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Abstract. 

Rationale. Circulating concentrations of cholesterol associated with high-density lipoproteins (HDL) are 

negatively correlated with atherosclerotic cardiovascular diseases. The capacity of HDL to promote 

macrophage cholesterol efflux is considered to underlie the atheroprotective function of HDL. 

Phospholipidome of HDL is a critical determinant of their function, however mechanisms controlling 

both HDL phospholipidome and function are unknown. 

Objective. To determine if the ATP-binding cassette G1 (ABCG1) transporter could modulate 

atheroprotective functions of HDL through the remodeling of their phospholipidome. 

Methods and Results. In vitro remodeling of HDL2 by ABCG1 led to an enhancement of its anti-

inflammatory property and capacity to promote cholesterol efflux in primary human macrophages. 

Immunodetection of ABCG1 in human liver biopsies revealed that ABCG1 is highly expressed in 

hepatocytes and ABCG1 knockdown (KD) in primary human hepatocytes (PHH) significantly decreased 

cholesterol efflux to HDL (-26%, p<0.0005). Transient hepatic expression of human ABCG1 in 

complementary mouse models induced a modification of the phosphosphingolipidome of HDL and 

enhanced its capacity to promote human THP-1 macrophage cholesterol efflux (+38%, p<0.05). Analysis 

of a frequent polymorphism of the ABCG1 gene (rs1378577, T/G) in normolipidemic women confirmed 

the ABCG1-mediated remodeling of the HDL phosphosphingolipidome together with the impact on 

human THP-1 macrophage cholesterol efflux (TT>GG, +31%, p<0.005). In addition, analysis of the 

phosphosphingolipidome of human HDL2 following incubation with control or ABCG1 KD PHH indicated 

that the ABCG1-remodeling of PL in HDL2 mainly occurs at the hepatic level. Finally, the abundance of 

PE 36:5 in HDL2, which was reduced by ABCG1, was strongly correlated with carotid and femoral intima-

media thickness (r=0.61, p=0.03 and r =0.82, p=0.001, respectively) in women. 

Conclusions. We uncovered a mechanism under the control of ABCG1 that modifies the 

phospholipidome of HDL and enhances its atheroprotective function. Such an ABCG1-remodeling of 

HDL might protect from atherosclerosis in women.  
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Abbreviations. 

ABCG1 : ATP-Binding Cassette G1 

Apo : Apolipoprotein 

ASCVD : Atherosclerotic cardiovascular diseases 

CCA : Common carotid artery 

Cer : Ceramide 

CETP : Cholesteryl ester transfer protein 

CFA : Common femoral artery 

HDL : High-density lipoproteins 

HMDM : Human monocyte-derived macrophages 

KC : Kupffer cells 

KD : Knockdown 

LPC : Lysophosphatidylcholine 

LPE : Lysophosphatidylethanolamine 

PA : Phosphatidic acid 

PC : Phosphatidylcholine 

PE : Phosphatidylethanolamine 

PG : Phosphatidylglycerol 

PHH : Primary human hepatocyte 

PI : Phosphatidylinositol 

PL : Phospholipid 

pPE : plasmalogen PE 

PS : Phosphatidylserine 

RNAi : RNA interference 

SM : Sphingomyelin 

TC : Total cholesterol 

TG : Triglyceride 
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Introduction. 

Atherosclerotic Cardiovascular Diseases (ASCVD) are the leading cause of morbidity and mortality in 

Western countries. It is well established that circulating concentrations of cholesterol associated with 

high-density lipoproteins (HDL-C) are negatively correlated with ASCVD incidence, rending HDL-C a key 

component for predicting cardiovascular risk1–3. Multiple biological activities are displayed by HDL 

including cellular cholesterol efflux, antioxidative, anti-inflammatory, anti-infectious and vasodilatory 

activities4. Among them, HDL capacity to promote cholesterol efflux from macrophages in the early 

step of reverse cholesterol transport, a process through which cholesterol returns to the liver for biliary 

secretion, is proposed to underlie the association between HDL-C and ASCVD. Indeed, the capacity of 

HDL to promote macrophage cholesterol efflux is inversely associated with atherosclerosis 

development5, incident CV events6 and mortality in patients with myocardial infarction7 independently 

of HDL-C levels. Those studies paved the way to the notion that HDL functionality could represent a 

better indicator of ASCVD risk than HDL-C levels8. 

Structure (size and shape) and composition (lipid and protein content) of HDL particles are highly 

heterogeneous4,9, with such a heterogeneity being intimately linked to their biological functions10. By 

contributing up to 30% of total lipid mass, phospholipids (PL) are the predominant lipid class composing 

HDL particles; we previously reported that the HDL phospholipidome is an important modulator of 

atheroprotective property of HDL11,12. Alterations of both the phospholipidome and biological functions 

of HDL are detected in ASCVD patients suggesting that the abundance of PL molecular species within 

HDL is associated with the CVD risk13–16. 

The membrane ATP binding cassette G1 (ABCG1) transporter is able to promote the export of numerous 

molecules, mostly lipids17, which include PL18,19 through the cellular membrane. Although ABCG1-

mediated efflux to non-specific acceptors such as albumin may occur, large HDL particles (but not lipid-

free apolipoprotein A-I (ApoA-I)) are major lipid acceptors for ABCG119,20. Through this mechanism, 

ABCG1 was reported to control tissue lipid homeostasis21,22 but there is still no evidence for a direct 

role of ABCG1 in HDL function17. In familial hypercholesterolemia, ABCG1-mediated cholesterol efflux 

to large HDL2 was reported to be inversely associated with carotid intima-media thickness23. The HDL2 
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particles are the predominant cholesterol acceptors for cellular cholesterol efflux in normolipidemic 

women24 and we previously reported that the genetic variation of ABCG1 contributes to a higher 

proportion in the capacity of plasma to promote macrophage cholesterol efflux in women than in men, 

an effect that is independent of circulating HDL-C concentrations25. 

In the present study, we addressed the hypothesis that ABCG1 could modulate HDL function through 

the remodeling of their phospholipidome. Using a translational approach, we demonstrated that 

hepatic human ABCG1 impacts the abundance of specific PL species in HDL particles and enhances their 

capacity to promote macrophage cholesterol efflux. Moreover, our findings led us to propose that such 

a compositional rearrangement mediated by ABCG1 might protect against atherosclerosis in women 

with the identification of PL species underlying this effect. 
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Methods. 

Isolation and characterization of plasma HDL 

Human HDL2. Human HDL2 were isolated from human plasma or culture medium by a multistep 

ultracentrifugation procedure. Briefly, the density of plasma was increased to 1.063 g/ml by addition 

of dry solid potassium bromide. Apolipoprotein (apo)B-containing lipoproteins (d < 1.063 g/ml) were 

removed from cell culture medium or plasma after a first ultracentrifugation at 45,000 rpm for 24 h at 

15°C using a Beckman 50.4 rotor in a Beckman XL70 ultracentrifuge. The density of the d<1.063 g/ml 

fraction was adjusted to 1.125 g/ml by addition of dry solid potassium bromide. Then HDL2 lipoproteins 

(d 1.063- 1.125 g/ml) were obtained following a second ultracentrifugation at 45,000 rpm for 48 h at 

15°C using a Beckman 50.4 rotor in a Beckman XL70 ultracentrifuge. Study population was part of the 

normolipidemic population previously described25 consisted of women homozygous carriers for either 

the TT (n=40) or the GG (n=28) genotype of the frequent functional rs1378577 (ABCG1 c. -134 T>G) 

single nucleotide polymorphism. Major clinical and biochemical characteristic of the study population 

are presented in the Supplemental Table 1. Carotid and femoral ultrasonography was performed in a 

subset of individuals (n=12) by high-resolution B-mode ultrasound of the common carotid artery (CCA), 

the carotid bifurcation, the internal carotid artery, and the common femoral artery (CFA) as previously 

described26. The study was performed in accordance with ethical principles outlined in the declaration 

of Helsinki. Written informed consent was obtained from all patients. 

Mouse HDL. ApoB-containing lipoproteins (d < 1.063 g/ml) were removed from mouse plasma by 

ultracentrifugation at 120,000 rpm for 3 h at 15°C using a Beckman TLA 120.2 rotor in a Beckman 

Optima Max TL ultracentrifuge. Then, total HDL (d 1.063–1.21 g/ml) was isolated from ApoB-depleted 

plasma by ultracentrifugation at 120,000 rpm for 5 h at 15°C using a Beckman TLA 120.2 rotor in a 

Beckman Optima Max TL. 

