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Abstract 

Aim High-density lipoprotein (HDL) particles in ST-segment elevation myocardial infarction (STEMI) 

are deficient in their anti-atherogenic function. Molecular determinants of such deficiency remain 

obscure.  

Methods Five major HDL subpopulations were isolated using density-gradient ultracentrifugation 

from STEMI patients (n=12) and healthy age- and sex-matched controls (n=12), and 160 species of 

phosphatidylcholine, lysophosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, 

phosphatidylglycerol, phosphatidylserine, phosphatidic acid, sphingomyelin and ceramide were 

quantified by LC-MS/MS. 

Results Multiple minor species of proinflammatory phosphatidic acid and lysophosphatidylcholine 

were enriched by 1.7 to 27.2-fold throughout the majority of HDL subpopulations in STEMI. In 

contrast, minor phosphatidylcholine, phosphatidylglycerol, phosphatidylinositol, 

phosphatidylethanolamine, sphingomyelin and ceramide species were typically depleted up to 3-fold 

in STEMI vs. control HDLs, while abundances of their major species did not differ between the 

groups. Intermediate-to-long-chain phosphatidylcholine, phosphatidylinositol and 

phosphatidylglycerol species were more affected by STEMI than their short-chain counterparts, 

resulting in positive correlations between their fold-decrease and the carbon chain length. 

Additionally, fold decreases in the abundances of multiple lipid species were positively correlated 

with the double bond number in their carbon chains. Finally, abundances of several phospholipid 

and ceramide species were positively correlated with cholesterol efflux capacity and antioxidative 

activity of HDL subpopulations, both reduced in STEMI vs controls. KEGG pathway analysis tied 

these species to altered glycerophospholipid and linoleic acid metabolism. 

Conclusions Minor unsaturated intermediate-to-long-chain phospholipid and sphingolipid species 

in HDL subpopulations are most affected by STEMI, reflecting alterations in glycerophospholipid 

and linoleic acid metabolism with the accumulation of proinflammatory lysolipids and maintainance 

of homeostasis of major phospholipid species. 

 

Keywords   HDL, subpopulations, lipidomics, lipidome, phospholipids, sphingolipids, acute 

myocardial infarction   
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1. Introduction 

Myocardial infarction (MI), one of the most frequent adverse events that can occur to an average 

individual in modern societies, usually results from plaque buildup in coronary arteries in a process 

of atherosclerosis [1]. Progression of atherosclerosis is accelerated by both high concentrations of 

low-density lipoprotein cholesterol (LDL-C) and low concentrations of high-density lipoprotein 

cholesterol (HDL-C) [2]. Moreover, low HDL-C concentrations are associated with increased risk of 

MI, though many patients with MI display normal HDL-C levels, indicating that HDL-C is a poor 

marker of defective HDL metabolism in inflammatory states involving MI [3]. This observation can be 

attributed, at least in part, to deficient antiatherogenic activities of HDL particles, which may include 

subnormal efflux of intracellular cholesterol from macrophages [4] together with compromised 

antioxidative [5], anti-apoptotic [6] and vasodilatory [7, 8] actions. Indeed, reduced cholesterol efflux 

capacity of HDL is associated with incident cardiovascular disease in individuals on statin therapy 

[9]. In addition, increased oxidative potential of HDL is associated with premature MI [10]. The 

atheroprotective role of HDL may even evolve into pro-atherogenic under conditions of increased 

systemic inflammation as occurs in acute MI, hampering protective effects of HDL towards 

endothelium [11] as reflected by increased abundances of serum amyloid A and other inflammatory 

proteins in HDL from acute coronary syndrome (ACS) patients [12, 13].  

Anti-atherogenic HDL particles are however highly heterogeneous in their structure, composition 

and function [14], reflecting distinct metabolic pathways. Small, dense, protein-rich HDLs are 

distinguished by potent anti-atherogenic properties which are defective in ACS as documented in 

our previous study [15]. Such functional impairment is paralleled by alterations in the content of 

several classes of phosphosphingolipids across HDL particle subpopulations in patients with ST-

segement elevation myocardial infarction (STEMI) relative to healthy controls. These alterations 

primarily include elevated content of lysophosphatidylcholine (LPC) and phosphatidic acid (PA) at 

the expense of other phospholipids. Consistent with these data, phosphatidylcholine (PC), 

sphingomyelin (SM) and plasmalogens are typically depleted in AMI HDL, while LPC is enriched 

[16-21]. These compositional alterations involve enrichment in saturated fatty acids (SFAs) at the 

expense of polyunsaturated fatty acids (PUFAs). Interestingly, similar abnormalities, including 

elevated content of LPC and SFA paralleled by reduced content of plasmalogens, SM, phospholipid 
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and PUFAs, occur in HDL obtained from patients with Type 2 diabetes and Metabolic Syndrome 

which are major risk factors for AMI [22, 23]. 

Of particular interest remain, however, possible roles for HDL function of individual 

(lyso)phosphosphingolipid species which could have evaded our attention in the class-wise analysis 

of the HDL lipidome in STEMI. When this question was addressed in our present study, we found 

that minor, unsaturated, intermediate-to-long-chain (lyso)phosphosphingolipid species of HDL 

subpopulations were primarily affected by STEMI, content of a few of them specifically correlating 

with defective antiatherogenic activities of HDL. 

