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Summary 

 

Atherosclerosis is a chronic inflammatory vascular disease and still the major cause of 

death worldwide. It is characterized by the accumulation of cholesterol-loaded 

macrophages in the arterial wall which induces a thickening of the vessel wall and can lead 

to plaque formation. Acute cardiovascular events (e.g. myocardial infarction and stroke) 

are frequently caused by plaque rupture and resulting thrombosis.  

High-density lipoproteins (HDL) are cholesterol carriers in the plasma and their major 

protein constituent is apolipoprotein A-I (apoA-I). Based on many epidemiological and 

experimental findings HDL and apoA-I are considered as antiatherogenic molecules and 

therefore attractive targets for prevention and therapy of coronary heart disease. Some of 

their diverse atheroprotective properties are exerted within the arterial wall and therefore 

HDL and apoA-I must leave the circulation and pass the endothelium. However, until now 

it is little understood how HDL and apoA-I leave the plasma compartment and pass the 

endothelial barrier to reach this extravascular space. We have recently reported that aortic 

endothelial cells bind, internalize, and translocate lipid-free apoA-I from the apical to the 

basolateral compartment in a specific and temperature dependent manner. Furthermore, we 

showed that this transendothelial transport of apoA-I involves ATP-binding cassette 

transporter (ABC) A1 and that after specific transport, the originally lipid-free apoA-I 

molecules were recovered as lipidated particles. 

In this thesis we first analyzed the interaction of mature HDL with endothelial cells. We 

found that aortic endothelial cells bind, internalize, and translocate HDL from the apical to 

the basolateral side in a specific and temperature-dependent manner without degrading the 

protein moiety and that this transendothelial transport of HDL is modulated by the proteins 

ABCG1 and the scavenger receptor BI (SR-BI). 

We also further characterized the transendothelial transport of apoA-I to provide more 

evidence for the specificity and to unravel the mechanism. We hypothesized that apoA-I 

transport is started by the ABCA1-mediated generation of a lipidated particle which is then 

transported by ABCA1-independent pathways. To test this hypothesis, we analyzed the 

endothelial binding and transport properties of initially lipid-free as well as pre-lipidated 

apoA-I mutants. Our data showed that the carboxy-terminal domain of apoA-I is 

mandatory for the transendothelial transport of lipid-free apoA-I but not of pre-lipidated 
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apoA-I particles and thus support the model of a two-step process for transendothelial 

apoA-I transport in which apoA-I is initially lipidated by ABCA1 and then further 

processed by ABCA1-independent mechanisms. However, the amphipathic midregional 

alpha helices of apoA-I provide the basis for unspecific interactions with the lipid-bilayer 

of the plasma membrane. By microscopy studies we demonstrated that the transendothelial 

apoA-I transport is a vesicular transport which most likely starts with the endocytosis of 

apoA-I into the early endosomes of endothelial cells.  

In addition, we analyzed the behaviour of another apoA-I variant, a trimeric high 

molecular weight variant of apoA-I (TripA), which has been engineered as a potentially 

antiatherogenic therapeutic. The trimerization should counteract the otherwise fast renal 

filtration of apoA-I when infused into patients. We here investigated whether this TripA 

mimicks important properties of apoA-I in lipoprotein metabolism, namely formation of 

HDL-like particles, stimulation of cholesterol efflux from macrophages, activation of the 

cholesterol esterifying enzyme LCAT, and transendothelial transport. Our data 

demonstrated that TripA, whether lipid-free or lipidated, showed similar in vitro properties 

like apoA-I and HDL, respectively. 

Finally, we demonstrated that on the surface of endothelial cells F0F1 ATPase hydrolyzes 

ATP upon binding of apoA-I. The ADP thereby produced stimulates internalization and 

transendothelial transport of apoA-I and probably also HDL. Simultaneous siRNA 

inhibition of ABCA1 expression and pharmacological inhibition of the F0F1 ATPase did 

not reveal any additive effect suggesting that ABCA1 and F0F1 ATPase act in series rather 

than in parallel. 

To conclude, our data suggest that transendothelial apoA-I transport is vesicular and 

involves as a first step the lipidation of the molecule by ABCA1. Subsequently, the thereby 

generated particle is transported via ABCA1-independent pathways. This mechanism is 

most likely shared with the transendothelial transport of HDL where ABCG1 and SR-BI 

are involved. F0F1 ATPase stimulates internalization and transport of apoA-I and HDL via 

as yet unknown downstream mechanisms. 
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Zusammenfassung 

 

Arteriosklerose ist eine chronische, entzündliche Gefässerkrankung und immer noch die 

häufigste Todesursache weltweit. Charakteristisch für diese Erkrankung ist die vermehrte 

Einlagerung von Cholesterin-beladenen Makrophagen in den Gefässwänden, was zu einer 

Verdickung der Gefässwand und einer Plaquebildung führt. Akute Herz-Kreislauf-Vorfälle 

(z.B. Herzinfarkte und Schlaganfälle) werden gewöhnlich durch das Aufbrechen des 

Plaques mit resultierender Thrombose ausgelöst. High-density Lipoproteine (HDL) 

transportieren Cholesterin im Plasma und enthalten Apolipoprotein A-I (ApoA-I) als 

Hauptstrukturprotein. HDL und apoA-I werden, basierend auf vielen epidemiologischen 

und experimentellen Daten, als antiatherogene Moleküle betrachtet und sind darum 

attraktive Ziele für Prävention und Therapie der koronaren Herzerkrankung. Einige von 

ihren verschiedenen atheroprotektiven Eigenschaften üben sie in der Gefässwand aus, so 

dass HDL und ApoA-I den Kreislauf verlassen und das Endothel durchqueren müssen. Bis 

jetzt ist nur wenig bekannt wie HDL und ApoA-I das Plasma verlassen und die 

Endothelbarriere passieren, um in diesen extravaskulären Raum zu gelangen. Vor kurzem 

haben wir berichtet, dass Endothelzellen der Aorta lipidfreies ApoA-I binden, 

internalisieren und von der apikalen zur basolateralen Seite transportieren und zwar 

spezifisch und temperaturabhängig. Desweiteren haben wir gezeigt, dass in diesem 

transendothelialen ApoA-I-Transport der ATP-bindende Kassetten Transporter (ABC) A1 

involviert ist und dass die ursprünglich lipidfreien ApoA-I Moleküle nach dem 

spezifischen Transport lipidiert sind. 

In dieser Arbeit analysierten zuerst wir die Interaktion von reifem HDL mit Endothelzellen. 

Wir haben gefunden, dass Endothelzellen der Aorta HDL binden, internalisieren und von 

der apikalen zur basolateralen Seite transportieren, und zwar spezifisch und 

temperaturabhängig und ohne dass die Proteinanteile abgebaut werden. Dieser 

transendotheliale HDL-Transport wird moduliert durch ABCG1 und den Scavenger-

Rezeptor BI (SR-BI). Ausserdem haben wir den ApoA-I-Transport weiter charakterisiert, 

um mehr Anhaltspunkte für die Spezifität zu gewinnen und den Mechanismus aufzuklären. 

Unsere Hypothese besagt, dass der ApoA-I-Transport mit der ABCA1-vermittelten 

Bildung eines lipidierten Partikels beginnt, der dann durch ABCA1-unabhängige 

Mechanismen transportiert wird. Um diese Hypothese zu testen, analysierten wir die 

endothelialen Bindungs- und Transporteigenschaften von ursprünglich lipidfreien und von 



Zusammenfassung 

4 

vorher lipidierten ApoA-I-Mutanten. Unsere Daten erlauben den Schluss, dass die 

carboxy-terminale Domäne von ApoA-I zwingend erforderlich ist für den 

transendothelialen Transport von lipidfreiem ApoA-I, nicht aber für den Transport von 

lipidierten ApoA-I Partikeln. Dies unterstützt unser Modell von einem zwei-Stufen Prozess 

für den transendothelialen ApoA-I-Transport, bei dem  ApoA-I zuerst von ABCA1 

lipidiert wird und dann weiter durch ABCA1-unabhängige Mechanismen prozessiert wird. 

Die amphipathischen alpha Helices in der Mitte von  ApoA-I sind die Grundlage für 

unspezifische Interaktionen mit der Lipid-Doppelschicht der Plasmamembran. Durch 

Mikroskopie-Studien haben wir gezeigt, dass der ApoA-I-Transport ein vesikulärer 

Transport ist, der wahrscheinlich mit der Endozytose von ApoA-I in die frühen 

Endosomen von Endothelzellen beginnt. Zusätzlich analysierten wir das Verhalten einer 

anderen ApoA-I-Variante, einer trimeren hochmolekularen Variante von ApoA-I (TripA), 

die als potenzielles antiatherogenes Therapeutikum entwickelt wurde. Die Trimerisierung 

soll der schnellen Filtration des ApoA-I durch die Niere entgegenwirken, wenn es 

Patienten injiziert wird. Wir haben untersucht, ob dieses TripA dieselben wichtigen 

Eigenschaften wie ApoA-I im Lipoprotein-Metabolismus aufweist, wie die Bildung von 

HDLartigen Partikeln, die Stimulierung des Cholesterin-Efflux aus Makrophagen, die 

Aktivierung des Cholesterin-veresternden Enzyms LCAT und den transendothelialen 

Transport. Unsere Daten haben gezeigt, dass TripA, lipidfrei oder lipidert, ähnliche in vitro 

Eigenschaften wie ApoA-I und respektive HDL aufweist. Schlussendlich haben wir noch 

gezeigt, dass die F0F1 ATPase auf der Oberfläche von Endothelzellen nach der Bindung 

von ApoA-I ATP hydrolysiert. Das ADP, das dabei produziert wird, stimuliert die 

Internalisierung und den transendothelialen Transport von ApoA-I und wahrscheinlich 

auch von HDL. Gleichzeitige siRNA Hemmung der ABCA1-Expression und 

pharmakologische Hemmung der F0F1 ATPase zeigten keinen additiven Effekt, so dass 

ABCA1 und die F0F1 ATPase wahrscheinlich seriell arbeiten und nicht parallel.  

Zusammenfassend weisen unsere Ergebnisse darauf hin, dass der transendotheliale ApoA-

I-Transport vesikulär ist und als ersten Schritt eine Lipidierung des Moleküls durch 

ABCA1 beinhaltet. Danach wird der dabei gebildete Partikel durch einen ABCA1-

unabhängigen Mechanismus transportiert. Dieser Mechanismus ist höchstwahrscheinlich 

derselbe wie für den transendothelialen HDL-Transport, bei dem ABCG1 und SR-BI 

involviert sind. Die F0F1 ATPase stimuliert die Internalisierung und den Transport von 

ApoA-I und HDL durch noch unbekannte nachgeordnete Mechanismen. 
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Abbreviations 

 

ABC     ATP-binding cassette transporter 

ABCA1    ATP-binding cassette transporter A1 

ABCG1    ATP-binding cassette transporter G1 

ACAT     acyl-CoA cholesteryl acyl transferase 

acetyl CoA    acetyl coenzyme A 

ADP     adenosine diphosphate 

apo     apolipoprotein 

apoA-I     apolipoprotein A-I 

ATP     adenosine triphosphate 

-ATPase    -chain of F0F1 ATPase 

BSA     bovine serum albumin 

CETP     cholesteryl ester transfer protein 

cpm     counts per minute 

DMEM    Dulbecco's modified Eagle medium 

ER     endoplasmatic reticulum 

eNOS     endothelial nitric oxide synthase 

FCS     fetal calf serum 

HDL     high-density lipoproteins 

HL     hepatic lipase 

HMG-CoA    3-hydroxy-3-methylglutaryl CoA 

HSPG     syndecan-1 heparan sulfate proteoglycan 

IDL     intermediate-density lipoproteins 

IEJ     interendothelial junctions 

kDa     kilo Dalton 
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LCAT     lecithin:cholesterol acyltransferase 

LDL     low-density lipoproteins 

LDLR     LDL receptor 

LpL     lipoprotein lipase 

LRP1     LDL receptor-related protein 1 

LXR     liver-X-receptor 

MCP-1     monocyte chemotactic protein-1 

PBS     phosphate buffered saline 

PLTP     phospholipid transfer protein 

PON     paraoxonase 

POPC     2-oleoyl-1-palmitoyl-sn-glycero-3 phosphocholine 

rHDL     reconstituted HDL 

RXR     retinoic-X-receptor 

SAA     serum amyloid A protein 

SDS-PAGE    SDS polyacrylamide gel electrophoresis 

siRNA     small interfering RNA 

SR     scavenger receptor 

SR-A     scavenger receptor A 

SR-BI     scavenger receptor type B1 

SREBPs    sterol regulatory element binding proteins 

S1P     sphingosine-1-phasphate 

TGRL     triglyceride-rich lipoproteins 

TripA     TripA-ApoA-I-K9AK15A 

VDACs    voltage-dependent anion channels 

VLDL     very low-density lipoproteins 

WT     wild-type 
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1 Introduction 

 

1.1 Cholesterol and lipoproteins 

Cholesterol was first discovered in bile and in gallstones by François Poulletier de la Salle 

in 1769. The name originates from the Greek words chole (bile) and stereos (solid) and the 

chemical suffix –ol for an alcohol. 

Biochemically cholesterol belongs to the class of lipids (figure 1). In vertebrates, almost 

any cell contains cholesterol as an essential structural component of the cell membranes [1], 

where it controls their permeability and fluidity. Regions in the cell membrane which 

contain large amounts of cholesterol are termed lipid rafts and generally show low fluidity. 

Lipid rafts are important places for the assembly of signaling complexes. Cholesterol is 

vital for our body; it actually serves many beneficial purposes. It is indispensable as 

precursor in the synthesis of bile acids, steroid hormones, and fat-soluble vitamins, such as 

vitamin A, D, E, and K. Consequently, cholesterol is of high biomedical importance. It is 

essential that a sufficient supply or biosynthesis is assured. 

 

 

Figure 1: Chemical structure of cholesterol. 

 

Sources of cholesterol 

Humans receive cholesterol from two main sources: the diet and the de novo synthesis 

from simpler substances within the body. The dietary intake of cholesterol accounts for 

approximately 30%. This figure varies between individuals because of diverse genetic 

predispositions and different eating habits [2]. The amount of cholesterol provided by 

nutrition is absorbed by enterocytes of the small intestine, from where it is distributed 
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further on. Another distinctive aspect is that the cholesterol synthesis is tightly regulated: 

the body compensates for cholesterol intake by reducing the de novo synthesis. The main 

site of de novo synthesis of cholesterol is the liver. Additional locations are the intestine, 

adrenal glands, and reproductive organs. But in principal, all nucleated cells can perform 

the de novo synthesis of cholesterol. It is initiated by acetyl coenzyme A (acetyl CoA) and 

runs through the mevalonate pathway. The rate-limiting step in this process is the 

conversion of 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) to mevalonate by the enzyme 

HMG-CoA reductase. This step is also the target for statins (HMG-CoA reductase 

inhibitors), i.e. drugs which lower the cholesterol plasma level in patients. As mentioned 

before, the regulation of cholesterol synthesis is quite stringent and involves the sterol 

regulatory element binding proteins (SREBPs) in the endoplasmatic reticulum (ER). When 

cholesterol levels are low, SREBPs are activated by the transport to the Golgi complex. 

