓ HDL2a 

PE 42:7 none 

PS 34:2 none 

PS 36:1 none 

PS 36:4 none 

PS 38:4 ↑ HDL2b, HDL3c 

PS 38:5 none 

PS 40:6 none 

Cer d18:2/14:0 ↑ HDL2b 

Cer d18:2/22:0 none 

Cer d18:2/23:0 none 

Cer d18:2/24:0 none 

Cer d18:2/24:1 ↑ HDL2b 

Red and green arrows alongside the names of the species in the left column indicate their 

decreased and increased abundance respectively in apoA-I-deficient vs. control HDL 

subpopulations listed in the right column.  



103 

Finally, antiapoptotic activity of HDL particles assessed as inhibition of annexin V binding to 

starving HUVEC cells was not significantly correlated with abundances of any lipid species 

(Table 8).  

Table 8 Antiapoptotic activity of control and apoA-I-deficient HDL 

HDL2a HDL3a HDL3b 

Controls Patients Controls Patients Controls Patients 

39.4±13.2 62.0±23.4 50.2±18.2 48.1±7.3 58.6±17.2# 39.3±27.8 

Data are shown as means ± SD and expressed as % of inhibition compared to incubations in the 

absence of HDL. # significant difference from control HDL2a. 

 

Given that S1P provides a key contribution to the capacity of HDL to reduce apoptosis [301], 

S1P content of HDL was evaluated to obtain additional insight into compositional determinants 

of this biological activity. No difference in S1P content of HDL subpopulations was observed 

between apoA-I–deficient and control subjects (Table 9). As reported by us earlier [291], S1P 

was more abundant in small, dense relative to large, light HDL in the both control and apoAI–

deficient groups. Although no correlation between S1P abundance and biological activities of 

HDL was observed, there were significant (FDR-corrected) negative correlations of S1P content 

with the abundances of Cer d18:1/18:0, Cer d18:1/19:0, Cer d18:1/24:0, Cer d18:1/25:0, and Cer 

d18:2/23:0 in HDL2a as well as of S1P content with the abundances of PS 36:1 and PS 38:2 in 

HDL3a (data not shown) 

Table 9 S1P content of control and apoA-I-deficient HDL 

HDL2a HDL3a HDL3b 

Controls Patients Controls# Patients Controls Patients 

83.9±29.4 57.1±21.6 192.6±94.9 172±114 492±163 668±264§ 

Data are shown as means ± SD and expressed as nmol S1P/g protein; # significant difference 

from control HDL2a; § significant difference from apoA-I-deficient HDL2a and 3a. 
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Figure 22. Network maps of molecular species abundances and functional metrics of HDL subpopulations. Positive correlations between abundances of lipid species (A), positive (B) and 

negative (C) correlations of cholesterol efflux capacity with the abundances of lipid species and positive correlations of metrics of antioxidative activity with the abundances of lipid species 

(D) are shown. Node size is proportional to the number of connections this particular node has with its neighbors. In this analysis, data obtained for all HDL subpopulations were combined. 

AOXPhase2, duration of the propagation phase; AOXRate2, oxidation rate in the propagation phase 

A

 
B
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2.1.7. Metabolic pathways affected by apoA-I deficiency  

The list of lipid species whose abundances were correlated with the biological activities of HDL 

and were significantly differing between the groups was entered into the MetExplore web server 

[302] to identify metabolic pathways altered by apoA-I deficiency. The representation of the 

metabolic pathways identified was subsequently included in the classical pathway representation 

(Figure 23). The list of affected pathways included SL metabolism, GP metabolism, 

glycosylphosphatidylinositol-anchor biosynthesis, linoleic acid (LA) metabolism, and alpha-

linoleic acid metabolism (Table 10). After Benjamini-Hochberg correction, significant metabolic 

alterations were only detected for SL, GP, and LA metabolism pathways. 

Table 10 List of lipid metabolic pathways affected by apoA-I deficiency 

Pathway name Identifier 

Number of 

reactions in 

the pathway 

№ of 

metabolites 

mapped onto 

the pathway 

p-value 

BH*-

corrected 

p-value 

alpha-Linolenic acid 

metabolism 
hsa00592 9 1 0.040 0.071 

Glycerophospholipid 

metabolism 
hsa00564 49 3 0.0001 0.0009 

Glycosylphosphatidylinositol 

-anchor biosynthesis 
hsa00563 9 1 0.044 0.061 

Linoleic acid metabolism hsa00591 4 1 0.016 0.037 

Sphingolipid metabolism hsa00600 31 2 0.002 0.006 

Green shading denotes significantly affected pathways. *BH, Benjamini-Hochberg 

2.1.8. Lipid-related genes affected by apoA-I deficiency 
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The list of lipid species whose abundances were correlated with the biological activities of HDL 

and were significantly differing between the groups (FDR-corrected) was further used to identify 

lipid-related genes affected by apoA-I deficiency. For this purpose, the species names were 

converted to their corresponding Human Metabolome DataBase accessions and entered into the 

MetaboAnalyst Network Explorer tool. The analysis revealed seven genes being associated with 

impaired lipid metabolism in apoA-I deficiency, namely APOA1, LCAT, Phosphatidate 

Cytidylyltransferase 1 (CDS1), CDS2, Glycolipid Transfer Protein (GLTP), Group IB 

Phospholipase A2 (PLA2G1B), and Proprotein Convertase Subtilisin/Kexin Type 7 (PCSK7) 

(Figure 24).  
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Figure 23. Metabolic pathways 

associated with alterations of the 

HDL lipidome in apoA-I 

deficiency, extracted using 

MetExplore. Inset denotes impact 

of identified pathways (X axis) in 

relationship to its significance (Y 

axis) produced using 

MetaboAnalyst. Colors in the 

graph highlight affected pathways 

and correspond to colors of circles 

in the inset. Green and red circles 

in the graph denote species whose 

abundances were respectively 

increased and decreased relative to 

control HDLs, with color scale at 

the bottom of the graph 
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Figure 24. Genes associated with alterations of the HDL lipidome in apoA-I deficiency. Blue 

nodes depict molecular lipid species of phosphatidylcholine and sphingomyelin, both 

representatives of their lipid classes. Changes in the abundances of these species were 

significantly associated with seven genes shown as orange dots, notably APOA1, LCAT, 

Phosphatidate Cytidylyltransferase 1 (CDS1), CDS2, Glycolipid Transfer Protein (GLTP), 

Group IB Phospholipase A2 (PLA2G1B), and Proprotein Convertase Subtilisin/Kexin Type 7 

(PCSK7). White dots denote genes significantly associated with the lipid species of 

phosphatidylcholine and sphingomyelin only separately, with their names therefore not provided. 

The analysis was performed using Metaboanalyst. 

2.2 ST-elevated myocardial infarction 

2.2.1. Characteristics of subjects and overall abundances of lipid classes and species 
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STEMI patients featured atherogenic dyslipidemia with significantly reduced HDL-C levels 

while no difference between the groups in age, body mass index, as well as in levels of 

triglycerides, LDL-C and non-HDL-C was observed as reported by us earlier (Table 11) [102]. 

Table 11 Clinical and biological characteristics of STEMI patients (n = 12) and control subjects 

(n = 10) [102]. 

 
Controls STEMI patients 

Age, y 49±12 59±9 

Body mass index, kg/m2 23.7±2.3 26.5±2.7 

Plasma parameters: 
 

 Fasting glucose, mg/dl 78 (45–150) 124 (96–377)* 

 hsCRP, mg/l 0.5 (0.2–4.9) 5.6 (0.6–47.6)** 

 Total cholesterol, mg/dl 183±22 176±35 

 LDL-C, mg/dl 113±26 110±34 

 HDL-C, mg/dl 54±9 42±7* 

 Non-HDL-C, mg/dl 130±28 133±36 

 Triglycerides, mg/dl 93 (87-104) 125 (53–239) 

 ApoB100, mg/dl 92±24 89±26 

 ApoA-I, mg/dl 138±16 108±21* 

** p < 0.01, * p < 0.05 vs. control subjects. 

In terms of their overall abundance, PC predominated in the HDL lipidome (ranging from 71.3 

wt% to 76.3 wt% in normolipidemic HDL3c and 2a, respectively), followed by SM, LPC, PI, PE, 

PS, Cer, PA and PG (ranging from 0.012 wt% to 0.015 wt% in normolipidemic HDL2b and 3c, 

respectively). The HDL lipidome was markedly perturbed in STEMI patients as reported earlier 

[102]. Interestingly, the pattern of these perturbations differed from that observed in familiar 

apoA-I deficiency. Among the nine phospho- and sphingolipid subclasses studied, PA was most 

strongly affected. Indeed, total PA was increased in STEMI patients relative to controls in all five 

HDL subpopulations, including both large, light and small, dense HDL subpopulations [102]. 
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Other lipid classes showed significant between-group differences in four (LPC elevated in 

HDL2b, HDL2a, HDL3b and HDL3c) and one (Cer decreased in HDL3b; PC decreased in 

HDL3c) subpopulations [102]. No differences in the total content of SM, PE, PS, PI and PG was 

found in any HDL subfraction.  

When abundances of lipid species were analyzed, all HDL subpopulations revealed significant 

between-group differences. However, the number of significantly differing between the groups 

species varied greatly across the HDL subpopulations for all lipid classes, including PC (from 7 

to 9), SM (from 5 to 9), LPC (from 0 to 8), PI (from 0 to 5), PE (from 0 to 4), PS (from 0 to 2), 

Cer (from 1 to 11), PA (from 6 to 8) and PG (from 0 to 1) species (Table 12 and Table 13). The 

small, dense HDL3b subfraction was most affected presenting 53 species with significantly 

altered abundance, followed by HDL2a, 3c, 2b and 3a, presenting 50, 42, 34 and 23 such species, 

respectively. Significant between-group differences were typically found in the abundances of 

unsaturated lipid species. Indeed, among molecular species whose abundances significantly 

differed between the STEMI and control groups 91% (31 of 34), 92% (46 of 50), 100% (23 of 

23), 94% (50 of 53) and 93% (39 of 42) possessed at least one double bond in their fatty acid 

carbon chain residues in HDL2b, 2a, 3a, 3b and 3c, respectively. 
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Table 12 Abundances of lipid species of PL and SL in HDL2b, HDL2a and HDL3a subpopulations significantly differing between STEMI patients and age-matched controls 

HDL2b   HDL2a 
 

HDL3a 

Class Species Controls Patients   Class Species Controls Patients  Class Species Controls Patients 