Purified HDL fractions of human or murine origin were dialyzed using Spectrapor membrane tubing 

against Phosphate Buffer Saline at pH7.4 before analysis for their lipid and protein content and used in 

functional assays. 



106 
 

Biochemical analysis. Human HDL2 and mouse HDL lipid and protein levels were analyzed using routine 

enzymatic methods on an autoanalyzer Konelab 20 (Thermo Scientific, Cergy Pontoise, France). 

Commercial kits were used for the determination of total cholesterol, phospholipid (Diasys, Grabels, 

France), triglycerides and protein (Thermo Scientific, Cergy Pontoise, France) concentrations. Human. 

ApoB-depleted plasma from hApoB/CETP mice was obtained following dextran sulfate-magnesium 

precipitation of apolipoprotein B-containing lipoproteins (Biomérieux, Craponne, France). 

Human ABCG1-mediated remodeling of HDL lipoproteins. 

Remodeling of HDL2 by human ABCG1 was achieved by incubating isolated human HDL2 with either 

control cells or cells in which human ABCG1 expression was stably expressed (CHO-K1 cells20) or 

knocked down by RNAi (Human hepatocytes) in serum-free media for 16h at 37°C. Subsequently, media 

containing remodeled HDL2 were centrifuged at 1,500 rpm for 5 min in order to discard cell debris and 

HDL2 were reisolated by ultracentrifugation as described above. 

Lipidomic analysis of high-density lipoproteins. 

All internal standards were purchased from Avanti Polar Lipids (Alabaster, AL, USA). LC/MS grade or 

UPLC grade solvents were used without further purification and obtained from Sigma-Aldrich (St Louis, 

MO, USA). 

Human HDL2 and mouse HDL (30µg PL) were extracted using a modified Bligh and Dyer protocol. Briefly 

samples supplemented with a mixture of internal standards were mixed with 1600 μL of acidified 

methanol:0.1N HCl (1:1 v/v) and 800 μL chloroform as described elsewhere11,12. The lower organic 

phase was dried, lipids were reconstituted into 40µL of LC/MS compatible solvent and lipids quantified 

by LC-ESI/MS/MS. Quantification of phospholipids, sphingolipids and neutral lipids was performed in 

positive-ion mode. Sample was injected to a Kinetex HILIC 2.6µm 2.1x150mm column (Phenomenex, 

CA, USA). Mobile phases consisted of water and acetonitrile containing ammonium acetate and acetic 

acid. Lipid species were detected using scheduled multiple reaction monitoring (sMRM) and quantified 

using thirty-seven calibration curves specific for the 16 individual lipid subclasses and up to 12 fatty acid 

moieties. More abundant lipid species were quantified from a 10-fold diluted sample. An in-house 
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developed R script was used to correct for isotopic contribution to MRM signals as adapted from Ejsing 

CS et al27.  

Human macrophages 

Blood monocytes were isolated from healthy normolipidemic donors (Etablissement Français du Sang, 

EFS) by Ficoll gradients (Ficoll-Paque PLUS, GE Healthcare) and subsequently differentiated into human 

macrophages by adhesion on plastic Primaria plates (Falcon) over a period of 10 days of culture in RPMI 

1640 medium supplemented with 10% heat-inactivated human serum, 2 mmol/L glutamine, 80 U/mL 

penicillin/streptomycin and 20 ng/mL human macrophage colony-stimulating factor. Inflammation was 

triggered in HMDM by incubation with 50ng/mL lipopolysaccharides for 8h and cytokine secretion was 

quantified in the culture media as previously described28. Human THP-1 monocytic cells were obtained 

from the American Type Culture Collection (ATCC) and maintained in RPMI 1640 medium 

supplemented with 10% heat-inactivated FBS, 2 mmol/L glutamine and 100 U/mL 

penicillin/streptomycin at 37°C in 5% CO2. THP-1 were differentiated into macrophage-like cells with 

50 ng/mL phorbol 12-myristate 13-acetate for 48h. 

Human hepatocytes 

Human hepatocytes were isolated from liver fragments obtained from adult patients undergoing partial 

hepatectomy. All hepatocytes were isolated using collagenase perfusion as previously described29. 

Human primary hepatocytes were cultured in William's Medium E (Life Technologies) supplemented 

with 10% FCS (Perbio), 5 × 10−5 M hydrocortisone hemisuccinate (Upjohn Laboratories SERB, France), 5 

μg/ml insulin (Sigma), 2 mM L-glutamine and 200 U/ml penicillin, 200 μg/ml streptomycin (Life 

Technologies, Courtaboeuf, France). The human hepatocellular carcinoma cell line Hep3B was obtained 

from the American Type Culture Collection (ATCC) and grown in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% FBS, 2 mM glutamine, 1% non-essential amino acids and 100 U/mL 

penicillin/streptomycin at 37°C in 5% CO2. 

Transient expression of human ABCG1 in mice. 

Mouse models. Atp-binding cassette g1 (Abcg1)−/− mice were generated at the Institut Clinique de la 

Souris (Strasbourg, France). Abcg1 mutant ES cell clones from C57BL/6 N mice were purchased from 
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the European Conditional Mouse Mutagenesis Program (EUCOMM). The Abcg1 targeting vector was 

constructed following the insertion of a gene-trap LacZ cassette downstream the exon 4 of the Abcg1 

gene (Supplemental Figure 1). Human ApoB/human CETP (ApoB/+;CETP/+) double transgenic mice 

were generated by breeding human CETP transgenic mice (line 5203) with mice transgenic for the 

human apoB gene as previously described30. 

Experimental procedure. Twelve-week aged female mice fed a standard chow diet were retro-orbitally 

injected with 40µg of either hABCG1 expression vector20 or control parent pcDNA4.0 vector using an in 

vivo transfection reagent (PepJet DNA In Vivo Transfection Reagent, SignaGen Laboratories, injected 

volume 200µl) under isoflurane anesthesia. Seven days following the injection, blood samples were 

collected in Microvette tubes (Sarstedt, Marnay, France) by retro-orbital bleeding under isoflurane 

anesthesia. Mice were weighed, euthanized and their livers were isolated. Plasma samples were 

analyzed with an Autoanalyzer (Konelab 20) using reagent kits from Roche for TC and ThermoElectron 

for HDL-C. A liver piece was excised, minced and digested in Hank’s balanced salt solution (HBSS, Gibco, 

Invitrogen, Cergy Pontoise, France) with 2.5 mg/mL collagenase D (Roche, Boulogne Billancourt, France) 

for 30 min at 37°C under shaking at 125 rpm and dissociated through a 100 μm pored cell strainer 

(Franklin lakes, NJ, USA). Hepatocytes were isolated following a brief centrifugation for 1 min at 1,000 

rpm and stored at -80°C until use. 

RNAi-mediated silencing of human ABCG1 expression 

ABCG1 knock-down (KD) cells were obtained by transfection of siRNA oligonucleotides (Dharmacon) 

targeted to the cDNA sequence of the human ABCG1 gene using lipofectamine RNAiMax (Invitrogen) 

as previously described31. After a 24-h incubation at 37°C, ABCG1 KD and control cells were used for 

subsequent experiments. 

RNA extraction, retrotranscription and real-time quantitative PCR 

Total RNAs from cell cultures or tissues were extracted using the NucleoSpin RNA II kit (Macherey-

Nagel) according to the manufacturer's instructions. Reverse transcription and real-time qPCR using a 

LightCycler LC480 (Roche) were performed as previously described31. Human mRNA levels were 

normalized to those of human non-POU domain-containing octamer-binding housekeeping gene 
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(NONO), human alanine (ALA), human α-tubulin (TUBA) and human heat shock protein 90kDa alpha 

(cytosolic), class B member 1 (HSP90AB1), human hypoxanthine phosphoribosyltransferase 1 (HPRT1), 

and human 18S ribosomal RNA (18S rRNA). Mouse mRNA levels were normalized to those of mouse 

hypoxanthine phosphoribosyltransferase 1 (Hprt1), mouse non-POU domain-containing, octamer-

binding housekeeping gene (Nono), mouse heat shock protein 90kDa alpha (cytosolic), class B member 

1 (Hsp90ab1) and mouse cyclophilin A (CycA). Data were expressed as a fold change in mRNA 

expression relative to control values. 