 

2. Materials and Methods 

Details of subjects, blood samples, isolation and characterisation of HDL subpopulations and 

lipidomics are available elsewhere [15] as well as in Online Supplement.  

Data are shown as mean ± SD or median (25–75 percentiles) when appropriate. Between-group 

differences were analyzed using Mann-Wilcoxon U-test. Pearson's product moment correlations 

were calculated to evaluate relationships between variables. For all statistical tests, p<0.05 

(Benjamini-Hochberg adjusted) was considered statistically significant. 

Circular heatmaps were constructed by performing t-test between the STEMI and control groups. 

Only lipid species whose abundances significantly differed between the groups were colored (either 

purple (depleted) or red (enriched)) while the species which did not reveal significant differences 

were in white. Bubble plots were employed to show quantitative information about mean 

abundances for all molecular species from the STEMI group. The bigger the size of the bubbles, the 

smaller are the p values. Forest plots were built to convey information about the structure of fatty 

acid residues of affected lipid species, notably the length of carbon chains and the number of double 

bonds. Network maps were created in order to reveal relationships between the lipidome and 

function of HDL. Thickness of a connection between two nodes was proportional to the value of a 

correlation coefficient between them. The Network maps were plotted using Cytoscape (version 

3.7.0) with the plug-in MetScape (version 3.1.1). 

Affected metabolic pathways were defined and included in the classical pathway representation 

after identification using the MetExplore web-based tool [24]. 
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3. Results 

3.1 HDL subpopulations were specifically enriched in PA and LPC 

species and depleted of PC, SM and Cer species in STEMI 

STEMI patients featured atherogenic dyslipidemia involving significantly reduced plasma levels of 

HDL-C and apoA-I and significantly elevated plasma levels of glucose and hsCRP relative to sex- 

and age-matched healthy normolipidemic controls as reported by us earlier [15]. The HDL lipidome 

was markedly perturbed in STEMI patients, with total PA and LPC increased and total Cer 

decreased in HDL subpopulations as earlier reported [15]. 

When abundances of lipid species were analysed, all HDL subpopulations revealed significant 

differences between STEMI patients and healthy controls. 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 (Tables S1 

and S2 from Data Supplement). 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.  

The circular heatmap illustrates arrangement of clusters produced by data analyses (Fig. 1, A and 

B). When the heatmap was 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. Notably, abundances of PA and LPC species were typically elevated in STEMI 

HDLs as compared to their counterparts from controls, while the content of PC, SM 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. The 

most prominent and consistent differences were found throughout HDL subpopulations for PC 36:2, 

36:5 and 40:8 and SM 32:2 and 41:2 (which were all significantly decreased by up to 0.37, 1.07, 

1.66, 1.85 and 0.69-fold (p<0.001) in STEMI vs control subjects; Fig. 1, A and B and Tables S1 and 

S2 from Data Supplement) as well as for LPC 16:0, 20:3 and 20:4, and PA 34:1, 34:2, 36:4, and 
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38:4 (all increased by up to 1.70, 2.18, 2.16, 2.51, 3.00, 4.63 and 3.70-fold, respectively, p<0.001) 

vs controls). 

To assess whether these findings were specific to STEMI, we studied a group of patients with 

Metabolic Syndrome who similarly featured atherogenic dyslipidemia but did not reveal acute phase 

response. Again, all HDL subpopulations revealed significant differences between STEMI patients 

and healthy controls (Fig. 1, C). The number of significantly differing between the groups species 

varied greatly across lipid classes, from PS (up to 10) to Cer (up to 5) to SM and PG (up to 2) to PE 

and PI (up to 1). Strikingly, no difference in the abundances of PC, PA and LPC species was 

observed between the groups in any HDL subpopulation, providing a clear distinction from the 

alterations observed in STEMI HDLs. The small, dense HDL3c subfraction was most affected 

presenting 18 species with significantly altered abundance, followed by HDL3a, 3b, 2a and 2b, 

presenting 13, 9, 6 and 4 such species, respectively. Abundances of Cer, PG and PE species were 

typically elevated in STEMI HDLs as compared to their counterparts from controls, while the content 

of PS species was decreased. The most prominent and consistent differences were found 

throughout HDL subpopulations for Cer(d18:2/18:0), Cer(d18:2/16:0), Cer(d18:1/16:0), 

Cer(d18:1/18:0) and Cer(d18:1/14:0) species which were all significantly increased vs. controls, and 

PS 40:5 and 38:4 species which were significantly decreased (Fig. 1, C). 

A 
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B 

 

C 

 

Figure 1. Circular heatmap of the abundances of lipid species in the lipidome of HDL subpopulations 

of STEMI patients (A, B) and Metabolic Syndrome patients (C) relative to healthy controls. Data 
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obtained in individual HDL subpopulations are shown as concentric circles of increasing size from 

large, light HDL2b to small, dense HDL3c. Abundance of every molecular species in STEMI 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: red color corresponds to increases in 

the abundances of molecular species in patients vs controls, while violet color stays for their 

decreases. Lipid species are listed in the order of increasing backbone carbon chain length and 

double bond number within each lipid subclass (A, C) or in the order of increasing chain length 

independently of the lipid subclasses (B). Lipid abundances are expressed as wt% of total phospho- 

and sphingolipids measured. 