PC (34:0) 0.171±0.035 0.112±0.037  
PC (32:2) 0.26±0.10 0.146±0.049  PC (36:2) 14.3±1.1 11.4±1.8 

(36:2) 13.4±1.28 10.5±1.07  
 

(34:0) 0.166±0.034 0.121±0.032   (36:4) 8.3±1.9 12.0±1.7 

(36:5) 1.34±0.58 0.77±0.29  
 

(36:1) 1.84±0.33 1.24±0.22   (36:5) 1.41±0.69 0.791±0.217 

(38:5) 2.68±0.43 2.28±0.31  
 

(36:2) 13.6±1.7 11.1±1.3   (38:4) 4.86±0.61 6.57±1.10 

(40:2) 0.00676±0.00119 0.00189±0.00089  
 

(36:5) 1.30±0.62 0.74±0.17   (40:2) 0.0080±0.0012 0.0032±0.0028 

(40:3) 0.00865±0.00248 0.00425±0.00180  

 
(40:2) 0.00737±0.00102 0.00223±0.00145  

 
(40:7) 0.291±0.090 

0.135 (0.117; 

0.256)  

(40:7) 0.242±0.074 0.149±0.072  

 

(40:3) 0.0093±0.0020 0.00118±0.00049   (40:8) 0.066±0.012 0.0250±0.0098 
 

(40:8) 0.056±0.011 0.023±0.008  
 

(40:8) 0.0672±0.0170 0.0275±0.0105      

SM (32:2) 0.0189±0.0048 0.0103±0.0047  SM (32:1) 0.285±0.048 0.197±0.057  SM (32:1) 0.238±0.031 0.161±0.053 

 
(36:1) 1.01±0.17 1.29±0.16  

 
(32:2) 

0.0133 (0.0118; 

0.0226) 0.00885±0.00528  
 

(32:2) 0.0124±0.0023 0.0056±0.0014 
 

(37:1) 0.186±0.033 0.131±0.024  
 

(36:1) 0.667±0.070 1.03±0.16   (38:2) 0.268±0.030 0.235±0.012  

(40:2) 1.28±0.16 0.98±0.23  

 

(36:2) 0.47±0.04 0.55±0.07   (41:2) 0.57±0.06 0.41±0.07 

(41:2) 0.76±0.12 0.54±0.09  
 

(37:1) 0.181±0.038 0.135±0.026  (43:2) 0.135±0.033 0.072±0.035  

(42:2) 2.91±0.34 2.38±0.44  

 

(40:2) 1.17±0.13 0.81±0.14      

      (41:2) 0.617±0.067 0.509±0.121      

 

    

 

(42:3) 1.42±0.27 

1.079 (0.929; 

1.467)  
 

   

 

    

 

(43:2) 0.139±0.032 

0.012 (0.041; 

0.146)  
 

   

LPC (16:0) 0.68±0.22 1.31±0.64  LPC (16:0) 0.52±0.14 1.73±1.26  LPC    

(20:3) 0.0333±0.0137 0.0819±0.0518  
 

(16:1) 0.0105±0.0043 0.025±0.018      

(20:4) 0.0829±0.0408 0.244±0.169  

 

(18:2) 0.282±0.099 0.872±0.673      

    (20:3) 0.0351±0.0158 0.164±0.121     

    (20:4) 0.0886±0.0449 
0.2495 (0.0929; 

0.9764)     

    (22:5) 0.0128±0.0032 
0.0276 (0.0132; 

0.1056)     

    (22:6) 0.028±0.011 0.0903±0.0563     
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PI 

(34:0) 0.00182±0.00033 
0.0073 (0.0011; 

0.0238) 
 

PI 

(34:0) 0.00199±0.00083 

0.00373 

(0.00138; 

0.02628)  

PI 

(36:1) 0.0992±0.0291 0.0555±0.0151 

(36:1) 0.078±0.013 0.0477±0.0207  (34:1) 0.108±0.020 0.072±0.027     

(38:5) 0.0462±0.0117 0.0312±0.0108  (36:1) 0.0962±0.0231 0.0434±0.0089     

    (38:5) 0.0596±0.0192 0.0402±0.0093     

    (40:4) 

0.0100 (0.0094; 

0.0141) 0.0154±0.0046     

PE 

    

PE 

(34:1) 0.0342±0.0192 0.0761±0.0227  
PE 

(34:3) 

0.00431 

(0.00135; 

0.00816) 0.0090±0.0032 

 

    

 

(34:3) 0.00494±0.00279 0.00845±0.00298  
 

(40:4) 

0.00454 

(0.00219; 

0.02536)  0.0206±0.0118 

 
    

 
(38:3) 

0.0166 (0.0103; 

0.0568) 0.0409±0.0154  
 

   
     

 
(42:6) 0.00158±0.00060 0.00055±0.00032      

PS 
(38:4) 

0.0059 (0.0039; 

0.0134) 
0.0167±0.0082 

 PS (38:1) 
0.00051 (0.00029; 

0.00144) 0.00027±0.00007  PS    

    (38:4) 0.0072±0.0033 0.0128±0.0050     

Cer (d18:1-

18:0) 0.00232±0.00086 0.00402±0.00114  

Cer (d18:0-

24:0) 0.00015±0.00004 

0.00005 

(0.00003; 

0.00015)  
Cer (d18:1-

25:0) 0.00167±0.00070 0.00072±0.00051 

 (d18:1-

26:1) 0.00054±0.00021 0.00183±0.00099  

 (d18:1-

18:0) 0.00150±0.00057 0.00269±0.00087  
 

   

 (d18:2-

14:0) 0.00010±0.00004 0.00005±0.00002  

 (d18:1-

26:1) 0.00023±0.00011 0.00092±0.00072  
 

   

    
 

 
(d18:2-

14:0) 0.00009±0.00003 0.00004±0.00002  
 

   

    

 

 (d18:2-

16:0) 0.00118±0.00023 

0.00070 

(0.00043; 

0.00192)  
 

   

    
 

 (d18:2-

22:0) 0.00594±0.00291 0.00285±0.00192  
 

   

    

 

 (d18:2-

23:0) 0.00472±0.00207 

0.00154 

(0.00084; 

0.00497)  
 

   

PA 

(34:1) 0.0014±0.0005 
0.0055 (0.0022; 

0.0137)  

PA 

(34:1) 0.0015±0.0009 
0.0047 (0.0019; 

0.0193) 

PA 

 (34:1) 0.0025±0.0014 
0.0084 (0.0035; 

0.0355) 

(34:2) 0.0020±0.0007 0.0111±0.0076  (34:2) 0.0025±0.0005 
0.0093 (0.0041; 

0.0374) (34:2) 

0.0033 (0.0024; 

0.0099) 0.029±0.027 



113 

(36:1) 0.0006±0.0002 0.0026±0.0012  (36:2) 0.0017±0.0004 
0.0047 (0.0022; 

0.0312) (36:1) 0.0009±0.0003 0.0048±0.0033 

(36:2) 0.0014±0.0007 0.0048±0.0020  (36:3) 0.0011±0.0005 
0.0024 (0.0013; 

0.0155) (36:2) 

0.0022 (0.0013; 

0.0054) 0.0088±0.0058 

(36:3) 0.0009±0.0005 
0.0024 (0.0011; 

0.0076)  (36:4) 0.0003±0.0001 
0.0023 (0.0009; 

0.0164) (36:4) 

0.0004 (0.0002; 

0.0016) 0.0067±0.0058 

(36:4) 0.0003±0.0001 0.0022±0.0013  (38:3) 0.00020±0.00009 0.00189±0.0017 (38:4) 

0.0008 (0.0006; 

0.0022) 0.0090±0.0052 

(38:3) 0.00023±0.00016 0.00158±0.00102  (38:4) 0.00052±0.00011 0.00475±0.00308    

(38:4) 0.0008±0.0004 0.0059±0.0050           

(38:6) 0.00030±0.00016 0.00065±0.00022  

 

        

PG 

(38:5) 0.00033±0.00013 

0.00012 

(0.00009; 

0.00029)  

PG 

(38:5) 0.00042±0.00013 0.00021±0.00013 

 

(38:5) 0.00039±0.00017 0.00016±0.00004 

Data are shown as means ± SD and expressed as wt% of total PL+SL; only lipid species whose abundances significantly (p<0.05) differed between the 

groups are shown; significantly elevated values are highlighted in bold; 
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Table 13. Abundances of molecular lipid species of PL and SL in small, dense HDL3b and HDL3c subpopulations significantly differing between 

STEMI patients and age-matched controls 

HDL3b  HDL3c 

Class Species Controls Patients  Class Species Controls Patients 

PC (36:1) 1.94±0.33 1.29±0.24  PC (32:2) 0.224±0.094 0.0999±0.0278 
 

(36:2) 14.3±1.0 11.1±1.4   
(34:0) 0.186±0.039 0.136±0.020 

 
(36:4) 7.78±1.99 10.9±1.8   

(36:1) 2.07±0.21 1.13 (1.01; 1.90) 
 

(36:5) 1.55±0.60 0.80±0.22   
(36:2) 13.2±1.7 10.5±1.7 

 
(38:5) 3.08±0.38 2.67±0.23   

(36:5) 1.49±0.55 0.62 (0.53; 0.92) 
 

(38:6) 4.37±1.09 3.05±1.26   
(38:5) 3.11±0.47 2.58±0.31 

 
(40:2) 0.00640±0.00189 0.00291±0.00120   

(40:2) 0.00652±0.00263 0.00143±0.00053 
 

(40:3) 0.00922±0.00261 0.00349±0.00195   
(40:7) 0.32±0.058 0.158±0.107 

 
(40:8) 0.0720±0.0129 0.0325±0.0081   

(40:8) 0.0721±0.0157 0.0234±0.0134 

SM (32:1) 0.25±0.0286 0.172±0.048  SM (32:1) 0.272±0.0442 0.186±0.0577 
 

(36:2) 0.447±0.057 0.523±0.081   
(32:2) 0.0149±0.00374 0.00676±0.0047 

 
(37:1) 0.194±0.054 0.127±0.033   

(37:1) 0.195±0.0684 0.123±0.0319 

 (40:2) 1.02±0.18 0.80±0.15  
 

(40:2) 1.04±0.19 0.75±0.14  
 

(41:2) 0.56±0.07 0.42±0.06   
(41:2) 0.61±0.11 0.44±0.07 

 
(42:3) 1.30±0.21 1.06±0.21  

 
(43:2) 0.13±0.02 0.08±0.03  

 
(43:2) 0.13 (0.12; 0.18) 0.10±0.05   

 
   

LPC (16:0) 0.63±0.25 1.53±0.77   LPC (16:0) 1.26±0.69 2.82 (1.87; 7.41) 
 

(16:1) 0.0126±0.0065 0.0392±0.0301  
 

(16:1) 0.02±0.01 0.04 (0.02;0.19) 
 

(18:0) 0.33±0.14 0.71±0.38  
 

(18:0) 0.69±0.30 1.13 (0.76; 3.79) 
 

(18:2) 0.336±0.191 0.73±0.40  
 

(18:2) 0.496±0.311 1.51±0.91 
 

(20:3) 0.0265 (0.0168; 0.0855) 0.148±0.083  
 

(20:3) 0.062±0.035 0.289±0.175 
 

(20:4) 0.125±0.077 0.399±0.219  

 