Cellular cholesterol efflux 

Cells were labelled for 24h in serum-free media supplemented with 0.2% BSA containing either 

50µg/mL acetylated LDL (human macrophages) or 10% serum (human hepatocytes) labelled with 

1µCi/mL [3H]cholesterol. The labeling medium was removed and the cells were washed twice with PBS 

and incubated with serum-free media supplemented with 0.2% BSA for additional 16h. Afterwards, 

cells were washed twice with warm serum-free media supplemented with 0.2% BSA and incubated with 

either 15 µg/mL HDL-PL (total HDL or HDL2) or 1% plasma for 4h. Radioactivity content was determined 

in the media and cells following extraction in hexane-isopropanol (3:2) by liquid scintillation counting 

(Wallac Trilux 1450 Microbeta, Perkin Elmer, Villebon-sur-Yvette, France). The percentage of free 

cholesterol efflux was calculated as 100 x (medium cpm) / (medium cpm + cell cpm). Cholesterol efflux 

to exogenous acceptors was determined by subtracting free cholesterol efflux measured in the absence 

of exogenous acceptors. 

Western blotting analysis 

Cell proteins were extracted using NE-PER Nuclear and cytoplasmic extraction reagents (Pierce) 

containing protease inhibitors and were subsequently separated on a 4-12% Bis-Tris gel (Life 

Technologies). Proteins (25 to 50 µg per lane) were transferred to nitrocellulose and the membrane 

was blocked with Casein blocker solution for 1h. Membranes were subsequently incubated overnight 

at 4°C with a rabbit anti-ABCG1 antibody (NB400-132; Novus) at 1:2500 and goat anti-rabbit/HRP 

antibody (Dako) at 1:5000. Quantification of Western blots was performed using a Kodak Image Station 

440 CF with Kodak 1D Image Analysis Software (Perkin Elmer, Villebon-sur-Yvette, France). 
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Human liver ABCG1 detection by immunohistochemistry 

Immunohistochemistry of human liver biopsies was performed as previously described32. Briefly, 

following paraffin embedding, 3-5 pm thick sections were cut and tested by the ABC (avidin-biotin 

complex) immunoperoxidase method. Deparaffinised sections were soaked in phosphate-buffered 

saline (PBS), pH 7.4, containing 3% hydrogen peroxide for 5 min at room temperature in order to 

eliminate endogenous peroxidase activity. After washing and incubation with normal goat serum (ABC 

kit, Vector Laboratories) at 1:200 for 30 min, each section was incubated at 4°C with the anti-ABCG1 

antibody from Novus (NB400-132) at 1:100 for 12h followed by incubation with biotin-labelled 

secondary antibody (ABC kit) at 1:200 for 30 min. Kupffer cells were visualized with anti-CD68 from 

Dako (CD68, Clone PG-M1) using a Fast red substrate kit. After washing, the ABC complex (ABC kit) was 

applied for 45 min. Brown staining was produced by 5 mm treatment with 3,3’-diaminobenzidine (DAB, 

50 mg in 100 ml PBS, pH 7.4, containing 0.01% hydrogen peroxide). Counterstaining was performed 

with Mayer’s haematoxylin. In negative controls carried out in all single and double immunostaining 

experiments, each primary antibody was replaced with an immunoglobulin fraction of non-immune 

serum. 

Statistical analyses 

Data are shown as mean ± SEM. Experiments were performed in triplicate and values shown represent 

a mean of at least three independent experiments. Comparisons of two groups were performed by a 

2-tailed Student’s t-test and comparisons of three or more groups by ANOVA with Newman–Keuls post-

hoc test. All statistical analyses were performed using Prism software from GraphPad (San Diego, CA, 

USA). For lipidomics, normalized mean-center data were drawn as a clustered lipidomic array (heat 

map) using Multi Experiment Viewer (MeV) software version 4.9 

(https://sourceforge.net/projects/mev-tm4/)33. Metabolites considered to vary significantly between 

two respective subjects were identified using Wilcoxon-Mann-Whitney non-parametric test, with 

p<0.05 as a significance threshold. The Benjamini−Hochberg correction was applied to control for false 

discovery rate34 (FDR). Analysis of variance (ANOVA) was done using MeV 4.9 with a threshold of 

p<0.05. When the non-parametric test and ANOVA returned an overall level of significance of p<0.05 
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between the subjects, a Hierarchical Clustering tree (HCL) was subsequently built. Lipid features were 

clustered using complete linkage over the samples using Pearson correlation distance matrix. 
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Results. 

Enhanced atheroprotective functions of HDL remodeled by human ABCG1. 

In order to assess the hypothesis that ABCG1-mediated lipid remodeling of HDLs impacts their 

functionality, large human HDL2, the preferential lipid acceptor for ABCG1, were incubated with either 

CHO cells expressing the human form of ABCG1 (hABCG1)20 or control cells for a 16h-period at 37°C and 

then tested for their biological activities (Figure 1A). As shown in Figure 1B, HDL2 remodeled by hABCG1 

exhibited significantly elevated capacity to promote free cholesterol efflux (+15%, p<0.05) from primary 

culture of human macrophages (HMDM) as compared to HDL2 incubated with control cells. In addition, 

anti-inflammatory activity of HDL2 was greatly enhanced following the remodeling by ABCG1 as 

testified by the marked decrease of the secretion of pro-inflammatory cytokines interleukin-6 (-60%, 

p<0.01; Fig. 1C) and tumor necrosis factor-α (-60%, p<0.05; Fig. 1D) for 8 hours in the media of LPS-

treated HMDM in comparison to control HDL2. Taken together, these results indicated that the 

remodeling of large HDLs by human ABCG1 improves their atheroprotective properties. 

Functional ABCG1 is expressed in human hepatocytes 

Liver is a key organ in HDL biology since it contributes to HDL biogenesis and metabolism through the 

hepatic expression of specific transporters, receptors and plasma enzymes. Previous studies reported 

poor hepatic expression of Abcg1 in rodents, which was apparently restricted to Kupffer cells (KC)21,35. 

Analysis of the expression of Abcg1 in hepatocytes and KC isolated from the liver of C57BL/6 mice fed 

a chow diet in the present study confirmed previous observations as we observed 19-fold higher Abcg1 

mRNA levels in KC relative to hepatocytes (Figure 2A). No data are however available in the literature 

about the ABCG1 expression in human liver. Using immunohistochemistry experiments from biopsies 

of human livers, we were able to detect a strong expression of ABCG1 in hepatocytes as well as in 

macrophages identified by CD68 staining (Figure 2B), thereby contrasting to what was observed in mice. 

Next, to determine if ABCG1 was functional in human hepatocytes, lipid efflux experiments were 

conducted in primary human hepatocytes (PHH) in which ABCG1 was knocked down (ABCG1 KD), or 

not (Control), by RNAi (Figure 2C-D). We observed that cholesterol efflux to HDL was significantly 

reduced in ABCG1 KD PHH as compared to control cells (Figure 2C). Similar results were obtained using 
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the human hepatocellular carcinoma cell line Hep3B (Supplemental Figure 2). As a whole, these data 

demonstrated that ABCG1 was robustly expressed and exhibited a functional lipid efflux activity in 

human hepatocytes. 

Hepatic expression of hABCG1 in mice enhances the cholesterol efflux capacity of HDL 

To assess whether the hepatic expression of ABCG1 may improve the functionality of HDL, human 

ABCG1 was transiently expressed through systemic injection of a hABCG1 coding plasmid in double 

transgenic mice expressing human ApoB and cholesterol ester transfer protein (CETP; hApoB/CETP 

mice) who display plasma lipoprotein profile similar to that of normolipidemic humans36. As shown in 

Figure 3A, high amounts of human ABCG1 mRNA levels were detected in livers of hApoB/CETP mice 6 

days following the injection of the hABCG1 coding plasmid as compared to mice injected with the 

control plasmid. Isolation of hepatocytes (Fig. 3B) and KC (Fig. 3C) from murine livers indicated that 

hepatic expression of hABCG1 mostly reflected hABCG1 expression in hepatocytes whereas the latter 

was undetectable in KC. Analysis of plasma lipid levels indicated that hABCG1 expression in hApoB/CETP 

mice was without significant effect on both total cholesterol (Fig. 3D) and HDL-C (Fig. 3E) levels when 

compared to animals injected with the control plasmid. Interestingly, plasma from mice expressing 

hABCG1 exhibited significantly higher capacity to promote cholesterol efflux from human THP-1 

macrophages than that from control animals (+36%, p<0.05; Figure 3F). A similar effect was observed 

when plasma depleted in ApoB-containing lipoproteins was used indicating that the enhanced 

macrophage cholesterol efflux to the whole plasma was attributable to HDL (Figure 3G). 