There, they undergo proteolytic processing and the processed fragments move towards the 

nucleus, where they trigger the transcription of HMG-CoA reductase and other genes 

involved in cholesterol regulation. As a result, cellular cholesterol levels are increased [3]. 

As long as a sufficient amount of cholesterol is available in the cell, the ER-Golgi transport 

of SREBPs is inhibited by conformational changes in proteins involved in the ER retention 

of SREBPs [4]. Cholesterol synthesis is based on the concept of negative feedback 

regulation [5]. 

 

Lipoproteins 

Every cell in the body requires cholesterol and can synthesize it, but the main source of all 

cholesterol is the liver and the intestine. Therefore, cholesterol has to be transported 

through the bloodstream to target organs. Since blood is an aqueous milieu and cholesterol 

is a lipid, meaning hydrophobic, there is necessity for a carrier. Cholesterol is transported 

in special particles called lipoproteins, complex biochemical assemblies that contain both 

proteins and lipids. They feature an outer water-soluble surface containing amphipathic 

phospholipids, unesterified (free) cholesterol, and proteins called apolipoproteins. The 

inner hydrophobic core consists of triglycerides and cholesteryl esters. Lipoproteins are 

classified and named according to their density. There are 5 major types, each assigned 

with a different function (table 1). Lipoproteins are larger and less dense, if they consist of 

more triglycerides and less proteins. The largest lipoproteins are the chylomicrons. They 

carry triglycerides from the intestine to the liver, skeletal muscles, and to adipose tissue. 
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Very low-density lipoproteins (VLDL) carry newly synthesized endogenous triglycerides 

from the liver to adipose and muscle tissue. Low-density lipoproteins (LDL) deliver 

cholesterol to the liver and other cells via binding to LDL receptors and subsequent 

endocytosis. In the case of sufficient cholesterol supply, cells stop cholesterol synthesis 

and downregulate LDL receptor expression via the SREBP pathway. Intermediate-density 

lipoproteins (IDL) are intermediates between VLDL and LDL. High-density lipoproteins 

(HDL) exert different functions. The classical role is to collect excess peripheral 

cholesterol from the body’s cells and return it to the liver for recycling and excretion via 

the bile into the digestive tract. Typically, about 50% of the excreted cholesterol is 

reabsorbed by the small bowel back into the bloodstream. 

 

Lipoprotein Density [g/ml] Diameter [nm] Apolipoproteins 

Chylomicrons < 0.95 < 1000 A-I & II, B48, C-I, II, III, E, H 

VLDL 0.95 – 1.006 30 - 80 B100, C-I, II, III, E 

IDL 1.006 – 1.019 25 - 50 B100, C-II, III, E 

LDL 1.019 – 1.063 18 - 28 B100 

HDL 1.063 – 1.21 5 - 15 

A-I, II, IV, C-I, II, III, IV, D, 

E, F, H, J, L-I, M 

 

Table 1: Density, diameter, and apolipoprotein composition of different plasma lipoproteins. 

 

In the following two paragraphs, the structure and composition of HDL and its major 

apolipoprotein (apo)A-I is described in more detail. 

 

Structure of HDL and apoA-I 

HDL is the smallest and densest of all lipoproteins; proteins form the largest part of it. 

Among them apoA-I constitutes about 70% of the protein content and is present on almost 

all HDL particles. Therefore, the plasma concentration of apoA-I positively correlates with 

the plasma HDL concentration. ApoA-I is a 28 kDa protein consisting of 243 amino acids. 

Unfortunately, also three decades of studying the structure of apoA-I, not much is known. 
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Based on X-ray crystallography and computer modeling, most of the 243 amino acid 

residues of apoA-I are grouped into amphipathic alpha-helices, 11 or 2 × 11 amino acids in 

length [6-12], that embrace the carbon chains of several phospholipid molecules like a belt. 

Four years ago, the crystal structure of lipid-free apoA-I was published by a laboratory in 

Alabama, USA [13]. They described that the tertiary structure of apoA-I is organized in 

two domains: a helix bundle domain comprising the amino-terminal and central alpha-

helices (residues 1-186) and a strongly lipid-binding but separately folded and relatively 

flexible carboxy-terminal domain (residues 187-243). Surprisingly, this paper was forced 

to be withdrawn and now there is still uncertainty on the tertiary structure of apoA-I. The 

second most abundant apolipoprotein associated with HDL is apoA-II, which is found on 

65% of all HDL particles [14].  

One aspect that makes HDL so special is its heterogeneity. There are distinct subclasses 

with different shapes, densities, electrophoretic mobilities, sizes, apolipoprotein, and lipid 

compositions [15]. By using shot-gun proteomics, over 50 proteins were found associated 

with HDL including different apolipoproteins [16]. Among them, numerous enzymes were 

found: lecithin:cholesterol acyltransferase (LCAT), phospholipid transfer protein (PLTP), 

cholesteryl ester transfer protein (CETP), and both paraoxonase-1 (PON1) and PON3 [17]. 

Beside these enzymes, also transferrin, all 3 human serum amyloid A proteins (SAA1, 

SAA2, SAA4), proteins involved in complement activation in acute-phase response, and 

different protease inhibitors were found to be associated with HDL. Based on this 

complexity, it is obvious that HDL exert pleiotropic functions. Recent studies also showed 

that the protein composition of HDL from healthy people and from patients with 

cardiovascular events varies [16]. As manifold the protein composition as diverse is the 

lipid distribution in HDL. The main lipids found on HDL are glycerophospholipids, 

isoprenoids (free and esterified cholesterol, oxysterols, steroids, lipid soluble vitamins), 

sphingolipids, triacylglycerols, and lysophosphatidylcholines [18]. But not only the protein 

and the lipid composition shows an enormous variety, also particle shape, density, 

electrophoretic mobility, and size vary and give raise to different HDL subpopulations. By 

ultracentrifugation human HDL can be fractionated into two main subfractions according 

to their density: HDL2 (1.063 – 1.125 g/ml) and HDL3 (1.125 – 1.21 g/ml) [19]. A further 

classification can be made by the particle diameter as determined by gradient gel 

electrophoresis: HDL2b (10.6 nm), HDL2a (9.2 nm), HDL3a (8.4 nm), HDL3b (8.0 nm), and 

HDL3c (7.6 nm) [20]. Last but not least a discrimination based on the electrophoretic 
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mobility can be made between two populations, large, spherical, and lipid-rich -HDL 

with a relatively high negative surface charge density, representing most of the plasma 

HDL, including HDL2 and HDL3, and lipid-poor pre-HDL [21], which represents only 5-

15% of total apoA-I in plasma and has a density of 1.210 g/ml (figure 2). Pre-HDL can be 

separated into pre1-, pre2-, and pre3-HDL by two-dimensional gel electrophoresis [22]. 

Pre1-HDL particles are small and discoidal. They contain apoA-I and possibly apoM as 

lipid-free apolipoproteins in association with 3-4 moles of phospholipids and 1-2 moles of 

cholesterol [23-26]. If these nascent HDL particles contain also apoM the particle size 

increases [27]. The formation and the causes of this huge diversity of HDL particles are 

elucidated in the chapter HDL metabolism. 

 

 

 

Figure 2: Pre-HDL and -HDL. HDL form a heterogenous class of lipoproteins. There are distinct 

subclasses, which are characterized by shape, size, apolipoprotein, and lipid composition. Pre-HDL 

particles are small, discoidal, and consist of apoA-I as lipid-free apolipoproteins or in association with a few 

molecules of phospholipids and free cholesterol. Mature -HDL particles are large, spherical, and lipid-rich. 
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1.2 Lipoprotein metabolism 

As described before, there are two ways for our body to obtain lipids, either by the diet or 

by de novo synthesis. Therefore, the exogenous and the endogenous pathways of 

lipoprotein metabolism are distinguished. 

 

Exogenous lipid transport 

The small intestine is covered by epithelial cells absorbing the lipids from the diet [28]. 

Then the chylomicrons consisting of these lipids and apoB48 are assembled intracellularly 

and released into the lymph of the ductus thoracicus. Thereby they bypass the liver to reach 

the blood circulation. There chylomicrons are equipped with apoC-II and apoE from HDL 

and are now described as mature. ApoC-II acts as a cofactor for the activation of 

lipoprotein lipase (LpL), an enzyme predominantly expressed by adipocytes and striated 

muscles. After transcytosis through the endothelium it is bound by proteoglycans of the 

apical side of the endothelium. The LpL hydrolyzes the triglyceride core of the 

chylomicrons into fatty acids and glycerols, which are then absorbed from the surrounding 

tissue, e.g. adipose or skeletal and cardiac muscle tissue for fat storage in form of 

triacylglycerol or energy supply [29]. The loss of triglycerides and enrichment with 

cholesterol generates chylomicron remnants, which are rapidly cleared from the plasma 

into the liver. They are recognized and endocytosed through interaction of apoE and LpL 

with cell surface receptors on hepatocytes [30]. Two endocytic receptors, the syndecan-1 

heparan sulfate proteoglycan (HSPG) and the LDL receptor, plus one docking receptor, 

SR-BI [31] and the LDL receptor-related protein 1 (LRP1) are involved [32]. Within 

lysosomes the chylomicron remnants are hydrolyzed. 

 

Endogenous lipid transport 

The liver is the main source of lipoproteins. Nascent VLDL particles containing apoB100 

are released from hepatocytes into the circulation [33]. There they acquire apoC-II, apoC-

III, and apoE and convert into mature VLDL particles. During the circulation their 

triglycerides are hydrolyzed by LpL. As result remnants called IDL are formed. These 

particles are either internalized by the liver or they are processed by the hepatic lipase. 



Introduction 

13 

Hydrolysis of residual triglycerides and phospholipids results in the formation of LDL, 

which are removed by LDL receptors mostly expressed by the liver. 

 

HDL metabolism 

HDL is the lipoprotein with a special mission; the vasculoprotective removal of excess 

cholesterol out of non-hepatic cells, especially macrophages. This process is called reverse 

cholesterol transport. Therefore and also because HDL is the central subject of this thesis, 

it is discussed in an own paragraph. One difference to the other lipoproteins is the 

assembly of the particles. HDL apolipoproteins and lipids are assembled outside the cells 

rather than intracellularly. ApoA-I the main apolipoprotein of HDL is secreted by the liver 

(70%) and by the intestine (30%) as lipid-free or lipid-poor apoA-I. Then, apoA-I acquires 

additional phospholipids and cholesterol by ATB-binding cassette transporter (ABC) A1- 

and ABCG1-mediated efflux from hepatocytes and also by transfer of phospholipid and 

apolipoprotein components from triglyceride-rich lipoproteins (chylomicrons, VLDL) 

during LpL-mediated lipolysis [34]. Out of these processes discoidal HDL particles 

develop [35]. These HDL discs then collect more phospholipids and chiefly free 

cholesterol via efflux of cells. The free cholesterol then is esterified by the enzyme LCAT 

carried by HDL and the hydrophobic cholesteryl esters build up the core of the HDL 

particle which is now called mature -HDL particle and has a spherical shape (figure 3). 

Mature HDL particles are subject to continuous dynamic remodelling in the plasma which 

includes an interplay of many different factors. The phospholipid transfer protein (PLTP) 

mediates the phospholipid transfer from triglyceride-rich lipoproteins (chylomicrons and 

VLDL) to HDL [36]. The hepatic lipase synthesized by the liver converts large HDL2 

particles to smaller HDL3 particles and thereby releases pre-HDL particles (lipid-poor or 

–free apoA-I). These pre-HDL particles either acquire novel lipids from cells and restart 

the formation of HDL or they are cleared by the kidney: filtered by the renal glomerulus 

and degraded by proximal tubular cell receptors such as cubilin/megalin system [37]. 

Another lipase involved in the HDL metabolism is the endothelial lipase synthesized by 

the endothelial cells, but its physiological role remains to be determined. Mature -HDL 

can transfer cholesteryl esters to the liver via selective uptake by scavenger receptor BI 

(SR-BI) [38] or via the cholesteryl ester transfer protein (CETP), an enzyme bound to 

lipoproteins. The latter mediates the exchange of cholesteryl esters from the core of HDL 

against triglycerides from apoB-containing lipoproteins (LDL, IDL, VLDL, and 
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chylomicrons) [39]. Cholesteryl esters from LDL are delivered to the liver after 

endocytosis of LDL particles by the LDL receptor. The cholesteryl esters are hydrolyzed in 

the hepatocytes to cholesterol, which either is recycled back into the ABCA1 pathway, 

secreted in the bile as bile acids, or reassembled into lipoproteins that are secreted into the 

circulation [40].  
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Figure 3: HDL metabolism. ApoA-I (lipid-free or lipid-poor), synthesized and secreted by the liver and the 

intestine, acquires additional phospholipids and free cholesterol from hepatic and peripheral tissues 

(including macrophages) via ABCA1 and ABCG1 and by transfer of lipid from triglyceride-rich lipoproteins 

(TGRL) during lipoprotein lipase (LpL)-mediated lipolysis. This leads to the formation of HDL discs, which 

can act as acceptor for ABCG1- and SR-BI-mediated cholesterol efflux and undergo further modifications by 

the lecithin:cholesterol acyltransferase (LCAT) and develops into spherical HDL2 or HDL3. Phospholipids 

can be transferred by the phospholipid transfer protein (PLTP) and cholesteryl esters from mature HDL 

particles can be transferred to apoB-containing lipoproteins (VLDL/LDL) via the cholesteryl ester transfer 

protein (CETP). Cholesterol is delivered back to the liver either directly via SR-BI or indirectly via CETP-

mediated transfer to LDL and endocytosis of LDL particles by the LDL receptor (LDLR). The hepatic lipase 

(HL) synthesized by the liver converts large HDL2 particles to smaller HDL3 particles thereby releases pre-

HDL particles (lipid-poor or –free apoA-I). These pre-HDL particles either acquire novel lipids from cells 

and restart the formation of HDL or they are cleared by the kidney. Adapted from [41]. 
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1.3 Atherosclerosis 

Atherosclerosis is a chronic inflammatory vascular disease and still the major cause of 

death worldwide. Under conditions of sustained cholesterol excess, the plasma LDL level 

is high. The more LDL in the plasma, the more LDL can accumulate in the wall of arteries, 

the intima. While LDL is protected from oxidation in the plasma, it becomes susceptible to 

modifications in the intima [42]. Oxidized LDL has several proatherogenic properties. For 

example it stimulates the upregulation of monocyte chemotactic protein-1 (MCP-1) 

production in endothelial cells. This protein functions as a chemoattractant for monocytes. 