(20:4) 0.154±0.083 0.622±0.282 
 

(22:5) 0.018±0.009 0.034 (0.020; 0.125)  (22:5) 0.026±0.0158 0.0926±0.0511 

 
(22:6) 0.0479±0.0244 

0.0772 (0.0478; 

0.2642) 
 

 (22:6) 0.0703±0.0427 0.19±0.11 

PI (34:1) 0.126±0.048 0.073±0.029  PI    
 

(36:1) 0.103 (0.074; 0.210) 0.0479±0.0179      
 

(38:5) 0.0591±0.0137 0.0403±0.0166      
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(38:6) 0.0179±0.008 

0.00767 (0.00529; 

0.01878)  
     

 
(40:6) 0.053±0.023 0.0305±0.0116      

PE 
(34:1) 0.0438±0.0254 0.0738±0.0291 

 PE 
(36:5) 0.0071±0.0036 

0.0029 (0.0022; 

0.0069) 
 

(34:2) 0.107±0.076 0.186±0.034   
(38:3) 0.0252±0.0135 0.0547±0.0236 

 
(38:3) 0.0177 (0.0086; 0.0375) 0.0379±0.0145      

 
(42:6) 0.00132±0.00059 0.00048±0.00019       

PS (40:7) 0.00205±0.00143 0.00083±0.00019   PS    

Cer (d18:1-14:0) 0.00020±0.00007 0.00011±0.00005   Cer 

 
(d18:1-18:0) 0.00181±0.00046 0.00305±0.00107 

(d18:1-18:0) 0.0017±0.0003 
0.00222 (0.00146; 0.00403) 

(d18:1-22:0) 0.013±0.003 

0.00639 (0.00554; 

0.01474) 

(d18:1-22:0) 
0.0110 (0.0092; 0.0215) 

0.0084 (0.0062; 0.0157) (d18:1-24:0) 0.0283±0.0097 

0.0131 (0.0098; 

0.0333) 

 

(d18:1-24:0) 0.0273±0.0072 0.0182±0.0069 

 

(d18:1-24:1) 0.0179 (0.0158; 0.0276) 0.0138±0.0056 

(d18:1-24:1) 0.0198±0.0034 0.0141±0.0043 (d18:1-25:0) 0.00178±0.00068 0.00073±0.00023 

(d18:1-25:0) 0.00147±0.00041 0.00085±0.00055 (d18:1-26:0) 0.00105±0.00030 0.00054±0.00033 

(d18:2-14:0) 0.00006±0.00002 0.00003±0.00002 (d18:2-22:0) 0.00392±0.00108 0.00190±0.00082 

(d18:2-22:0) 0.00469±0.00094 0.00243±0.00098 (d18:2-24:0) 0.0082 (0.0060; 0.0139) 0.00478±0.00209 

(d18:2-23:0) 0.00352±0.00138 0.00184±0.00096    

(d18:2-24:0) 0.0104±0.0035 0.0067±0.0035    

(d18:2-24:1) 0.00589±0.00177 0.00366±0.00144    

PA (32:0) 0.00272±0.00218 0.01141 (0.00690; 0.03358) PA 

 
(34:1) 0.00439±0.00126 0.0226±0.0175 

(34:1) 0.00377±0.00127 0.01150±0.00716 (34:2) 0.00519±0.00172 0.0395±0.0277 

(34:2) 0.00562±0.00229 0.01294 (0.00365; 0.06088) (36:2) 0.00364±0.00182 
0.0270 (0.0048; 

0.0317) 

(36:2) 0.00343±0.00149 0.00754±0.00472 (36:3) 0.00183±0.00091 
0.01359 (0.00231; 

0.01660) 

(36:3) 0.00178±0.00075 0.00471±0.00302 
 

(36:4) 0.00078±0.00026 0.0096±0.0071 

(36:4) 0.0011±0.0009 0.0041±0.0028  (38:3) 0.0005±0.0001 0.0046±0.0039 

(38:3) 0.00044±0.00024 0.00233±0.00197  (38:4) 0.0022 (0.0008; 0.0078) 0.0137±0.0103 

(38:4) 0.00224±0.00113 0.00909±0.00605 
 

(38:5) 0.00085±0.00048 
0.00191 (0.00106; 

0.00743) 

PG     PG (38:5) 0.00053±0.00029 0.00018±0.00009 

Data are shown as means ± SD and expressed as wt% of total PL+SL; only lipid species whose abundances significantly (p<0.05) differed between the 

groups are shown; significantly elevated values are highlighted in bold. 



116 

2.2.2. PCA 

When PCA was applied to our dataset, the control and patient groups were entirely separated for 

the lipidome of both small, dense HDL3c and large, light HDL2b subpopulations, and largely 

separated for the lipidome of HDL2a, 3a & 3b (Figure 25), on planes of the first two Principal 

Components, indicating that individual components of the HDL lipidome were strongly altered in 

STEMI subjects. Indeed, for each of the five HDL subpopulations, the amount of variance 

explained by the first two principal components was higher than 38%, consistent with marked 

differences between the groups. 

2.2.3. Heatmaps 

When heatmaps were built for the differences in the abundances of lipid species between STEMI 

and control subjects, a distinct pattern was consistently observed across all HDL subpopulations 

(Figure 26). Notably, abundances of LPC and PA species were typically elevated in STEMI 

HDLs as compared to their counterparts from controls, while the content of PC and Cer species 

was decreased. Profiles of other five phospholipid subclassess revealed mixed patterns, with 

species overrepresented and underrepresented in STEMI HDLs making up comparable shares. 

2.2.4. Bubble plots 

Extending upon the information provided by the heatmaps, the bubble plots revealed that 

abundances of numerous species of PC and SM, as well as of some Cer species were consistently 

decreased in STEMI HDLs (Figure 27). By contrast, LPC and PA species were typically 

increased across HDL subpopulations. PE and PI species revealed mixed patterns involving both 

elevated and reduced abundances in STEMI HDL. Importantly, positive correlations between the 

magnitude of between-group difference for the species and their overall abundance in the HDL 

lipidome were observed for PC, SM and Cer lipids collectively (r = 0.68, 0.61, 0.79, 0.66 and 
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0.65 for HDL2b, 2a, 3a, 3b and 3c, respectively; p < 0.005 for all). On the contrary, LPC and PA 

species collectively avoided this trend, forming clusters in a seemingly random manner, or 

presenting with a counter-trend of negative correlations between the magnitude of difference 

between the groups and overall abundance in HDL lipidome, reaching significance in HDL2b (r 

= -0.53, p < 0.05), HDL3a (r = -0.72, p < 0.05) and HDL3b (r = -0.49, p < 0.05) subpopulations. 

Together with the heatmaps, the bubble plots thereby demonstrated that moderately and highly 

abundant, within their classes, PC, SM and Cer species were altered modestly, while low-

abundant species of PC and PA, as well as moderately to highly-abundant species of LPC were 

affected more strongly in STEMI HDL. 

2.2.5. Structural plots 

Structural plots reveal the structure of lipid species whose abundances significantly differed 

between the groups. Cornucopia of PC, SM, LPC, PI, PE and PA species with multiple double 

bonds in their fatty acid moieties showed significant differences in their abundances between the 

patient and control groups, while differences in the HDL content of the species containing only 

saturated fatty acid residues typically did not reach significance (Figure 28). Indeed, there were 

only few significantly different between the groups fully saturated species of PC, SM, LPC and 

PI classes, while the majority of the species shown in Figure 28 possessed one or several double 

bonds in their structure. The most prominent and consistent differences were found throughout 

HDL subpopulations for PC 36:2, 36:5 and 40:8, SM 32:2, 41:2 (which were all significantly 

decreased in STEMI vs control subjects), as well as for LPC 16:0, 20:3 and 20:4, and PA 34:1, 

34:2, 36:2, 36:4, and 38:4 (all increased vs controls) revealing that unsaturated molecular species 

were most strongly affected by STEMI in the HDL lipidome.  
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Intermediate- and long-chain species of PC, PI and PG were more strongly affected by STEMI 

than their short-chain counterparts, resulting in positive correlations between their fold decrease 

in STEMI and the carbon chain length (e.g. r = 0.20, 0.27 and 0.23 for PC, PG and PI classes, 

respectively; all p < 0.05). In addition, the fold decrease in PE, PG and PI species was positively 

correlated with the number of double bonds (e.g. r = 0.40, 0.39 and 0.34 for PE, PG and PI, 

respectively; all p < 0.01) 
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Figure 25 PCA plots for large, light HDL2b, HDL2a and small, dense HDL3a, HDL3b and HDL3c subpopulations. 

Blue and red ellipses represent the STEMI and control groups, respectively. Total amounts of variance explained by 

the first two components is more than 38% for each chart. 
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Figure 26 Heatmaps of molecular lipid species in the lipidome of HDL subpopulations of STEMI 

patients and healthy controls. Green color corresponds to increases in the abundance of 

molecular species in patients vs controls, whereas red color stays for their decreases. Within 

each lipid subclass, the species are presented in the order of increasing their backbone carbon 

chain length from left to right. 
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Figure 27. Bubble plots. Each colored bubble corresponds to a single molecular species. Horizontal axis represents a log2 of the abundance of 

molecular species in the patient group (as wt%); vertical axis represents log2 of the ratio of abundances of each molecular species in the patient 
and control groups. The y = 0 line separates the species that are increased in the patient group (above the line) from the species that are 

decreased (below the line) relative to controls. Size of each bubble is inversely proportional to the P value of the difference between the patient 

and control groups for a given molecular species. Only species with P values of < 0.05 for the between-group differences are shown. Species with 
between-group abundance ratio more than 2 or less than −2, and with between-group difference P value less than 0.01 are denoted by name tags 

showing their carbon backbone structure. Straight lines and corresponding r-values denote significant (p<0.05) correlations between the 

abundance in STEMI and STEMI/ Control ratio.  

r = -0.53 

r = 0.68 r = 0.61 

r = -0.72 

r = 0.79 

r = -0.49 

r = 0.66 

r = 0.65 
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A. Phosphatidylcholines  B. Sphingomyelins  C. Lysophosphatidylcholines 

      

D. Phosphatidylinositols E. Phosphatidylethanolamines  F. Ceramides  

   

      

G. Phosphatidylserines  H. Phosphatidic acids I. Phosphatidylglycerols  

log2(mean[STEMI]/mean[Control]) 

 

Figure 28. Structural double bond vs. carbon chain length plots of molecular species of PC (A), SM (B), LPC (C), 

PI (D), PE (E), Cer (F), PS (G), PA (H) and PG (I) in HDL subpopulations in STEMI patients in comparison to control 

subjects. The length of fatty acid carbon chains, their number of double bonds, and HDL subpopulation name are 

plotted along X, Y, and Z axes, respectively, in every single chart. Difference in lipid abundances relative to the control 

group expressed as log2(mean[STEMI]/mean[Control]) are color-coded. Red color denotes decreased abundance in 

comparison to controls, while green color accounts for increased abundance. The size of the dot is proportional to the 

mean abundance of a species in the patient group. Only species significantly differing (p < 0.05) in their abundance 

between the groups are shown. 
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2.2.6. Network maps  

To elucidate the role of compositional alterations for biological properties of HDL particles, 

network analysis was performed for all correlations between functional metrics and individual 

lipid abundances in HDLs.  

