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MAIN INTRODUCTION 

Atherosclerosis and as a consequence the development of coronary artery diseases (CAD) 

as well as its complications are still the leading causes of death worldwide [1]. As a treatment 

to reduce the risk of cardiovascular events, the administration of low-density lipoprotein (LDL) 

lowering drugs e.g. statins has been established for many years [2]. Nevertheless, 3 years of 

follow-up after an acute coronary syndrome (ACS), 20.4% of all CAD patients with an appro-

priate medical therapy including statins suffered from recurrent cardiovascular events [3]. 

Moreover, treated CAD patients with an increased level of high-density lipoprotein cholesterol 

(HDL-C) were more protected from major cardiovascular events than those with lower HDL-C 

[4]. This indicates that a decrease in HDL-C plasma levels or apolipoprotein A-I (ApoA-I) is 

associated with an increased risk of CAD. However, pharmacological cholesteryl ester trans-

fer protein (CETP) inhibition could not confirm protective role of increased HDL-C plasma 

levels [5]. Recent studies showed that estimation of HDL particle number by nuclear magnetic 

resonance (NMR) lipoprotein analysis could be a better predictor for cardiovascular events 

compared to HDL-C plasma levels [6, 7]. Furthermore, the theory of HDL-C plasma levels 

and its relation to CAD is nowadays replaced by the hypothesis that numerous atheroprotec-

tive functions of HDL are responsible for the reduction of cardiovascular events [7]. 

1 HIGH-DENSITY LIPOPROTEIN (HDL) 

Lipoproteins are lipid and protein containing complexes, which are responsible for solubiliza-

tion of cholesterol, triacylglycerol (TAG) and other lipophilic molecules in blood. In addition, 

they regulate the transport of these molecules between peripheral tissues. The different clas-

ses of lipoproteins are characterized by their density, which is inversely correlated with the 

lipid content. HDL delineates the smallest (Stoke`s diameter = 5 to 17 nm) and most protein-

rich particle with the highest density (>1.063 g/mL) [8].  

1.1 STRUCTURE AND HETEROGENEITY 

HDL is a very heterogeneous population of particles relating to size, shape, lipid and protein 

content as well as their functional properties.  

The hydrophobic core is composed of cholesterol esters (CE), TAG and other soluble lipids 

surrounded by a surface monolayer of phospholipids (PL), free cholesterol (FC) and apolipo-

proteins (Apo). Apolipoproteins are responsible for the HDL assembly, structure and metabo-

lism as well as mediate receptor interactions [8]. The most abundant HDL apolipoproteins are 

ApoA-I and ApoA-II. ApoA-I drives the initial step for HDL biosynthesis [9].  
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Based on which method is used, HDL particles can be separated into different subclasses. 

Using ultracentrifugation results in the following subfractions: HDL2 (large, less-dense and 

lipid-rich) and HDL3 (small, dense and protein-rich). These two subpopulations can be further 

divided into HDL2b (10.6 nm), HDL2a (9.2 nm), HDL3a (8.4 nm), HDL3b (8.0 nm) and HDL3c  

(7.6 nm). According to size and charge, HDL can be fractionated into discoid precursor pre-ɓ, 

Ŭ and pre-Ŭ particles. Furthermore, recent studies showed the differentiation of HDL into 

large, intermediate and small particles by NMR spectroscopy. Finally, based on apolipopro-

tein composition, HDL can be separated into LpA-I, LpaA-I:A-II or ApoE containing HDL. 

Analysis of HDL by proteomics revealed 50 to 75 HDL associated proteins. The distribution of 

these proteins depends on the different HDL subpopulations. Furthermore, HDL subclasses 

exhibit diverse lipid content. In detail, the ratio between FC:CE and SM:PC decreases with 

higher density from HDL2b to HDL3c. Since the classification of all these HDL subpopulations 

depends on which method is used, a novel HDL nomenclature has been established. Based 

on physical and chemical features, HDL is divided into five subclasses: very large, large, me-

dium, small and very small particles [10, 11].  

1.2 HDL BIOSYNTHESIS 

The first step in HDL biosynthesis is the lipidation of ApoA-I, a 28 kDa protein, which is syn-

thesized and secreted by the liver and intestine. ApoA-II, also synthesized by the liver, is only 

involved in the formation of a specific subpopulation of HDL. The ATP-binding cassette trans-

porter A-1 (ABCA1) mediates the transport of FC and PLs from hepatocytes and enterocytes 

to lipid-free ApoA-I, forming lipid-poor ApoA-I. Subsequently, more FC and PLs are transport-

ed from peripheral cells via ABCA1, resulting in the formation of a nascent, disc-shaped HDL 

particle (pre-ɓ HDL) [12ï14]. During hydrolysis of TAG-rich lipoproteins (VLDL, LDL) by lipo-

protein lipase (LPL), other lipids especially PLs and apolipoproteins are transferred to HDL, a 

process mediated by the phospholipid transfer protein (PLTP). Finally, the formation of ma-

ture HDL is driven by the action of lecithin:cholesterol acyltransferase (LCAT). Thereby, the 

HDL associated enzyme catalyzes the transfer of a fatty acid (FA) from PL to FC and produc-

es CEs, whereby the hydrophobic lipid core of HDL is formed [15]. Recently it has been 

shown that the same process of HDL biogenesis with ApoE and ApoC-III instead of ApoA-I 

could be achieved in mice [16]. HDL biosynthesis is summarized in figure 1. 
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1.3 HDL CATABOLISM  

The catabolism of HDL can be divided first into the hepatic catabolism of HDL-C or second in 

the catabolism of lipid-poor ApoA-I by the kidneys or liver. 

1.3.1 HDL CHOLESTEROL CATA BOLISM 

The liver is the major compartment, where HDL-C uptake takes place. The best known 

mechanism is the selective uptake by scavenger receptor class BI (SR-BI), which is charac-

terized by the uptake of CE without degradation of HDL apolipoproteins and the release of 

small cholesterol-depleted HDL particles [15]. This two-step process includes the ApoA-I de-

pendent binding to SR-BI and subsequent transfer of HDL-CE to the plasma membrane as 

well as the internalization of CE followed by hydrolysis of CE by neutral cholesterol esterases 

to FC. The generated FC is finally directly excreted into the bile or converted to bile acid (BA) 

before biliary excretion [8, 15]. 

Figure 1: HDL biosynthesis pathway  

Lipid-free ApoA-I is synthesized in the liver and intestine. Subsequently, ABCA1 transports PLs and FC to lipid-

free ApoA-I. Additional lipids are transferred from TAG-rich lipoproteins as well as peripheral tissue to lipid-poor 

ApoA-I, forming the nascent HDL. LCAT esterifies FC to CE, which leads to the formation of mature HDL. ApoA-II 

is synthesized by the liver and initializes the formation of a HDL subfraction, containing both ApoA-I and ApoA-II. 
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Additionally, HDL catabolism can be regulated by CETP. In this pathway, CETP transfers 

TAG from TAG-rich lipoproteins to HDL in exchange for CE, resulting in the formation of TAG 

enriched and CE depleted HDL particles. Afterwards, CE is transported via VLDL/LDL to the 

liver and their binding to the LDL receptor leads to the uptake of CE, followed by conversion 

into FC and excretion into the bile [15, 17]. HDL particles enriched in TAG lose their stability 

and the affinity for ApoA-I. Subsequently, hepatic lipase (HL) uses these particles as a sub-

strate, followed by size reduction and ApoA-I release [8]. 

1.3.2 HDL APOA-I CATABOLISM  

The kidney and liver are known as major organs for HDL ApoA-I catabolism [9]. Regarding 

the evaluation of HDL-C and ApoA-I levels it is known, that the clearance/turnover rate of 

ApoA-I is more important than the ApoA-I production rate itself. In animals, one-third of  

ApoA-I is catabolized via kidneys, with the rest catabolized by the liver.  

The pathway for ApoA-I catabolism by the kidneys starts in glomeruli by filtration of lipid-poor 

ApoA-I into primary urine, followed by cubilin/megalin-mediated reabsorption and catabolism 

in proximal renal tubular epithelial cells. Mature HDL is too large for renal catabolism and thus 

has to be modified into smaller HDL particles or lipid-poor ApoA-I as described in 1.3.1. Fur-

thermore, the remodeling of HDL can be mediated by lipolytic enzymes (hepatic and endothe-

lial lipase) [15, 17, 18]. The mechanism behind the hepatic ApoA-I catabolism is not well un-

derstood. Nevertheless, it has been shown that ApoE containing HDL particles bind to the 

LDL receptor and other ApoE receptors in the liver to promote HDL uptake. There are also 

some reports demonstrating the role of ATP synthase and the nucleotide G protein-coupled 

receptor P2Y13, involved in endocytosis of HDL particles [15]. HDL catabolism is summa-

rized in figure 2. 
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1.4 PROTECTIVE FUNCTIONS OF HDL 

After several years of testing pharmacological concepts aiming at increasing HDL-C plasma 

levels to reduce cardiovascular diseases (CVD), it has become clear that the functionality of 

HDL as well as the concentration of HDL particles but not HDL-CE content are associated 

with the development of atherosclerosis and CVD. Beneficial effects of HDL on the cardio-

vascular system is shown in figure 3 [10, 19].  