3.2 Minor species of PA, LPC, PC, SM and Cer were predominantly 

affected by STEMI in HDL subpopulations  

Bubble plots are a type of charts similar to heatmaps, but containing additional information on the 

relative abundance of lipid species within a group. Extending upon the information provided by the 

heatmaps, the bubble plots revealed that abundances of numerous species of PA and LPC were 

consistently increased by up to 4.63 and 2.18-fold, respectively (p<0.001) in STEMI HDLs as 

compared to their counterparts from controls (Fig. 2 and Fig. S1 from Data Supplement). By 

contrast, abundances of PC, SM and some Cer species were typically decreased by up to 3.14, 

1.85 and 1.75-fold, respectively (p<0.001) across HDL subpopulations. PE and PI species revealed 

mixed patterns involving both elevated and reduced abundances in STEMI vs. control HDL. 

Importantly, positive correlations between the magnitude of between-group difference for the 

species and their overall abundance in the HDL lipidome was observed for PC, SM and Cer lipids 

collectively (r = 0.68, 0.61, 0.79, 0.66 and 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 
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modestly, while low-abundant species of PC and PA, as well as moderately to highly-abundant 

species of LPC were altered more strongly in STEMI HDL. 

 

Figure 2. Bubble plots of lipid species of large, light HDL2b and small, dense HDL3c subpopulations 

from STEMI patients in comparison to control subjects: Each colored bubble corresponds to a single 

species. Horizontal axis represents a log2 of the abundances of molecular species in the patient 

group; 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 
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group (above the line) from the species that are decreased (below the line) relative to controls. The 

size of each bubble is inversely proportional to the p value of the difference between the patient and 

control groups for the abundance of a given molecular species. Only species with p values of <0.05 

for the between-group differences are included in the plots. Species with between-group abundance 

ratios of more than 2 or less than -2, and with between-group difference p values less than 0.01 are 

denoted by name tags showing their carbon backbone structure. Straight lines represent linear 

fitting through all the points shown above and below the y=0 line. Lipid abundances are expressed 

as wt% of total phospho- and sphingolipids measured. 

3.3 Lipidomic alterations of HDL subpopulations in STEMI increased with 

increasing chain length and unsaturation level of affected species 

The circular heatmap of phospholipids ordered in increasing number of double bonds reveals the 

structure of lipid species whose abundances significantly differed between the two groups. 

Cornucopia of unsaturated PC, LPC, PI, PE and PA species with multiple double bonds in their fatty 

acid moieties showed marked differences in their abundances between the patient and control 

groups, while differences in the HDL content of the species containing only SFA residues were less 

pronounced (Fig. 1). 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. These data demonstrated that unsaturated 

molecular species were most strongly affected by STEMI, reflecting their predominance in the HDL 

lipidome (Tables S1 and S2 from Data Supplement). 

Interestingly, intermediate- and long-chain species of PC, PI and PG were more strongly affected by 

STEMI than their short-chain counterparts (Fig. 2 and Fig. S2), 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 3. Forest plots of differences in the abundance of phospholipid (A) and sphingolipid (B) 

species in the lipidome of HDL subpopulations of STEMI patients in comparison to healthy controls. 

Individual species of PC, PE, PI and PG are shown in panel A and individual species of SM d18:1, 

SM d18:2 and ceramides are in panel B. Lipid species are listed along the Y axis in the order of 

increasing backbone carbon chain length and double bond number. Lipid abundances are 

expressed as wt% of total phospho- and sphingolipids measured. 

 

While abundances of a majority of SM and Cer species affected in HDL supopulations by STEMI 

were decreased, those of the species containing 18:0, 19:0 and 26:1 fatty acid moieties were 

elevated relative to control HDLs (Fig. 3 and Tables S1 and S2 from Data Supplement). It is of note 

that very long-chain Cer and SM species were differentially affected by STEMI as compared to their 

long-chain counterparts as documented by the elevated ratio of the abundances of Cer(d18:1/18:0) 

and Cer(d18:1/24:0) species in STEMI HDLs (Fig. 4 and Table S3 from Data Supplement). This ratio 

tended to be positively correlated with plasma levels of hsCRP; this correlation reached significance 

in the HDL3a subpopulation (r=0.62, p<0.05).   
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Figure 4. Enrichment of HDL subpopulations in long-chain relative to very long-chain ceramide 

species in STEMI. Data are shown as the the ratios (median and range) of the abundances of 

Cer(d18:1/18:0) and Cer(d18:1/24:0) species in HDL subpopulations from STEMI patients and 

healthy controls; *** p<0.001 vs. corresponding control HDL subpopulation. CTL, control, MI, 

myocardial infarction. 

3.4 Biological activities of HDL subpopulations were associated with 

abundances of PL and Cer species  

Network maps offer a graph-type visual representation of all intrinsic correlations within a dataset. 

To elucidate the role of compositional alterations for biological properties of HDL, network analysis 

was performed for all correlations between functional metrics and individual lipid abundances in 

HDL particles.  

Compositional relationships revealed a systematic pattern across HDL subpopulations. Interestingly, 

LPC and PA species, which were enriched in small, dense HDL3, clustered together, whereas PS,  

which was also enriched in HDL3, formed a separate cluster with some Cer species (Fig. 5, A). Two 

smaller clusters were built by PI and PG species, and most of the molecules belonging to other lipid 

classes, including PC, PE, SM and Cer, overlapped in a large cluster. 