Compositional relationships revealed a systematic pattern across HDL subpopulations. 

Interestingly, PC, PE and PS species formed three separate clusters, while LPC and PA, as well 

as SM and Cer species overlapped in two mixed clusters, respectively. PI and PG species were 

largely scattered around these clusters (Figure 29, A). 

Cholesterol efflux capacity and antioxidative activity of HDLs were correlated with the 

abundances of multiple lipid species (Figure 29 B, C and D). Whereas cholesterol efflux capacity 

of HDLs was closely associated with a handful of PS, PI and PE species, the relationships 

between the HDL lipidome and antioxidative activity were less specific, involving species from 

multiple lipid classes, of which species of LPC revealed the most consistent associations. 

Remarkably then, abundances of several species revealed significant correlations with all the 

metrics of HDL functionality assessed. The list of such species whose abundances correlated with 

both cholesterol efflux capacity and antioxidative metrics contained PC 38:5, PI 36:1 and PS 38:1 

(Table 14) all of which possessed unsaturated fatty acid moieties. Intriguingly, none of SM, LPC, 

PA and Cer species whose HDL content was markedly affected by STEMI, revealed significant 

associations with all the functional metrics evaluated by us. As expected, abundances of the 

species we observed to be positively correlated with the biological activities of HDL were 

significantly decreased in STEMI patients (Table 14). The abundance of PI 36:1 species, linked 

to biological functions of HDL, was significantly decreased in STEMI subjects across all five 
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HDL subpopulations, while the abundance of PC 38:5 differed in four HDL subpopulations. By 

contrast, the abundance of PS 38:1 revealed differences in the HDL2a subpopulation only. 

Table 14 Molecular lipid species whose abundance was significantly correlated with cholesterol 

efflux capacity and antioxidative activity of HDL subpopulations 

Species significantly associated with 

HDL functions and direction of the 

differences in STEMI vs control HDL 

HDL subopulations in which the species 

revealed between-group differences in their 

abundance 

PC 38:5 ↓ HDL2b, HDL3b, HDL3c 

PI 36:1 ↓ HDL2b, HDL2a, HDL3a, HDL3b, HDL3c 

PS 38:1 ↓ HDL2a 

Red arrows alongside the names of the species in the left column indicate their decreased 

abundance respectively in STEMI vs. control HDL subpopulations listed in the right column.  
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Figure 29 Network maps of molecular species abundances and functional metrics of HDL subpopulations. Positive correlations between abundances of lipid species (A) are shown. Positive 

correlations of cholesterol efflux capacity with the abundances of lipid species (B) are shown together with their negative correlations of cholesterol efflux capacity with the abundances of 

lipid species (C). Positive correlations of metrics of antioxidative activity and the abundances (D) are also represented. Node size is proportional to the number of connections this particular 

node displays with its neighbours. In this analysis, data obtained for all HDL subpopulations were combined. 
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2.2.7. Metabolic pathways affected by STEMI  

The list of lipid species whose abundances were correlated with the biological activities of HDL 

and were significantly differing between the groups was entered into the MetExplore web server 

in order to identify metabolic pathways altered by STEMI. The representation of the metabolic 

pathways identified was subsequently included in the classical pathway representation (Figure 

30). The list of affected pathways included inositol phosphate, GP, alpha-LA, GPIab and LA 

metabolism (Table 15). Following the BH-correction, significant metabolic alterations were only 

detected for glycerophospholipid and linoleic acid metabolism pathways. 

 

Figure 30. Metabolic pathways associated with alterations of the HDL lipidome in STEMI, 

extracted using MetExplore. Inset denotes the impact of identified pathways (X axis) in 

relationship to its significance (Y axis) produced using MetaboAnalyst. Colours in the graph 

highlight affected pathways and correspond to the colors of the circles in the inset. Green and 

red circles in the graph denote increased and decreased abundances vs. controls, respectively, 

with color scale shown at the bottom of the plot.  
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Table 15 List of lipid metabolic pathways affected by STEMI 

Pathway name Identifier 

№ of 

reactions in 

the pathway 

№ of 

metabolites, 

mapped onto 

the pathway p-value 

BH*-

corrected 

p-value 

Inositol phosphate metabolism  hsa00562 39 1 0.05620 0.0749 

Glycerophospholipid 

metabolism  hsa00564 49 3 0.00001 0.0001 

alpha-Linolenic acid metabolism  hsa00592 9 1 0.02462 0.0656 

Glycosylphosphatidylinositol-

anchor biosynthesis  hsa00563 9 1 0.02649 0.0529 

Linoleic acid metabolism  hsa00591 4 1 0.00951 0.0380 

Green shading denotes significantly affected pathways. *BH, Benjamini-Hochberg 

3. HDL and LDL glycome in normolipidemic controls 

3.1. Glycomic profiling of LDL and HDL  

The following part of the thesis has been published [2]. Analysis of HDL (Figure 31, A) and 

LDL (Figure 31, B) N-glycans released after peptide:N-glycosidase F (PNGase F) treatment 

resulted in 22 and 18 distinct chromatographic peaks, respectively. Relative abundance of the 

peaks representing N-glycans was quantitatively assessed as a percentage of total integrated area. 

Identities of N-glycan structures present in each peak were determined by MALDI-TOF MS 

after ethyl esterification which chemically modifies sialylated glycans enabling distinction 

between α2,3- and α2,6-linked sialic acids.  
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Figure 31 Representative chromatogram of 2-AB labeled N-linked glycans released from native 

HDL (A) and LDL (B) and separated by HILIC-UHPLC-FLD. The integration areas, together 

with major structures present in each chromatographic peak are shown. 

The list of the most abundant HDL and LDL N-glycans in each peak with their m/z values, 

monosaccharide composition and proposed structures are given in Table 16 and Table 17, 

respectively. More than 20 glycan structures were characterized in both HDL and LDL, 

including complex, high-mannose and hybrid N-glycans. Most of the N-glycans present in HDL 
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(~70%) and LDL (~60%) were complex sialylated structures with one or two sialic acid residues. 

The most abundant HDL N-glycans were mono- and disialylated biantennary structures, 

A2G2S1 and A2G2S2. Similarly, A2G2S1 was the most abundant N-glycan in the LDL N-

glycome, but in contrast to HDL, LDL revealed much higher prevalence of high-mannose N-

glycans (~33% vs. ~3%).  

Table 16 Composition of the HDL N-glycome.  

Glycan 

peak 

Registered 

m/z [M+Na]+ 

Composition1 Proposed structure2 

GPHDL1 1418.954 H4N3 A1G1 

GPHDL2 1377.487 H5N2 M5 

GPHDL3 1580.740 H5N3 M4A1G1 

 1621.754 H4N4 A2G1 

GPHDL4 1580.735 H5N3 M4A1G1 

GPHDL5 1824.958 H4N5 A2BG1 

GPHDL6 1539.900 H6N2 M6 

GPHDL7 1783.822 H5N4 A2G2 

GPHDL8 1929.743 H5N4F1 FA2G2 

GPHDL9 1899.789 H5N3E1 M4A1G1S[6]1 

GPHDL10 2102.970 H5N4E1 A2G2S[6]1 

GPHDL11 2249.204 H5N4F1E1 FA2G2S[6]1 

 2062.102 H6N3E1 M5A1G1S[6]1 

GPHDL12 2294.788 H6N5F1 FA3G3 

GPHDL13 2376.184 H5N4E1L1 A2G2S[3,6]2 
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 2476.147 H5N4F1L2 FA2G2S[3,3]2 

GPHDL14 2026.124 H9N2 M9 

GPHDL15 2422.229 H5N4E2 A2G2S[6,6]2 

GPHDL16 2568.244 H5N4F1E2 FA2G2S[6,6]2 

GPHDL17 2741.402 H6N5E1L1 A3G3S[3,6]2 

GPHDL18 2841.466 H6N5F1L2 FA3G3S[3,3]2 

GPHDL19 2787.273 H6N5E2 A3G3S[6,6]2 

GPHDL20 2933.446 H7N6F1L1 FA4G4S[3]1 

GPHDL21 3060.590 H6N5E1L2 A3G3S[3,6,6]3 

GPHDL22 3206.680 H6N5F1E2L1 A3F1G3S[3,6,6]3 

1 H = hexose, N = N-acetylhexosamine, F = deoxyhexose (fucose), E = ethyl esterified 

N-acetylneuraminic acid (α 2,6-linked), L = lactonized N-acetylneuraminic acid (α2,3-

linked).  

2 Abbreviations used: all N-glycans possess a core sugar sequence consisting of two 

N-acetylglucosamines (GlcNAc) and three mannose residues; F at the start of 

abbreviation indicates a core fucose α1-6 linked to the inner GlcNAc; Mx, number (x) of 

mannoses on core GlcNAc; Ax, number (x) of antennas (GlcNAc) on trimannosyl core; 

Fx, number (x) of fucose linked α1-3 to antenna GlcNAc; Gx, number (x) of β1-4 linked 

galactoses on antenna; Sx, number (x) of sialic acids linked to galactose; LacdiNAc(x), 

number (x) of lacdiNAc (GalNAcβ1-4GlcNAc) extensions. 

HDL N-glycome was separated into 22 chromatographic peaks by HILIC-UHPLC-FLD 

and masses of individual glycan structures were detected by MALDI-TOF MS. 

Table 17 Composition of the LDL N-glycome. LDL N-glycome was separated into 18 

chromatographic peaks by HILIC-UHPLC-FLD and masses of individual glycan structures were 

detected by MALDI-TOF MS. 

Glycan  

peak 

Registered  

m/z  

[M+Na]+ 
Composition1 Proposed structure2 

GPLDL1 1418.526 H4N3 A1G1 

GPLDL2 1377.596 H5N2 M5 

GPLDL3 1621.655 H4N4 A2G1 
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GPLDL4 1580.656 H5N3 M4A1G1 

GPLDL5 1539.65 H6N2 M6 

GPLDL6 1783.701 H5N4 A2G2 

GPLDL7 1929.885 H5N4F1 FA2G2 

GPLDL8 

1701.661 H7N2 M7 

2081.946 H3N5F1L1 FA1LacdiNAcS[3]1 

GPLDL9 

1701.578 H7N2 M7 

2056.708 H5N4L1 A2G2S[3]1 

1899.659 H5N3E1 M4A1G1S[6]1 

GPLDL10 2102.79 H5N4E1 A2G2S[6]1 

 2244.025 H4N5F1L1 FA2BG1S[3]1 

GPLDL11 1863.646 H8N2 M8 

GPLDL12 

1863.624 H8N2 M8 

2061.715 H6N3E1 M5A1G1S[6]1 

GPLDL13 
2375.82 H5N4E1L1 A2G2S[3,6]2 

2517.012 H4N5F1L2 FA1G1LacdiNAcS[3,3]2 

  GPLDL14 2025.825 H9N2 M9 

  GPLDL15 
2421.876 H5N4E2 A2G2S[6,6]2 

2563.118 H4N5F1E1L1 FA1G1LacdiNAcS[3,6]2 

  GPLDL16 2740.958 H6N5E1L1 A3G3S[3,6]2 

  GPLDL17 2786.981 H6N5E2 A3G3S[6,6]2 

  GPLDL18 
3060.109 H6N5E1L2 A3G3S[3,3,6]3 

3201.328 H5N6E1L2 FA2G2LacdiNAcS[3,3,6]2 

1 Composition and structures as in Table 16.  
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Treatment of HDL and LDL with neuraminidase, which selectively removes N-acetylneuraminic 

acid (sialic acid) residues, dramatically altered their N-glycomic profiles (Figure 32, A and B).  