But oxidized LDL is also ingested by macrophages in the intima by scavenger receptors A 

(SR-A) and CD36, which unlike the LDL receptor are not regulated by cholesterol. The 

accompanying arterial changes are summarized as a syndrome called atherosclerosis 

(figure 4). The progression of this disease is very slow. First arterial changes already occur 

in the first third of life. Different steps can be distinguished [43].  

1. Atherosclerosis is initiated by an injury to the endothelium via (physical) shear stress 

and exposure to atherogenic lipids and toxins. 

2. Monocytes attach to endothelial cells at lesion-prone sites of large arteries. This is 

regulated by cell adhesion molecules and chemotactic factors expressed by endothelial 

cells in response to inflammatory stimuli and metabolic stressors. They transmigrate into 

the subendothelial space and differentiate into macrophages [43]. In principle, this process 

could be protective because macrophages remove cytotoxic and proinflammatory modified 

lipoproteins and apoptotic cells. However, after uptake of modified lipoproteins, they 

accumulate large amount of cholesteryl ester and they develop into activated foam cells, 

which are an early hallmark of atherosclerosis. These cells secrete various atherogenic 

molecules including cytokines, matrix degrading proteases, and growth factors. These fatty 

streak lesions are not clinically relevant, but precursors of more advanced lesions. 

3. The transition to more complex lesions or plaques happens by the immigration of 

smooth muscle cells from the medial layer of the artery, triggered by cytokines from foam 

cells, and T cells from the blood into the intima as a response to injury. Smooth muscle 

cells proliferate and synthesize extracellular matrix proteins leading to the thickening of 

the vessel wall and the development of fibrous caps of connective tissue that covers the 

lesion from the lumen [44]. T cells interact with macrophages, get activated, and secret 
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various cytokines resulting in a broad range of cellular and humoral responses and the 

acquisition of many features of a chronic inflammatory state.  

4. Rarely, these advanced lesions grow sufficiently large to progressively narrow the vessel 

lumen and block the blood flow. This may become the reason for stable angina pectoris 

that is heart attacks upon exhaustions which are interrupted by pausing and do not cause 

myocardial necrosis. In most of the cases acute cardiovascular events (e.g. myocardial 

infarction and strokes) are caused by plaque rupture and resulting thrombosis [45-48]. 

Plaque ruptures generally occur at the shoulders of the plaques and most often in lesions 

with a thin fibrous cap [47]. Additionally, matrix metalloproteinases secreted by 

macrophages destabilize the plaque by degrading extracellular matrix proteins [49]. The 

exposure of plaque lipids and tissue factor to blood components initiates the coagulation 

cascade, the aggregation of platelets, and then the formation of a thrombus, which 

eventually occludes a coronary artery and thereby causes necrosis of the myocardium 

supplied by this artery that is myocardial infarction. Therefore, the most common clinical 

complication is an occlusion of the vessel due to the formation of a blood clot. 
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Figure 4: Arterial changes leading to an atherosclerotic plaque. In a healthy artery endothelial cells form 

an intact monolayer lining the intima and the subjacent smooth muscle cells. An atherosclerotic plaque is 

characterized by the accumulation of macrophage-derived foam cells. Smooth muscle cells tent to form a 

fibrous cap, which may rupture leading to thrombosis and myocardial infarction. Adapted from 

http://www.robertsfox.com/EndoPAT.htm. 
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Reverse cholesterol transport and antiatherogenic properties of HDL and apoA-I 

Several clinical and epidemiological studies have shown an inverse relationship between 

HDL and apoA-I plasma levels and the risk of coronary artery disease [50-52]. Therefore, 

HDL is sometimes referred to as the “good cholesterol” lipoprotein. Clinicians advise to 

maintain the HDL level in the plasma over 1 mmol/l. The positive effect of HDL and 

apoA-I can be attributed to diverse atheroprotective functions of these particles.  

One of these processes significantly affecting atherosclerosis is the reverse cholesterol 

transport, a pathway by which cholesterol accumulated in the foam cells is transported 

from the vessel wall to the liver for excretion or recycling [35]. The resulting decrease in 

cholesterol accumulation is thought to prevent the development of atherosclerosis. Reverse 

cholesterol transport is started by cholesterol efflux from macrophages of the vessel wall, 

which is the only known mechanism by which macrophages can reduce the cellular 

cholesterol accumulation [53]. The extracellular acceptors of the effluxed cholesterol are 

HDL and apoA-I [54]. The main cellular factors involved in the cholesterol efflux are 

ABCA1, ABCG1, and SR-BI. The current model indicates that ABCA1-mediated 

phospholipid efflux to initially lipid-free apoA-I generates particles which then interact 

with ABCG1 and SR-BI for enhanced cholesterol efflux [55-57]. This process may involve 

uptake and resecretion of apoA-I or HDL [58-60], the so-called retroendocytosis. 

Beside reverse cholesterol transport, also other atheroprotective properties of HDL and 

apoA-I are known. In vitro and in vivo, native HDL and artificially reconstituted HDL 

(rHDL) containing only apoA-I and phospholipids show anti-inflammatory effects, e.g. by 

inhibiting the expression of cell adhesion molecules and thereby the transmigration of 

leukocytes through endothelial cells [61-63]. Furthermore, HDL exert antithrombotic, 

antioxidant, antiapoptotic, and anticoagulatory properties and are also able to maintain 

endothelial function and integrity by promoting vasorelaxation, junction stability, 

proliferation, migration, recruitment, and differentiation of endothelial progenitor cells [64-

66].  

There are indications that not only the concentration of HDL in the plasma but also the 

“quality” of HDLs is an important factor for the antiatherogenity. For instance, the 

antiatherogenic activity could be enhanced by different antioxidants (e.g. paraoxonase) 

carried by HDL and reduced by the presence of oxidized lipids [67]. This concept of 
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functional and dysfunctional HDL with anti- and proinflammatory properties has been put 

forward by Navab et al. [68]. 

 

Risk factors and therapies for atherosclerosis 

Many factors are known to increase the risk of developing coronary artery disease. 

Unmodifiable risk factors are family history, gender, and age. Many modifiable risk factors 

are connected to the lifestyle of a person: obesity, physical inactivity, drugs, alcohol, 

smoking, hypercaloric diet, stress and the resulting hypertension, dyslipidemia, and 

diabetes mellitus [69]. Therefore, the first-line interventions recommended for prevention 

of atherosclerosis are diet and lifestyle changes. In many cases drug treatments are 

indispensable. First line medications are the already mentioned statins which reduce the 

endogenous cholesterol synthesis and consequently lower LDL level in the plasma. 

However, even in patients treated with statins, coronary events still occur [70, 71]. Low 

HDL-cholesterol levels explain some of the residual risk in these patients. There are two 

principal pharmacological approaches to increase HDL or apoA-I levels, either treatment 

with small molecules which increase the HDL-cholesterol level like fibrates, nicotinic acid 

(niacin), and CETP inhibitors or infusion of exogenously produced apoA-I and mimetics of 

HDL. In multiple human and animal studies repeated infusion of apoA-I reconstituted with 

phospholipids and also lipid-free apoA-I inhibited the progression and even induced the 

regression of atherosclerosis [72]. Studies with intravenous infusions of rHDL in humans 

demonstrated relatively little increase in HDL levels, but measurable increases in apoA-I 

and phospholipids and an increase in fecal sterol excretion, suggesting promotion of 

reverse cholesterol transport [73]. Moreover, in animal models apoA-I transgenic 

overexpression and somatic gene transfer inhibited the development and induced the 

regression of atherosclerosis, respectively [74, 75]. There are several ongoing studies with 

apoA-I variants or small amphipathic helical apoA-I mimetic peptides of 18 to 22 amino 

acids. ApoA-IMilano is a variant of apoA-I identified in the town Limone sur Garda in 

northern Italy. Carriers of this variant exhibit very low levels of HDL [76], but 

paradoxically apoA-IMilano appears to be atheroprotective by promoting cellular cholesterol 

efflux [77]. ApoA-IMilano, described in 1980 was the first known mutation in 

apolipoproteins [78]. This point mutant variant contains a cystein which forms an extra 

cysteine bridge and therefore exists as a homodimer. In a recent study, infusion of apoA-

IMilano reduced the plaque size in patients with coronary artery disease compared with 
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controls [79]. One important drawback of an antiatherosclerotic therapy with infusions of 

apoA-I is the fast renal filtration leading to enhanced apoA-I catabolism [80]. 
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1.4 HDL and apoA-I binding proteins 

Different HDL and apoA-I binding proteins have been shown to interact on the cell surface 

with HDL or apoA-I, therefore playing an important role in HDL metabolism. The 

properties and functions of these proteins are presented in this chapter. 

 

N

C

S S
Y

Y

Y

Y

Y Y

ABCA1 ABCG1

B B

C

C

A

A
N

C

Y

B

C
A

N

C

S S
Y

Y

Y

Y

Y Y

ABCA1 ABCG1

B B

C

C

A

A
N

C

Y

B

C
A

N

C

Y

B

C
A

 

 

Figure 5: Topological models of ABCA1 and ABCG1. ABCA1 is a full transporter containing 12 

transmembrane domains and two large intracellular domains, each comprising an ATP-binding domain. 

ABCG1 is a half-transporter with six transmembrane domains and a single intracellular region containing one 

ATP-binding domain. The functional transporter is thought to be a homodimer. A: Walker A, B: Walker B, 

C: Walker C or ABC signature motif. Adapted from [57]. 

 

ABCA1 

ABCA1 belongs to the superfamily of ATP-binding cassette transporters (ABCs), the 

largest membrane transporter family [81]. There are seven subgroups of ABCs labeled 

ABCA through ABCG with diverse functions. In humans, 49 ABCs were found, 13 of 

them in the ABCA subgroup [81]. ABCs use ATP to generate the energy needed to drive 

the transport of metabolites across membranes [40]. To date, importers have only been 

found in prokaryotes, whereas exporter-type ABC transporters are expressed ubiquitously 

in all kingdoms of life including humans [82]. ABCs are divided into three main categories 

according to their function. The importers in prokaryotes mediate the uptake of nutrients 
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including ions, amino acids, peptides, sugar, and other hydrophilic molecules into the cell. 

Exporters are present in both prokaryotes and eukaryotes and function as pumps that 

extrude toxins and drugs and other molecules such as lipids out of the cells. The third 

category of ABCs has no transport function, but is rather involved in translation and DNA 

repair processes. 

ABCA1 is a typical exporter. It is a 2261 amino acid, 240 kDa integral membrane protein 

comprising two analog structural units [83]. Each half consists of a transmembrane domain 

containing six -helices and one ATP-binding domain, also known as nucleotide binding 

domain with two conserved peptide motifs called Walker A and Walker B and the ABC 

signature sequence (also termed C motif or Walker C) [81, 84]. The amino-terminus of 

ABCA1 is oriented into the cytosol and the two large extracellular loops are linked by 

cysteine bonds and are highly glycosylated [85] (figure 5). It is a ubiquitously expressed 

protein, but most abundantly in the liver, macrophages, and the brain [86, 87].  

The important role of ABCA1 in human lipid metabolism is highlighted by Tangier disease. 

This is an autosomal recessive disorder, first identified in the 1960s in two siblings of the 

Tangier Island in Virginia. This disease is associated with almost total absence of HDL in 

the plasma and deposition of cholesteryl esters in tissue macrophages with an enlargement 

of tonsils, lymph nodes, liver, and spleen [88]. The patients seem to experience moderately 

accelerated atherosclerosis [89]. Metabolic studies have shown a rapid catabolism of apoA-

I in these patients [90]. Some years ago, different laboratories independently identified 

mutations in the ABCA1 gene as the cause of Tangier disease by linkage analysis [88, 91-

93].  

ABCA1 mediates the transport of phospholipids (the primary substrate), cholesterol, and 

other lipophilic molecules across the cell membrane where they are removed by lipid-poor 

HDL apolipoproteins [94]. Several studies indicate that the expression of ABCA1 in the 

liver is responsible for generating most of the HDL in the plasma. Adenoviral ABCA1 

overexpression in the liver of wild-type (WT) mice increases HDL production, whereas 

liver-specific ABCA1 deletion decreases HDL and apoA-I levels in plasma by about 90% 

[95-97]. However, deletion or overexpression of ABCA1 in macrophages has little or no 

effect on the concentration of HDL in plasma [98] indicating that the overall contribution 

of macrophage ABCA1 to plasma HDL levels is small. But although the influence of 

macrophage ABCA1 on the circulating HDL level is marginal, the effect on the excessive 

cholesterol accumulation in macrophages in the intima and their development into foam 
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cells is huge. Tissue-specific inactivation of ABCA1 in macrophages markedly increased 

the development of atherosclerosis in apoE-deficient or LDL receptor-deficient mice [99].  

The mechanisms for ABCA1-mediated lipid efflux are still not completely resolved. In the 

last years, several models emerged. One model suggests an ATP-dependent flopping of 

phospholipids from the inner leaflet of the membrane to the outer leaflet through a 

transmembrane chamber formed by the junction of the two symmetrical ABCA1 units 

[100]. By this mechanism lipids become accessible for removal by apolipoproteins at the 

plasma membrane. This removal of lipids by apolipoproteins could first involve binding of 

apoA-I to ABCA1 followed by the solubilization of the ABCA1-transported lipids [101]. 

Supporting this model, electron microscopy studies have shown that apoA-I selectively 

interacts with exovesiculated membrane protrusions on the surface of ABCA1-expressing 

cells [102, 103]. There is also the possibility that apolipoproteins bind to modified plasma 

membrane lipid domains created by ABCA1 independent by an apolipoprotein interaction 

[104, 105]. Another model is based on the retroendocytosis theory. In this case, 

apolipoproteins interact with ABCA1 and are endocytosed with ABCA1 to intracellular 

deposits of cholesterol and phospholipids. This lipid-apolipoprotein complex is released 

from the cell after the fusion of the vesicle with the plasma membrane [106]. In agreement 

with this pathway, several groups have shown that apoA-I and ABCA1 co-localize in 

endosomal compartments and that ABCA1 rapidly recycles between intracellular 

compartments and the plasma membrane [107-109]. Another matter of debate is whether 

the apoA-I/ABCA1 or the apoA-I/lipid interaction is the most important interaction for the 

overall binding process. A recent study showed that ABCA1 creates two types of high 

affinity binding sites for apoA-I at the cell membrane. The first step of the lipid efflux 

involves the high affinity binding of apoA-I to ABCA1 in the plasma membrane. This 

activates the translocation of membrane phospholipids to the outer leaflet and the bending 

of the membrane. Then apoA-I interacts with lipids in this highly curved membrane 

surface. After lipid solubilization by apoA-I, discoidal nascent HDL particles are generated 

[103].  