Cholesterol effflux capacity and antioxidative activity of HDLs were correlated with the abundances 

of only a few lipid species (Fig. 5, B, C and D). Whereas antioxidative activity (measured as a 
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decrease in the LDL oxidation rate in the propagation phase) was significantly and negatively 

associated with the abundances of PE 38:3 (p=0.02), Cer d18:1/18:0 (p=0.02) and Cer d18:1/19:0 

(p=0.03) species, cholesterol efflux capacity of HDLs was only positively associated with the 

abundance of PS 34:2 (p=0.05). Remarkably, the two phospholipid species that revealed positive 

correlations with the two metrics of HDL functionality assessed in our study were both 

polyunsaturated. 

Finally, the HDL lipidome was correlated with the metrics of glycemic control and inflammation (data 

not shown). Specifically, abundances of PC species largely revealed negative correlations with 

plasma glucose and  hsCRP, while those of PA and PE species showed only positive correlations. 

Remarkably, abundances of PC 32:2 were negatively correlated with hsCRP across all five HDL 

subpopulations, while abundances of PC 36:2 and PC 40:8 were negatively correlated with glucose 

in four and three HDL subpopulations, respectively. Abundances of PE 38:3 and Cer d18:1/18:0 

were positively associated with glucose and hsCRP in several HDL subpopulations, while those of 

SM 32:2 and SM 41:2 revealed negative associations. 
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Figure 5. Network maps of lipid species and biological activities of HDL subpopulations. Correlations 

between abundances of lipid species across five HDL subpopulations (A), between cholesterol 

efflux capacity and abundances of lipid species across five HDL subpopulations (B), between 

antioxidative activity and abundances of all lipid species in the HDL3b and 3c subpopulations (C), 

and between antioxidative activity of HDLs and the abundances of PE 38:3 (r=-0.42, p=0.014), Cer 

d18:1/18:0 (r=-0.31, p=0.045) and Cer d18:1/19:0 (r=-0.44, p=0.010) as well as between cholesterol 

effflux capacity and the abundance of PS 34:2 (r=0.48, p=0.010) (D) are shown. Elliptic and 

rectangular nodes depict lipid species and biological activities, respectively. Distinct identified 

clusters (A) or different lipid classes (B and C) are represented in different colors. Thickness of a 

connection between two nodes is proportional to a correlation strength between them. Positive and 

negative correlations are shown as red and blue lines, respectively. Lipid abundances are 

expressed as wt% of total phospho- and sphingolipids measured. AOX RATE2, antioxdative activity 

of HDL calculated as % decrease in the propagation rate of LDL oxidation; Efflux, cholesterol efflux 

to HDL expressed as % of total radioactivity. 

3.5 Pathways involving glycerophospholipid and linoleic acid 

metabolism in HDL subpopulations were affected by STEMI 

The list of lipid species whose abundances were correlated with the biological activities of HDL 

supopulations and were significantly different between the patient and control groups was entered 

into the MetExplore web server [24] in order to identify metabolic pathways altered by STEMI. The 

representation of the metabolic pathways identified was subsequently included in the classical 

pathway representation (Fig. 6 and Fig. S3 from Data Supplement). The list of affected pathways 

included inositol phosphate, glycerophospholipid, alpha-linolenic acid, glycosylphosphatidylinositol 

(GPI)-anchor and linoleic acid (LA) metabolism (Table S4 from Data Supplement), with 49 enzymes 

potentially involved (Table S5 from Data Supplement). Following the Benjamini-Hochberg correction, 

significant metabolic alterations were only detected for glycerophospholipid and LA metabolism 

pathways. 
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Figure 6. 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 graph. 

 

4. Discussion 

In the present study, HDL particle subpopulations isolated from STEMI patients revealed markedly 

perturbed profile of individual phospholipid and sphingolipid species, adding to reduced plasma 

concentrations of HDL-C. Abundances of minor proinflammatory lysophospholipid species of LPC 

and PA were increased in STEMI HDLs, while abundances of minor species of PC, PG, PI, PE and 

SM were decreased. Importantly, the analysis of the abundances of lipid species uncovered distinct 

patterns in STEMI HDL subpopulations, which remained hidden in the analysis of the abundances 

of total lipid classes performed by us earlier [15]. Specifically, minor unsaturated intermediate-to-

long-chain phospholipid and sphingolipid species were most affected by STEMI, reflecting 
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alterations in glycerophospholipid and linoleic acid metabolism. These compositional alterations 

were specific for STEMI as indicated by the distinct remodelling of the lipidome of HDL 

subpopulations in patients with Metabolic Syndrome who presented with atherogenic dyslipidemia in 

the absence of acute phase response. 

The perturbations of the phospho- and sphingolipidome of HDL subpopulations affected multiple 

species from all lipid classes. Among the species whose HDL content differed between the STEMI 

and control groups, the content of PC, SM and PI species was typically decreased, while that of 

LPC and PA species was rather increased in STEMI. PE, PS and Cer species revealed complex 

patterns, with some species featuring elevated abundances, while other species characterized by 

reduced content in STEMI HDLs.  

Interestingly, abundances of species from PC, SM and Cer classes were positively correlated with 

their between-group fold decrease throughout all HDL subpopulations. Futhermore, negative 

correlations between the abundances of LPC and PA lipids with their between-group increases 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 found for the PC, SM and 

Cer species. This phenomenon can be termed a “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 

potentially deleterious effects on HDL function. Alternatively, their reduced content in HDL 

subpopulations may constitute a consequence rather than a cause of HDL functional deficiency. 