 

Figure 32. Representative HILIC-UHPLC-FLD chromatograms of 2-AB labeled N-linked 

glycans released from native and neuraminidase-treated human HDL (A) and LDL (B). 

Chromatographic peaks containing N-glycans affected by neuraminidase treatment are shaded 

in grey. 

before treatment 

after treatment 

before treatment 

after treatment 
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Notably, relative abundance of peaks representing sialylated structures was decreased upon the 

treatment (e.g. GPHDL13 and GPHDL15), while the abundance of peaks representing 

corresponding desialylated structures was increased (e.g. GPHDL7 and GPHDL8; Figure 33, A). 

Similarly, LDL peak GPLDL6 was increased, reflecting decrease of peaks GPLDL13 and 

GPLDL15 (Figure 33, B). This change in the relative abundance of sialylated N-glycans upon 

neuraminidase treatment was less evident in the case of GPHDL10 and GPLDL10 representing 

their most abundant N-glycan, A2G2S1, since besides causing a decrease in their abundances by 

shifting desialylated form of A2G2S1 to earlier elution times (GPHDL7 and GPLDL6), 

neuraminidase treatment also caused an increase in their abundances by shifting desialylated 

forms of triantennary N-glycans to elute at the retention time of GPHDL10 and GPLDL10 (e.g. 

A3G2S2 from GPHDL17 shifted to GPHDL10 after the desialylation).  
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Figure 33 Relative abundance of individual glycan peaks in native and neuraminidase-treated 

human HDL (A) and LDL (B). Mean values ± SDs obtained in six samples isolated from six 

healthy normolipidemic donors are shown; * p<0.05 for differences between corresponding 

glycomic moieties from control vs. desialylated samples. The numbers at the bars represent the 

fold difference of mean values of two groups in peaks for which the difference of means is 

significant. 
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3.2. Role of glycome in biological activities of lipoproteins 

3.2.1. Cholesterol efflux capacity of HDL 

To address this biologically important question, the capacity of native and desialylated HDL 

particles to mediate cellular efflux of cholesterol was evaluated in macrophage-like human THP-

1 cells, which efflux cholesterol predominantly via the ABCA1-dependent pathway. Native HDL 

displayed significantly greater efficacy (+16%) in removing cellular cholesterol as compared to 

desialylated HDL particles (8.62±1.44% for native vs 7.21±1.00% for neuraminidase-treated 

samples, p<0.05, Figure 34, A). By contrast, there was no significant difference in the capacity 

of native and desialylated HDL particles to remove cholesterol from human THP-1 cells in 

which SCARB1 gene expression was knocked-down (6.57±0.39% vs. 6.09±0.47%, respectively; 

p>0.05). Similarly, differences in cholesterol efflux capacity of native and desialylated HDL 

were absent in ABCA1 -/- macrophagic cells (4.19±0.18% vs. 4.48±0.46%, respectively; 

p>0.05).  

When HDL was treated with beta-galactosidase following the treatment with neuraminidase, no 

further reduction in the cholesterol efflux capacity was observed (Figure 34, B). By contrast, a 

single treatment with PNGase F significantly diminished cholesterol efflux capacity of HDL 

(Figure 34, B). 
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Figure 34 Influence of the treatment with 

neuraminidase and other enzymes on biological 

properties of human HDL and LDL. Cellular 

cholesterol efflux capacity of native and 

neuraminidase-treated human HDL in 

macrophagic THP-1 cells (A), cellular 

cholesterol efflux capacity of native, 

neuraminidase-, neuraminidase+β-

galactosidase- and PNGaseF-treated human 

HDL in macrophagic THP-1 cells (B), and 

accumulation in THP-1 cells of cholesteryl 

ester derived from native and neuraminidase-

treated human LDL (C) are shown. Mean values 

± SDs obtained in six samples isolated from six 

healthy donors were as follows: (A) 8.63 ± 1.45 

vs. 7.21 ± 1.00 % for native and neuraminidase-

treated HDL, respectively (p<0.05 for the 

difference); (B) 7.89 ± 3.16% for control 

(baseline efflux), 6.99 ± 2.62 for 

neuraminidase-treated, 6.63 ± 2.18 for 

neuraminidase and β-galactosidase-treated, 

and 6.26 ± 1.76 for PNGaseF-treated HDL 

(p<0.05 for control vs neuraminidase, control 

vs neuraminidase+β-galactosidase and control 

vs PNGaseF); (C) 0.49 ± 0.25% vs. 0.18 ± 

0.09% for native and neuraminidase-treated 

LDL, respectively (p<0.05 for the difference). 

 

 

 

3.2.2. Cellular cholesteryl ester accumulation induced by LDL  

When native and desialylated LDL particles were incubated with macrophage-like human THP-1 

cells, cellular accumulation of cholesteryl esters was significantly higher (2.7-fold) after 
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incubation with desialylated LDL as compared to incubations with native LDL 

(0.0242±0.0125% vs 0.0090±0.0045%, respectively; p<0.05, Figure 34, C). 

3.2.3. Heterogeneity, mean size and LCAT activity of HDL  

When HDL subpopulations were separated using native PAGE and apoA-I was detected by 

Western blotting, no release of the lipid-free/lipid-poor apoA-I from desialylated HDL was 

observed (Figure 35). Interestingly, the mean HDL size was slightly but significantly reduced 

from 9.5 ± 0.1 to 9.0 ± 0.1 nm (-5.3%, p<0.01, n=3) by the desialylation. 

LCAT activity was markedly decreased (by -46%) after the desialylation as compared to HDL 

samples incubated in parallel in the absence of neuraminidase (925 ± 412 vs. 1702 ± 442 

nmol/h/ml, respectively; p=0.10, n=3). 
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Figure 35 Influence of desialylation on HDL heterogeneity. Western blot (left): from left to right, 

the protein ladder; lipid-free/lipid-poor apoA-I standard; three HDL samples incubated in the 

absence of neuraminidase (E1, E2 and E3); the same samples incubated in the presence of 

neuraminidase (E1d, E2d and E3d). Histograms of color intensity of the gel bands in the blot 

(right): center of mass for each band is measured in pixels. 

3.2.4. Relationships between the glycome and biological properties of LDL & HDL 

Series of significant correlations was observed between N-glycomic composition and cellular 

cholesterol efflux capacity of HDL (Figure 36, A; Table 18). In native HDL samples, positive 

correlations were calculated for the peaks containing mono- and disialylated N-glycans 

(GPHDL11 and 13), while the level of a high-mannose N-glycan, M9 (GPHDL14) negatively 

correlated with HDL efflux capacity. Similarly, in neuraminidase-treated HDL samples, levels of 
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high-mannose and hybrid N-glycans (GPHDL2, 6 and 14) showed negative correlations with the 

efflux, while complex biantennary (GPHDL8) and triantennary (GPHDL22) N-glycans revealed 

a positive correlation.  

As for the relationship between LDL N-glycomic profile and capacity to induce cellular 

cholesterol accumulation, only one significant correlation was found (Figure 36, B and Table 

19). Notably, the peak GPLDL16, representing sialylated N-glycan A3G3S2, was positively 

correlated with the capacity of neuraminidase-treated LDL to induce cholesterol accumulation. 
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Figure 36. Correlations between cellular cholesterol efflux capacity of HDL and area of the 

peak 13 (A) and between cellular cholesteryl ester accumulation induced by LDL and area of 

the peak 9 (B). 
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Table 18. Correlation coefficients between N-

glycomic composition and cellular cholesterol 

efflux capacity of HDL (both groups n = 6) 

Peak 

number 

Controls Neuraminidase-

treated  GPHDL1 0.29 -0.1 

GPHDL2 -0.72 -0.88 

GPHDL3 -0.69 -0.55 

GPHDL 0.25 -0.15 

GPHDL5 0.06 0.71 

GPHDL6 -0.69 -0.85 

GPHDL7 -0.35 -0.66 

GPHDL8 0.67 0.84 

GPHDL9 0.55 -0.27 

GPHDL10 -0.14 -0.55 

GPHDL11 0.83 0.65 

GPHDL12 0.15 0.78 

GPHDL13 0.84 0.20 

GPHDL14 -0.92 -0.89 

GPHDL15 0.00 0.00 

GPHDL16 0.20 0.08 

GPHDL17 0.11 0.10 

GPHDL18 0.59 0.57 

GPHDL19 -0.27 0.30 

GPHDL20 0.23 0.40 

GPHDL21 0.05 0.43 

GPHDL22 -0.15 0.82 

Significant correlations are shown in bold; 

p<0.05 

Table 19. Correlation coefficients between 

glycomic composition and capacity of LDL to 

induce cellular cholesteryl esters 

accumulation (both group n = 6) 

Peak 

number 

Controls Neuraminidase-

treated  
GPLDL1 -0.71 -0.44 

GPLDL2 -0.08 0.02 

GPLDL3 -0.72 -0.58 

GPLDL4 -0.79 -0.54 

GPLDL5 -0.23 0.02 

GPLDL6 -0.58 -0.22 

GPLDL7 -0.45 -0.31 

GPLDL8 -0.66 -0.80 

GPLDL9 -0.41 -0.45 

GPLDL10 -0.53 0.30 

GPLDL11 -0.78 -0.69 

GPLDL12 -0.28 -0.44 

GPLDL13 0.59 0.66 

GPLDL14 -0.17 0.14 

GPLDL15 0.80 0.30 

GPLDL16 0.69 0.88 

GPLDL17 0.75 0.28 

GPLDL18 0.66 0.47 

Significant correlations are shown in bold; 

p<0.05 
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DISCUSSION AND CONCLUSIONS 

By combining multiple omics analyses with biological tests it was possible to pave the first steps 

in the path of understanding the role of the lipidome and the glycome in structure-function 

relationships across lipoprotein particles.  

1. Lipidome of normolipidemic HDL particles 

Lipidome of normolipidemic HDL revealed a high level of heterogeneity across human plasma 

HDL subpopulations as was reported by us earlier [85]. The abundance of LPC, PI, PS, and PA 

was elevated in small, dense relative to large, light HDL, whereas the inverse was observed for 

SM and Cer. Furthermore, multiple components of the HDL phosphosphingolipidome were 

strongly correlated with biological activities of HDL, including cholesterol efflux capacity from 

THP-1 cells and antioxidative activity toward LDL thereby suggesting that the HDL lipidome 

may affect particle functionality. 