Figure 2: HDL and ApoA -I catabolism pathway  

The HDL catabolism pathway is characterized by the uptake of CE and FC via SR-BI in the liver. Alternatively, CE 

that is transferred from HDL to TAG-rich lipoproteins via CETP can be taken up by the liver through the LDL  

receptor for biliary excretion. The ApoA-I catabolism starts with the filtration of lipid-poor ApoA-I at the glomerulus 

followed by degradation via the cubulin/megalin pathway. Lipid-poor ApoA-I is formed due to the action of HL and 

EL on mature HDL mediated by the transfer of TAG to HDL by CETP. Additionally, mature HDL can be catabo-

lized in the liver through the binding of HDL ApoE to hepatic receptors.   
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1.4.1 MACROPHAGE REVERSE CHOLESTEROL TRANSPORT  

The reverse cholesterol transport (RCT) describes the removal of excess cholesterol from 

peripheral tissues and lipid-laden macrophages to the liver for biliary excretion [12]. This pro-

cess was first described already in the 1960s [20]. In the first step of RCT, CE is hydrolyzed 

to FC followed by transfer of FC to mature HDL or lipid-poor ApoA-I, mediated by ABCG1 or 

ABCA1 transporters. ABCG1 promotes the cholesterol efflux to mature HDL and ABCA1 to 

lipid-poor ApoA-I [12]. In comparison to ABCG1, that transports only cholesterol to mature 

HDL, ABCA1 transfers both PLs and cholesterol to ApoA-I [21]. Subsequently, LCAT esteri-

fies FC obtained from various cells, primarily macrophages. The final steps of RCT include 

the selective uptake of HDL-CE by the liver and excretion into bile, as described in 1.3 [12, 

21]. 

1.4.2 ANTIOXIDATIVE CAPACI TY 

Many studies demonstrated the capacity of HDL to inhibit LDL oxidation as well as the pro-

duction of lipid hydroperoxides (LOOH) and advanced products of oxidation. HDL shuttles 

both early and late products of lipid oxidation. It has been suggested that the ability of HDL to 

protect against LDL oxidation arise from the high content of antioxidants within the particle as 

well as the antioxidative capacity of ApoA-I and HDL associated enzymes. ApoA-I has the 

Figure 3: Atheroprotective functions of HDL  
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ability to bind and remove LOOHs from LDL, followed by reducing LOOHs via its methionine 

(Met) residues forming lipid hydroxides and Met sulfoxides. Additionally, HDL associated en-

zymes such as paraoxonase (PON), platelet activating factor acetylhydrolase (PAF-AH), 

LCAT and glutathione peroxidase (GPX) contribute to the antioxidative capacity of HDL by 

preventing LDL oxidation and degrading its bioactive products [12, 16, 22]. In addition, low 

molecular weight antioxidants such as tocopherols and ubiquinols may contribute to the anti-

oxidative capacity of HDL. However, due to the low content in HDL, the relative contribution is 

most probably negligible [23]. 

1.4.3 PROTECTION OF VASCUL AR ENDOTHELIUM BY HDL 

In addition to the promotion of RCT and the antioxidative capacity, HDL exert vascular protec-

tive effects by stimulating endothelial nitric oxide synthase (eNOS)-mediated NO production. 

Endothelial NO regulates vascular tone and structure, endothelial inflammatory response, 

platelet activity as well as proliferation of vascular smooth muscle cells [12]. Many studies 

confirmed that HDL facilitates eNOS expression and activity, followed by stimulation of endo-

thelial NO production [24ï27]. HDL mediated eNOS activation includes HDL binding to endo-

thelial SR-BI, which triggers various cell signaling pathways including phosphoinositide (PI) 3-

kinase, Akt and MAP-kinases leading to eNOS phosphorylation at serine residue 1177 and 

finally activation [26, 27]. Additionally, HDL associated lysophospholipids  

e.g. sphingosine-1-phosphate (S1P) promotes the eNOS-mediated NO production via S1P3 

receptor [27]. It has been shown that the HDL associated enzyme PON1 plays a role in HDL 

mediated eNOS activation [24]. 

HDL exhibits a potent anti-inflammatory activity. By affecting endothelial sphingosine kinase 

and nuclear translocation of NF-əB [28], HDL diminishes the expression of pro-inflammatory 

adhesion molecules such as vascular cell adhesion molecule (VCAM)-1, intracellular adhe-

sion molecule (ICAM)-1 and E-selectin [18, 22]. Furthermore, HDL attenuates endothelial 

apoptosis and promotes endothelial cell proliferation and migration [9, 16, 22].  

1.4.4 OTHER ATHEROPROTECTIVE PROPERTIES OF HDL 

HDL has also been shown to exhibit anti-thrombotic properties. The particle has the ability to 

inhibit platelet activation by modulating the activation of platelet-activating factor and cycloox-

ygenase-2. Additionally, it can reduce APC protein and thrombomodulin, resulting in a de-

creased formation of thrombin in endothelial cells [18]. The expression of endothelial cell 

thromboxane as well as the endothelial cell tissue factor is reduced whereas prostacyclin ex-

pression is increased by HDL that attenuates platelet aggregation [8].  
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Recent studies investigated the role of HDL in the transport of micro (mi) RNAs. HDL carried 

miRNAs positively influences the effects of HDL on endothelial cells, macrophages and other 

cell types, resulting in the protection of the vascular wall [29]. 

Furthermore, it has been reported that HDL inhibits the proliferation of hematopoietic stem 

cells, enhances the insulin secretion of pancreatic ɓ-cells that prevents diabetes mellitus and 

has the ability to bind lipopolysachharides (LPS) as well as other pathogenic lipids [8, 9].  

1.5 DYSFUNCTIONAL HDL  

Under particular conditions HDL particles become dysfunctional and lose its atheroprotective 

biological functions. This phenomenon is caused by altered HDL composition (lipidome and 

proteome), structure and metabolism found in many diseases such as dyslipidemia, insulin 

resistance, inflammation, infection and CVD [30]. 

1.5.1 MODIFICATIONS OF APOA-I 

Oxidative modification of ApoA-I by myeloperoxidase (MPO), a protein found in macrophag-

es, monocytes and neutrophils in the atherosclerotic tissue, causes impaired HDL function. 

One mechanism behind is the oxidation of Met residues as well as chlorination of Tyr192 on 

ApoA-I. This leads to an impairment of ABCA1-dependet cholesterol efflux, LCAT activity and 

eNOS-mediated NO production. Increased levels of oxidized Met residues and chlorinated 

Tyr were found in HDL from patients with CAD and ACS compared to healthy subjects [12, 

31]. Furthermore, it has been shown that the properties of HDL in stimulating endothelial re-

pair are declined after modification by MPO [9]. Besides this, malondialdehyde (MDA) medi-

ated modification of HDL causes lower ApoA-I concentrations, resulting in a decrease in 

ABCA1-dependent cholesterol efflux [32]. In patients with type 2 diabetes, high levels of oxi-

dized FAs have been shown to impair the anti-inflammatory and antioxidative properties of 

HDL [21]. HDL isolated from diabetic patients was incapable in stimulating endothelial cell 

proliferation and migration due to an associated downregulation of SR-BI expression [33]. 

Additionally, oxidized HDL positively correlated with glucose levels indicating the relevance of 

glucose on oxidation [34]. Interestingly, HDL isolated from diabetic patients exhibited higher 

S1P levels causing protective effects on endothelial cells as a result of induced cyclooxygen-

ase-2 expression levels and prostacyclin release [9].  
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1.5.2 INFLAMMATION : IMPACT ON HDL COMP OSITION AND FUNCTION 

Acute inflammatory response massively alters HDL composition highlighted by increased 

TAG and decreased CE content. Accumulation of TAGs in HDL causes instability of HDL par-

ticles and accelerates ApoA-I catabolism [31]. Furthermore, decreased ApoA-I synthesis to-

gether with faster HDL catabolism and the replacement of ApoA-I by serum amyloid A (SAA) 

underlie the decreased ApoA-I content of HDL [35]. Besides affecting HDL composition, 

acute inflammatory response diminishes various HDL activities such as macrophage choles-

terol efflux, protection against LDL oxidation or inhibition of adhesion molecule expression [9]. 

Under inflammatory conditions the loss of HDL associated enzymes such as PON and PAF-

AH was observed indicating impaired antioxidative capacity of HDL [31]. Decreased PON1 

activity in HDL of CAD patients was accompanied by decreased antioxidative capacity of HDL 

and increased MDA content of HDL. MDA enriched HDL by acting via LOX-1 receptor acti-

vates endothelial kinase C beta II (PKCbII) and in turn increases inhibitory eNOS phosphory-

lation resulting in decreased eNOS activity and NO production [12, 36].  

1.5.3 VASCULAR ENDOTHELIUM  

Several studies demonstrated the role of HDL proteome in HDL functionality [9]. For example, 

HDL isolated from patients after myocardial infarction exhibited markedly decreased ability to 

stimulate NO production and protect against endothelial cell apoptosis. This could be ex-

plained by changes in the HDL proteome including enrichment of SAA, complement C3 and 

C9 and ApoC-II as well as a decreased content of clusterin (ApoJ) and ApoA-IV [31]. Addi-

tionally, HDL from CAD or ACS patients was not able to inhibit endothelial cell apoptosis but 

stimulated proapoptotic pathways [36].  