In summary it is obvious that ABCA1-mediated lipid export is a multistep pathway 

involving binding of apolipoproteins to ABCA1, formation of cell-surface lipid domains, 

and solubilization of lipids by apolipoproteins. However, so far no consensus is reached on 

the exact mechanism of ABCA1-mediated lipid efflux. 

 



Introduction 

23 

ABCG1 

ABCG1 is also a member of the large ATP-binding cassette transporter family and belongs 

to the G subfamily which contains five characterized transporters: ABCG1, ABCG2, 

ABCG4, ABCG5, and ABCG8. ABCG proteins are half-transporters, composed of an 

intracellular amino-terminal nucleotide-binding domain followed by the carboxy-terminal 

domain containing six transmembrane -helices [110] (figure 5). The half-transporters 

form homodimers with themselves or heterodimers with ABCG4 to be functionally active. 

Different human and murine transcripts are predicted to encode ABCG1 proteins that differ 

only at the amino-terminus [111-114]. Nonetheless, current evidence suggests that there is 

only one major transcript in human and mice. ABCG1 is mostly expressed in the liver, the 

lung, the spleen, the intestine, and other tissues [115]. ABCG1 seems to redistribute 

cholesterol to a cell surface pool where it becomes accessible for removal by HDL [116]. 

Thereby, this protein was found to play a role in atherosclerosis because it can prevent 

excessive uptake of cholesterol by macrophages and the resulting foam cell formation my 

mediating cellular cholesterol efflux [116, 117]. In addition to cholesterol, ABCG1 also 

mediates efflux of sphingomyelin and phosphatidylcholine [118, 119]. By contrast to 

ABCA1, ABCG1 mediates the transport of cholesterol from cells only to lipidated apoA-I 

and mature HDL but not to lipid-free apoA-I [114, 120]. Not much is known on the 

interaction of HDL and ABCG1. Expressing ABCG1 in HEK 293 cells does not increase 

HDL binding suggesting that ABCG1 does not bind HDL directly [120]. However, in vivo 

studies have demonstrated that ABCA1 and ABCG1 show additive activity in promoting 

macrophage lipid efflux [121], because deficiency of both transporters in bone marrow-

derived hematopoietic cells leads to severe defects in cholesterol efflux to HDL, massive 

cholesteryl ester accumulation in macrophages, and accelerated atherogenesis [122, 123]. 

Furthermore, our and other laboratories have shown that ABCA1 and ABCG1 act 

synergistically to remove cholesterol from cells, with ABCA1 converting lipid-free apoA-I 

into lipidated particles which then serve as acceptors for ABCG1-mediated cholesterol 

efflux [55-57]. Additionally, ABCA1 and ABCG1 may play a central role in mediating the 

antiapoptotic, anti-inflammatory, and endothelium protecting effects of HDL [124-127]. A 

recent publication has shown that in -cells in contrast to ABCA1 the majority of ABCG1 

is localized intracellularly and promotes vesicle formation [128]. ABCG1 has also been 

identified as a post-translational regulator of endothelial nitric oxide synthase (eNOS) and 

caveolin-1 in endothelial cells [126, 127]. Nevertheless, the exact mechanisms of ABCG1-
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mediated lipid efflux and the exact localization of ABCG1 in the cell and tissues is still 

matter of investigations. 
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Figure 6: Topological models of SR-BI and F0F1 ATPase. The scavenger receptor SR-BI contains a single, 

large, highly glycosylated extracellular loop anchored by two transmembrane domains with short 

cytoplasmatic extensions. F0F1 ATPase is a large complex arranged in two domains: a transmembrane 

domain F0 and a catalytic domain F1. Adapted from [57, 129]. 

 

SR-BI 

Scavenger receptors (SRs) were first described by Brown and Goldstein as receptors that 

bind and internalize modified forms of LDL through mechanisms which are not inhibited 

by the cellular cholesterol content [130]. To date, the widely divergent SR family includes 

at least 8 different subclasses (A-H), which have little sequence homology to each other 

but recognize common ligands [131]. These receptors share the ability to bind a broad 

array of native and modified lipoproteins, apoptotic cells, anionic phospholipids, and 

pathogens [131]. In addition to mammalian species, SRs have also been identified in 

nematodes and flies. There is genetic evidence that besides the class A SRs, SR-AI and 

SR-AII, also 2 members of the class B, CD36 and SR-BI, can affect atherosclerotic lesion 

development.  
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In various in vitro and in vivo studies the scavenger receptor class B type I (SR-BI) has 

been demonstrated to be a relevant receptor for HDL [132]. Overexpression of SR-BI in 

the liver of transgenic mice promotes reverse cholesterol transport and reduces 

atherosclerosis, despite decreasing plasma HDL levels and apoA-I levels [133, 134]. In 

contrast, analysis of SR-BI knock-out mice revealed an increase in plasma cholesterol in 

abnormally large and unesterified cholesterol enriched HDL particles [135] and a reduction 

in the clearance of HDL particles from plasma and therefore a decrease in biliary 

cholesterol secretion [136]. Furthermore, knock out of SR-BI in macrophages resulted in 

impaired cholesterol efflux capacity, induced foam cell formation and atherosclerosis, 

although these mice have normal plasma HDL levels [137]. In contrast, bone marrow 

transplantation studies have shown that SR-BI expression on macrophages reduces the 

development of advanced atherosclerotic lesions in apoE-deficient [138] or LDL receptor-

deficient [139, 140] mice. Surprisingly, the development of small fatty streak lesions in 

LDL receptor-deficient [139, 140] mice is facilitated by macrophage SR-BI [139]. 

Therefore, it seems that depending on the stage of lesion development, SR-BI expression 

on macrophages is either proatherogenic or antiatherogenic, indicating a unique dual role 

for SR-BI in the pathogenesis of atherosclerosis [141]. 

SR-BI is a 509 amino acid, 82 kDa cell surface glycoprotein containing a large 

extracellular domain with conserved sites for N-linked glycosylation and two 

transmembrane domains with short cytoplasmic amino- and carboxy-terminal domains 

[132] (figure 6). It is highly expressed in the liver, gastro-intestinal tract, and steroidogenic 

organs [142], but is also present in other tissues and cell types like macrophages, 

endothelial cells, and smooth muscle cells [132, 135]. The carboxy-terminal domain of SR-

BI interacts with an adaptor protein PDZK1, which regulates SR-BI expression levels in 

the liver and in epithelial cells of the intestine but not in adrenal gland, macrophages or 

endothelial cells [143]. It was the first identified HDL receptor [142] and binds discoidal 

and spherical HDL [144, 145] but also other ligands including LDL, VLDL, acetylated 

LDL, oxidized LDL, but not lipid-free apoA-I [142, 146]. Thereby it is a typical scavenger 

receptor with promiscuous ligand specificity. 

SR-BI mediates the transfer of cholesteryl esters from plasma HDL to the liver for 

excretion via the bile and the delivery of cholesterol to steroidogenic tissues for synthesis 

of steroid hormones [147]. This process is called the “selective cholesteryl ester uptake” 

[148]. HDL binds to the extracellular domain of SR-BI and the cholesteryl esters in the 
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core are delivered to the plasma membrane without uptake and degradation of the entire 

HDL particle. SR-BI exerts an additional function namely the bidirectional flux of 

unesterified (free) cholesterol between cells and lipoproteins via a concentration gradient. 

These gradients result from the complex interactions between lipoprotein composition and 

are influenced by factors such as LCAT, CETP, and PLTP, differences in plasma 

membrane and acceptor phospholipid/cholesterol ratios, and the activity of the acyl-CoA 

cholesteryl acyl transferase (ACAT, catalyzes the intracellular esterification of free 

cholesterol) within the cells [149-151]. This process is also responsible for the cholesterol 

efflux from peripheral cells like macrophages. Therefore, SR-BI is involved in both ends 

of the reverse cholesterol transport pathways and protects against atherosclerotic plaque 

development. Furthermore, SR-BI has been shown to mediate several effects of HDL on 

endothelial cell activity, especially the activation of nitric oxide synthase [152], the 

induction of endothelium-dependent vasodilation, inhibition of vascular adhesion molecule 

expression, and stimulation of re-endothelialization and angiogenesis [153-156].  

 

F0F1 ATPase 

The ectopically expressed -chain of F0F1 ATPase (-ATPase) has been identified as a 

hepatic receptor for apoA-I [157]. F0F1 ATPase is an enzymatic complex responsible for 

the synthesis of ATP in mitochondria, prokaryote membranes, and chloroplasts. The 

mitochondrial F0F1 ATPase (about 600 kDa) is composed of two domains: an extra-

membranous catalytic domain (F1) and a transmembrane domain (F0) which functions as a 

proton channel [158] (figure 6). The mammalian F0F1 ATPase is composed of at least 16 

different subunits, F1: α, β, γ, δ, ε + IF1, F0: a - g, F6, A6L, OSCP [159]. Unexpectedly, 

the F0F1 ATPase has been found on the cell surface of endothelial cells, adipocytes, 

hepatocytes, and tumor cells by immunofluorescence or after biotinylation of the cell 

surface. In this ectopic localization the F1 domain is extracellular [157, 160-164]. Although 

the mechanism leading to the ectopic expression is still unknown, F0F1 ATPase is not the 

only mitochondrial matrix protein that was found at extramitochondrial sites and shown to 

be functional in this unusual location [165, 166]. For example the transforming growth 

factor 1 is extracellular as well as mitochondrial in heart and liver cells [167]; thyroid-

hormone triiodothyronine (T3) receptors are present both in the nucleus and in 

mitochondria [168]; and porin molecules [voltage-dependent anion channels (VDACs)] 

[169] and the peripheral benzodiazepine receptor [170] are mitochondrial-outer-membrane 
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components that may also be present in the plasma membrane. These and other examples 

require further characterization of the underlying trafficking mechanisms that allow these 

different localizations [165]. Components of the F0F1 ATPase, usually the -chain, have 

been characterized as cell surface receptors for different ligands involved in tumor cell 

recognition and lysis, intracellular pH homeostasis, angiogenesis, and lipid metabolism 

[171-174]. These ligands include proteins and peptides as angiostatin, apoA-I, and 

endothelial monocyte activating peptide II as well as soluble F1 components, antibiotics, 

and other drugs like polyphenolic phytochemicals and benzodiazepine [172]. 

The -chain belongs to the F1 domain, which contains the binding sites for ATP and ADP 

as well as the catalytic site for ATP synthesis and hydrolysis [158]. In hepatocytes, it has 

been characterized as an apoA-I receptor, which triggers HDL endocytosis [157]. In deed, 

upon binding of apoA-I, F0F1 ATPase hydrolyzes ATP. The ADP thereby produced 

activates the purinergic receptor P2Y13 under the control of the small GTPase RhoA and its 

effector Rho kinase I (ROCK I) leading to stimulation of hepatic HDL uptake through 

cytoskeleton reorganization [175, 176]. In mammalian cells it is known that the actin 

cytoskeleton plays an important role in receptor-mediated endocytosis [177, 178]. P2Y 

receptors belong to the family of G-protein coupled receptors and are stimulated by 

extracellular nucleotides such as ATP, ADP, UTP, as well as UDP. In general they mediate 

downstream effects of the F0F1 ATPase. In endothelial cells the most prominently 

expressed P2Y receptors are P2Y1, P2Y2, P2Y11, but also P2Y4, P2Y6, and P2Y12 [179]. 

The ADP-mediated effects in these cells are likely to be mediated by P2Y1 and possibly 

also by P2Y12 [180, 181]. P2Y13 shares sequence homology with P2Y12 which has been 

shown to play a role in platelet aggregation and thrombosis formation [175]. Interestingly, 

P2Y12 has also been shown to activate a RhoA signaling pathway leading to cytoskeleton 

reorganization [182, 183]. In endothelial cells, P2Y receptors are involved in the regulation 

of cell adhesion and permeability [184-186]. Angiostatin, an endogenous angiogenesis 

inhibitor, binds to and inhibits cell surface F0F1 ATPase, thus modulating endothelial cell 

proliferation [161, 187]. Furthermore, it has been shown that apoA-I binds to the F0F1 

ATPase expressed on endothelial cells and stimulates proliferation of endothelial cells 

again by promoting extracellular ADP production [188].  
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1.5 Role of the endothelium in lipoprotein metabolism 

Lipoproteins significantly influence endothelial cell biology and this interaction between 

lipoproteins and the endothelium plays a critical role in the initiation and progression of 

atherosclerosis [189]. Proatherogenic lipoproteins, generally those containing apoB like 

remnants, VLDL, LDL, and modified or oxidized LDL, cause the upregulation of 

endothelial adhesion molecules and selectins, promotion of oxygen radicals, increased 

apoptosis, and reduced endothelium-dependent relaxation. Vice versa, antiatherogenic 

lipoproteins like HDL have effects on the endothelium that may inhibit atherogenesis. 

They protect endothelial cells from oxidative stress for example by inhibiting oxidation of 

LDL and they act antiapoptotic and reduce adhesion molecule expression. Furthermore, 

HDL has the ability to inhibit the expression of pro-inflammatory genes and to enhance 

production of NO by endothelial cells. The endothelium on the other hand also influences 

lipoprotein metabolism and function. Several lipases (LpL, hepatic lipase, endothelial 

lipase, and secretory phospholipase A2) are bound to the endothelial extracellular matrix at 

the luminal surface and hydrolyze lipoprotein triglycerides and phospholipids. Endothelial 

cells also express various lipoprotein receptors and thereby influence the metabolism of 

lipoproteins [189].  

 

The endothelium 

The endothelium is composed of a monolayer of polarized endothelial cells lining the 

intima of all blood and lymphatic vessels. A central function of the intact endothelium is to 

act as a local barrier for the controlled protein trafficking between the blood and 

surrounding tissue. The endothelial barrier is highly permeable to small molecules (water-

soluble molecules with a diameter below 60 Å) but little permeable to macromolecules 

such as proteins. Furthermore, the endothelium regulates many systemic processes like 

tissue fluid homeostasis, vascular tone, angiogenesis, hemostasis, and host defense [190]. It 

is obvious that endothelial dysfunction leads to many pathological conditions, such as for 

example atherosclerosis. 
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Lipoprotein transport through the endothelium 

During the circulation through the body, lipoproteins pass the endothelial barrier on many 

occasions. For example after the secretion from the liver and intestine into the blood, from 

the blood into extravascular compartments (e.g. in the arterial wall), then from the 

extravascular space back into the circulation (e.g. through vasa vasorum and lymphatic 

vessels), and finally from the circulation into the catabolic organs. Therefore, although the 

endothelium is relatively impermeable to macromolecules, lipoproteins and other proteins 

do cross this barrier in a regulated process to provide tissues with antibodies, protein-

bound hormones, or in the case of HDL to exert many antiatherogenic properties in the 

intima for example to induce cholesterol efflux from lipid loaded macrophages. There are 

in general two mechanisms of transendothelial protein transport, the paracellular and the 

transcellular pathways which involve the regulated opening and closure of interendothelial 

junctions and vesicular pathways, respectively (figure 7). 
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Figure 7: The different transport pathways through endothelial cells. The paracellular transport is 

demonstrated by opened interendothelial junctions (IEJ). The transcellular pathway shows a vesicular 

transport through the endothelium (transcytosis). 