Different lipid classes play distinct roles in HDL metabolism. LPC is the product of PC 

hydrolysis in the LCAT reaction, a key step of HDL maturation from small pre-β to large α-

particles, which involves transfer of an acyl residue from PC to FC with a formation of CEs. 

Preferential association of LCAT with small, dense HDL can account for LPC enrichment in this 

fraction [291]. PS, a negatively charged minor PL, was reported to be enriched in small discoid 

pre–β-HDL relative to large spherical α-particles [308]. Mechanistically, this observation may 

derive from ABCA1-mediated translocation of PS through the plasma membrane to participate in 

the formation of nascent HDL by apoA-I [309]. Another pathway underlying PS enrichment in 

small HDL may involve preferential uptake of PS from HDL on interaction with SR-B1 as 

compared with PC and SM [310]. PI and PA are two other negatively charged minor PL enriched 
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in small, dense vs large, light HDL. PA is a lipid second messenger with multiple binding 

partners that can be produced in platelets by the action of phospholipase D [311]. The preferential 

association of PA with small, dense HDLs may reflect their enrichment in apoL-I [312], a lipid-

binding protein with high affinity for PA [313].  

By contrast, SM and Cer, two SL subclasses present in HDL, were enriched in large, light HDL, 

in parallel to FC. These data are consistent with our earlier findings [85, 291]. As metabolism of 

SM is closely linked to that of Cer, the observed distributions may reflect common metabolic 

pathways for these lipid subclasses. The low SM content of small, dense HDL may, in part, result 

from the depletion of SM in nascent HDL, a metabolic precursor of small, dense HDL3, which is 

derived from the exofacial leaflet of the plasma membrane [314]. These data suggest that marked 

heterogeneity in the phosphosphingolipidome of individual HDL subpopulations may reflect their 

distinct metabolic origins, which are not normalized by intravascular remodeling processes. 

Our structure–function analysis revealed that the heterogeneity in the HDL lipidome was linked 

to HDL function. Both biological activities evaluated in HDL subpopulations were elevated in 

small, dense, protein-rich HDL3 as reported earlier [85]. Such superior functional properties of 

small vs large particles were previously reported for cholesterol efflux via ABCA1 [85, 315, 

316], a major efflux pathway operating in human macrophages, for protection of LDL from 

oxidation [85, 296], and for protection of endothelial cells from apoptosis [85, 117, 317]. In these 

studies, the conclusion on functional superiority of small vs large HDLs did not depend on the 

concentration basis used to normalize their concentrations, thereby documenting superior 

intrinsic functionality of small, protein-rich particles. 

Mechanisms underlying these biological activities of HDL differ considerably, involving 

interactions with distinct cellular proteins, such as ABCA1 [294] and SR-B1 [317]. Strong 
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intercorrelations of such diverse activities are, therefore, particularly striking, potentially 

reflecting distinct proteome [312] and lipidome [291] in small, dense HDL3. Indeed, small, dense 

HDL3 is not only quantitatively enriched in protein but equally contains a much higher number 

of distinct, functional proteins as compared with large, light HDL2 [312]. Importantly, HDL 

content of some of these proteins correlates with HDL function [312]. 

In the present study, all evaluated metrics of HDL functionality exhibited significant correlations 

with the phosphosphingolipidome of HDL. Several phospholipids and sphingolipids can directly 

affect biological activities of HDL. Thus, both LPC and PI [318-320], two PL subclasses 

regulating intracellular signaling cascades, enhance cholesterol efflux capacity of HDL via 

ABCA1. Similarly, PS seems to activate ABCA1-dependent cellular cholesterol efflux as 

suggested by experiments with apoptotic cells [321] and with PS-phospholipase A1–

overexpressing mice [322]. In addition, PA is a downstream mediator of protein kinase C–

stimulated cholesterol efflux from fibroblasts [323]. The potent cholesterol efflux capacity of 

small, dense HDLs may, therefore, reflect their elevated content of PC, LPC, PS, and PA. 

Fluid physical state of PLs represents another important determinant of the ability of HDL to 

accept cellular cholesterol [150]. Indeed, high SM content decreases both the fluidity of 

surrounding liquid-crystal lipids and cellular cholesterol efflux to HDL containing such lipids 

[324]. Similarly, FC reduces fluidity of surface PLs in the liquid-crystal phase. The low 

abundance of SM and FC in small, dense HDL may, therefore, result in elevated fluidity of 

surface lipids in this subpopulation, potentially enhancing functionality [291]. In a similar 

fashion, HDL surface lipids can markedly influence antioxidative [158] effects of HDL, acting in 

part via modulation of physical properties.  
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Other biologically active lipids linked to HDL function include lysosphingolipids, exemplified by 

S1P, which contribute to HDL-mediated protection from apoptosis [325, 326]. S1P enrichment in 

HDL3 may, therefore, play a role in the potent cytoprotection provided by this HDL subfraction 

[291, 317, 327]. In contrast to S1P, Cer act as stress-signaling molecules and are proapoptotic in 

several cell types [328].  

2. Lipidome of HDL particles in CMD 

2.1 Lipidome of HDL particles isolated from apoA-I–deficient patients 

HDL lipidome in FAID revealed a markedly altered profile of molecular lipid species 

characterized by multiple perturbations in the phosphosphingolipidome, adding to the deficient 

biological activities of HDL. Importantly, the analysis of abundances of lipid species uncovered 

numerous alterations in apoA-I–deficient HDLs, which remained hidden in the analysis of 

abundances of lipid classes performed by us earlier [279]. 

The perturbations of the phosphosphingolipidome of HDL affected species from all lipid classes. 

Among highly to moderately abundant classes of PC, SM, and PI, the pattern was complex, with 

some species featuring elevated abundances in apoA-I–deficient HDLs, whereas abundances of 

other species were reduced. Remarkably, apoA-I–deficient HDLs lacked numerous 

polyunsaturated lipid species, including PC 34:2 and PC 40:8, while possessing increased 

amounts of saturated species, including PC 32:0 and PC 34:0. It is generally accepted that 

saturated fatty acids exert proinflammatory actions, whereas the opposite can be said about 

polyunsaturated fatty acids, which possess anti-inflammatory properties [290]. The imbalance of 

polyunsaturated relative to saturated species found in the present study may have contributed to 

elevated low-grade inflammation as observed by us in the apoA-I deficiency [279]. 
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When plotted as a part of a correlational network map, PC, PE, and PI species were scattered, 

adjacent to three clusters separately formed by SM, Cer, and PS species, as well as to another 

cluster formed by LPC and PA species. Such distribution can be attributed to LPC, PS, and PA 

species predominantly present in small HDL3 particles, whereas SM and Cer species are known 

to be concentrated in large HDL2 as discussed above. Combining with functional characteristics 

of HDL, the network analysis demonstrated that multiple moderately to highly abundant PC and 

SM species were related to cholesterol efflux capacity and antioxidative activity of HDL. 

Unsurprisingly, abundances of the species that were decreased in apoA-I–deficient HDL 

subpopulations displayed positive correlations with the HDL functional metrics, whereas 

negative correlations were observed for the species whose HDL content was increased. 

Notwithstanding, all the species linked to functional properties of HDL carried one or more 

double bonds in their fatty acid moieties. 

The clustering patterns revealed that cholesterol efflux capacity of HDL was located, at the 

network map, between the PS and PE clusters, in the vicinity of a single PC species of PC 34:2. 

The highly abundant PC 34:2, moderately abundant SM 42:1 and PC 40:4, as well as less 

abundant PC 40:8 species were all significantly associated with the both biological activities, and 

their HDL abundances were significantly different between the patient and control groups. Of 

particular interest, while SM lipid species revealed a number of correlations with biological 

functions of HDL, total SM was not correlated with HDL functional metrics in our previous 

study [279]. The associations with the HDL function were thus masked by summarizing 

abundances of all the SM species in the previous study [279], emphasizing the strength of our 

present in-depth approach. 
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Major alterations were present in polyunsaturated lipid species of LPC, Cer, PA, and PG classes, 

manifesting themselves as their increased abundances in apoA-I–deficient vs control HDL 

subpopulations. Although, as described above, LPC is involved in a key step of HDL maturation 

from small pre-β to large α-particles, LPC is also well-known to possess proinflammatory 

properties [103] and to display a high affinity for G-protein–coupled receptors, thereby playing a 

signaling role [104-106]. PA, as said earlier, participates in the regulation of inflammation [107] 

and intracellular signaling [108] as well, while ceramides possess proapoptotic activity, as 

mentioned earlier [109]. Although a whole array of LPC, Cer, PA, and PG species was 

significantly enriched in apoA-I–deficient HDLs, the structure-function analysis revealed direct 

links with biological function of HDL only for Cer lipids. The species of the proatherogenic trio 

of LPC, PA, and Cer may therefore have acted indirectly by promoting formation of a 

proinflammatory milieu, further deteriorating HDL function already hampered by the altered 

particle composition. In a similar fashion, PG species revealed significant between-group 

differences in their HDL content but their abundances were not associated with the HDL 

function. 

Between-group differences in PE species were complex, with some apoA-I-deficient HDL 

subpopulations (HDL2b and 2a) displaying decreased PE content, while others (HDL3c) being 

enriched in PE. In particular, the content of the saturated species of PE 34:0 was significantly 

elevated in apoA-I–deficient HDL, adding up to the set of saturated species of PC 32:0 and PC 

34:0 with increased HDL content described above. As in the correlation network map, PE species 

were located closely to cholesterol efflux capacity of HDL and there were several PE species 

whose HDL content was correlated with the HDL function. Among them, abundances of the 
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species of PE 38:6 and PE 40:7 were significantly decreased in apoA-I–deficient HDL2b and 2a 

relative to control HDLs, consistent with their beneficial functional role. 

Interestingly, altered biological functions of HDL in apoA-I–deficient subjects were confined to 

cholesterol efflux capacity and antioxidative activity and did not include antiapoptotic properties. 

This result probably reflects the protein concentration basis used for the measurements of 

antiapoptotic activity of HDL. Indeed, apoA-I–deficient HDLs were not deficient in S1P when 

the latter was expressed per unit protein mass, consistent with their normal capacity to reduce 

apoptosis. 

We used metabolic pathway ab initio analysis to identify pathways affected in the metabolism of 

apoA-I–deficient HDL. Our approach revealed that GP, SL, and LA metabolism were 

significantly altered in apoA-I deficiency. GP and SL metabolism are reportedly associated with 

atherosclerosis progression in apoE-deficient mice, with distinct plasma metabolomic profiles 

differentiating between the different stages of atherosclerosis progression [329]. 