To explore accurately the impact of the specific hABCG1 expression on HDL remodeling and 

functionality, a similar experimental approach was employed in Abcg1-/- mice who do not express 

endogenous Abcg1. Analysis of hepatic Abcg1 mRNA levels confirmed the predominant expression of 

Abcg1 in KC in Abcg1+/+ mice, which was drastically reduced in littermate Abcg1-/- mice (Figure 4A). It is 

of note that plasma TC levels as well as the capacity of plasma to promote macrophage cholesterol 

efflux were unchanged between Abcg1+/+ and Abcg1-/- mice (Figure 4B-C). As observed in ApoB/CETP 

mice, retro-orbital injection of the hABCG1 coding plasmid in Abcg1-/- mice resulted in a strong 

expression of human ABCG1 mRNA in hepatocytes in comparison to mice injected with the control 
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plasmid (figure 4D), without affecting residual mRNA levels of endogenous murine Abcg1. In addition, 

plasma cholesterol levels (which mainly reflect those of HDL-C in C57BL/6 mice) were not altered 

following the expression of hABCG1 in Abcg1-/- animals (Figure 4E). Such hABCG1 expression resulted 

in significantly elevated capacity of plasma to promote cholesterol efflux from THP-1 macrophages 

(+33%, p<0.05; Figure 4F). Taken together, these results demonstrated that the expression of human 

ABCG1 in hepatocytes was accompanied by subsequent enhancement of the capacity of HDL to 

promote macrophage cholesterol efflux. 

Expression of human ABCG1 affects the phospholipidome of HDL 

To assess whether the expression of human ABCG1 impacts the HDL phospholipidome, we performed 

LC-ESI/MS/MS analysis on total plasma HDL isolated from Abcg1-/- mice 7 days following the injection 

with either the hABCG1 coding vector or the control plasmid. Analysis of total lipid and protein 

composition (Figure 5A) as well as proportions of major phospholipid and sphingolipid classes (Figure 

5B) in HDL did not reveal significant changes as a result of the expression of hABCG1 even if the 

abundances of both total PS and SM tended to be elevated (+24% and +14%, respectively). However, 

quantification of 247 lipid molecular species in HDL including 17 LPC, 12 LPE, 8 PA, 25 PC, 16 pPE, 21 

PE, 15 PG, 17 PI, 19 PS, 25 ceramides (dihydro- and ceramides), 15 SM and 57 TG species (Supplemental 

Table 2) led us to identify 10 lipid species significantly altered in HDL isolated from mice injected with 

the hABCG1 plasmid as compared to control mice (FDR corrected at <0,05; Figure 5C and Supplemental 

Figure 3). Among them, the abundances of 3 lipid species (PI (38:6), PE (16:0p/20:4) and PS (32:0)) were 

increased, whereas those of 7 lipid species (PA (36:2), PI 36:2), PE (36:5), PG (36:1), PG (36:2), PC (36:2) 

and Cer (d18:0-24:0)) were reduced in HDL from mice expressing human ABCG1. Herewith, we 

demonstrated that the expression of human ABCG1 in hepatocytes was accompanied by a modification 

of the HDL phospholipidome in mice. 

Impact of the functional rs1378577 ABCG1 polymorphism on the phospholipidome and macrophage 

cholesterol efflux capacity of HDL 

In order to translate our findings in the context of human physiopathology, we took advantage of the 

functional rs1378577 ABCG1 SNP located in the promoter region, which was reported by us to 
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modulate ABCG1 expression22,37. Indeed, the transient transfection of human HepG2 cells revealed that 

the expression of the human ABCG1 promoter containing the T allele of the rs1378577 was significantly 

increased as compared to that containing the G allele (Figure 6A). In addition, we previously genotyped 

the rs1378577 SNP in a population of 396 normolipidemic individuals25 and females homozygous for 

either the frequent T (T/T, n=40) or the rare G (G/G, n=28) allele were selected for the study. No 

difference in plasma lipid levels, including HDL-C, was observed between subjects carrying either the 

T/T (n=40) or the G/G (n=28) genotype (Supplemental Table 1). In agreement with our in vivo data 

obtained in different mouse models, the capacity of plasma of T/T carriers (displaying high ABCG1 

expression) to promote macrophage cholesterol efflux was significantly elevated (+15%, p<0.05) 

relative to plasma of G/G carriers (featuring low ABCG1 expression; Figure 6B). The capacity of HDL2 

isolated from women subjects carrying the T/T genotype was higher than that from their counterparts 

carrying the G/G genotype (Figure 6C). To determine if this increase was associated with ABCG1-

mediated remodeling of the HDL2 phospholipidome, abundances of 10 lipid species specifically altered 

in mouse HDL by human ABCG1 (Figure 5C) were quantified by LC-ESI/MS/MS in HDL2 particles from 

T/T and G/G individuals. In agreement with what was observed in mice, the abundances of 6 (PA (36:2), 

PI (38:6), PI (36:2), PE (36:5), PG (36:1), PG (36:2)) out of 10 species (with PE (16:0p/20:4) and PS (32:0) 

being not detected) were significantly reduced in subjects exhibiting high ABCG1 expression (T/T 

carriers) as compared to those with low ABCG1 expression (G/G carriers; Figure 6D-K). These data led 

us to conclude that elevated expression of ABCG1 in healthy normolipidemic women remodeled the 

HDL2 phospholipidome in parallel with enhancement of HDL capacity to promote macrophage 

cholesterol efflux. 

Modulation of the HDL phospholipidome by human ABCG1 mostly results from its expression in 

hepatocytes 

Our in vivo findings in both mice and humans revealed a close link between the human ABCG1 

expression and the phospholipidome of circulating HDL, identifying several lipid species whose HDL 

abundance was altered by ABCG1. However, it was not clear at this stage whether this alteration 

directly resulted from the action of ABCG1 at a cellular level, probably in hepatocytes, or reflected 
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further remodeling of HDL particles in the intravascular compartment. To address this question, human 

HDL2 were incubated with both control and ABCG1 KD PHH for a 16h period at 37°C and the abundance 

of 10 lipid species specifically altered in mouse HDL by human ABCG1 was quantified in remodeled 

HDL2 by LC-ESI/MS/MS. In agreement with what was observed in both mice and humans, the 

abundances of 5 out of 10 lipid species (with PE (16:0p/20:4) and PS (32:0) being not detected) were 

either elevated (PI (38:6), PA (36:2), PI (36:2), PE (36:5)) or reduced (PG (36:1)) in ABCG1 KD PHH relative 

to control PHH, whereas those of 3 lipid species were not altered (PG (36:2), PC (36:2) and Cer (d18:0-

24:0); Figure 7). Taken together, these results strongly suggest that the ABCG1-dependent remodeling 

of the HDL2 phospholipidome predominantly resulted from the activity of ABCG1 in hepatocytes.  

ABCG1-mediated remodeling of HDL and atherosclerosis 

Finally, to assess whether the ABCG1-mediated remodeling of HDL2 particles might have an effect on 

atherosclerosis development, the amount of 6 lipid species (PI (38:6), PA (36:2), PI (36:2), PE (36:5), PG 

(36:1) and PG (36:2)) whose abundance was altered in HDL2 according to the rs1378577 ABCG1 SNP 

and/or the hepatic ABCG1 expression was correlated with the measure of IMT of either common 

carotid artery (CCA-IMT) or common femoral artery (CFA-IMT). In a subset of individuals for which 

carotid and femoral ultrasonography was performed (n=12), strong and significant positive correlations 

were found between HDL2 content of PI (38:6) and PE (36:5) (which were both reduced by human 

ABCG1 expression) and CCA-IMT (PI (38:6) : r=0.65, p=0.02 and PE (36:5) : r=0.61, p<0.03) and CFA-IMT 

(PE (36:5) : r=0.82, p=0.001) (Figure 8). These results support the notion that remodeling of the HDL2 

phospholipidome operated by ABCG1 might contribute to their antiatherogenic action. 
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Discussion. 

The phospholipidome of HDL particles is closely linked to their biological activities and 

alterations of both the phospholipidome and atheroprotective functions of HDL are features of ASCVD 

patients13–16. Although mechanisms determining the composition of HDL in PL species are largely 

unknown, a growing body of evidences supports the notion that variations in the HDL phospholipidome 

may contribute to CVD risk. We herein identified membrane ABCG1 transporter as being an important 

determinant of the HDL phospholipidome and functions with potential implications in atherosclerosis. 