 

Endothelial cells are intercellularly connected through adherens junctions, gap junctions, 

and tight junctions. These transmembrane adhesive proteins are linked to specific 

intracellular proteins, which mediate anchorage to the actin cytoskeleton which controls 

the integrity of the junctions through actin remodeling. According to the localization of the 
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endothelium in the vascular system the number and the composition of the different 

junctions differs. The passage of molecules with a diameter bigger than 60 Å needs the 

opening of these interendothelial junctions. In the case of adherens junctions the opening 

and closing are regulated by two antagonistic signaling cascades elicited by the binding of 

thrombin and sphingosine-1-phasphate (S1P) to their G-protein coupled receptors, protease 

activated receptor 1 and the sphingosine-1-phosphate receptor 1, respectively [191, 192]. 

For lipoproteins this regulated paracellular transport has not been investigated until now. 

Since 50% of S1P in plasma is transported by HDL, one may speculate that HDL is a 

general regulator of transendothelial transport. 

The other pathway, the transendothelial vesicular transport also called transcytosis, 

consists of different steps namely endocytosis, vesicular transport, and exocytosis of the 

cargo at the opposite site [192, 193]. This happens either receptor-dependent and involves 

often caveolae or clathrin coated pits, or receptor-independent (i.e. fluid phase-mediated) 

[192, 193]. For the transendothelial uptake of LDL into the arterial wall, morphological 

studies indicate that caveolae rather than clathrin-coated pits are involved [194, 195]. 

Aortic rings of caveolin-1 knock-out mice showed 50% reduction in the uptake of 

radiolabeled LDL compared to aortic rings from wild-type mice [196]. However, for the 

transendothelial transport of HDL not much experimental data have been obtained until 

now. Immunohistochemical studies of bovine aortic endothelial cells have shown co-

localization of gold-labeled HDL with caveolin-1 [197]. To conclude, in endothelial cells 

both paracellular and transcellular transport of HDL might occur. 



Introduction 

31 

1.6 Aim of this study 

The most abundant lipoprotein within the arterial wall is HDL [24]. In addition, relative to 

the amount of lipid-rich mature HDL, the concentration of lipid-poor pre-HDL is 

increased in extravascular compartments, where many of the atheroprotective activities are 

exerted [198]. These findings suggest that HDL and preferentially lipid-poor apoA-I are 

transported through the aortic endothelium. Furthermore, the transport of lipoproteins, both 

proatherogenic LDL and antiatherogenic HDL, into the vascular wall is considered a rate-

limiting step in the development of atherosclerosis [43]. However, until now it is unknown 

how HDL and apoA-I leave the plasma compartment and pass the endothelial barrier to 

reach this extravascular space. 

Our laboratory has investigated the transport of lipid-free apoA-I through monolayers of 

culturated bovine aortic endothelial cells [199]. Endothelial cells bound and associated 125I-

apoA-I with high affinity and in a saturable and specific manner. Biotinylation experiments, 

fluorescence microscopy, and electron microscopy suggested that endothelial cells 

internalize labeled apoA-I. Only minor amounts of the internalized 125I-apoA-I were 

degraded. Cultivated in a transwell system the cells transported 125I-apoA-I from the apical 

to the basolateral compartment in a competitive and temperature-sensitive manner [199]. 

Furthermore, after specific transport, the originally lipid-free and pre-mobile apoA-I 

molecules were recovered as lipidated particles which have electrophoretic -mobility 

[199]. Using pharmacological inhibitors and RNA interference, we also showed that 

ABCA1 but not SR-BI modulates cell surface binding, internalization, and transport of 
125I-apoA-I [200]. In the plasma, the majority of apoA-I is lipid-bound and assembled in 

spherical HDL. We hypothesized that spherical HDL crosses the endothelium similar to 

lipid-free apoA-I. 

 

Therefore, the goal of this thesis was to analyze the interaction of mature HDL with 

endothelial cells. We addressed the following questions: 

 

1. How does HDL interact with endothelial cells and how is HDL transported through 

a monolayer of endothelial cells? 
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2. Which receptor(s) are involved? 

Furthermore, we want to further characterize the transendothelial transport of apoA-I and 

to provide further evidence for the specificity of this mechanism. In detail we want to 

answer the following questions: 

 

3. What is the function of ABCA1 in the transport of apoA-I through endothelial 

cells? 

Does ABCA1 mediate internalization of initially lipid free apoA-I which is 

subsequently lipidated during either transcellular transport or resecretion? Or does 

ABCA1 lead to initial lipidation of apoA-I and the nascent particle is then 

internalized by a potentially ABCA1-independent process?  

 

4. Is an additional receptor for (lipidated) apoA-I involved? 
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2 Material and Methods 

 

Cell culture 

Aortic endothelial cells were isolated from bovine aortas by collagenase digestion using 

standard protocols [201, 202] and cultured in Dulbecco's modified Eagle medium 

(DMEM) (Sigma) supplemented with 5% fetal calf serum (FCS) at 37°C in a humidified 

5% CO2, 95% air incubator. 

 

Isolation of HDL and apoA-I 

Human HDL (1.063 < d < 1.21 kg/l) was isolated from fresh normolipidemic plasmas of 

blood donors by sequential ultracentrifugation [19]. The purity of the lipoprotein 

preparation was verified by SDS-PAGE in order to assure no contamination with LDL or 

albumin. Lipid-free human plasma WT apoA-I was further extracted from plasma HDL as 

described previously [203]. 

 

Production and isolation of recombinant apoA-I  

ApoA-I mutants were kindly provided by V.I. Zannis (Boston, USA). Production of the 

recombinant WT apoA-I and of the apoA-I mutants (185-243), (144-165), (1-59), and 

(1-59)/(185-243) was described previously [204], [205], [144], [206], [207]. 

 

Generation of adenoviruses expressing the apoA-I(L218A/L219A/V221A/L222A): 

The apoA-I gene lacking the BglII restriction site (that is present at nucleotide positions 

181 of the genomic sequence relative to the ATG codon of the gene), was cloned into the 

pCDNA3.1 vector to generate the pCDNA3.1-apoA-I(ΔBglII) plasmid as described [208]. 

This plasmid was used as a template to introduce the apoA-

I(L218A/L219A/V221A/L222A) mutations in apoA-I using the mutagenesis kit 

QuickChange® XL (Stratagene) and the mutagenic primers. The forward (F) and reverse 

(R) primers used are F: 5’-GGACCTCCGCCAAGGCGCGGCGCCCGCGGCGGAGAGC 

TTCAAGGTC-3’and R: 5’-GACCTTGAAGCTCTCCGCCGCGGGCGCCGCGCCTTG 

GCGGAGGTCC-3’ (sites of the mutagenesis are underlined). Following 18 cycles of PCR 



Material and Methods 

34 

amplification of the template DNA, the PCR product was treated with DpnI to digest 

plasmids containing methylated DNA in one or both of their strands. The reaction product 

consisting of plasmids containing newly synthesized DNA carrying the mutations of 

interest were used to transform competent XL-10 blue bacteria cells (Stratagene). 

Ampicillin-resistant clones were selected, and plasmid DNA was isolated from these 

clones and subjected to sequencing to confirm the presence of the point mutations. The 2.2 

kb apoA-I inserts containing the apoA-I mutant was cloned into the pAdTrack CMV vector 

which was used to generate the adenoviral constructs by recombination with the Ad-Easy-1 

helper virus in the bacteria cells BJ-5183-pAD1(Stratagene), that contain the Ad-Easy-1 

helper virus. Correct clones were propagated in DH5a bacteria cells. The recombinant 

adenoviral constructs were linearized after incubation with PacI and used to transfect 911 

cells. Following large-scale infection of human embryonic kidney 293 cell cultures, the 

recombinant adenoviruses were purified by two consecutive CsCl ultracentrifugation steps, 

dialyzed and titrated. The mutant protein was isolated from the culture medium of HTB-13 

cells infected with the apoA-I(L218A/L219A/V221A/L222A) expressing adenovirus as 

described [204, 205]. 

Recombinant WT human apoA-I (recombinant apoA-I) was obtained from Dr HJ 

Schoenfeld (Hoffmann la Roche, Basel, Switzerland) and TripA-ApoA-I-K9AK15A 

(RO5183550-000-005, later abbreviated as TripA) from Avecia, Denmark.  

 

Preparation of reconstituted HDL (rHDL) 

Discoidal rHDL particles were produced by the cholate dialysis method [55] and contained 

apoA-I or mutant apoA-I, 2-oleoyl-1-palmitoyl-sn-glycero-3 phosphocholine (POPC) 

(Sigma), and sodium cholate (Sigma) in a molar ratio of 1/40/100 ((mutant) ApoA-I 1:40). 

In brief, POPC was dissolved in CHCl3 and dried under nitrogen for 5 min. Thereafter, 

POPC was dissolved in Tris saline (0.01 M Tris, 0.15 M NaCl, 0.1 mM EDTA, pH 8.0) 

and the mixture was vortexed thoroughly and stored on ice for 30 min. Sodium cholate was 

added and the mixture was then vortexed every 10 min for 30 min until completely clear. 

After clearing, purified lipid-free apoA-I or mutant apoA-I in Tris saline was added and the 

mixture was then incubated on ice for 1.5 h. The mixture was extensively dialyzed for 48 h 

at 4°C in Tris saline using dialysis tubing with a 50`000 Da molecular weight cut-off. 
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Reconstituted HDL containing recombinant apoA-I and TripA was prepared by Roche. In 

brief, also the cholate dialysis method according to Cho et al. [209] with modifications was 

used. Lipids dissolved in chloroform were dried as thin layer in a glass vessel. After 

resuspension in phosphate buffered saline (PBS), lipids were rehydrated for 1 h at room 

temperature and mixed micelles formed by addition of cholate (sodium cholate, Sigma), 

1:1.35 molar ratio with phospholipid (palmitoyl-2-oleyl-phosphatidylcholine (POPC), 

Avanti lipids). For LCAT substrate preparation PBS was substituted for TNEA buffer (150 

mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM NaAzide, pH 8.0). After full clarification 

micelles were added to apoA-I at molar ratio 80:1 POPC:apoA-1 or 95:5:1 POPC:3H-

cholesterol:apoA-I for LCAT substrate preparation, and incubated overnight at 4°C. The 

mixture was then transferred into dialysis cassettes (10`000 molecular weight cut-off; 

Thermo Scientific) and extensively dialyzed. The protein content of rHDL was quantified 

by UV absorption using extinction coefficient of 1.15 l·g-1·cm-1; and 0.994 l·g-1·cm-1; for 

recombinant apoAI and TripA respectively. For LCAT substrates the protein content was 

measured using the BCA reagent (Thermo Scientific) in the presence of 2% sodium 

dodecyl sulphate. Phospholipid content was measured using the phospholipase/choline 

oxidase method and commercial reagents (Wako; Phosphatidylcholin determination kit 

Phospholipids B, mti diagnostics GmbH Idstein, Germany). Electron microscopy analysis 

of the particles was performed by VI Zannis (Boston, USA) and Roche as described [205]. 

In brief, a 5 l aliquot of each sample was stained with sodium phosphotungstate, 

visualized in the Phillips CM-120 electron microscope (Phillips Electron Optics, 

Eindhoven, Netherlands), and photographed as described previously [210]. The 

photomicrographs were taken at x 45`000 magnification and enlarged 2.5 times. 

 

Radiolabeling 

Plasma WT apoA-I was labeled with 125I using the Iodination Beads (Pierce) and Na125I 

(Hartmann Analytic) according to manufacturer's instructions. In a typical reaction, we 

used 0.5 mCi of Na125I, 0.65 mg of apoA-I (1.3 mg/ml), and two beads. Protein was 

separated from unincorporated 125I with a Sephadex G-25 column (NAPTM-5 column, 

Amersham Biosciences, 8 fractions (200 l) were collected) followed by extensive dialysis 

(against 0.15 M NaCl, 0.3 mM EDTA, pH 7.4) to remove residual free iodine. The specific 

activity expressed as cpm/ng protein was calculated based on the protein concentration 
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measured by the DC protein assay (Bio Rad) and the activity measured using a -counter 

(Perkin Elmer). Specific activities of 600–1200 cpm/ng protein were obtained. 

HDL was iodinated with Na125I (Hartmann Analytic) by the McFarlane monochloride 

procedure as modified for lipoproteins [211]. Specific activities of approximately 300 to 

700 cpm/ng protein were obtained. 

Lyophilized apoA-I mutants were dissolved in 5 M guanidiniumhydrochloride and 

dialyzed against 0.01 M Tris-HCl pH 8.0, 0.15 M NaCl. The iodination was carried out by 

the same procedure as described before for plasma apoA-I adjusted to pH 8.0 and the 

extensive dialysis was against 0.01 M Tris-HCl pH 8.0, 0.15 M NaCl. 

The iodination of recombinant apoA-I, TripA, and rHDL was carried out by the same 

procedure as described before for plasma apoA-I. 

 

Binding assay 

For 125I-ligand binding assays, cells were seeded in 12-well dishes at 300`000 cells/well in 

2 mL DMEM supplemented with 5% FCS and grown until confluence (48 h). On the assay 

day, cells were washed once with FCS-free DMEM, pre-chilled on ice for 15 min at 4°C 

and then refed with DMEM, 25 mM Hepes supplemented with 0.5% bovine serum 

albumin (BSA, cell culture grade, fatty acid free; Sigma) and the indicated concentrations 

of 125I-ligand without (quadruple determinations, total binding) or with (at least double 

determinations) a 40-fold excess of unlabeled plasma WT apoA-I or the indicated 

competitor (non-specific binding). After 2 h of incubation at 4°C, cells were washed twice 

with Tris wash buffer (0.05 M Tris–HCl, 0.15 M NaCl, pH 7.4) containing 2 mg/mL BSA 

followed by two quick washes with Tris wash buffer without BSA. Cells were then 

solubilized in 0.5 mL of 0.1 M NaOH for 30 min at room temperature. The amounts of 

bound radioactivity was determined using a Perkin Elmer γ-counter and the protein content 

was analyzed using total protein urine/CSF assay, Cobas Integra, Roche (Rotkreuz, 

Switzerland). Specific binding was determined by subtracting the values obtained in the 

presence of the excess unlabeled competitor (non-specific) from those obtained in the 

absence of the unlabeled competitor (total).  
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Cell association assay 

Cell association was determined similarly as binding, except that the cells were seeded in 

24-well dishes at 100`000 cells/well and the assay was conducted at 37°C in DMEM,      

25 mM Hepes supplemented with 0.5% BSA. The cells were incubated with 125I-ligand for 

1 h in the absence (total cell association) or in the presence (non-specific cell association) 

of a 40-fold excess of unlabeled competitor. After incubation, the amounts of cell 

associated radioactivity were determined using a Perkin Elmer γ-counter and the protein 

content was analyzed using total protein urine/CSF assay, Cobas Integra, Roche (Rotkreuz, 

Switzerland). Specific cell association was determined by subtracting the values obtained 

in the presence of the excess unlabeled competitor (non-specific) from those obtained in 

the absence of the unlabeled competitor (total).  