 

Taken together, remodeling of HDL composition, structure and metabolism can have both 

positive and negative effects on HDL functionality. Therefore, there is still a need to establish 

reproducible and specific assays to study the importance of HDL activities in atherogenesis, 

inflammation, infection and immunity.  

  



 

page 10 of 116 

2 ENDOTHELIAL LIPASE ( EL) 

Endothelial lipase (EL), encoded by the LIPG gene, was described for the first time from two 

independent groups in 1999 [37, 38]. EL emerged as a strong determinant of HDL-C levels as 

well as HDL metabolism [39]. Furthermore, it has been established that EL modulates HDL 

lipid composition and size, consequentially changing its functional properties [40ï42].  

2.1 STRUCTURE AND ACTIVITY 

EL belongs together with LPL and HL to the TAG lipase gene family and exhibits molecular 

homology with LPL (45%) and HL (40%) [43]. The lid domain that is responsible for substrate 

specificity and forms the catalytic pocket of the enzyme distinguishes EL from LPL and HL. 

Additionally, it has a conserved catalytic triad as well as conserved lipoprotein and heparin 

binding sites. The lipase contains 482 amino acids and is synthesized as a 55 kDa protein 

[44]. Upon maturation EL is secreted into the media as a 68 kDa protein and can be cleaved 

into two fragments - N-terminal 40 kDa and C-terminal 28 kDa fragment - by proprotein con-

vertases (pPCs) [45]. EL is mainly synthesized and secreted by endothelial cells. Additionally, 

it has been shown that EL is expressed in human placenta, thyroid gland, lung, liver, kidney, 

ovary, testis as well as macrophages [37]. In detail, EL expression e.g. in the liver was ob-

served in endothelial cells and not hepatocytes [44]. After secretion, EL binds to cell surface 

heparin sulfate proteoglycans (HSPG), acting as a bridge between cells and lipoproteins thus 

promoting lipoprotein binding and uptake by underlying cells [46, 47].  

EL exhibits very low TAG lipase activity that is independent of ApoC-II. More pronounced is 

its phospholipase A1 activity, whereby it cleaves phosphatidylcholine (PC) on the sn-1 posi-

tion liberating FAs and lyso-PCs (LPC) [43]. These lipolytic products partially remain in HDL, 

which are partially taken up by EL-overexpressing cells where they are used for biosynthesis 

of endogenous lipids [48].  

2.2 REGULATION OF EL E XPRESSION AND ACTIVITY 

EL expression and activity can be regulated by different factors and diseases. Inflammation 

and its related cytokine production of TNF-Ŭ and IL-1ɓ enhance EL mRNA levels in human 

endothelial cells. Shear stress as well as cyclic stretch of the vasculature (biomechanical 

forces) also induced EL expression [49]. Furthermore, expression levels of the enzyme in 

macrophages are increased after LPS treatment due to the stimulation of toll-like receptor 4 

[50]. Another study showed that hypertension and angiotensin II promote EL mRNA levels in 

vascular smooth muscle cells [51]. Human studies reported that EL mass positively correlates 
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with inflammatory markers such as CRP, IL-6 and sPLA2-IIa [52] and that a low dose of en-

dotoxemia leads to a significant increase in EL [53]. Downregulation of EL expression and 

mass was observed after treatment of patients with statins [46]. A dimerisation of EL was 

found to be crucial for its activity [54]. EL activity has been found to be attenuated by pPCs, 

angiopoetin-like 3 (ANGPTL3), ApoA-II as well as protein glycosylation [46].  

2.3 ROLE OF EL IN HDL METABOLISM  

Testing the influence of EL activity on isolated lipoprotein fractions demonstrated a low activi-

ty against TAG-rich lipoproteins but a high one in hydrolyzing HDL lipids, particular PLs [43]. 

This suggests the impact of EL on HDL metabolism. Indeed, in vivo studies reported strong 

negative regulation of HDL-C levels by EL. Overexpression of human EL in LDL receptor de-

ficient mice by adenovirus [38] as well as transgenic expression of human EL in mice [55] 

resulted in a reduction of HDL-C and ApoA-I levels. Maugeais et al. [56] observed a dose-

dependent effect of EL overexpression on HDL metabolism in mice due to an increased 

phospholipase activity in post-heparin plasma as well as induced catabolic rate of injected 

radiolabeled mouse HDL in the liver and kidneys. Additionally, they observed reduced PL, CE 

and FC content in HDL but no changes in TAG levels [56]. These effects were mainly a con-

sequence of the catalytic activity of EL and not its bridging function, because overexpression 

of lipolytic inactive EL did not result in any changes of HDL-C plasma levels in wild-type and 

ApoA-I transgenic mice [46, 57]. According to in vivo studies in mice, one recent study with 

transgenic rabbits with hepatic human EL overexpression also noticed decreased TC, PL, 

HDL-C, HDL-PL, ApoE and ApoA-I levels in plasma compared to controls [58]. TAG content 

was only significantly reduced in male transgenic rabbits. Interestingly, EL transgenic rabbits 

fed with high cholesterol diet developed lower hypercholesterolemia as well as less aortic and 

coronary atherosclerosis with a reduction in TC plasma levels, ApoB containing lipoproteins 

and HDL particles. This finding highlighted the antiatherogenic properties of EL [58]. Con-

versely, loss of EL function in mice demonstrated higher HDL-C, ApoA-I and PL levels in 

plasma, increased HDL particle size and delayed catabolic rate of HDL [55, 59, 60].  

Related to in vivo mouse studies, one human study showed a positive correlation between 

small HDL particles and EL mass as well as a negative relationship between large HDLs and 

the EL mass levels in post-heparin plasma [61]. Studies in humans mainly focused on poly-

morphisms in the EL gene (LIPG), studying the impact of EL on HDL metabolism. The most 

common human variant Thr111Ile in LIPG was first described to be associated with increased 

HDL-C plasma levels, however this could not be confirmed in subsequent studies [62]. For 
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example, Edmondson et al [63] recently showed that there is no relationship between the 

Thr111Ile variant and HDL-C plasma levels in 3845 study participants. In addition, in vitro 

studies demonstrated a normal catalytic active EL of that variant [63]. Nevertheless, the 

Asn396Ser substitution in the LIPG gene was significantly associated with increased HDL-C 

levels. This was accompanied by an increase in HDL2 and HDL3 subfractions, enlarged HDL 

particles and increased ApoA-I levels [63, 64]. In vitro and in vivo analysis of the Asn396Ser 

variant demonstrated reduced lipase activity of that EL variant [63]. Several other LIPG poly-

morphisms were reported to be linked to altered HDL-C levels in humans [65ï67], but there is 

still a need to demonstrate their relationship to atherosclerosis. 

2.4 ROLE OF EL IN ATHEROSCLEROSIS 

The role of EL in the development of atherosclerosis is still not well understood. Due to the 

fact that EL regulates HDL-C plasma levels negatively, someone can speculate that by inhibi-

tion of EL and subsequently raising HDL-C levels, atherosclerosis can be prevented. But the 

process is much more complex and it is still unclear whether EL promotes pro- or antiathero-

genic effects. In one study the targeted inactivation of EL in ApoE-/- mice diminished athero-

sclerosis formation as well as enhanced HDL-C and VLDL/LDL cholesterol levels. Additional-

ly, they found a decrease in the macrophage content within the atherosclerotic lesions [68]. In 

contrast, another report showed no effect of EL inactivation in ApoE-/- and LDL-receptor defi-

cient mice on the prevention of atherosclerosis and macrophage content although HDL-C 

was increased [69]. Recently, quantification of aortic and coronary atherosclerosis in trans-

genic rabbits expressing human EL revealed a significant reduction of whole atherosclerotic 

lesions compared to controls [58]. Furthermore, it has been demonstrated that EL affects the 

catabolism of TAG-rich lipoproteins. While EL deficiency in mice resulted in the production of 

small dense LDL particles [70] and an increase in VLDL cholesterol levels [69], EL overex-

pression reduced the content of TAG-rich lipoproteins in plasma [57]. As described in 2.2, EL 

expression is enhanced by acute inflammation, a condition that is also important in the ather-

osclerosis development. On the one hand, it has been demonstrated that EL increases mon-

ocyte adhesion to the vessel wall [68] but on the other hand EL led to a reduced endothelial 

adhesion molecule expression by producing peroxisome proliferatior-activated receptor Ŭ 

(PPARŬ) ligands from HDL-PLs [46, 71]. Knockdown of EL in mice led to decreased mono-

cyte adhesion on endothelial cells while EL transgenic mice showed increased adhesion [72]. 

Experiments with isolated macrophages from EL-/- mice or silencing of EL by shRNA resulted 

in low efficiency of LDL binding and uptake [73, 74]. Additionally, loss-of-function and gain-of-
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function studies showed that EL in macrophages promotes LDL receptor mediated binding 

and uptake of LDL [74] as well as ApoA-I mediated cholesterol efflux [75]. These results indi-

cate a bridging function of EL between monocytes and endothelial cells as well as lipopro-

teins and macrophages. 