Beyond its known role in cellular cholesterol efflux to extracellular acceptors such as HDL, 

ABCG1 was equally reported to promote the export of other classes of lipids including phospholipids 

and sphingomyelin14. Using complementary in vitro and in vivo approaches, we demonstrated that the 

expression of hepatic ABCG1 led to significant modifications of the content of phospholipid and 

sphingolipid molecular species in HDL, with the identification of a set of molecules which represents a 

signature of such ABCG1-mediated remodeling. Unexpectedly, PC content of HDL was not affected by 

ABCG1 expression even if several studies reported that ABCG1 promoted cellular PC efflux to HDL. 

However, Kobayashi et al. reported using HEK293 cells stably expressing ABCG1 that human ABCG1 

preferentially secretes SM in extracellular media18. In addition, a similar comment can be made 

regarding the cholesterol content of HDL which was not affected by ABCG1 expression while its role in 

the export of cholesterol from numerous cell types, including hepatocytes as investigated in the present 

study, was frequently demonstrated. In addition, the expression of ABCG1 in both humans and mice 

was without effect on circulating HDL-C levels21,37. Thus, although PC was the most abundant PL class 

in HDL, we herein demonstrated that ABCG1-mediated remodeling of HDL predominantly involves less 

abundant PL classes. Taken together, these findings indicate that lipid efflux activity of ABCG1 leads to 

subtle changes in the lipid composition of HDL without any major alteration of their lipid content. 

Interestingly, analysis of the HDL lipidome by LC-ESI/MS/MS revealed that the HDL remodeled by 

ABCG1 largely revealed a relative loss of molecular lipid species rather than their gain as expected from 

the ABCG1-mediated PL efflux. Indeed, only 3 lipid species of plasmalogens, PS and PI were detected 

at a higher abundance in HDL following human ABCG1 expression, whereas the abundance of 7 lipid 
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species from PC, PG, PI and PE was decreased. These observations suggest that the incorporation of 

the three species of PS (32:0), PI (38:6) and PE (16:0p/20:4) at the HDL surface leads to the displacement 

of other lipid species, including PC (36:2), PA (36:2), PI (36:2), PG (36:2), PG (36:1), PE (36:5) and Cer 

(d18:0-24:0). Such a remodeling of HDL likely occurs at the cellular level in interaction with ABCG1 

rather than in the intravascular compartment under the action of plasma enzymes, since most of these 

modifications were equally observed following HDL incubation with primary human hepatocytes in 

which ABCG1 expression was manipulated. Strikingly, lipidomic analysis of HDL in both mouse and 

human models revealed that the remodeling of the HDL phospholipidome by ABCG1 does not occur 

randomly but rather involves specific PL species containing monounsaturated or polyunsaturated 

medium-chain fatty acid residues of 16 to 20 carbon atoms, with a predominance of 36:2-containing 

species. 

In the present study, the modification of the HDL phosphosphingolipidome by ABCG1 was 

accompanied by enhancement of its biological functions, including anti-inflammatory activity and 

capacity to promote macrophage cholesterol efflux; the latter is robustly associated with ASCVD5–7. 

Although it is difficult to univocally conclude without conducting appropriate structure-function studies 

that such a modification of the HDL phosphosphingolipidome could fully account for the observed 

effect of ABCG1 on HDL function, the PL remodeling of HDL induced by ABCG1 is however consistent 

with its elevated biological activity. Indeed, we previously demonstrated that enrichment of HDL 

particles in PS was positively correlated to all metrics of HDL functionality, including HDL capacity to 

promote macrophage cholesterol efflux11. Moreover, we demonstrated that PS-supplemented 

reconstituted HDL (rHDL) exhibited enhanced macrophage cholesterol efflux activity and anti-

inflammatory properties in vitro and in vivo38. Plasmalogens are known to be potent antioxidant and 

antiapoptotic molecules and the plasmalogen content of HDL was reported to be inversely associated 

with the occurrence of stable and acute coronary artery disease14. Finally, the modification of the HDL 

content in PI molecular species induced by ABCG1 might equally impact the functionality of HDL 

particles, including their role in macrophage cholesterol efflux and reverse cholesterol transport39. 

Interestingly, reduced content of plasmalogen PE together with increased content of PI are features of 
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HDL from patients with metabolic syndrome40, diabetes and dyslipidemia41. More strikingly, studies 

conducting lipidomic analyses of HDL from patients at high CV risk support the hypothesis that 

modifications of the HDL phosphosphingolipidome by ABCG1 plays an important role in their 

functionality. Thus, dysfunctional large HDL from ApoA-I deficient patients were enriched in Cer (d18:0-

24:0), PI (36:2), PA (36:2), PG (36:1) and PG (36:2)16, the lipid species being specifically depleted by 

human ABCG1 in our study. Moreover, PA (36:2), the common precursor of PI (36:2), PC (36:2), and PG 

(36:2), was enriched in large HDL from patients with myocardial infarction relative to control 

normolipidemic HDL42. Although the analysis of the frequent functional ABCG1 SNP rs1378577 in a 

population of normolipidemic women did not reveal its effect on PC (36:2) content of HDL2 in the 

present study, it is noteworthy that PC (36:2) is one of the most abundant PC species found in human 

atherosclerotic lesions and that the distribution of PC (36:2) in plasma reflects that in the human 

lesions43. 

Among the molecular species of PL specifically targeted by ABCG1 in HDL, our in vitro and in 

vivo experiments led us to uncover that the loss of PE (36:5) in HDL consecutive to the remodeling 

induced by hepatic ABCG1 might contribute to the atheroprotective function of HDL. Indeed, PE (36:5) 

content in large HDL was strongly and positively correlated with atherosclerosis development assessed 

by both CCA-IMT and CFA-IMT in normolipidemic women. The observation that the abundance of PE 

(36:5) in HDL was increased following incubation with ABCG1 KD PHH in comparison to control cells 

indicates that PL efflux mediated by hepatic ABCG1 reduces (PE 36:5) content of HDL. Consistent with 

this conclusion, we observed that HDL isolated from mice expressing human ABCG1 in the liver or from 

human TT carriers for rs1378577 (associated with high ABCG1 expression) were depleted in PE (36:5). 

Interestingly, the deleterious role of PE (36:5) in CVD is supported by previous lipidomic analyses of 

plasma from control individuals and patients with CVD. Thus, plasma concentrations of PE (36:5) were 

significantly higher in patients with stable CAD than in control individuals when 305 lipids were 

quantified in 220 individuals using LC-ESI/MS/MS13. Even more strikingly, quantification of 135 lipids in 

685 plasma samples from the prospective population-based Bruneck Study identified PE (36:5) among 

only three lipid species displaying the strongest predictive value for CVD. Moreover, inclusion of PE 
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(36:5) on top of traditional risk factors resulted in improved risk prediction and classification in this 

cohort44. Taken together, these findings suggest that PE (36:5) content of HDL, which is modulated by 

ABCG1 expression, might contribute to the development of ASCVD. Because functionally defective HDL 

is typically observed in patients at high CVD risk45, we propose that an elevation in PE (36:5) content in 

HDL particles might alter their functionality by affecting receptor-dependent or independent cell-HDL 

interaction and/or intracellular signaling cascades triggered by HDL46. In addition, it is noteworthy that 

PE (36:5) may contain arachidonic acid (AA, 20:4) which is a key bioactive lipid species involved in 

inflammatory processes. As a result, PE (36:5) carried by HDL may constitute a source of AA in 

inflammatory cells such as macrophages, thereby contributing to the intra-lesion inflammation, 

through the production of prostaglandins and leukotrienes, and atherosclerosis development47. 

Interestingly, ABCG1 expression predominantly depleted HDL in 36:2 molecular species of PA (36:2), PI 

(36:2), PG (36:2) and PC (36:2) containing the essential linoleic acid (18:2), a precursor of AA. Future 

investigations are needed to assess potential impact of PE (36:5) on biological activities of HDL and to 

determine as to whether PE (36:5) content of HDL could represent a biomarker of ASCVD. 

As a whole, our findings lead us to propose that hepatic ABCG1 expression induces selective 

redistribution of PL molecular species in HDL and, through this pathway contributes to antiatherogenic 

function of HDL. As a corollary, it can be anticipated that stimulation of ABCG1 expression in the liver 

could enhance the atheroprotective function of HDL, such as its capacity to promote macrophage 

cholesterol efflux, and thereby prevent or limit the development of atherosclerosis especially in 

women. Although these observations need to be confirmed in larger cohorts of women and transposed 

to men, our findings are of major interest since the ASCVD risk is underestimated in women and that 

important sex differences exist in the relation between HDL and atherosclerosis48,49. 