 

Internalization assay  

The internalization assay was described previously[199]. The assay was performed as 

described for the cell association studies. After 2 h incubation with 10 g/mL 125I -HDL in 

DMEM, 25 mM Hepes supplemented with 0.5% BSA at 37°C, the cells were chilled on ice. 

The label was substituted with ice cold DMEM, 25mM Hepes supplemented with 0.5% 

BSA for 10 min, then the cell layer was washed twice with PBS containing 0.1 mM CaCl2 

and 1 mM MgCl2. The cell surface proteins were biotinylated on ice at 4°C for 45 min 

using NHS-biotin (500 g/mL) (Pierce) in PBS containing 0.1 mM CaCl2 and 1 mM 

MgCl2. Then, the cells were washed once for 5 min with FCS-free DMEM and once with 

Tris wash buffer and the cells were lysed in with RIPA buffer. A portion of the supernatant 

was separated for total protein and radioactivity determination, respectively, and the 

remaining incubated overnight with streptavidin-sepharose (Amersham Biosciences). The 

streptavidin beads with the bound cell surface proteins were removed from the supernatant 

that contained the not biotinylated and consequently internalized proteins. The 

radioactivity in the supernatant was measured in a Perkin Elmer γ-counter and normalized 

to the protein contents. 
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Transport assay 

Transport assays were performed as previously described [199]. In brief, 100`000 cells 

were seeded in 24-well dishes 2 days in advance on the upper side of porous membrane 

inserts (0.4 m, BD Biosciences) pre-coated with collagen type I (BD Biosciences). The 

assay medium was DMEM, 25 mM Hepes supplemented with 0.2% BSA. The apical 

medium contained the indicated concentration of iodinated ligand without (total) and with 

(non-specific) a 40-fold excess of unlabeled competitor and transport from the apical to the 

basolateral compartment was measured after 60 min at 37°C. The radioactivity was 

measured using a Perkin Elmer γ-counter and the protein content was analyzed using total 

protein urine/CSF assay, Cobas Integra, Roche (Rotkreuz, Switzerland). Specific transport 

was determined by subtracting the values obtained in the presence of the excess unlabeled 

competitor (non-specific) from those obtained in the absence of the unlabeled competitor 

(total). The tightness of the endothelial cell monolayer was assessed by measuring the 

permeability of 3H-inulin (2.5 Ci 3H-inulin/mL)). Samples of 50 l were taken in 

duplicate from the basolateral compartment every 20 min (over 4 h) and replaced with 100 

l fresh medium. Permeability calculations were performed using an equation which was 

derived from Fick's first law and described by Youdim et al [212]. 

Papp (cm/s) = VA / (A * MA) * (MB / t) 

Papp = apparent permeability coefficient, VA = apical volume (cm3), A = membrane surface 

area (cm2), MA = apical 3H-inulin amount (cpm), MB / t = change in amount of 3H-

inulin (cpm) in basolateral compartment over time. 

Furthermore, the proteins of the translocated 125I-HDL were analyzed for their integrity by 

electrophoresis in a 10% SDS gel. The gel was exposed after fixation to a phosphor imager 

screen. 

 

Inhibitor treatment 

Endothelial cells were incubated with the pH-independent recombinant IF1 protein H49K 

(bovine active form [188], provided by Dr. Laurent Martinez (Toulouse, France)), 1 M in 

DMEM Hepes containing 0.2% BSA for 30 min prior the assay. This ATP hydrolysis 

inhibitor was also present in the medium during the assay. 
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Small interfering (si)RNA transfection 

Endothelial cells were transfected when 90% confluent. BLOCK-iTTM fluorescent oligo 

(34 nM) and 100 nM StealthTM siRNA (Invitrogen) against either SR-BI 

(TCGTCATGCCCAACATCCTGGTCTT), ABCA1 (GGGACTTAGTGGGACGAAATC 

TC TT), ABCG1 (CGTCCTGCTCTTCTCCGGATTCTT) or not coding siRNA were 

transfected with LipofectamineTM 2000 in OPTIMEM (Invitrogen) according to the 

protocol of the manufacturer. After transfection over night, the medium was replaced by 

DMEM supplemented with 5% FCS. Binding, cell association, and transport assays were 

conducted between 65 and 72 h after transfection. The efficiency of the silencing was 

evaluated by quantitative RT-PCR and Western blotting. 

The transfection of the cells was either directly performed in the assay dish (for binding 

and cell association) or alternatively the transfection was done in a 6- or 10-cm plate 

(50`000 cells/cm2) and the cells were resetted in inserts after 24 h (for transport) and 

further cultivated for 48 h. The transfection efficiency was the same. 

 

Quantitative RT-PCR 

Total RNA was isolated from cells using Tri Reagent (Molecular Research Center, 

Cincinnati, USA) according to the manufacturer’s instructions. To remove contaminating 

genomic DNA from RNA, DNase I digestion (Pharmacia Biotech) for 30 min at 37°C with 

subsequent DNase I inactivation  for 5 min at 75°C was performed. Reverse transcription 

was performed using Superscript II RT (Invitrogen) and following the standard procedure 

as defined by the manufacturer. Quantitative PCR was done with LightCycler FastStart 

DNA Master SYBR Green I (Roche). Gene specific primers were used as follows: ABCA1 

(GTCATTATCATCTTCATCTGCTTCC, CCTCACATCTTCATCTTCATCATTC, 60°C, 

5 mM MgCl2), SR-BI (GGAATCCCCATG AACTG, CTTGGGAGCTGATGTCATC, 

58°C, 5 mM MgCl2), and ABCG1 (GGCCTACTGCAGCATCGTGT, 

TCTGGAAATGGCAGGTCT CG, 58°C, 5 mM MgCl2) transcription levels were 

normalized to GAPDH (GTCTTCACTACCATGGAGAAGG, TCATGGATGA 

CCTTGGCCAG, 58°C, 4 mM MgCl2). Data analysis was performed using the ΔΔCt 

method. 
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Western blotting  

Endothelial cells were washed 3 times with cold PBS containing 0.1 mM CaCl2 and 1 mM 

MgCl2, then the cells were scraped, harvested, and centrifuged for 5 min at 500 g at 4°C, 

the supernatant was removed and the cells were lysed in RIPA buffer (10 mM Tris pH 7.4, 

0.15 M NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, complete protease 

inhibitor (Roche)) for 30 min on ice. Normally, cells were transfected in a 6 cm-plate and 

lysed in 100 l RIPA buffer. After a centrifugation of 10 min at 16`000 g, the protein 

concentration of the supernatant was measured. Equal amounts of total protein (25 g) 

were separated on an 8% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and 

transblotted onto a PVDF membrane (GE Healthcare) by wet transfer of 3 - 4 h with 400 

mA at 15°C. After blotting, the membrane was blocked at 4°C overnight in PBS containing 

0.1% Tween-20 and 5% non-fat dried milk (blocking solution). The primary antibody, 

diluted in blocking solution, was added and incubated for 1 h at room temperature. Then, 

the membrane was washed 3 times for 5 min with PBS containing 0.1% Tween-20 before 

incubation with the secondary antibody for 45 min at room temperature. After washing 3 

times for 10 min, the membrane was developed with ECL Plus Western blotting detection 

reagent (Amersham bioscience) according to the manufacturer's instructions. The 

expression of ABCA1 (-ABCA1 ab18180, Abcam, Cambridge, UK), ABCG1 (-

ABCG1 NB 400-132, Novus Biologicals, Littleton, USA) and SR-BI (-SR-BI ab3, 

Abcam, Cambridge, UK) were evaluated and compared to the expression of actin (-actin 

AC-15, Sigma).  

 

Native agarose gel electrophoresis 

Equal amounts of proteins (5 - 8 g for Coomassie staining, 15 - 17 g for Sudan black 

staining) were used for mobility analysis and were loaded on a 1% native agarose gel (0.05 

M barbital buffer, pH 8.6). Electrophoresis was performed at 4°C on ice. After that, the gel 

was stained with Coomassie (protein staining) and Sudan black (lipid staining) using 

standard protocols. For Sudan black staining the agarose gel was dried on the hydrophilic 

side of a GelBond® Film (Lonza, Switzerland) over night. The dry gel was stained for 15 

min (Sebia Kit Hydragel), destained for 5, washed for 1 min, dipped in ultra pure water 

and then the gel was dried.  
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Gel filtration chromatography 

The size of apoA-I and mutant apoA-I before and after transendothelial transport was 

analyzed by gel filtration chromatography as described [213]. In brief transport assays 

were performed in 4 cell culture wells as described above. The media (2 mL) were isolated 

from the basolateral compartments, combined and concentrated to 50 l by centrifugal 

concentrators (Vivaspin 500, Sartorius Stedim Biotech, 10`000 molecular weight cut-off). 

The concentrate was loaded onto a SuperdexTM 200 prep grade HiLoadTM 16/60 column 

(GE-Healthcare) of an Akta fast-protein liquid chromatography (FPLC) system and eluted 

with Tris saline (0.01 M Tris, 0.15 M NaCl, 0.1 mM EDTA, pH 7.5) at a flow rate of 1.5 

mL/min. Fractions (0.5 mL) were collected and the amounts of transported radioactivity 

were determined using a Perkin Elmer -counter. 

 

Immunofluorescence microscopy 

Cells were incubated at 37°C for 30 min with 10 g/mL HDL labeled with FITC, 20 

g/mL apoA-I labeled with alexa-488, 10 g/mL alexa-594 transferrin or lysotracker 

(DND-99, 50 nM, Invitrogen, L7528), washed with PBS on ice at 4°C, fixed in 3.75% 

paraformaldehyde in PBS pH 7.4 for 20 min at room temperature, then washed once with 

0.5 M Tris-HCl, pH 8.0 and twice with PBS, permeabilised with 0.1% saponin in PBS for 

15 min, washed with PBS and incubated with the antibodies at room temperature. Then, 

cells were washed in PBS and cover slips were mounted on antifade reagent with DAPI 

(ProLong Gold, Invitrogen). The antibodies used were purchased from Sigma; -Calnexin 

(C4731, 1:2`500) or from Abcam; -Rab11a (ab65200, 1:2`000), -Rab5 (ab50523, 1:500), 

-58k Golgi protein (ab27043, 1:2`000). Microscopy was performed using a Zeiss 

fluorescence microscope. 

 

LCAT assay 

The assay was performed by Roche according to Cho et al. [209] with modifications. 

Substrate (100 µl) was equilibrated at 37°C in reaction buffer (TNEA buffer, containing 2 

mg/mL fatty acid free albumin, 4 mM 2-mercaptoethanol). The reaction was initiated by 

addition of 25 µl LCAT (Roar Biomedical) in reaction buffer. Enzyme concentrations (0.5 

- 4 mg/mL) and incubation times (0.5 – 1 h) were adjusted, such that fractional cholesterol 
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esterification did not exceed 20%. The reaction was stopped by addition of a 

chloroform/methanol mixture containing 20 µg/mL cholesterol and 20 µg/mL cholesteryl 

oleate. Organic and aqueous phases were separated by the addition of water. The organic 

phase was evaporated. Extracted lipids were dissolved in hexane and separated by thin 

layer chromatography on an ITLC SG (Pall) sheet. Chromatograms were developed in 

heptane:acetic acid:diethyl ether 100:0.05:0.5. Lipid spots were revealed in iodine vapor, 

chromatograms were cut, and radioactivity measured by scintillation counting in Ultima 

Gold XR scintillation cocktail. The ratio of cholesterol ester count to total cholesterol 

counts was multiplied by the initial cholesterol concentration to calculate the cholesterol 

ester formation. The reaction rate was constant for at least 1 h and was proportional to the 

enzyme concentration up to 4 µg/mL. The initial velocity was modelled using the 

Michaelis Menten equation using XLfit (IDBS software) to derive apparent kinetic 

parameters Km and Vmax. 

 

Foam cell cholesterol efflux 

The cholesterol efflux assay was performed by Roche. 

The THP-1 monocytic leukemia cell line used for this efflux assay was obtained from the 

American Type Cell Collection and maintained in RPMI medium with 10% FCS, 4.5 

mg/mL glucose, 10 mM Hepes, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U /mL 

penicillin, 100 µg/mL streptomycin, 50 µM 2-mercaptoethanol.  

THP-1 cells were plated in 96-well plates (150`000 cells/well) and exposed to 100 nM 

phorbol myristate acetate for 72 h. Cells were further cultivated for 48 h in presence of 50 

µg/mL acetylated LDL (Intracell, MD, USA) containing 4 µCi/mL 3H-cholesterol tracer 

([1α, 2 α (n)-3H] cholesterol, 1.7 TBq/mmol, Amersham) in the presence of 1% FCS. Non-

incorporated lipids were removed from the cells by washing twice with PBS. Tracer 

equilibration into different cellular cholesterol pools was allowed by further cultivating the 

cells for 24 h in serum and phenol red free medium containing 0.2% BSA. The foam cells 

obtained were then exposed for 4 or 8 h to cholesterol acceptors at the indicated 

concentration in the same medium. Cell culture supernatants were harvested and filtrated 

using AcroPrepTM 96-filter plates, (0.2 µm GHP, PALL). Cell layers were lysed by the 

addition of 5% NP-40. The tracer content was measured using a Top Count scintillation 

counter (Perkin Elmer). Fractional efflux was calculated as the ratio of radioactivity 
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measured in the supernatant to the sum of the radioactivity measured in both the cell lysate 

and supernatant. Efflux from cells exposed to medium containing no acceptors was 

subtracted. Efflux velocity was calculated using a linear regression based on the 4 and 8 h 

data using XLfit software (IDBS). Efflux velocity to a 10 µg/mL recombinant apoA-I 

standard was used to normalize ABCA1 efflux across independent experiments. 

Parallel experiments were performed using cells exposed to 5 nM of the RXR agonist 

Beraxotene (Ligand Pharmaceuticals, San Diego, California, USA) and 50 nM of the LXR 

agonist TO901317 (Tularik, San Franscisco, California, USA) during equilibration and 

efflux. 

 

Statistical analyses 

The data for all experiments were analyzed using GraphPad Prism 5 software program. 