Glycerophospholipids represent a common class of lipids critically important for the integrity of 

cellular membranes; oxidation of esterified unsaturated fatty acid moieties dramatically alters 

biological activities of phospholipids [330]. ApoA-I–deficient HDL particles can be prone to 

oxidation due to increased amounts of proinflammatory and prooxidative lipids LPC and PA as 

mentioned above. Finally, LA metabolism is tightly linked to atherogenesis. Indeed, it is well 

documented that LA exerts multiple antiatherogenic activities. Conjugated LAs can reduce the 

concentration of atherogenic lipoproteins and the intensity of inflammatory processes [331]. LA 

exerts protective effects against cholesterol accumulation in THP-1–derived macrophages [332]. 

Dietary supplementation of LA-rich fat, compared with a saturated fatty acid–rich fat in apoE-
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deficient mice, delayed atherosclerosis, reduced serum total cholesterol levels, increased HDL-C 

and lowered hepatic cholesterol [333].  

Genes potentially playing a role in the observed alterations of the HDL lipidome and function in 

the apoA-I deficiency were identified using MetaboAnalyst's network analysis. Validating our 

approach, we found that the APOA1 gene was involved as it directly follows from the study 

design. This result is consistent with our earlier demonstration of perturbed HDL proteome in 

heterozygous apoA-I deficiency, primarily involving reduced content of apoA-I as well as that of 

apoA-II [279], which might both contribute to the defective HDL function. Other affected genes 

included LCAT, CDS1 and 2, GLTP, PLA2G1B, and PCSK7. The presence of the LCAT gene in 

this list additionally supports our earlier observation of the dysregulation of LCAT in apoA-I 

deficiency [279]. Both CDS1 and CDS2 genes are known to regulate PI production [334], and 

thus, may contribute to the observed alterations of PI content. The GLTP gene is tightly linked to 

Cer biosynthesis [335], which was also disturbed in the apoA-I deficiency. The enzyme encoded 

by PLA2G1B gene is responsible for hydrolysis of PLs to LPC in the intestine41 and may be 

related to increased LPC and decreased PC contents of HDL in the apoA-I deficiency. PCSK7 

gene was reportedly associated with lipid metabolism [336], consistent with its association with 

the alterations found in the HDL lipidome in our study.  

Expectedly, we observed that apoA-I and, as a consequence, HDL-C concentrations were 

significantly reduced in the patient group relative to controls, reflecting hampered apoA-I 

production in the patients [186]. In parallel, TG levels were significantly elevated in the patient 

group as much as one-third from the control group level. Interestingly, this value can reach a 

much higher magnitude—available literature describes a case of a patient with apoA-I deficiency 

involving TG concentration as high as 417 mg/dl, which is more than three times of what we 
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observed in our study, despite intensive treatment with statins, ezetimibe, fenofibrate, and niacin 

[337]. These observations additionally emphasize the absence of efficient therapeutic strategy to 

treat this metabolic condition. Our present data may therefore have clinical implication. Indeed, 

they suggest that a proven therapy involving plasma transfusions in apoA-I–deficient patients 

[221, 338, 339] can be enhanced by HDL enriched in vitro with the lipids we found in this study 

to be positively associated with antiatherogenic function of HDL and to be reduced in apoA-I 

deficiency. The most obvious candidate for this approach represents such a major lipid of HDL as 

palmitoyl linoleoyl PC, a major isomer of PC 34:2.  

2.2. Lipidome of HDL particles isolated from STEMI patients 

In this study, HDL particles isolated from STEMI patients revealed markedly altered 

phosphosphingolipidome, adding to decreased plasma HDL concentrations. It is worth noting 

here, though, that diminished HDL concentrations alone may not be a reliable estimate for HDL 

dysfunction and cholesterol efflux impairment [340]. Abundances of minor proinflammatory 

lysophospholipid species of LPC and PA were increased in STEMI HDL, while abundances of 

minor species of PC, PG, PI, PE and SM were decreased. As already observed in apoA-I 

deficiency, the analysis of the abundances of lipid species uncovered distinct patterns in STEMI 

HDLs, which remained hidden in the analysis of the abundances of lipid classes performed by us 

earlier [102]. 

The perturbations of phosphosphingolipidome of HDL affected multiple species from all lipid 

classes, except for PS and PG classes, which possessed only one or two species whose 

abundances were significantly different between the groups. Among the species whose HDL 

content differed between the groups, the content of PC, SM and PI species was predominantly 

decreased, while that of LPC and PA species was typically increased in STEMI patients. PE, PS 
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and Cer species revealed complex patterns, with some species featuring elevated abundances, 

while other species featured decreased abundances in STEMI HDLs.  

Interestingly, abundances of species from PC, SM and Cer classes were positively correlated with 

their between-group fold differences throughout all HDL subpopulations. Futhermore, negative 

correlations between the abundances of LPC and PA lipids with their between-group differences 

were observed in HDL2b, HDL3a and HDL3b subpopulations. The first relationship indicates 

that the higher between-group differences for certain PC, SM or Cer species, the lower their 

abundance in the whole lipidome. The relationship observed for the LPC and PA species, though 

possessing the opposite sign, can be interpreted in a similar way as the positive trend was found 

for the PC, SM and Cer species. This phenomenon can be termed as “backbone effect”: major, in 

terms of overall abundance, species can be too vital for homeostasis to be significantly altered, 

while quantitatively minor species, though being far from minor in their biological role, are 

subject to volatility with, probably, long-lasting deleterious effects on HDL function. 

Alternatively, their reduced content in HDL may constitute a consequence, rather that a cause of 

HDL dysfunction; the causality here cannot be clearly established. 

In addition, we observed two other interesting trends involving the relationships of HDL 

lipidomic alterations in STEMI with carbon chain length and double bond number of the affected 

species. The first trend was represented by intermediate- and long-chain species of PC, PI and PG 

displaying positive correlations between their fold decrease in STEMI and the carbon chain 

length, while the second relationship included positive correlations between fold decrease in the 

abundances of PE, PG and PI species with the number of double bonds. In conjunction with the 

backbone effect, its definition can be expanded to specifically include alterations in minor long-

chained species possessing at least one double bond in their fatty acid moieties. 
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Remarkably, STEMI HDLs lacked numerous (relatively) abundant polyunsaturated lipid species, 

including PC 36:2 and PC 38:5, while possessing increased amounts of (less abundant) LPC 16:0, 

LPC 18:0 and PA 32:0. It has been mentioned several times above that saturated fatty acids exert 

proinflammatory actions [341]; so did we mention that, LPC is well-known to possess 

proinflammatory properties [103] We may assume that increased oxidation of polyunsaturated 

fatty acids in STEMI condition is at least partially responsible to their decreased content in 

STEMI HDL. Oxidative stress may play a direct role in the impairment of HDL functionality 

[342]. PA, as mentioned previously, participates in the regulation of inflammation [107] and 

intracellular signaling [108], while ceramides, as we know it already from the past, possess 

proapoptotic activity [109]. Although a whole array of LPC and PA species was significantly 

enriched in STEMI HDLs, the structure-function analysis did not reveal their direct links with 

biological function of HDL evaluated as cholesterol efflux capacity and antioxidative activity. 

The species of the proatherogenic duo of LPC and PA may therefore have acted indirectly by 

promoting formation of a pro-inflammatory milieu and further deteriorating HDL function 

already hampered by the altered particle composition. The imbalance of polyunsaturated relative 

to saturated species found in the present study may have contributed to already significantly 

elevated inflammation naturally occurring in STEMI as we observed in the patients.  

Using a network analysis we attempted to elucidate structure-function relationships across HDL 

particles in MI and normolipidemic HDL. When plotted as a part of a correlation network map 

PC and PS species formed two distinct clusters, while a separate cluster involving Cer and SM 

lipids, as well as a distinct cluster of LPC and PA lipids intermingled together were observed. PE 

species presented a cluster between the hodgepodge clusters and PI species formed a cluster 

placed between the PC and PS clusters. This clustering pattern might be attributed to similar 
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differences in the phosphosphingolipidome between the groups observed across different HDL 

subpopulations. The heatmaps revealed that PC, for example, was predominantly represented by 

reddish-coloured bars for all PC species in all five HDL subpopulations, indicating that there was 

not only an agreement between the lipid species of the same class in terms of the direction of the 

between-group differences in their abundances, but also an agreement in terms of the direction of 

the between-group differences across the HDL subpopulations. Similar relationships were 

observed for lipid species of SM, PI, PS and Cer in their respective classes and across the HDL 

subpopulations.  

Combined with functional characteristics of HDL, the network analysis demonstrated that 

cholesterol efflux capacity was located in the center of the PI cluster, while antioxidative activity 

was found in the middle of the LPC cluster. These data suggest that both PI and LPC species 

contribute to functional deficiency of HDL in STEMI. Unsurprisingly, abundances of the species 

that were decreased in STEMI HDL subpopulations displayed positive correlations with the HDL 

functional metrics. Strikingly, all the species whose HDL content was linked to functional 

properties of HDL carried one or more double bonds in their fatty acid moieties. The moderately 

abundant PC 38:5 and low-abundant PI 36:1 and PS 38:1 species were all significantly associated 

with the both biological acitivities measured, and their HDL abundances were significantly 

different between the patient and control groups.  

As with the FAID, we employed ab intitio metabolic pathway analysis to identify pathways 

affected in the metabolism of STEMI HDL. Our approach revealed that after Benjamini-

Hochberg correction for multiple comparisons, glycerophospholipid and linoleic acid (LA) 

metabolism were both significantly altered in STEMI. We discussed possible implications of both 

pathways above in the section of the discussion devoted to FAID, because metabolic pathways, 
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affected in FAID included both of the pathways found to be disturbed in STEMI HDL, so we will 

not talk about this in detail now and refer the reader to the appropriate subsection of the 

manuscript. What we could add here, however, is an observation in our in vitro experiments that 

STEMI HDL particles display reduced antioxidative activity [102], which potentially may reflect 

their increased content of pro-inflammatory lipids LPC and PA.  

Previously it was demonstrated that HDL from CAD patients cannot activate endothelial 

antiapoptotic pathways, and rather stimulates proapoptotic pathways [343]. Our current findings 

on the subject of altered metabolic pathways in STEMI add up to that information. 

3. Glycome of normolipidemic HDL and LDL  

The N-glycome of both HDL and LDL revealed a high level of diversity, reflected in the 

presence of complex, high-mannose and hybrid N-glycans. We showed that HDL and LDL are 

highly sialylated particles, consistent with earlier reports [111, 344].  

In our study, the most abundant HDL N-glycans were biantennary complex type N-glycans with 

one and two sialic acid residues. In this regard, HDL is similar to other glycoproteins of human 

plasma, which are rich in biantennary complex type N-glycans [345]. In a similar fashion, a 

biantennary complex type glycan A2G2S2 containing two sialic acid residues was recently reported 

to represent the most abundant glycan in HDL, followed by a glycan with a single sialic acid residue 

[111]. While our present studies identified A2G2S1 as the major HDL glycan, this subtle difference 

may reflect different methodologies employed to isolate HDL or variations in analytical and/or 

experimental conditions [346]. 