Although recent studies suggested that variations in the HDL phospholipidome might 

contribute to CVD risk13–16, the present study uncovers a pathway governed by ABCG1 that plays 

important role in the PL remodeling of HDL with consequences for their functionality and 

atherosclerosis. In addition, our study identifies molecular lipid species in HDL that can serve as 



121 
 

biomarkers of HDL-mediated atheroprotection and ASCVD, providing new insights into the formulation 

of reconstituted HDL for therapeutic use50. 
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Figure 1. Human ABCG1 expression enhanced atheroprotective functions of HDL. A. Remodeling of HDL by ABCG1 was
achieved by the incubation of large human HDL2 with CHO cells stably expressing (hABCG1) or not (Control) the human
ABCG1 gene. Following the incubation with CHO cells, HDL2 (Control or remodeled by ABCG1; hABCG1) were reisolated
from the culture media by ultracentrifugation and tested for their capacity to promote free [3H]cholesterol efflux (B) and to
inhibit LPS-induced secretion of pro-inflammatory cytokines IL-6 (C) and TNFα (D) from human macrophage-derived
monocyte (HMDM). Data are means ± SEM, *p<0.05 and **p<0.01 vs controls.
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A DC

Figure 2. Functional ABCG1 was robustly expressed in human but not in mouse hepatocytes. A, Quantification of Abcg1
mRNA levels in the whole liver, hepatocytes and isolated Kupffer cells (KC) from C57BL/6 mice. B, Low (a) and higher (b, c)
magnification images of double immunostaining showing patterns of ABCG1 and CD68 in a human liver specimen. ABCG1
was visualized using ABC immunoperoxidase reaction (brown reaction product) while CD68 antigen was visualized using a
Fast red substrate kit (rose reaction product); (d), negative control. (a-d), Counterstaining with Mayer's haematoxylin. Scale
bars equal 200 µm (a), 100 µm (b) and 50 µm (c, d). C, Cellular free [3H]cholesterol efflux to HDL from control (Ctrl) and
ABCG1 knockdown (KD) primary human hepatocytes (PHH). D, Quantification of ABCG1 protein levels in control or ABCG1
KD PHH. Data are means ± SEM, *p<0.05 and **p<0.005 vs controls. PL, phospholipid.
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A C

E

Figure 3. Enhanced capacity of HDL to promote macrophage cholesterol efflux in ApoB/CETP mice expressing human
ABCG1. Quantification of mouse Abcg1 and human ABCG1 mRNA levels in the liver (A), hepatocytes (B) and isolated
Kupffer cells (C) from ApoB/CETP mice following the injection with either a control or expressing human ABCG1 (hABCG1)
vector. Plasma TC (D) and HDL-C (E) levels in control and hABCG1 ApoB/CETP mice. Capacity of whole (F) and ApoB-
depleted (G) plasma from control and hABCG1 ApoB/CETP mice to promote [3H]cholesterol efflux from THP-1 human
macrophages. Data are means ± SEM for female mice (n=8), 10 days following the injection with either a control (Control)
or expressing human ABCG1 (hABCG1) vector, *p<0.05 vs controls. TC, total cholesterol.
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A

D

B

Figure 4. Enhanced macrophage cholesterol efflux capacity of plasma from Abcg1-deficient mice expressing human
ABCG1 in hepatocytes. A, Quantification of Abcg1 mRNA levels in hepatocytes and isolated Kupffer cells from Abcg1+/+ or
Abcg1-/- mice. Total cholesterol levels (B) and the capacity of plasma isolated from Abcg1+/+ and Abcg1-/- mice to promote
[3H]Cholesterol efflux from human THP-1 macrophages (C). D, Quantification of murine Abcg1 and human ABCG1 mRNA
levels in hepatocytes from Abcg1-/- mice following the injection with either a control or expressing human ABCG1 (hABCG1)
vector. Total cholesterol levels (E) and the capacity of plasma obtained from control and hABCG1 Abcg1-/- mice to promote
[3H]Cholesterol efflux from human THP-1 macrophages (F). Data are means ± SEM for female mice (n=9) 10 days following
the injection with either a control (Control) or expressing human ABCG1 (hABCG1) vector, *p<0.05 vs controls.
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B

Figure 5. Remodeling of the HDL phospholipidome following the expression of human ABCG1. Total lipid and protein
composition (A) and abundance of phospholipid and sphingolipid classes (B) of HDL from Abcg1-/- mice 10 days following
the injection with either a control or expressing hABCG1 vector. C. Heat map representation of phospholipid species
significantly altered following the expression of human ABCG1 (p<0.05 after FDR correction) in female mice (n=16) 10 days
following the injection with either a control (Control) or expressing (hABCG1) vector . CE, cholesteryl ester; Cer, ceramide;
FC, free cholesterol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PL, phospholipid;
pPE, plasmalogen PE; Prot, protein; PS, phosphatidylserine; SM, sphingomyelin; TG; triglyceride.

A

C



132 
 

G /G T /T

0 .0 0 0

0 .0 0 5

0 .0 1 0

0 .0 1 5

0 .0 2 0

0 .0 2 5

P E  (3 6 :5 )

rs 1 3 7 8 5 7 7

m
o

l%
 o

f 
to

ta
l 

li
p

id
s

*

G /G T /T

0 .0

0 .1

0 .2

0 .3

0 .4

0 .5

P I (3 6 :2 )

rs 1 3 7 8 5 7 7

m
o

l%
 o

f 
to

ta
l 

li
p

id
s

***

C

Figure 6. Effect of the functional rs1378577 ABCG1 polymorphism on the phospholipidome and the capacity of HDL to
promote macrophage cholesterol efflux capacity. A. Human hepatocellular carcinoma HepG2 cells were transiently
transfected with a construct containing proximal 1056 bp of the human promoter with either T allele or G allele at position
-134 (rs1378577). Luciferase activity was expressed in RLU after normalization for β-galactosidase activity. Capacity of
plasma (B) and HDL2 (C) from normolipidemic women carrying either the G/G (low ABCG1 expression; n=28) or the T/T
(high ABCG1 expression; n=40) genotype to promote free [3H]Cholesterol efflux from human THP-1 macrophages. D-K,
Quantification of selected phospholipid species by LC-ESI/MS/MS in HDL2 from G/G (n=21) and T/T (n=18) carriers. Data
are means ± SEM, *p<0.05, **p<0.005 and ***p<0.0005 versus G/G carriers. Cer, ceramide; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol.
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B

Figure 7. Silencing of the ABCG1 expression in human primary hepatocytes recapitulated the action of ABCG1 on the
HDL phospholipidome . A-D, Quantification of selected phospholipid species by LC-MS/MS in HDL2 incubated with either
control (Ctrl) or ABCG1 knockdown (KD) primary human hepatocytes. Data are means ± SEM, *p<0.05 and **p<0.005 vs
controls. n=6 per group. Cer, ceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PI, phosphatidylinositol.
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C

Figure 8. Remodeling of the HDL phospholipidome by ABCG1 was correlated with atherosclerosis. Correlation of HDL2
content in PI (38:6) (A) and PE (36:5) (B-C) with IMT of either the common carotid artery (CCA-IMT; A-B) or common
femoral artery (CFA-IMT; C) in normolipidemic women (n=12); r, Pearson’s correlation. PE, phosphatidylethanolamine; PI,
phosphatidylinositol.
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Supplemental figures.
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Supplemental Figure 1. Generation of Abcg1-/- mice. A, Depiction of the targeted Abcg1 locus. B, Amplification of genomic
DNA with specific primers for the WT or the targeted allele. C, Abcg1 deficiency was confirmed by detection of Abcg1
(green) by immunofluorescence in lung from Abcg1+/+ or Abcg1-/- mice. Nuclei were stained with 4’,6’-diamidino-2-
phenylindole (blue). Numbered yellow boxes correspond to exons. Neo, neomycin.
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Supplemental Figure 2. Hepatic ABCG1 expression promoted cholesterol efflux to HDL. Cellular free [3H]cholesterol efflux
to HDL from control (Ctrl) and ABCG1 knockdown (KD) Hep3B cells. Data are means ± SEM, *p<0.05 and **p<0.005 vs
controls; PL, phospholipid.
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Supplemental Figure 3. Remodeling of the HDL phospholipidome following the expression of human ABCG1. Abundance
of phospholipid species significantly altered in HDL following the expression of human ABCG1 in female mice (n=16)
(*p<0.05 after FDR correction). Cer, ceramide; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; pPE, plasmalogen PE; PS,
phosphatidylserine.
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Supplemental tables. 