Several human studies demonstrated the involvement of EL in the development of athero-

sclerosis. For example, EL levels correlated with the content of macrophages within human 

atherosclerotic plaques. Within these plaques, EL expression was located in infiltrating cells 

as well as endothelial and smooth muscle cells [76]. Another study confirmed that EL mRNA 

and protein levels are present in atherosclerotic lesions between the necrotic core and the 

fibrotic cap. They also found an upregulation of EL mRNA expression during differentiation of 

monocytes into macrophages and downregulation during transformation of macrophages into 

foam cells [77]. Furthermore, Badellino et al. [61] observed that both pre-heparin and post-

heparin EL mass levels are associated with coronary artery calcification scores as well as 

metabolic syndrome [61]. In a follow-up study, renal patients with cardiovascular events had 

higher serum EL levels compared to renal patients without any cardiovascular event [78]. 

Inhibition of EL in human macrophages by statins showed an inhibition of NF-əB as well as a 

decreased accumulation of oxysterols, contributing to the attenuated transformation of mac-

rophages into foam cells [79].  

Taken together, the role of EL in atherosclerosis remains inconclusive with several possible 

pro- and antiatherogenic mechanisms. 
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IMPACT OF ENDOTHELIAL LIPASE ON  

CHOLESTEROL EFFLUX CAPACITY OF SERUM AND 

HIGH-DENSITY LIPOPROTEIN
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1 ABSTRACT  

 

Despite the application of appropriate treatments, coronary artery diseases (CAD) are still the 

leading causes of death worldwide. Low high-density lipoprotein cholesterol (HDL-C) plasma 

levels are associated with a high risk of atherosclerosis. However, HDL exhibits numerous 

atheroprotective properties including the promotion of reverse cholesterol transport (RCT), a 

process in which excess cholesterol is delivered from the periphery back to the liver for biliary 

excretion. Endothelial lipase (EL) is a strong negative regulator of HDL plasma levels as well 

as a modulator of the structural and functional properties of HDL. The impact of EL on the 

cholesterol efflux capacity (CEC) of serum and isolated HDL has been analyzed previously 

yielding inconclusive results.  

In the present study, the impact of EL on the composition and CEC of serum, apolipoprotein 

B-depleted serum (apoB-DS) and HDL isolated from EL-modified serum was investigated, 

using appropriate in vitro and in vivo approaches. EL overexpression in vitro was achieved by 

adenoviral transduction of cultured cells and in mice by adenoviral tail vein injection. CEC 

was analyzed in 3H-cholesterol labeled J774 macrophages under basal conditions or with 

upregulation of ABCA1.  

Incubation of human and mouse serum with EL overexpressing cells resulted in an enhanced 

CEC of serum and apoB-DS and decreased CEC of isolated HDL, accompanied by the for-

mation of lipid-poor ApoA-I, alterations in the lipid composition as well as decreased size of 

human but not mouse HDL. In contrast, overexpression of human and mouse EL in mice im-

paired CEC of serum without altering CEC of isolated HDL. This was accompanied by re-

duced HDL-C and ApoA-I serum levels, markedly altered lipid composition of serum and HDL 

as well as unaltered HDL size.  

The impact of EL on the CEC of serum and HDL reflects structural and compositional fea-

tures as well as abundance of EL-modified HDL. Results of our study highlight the complexity 

of the interaction between EL and HDL, clearly showing the role of experimental models on 

the structural and functional properties of EL-modified HDL. Here we show that EL by acting 

on human and mouse serum in vitro results in accumulation of lipid-poor ApoA-I, a potent 

cholesterol acceptor. The relevance of these findings for human (patho)physiology needs to 

be addressed in future studies.   
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2 ZUSAMMENFASSUNG 

 

Trotz modernen Behandlungskonzepten, stellt Atherosklerose und die damit verbundene 

Entstehung von verschiedenen Herzerkrankungen noch immer die häufigste Todesursache 

weltweit dar. Niedrige Konzentrationen von High-density Lipoprotein Cholesterin (HDL-C) im 

Blutplasma sind mit einem erhöhten Risiko an Atherosklerose zu erkranken, assoziiert. HDL 

weist verschiedene gefäßschützende Eigenschaften auf, einschließlich des Prozesses bei 

welchem überschüssiges Cholesterin von den peripheren Geweben mit Hilfe von HDL zur 

Leber für die biliäre Ausscheidung transportiert wird. Dieser Vorgang wird als ĂReverser Cho-

lesterin Transport (RCT)ñ bezeichnet. Spezifisch führt dabei die Wirkung der endothelialen 

Lipase (EL) zu einer Senkung des HDL-C Plasmaspiegels. Darüber hinaus hat dieses Enzym 

die Fähigkeit sowohl die strukturellen als auch die funktionellen Eigenschaften des HDLs zu 

beeinflussen. Diverse Studien analysierten den Einfluss der EL auf die Cholesterin Efflux Ka-

pazität (CEK) des Serums und isoliertem HDL, jedoch waren die Ergebnisse nicht aussage-

kräftig.  

In der gegenwärtigen Studie wurde mit Hilfe von geeigneten in vitro und in vivo Experimen-

ten, die Wirkung von EL auf die Zusammensetzung und die CEK von Serum, Apolipoprotein 

B-depletiertem Serum und isoliertem HDL untersucht. Demnach wurde EL mittels Adenovirus 

entweder in vitro in kultivierten Zellen oder in vivo in Mäusen überexprimiert. Die Analyse der 

CEK erfolgte mittels 3H-Cholesterin markierten J774 Macrophagen unter basalen Bedingun-

gen oder unter Hochregulierung des ABCA1 Transporters. 

EL Überexpression in vitro in Zellen, welche mit Human- oder Mausserum inkubiert wurden, 

führte zu einer verbesserten CEK mit Serum und ApoB-DS, jedoch zu einer verringerten CEK 

mit isoliertem HDL. Dieses Resultat wurde sowohl durch die Entstehung von lipidarmen 

ApoA-I, als auch durch eine veränderte Lipidzusammensetzung und einer verminderten HDL 

Größe (nur Human) erzielt. Im Gegensatz zu den in vitro Ergebnissen, wurde durch Überex-

primierung von Human und Maus EL in Mäusen eine Abnahme der CEK mit Serum und 

ApoB-DS, jedoch eine unveränderte CEK mit isoliertem HDL, beobachtet. Dies könnte so-

wohl durch eine starke Verringerung des HDL-C und ApoA-I Spiegels im Serum und eine 

veränderte Lipidzusammensetzung des Serums und HDLs als auch durch eine unveränderte 

HDL Größe des HDLs erklärt werden. 
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Der Einfluss von EL auf die CEK von Serum und HDL reflektiert sowohl die strukturellen und 

kompositionellen Eigenschaften als auch die Menge des EL modifizierten HDLs. Unsere Stu-

die konnte demnach die komplexe Interaktion zwischen EL und HDL aufzeigen, indem der 

Einfluss von experimentellen Modellen auf die strukturellen und funktionellen Charakteristika 

des EL modifizierten HDLs gezeigt wurde. Es stellte sich heraus, dass die Wirkung von EL 

auf Human- und Mausserum in vitro zu einer Akkumulierung von lipid-armen ApoA-I, welches 

ein potenter Cholesterinakzeptor ist, führt. Nichtsdestotrotz sind weitere Untersuchungen er-

forderlich, um die Relevanz der Daten dieser Studie in Bezug auf die humane (Pa-

tho)physiologie zu prüfen. 
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3 INTRODUCTION 

A big body of evidence demonstrated the relationship between HDL and cardiovascular 

health and disease. The most studied function of HDL is the ability to promote the RCT from 

macrophages. This process is described as the removal and transfer of excess cholesterol 

from the periphery back to the liver for biliary excretion [12] as described in the main introduc-

tion, chapter 1.4.1.  

3.1 CHOLESTEROL EFFLUX P ATHWAYS 

Several pathways are responsible for the elimination of cholesterol from lipid-laden macro-

phages (foam cells) by HDL (table 1). The relative contribution of these pathways to the cho-

lesterol efflux capacity from macrophages is different. In normal, non-lipid-laden macrophag-

es, the passive/aqueous diffusion is the primary pathway, whereas in foam cells the pathway 

mediated by ABCA1 is the most common (table 1) [80]. The regulation of cholesterol efflux by 

HDL includes cell membrane transporters and plasma lipid acceptors as well as plasma pro-

teins, enzymes and hepatic cellular receptors [81].  

Table 1: Pathways by which  cholesterol can be removed by HDL  in non -lipid -laden macrophages  

Pathway Acceptor Acceptor binding Contribution 

Passive diffusion  HDL2 + HDL3 No 35% 

SR-BI HDL2 > HDL3 Yes 9% 

ABCG1 HDL3 No 21% 

ABCA1  
Lipid-poor ApoA-I 
Lipid-poor ApoE 

Yes 35% 

 

3.1.1 PASSIVE/AQUEOUS DIFFUSION 

The aqueous diffusion process is defined as a bidirectional flux of cholesterol among the cell 

membrane and HDL in the extracellular medium, regulated by the concentration of FC/PL 

ratio in the donor and acceptor. Therefore, cholesterol molecules are desorbed from the do-

nor, followed by diffusion of these molecules through the aqueous phase until they crash with 

the acceptor, which finally absorbs the cholesterol. Desorption of cholesterol is increased by 

decreased PL content and reduced by a higher amount of sphingomyelin (SM) in the mem-

brane. The rate of cholesterol efflux by aqueous diffusion depends on the concentration, 

structure and size of the acceptor particles [82, 83]. HDL particle size is not influencing this 

pathway, meaning that all HDL subclasses are equally good acceptors [84]. 