Similarily to HDL, the most abundant LDL N-glycan was A2G2S1 but in contrast to HDL, the 

LDL N-glycome was also found to be rich in high-mannose (M5-M9) structures. Consistent with 
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this data, a high level of high-mannose N-glycans was reported for apoB [347], a primary protein 

component of LDL. After the treatment of HDL and LDL with neuraminidase, the proportions of 

individual N-glycans were altered, reflecting removal of sialic acids.  

The majority of proteins secreted in the circulation are glycosylated. Sialic acids are N- and O-

acyl derivatives of neuraminic acid that are typically found at the terminus of N- and O-glycans 

[348]. Sialic acids increase electronegativity of glycoproteins [349] and display a number of 

biological activities, acting as a ligand [350], as a biological mask that covers sub-terminal 

galactose residues [349], and as a regulator of protein retention in the circulation [351]. Increased 

levels of free sialic acid are observed in the circulation of patients with atherosclerosis and T2D 

relative to controls, consistent with the role of sialic acid as a biomarker for cardiometabolic 

diseases [352, 353]. A recent study showed that sialylation of total plasma proteins is increased in 

patients with diabetes, even before the onset of the disease [354].) 

We found that removal of sialic acid residues from native HDL significantly diminished its efficacy 

in effluxing cellular cholesterol from THP-1 macrophages. The distinct role of sialylation for this 

key biological activity was highlighted by the experiments with the removal of other glycan 

moieties from HDL. Indeed, while the cleavage of galactose residues following that of sialic acids 

was without effect, complete removal of glycans by PNGase F reduced HDL-mediated cholesterol 

efflux to an extent similar to that of the treatment with neuraminidase.  

Cells possess several pathways to efflux cholesterol [355]. Cholesterol removal occurs according 

to cholesterol concentration gradient and is mediated by SR-B1 encoded by the SCARB1 gene. 

Active pathways are mediated by ABCA1 and ABCG1 transporters, which are membrane lipid 

translocases [355]. We did not observe any differences in cholesterol efflux capacity of native and 

desialylated HDL from human THP-1 cells in which SCARB1 or ABCA1 expression were knocked-
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down. These data suggest that sialylation is required for optimal binding of HDL to SR-B1 and 

ABCA1 [205].  

Up to date, there is no evidence regarding the importance of sialylation for binding of HDL to 

macrophages. Since negatively charged acetylated HDL [356] and oxidized HDL [357] are 

recognized by scavenger receptors from rat hepatocytes and mouse peritoneal macrophages, it 

appears reasonable to suggest that sialylation of HDLs is important for interaction with scavenger 

receptors. The differential cholesterol efflux capacity of desialylated and native HDL can also be 

linked to ABCA1 but not to other, than ABCA1, transporters, such as ABCG1. It should be noted, 

however, that we achieved in our experiments approximately 80% silencing of mRNA production 

for SCARB1 and ABCA1 relative to controls and cannot therefore ensure that the residual activity 

was not sufficient to maintain the efflux; these results should therefore be interpreted with caution. 

In addition to cellular cholesterol efflux, HDL desialylation may diminish cholesteryl 

esterification rate mediated by LCAT which is heavily N-glycosylated [204]. Consistent with 

these data, LCAT activity was markedly reduced following HDL desialylation in our present 

study. In addition, desialylation decreases HDL electronegativity [206]; as HDL charge exerts 

specific effects on lipolysis, decreasing the negative charge of HDL by desialylation might 

impact the association of lipases with HDL [358]. As N- and O-glycosylation of human apoA-I 

was recently reported [114, 359], desialylation might equally alter interactions of apoA-I with 

cellular proteins, including ABCA1. The question of apoA-I glycosylation remains controversial 

though as apoA-I-associated glycans were not detected in several studies employing LC/MS/MS 

[112, 113, 115].   

It is interesting that we observed a slight decrease in the mean HDL size following desialylation. 

Given that ABCA1 preferentially effluxes cholesterol to small relative to large HDL [316], such 
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effect should have resulted in the elevated cholesterol efflux capacity of the desialylated particles, 

which was not the case, suggesting that other factors, including HDL charge, were more 

important for this functional alteration. We interpret these data to hypothesise that the N-glycome 

of HDL proteins, including fetuin A, A1AT, angiotensinogen [112, 113, 115], LCAT [204] and 

possibly apoA-I [114, 359], can be affected by neuraminidase-induced desialylation and that 

these modifications bear a potential to reduce electronegativity and LCAT activity of HDL to 

concomitantly contribute to the diminished capacity of HDL to efflux cellular cholesterol via 

ABCA1, counteracting potentially beneficial effects of the diminished HDL size. 

LDL desialylation may equally have negative consequences in the metabolic context of 

atherosclerosis. Thus, LDL particles isolated from plasma of patients with coronary 

atherosclerosis are atherogenic, as they induce accumulation of cholesteryl esters in macrophages 

upon in vitro incubation, while LDL samples obtained from healthy donors are without effect 

[360-362]. Such atherogenic LDLs contained less sialic acid relative to their counterparts from 

healthy controls [262]. Consistent with these data and with an earlier report [205], we observed 

that desialylated LDL particles provoked cellular cholesteryl ester accumulation. In such 

desialylated LDL, a galactose residue preceding those of sialic acid in the carbohydrate chain 

becomes a terminal and externally exposed residue. In macrophages, desialylated LDL can be 

internalised via galactose-specific lectin receptors and/or the LDL receptor [274]. Interestingly, 

treatment with LPS up-regulates expression of galactose-specific lectins in macrophages that in 

turn increases cholesteryl ester accumulation after incubation of macrophages with desialylated 

LDL [269]. In addition, lipoprotein desialylation may elicit a faster CETP-mediated CE transfer 

from HDL to LDL, thereby augmenting LDL cholesterol content [205]. 
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It is well known that different techniques of in vitro LDL modification, including acetylation, 

methylation and oxidation, lead to the formation of electronegative LDL, which induce cellular 

cholesterol accumulation [363]. Importantly, electronegative LDL can form aggregates [364] that 

do not interact with scavenger receptors, including CD36 and SR-A, nor with the LDL receptor 

and associate with macrophages in a high- capacity, receptor-independent manner [365]. Unlike 

desialylated LDL, oxidized LDL are known to interact with cells via CD36, SR-AI, SR-AII and 

LOX-1 scavenger receptors [366]. Pathologically, desialylation of LDL might represent an early 

atherogenic modification in vivo that does not lead to LDL interaction with scavenger receptors but 

may still cause a domino effect of further alterations, amplifying the atherogenicity of the particles 

[261, 367]. At the end, LDL which underwent such multiple modifications enters the cells through 

scavenger receptors, signifying the climax of a perfect storm of atherogenic modifications.  

4. General conclusions 

Analysis of normolipidemic human HDL particles identified negatively charged PS and PA 

together with LPC, SM, and Cer as potential contributors to HDL functionality. In order to 

discover atheroprotective components of HDL lipidome which are clinically relevant both under 

chronic and acute proatherogenic conditions, we conducted two separate structure–function 

studies of the lipidome of HDL particles in two metabolic states associated with compromised 

atheroprotective function of HDL, specifically FAID and STEMI. In addition, as a first step in 

the discovery of glycomic determinants of HDL functionality, we characterized the N-glycome of 

normolipidemic HDL and its relationships with cholesterol efflux capacity of HDL. Major results 

of these studies are summarized in Table 20. 
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Table 20. Major results of this thesis summarized in a single table 

  

CMD 

FAID (chronic form of CMD) STEMI (acute form of CMD) 

Lipidomic species whose 

abundances correlate with 

biological functions of HDL, 

impaired in CMD 

PC 34:2 ↓ 

PC 40:4 ↑ 

PC 40:8 ↓ 

SM 41:1 ↑ 

SM 42:1 ↑ 

PS 38:4↑ 

PC 38:5 ↓ 

PI 36:1 ↓ 

PS 38:1 ↓ 

   

Glycomic species whose 

abundances correlate with 

biological functions of HDL in 

controls, which can be 

impaired in CMD* 

Sialylated glycans↓ 

  

Affected metabolic pathways SL, GP and LA metabolism GP and LA metabolism 

Red and green arrows denote decreased and increased in the disease vs controls, respectively. The 

depiction of HDL is from [368]. *Unpublished data obtained in T2D. 

 

Analysis of the lipidome of HDL isolated from apoA-I-deficient subjects revealed multiple 

alterations in the molecular composition of the HDL lipidome and their links to HDL 
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functionality. The list of species linked to HDL functionality included 24 items, of which only 

abundances of 13 showed significant between-groups differences in HDL subpopulation. The 

most prominent of these species was PC 34:2, a major (20-22 wt%) HDL PL that was decreased 

in apoA-I-deficient subjects throughout all five HDL subpopulations. Alterations of HDL 

lipidome were linked to GP, LA and SL metabolic pathways, as well as to CDS1, CDS2, GLTP, 

LCAT, PCSK7 and PLA2G1B genes. Thus, normalization of HDL phospholipid and/or 

sphingolipid composition (i.e., via HDL enrichment in a functional phospholipid and/or a 

sphingolipid through a diet or medical intervention) might represent promising therapeutic 

strategy in genetic apoA-I deficiency. 

Alterations in the molecular composition of HDL lipidome and their links to HDL functionality 

in STEMI included three species (PC 38:5, PI 36:1, PS 38:1), linked to abnormalities in GP and 

LA metabolic pathways. Multiplied by low circulating HDL concentrations, such deficiency in 

HDL composition and function can be expected to contribute to enhanced CV risk observed in 

this clinical condition. Again, normalization of HDL lipid composition may represent promising 

therapeutic strategy to reduce cardiovascular risk in STEMI.  

The proteome of HDL and LDL is fairly well studied, so I felt no obligation to dive into this field 

in the course of our research, although one may argue that this is a limitation of this study. I also 

feel the necessity to acknowledge that my study did not investigate the causality of the alterations 

in the HDL lipidome. It is not clear whether the dysfunction of HDL causes its lipidome to 

accumulate lipids that promote degeneration of its antiatherogenic properties, or whether such 

compositional alterations occur before the onset of the disease that provokes eventual deficiency 

of HDL in its antiatherogenic properties. Another limitation was that my analysis did not allow us 
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to distinguish between individual molecular species of phospholipids but rather between isobaric 

structural isomers instead. 

The N-glycomes of human plasma HDL and LDL revealed a high level of diversity, which 

directly impacted their biological properties in cellular cholesterol metabolism. Our data 

indicated that sialylation of human plasma HDL and LDL represents an important determinant of 

their biological function. We further propose that analysis of N-glycomic profiles of lipoproteins 

bears a potential to be used in clinical practice to detect the presence of desialylated LDL and 

HDL, which can serve as biomarkers of CVD risk. Together, these studies highlight the power of 

omics approaches in the field of lipoprotein metabolism; perspectives of this methodology are 

undoubtedly wide. 
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