Supplemental Table 1. Fasting plasma lipid and glucose levels in healthy normolipidemic 
women according to the rs1378577 SNP.  

    
 ABCG1 rs1378577 

Fasting plasma lipid levels All (n=68) T/T (n=40) G/G (n=28) 
    
    
TC (mg/dL) 209.8±5.9 212.6±8.0 205.5±8.7 
TG (mg/dL) 96.5±5.9 101.8±8.1 88.7±8.6 
Glucose (mmol/L) 5.09±0.11 5.11±0.15 5.06±0.16 
LDL-C (mg/dL) 130.9±5.7 133.6±8.1 127.0±7.6 
HDL-C (mg/dL) 59.5±1.8 58.7±2.4 60.7±2.9 
ApoA-I (g/L) 1.55±0.03 1.56±0.04 1.53±0.08 
ApoB (g/L) 1.03±0.04 1.04±0.06 1.00±0.07 
Lp(a) (mg/dL) 42.7±9.1 39.7±10.1 50.2±21.1 
    

Only subjects carrying either the T/T or the G/G genotype for the rs1378577 (ABCG1 c. -134 T>G) SNP were selected for the study. Subjects were 
not receiving lipid-lowering therapy. TC: total cholesterol, TG: triglycerides, LDL-C: low density lipoprotein-cholesterol, HDL-C: high density 
lipoprotein-cholesterol, Apo: apolipoprotein, Lp(a): lipoprotein(a). Values are means±S.E.M. 
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Supplemental Table 2. Modulation of the HDL lipidome following the expression of human 
ABCG1.  
    
Lipid species Control hABCG1 Remodeling 
(normalized to PL) Mean S.E.M. Mean S.E.M.  
      