 

page 19 of 116 

3.1.2 SR-BI MEDIATED CHOLESTE ROL EFFLUX 

SR-BI, an 82 kDa transmembrane protein, regulates the structure and composition of HDL. 

This protein is widely expressed by macrophages and in the liver [85]. SR-BI has the ability to 

promote bidirectional flux of FC between several cell types and HDL or other acceptors [86]. 

As describe in 1.3.1 (main introduction), HDL binds to hepatic SR-BI and mediates the cho-

lesterol efflux due to the formation of a complex within a hydrophobic channel that allows the 

diffusion of cholesterol molecules [83]. SR-BI is an acceptor for apolipoproteins and HDL 

while the highest binding affinity was observed with large, mature HDL [87]. In contrast, the 

role of SR-BI in macrophage cholesterol efflux is not well understood. The development of 

atherosclerosis was increased after bone marrow transplantation from SR-BI deficient mice 

into LDL receptor [88] or ApoE [89] deficient mice. Overexpression of hepatic SR-BI led to 

enhanced macrophage cholesterol efflux while deletion of SR-BI resulted in decreased mac-

rophage RCT [90]. Despite these observations, other in vivo and in vitro experiments showed 

no correlation between SR-BI and macrophage RCT [91ï93].  

3.1.3 CHOLESTEROL EFFLUX M EDIATED BY ABC TRANSPORTERS  

ABC transporters are membrane proteins that are able to manage the cellular transport of 

several particles such as ions, lipids, cyclic nucleotides, peptides and proteins. They are 

equipped with membrane domains to facilitate the translocation of the substrate as well as 

cytoplasmic ABCs to regulate the transport by hydrolysis of ATP [94].  

ABCA1  expression is detectable in liver, kidney, adrenal gland, intestine and CNS but also in 

lipid-loaded macrophages [95]. Low protein and mRNA levels of ABCA1 in macrophages are 

found under basal conditions, but loading of cholesterol triggers both and can be inverted by 

HDL mediated cholesterol efflux [96]. Expression of ABCA1 is induced by oxysterol mediated 

activation of LXR/RXR transcription factors, which bind to the ABCA1 promoter. These tran-

scription factors contribute to the regulation of several genes that are involved in macrophage 

cholesterol efflux (ApoE, ABCA1, and ABCG1), cholesterol transport (LPL, CETP, ApoC), BA 

production of cholesterol (CYP7A) as well as metabolism and biliary or intestinal excretion 

(ABCG5 and ABCG8). Furthermore, ABCA1 mRNA levels in macrophages are upregulated 

by cAMP and downregulated by INF-ɔ and miRNAs [94, 97]. Studies with synthetic LXR ago-

nists reported an upregulation of macrophage ABCA1 and ABCG1 levels as well as an in-

creased cholesterol efflux ex vivo and macrophage RCT in vivo [98]. Application of synthetic 

LXR agonists in mice resulted in inhibitory effects in the progression of atherosclerosis with-

out altered HDL-C plasma levels [99]. Other publications revealed that peroxisome prolifera-
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tor-activated receptor (PPAR)-Ŭ and PPAR-ɔ agonists were able to promote cholesterol efflux 

in vitro by upregulating ABCA1 [100, 101], reduced foam cell accumulation and prevented 

atherosclerosis in vivo [102]. ABCA1 uses mainly lipid-poor ApoA-I as well as small dense 

HDL as acceptors [103]. Humans with loss-of-function mutations in ABCA1 (Tangier disease) 

exhibit markedly reduced HDL levels as well as accumulation of cholesterol in macrophages 

[104]. Similar results were observed in ABCA1 knockout mice [104]. In line with this, ABCA1 

deficient macrophages exhibited massively decreased cholesterol efflux to lipid-poor ApoA-I 

[104, 105]. Additionally, transplantation of bone marrow from ABCA1 knockout mice resulted 

in an enhanced atherosclerosis development in acceptor mice despite normal HDL-C levels 

[105, 106]. In contrast, transplantation of bone marrow from ABCA1 overexpressing mice 

reduced atherosclerosis related pathology in acceptor mice [107]. In line with these observa-

tions significantly reduced in vivo RCT was found with 3H-labelled ABCA1 deficient macro-

phages in vivo [91]. 

ABCG1  promotes macrophage cholesterol efflux, however in contrast to ABCA1 the pre-

ferred substrate is mature HDL [108, 109]. Similar to ABCA1, the upregulation of ABCG1 in 

macrophages is mediated by LXR activation and cholesterol loading [110]. ABCG1 deficient 

macrophages demonstrated decreased cholesterol efflux to mature HDL ex vivo as well as 

impaired RCT in vivo [91]. Interestingly, a reduced development of atherosclerosis was ob-

served with ABCG1 deficient macrophages [111, 112]. This finding could be explained by a 

compensatory effect through upregulation of macrophage ABCA1 and ApoE [111] or in-

creased sensitivity of macrophages to apoptosis induced by oxidized LDL (oxLDL) [112].  

Both ABC transporters operate in a cooperative manner to facilitate RCT. ABCA1 transports 

lipids to lipid-poor ApoA-I to form mature HDL particles, which subsequently act as acceptors 

for cholesterol delivered by ABCG1 [113]. The additive effect of both transporters on choles-

terol efflux was illustrated by simultaneous inactivation of both transporters in macrophages, 

which resulted in dramatically decreased cholesterol efflux capacity ex vivo as well as RCT  

in vivo. Inactivation of either ABCA1 or ABCG1 decreased cholesterol efflux, however to a 

much lesser extent compared to inactivation of both transporters [91]. In line with this, bone 

marrow transplantation from double knockout mice caused more severe atherosclerosis than 

transplantation from single knockout mice [114].  

In summary, the cholesterol efflux capacity is regulated by the extracellular concentration and 

composition of HDL particles as well as by the activity of the ABC transporters.  
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3.1.4 REGULATION OF RCT BY A POE 

In addition to lipid-poor ApoA-I, it has been established that HDL particles containing ApoE 

(E-HDL) contribute to the promotion of macrophage cholesterol efflux. ApoE is synthesized in 

the liver and macrophages. E-HDL has the ability to mediate cholesterol efflux from macro-

phages as well as the transfer of cholesterol to the liver. ApoE containing HDL particles are 

substrates for the ABCA1 or ABCG1 transporter and facilitate the removal of excess choles-

terol from macrophages. Thereafter, LCAT on these particles converts FC to CE, followed by 

the delivery of cholesterol to the liver through binding to SR-BI or LDL receptor [81].  

3.2 ROLE OF EL IN CHOLESTEROL EFFLUX 

As described in the previous chapters, HDL plays an important role in regulating the choles-

terol efflux from macrophages. The fact that EL modulates the composition and functionality 

of HDL prompted the hypothesis that EL influences the cholesterol efflux capacity of HDL. 

Several studies addressed the role of EL in cholesterol efflux, generating however contradic-

tory results.  

3.2.1 IMPACT OF EL ON THE MAIN RCT STEPS 

In vitro studies showed an augmenting effect of EL overexpression on ABCA1 mediated cho-

lesterol efflux from macrophages [75]. Inhibition of both lipolytic and bridging function of EL 

resulted in diminished macrophage cholesterol efflux capacity [75], indicating that both EL 

functions affect RCT. Yancey et al [115] reported that overexpression of EL in human ApoA-I 

transgenic mice enhanced the capacity of serum to act as a cholesterol acceptor effluxed by 

ABCA1 and decreased the capacity of serum to accept cholesterol effluxed via SR-BI [115]. 

In contrast to these results, another study showed abolished ABCA1 and reduced SR-BI me-

diated cholesterol efflux capacity in mice overexpressing EL as a consequence of profurin 

treatment [116]. Another study reported no correlation between EL and ABCA1 mediated 

cholesterol efflux but decreased SR-B1 mediated cholesterol efflux [117]. Ex vivo experi-

ments with plasma and HDL from EL knockout mice demonstrated improved efflux compared 

to plasma and HDL from wild-type mice, with even more pronounced efflux capacity observed 

for both plasma and HDL from EL/HL double-knockout mice [70]. In contrast, Hara et al [41] 

observed no differences between HDL from EL knockout and wild-type mice [41].  

The next RCT step comprises hepatic uptake of HDL-CE. In vivo and in vitro studies reported 

consistent results on the impact of EL in this process. Overexpression of EL in HepG2 cells 

promoted the binding of HDL to the cell surface and the selective uptake of HDL-CE, both 

processes being dependent on the catalytic activity as well as the bridging function of EL. In 
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line with impaired hepatic HDL-CE uptake using radiolabelled HDL3 injected into EL knockout 

mice [70], SR-BI uptake was increased upon hepatic EL overexpression in vivo and in vitro 

[118, 119].  