In addition, we observed two other 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 the 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 thereby 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 HDL subpopulations lacked numerous relatively abundant polyunsaturated lipid 

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

abundant saturated species of LPC and PA, including LPC 16:0, LPC 18:0 and PA 32:0. These 

compositional alterations were most pronounced in small, dense HDL3 particles which display 

potent biological activities [14]. Importantly, cluster analysis revealed that multiple species of LPC 

and PA clustered together, suggesting their common association with pro-inflammatory activation of 

lipolytic pathwyas in STEMI [15]. Indeed, it is generally accepted that SFAs exert proinflammatory 

actions [25]; moreover, LPC is well-known to possess proinflammatory properties [26] and to display 

a high affinity for G-protein-coupled receptors, thereby playing a signaling role [27-29], while PA 

participates in the regulation of inflammation [30] and intracellular signaling [31]. We [15] and others 

[18] already reported increased LPC content in HDL of ACS patients. Ischemia and increased 

oxidative stress are key features of acute myocardial infarction [32]. It is therefore reasonable to 

assume that enhanced oxidation of PUFAs is at least partially responsible for their decreased 

content in STEMI HDL [33]. Indeed, oxidative stress may play a role in the impairment of HDL 

function [32]. Although a whole array of LPC and PA species was enriched in STEMI HDL particles, 

the structure-function analysis did not reveal their direct links with HDL function 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 functionality already hampered by altered particle composition. The 

imbalance of PUFA relative to SFA species found in the present study may have contributed to 

already elevated systemic inflammation naturally occurring in STEMI as observed by us.  

Interestingly, alterations of HDL sphingolipids revealed a complex pattern in STEMI. Indeed, while 

most sphingolipid species were depleted in STEMI HDLs, sphingolipids containing 18:0 and 26:1 

fatty acid moieties were enriched. These species-specific effects might reflect differential activities of 

specific ceramide synthase isoforms as suggested by the alterations in the 

Cer(d18:1/18:0)/Cer(d18:1/24:0) ratio. Ceramides containing fatty acid moieties of 16 and 18 carbon 

atoms exert deleterious cardiometabolic effects [29] and their circulating levels are associated with 

cardiovascular death [30]. By contrast, very long chain ceramides containing fatty acid moieties 

which are 24 and 26 carbon atom long are rather associated with beneficial outcomes. The 
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Cer(d18:1/18:0)/Cer(d18:1/24:0) ratio might therefore represent a biomarker of altered sphingolipid 

metabolism in STEMI. 

Using a network analysis we attempted to elucidate structure-function relationships across HDL 

particle subpopulations in STEMI patients and normolipidemic controls. When plotted as a part of a 

correlation network map, LPC and PA species formed a distinct cluster, while three separate 

clusters primarily involving PS, Cer, PI and PG species were observed. This clustering pattern might 

be attributed to similar differences in the phosphosphingolipidome between different HDL 

subpopulations as found for lipid species of LPC, PA and PS which were all enriched in small, dense 

HDL3. It is interesting to mention in this regard that the lipidome of small, dense HDL3 particles was 

more strongly affected by STEMI as compared to that of large, light HDL2.  

Combined with functional characteristics of HDL, the network analysis demonstrated that 

antioxidative activity was linked to the abundances of one PE and two Cer species, while 

cholesterol efflux capacity was only associated with a single PS molecule. These data suggest that 

PE, Cer and PS species additionally contributed to functional deficiency of HDL particle 

subpopulations in STEMI. Interestingly, the both phospholipid species whose HDL content was 

linked to functional properties of HDLs carried two or more double bonds in their fatty acid moieties, 

consistent with a potential pathophysiological role of polyunsaturated lipids discussed above.  

We further employed ab intitio metabolic pathway analysis to identify pathways affected in the 

metabolism of STEMI HDL particles. Our approach revealed that glycerophospholipid and LA 

metabolic pathways were both altered in STEMI. Glycerophospholipid metabolism is reportedly 

associated with atherosclerosis progression, with distinct plasma metabolomic profiles differentiating 

between different stages of atherosclerosis [34]. Glycerophospholipids represent a common class of 

lipids critically important for the integrity of cellular membranes; oxidation of esterified PUFA 

moieties dramatically alters biological activities of phospholipids [35]. As observed by us, STEMI 

HDL particles displayed reduced antioxidative activity [15], potentially reflecting their increased 

content of pro-inflammatory lipids LPC and PA.  

LA metabolism is tightly linked to atherogenesis through multiple anti-atherogenic activities of LA. 

Indeed, conjugated LAs can reduce concentrations of atherogenic lipoproteins in the circulation and 

attenuate inflammation [36]. In addition, LA displays protective effects against cholesterol 

accumulation in human macrophages [37]. Dietary supplementation of LA-rich fat, compared with a 
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SFA-rich fat in apoE-deficient mice, led to lowered atherosclerosis, reduced serum total cholesterol 

levels, increased HDL-C and attenuated hepatic cholesterol content [38].  