Comparisons between groups were performed using t-test methods. Experiments were 

routinely performed in triplicates or quadruplets. Each experiment shown is a 

representative of at least three similar experiments. If not indicated otherwise the data are 

graphically represented as means +/- SD. 
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3 Results 

 

3.1 Transendothelial HDL transport 

HDL transport through aortic endothelial cells involves scavenger receptor BI and 

ATP-binding cassette transporter G1 

In the plasma the majority of apoA-I is lipid bound and assembled in spherical HDL. We 

hypothesized that spherical HDL crosses the endothelium similar to lipid-free apoA-I and 

therefore investigated binding, uptake, and transport of HDL by cultured aortic endothelial 

cells and the involvement of the ATP-binding cassette transporters ABCA1 and ABCG1 as 

well as the HDL receptor scavenger receptor BI (SR-BI). 

 

HDL interaction with aortic endothelial cells 

First the interaction of HDL with endothelial cells was characterized as binding at 4°C, cell 

association at 37°C, internalization, degradation, and transport. The binding capacity of 

endothelial cells for HDL was analyzed by using 125I-HDL. Specific binding was 

calculated by subtracting from the values of the total binding those of the non-specific 

binding, which is measured in the presence of a 40-fold excess of unlabeled HDL (figure 

8A). Binding was largely competed with a 40-fold excess of unlabeled HDL, to much 

lesser degree but still significantly with LDL but not at all with excess of lipid-free apoA-I 

and BSA (figure 8B). These data argue for a specific receptor-mediated binding of HDL to 

endothelial cells. Endothelial cells bound 125I-HDL in a saturable manner.  
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Figure 8: 125I-HDL binding (4°C) to endothelial cells is concentration dependent (A) and specific (B). 

(A) Endothelial cells were incubated at 4°C with the indicated concentration of 125I-HDL in the absence 

(total, ◊) or in the presence of a 40-fold excess of unlabeled HDL (non-specific, □). Specific binding () was 

calculated by subtracting the values of the unspecific binding from those of the total binding. (B) To study 

specificity of binding, cells were incubated with 10 g/ml 125I-HDL in the absence or in the presence of 400 

g/ml of the indicated competitor. The results are represented as means +/- SD of at least three individual 

experiments. * P<0.05, ns not significantly different compared to total bound HDL. 

 

At 37°C, cell association was almost completely competed with a 40-fold excess of 

unlabeled HDL and partially competed with LDL but not with an excess of apoA-I or BSA 

(figure 9A). Next, the cellular distribution of HDL was analyzed. Cell surface biotinylation 

experiments recovered about 30% of the total cell associated 125I-HDL in intracellular 

compartments (figure 9B). In contrast, at 4°C almost all 125I-HDL bound to endothelial 

cells was recovered on the surface, as expected. Internalization of HDL by endothelial cells 

was further investigated by fluorescence microscopy. Endothelial cells were incubated 

with FITC-HDL together with alexa 594-transferrin. After 10 min incubation, vesicles 

containing fluorescent HDL were partially co-localized with alexa 594-transferrin (figure 

9C) confirming that HDL is internalized by endothelial cells. The degradation of 125I-HDL 

after 4 h was measured as the release of radiolabeled degraded amino acids into the 

medium in the presence or absence of excess unlabeled HDL. The specific degradation was 

less than 5% of the specific cell association (data not shown).  
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Figure 9: HDL cell association (37°C) and internalization by endothelial cells. (A) To study the 

specificity of the cell association, cells were incubated with 10 g/ml 125I-HDL in the absence or in the 

presence of 400 g/ml of the indicated competitor. (B) shows the repartition of specifically cell associated 

(37°C) and the bound (4°C) 125I-HDL as cell surface bound and internal. (C) The FITC-HDL internalization 

was analyzed by fluorescent microscopy. Endothelial cells were incubated with FITC-HDL (green) together 

with alexa 594-transferrin (red) and partial co-localizations (yellow) were assessed. The results are 

represented as means +/- SD of at least three individual experiments. * P<0.05, ns not significantly different 

compared to total cell associated HDL. 

 

Transport of HDL through a monolayer of endothelial cells 

In the vessel wall the endothelial cells are polarized. To separately analyze the binding 

affinity of both apical and basolateral sides, we cultured the cells on porous membrane 

inserts to form a confluent and presumably polarized cell layer. The distribution of the 

HDL binding sites in these cells was studied by adding the label either into the apical 

compartment or into the basolateral compartment. HDL bound specifically to the apical 
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side but no specific binding to the basolateral side of the cell layer was obtained (figure 

10A). To analyze the accessibility of the cell layer on the basolateral side as well as the 

intactness of the barrier function we measured the permeability of 3H-inulin, which does 

not cross cell membranes and hence represents a paracellular transport marker. The tracer 

was added to the apical chamber and the filtered radioactivity was measured in the 

basolateral compartment and vice versa. The permeability coefficients for 3H-inulin across 

the endothelial cell layer were calculated over a time period of 4 h and similar for both 

directions, namely 3.06 ± 0.22x10-5 cm/s and 3.25 ± 0.03x10-5 cm/s for apical-to-

basolateral and basolateral-to apical-transports respectively. This indicates that the 

membrane did not hinder inulin diffusion from the basolateral to the apical compartment 

(figure 10B). Furthermore, we assessed the influence of 30 g/ml HDL in the donor 

compartment on the permeability of 3H-inulin. The permeability coefficients of 3H-inulin 

in the presence of HDL were similar as described before, namely 3.07 ± 0.2x10-5 cm/s and 

3.31 ± 0.02x10-5 cm/s for apical-to-basolateral and basolateral-to-apical, respectively, and 

not significantly different from the permeability coefficients of 3H-inulin alone (figure 

10B). The data indicate that HDL does not change the barrier function of the monolayer.  

With this model we addressed the question of whether endothelial cells transport HDL 

through the cell layer. At first the transport direction of HDL through the insert was 

analyzed by adding the label in the presence of a 40-fold excess and in the absence of 

excess cold HDL into either the apical or the basolateral compartments of the cell culture 

system (figure 10C). The appearance of 125I-HDL in the opposite compartment was 

measured. We recorded specific apical-to-basolateral transport but no basolateral-to-apical 

transport (figure 10C) whereas inulin permeability was similar in both directions (figure 

10B). This suggests that HDL is transported transcellularly through endothelial cells from 

apical to basolateral. 
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Figure 10: HDL binding to the apical and basolateral side and transport through a monolayer of 

endothelial cells. (A) Endothelial cells were cultured on inserts and the binding of 125I-HDL was measured 

by adding 125I-HDL in the absence (total) or in the presence of 40-fold excess of unlabeled HDL (non-

specific) either into the apical or the basolateral compartment. (B) The permeability of the endothelial cell 

monolayer to inulin was analyzed in both directions in the presence and absence of HDL. (C) HDL transport 

from the apical to the basolateral compartment and in the opposite direction was measured. (D) 125I-HDL (30 

g/ml) was added to the apical side of endothelial cells cultivated on inserts, after 1 h incubation the integrity 

of the translocated material isolated in the presence or absence of an endothelial monolayer was analyzed on 

a SDS-PAGE. The results are represented as means +/- SD of at least three individual experiments.  

 

SDS-PAGE analysis of the radioactive material recovered in the basolateral compartment 

revealed that the protein moiety of HDL remained intact during transendothelial transport 

(figure 10D). The transport capacity of the cells was further investigated after adding the 

tracer into the apical chamber in the presence or absence of excess cold HDL at different 
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concentrations. The specific transport was calculated by subtracting non-specific transport 

from total transport (figure 11A). The partial competition of 125I-HDL transport through 

the cell layer suggests the occurrence of a specific transport. To further analyze the 

transport, the experiment was repeated at 4°C, a temperature which prevents internalization. 

The transport was almost abolished at this reduced temperature (figure 11B), which 

supports the notion that HDL is transported transcellularly.  
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Figure 11: HDL transport through a monolayer of endothelial cells is temperature sensitive. (A) 

Endothelial cells were cultured on inserts, with the indicated concentration of 125I-HDL the absence (total, ◊) 

or in the presence of a 40-fold excess of unlabeled HDL (non-specific, □). Specific transport () was 

calculated by subtracting the values of the unspecific from those of the total transport. (B) Endothelial cells 

cultivated on inserts, incubated at 37°C and 4°C respectively with 125I-HDL (added in the apical 

compartment) in the absence or in the presence of a 40-fold excess of unlabeled HDL. Specific transport was 

calculated as indicated above. The results are represented as means +/- SD of at least three individual 

experiments. 

 

Identification of proteins modulating transendothelial HDL transport  

To identify proteins which regulate HDL translocation, a candidate based approach was 

chosen. SR-BI, ABCG1, and ABCA1 were considered as candidate receptors mediating 

binding, internalization, and ultimately the transport of HDL though endothelial cells. All 

candidate genes are expressed in endothelial cells. To evaluate their role in HDL binding, 
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we suppressed SR-BI, ABCG1, and ABCA1 expression in endothelial cells individually by 

the use of RNA interference. On the protein level the targeted protein expression was 

found significantly and specifically down regulated by each gene-specific siRNA (figure 

12A and B). The reduction on the protein level was less pronounced as the corresponding 

mRNAs probably because of the stability of the pre-formed protein. 

Knock-down of SR-BI reduced both cellular binding (4°C) and cell association (37°C) of 

HDL by 50% and 35 to 40% respectively (figure 12C and D). Suppression of ABCG1 

reduced both cellular binding and association of HDL by 35% and 35 to 40%, (figure 12C 

and D). Interestingly and in contrast to SR-BI or ABCG1 silencing, suppression of ABCA1 

did not significantly reduce HDL binding and association by endothelial cells. However, 

the binding of apoA-I (the typical interacting partner of ABCA1) was significantly reduced 

when ABCA1 expression was diminished (data not shown) [200]. Thus, the role of 

ABCA1 in HDL cell internalization or HDL transport was not further studied.  
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Figure 12: Role of SR-BI, ABCG1, and ABCA1 in HDL binding and cell association. In order to reduce 

SR-BI, ABCG1, and ABCA1 expression specific siRNA were transfected. (A) The protein levels were 

evaluated by Western-blotting 72 h after transfection. (B) Quantification of protein expression levels was 

normalized to actin expression. First, specific HDL binding (C) at 4°C was measured after reducing the 

expression of SR-BI, ABCG1, and ABCA1 by RNA interference. (D) Second, specific cell association was 

determined in cells after silencing the indicated genes. The results are represented as mean +/- SD of at least 

three individual experiments. * P<0.05, ns not significantly different compared to control cells. 

 

Finally, the implication of SR-BI and ABCG1 in HDL transport through the endothelial 

cells was analyzed. HDL transport was reduced by 35 to 40% and 50% after silencing SR-

BI or ABCG1 respectively (figure 13). Interestingly, while silencing of SR-BI had a 

stronger impact on HDL binding, ABCG1 knock-down had a more pronounced effect on 

HDL transport. Our data indicate that the transcellular HDL translocation is modulated by 

both SR-BI and ABCG1.  
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Figure 13: Role of SR-BI and ABCG1 in HDL transport. After transfecting endothelial cells with specific 

siRNA, or non-coding siRNA, 24 h post transfection the cells were cultivated on inserts and 72 h after 

transfection the specific transport from the apical to the basolateral compartment was analyzed as described 

above. The results are represented as mean +/- SD of at least three individual experiments. * P<0.05 versus 

control (non-coding).  # P<0.05 versus SR-BI-silenced cells. 
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3.2 Transendothelial apoA-I transport: a two-step process 

The carboxy-terminus of apoA-I is necessary for the transport of lipid-free apoA-I 

but not pre-lipidated apoA-I particles through aortic endothelial cells 

We previously demonstrated that the transendothelial transport of both HDL and apoA-I 

involves saturable and specific processes. Transport of HDL is modulated by ABCG1 and 

SR-BI [214] whereas the transendothelial transport of lipid-free apoA-I is modulated by 

ABCA1. 

Interestingly, after apical-to-basolateral transport through aortic endothelial cells the 

initially lipid-free apoA-I was recovered as a lipidated particle [199, 200]. From this 

observation and in analogy to similar observations on apoA-I and ABCA1-mediated lipid 

efflux from macrophages [55-57], we hypothesize that the transendothelial transport of 

apoA-I is a two-step process. First a functional interaction between apoA-I and ABCA1 is 

required to generate a lipidated particle which is subsequently transported by ABCA1-

independent processes. To test this hypothesis, we investigated the endothelial binding and 

transport properties of initially lipid-free as well as pre-lipidated apoA-I mutants which 

have been previously well characterized for their capacity to induce ABCA1-dependent 

phospholipid and cholesterol efflux from macrophage cell lines and to form HDL both in 

vitro and in vivo [215]. Specifically we compared recombinant WT apoA-I, two mutants 

with either a deletion (apoA-I(185-243)) or multiple amino acid substitutions in the 

carboxy-terminal domain, which are both defective in eliciting ABCA1-mediated lipid 

efflux from macrophages, as well as three apoA-I mutants with deletions of either the 

amino-terminus (apoA-I(1-59)) or midregional domains (apoA-I(144-165)) or both the 

amino- and carboxy-terminal domains (apoA-I(1-59/185-243)), which have no or only 

slightly impaired lipid efflux capacity [205]. 

 

Binding and association of lipid-free apoA-I mutants to endothelial cells 

Initially we compared the endothelial binding properties of WT apoA-I either isolated from 

plasma or produced as a recombinant protein. Endothelial cells were incubated with 

radiolabeled lipid-free WT apoA-I at 4°C in the absence (total) or presence of a 40-fold 

excess of unlabeled plasma WT apoA-I (non-specific). The difference between the total 

and the non-specific binding corresponds to the specific binding. The recombinant and 

plasma-derived WT isoproteins of apoA-I showed the same total and specific binding to 
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endothelial cells. Therefore, in further experiments, plasma WT apoA-I was used as a 

control to compare the behaviour of the different apoA-I mutants. 

The apoA-I(144-165) mutant showed similar total and specific binding to endothelial 

cells as WT apoA-I. The two mutants with a defective carboxy-terminal sequence, apoA-

I(185-243) and apoA-I(L218A/L219A/V221A/L222A), showed 50% and 80% decreases 

in total and specific endothelial binding, respectively (figure 14). In contrast, apoA-I(1-

59) and apoA-I(1-59/185-243), showed a dramatic 25-fold increase in total binding. The 

binding of apoA-I(1-59) and apoA-I(1-59/185-243) could not be competed by 

unlabeled WT apoA-I so that no specific binding could be recorded (figure 14). 
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Figure 14. Binding of WT and mutant apoA-I to endothelial cells. Cells were cultured in 12-well dishes 

for 48 h. Then, after pre-chilling on ice, the cells were incubated with 5 μg/ml of the indicated WT or mutant  

125I-apoA-I isoform in the absence (total) or presence (non-specific) of a 40-fold excess of unlabeled WT 

apoA-I. After 2 h of incubation at 4°C, the specific binding was determined by subtracting the values of non-

specific binding from those of total binding. The results are represented as means ± SD of at least 3 

individual experiments. 