Finally, the last step in RCT is the secretion of cholesterol into bile. As a consequence of en-

hanced hepatic HDL-CE uptake, increased hepatic cholesterol content was found upon EL 

overexpression in mice but no changes were observed in biliary secretion [118, 119]. Fur-

thermore, the mass fecal output was not influenced by EL overexpression in mice [118].  

 

As described in the main introduction, chapter 2.1, EL cleavage of PCs results in the produc-

tion of FAs and LPCs. It has been reported that LPCs have the ability to promote macro-

phage cholesterol efflux [120]. Qui et al [75] observed an enhanced LPC production by EL 

overexpression in macrophages. Furthermore, they found an increased and dose dependent 

effect of LPCs on the ApoA-I mediated cholesterol efflux via ABCA1 [75]. 

 

3.2.2 IMPACT OF EL ON IN VIVO RCT 

The in vivo RCT comprises injection of 3H-cholesterol labeled macrophages into acceptor 

mice followed by tracing 3H-cholesterol in plasma, liver and feces. Increased 3H-cholesterol 

plasma levels with no differences in hepatic radiolabeled cholesterol but increased fecal and 

biliary 3H-cholesterol excretion were observed in EL deficient compared to wild-type mice 

[42]. The opposite was found upon EL overexpression in mice, namely lower 3H-cholesterol 

plasma levels as well as less radiolabeled cholesterol in the liver, BAs and feces compared to 

wild-type mice [116]. 

Genetic inactivation of EL in humans demonstrated increased HDL-C plasma levels as well 

as enhanced cholesterol efflux capacity of apolipoprotein B-depleted serum (apoB-DS) [40]. 
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4 THEORY AND HYPOTHESIS 

 

Studies on the impact of EL on the cholesterol efflux capacity (CEC) of mouse serum provid-

ed conflicting results [115, 116]. So far the impact of EL overexpression on CEC of human 

serum has not been studied. Therefore, the present study has been designed to investigate 

the CEC of both human and mouse in vitro and in vivo EL modified serum (EL-serum),  

-apolipoprotein B-depleted serum (EL-apoB-DS) as well as HDL isolated from the modified 

serum.  
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5 MATERIAL  AND METHODS 

5.1 CELL CULTURE  

HepG2 cells (ATCC®, HB-8065TM) [121] were cultured in Dulbeccoôs modified Eagle medium 

(DMEM) containing 10% fetal calf serum (FCS), 2 mM glutamine and 1% PS (100 U/mL peni-

cillin, 100 µg/mL streptomycin). J774.2 macrophages (Sigma-Aldrich, Vienna, Austria; 

#85011428) [122] were cultured in RPMI1640 medium with 10% FCS. 

5.2 PREPARATION OF HEPAR IN MEDIA 

Heparin media were prepared as described in our previous studies [45, 123]. 

5.3 IN VITRO GENERATED HUMAN AND MOUSE EL -MODIFIED AND  
EV-CONTROL SERUM 

In vitro modification of human and mouse serum has been described previously [124]. After 

overnight fasting, human blood was collected from 8 healthy volunteers (4 females and 4 

males). The local Ethics Committee of the Medical University of Graz approved all experi-

mental protocols related to human volunteers (28-186 ex 15/16). From each volunteer a writ-

ten instructed approval was obtained in compliance with Good Clinical Practice. To obtain 

serum, blood was incubated for 30 min at room temperature (RT), followed by centrifugation 

(3000 x g) at 4°C for 15 min. The serum was stored at -80°C.  

For the experiments with mouse serum, non-fasted mice were anesthetized with sevorane 

(AbbVie, Vienna, Austria), followed by blood collection from the right ventricle. The Austrian 

Federal Ministry for Science and Research (BMWF-66.010/0133-II/3b/2012) approved all 

experimental animal protocols. Afterwards blood was incubated for 30 min at RT and centri-

fuged (3000 x g) at 4°C for 15 min, followed by storage of the serum at -80°C. 

First, HepG2 cells were plated onto 60 mm dishes (2 x 106 cells/dish), followed by incubation 

for 24 h under standard conditions as described in 5.1. On the next day, cells were washed 

once with DMEM without FCS and infected with recombinant adenoviruses encoding human 

EL (hEL-Ad) or empty adenovirus, which contains no recombinant cDNA (EV-Ad) [123], with 

a multiplicity of infection of 20 (MOI 20) in DMEM without FCS for 2 h. Subsequently, the in-

fection media was removed and cells were incubated in DMEM with 10% FCS for 20 h. In a 

final step, the infected cells were washed once with DMEM without FCS and incubated with 

1.8 mL of 50% pooled human or mouse serum in DMEM without FCS per plate, for 8 h. Af-

terwards, the modified human or mouse serum was collected and centrifuged (1100 x g) for 3 

min to remove cellular debris. The in vitro modified hEL-serum, hEV-serum, mEL-serum and 



 

page 25 of 116 

mEV-serum were further used for the preparation of appropriate apoB-DS or HDL as de-

scribed in 5.5 and 5.6. 

5.4 IN VIVO GENERATED EL-MODIFIED SERUM AND CONTROL EV SERUM 

Male C57BL/6 mice (9-12 weeks old, non-fasted) were used for tail vein injection of EV-Ad, 

human EL-Ad or mouse EL-Ad [45, 123] with a concentration of 3.2 x 108 plaque forming units 

(p.f.u) in 100 µL PBS. After 48 h blood was taken from the right ventricle and serum was pre-

pared as described in 5.3. The collected serum was used for the preparation of apoB-DS or 

HDL as described in 5.5 and 5.6. Mice were anesthetized by sevorane (AbbVie, Vienna, Aus-

tria) while they were injected via tail vein and punctured by right ventricle [124].  

5.5 APOB-DEPLETION OF SERUM 

ApoB-DS was achieved by incubating the mixture of 40 ɛL polyethylene glycol (20% in 200 

mmol/L glycine buffer) and 100 ɛL mouse serum or 100 ɛL 50% human/mouse serum at RT 

for 20 minutes. Subsequently, the mixture was centrifuged (10.000 rpm, 30 min, 4°C) [125] 

and the supernatant was stored at -80°C for experiments.  

5.6 HDL ISOLATION FROM MODIFIED SERUM 

One-step density gradient ultracentrifugation method was used for isolation of HDL from mod-

ified serum as previously described [124, 125]. Briefly, the density of serum was adjusted to 

1.24 g/mL by potassium bromide and layered underneath a PBS solution with a density of 

1.063 g/mL in long centrifuge tubes (16 x 76 mm; Beckman). Centrifugation was done at  

330.000 x g for 6 h at 15°C (centrifuge: Beckman Optima L-80 ultracentrifuge, rotor: Sorvall 

T-1270). After the centrifuge step, the collected HDL was concentrated by Viva Spin Tubes 

(Sartorius, Vienna, Austria) and the potassium bromide was removed by gel filtration on Se-

phadex PD-10 columns (GE Healthcare, Munich, Germany). The isolated HDL was then 

stored at -80°C for further experiments.  

5.7 FPLC OF IN VITRO AND IN VIVO MODIFIED SERUM 

As described previously [124], FPLC was done on a Pharmacia FPLC system (Pfizer Phar-

ma, Karlsruhe, Germany) and Supherose 6 column (Amersham Biosciences, Piscataway, 

NJ). 200 µL of modified serum was applied to the column and a buffer containing 10 mmol/L 

Tris-HCl, 1 mmol/L EDTA, 0.9% NaCl, and 0.02% NaN3 (pH 7.4) was used for elution of lipo-

proteins in 0.5 mL fractions. In these fractions the total cholesterol (TC) concentrations were 

measured spectrophotometrically (Greiner Diagnostics AG, Bahlingen, Germany). 



 

page 26 of 116 

5.8 NMR SPECTROSCOPY 

Modified human serum was produced as described in 5.3, except that EL-overexpressing or 

EV control HepG2 cells were incubated with 100% of human serum for 8 h. The analysis of 

EL-modified and EV-control samples were done by AXINON® lipoFIT® ïS100 test system 

(Numares Health, Regensburg, Germany) as described previously [126, 127]. 

5.9 CHOLESTEROL EFFLUX MEASUREMENT 

J774 macrophages were plated onto 48-well plates (300.000 cells/well) and incubated with 1 

ɛCi/mL [3H]-cholesterol (Perkin Elmer, Boston, MA, USA) for 24 h. The upregulation of 

ABCA1 was done with 0.3 mmol/L 8-(4-chlorophenylthio)-cyclic AMP (Sigma, Darmstadt, 

Germany) in DMEM without FCS for 6 h. After labelling of cells with [3H]-cholesterol, they 

were washed and incubated with 2.8% (v/v) of human or mouse serum, apoB-DS or with hu-

man or mouse HDL (2 µg HDL protein) or FPLC fractions (30%; v/v) for 4 hours. The radioac-

tivity in the medium relative to total radioactivity in the medium and cells was calculated, 

which presents the total cholesterol efflux. To get the ABCA1-dependent cholesterol efflux, 

the ABCA1-independent efflux (without ABCA1 upregulation) was subtracted from the total 

efflux. The whole measurements were implemented in the presence of 2 ɛg/mL of the acyl 

coenzyme A cholesterol acyltransferase inhibitor Sandoz 58-035 (Sigma, Darmstadt, Germa-

ny). 