We feel the necessity to acknowledge that our study is not free of limitations, as the causality of the 

alterations in the HDL lipidome for the HDL function was not elucidated in the present work. It is not 

clear whether the dysfunction of STEMI HDL particles causes its lipidome to accumulate lipids that 

further promote degeneration of its antiatherogenic properties, or whether such compositional 

alterations occur before cardiac events that provoke the eventual functional deficiency of HDL 

particles that we observed in STEMI. Another limitation was that our analysis did not allow 

distinguishing between individual molecular species of phospholipids but rather between isobaric 

structural isomers instead. Finally, the study was exclusively performed in male subjects, which 

limits applicability of our findings to males.  

In conclusion, our findings presented herein document multiple alterations in the lipidomic 

composition and their links to functionality of HDL particle subpopulations in male patients with 

STEMI. Multiplied by low circulating HDL concentrations, such deficiency in HDL composition and 

function can be expected to contribute to accelerated atherogenesis observed in this clinical 

condition. Indeed, similar abnormalities of the HDL lipidome occur under conditions associated with 

elevated cardiovascular risk, including familial apoA-I deficiency [39] and insulin resistance [22, 23]. 

As a corollary, normalization of HDL phospho- and/or sphingolipid composition (i.e. via HDL 

enrichment in functional phospho- and/or sphingolipid through a diet or medical intervention), may 

represent a therapeutic strategy to further reduce cardiovascular risk in STEMI. Our findings may 

therefore be of a clinical relevance as they bear a potential to normalize lipoprotein metabolism and 

diminish cardiovascular risk in STEMI. 
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Materials and Methods 

Subjects 

Twelve male patients presenting ST Segment Elevation Myocardial Infarction (STEMI) were 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 the 

emergency room. The diagnosis of AMI was confirmed by clinical assessment by a cardiologist, including ECG changes, troponin I elevation, and the presence 

of coronary artery disease (CAD) on coronary angiography in accordance with the Braunwald criteria [1]. 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 e-vent. 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. 

Five male patients with Metabolic Syndrome and five age-matched healthy normolipidemic control subjects were recruited at the Metabolic Syndrome Clinic, 

Hôpital La Pitié (Paris, France). MetS was defined according to NCEP/ATPIII guidelines and included the presence of at least three criteria among the following: 

(i) hypertriglyceridemia (TG ≥150 mg/dl, (ii) HDL-C ≤40 mg/dl for men or ≤50 mg/dl for women, (iii) fasting blood glucose ≥110 mg/dl, (iv) systolic blood pressure 

(SBP) ≥130 mm Hg and/or diastolic blood pressure (DBP) ≥90 mm Hg, and (v) waist circumference ≥102 cm for men and ≥88 cm for women. Blood pressure 

and physical data were determined during a complete clinical examination. 

Both patients with MetS (n=16) and controls were non-smokers and either abstainers or moderate alcohol consumers (<25 g/d). None of the MetS or control 

subjects presented renal, hepatic, gastrointestinal, pulmonary, endocrine or oncological disease or was receiving specific diet, antioxidative vitamin 

supplementation, antidiabetic drugs, or drugs known to affect lipoprotein metabolism for at least 6 weeks prior to the study. All subjects gave written informed 

consent. The clinical protocol was approved by the Institutional Ethical Committee Review Board. 
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Blood samples and isolation of lipoproteins 

Blood samples obtained from the cubital vein of each participant were centrifuged at a low speed at 4°C yielding EDTA plasma and serum, which were stored at 

-80°C as described elsewhere [2]. An aliquot was 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 [3, 4]. After the ultracentrifugation, five major 

HDL subfractions (HDL2b, 2a, 3a, 3b and 3c) were isolated and used for lipidomic analysis and functional studies. Being representative of both large light HDL2 

and small dense HDL3 subpopulations, data on HDL2b and HDL3c particles are included in the main manuscript, while those on the other HDL subpopulations 

are placed in the Appendix. 

Lipidomic analysis 

Molecular lipid species (n = 160) belonging to seven principal glycerophospate subclasses [PC, LPC, phosphatidylethanolamine (PE), phosphatidylinositol (PI), 

phosphatidylglycerol (PG), phosphatidylserine (PS), and PA) and two principal sphingolipid subclasses [SM and ceramide (Cer)], were assayed by LC/MS/MS 

as described elsewhere [2]. 

Biological assays 

Total cholesterol (TC), triglyceride (TG), HDL-C, LDL-C, apolipoprotein A-I (apoA-I), apoB100, glucose and high-sensitivity C-reactive protein (hsCRP) were 

measured in plasma as described elsewhere [2]. 

Cellular cholesterol efflux capacity of HDL subpopulations (defined as a capacity of HDL particles to remove cholesterol from lipid-loaded macrophages) was 

characterised in a human THP-1 monocytic cell system at a fixed concentration of HDL phospholipid of 15 μg/ml [2]. In brief, THP-1 monocytes were 

differentiated into macrophage-like cells and loaded with [3H]cholesterol-labeled acetylated LDL. The labeling medium was removed and the cells were 
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equilibrated in RPMI 1640 supplemented with 50 mM glucose, 2 mM glutamine, 0.2% BSA (RGGB), 100 µg/ml penicillin, and 100 µg/ml streptomycin to allow 

cell cholesterol pools to equilibrate. After equilibration, cellular cholesterol efflux to HDL was assayed in serum-free medium for a 4-hour chase period. Culture 

media were harvested and cleared of cellular debris by a brief centrifugation. Cell radioactivity was determined by extraction in hexane-isopropanol, evaporation 

of the solvent and liquid scintillation counting. The percentage of cholesterol efflux was calculated as (medium cpm) / (medium cpm + cell cpm) x 100%.  