LPC (16:0) 1.13258 0.14522 1.039424 0.10925  
LPC (16:1) 0.01876 0.00193 0.01393 0.00085  
LPC (16:2) 0.00023 0.00005 0.00020 0.00003  
LPC (18:0) 0.79910 0.02638 0.79927 0.07340  
LPC (18:1) 0.20783 0.01526 0.19884 0.00634  
LPC (18:2) 0.26823 0.02098 0.23978 0.01524  
LPC (18:3) 0.00493 0.00045 0.00422 0.00034  
LPC (20:0) 0.00553 0.00076 0.00473 0.00050  
LPC (20:1) 0.00496 0.00062 0.00413 0.00042  
LPC (20:2) 0.00494 0.00072 0.00484 0.00059  
LPC (20:3) 0.02390 0.00274 0.02452 0.00302  
LPC (20:4) 0.07476 0.00992 0.07367 0.00815  
LPC (20:5) 0.00355 0.00055 0.00320 0.00037  
LPC (22:3) 0.00033 0.00005 0.00037 0.00007  
LPC (22:4) 0.00095 0.00009 0.00091 0.00014  
LPC (22:5) 0.00331 0.00048 0.00340 0.00095  
LPC (22:6) 0.03784 0.00295 0.03939 0.00449  
LPE (16:0) 0.01024 0.00097 0.00880 0.00088  
LPE (16:1) 0.00067 0.00009 0.00055 0.00006  
LPE (18:0) 0.01492 0.00096 0.01483 0.00246  
LPE (18:1) 0.01552 0.00416 0.01130 0.00118  
LPE (18:2) 0.01804 0.00220 0.01436 0.00116  
LPE (18:3) 0.00081 0.00018 0.00061 0.00006  
LPE (20:3) 0.00212 0.00035 0.00178 0.00017  
LPE (20:4) 0.02089 0.00215 0.01982 0.00260  
LPE (20:5) 0.00175 0.00023 0.00143 0.00016  
LPE (22:4) 0.00198 0.00032 0.00203 0.00037  
LPE (22:5) 0.00211 0.00035 0.00195 0.00034  
LPE (22:6) 0.02351 0.00341 0.02175 0.00376  
PA (34:1) 0.01210 0.00210 0.01055 0.00175  
PA (34:2) 0.02518 0.00556 0.01857 0.00350  
PA (36:1) 0.00295 0.00019 0.00241 0.00048  
PA (36:2) 0.44617 0.05297 0.36085 0.03280  
PA (36:3) 0.01672 0.00275 0.01207 0.00145  
PA (36:4) 0.02981 0.00275 0.02489 0.00240  
PA (40:5) 0.02238 0.00515 0.02440 0.00338  
PA (40:6) 0.04633 0.00778 0.04309 0.00152  
PC (28:0) 0.00763 0.00190 0.00853 0.00183  
PC (30:1) 0.10952 0.02172 0.08896 0.02086  
PC (30:2) 0.00282 0.00044 0.00264 0.00008  
PC (32:0) 0.17873 0.01214 0.16795 0.03416  
PC (32:1) 0.19680 0.03518 0.14328 0.01442  
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PC (34:0) 0.09535 0.02281 0.10738 0.01813  
PC (34:1) 1.95468 0.29839 1.70099 0.12852  
PC (34:2) 1.09367 0.15859 0.93275 0.08559  
PC (34:3) 0.05280 0.00622 0.04227 0.00497  
PC (36:1) 0.50193 0.10156 0.47489 0.04000  
PC (36:2) 0.87078 0.14706 0.75846 0.10928  
PC (36:3) 0.31258 0.04708 0.28571 0.04623  
PC (36:4) 1.29392 0.15754 1.38086 0.08645  
PC (36:5) 0.12998 0.01430 0.12863 0.01271  
PC (36:6) 0.00685 0.00070 0.00619 0.00063  
PC (38:2) 0.01570 0.00290 0.01377 0.00180  
PC (38:3) 0.11111 0.03152 0.11482 0.02079  
PC (38:4) 1.15862 0.13338 1.22160 0.07613  
PC (38:5) 0.59352 0.06220 0.58058 0.03315  
PC (38:6) 1.41635 0.10816 1.40914 0.10012  
PC (40:4) 0.02546 0.00349 0.02472 0.00313  
PC (40:5) 0.07976 0.00797 0.07914 0.01464  
PC (40:6) 0.48126 0.04946 0.55109 0.02875  
PC (40:7) 0.22730 0.02653 0.23347 0.03663  
PC (40:8) 0.02743 0.00343 0.02867 0.00457  
PE (16:0p/18:2) 0.00527 0.00073 0.00517 0.00069  
PE (16:0p/20:1) 0.00039 0.00006 0.00032 0.00007  
PE (16:0p/20:2) 0.00014 0.00011 0.00017 0.0007  
PE (16:0p/20:3) 0.00083 0.00026 0.00088 0.00019  
PE (16:0p/20:4) 0.01785 0.00236 0.02199 0.00252  
PE (16:0p/22:4) 0.00280 0.00032 0.00353 0.00071  
PE (16:0p/22:5) 0.00243 0.00047 0.00282 0.00066  
PE (16:0p/22:6) 0.02169 0.00389 0.02523 0.00259  
PE (18:0p/18:1) 0.00406 0.00051 0.00447 0.00025  
PE (18:0p/18:2) 0.02155 0.00278 0.01947 0.00189  
PE (18:0p/18:3) 0.00348 0.00062 0.00297 0.00019  
PE (18:0p/20:3) 0.00196 0.00027 0.00198 0.00045  
PE (18:0p/20:4) 0.06057 0.00401 0.05899 0.00464  
PE (18:0p/20:5) 0.00784 0.00093 0.00748 0.00052  
PE (18:0p/22:6) 0.06069 0.00763 0.05960 0.00387  
PE (18:0p/24:5) 0.00299 0.00043 0.00273 0.00021  
PE (30:0) 0.00015 0.00004 0.00013 0.00003  
PE (32:0) 0.00343 0.00062 0.00374 0.00089  
PE (32:1) 0.00214 0.00057 0.00181 0.00048  
PE (34:0) 0.00288 0.00032 0.00298 0.00055  
PE (34:1) 0.03411 0.01262 0.02882 0.00823  
PE (34:2) 0.06372 0.01547 0.04732 0.01126  
PE (36:1) 0.00948 0.00269 0.00945 0.00244  
PE (36:2) 0.14546 0.04028 0.10814 0.02386  
PE (36:3) 0.04865 0.01137 0.036533 0.00958  
PE (36:4) 0.07528 0.01115 0.06524 0.01443  
PE (36:5) 0.00926 0.00183 0.00691 0.00156  
PE (38:2) 0.00751 0.00194 0.00574 0.00096  
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PE (38:3) 0.01780 0.00299 0.01719 0.00275  
PE (38:4) 0.10995 0.00770 0.091336 0.01195  
PE (38:5) 0.07441 0.01448 0.06377 0.01291  
PE (38:6) 0.10047 0.01466 0.08521 0.01819  
PE (40:4) 0.00629 0.00106 0.00577 0.00085  
PE (40:5) 0.00811 0.00150 0.00827 0.00120  
PE (40:6) 0.02923 0.00411 0.02781 0.00237  
PE (40:7) 0.02265 0.00319 0.02122 0.00436  
PE (40:8) 0.00778 0.00126 0.00685 0.00046  
PG (32:0) 0.00015 0.00003 0.00018 0.00002  
PG (34:1) 0.00203 0.00061 0.001413 0.00027  
PG (34:2) 0.00137 0.00019 0.00118 0.00019  
PG (34:3) 0.00010 0.00001 0.00009 0.00001  
PG (36:1) 0.00072 0.00011 0.00045 0.00010  
PG (36:2) 0.00238 0.00034 0.00181 0.00029  
PG (36:3) 0.00081 0.00016 0.00054 0.00007  
PG (36:4) 0.00050 0.00009 0.00044 0.00008  
PG (38:2) 0.00001 0.00002 0.00004 0.00002.  
PG (38:3) 0.00026 0.00003 0.00024 0.00004  
PG (38:4) 0.00062 0.00009 0.00052 0.00006  
PG (38:5) 0.00015 0.00003 0.00012 0.00004  
PG (38:6) 0.00017 0.00003 0.00016 0.00002  
PG (40:6) 0.00015 0.00003 0.00013 0.00004  
PG (40:7) 0.00010 0.00004 0.00011 0.00002  
PI (32:0) 0.00146 0.00049 0.00115 0.00011  
PI (32:1) 0.00224 0.00031 0.00208 0.00031  
PI (34:1) 0.01675 0.00215 0.01320 0.00196  
PI (34:2) 0.08948 0.01716 0.07949 0.01012  
PI (36:1) 0.01467 0.00389 0.01198 0.00181  
PI (36:2) 0.16461 0.01935 0.12856 0.02144  
PI (36:3) 0.08672 0.00888 0.07295 0.00677  
PI (36:4) 0.17447 0.01259 0.17149 0.01154  
PI (38:2) 0.01417 0.00312 0.01373 0.00207  
PI (38:3) 0.17788 0.03792 0.15424 0.02675  
PI (38:4) 1.58835 0.13236 1.67214 0.09920  
PI (38:5) 0.13199 0.02231 0.13164 0.01092  
PI (38:6) 0.02072 0.00157 0.02176 0.00080  
PI (40:4) 0.00615 0.00097 0.00579 0.00086  
PI (40:5) 0.01901 0.00247 0.01897 0.00175  
PI (40:6) 0.03922 0.00424 0.03844 0.00487  
PI (40:7) 0.00484 0.00055 0.00503 0.00105  
PS (32:0) 0.00004 0.00001 0.00006 0.00001  
PS (32:1) 0.00004 0.00001 0.00005 0.00001  
PS (34:0) 0.00003 0.00000 0.00004 0.00000  
PS (34:1) 0.00021 0.00008 0.00026 0.00011  
PS (34:2) 0.00541 0.00141 0.00548 0.00164  
PS (34:3) 0.00097 0.00017 0.00137 0.00021  
PS (36:1) 0.00036 0.00023 0.00049 0.00030  
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PS (36:2) 0.03598 0.01742 0.03711 0.01390  
PS (36:3) 0.01348 0.00487 0.01474 0.00365  
PS (36:4) 0.02966 0.01016 0.03683 0.01051  
PS (38:2) 0.00359 0.00240 0.00301 0.00162  
PS (38:3) 0.00896 0.00268 0.01633 0.00782  
PS (38:4) 0.13177 0.03807 0.15008 0.04168  
PS (38:5) 0.10820 0.05201 0.14565 0.02890  
PS (38:6) 0.08966 0.03052 0.10520 0.02021  
PS (40:4) 0.00992 0.00458 0.01503 0.00631  
PS (40:5) 0.04996 0.01869 0.06033 0.02097  
PS (40:6) 0.18103 0.05945 0.22319 0.04760  
PS (40:8) 0.12304 0.05512 0.13751 0.03975  
Cer (d18:0-24:0) 0.01460 0.00340 0.00996 0.00377  
Cer (d18:1-14:0) 0.00009 0.00002 0.00006 0.00009  
Cer (d18:1-16:0) 0.00775 0.00019 0.00817 0.00089  
Cer (d18:1-18:0) 0.00240 0.00063 0.00285 0.00034  
Cer (d18:1-19:0) 0.00015 0.00004 0.00017 0.00001  
Cer (d18:1-20:0) 0.00051 0.00006 0.00047 0.00005  
Cer (d18:1-22:0) 0.00347 0.00043 0.00297 0.00033  
Cer (d18:1-23:0) 0.00327 0.00044 0.00284 0.00047  
Cer (d18:1-24:0) 0.00674 0.00083 0.00596 0.00075  
Cer (d18:1-24:1) 0.04293 0.00782 0.03691 0.00425  
Cer (d18:1-25:0) 0.00155 0.00028 0.00135 0.00026  
Cer (d18:1-26:0) 0.00029 0.00011 0.00027 0.00006  
Cer (d18:1-26:1) 0.00029 0.00006 0.00025 0.00003  
Cer (d18:2-16:0) 0.00019 0.00002 0.00020 0.00002  
Cer (d18:2-18:0) 0.00023 0.00005 0.00029 0.00010  
Cer (d18:2-20:0) 0.00011 0.00002 0.00010 0.00002  
Cer (d18:2-21:0) 0.00003 0.00005 0.00002 0.00001  
Cer (d18:2-22:0) 0.00087 0.00012 0.00081 0.00013  
Cer (d18:2-23:0) 0.00073 0.00010 0.00060 0.00012  
Cer (d18:2-23:1) 0.00005 0.00000 0.00004 0.00000  
Cer (d18:2-24:0) 0.00136 0.00024 0.00116 0.00020  
Cer (d18:2-24:1) 0.00374 0.00049 0.00317 0.00049  
Cer (d18:2-24:2) 0.00018 0.00002 0.00019 0.00004  
Cer (d18:2-26:0) 0.00002 0.00001 0.00001 0.00000  
Cer (d18:2-26:1) 0.00003 0.00001 0.00002 0.00000  
SM (32:1) 0.00999 0.00135 0.01054 0.00146  
SM (34:1) 0.47044 0.07312 0.55111 0.12127  
SM (34:2) 0.05044 0.00970 0.05456 0.00899  
SM (36:1) 0.10010 0.01264 0.11518 0.01121  
SM (36:2) 0.03901 0.00870 0.04132 0.00329  
SM (38:1) 0.03140 0.00391 0.03561 0.00262  
SM (38:2) 0.01495 0.00236 0.01587 0.00155  
SM (40:1) 0.09229 0.00783 0.10652 0.00853  
SM (40:2) 0.06470 0.00732 0.06651 0.00366  
SM (41:1) 0.06231 0.00600 0.06892 0.00532  
SM (41:2) 0.05640 0.00381 0.05548 0.00396  
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SM (42:1) 0.10387 0.04658 0.11362 0.03254  
SM (42:2) 0.62755 0.07133 0.63252 0.05412  
SM (42:3) 0.15810 0.02914 0.22119 0.06145  
SM (42:4) 0.01278 0.00262 0.01475 0.00321  
      

Lipidomic analysis by LC-ESI/MS/MS of total HDL isolated from Abcg1-/- mice following the injection of a control vector (Control) or expressing 
human ABCG1 (hABCG1). Impact of the hABCG1 expression on the amount of each lipid specie is indicated in green (decrease) or in red 
(increase). LPC. lysophosphatidylcholine; LPE. lysophosphatidylethanolamine; PA. phosphatidic acid; PC. phosphatidylcholine; PE. 
phosphatidylethanolamine; PG. phosphatidylglycerol; PI. phosphatidylinositol; PS. phosphatidylserine; Cer. ceramide; SM. sphingomyelin. Values 
are means±S.E.M (n=18 mice). 

  