5.10 NON-DENATURING GRADIENT GEL ELECTROPHORESIS AND  
WESTERN BLOTTING 

Aliquots of serum (1.5 µL), apoB-DS (2 µL), HDL (10 µg) and FPLC fractions (15 µL) were 

diluted with native sample buffer (LifeTechnologies, Vienna, Austria) followed by electropho-

resis on 4-16% non-denaturing polyacrylamide gels in a running buffer (Invitrogen, Vienna, 

Austria) at 125 V for 4 h at RT. Staining of gels was done with Sudan black (Sigma-Aldrich, 

Vienna, Austria) or with Coomassie Brillant Blue G250 after fixation with 10% sulfosalicylic 

acid for 30 min. Furthermore, gels were used for Western blot analysis. Therefore, proteins 

were transferred to polyvinylidene difluoride (PVDF) membrane (Carl Roth, Karlsruhe, Ger-

many) at 400 mA for 75 min at 4°C, followed by blocking the membranes in 10% skim milk for 

1h at RT. Subsequently, the membranes were incubated with ApoA-I antibody (Novus biolog-

ical, NB100-65491, LOT 120810, dilution 1:3000, Littleton, CO, USA) against human ApoA-I 

or with in house generated ApoA-I antibody [128] (dilution 1:1000) against mouse ApoA-I at 

4°C, overnight. After a washing step, the membranes were incubated with the appropriate 

secondary antibody (Dako, Vienna, Austria) for 1h at RT. The visualisation of protein signals 
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was done by incubation with Millipore Western Blotting Substrate (Millipore Corporation, 

Billerica, USA) using ChemiDoc system (Bio-Rad Laboratories, Vienna, Austria). All experi-

ments were performed with the high molecular weight marker NativeMark (LifeTechnologies, 

Vienna, Austria) [124]. 

5.11 SDS-PAGE AND WESTERN B LOTTING  

EL overexpression in HepG2 cells was analyzed in heparin media. Therefore 40 µL of hepa-

rin media was mixed with 6 x loading buffer [20% (w/v) glycerol, 5% (w/v) SDS, 0.15% (w/v) 

bromophenol blue, 63 mmol/L Tris-HCl, pH6.8 and 5% (v/v) ß-mercaptoethanol], and cooked 

for 10 min, 95°C. Subsequently, samples were loaded onto 10% SDS-PAGE gels and im-

munoblotted using EL specific antibody as described previously [45].  

Aliquotes of serum (1.5 µL), apoB-DS (2 µL) and FPLC fractions (10 µL) were used for de-

termination of human and mouse ApoA-I content. First, samples were mixed with 6 x loading 

buffer and boiled for 10 min, 95°C. Electrophoresis was done on 12% SDS-PAGE, followed 

by transferring the proteins onto PVDF membranes at 150 mA, 90 min. Then the membranes 

were blocked in 10% skim milk for 1h at RT and incubated overnight with mouse anti-ApoA-I 

antibody (Santa Cruz Biotechnology, sc-30089, LOT D2913, dilution 1:500, Heidelberg, Ger-

many) or human anti-ApoA-I antibody (Novus biological, NB100-65491, LOT 120810, dilution 

1:3000, Littleton, CO, USA) at 4°C. Thereafter, membranes were washed and incubated with 

appropriate secondary antibody (Dako, Vienna, Austria) for 1h at RT. For visualisation of pro-

teins, the Millipore Western Blotting Substrate (Millipore Corporation, Billerica, USA) and 

ChemiDoc system (Bio-Rad Laboratories, Vienna, Austria) was used [124].  

5.12 TARGETED LIPIDOMIC A NALYSIS  

Extraction of total lipids of in vivo and in vitro samples (300 µg protein) was performed twice 

as described previously [129] using chloroform/methanol/water (2/1/0.6, v/v/v) containing 500 

pmol butylated hydroxytoluene, 1% acetic acid, and 100 pmol of internal standards (ISTD, 

17:0-17:0 PC, 19:0-19:0 PC, 17:0-17:0 PE, 17:0 FA, d18:1/17:0 Cer, 14:0-14:0 DG, 17:0 

LPC, 17:0-17:0-17:0 TG, 15:0-15:0-15:0 TG, Avanti Polar Lipids) per each sample. This pro-

cess was done under constant shaking for 60 min at RT. Subsequently, samples were centri-

fuged at 1,000 x g for 15 min at RT and the lower organic phase was collected. The remain-

ing aqueous phase was mixed with 2.5 mL chloroform and the second extraction was per-

formed as described above. The organic phases of double extraction were pooled together 

and dried under a stream of nitrogen. Samples were resolved in 200 µL methanol/2-

propanol/water (6/3/1, v/v/v) for UPLC-TQ analysis. Chromatographic separation was modi-
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fied after Knittelfelder et al. [130] using an AQUITY-UPLC system (Waters Corporation), 

equipped with a Kinetex EVOC18 column (2.1x50 mm, 1.7µm; Phenomenex) starting a 25 

min gradient with 100% solvent A (MeOH/H2O, 1/1, v/v; 10mM ammonium acetate, 0,1% 

formic acid). Detection was done with a EVOQ EliteÊ triple quadrupole mass spectrometer 

(Bruker) equipped with an ESI source. Analysis of lipid species was performed by selected 

reaction monitoring (PC: [MH]+ to m/z 184, 25eV, PE: [MH]+ to -m/z 141, 20eV, PI: [M-H]- to 

corresponding [FA]-, 50eV, LPC: [MH]+ to m/z 184, 22eV, LPE: [MH]+ to -m/z 141, 17eV, 

Cer: [MH]+ to m/z 264, 22eV, TG: [MNH4]+ to corresponding [DG-H2O]+, 22eV, DG: 

[MNH4]+ to [RCOO+58]+, 15eV, CE: [MNH4]+ to m/z 369, FC: [M-H2O]+, 0eV, FA: [M-H]-, 

0eV, SM: [MH]+ to m/z 184, 23eV). Data acquisition was done by MS Workstation (Bruker). 

Data were normalized for recovery and extraction- and ionization efficacy by calculating ana-

lyte/ISTD ratios [124]. 

5.13 RNA ISOLATION AND QU ANTITATIVE REAL -TIME PCR ANALYSIS  

RNA isolation was performed with 50 mg liver using TriFastÊ reagent according to the manu-

facturer's protocol (Peqlab, Erlangen, Germany). Thereafter, High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Carlsbad, CA) was used for reverse transcription of 

two µg of total RNA. Quantitative real-time PCR was done on a Roche LightCycler 480 

(Roche Diagnostics, Palo Alto, CA) using the GoTaq® qPCR MasterMix (Promega, Madison, 

WI). Samples were measured in duplicates and normalized to the expression levels of cyclo-

philin A. The 2īȹȹCT method was performed to calculate the expression profiles and associat-

ed statistical parameters. Primers for mouse cyclophilin A (fw: CCATCCAGCCATTCAG-

TCTT; rev: TTCCAGGATTCATGTGCCAG) and mouse LipC  

(fw: CCATCCAGCCATTCAGTCTT ; rev: TTCCAGGATTCATGTGCCAG) were from Life 

Technologies (Vienna, Austria). Human LipG was done with Primer Assay QT00078967, pur-

chased from Qiagen (Hilden, Germany).  

5.14 STATISTICAL ANALYSI S 

Represented data are means ± standard error of mean (S.E.M.). Differences between EV- 

and EL samples were analyzed by two-tailed unpaired t-test using Graph Pad Prism 5.0. Sta-

tistically significant differences between groups are indicated by P-values of < 0.05 (*),  

< 0.01 (**), or < 0.001 (***). 
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6 RESULTS 
 

6.1 IN VITRO EL OVEREXPRESSION INCREASES CEC OF SERUM AND 
APOB-DS BUT DECREASES THAT O F ISOLATED HDL  

Human (h) serum was incubated with human EL or EV (control) overexpressing HepG2 cells 

(Fig. 4), followed by using the modified serum, apoB-DS and isolated HDL for measurements 

of CEC. CEC was investigated in 3H-cholesterol labeled J774 macrophages under basal con-

ditions or with upregulation of ABCA1. The total CEC was significantly increased after incuba-

tion with human serum and apoB-DS but decreased with isolated HDL (Fig. 5A). The ABCA1-

independent CEC was similar with hEL-serum and hEL-apoB-DS but reduced with hEL-HDL 

(Fig. 5B). Interestingly, hEL-serum and hEL-apoB-DS triggered ABCA1-dependent CEC, 

whereas there was no effect with isolated hEL-HDL (Fig. 5C) [124]. All results refer to respec-

tive EV as a control.  

The significant increase of ABCA1-dependent CEC with hEL-serum and hEL-apoB-DS sug-

gests that a formation of a potent component occurs during incubation of human serum with 

EL overexpressing cells. Furthermore, we conclude that mature HDL is influencing only the 

ABCA1-independent but not the ABCA1-dependent CEC.  