Antioxidative activitiy of serum-derived HDL3b and 3c subpopulations (defined as a capacity of HDL to inhibit oxidation of isolated LDL by an azo-initiator 2,2’-

azo-bis-(2-amidinopropane) hydrochloride [AAPH]) was assessed at final concentrations of LDL-cholesterol of 10 mg/dl, total HDL mass of 10 mg mass/dl and 

AAPH of 1 mM [2]. Accumulation of conjugated dienes was the target metric evaluated as absorbance increase at 234 nm. The kinetics of diene accumulation 

revealed two characteristic phases, the lag and the propagation phases. For each curve, the duration of each phase, average oxidation rates and amount of 

dienes formed at the end of the propagation phase (maximal amount of dienes) were calculated. 

Statistical analysis 

Data are shown as mean ± SD and  median (25 percentiles – 75 percentiles). Between-group differences were analyzed using Mann-Wilcoxon 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) was considered statistically significant. 

Circular heatmaps were built to provide a graphical representation and comparisons among the different dataset using circlize and ComplexHeatmap R 

packages. To create circular heatmaps, following rules were employed: (i) abundance of each lipid species from the patient group was normalized to the mean 

value of the abundances of this species 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 abundances of this species between the patient and the control groups, varying from violet (decreased abundance in the patient vs. control 

group) to red (increased abundance in the patient vs. control group); (iv) only significant (p ≤ 0.05) lipid species are colored (either purple (depleted) or red 

(enriched)) while the unsignificant species are in white. 
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Bubble plots were produced to extract and visualize hidden dimension of the dataset that was missing in the circular heatmap, in particular, to provide the 

quantitative information about mean abundances for all molecular species from the patient group. In addition, the size of the bubbles gives information about the 

p values of the statistics: the larger the bubble, the smaller are the p values. Every statistically significant molecular species are presented as a colored bubble. 

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. All the axes as well as the size of the bubbles were plotted using logarithmic scale. 

Forest plots were built to convey information about the structure of fatty acid residues of affected lipid species, notably the length of carbon chains and the 

number of double bonds. Lipid species were listed along the Y axis in the order of their increasing backbone carbon chain length and double bond number, with 

each dot representing a lipid species. Abundance of each lipid species from the patient group was normalized to the mean value of the abundance of this 

species in the control group and plotted along the X axis.  

Network maps were created in order 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 possess a connection (edge). Thickness of a connection between two nodes was proportional to the value 

of a correlation coefficient between them. All lipid species from all HDL subpopulations were employed to build network maps. To correlate the lipidomic data 

with the functional metrics, the species abundances were recalculated on the HDL concentration basis employed to evaluate a given metric (phospholipid for 

cholesterol efflux capacity and total mass for antioxidative activity). The Network maps were plotted using Cytoscape (version 3.7.0) with the plug-in MetScape 

(version 3.1.1).  

Affected metabolic pathways were defined and included in the classical pathway representation after identification using the MetExplore web-based tool [5]. 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 [6]. 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 then was 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.  
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Supplementary Tables 

 

Table S1. Abundances of lipid species of PL and SL (expressed as wt% of total PL+SL) significantly differing between STEMI patients and age-matched controls in HDL2b, 
HDL2a and HDL3a subpopulations 
 

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 



9 
Supplementary Material 

 

 (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     

PI 
(34:0) 0.0018±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) 0.0780±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     
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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)  
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(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 

(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; 

 

PG (38:5) 0.00042±0.00013 0.00021±0.00013 (38:5) 0.00039±0.00017 0.00016±0.00004 
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0.00029) 

Data are shown as means ± SD; only lipid species whose abundances significantly (p<0.05) differed between the groups are shown; significantly elevated values are 

highlighted in bold;  



13 
Supplementary Material 

 

Table S2. Abundances of molecular lipid species of PL and SL (expressed as wt% of total PL+SL) significantly differing between STEMI patients and age-matched controls in small, 

dense HDL3b and HDL3c subpopulations 

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   
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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  

 
   

 (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   
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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) 
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(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; 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 S3. Enrichment of HDL subpopulations in short-chain ceramide species in STEMI 

 HDL2b HDL2a HDL3a HDL3b HDL3c 

Cer(d18:1/18:0) / Cer(d18:1/24:0) 2.48*** 3.22*** 2.37*** 2.18*** 2.76*** 

 

Data are shown as fold change in the ratio of the abundances of Cer(d18:1/18:0) and Cer(d18:1/24:0) species in STEMI HDL subpopulations relative to their counterparts from 

controls; *** p<0.001 vs. corresponding control HDL subpopulation by Student’s t-test. Significantly different values are highlighted in bold. Lipid abundances were expressed as 

wt% of total phospho- and sphingolipids measured. 
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Table S4. List of lipid metabolic pathways affected in HDL subpopulations by STEMI 

Pathway name Identifier 
Number of reactions 

in the pathway 
Number of metabolites, 

mapped onto the pathway p-value 
BH*-corrected p-

value 
Inositol phosphate metabolism  hsa00562 39 1 0.056201345 0.074935127 

Glycerophospholipid metabolism  hsa00564 49 3 0.000013054 0.000104436 
alpha-Linolenic acid metabolism  hsa00592 9 1 0.024620099 0.065653598 

Glycosylphosphatidylinositol (GPI)-anchor 
biosynthesis  hsa00563 9 1 0.026497033 0.052994066 

Linoleic acid metabolism  hsa00591 4 1 0.009517705 0.03807082 
Green color denotes significantly affected pathways. *BH, Benjamini-Hochberg. 
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Table S5. List of enzymes affected in HDL subpopulations by STEMI 

Identifier Name 

R02746 1-Acyl-sn-glycero-3-phosphocholine acylhydrolase 

R03416 1-Acyl-sn-glycero-3-phosphoethanolamine aldehydohydrolase 

R02239 1,2-diacyl-sn-glycerol 3-phosphate phosphohydrolase 

R02747 2-Acyl-sn-glycero-3-phosphocholine acylhydrolase 

R04034 3-sn-phosphatidyl-L-serine sn-1 acylhydrolase 

R01023 Acetyl-CoA:choline O-acetyltransferase 

R01026 Acetylcholine aectylhydrolase 

R01318 Acyl-CoA:1-acyl-sn-glycero-3-phosphocholine O-acyltransferase 

R04480 Acyl-CoA:1-acyl-sn-glycero-3-phosphoethanolamine O-acyltransferase 

R09036 acyl-CoA:1-acyl-sn-glycero-3-phosphoglycerol O-acyltransferase 

R09034 acyl-CoA:1-acyl-sn-glycero-3-phosphoinositol O-acyltransferase 

R09035 acyl-CoA:1-acyl-sn-glycero-3-phosphoserine O-acyltransferase 

R02241 acyl-CoA:1-acyl-sn-glycerol-3-phosphate 2-O-acyltransferase 

R01013 Acyl-CoA:glycerone-phosphate O-acyltransferase 

R00851 acyl-CoA:sn-glycerol-3-phosphate 1-O-acyltransferase 

R02240 ATP:1,2-diacylglycerol 3-phosphotransferase 

R01021 ATP:choline phosphotransferase 

R01468 ATP:ethanolamine O-phosphotransferase 

R01321 CDP-choline:1,2-diacyl-sn-glycerol cholinephosphotransferase 

R01802 CDP-diacylglycerol:myo-inositol 3-phosphatidyltransferase 

R02030 CDP-diacylglycerol:phosphatidylglycerol 3-phosphatidyltransferase 

R01801 CDP-diacylglycerol:sn-glycerol-3-phosphate 3-phosphatidyltransferase 

R02057 CDPethanolamine:1,2-diacylglycerol ethanolaminephosphotransferase 

R00855 CDPglycerol phosphoglycerohydrolase 
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R01890 CTP:choline-phosphate cytidylyltransferase 

R02038 CTP:ethanolamine-phosphate cytidylyltransferase 

R01799 CTP:phosphatidate cytidyltransferase 

R00748 ethanolamine-phosphate phosphate-lyase (deaminating acetaldehyde-forming) 

R07376 L-1-phosphatidylethanolamine:L-serine phosphatidyltransferase 

R03417 L-2-Lysophosphatidylethanolamine aldehydohydrolase 

R01316 phosphatidylcholine 1-acylhydrolase 

R01315 phosphatidylcholine 2-acylhydrolase 

R01310 phosphatidylcholine phosphatidohydrolase 

R02114 Phosphatidylcholine:sterol O-acyltransferase 

R02054 phosphatidylethanolamine 1-acylhydrolase 

R02053 phosphatidylethanolamine 2-acylhydrolase 

R02051 phosphatidylethanolamine phosphatidohydrolase 

R06871 Phosphocholine phosphohydrolase 

R06870 Phosphoethanolamine phosphohydrolase 

R02055 Phsophatidyl-L-serine carboxy-lyase 

R07377 Phosphatidylcholine + L-Serine 

R09037 Acyl-CoA + Monolysocardiolipin 

R01320 S-adenosyl-L-methionine:phosphatidyl-N-dimethylethanolamine N-methyltransferase 

R03424 S-adenosyl-L-methionine:phosphatidyl-N-methylethanolamine N-methyltransferase 

R02056 S-adenosyl-L-methionine:phosphatidylethanolamine N-methyltransferase 

R01030 sn-Glycero-3-phosphocholine glycerophosphohydrolase 

R01470 sn-Glycero-3-phosphoethanolamine glycerophosphohydrolase 

R00848 sn-Glycerol-3-phosphate:(acceptor) 2-oxidoreductase 

R00842 sn-Glycerol-3-phosphate:NAD+ 2-oxidoreductase 
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Supplementary Figures 
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Figure S1. Bubble plots of molecular lipid species of HDL2a (A), HDL3a (B) and HDL3b (C) subpopulations: Each colored bubble corresponds to a single molecular species. Horizontal axis 
represents a log2 of the abundance of molecular species in the patient group; 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. Lipid abundances are expressed as wt% of total phospho- and sphingolipids measured. 
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Figure S2. Forest plots of differences in the abundance of LPC species in the lipidome of all HDL subpopulations of STEMI patients in comparison to healthy controls. Lipid species are listed along 
the Y axis in the order of increasing backbone carbon chain length and double bond number. Lipid abundances are expressed as wt% of total phospho- and sphingolipids measured. 
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Figure S3. 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 graph. 
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