 

 

Figure 4: Western Blot analysis of human EL overexpression in HepG2 cells  

Overexpression of EL was analyzed in heparin media of transduced HepG2 cells with EL adenovirus (EL-Ad) and 

EV-Ad by Western Blotting. This figure has been published previously in [124]. 
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Figure 5: CEC of human modified EL -serum, EL -apoB -DS and hEL -HDL 

A) Measurement of total CEC was done in 
3
H-cholesterol labeled J774 macrophages after upregulation of ABCA1. 

B) ABCA1-independent efflux was determined without ABCA1 upregulation and C) ABCA1-dependent CEC was 

calculated by subtraction of the ABCA1-independent efflux from the total efflux. The cholesterol efflux was ex-

pressed as the radioactivity in the medium relative to total radioactivity in the medium and cells. Results are mean 

± SEM of 5 independent modifications of pool-serum, each measured in duplicates and analyzed by two-tailed 

unpaired t-test. This figure has been published previously in [124]. *P < 0.05, **P < 0.01, ***P < 0.001 

 

6.2 IN VITRO EL OVEREXPRESSION AL TERS SERUM LIPOPROTEIN AND 
LIPID CONCENTRATIONS 

To examine the responsible factors for increased CEC of hEL-serum and decreased CEC of 

hEL-HDL, modified serum was first analyzed by NMR spectroscopy. Adenoviral overexpres-

sion of human EL in vitro demonstrated no differences in the total concentration of LDL parti-

cles but significantly reduced levels of large particles and increased levels of small LDLs 

compared to EV as a control (Fig. 6A). In contrast, the concentration of total HDL molecules 

were significantly lower in hEL-serum compared to control, consisting of significantly lower 

amounts of large and higher amounts of small HDL particles (Fig. 6B) [124]. Furthermore, a 

decrease in total-C, LDL-C, HDL-C and TAG levels in modified EL-serum compared to  

EV-serum was observed (Fig. 6C).  
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Figure 6: EL overexpression in HepG2 cells alters serum lipid and lipoprotein content  

Analysis of lipoprotein and lipid concentration in modified EV- and EL-serum was done with NMR spectroscopy. 

Results are mean ± SEM of 2 independent modifications of pool-serum and analyzed by two-tailed unpaired t-test. 

Part of this figure has been published previously in [124]. *P < 0.05, **P < 0.01, ***P < 0.001 

 

6.3 IN VITRO EL OVEREXPRESSION CAUSES HDL SIZE REDUCTION 

To analyze the size of HDL, non-denaturing gradient gel electrophoresis followed by Sudan 

black or Coomassie blue staining was performed. Staining of modified serum and apoB-DS 

by Sudan black revealed decreased HDL particle size upon EL overexpression compared to 

control (Fig. 7 A,B) [124]. To confirm this result, we performed non-denaturing gradient gel 

electrophoresis and subsequent Sudan black and Coomassie blue staining as well as ApoA-I 

immunoblotting of HDL isolated from modified serum. Results shown in Fig. 7 C-E confirmed 

the decreased size of hEL-HDL compared to hEV-HDL, both isolated from respective modi-

fied serum (Fig. 7 C-E) [124].  
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Figure 7: Modification of human serum by EL in vitro  resulted in  decreased HDL size  

Non-denaturing polyacrylamide electrophoresis was performed by loading aliquots of human  

(h) EV-serum or EL-serum (1.5 µL), hEV-apoB-DS or hEL-apoB-DS (2 µL) and hEV-HDL or hEL-HDL (10 µg pro-

tein) onto 4-16% gels. Afterwards, gels were stained with Sudan Black (A-C) and Coomassie blue (D) or Western 

Blotting against ApoA-I (E) was done. Protein size corresponds to the high molecular weight marker bands on the 

gels or membrane. Results are representative of 5 different modifications of the pool-serum from 8 donors. This 

figure has been published previously in [124]. 

 

6.4 IN VITRO EL OVEREXPRESSION RESULTS IN LIPID-POOR APOA-I 
FORMATION 

It has been established that lipid-poor ApoA-I is the main acceptor for ABCA1-dependent 

cholesterol efflux [108]. Therefore, to examine whether EL overexpression generates lipid-

poor ApoA-I, the modified serum and apoB-DS were analyzed using non-denaturing gradient 

gel electrophoresis with subsequent ApoA-I immunoblotting. Interestingly, Western Blotting 

against ApoA-I identified a remarkable band smaller than 7.1 nm in hEL-serum as well as 

hEL-apoB-DS but not in respective controls (Fig. 8 A,B) [124]. The prominent bands were not 

detected when isolated HDL was analyzed (Fig. 8E) [124]. These results indicate the produc-

tion of lipid-poor ApoA-I upon EL modification of human serum in vitro.  
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Figure 8: Lipid -poor ApoA -I is generated  upon EL modification of human serum  

Non-denaturing polyacrylamide electrophoresis was performed onto 4-16% gels followed by Western Blotting 

against ApoA-I. Protein size corresponds to the high molecular weight marker bands on the membranes. The 

position of lipid-poor ApoA-I is indicated by the arrows. Results are representative of 5 different modifications of 

the pool-serum from 8 donors. This figure has been published previously in [124]. 

 

6.5 LIPID-POOR APOA-I CONTRIBUTES TO THE INCREASED CEC OF  
EL-MODIFIED SERUM 

To establish that the formation of lipid-poor ApoA-I is responsible for the increased CEC of 

hEL-serum and hEL-apoB-DS [124], the modified serum was fractionated by FPLC (Fig. 9A). 

Immunoblotting against ApoA-I was performed to detect HDL (ApoA-I) positive fractions  

(Fig. 9B). 

 

 

Figure 9: FPLC and Western Blot against ApoA -I of modified serum  
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(A) Human modified serum was separated by FPLC and (B) FPLC fractions 27 ï 40 were analyzed by SDS-PAGE 

and ApoA-I Western Blot. Protein size corresponds to the protein marker bands on the membranes. Results are 

representative of 2 different modifications of the pool-serum. This figure has been published previously in [124]. 

After identification of the ApoA-I positive fractions, CEC of each single fraction was deter-

mined to demonstrate the contribution of lipid-poor ApoA-I. As expected, the EL serum frac-

tions 30 and 31 that represent mature HDL without lipid-poor ApoA-I (Fig. 10D) showed sig-

nificantly lower total CEC compared to EV fractions (Fig. 10A) [124]. In contrast, the EL frac-

tions 33 ï 37 containing significantly more lipid-poor ApoA-I compared to control fractions  

(Fig. 10D), exhibited significantly higher total as well as ABCA1-dependent CEC compared to 

corresponding EV-fractions (Fig. 10 A,B) [124]. The ABCA1-independent CEC was similar 

between EV and EL serum fractions (Fig. 10C) [124].  

 

 

Figure 10: CEC and ApoA -I Western Blot of FPLC fractions of modified serum  

(A) Total CEC, (B) ABCA1-dependent CEC, (C) ABCA1-independent CEC and (D) Non-denaturing polyacrylamide 

electrophoresis followed by ApoA-I Western Blot of FPLC fractions of hEV-serum and hEL-serum. Protein size 

corresponds to the high molecular weight marker bands on the membranes. The position of lipid-poor ApoA-I is 

indicated by the arrow (C). Shown is a representative experiment out of 2 independent modifications, both giving 

similar results. Results are mean ± SEM of one modification, each measured in duplicates and analyzed by two-

tailed unpaired t-test. This figure has been published previously in [124]. *P < 0.05, **P < 0.01, ***P < 0.001 
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6.6 LIPID COMPOSITION OF HUMAN EL SERUM  

Overexpression of EL in vitro resulted in alterations of CEC and HDL size as well as the pro-

duction of lipid-poor ApoA-I. As previously reported, the lipid composition can influence the 

HDL functionality [131]. Therefore, the lipid composition of EL-modified serum, apoB-DS and 

isolated HDL were assessed by mass spectrometry (MS). EL overexpression significantly 

reduced phosphatidylcholine (PC) (Fig. 11A), phosphatidylethanolamine (PE) (Fig. 11B), 

phosphatidylinositol (PI) (Fig. 11C) and TAG (Fig. 11D) levels in serum, apoB-DS and HDL. 

As supposed, the LPC content was increased in hEL-serum, hEL-apoB-DS and hEL-HDL 

compared to respective controls (Fig. 11E). Furthermore, increased levels of lyso-

phosphatidylethanolamine (LPE) (Fig. 11F) and FC (Fig. 11G) were only observed in isolated 

hEL-HDL. CEs were unchanged in all conditions (Fig. 11H). Finally, the ceramide (Cer) and 

SM content was reduced in hEL-HDL compared to control (Fig. 11 I,J) [124].  

 

 

Figure 11: Lipid comp osition of hEL -serum, hEL -apoB -DS and hEL -HDL 

Lipids from hEV-serum, hEL-serum, hEV-apoB-DS, hEL-apoB-DS, hEV-HDL and hEL-HDL (corresponding to  

300 µg serum or HDL protein) were extracted and (A) PC, (B) PE, (C) PI, (D) TAG, (E) LPC, (F) LPE, (G) FC,  

(H) CE, (I) Cer and (J) SM were analyzed by MS. Results are mean ± SEM of 3 independent modifications of the 

pool-serum. This figure has been published previously in [124]. *P < 0.05, **P < 0.01, ***P < 0.001 












































































