 

We repeated these experiments at 37°C where ligands are not only bound but also 

internalized by endothelial cells [60, 199] and therefore the absolute amount of cell 

associated radioactivity is higher. In principle we made the same observations as described 

for binding at 4°C: WT apoA-I from plasma, recombinant WT apoA-I, and apoA-I(144-

165) did not differ from each other whereas the apoA-I(185-243) and apoA-

I(L218A/L219A/V221A/L222A) mutants showed strongly reduced total and specific cell 

association and the apoA-I(1-59) and apoA-I(1-59/185-243) mutants showed 
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massively increased total cell association which could not be competed by WT apoA-I 

(data not shown). 

 

Transport of lipid-free apoA-I mutants through endothelial cells 

Next, we analyzed the transport of the different apoA-I mutants though endothelial cells 

cultivated in a transwell system. Radiolabeled lipid-free WT or mutant apoA-I was added 

to the apical side with or without 40-fold excess of unlabeled competitor (WT apoA-I). 

After 1 h incubation at 37°C, the medium of the basolateral compartment was collected to 

measure the radioactivity. The specific transport was calculated as the difference between 

total transport (radioactivity after incubation without competitor) and non-specific 

transport (radioactivity after incubation with competitor). As shown in figure 15, specific 

transports of plasma WT apoA-I, recombinant WT apoA-I, and apoA-I(144-165) were 

similar. In contrast, the specific transports of apoA-I(185-243) and apoA-

I(L218A/L219A/V221A/L222A) were decreased by 90%. No specific transports could be 

calculated for apoA-I(1-59) and apoA-I(1-59/185-243) mutants because both in the 

presence or absence of the competitor the same amounts of radioactivity were recovered in 

the basolateral compartment of the transwell cell culture dish.  
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Figure 15: Transport of WT and mutant apoA-I through endothelial cells. Cells were cultured on 

membrane inserts 48 h before the assay. 5 μg/ml of the indicated WT or mutant 125I-apoA-I isoform as well as 

no or a 40-fold excess of unlabeled WT apoA-I were added to the apical compartment. The media of the 

basolateral compartments of the transwell chambers were collected after incubation for 1 h at 37°C to 

measure the radioactivity. Specific transport from the apical to the basolateral compartment was calculated as 

the difference in radioactivity between the samples with (non-specific transport) and without (total transport) 

excess of WT apoA-I. The results are represented as means ± SD of at least 3 individual experiments. 

 

ApoA-I with mutations in the carboxy-terminus is not lipidated after transendothelial 

transport 

In previous studies we observed a change in particle size and electrophoretic mobility of 

lipid-free WT apoA-I after the transport through endothelial cells which we interpreted as a 

result of lipidation [199, 200]. Therefore, we compared the particle sizes of WT apoA-I 

and the dysfunctional apoA-I(L218A/L219A/V221A/L222A) mutant before and after 

transport through endothelial cells (figure 16). After transport and recovery from the 

basolateral compartment WT apoA-I was fractionated by gel filtration into two peaks, one 

peak with identical elution volume (87.6 ml +/- 0.5 ml) and hence size of the starting 

material (presumably transported by the paracellular pathway) and one new peak with 

lower elution volume (72.6 ml +/- 0.5 ml) and hence larger particle size (figure 16A). By 

contrast, the comparison of the gel filtration profiles of the binding- and transport-defective 



Results 

59 

apoA-I(L218A/L219A/V221A/L222A) mutant before and after incubation with endothelial 

cells did not reveal the occurrence of any new peak (figure 16B). Already before 

incubation with cells and hence in the lipid-free state, this mutant was eluted in two peaks, 

one with the size of WT apoA-I (87.6 ml +/- 0.5 ml) and one corresponding to larger 

particle size (77.1 ml +/- 0.5 ml). The larger sized fraction of apoA-

I(L218A/L219A/V221A/L222A) has a higher elution volume than the fraction formed 

after transport of WT apoA-I and did not change after transport. We therefore assume that 

this fraction represents lipid-free aggregates of apoA-I(L218A/L219A/V221A/L222A). 

 

A B

 

 

Figure 16: Particle size of WT apoA-I and apoA-I(L218A/L219A/V221A/L222A) before and after 

transport through endothelial cells. The transport experiment was performed as described in figure 15, 

however only in the absence of excess unlabeled apoA-I. Both lipid-free apoA-I not incubated with cells and 

the material in the basolateral compartment were fractionated by gel filtration. (A) WT 125I-apoA-I, (B) 125I-

apoA-I(L218A/L219A/V221A/L222A). 
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Role of ABCA1, ABCG1, and SR-BI for binding, cell association, and transport of 

lipid-free WT apoA-I 

Using specific siRNAs [214], we investigated the effects of ABCA1, ABCG1, and SR-BI 

knock-down alone and the silencing of both ABCA1 and ABCG1 together on endothelial 

binding, cell association, and transport of lipid-free WT apoA-I (figure 17). ABCA1, 

ABCG1, and SR-BI transcription were reduced by about 80 – 90% in cells transfected with 

specific siRNA. The remaining protein expression of ABCA1, ABCG1, and SR-BI after 

silencing was approximately 50% as assessed by Western blotting and already shown 

previously [200, 214]. Also as reported previously, knock-down of ABCA1, but not 

ABCG1 or SR-BI reduced the binding of lipid-free WT apoA-I at 4°C (figure 17A). The 

knockdown of ABCA1 and ABCG1 together revealed the same reduction of apoA-I 

binding as the single knock-down of ABCA1 by about 60%. At 37°C, suppression of 

ABCA1 and ABCG1 either individually or both together but not the knock-down of SR-BI 

diminished the cell association (figure 17B) and transendothelial transport of initially lipid-

free apoA-I (figure 17C) by about 40%.  
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A B

C

 

 

Figure 17: Role of ABCA1, ABCG1, and SR-BI for binding, cell association, and transport of WT 

apoA-I. Endothelial cells were transfected with specific siRNA against ABCA1, ABCG1, SR-BI, not coding 

siRNA and mock (not transfected cells). 65 – 72 h after transfection, endothelial cells  were incubated with 5 

g/ml of 125I-apoA-I for 2 h at 4°C (A, binding) or for 1 h at 37°C (B, cell association). (C) Transport assays 

were performed as described in figure 15. *P<0.05, **P<0.01, ***P<0.001, ns not significantly different 

compared to not transfected cells. 

 

These at first sight discrepant observations at 4°C and 37°C could be explained by a 

previously proposed two-step model in which ABCA1-mediated lipid-efflux generates a 

lipidated particle that secondarily interacts with ABCG1 [55-57]. To test this hypothesis 

we analyzed the binding, association and transport of HDL reconstituted artificially with 

WT or mutant apoA-I. 

 

 



Results 

62 

Interactions of rHDL with endothelial cells 

We first compared the binding (at 4°C) and association properties (at 37°C) of WT apoA-I 

in either the lipid-free or pre-lipidated forms. The binding of lipid-free apoA-I was 

competed by rHDL to similar degree as by lipid-free apoA-I itself or native HDL (figure 

18A). The binding of rHDL was not competed by lipid-free apoA-I but by both 

reconstituted and native HDL (figure 18A). Cell association experiments yielded similar 

findings. Endothelial cell association of lipid-free apoA-I was competed with 40-fold 

excesses of unlabeled apoA-I, lipidated apoA-I, or HDL to similar degree (figure 18B). 

Cell association of rHDL was competed with an excess of either rHDL or native HDL 

(figure 5B). By contrast to the binding experiment, we however observed that also lipid-

free apoA-I competed the cell association of rHDL, although to less extent (about 35%) 

than rHDL or native HDL (about 60%). These observations provide further evidence that 

at 37°C the lipidation of apoA-I by ABCA1 generates a lipidated particle which can then 

compete the cellular interaction of pre-lipidated apoA-I. 
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Figure 18: Cross-competition of lipid-free and lipidated apoA-I. Binding (A) and cell association (B) 

assays were performed. Endothelial cells were incubated with 5 g/ml of 125I-apoA-I or 125I-rHDL containing 

WT apoA-I for 2 h at 4°C (binding) or for 1 h at 37°C (cell association) in the absence (total) or presence of a 

40-fold excess of the indicated competitor.  
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Binding and transport of rHDL containing WT apoA-I or                                      

apoA-I(L218A/L219A/V221A/L222A) 

Next, we exploited the apoA-I(L218A/L219A/V221A/L222A) mutant with defects in 

ABCA1-mediated lipid-efflux as well as specific endothelial binding and transport to test 

the hypothesis that transendothelial transport of lipid-free apoA-I occurs by a two-step-

mechanism where apoA-I is first lipidated by ABCA1-dependent lipid-efflux to then 

undergo ABCA1-independent transport through Endothelial cells. We first lipidated WT 

apoA-I or apoA-I(L218A/L219A/V221A/L222A). The lipidation and resulting particle 

formation was verified by native agarose gel electrophoresis and electron microscopy. 

Both WT apoA-I and apoA-I(L218A/L219A/V221A/L222A) formed particles which had a 

higher electrophoretic mobility than the respective lipid-free apolipoproteins. rHDL 

containing apoA-I(L218A/L219A/V221A/L222A) were slightly less negatively charged 

than rHDL containing WT apoA-I (figure 19A). In addition, the Sudan black staining of 

the agarose gel, clearly reveals the lipidation of both WT apoA-I and apoA-

I(L218A/L219A/V221A/L222A). After lipid staining the bands containing rHDL with WT 

or mutant apoA-I were similarly intense (figure 19B). Electron microscopy revealed that 

both WT apoA-I and apoA-I(L218A/L219A/V221A/L222A) formed discoidal particles 

(figure 19C).  
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Figure 19: Binding and transport of rHDL containing WT apoA-I or apoA-

I(L218A/L219A/V221A/L222A). The lipidation of the rHDL particles was performed by the cholate dialysis 

method and the particle formation was analyzed by native agarose gel electrophoresis stained with 

Coomassie for proteins (A) and with Sudan black for lipids (B). Electron microscopy of the formed particles 

was performed (C). (D) Specific binding at 4°C of 10 g/ml 125I-rHDL particles containing either WT apoA-I 

or apoA-I(L218A/L219A/V221A/L222A). (E) Specific transport of 10 g/ml 125I-rHDL particles containing 

either WT apoA-I or apoA-I(L218A/L219A/V221A/L222A) through a monolayer of endothelial cells. 
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We then used the pre-lipidated particles to perform binding and transport studies. Neither 

the specific binding (figure 19D) nor the specific transport (figure 19E) differed between 

particles containing either WT apoA-I or the mutant apoA-

I(L218A/L219A/V221A/L222A). Thus pre-lipidation can overcome the binding and 

transport defects of the dysfunctional apoA-I(L218A/L219A/V221A/L222A) mutant. 

These findings corroborate the hypothesis that lipidation of apoA-I is necessary for specific 

transcytosis. 

 

Binding and transport of rHDL containing apoA-I(1-59) or apoA-I(1-59/185-243) 

We then investigated the effects of prior cell-free lipidation on binding and transport of the 

two apoA-I mutants which in the lipid-free form showed excessive non-specific 

endothelial binding and no specific transport, namely apoA-I(1-59) and apoA-I(1-

59/185-243). After cholate dialysis with POPC in a molar ratio of 1:40, both mutant 

rHDL particles showed higher electrophoretic mobility than the respective lipid-free 

apolipoproteins (figure 20A). The efficacy of lipidation was further confirmed by lipid 

staining of the agarose gel (figure 20B). The two mutant rHDL particles however differed 

from each other and from normal rHDL by electrophoretic mobility (figures 20A and B). 

Both mutants formed discoidal particles (figure 20C). With these lipidated mutants we 

performed binding and transport studies. We used native HDL as the competitor, because 

reconstituted and native HDL competed equivalently (see figure 18). As shown in figure 

20D, specific binding of the lipidated WT apoA-I was about 60% of the specific binding of 

lipid-free WT apoA-I. However, pre-lipidated apoA-I(1-59) and pre-lipidated apoA-I(1-

59/185-243) showed 4-fold and 8-fold higher total binding than pre-lipidated WT apoA-I. 

In contrast to lipidated WT apoA-I, it was not possible to compete this binding with excess 

HDL indicating that these mutants keep their very high non-specific endothelial binding 

properties also after pre-lipidation. In contrast to apoA-I(L218A/L219A/V221A/L222A), 

pre-lipidation of either apoA-I(1-59) or apoA-I(1-59/185-243) did not rescue their 

defective specific transendothelial transport (figure 20E). These findings suggest that 

lipidation of initially lipid-free apoA-I is not sufficient for the specific transport through 

endothelial cells of the apoA-I(Δ1-59) or apoA-I(Δ1-59/Δ185-243) mutants. 
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Figure 20: Binding and transport of rHDL containing WT apoA-I, apoA-I(1-59), or apoA-I(1-

59/185-243). Lipidation was verified by native agarose gel electrophoresis stained with Coomassie for 

proteins (A) and with Sudan black for lipids (B) and by electron microscopy (C). (D) Binding at 4°C of 10 

g/ml 125I-rHDL containing WT apoA-I, apoA-I(1-59), or apoA-I(1-59/185-243). (E) Specific transport 

through a monolayer of endothelial cells of 10 g/ml 125I-rHDL containing WT apoA-I, apoA-I(1-59), or 

apoA-I(1-59/185-243). 
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Role of ABCA1, ABCG1, and SR-BI for transport of rHDL 

To analyze which of the known apoA-I/HDL binding proteins are participating in the 

transport of pre-lipidated apoA-I we used siRNAs to suppress ABCA1, ABCG1 or SR-BI. 

Knock down of ABCG1 and SR-BI but not of ABCA1 decreased the specific 

transendothelial transport of pre-lipidated WT apoA-I (figure 21A) and pre-lipidated apoA-

I(L218A/L219A/V221A/L222A) (figure 21B). The reduction of the transport capacity of 

lipidated apoA-I(L218A/L219A/V221A/L222A) by knock down of ABCG1 or SR-BI was 

smaller (-44% +/- 7%) compared to lipidated WT apoA-I (-60% +/- 15%). 

 

** **
*** ***

A B

 

 

Figure 21: Role of ABCA1, ABCG1, and SR-BI in the transport of rHDL containing WT apoA-I or 

apoA-I(L218A/L219A/V221A/L222A). Endothelial cells were transfected with siRNA coding for ABCA1, 

ABCG1, SR-BI, and not coding siRNA. 65 – 72 h after transfection transport assays were performed. 

Endothelial cells were incubated with 10 g/ml of 125I-rHDL for 1 h in the absence or presence of a 40-fold 

excess of unlabeled rHDL. Specific transport was calculated by subtracting the values of non-specific 

transport from those of total transport. (A) Specific transport of rHDL containing WT apoA-I. (B) Specific 

transport of rHDL containing apoA-I(L218A/L219A/V221A/L222A). **P<0.01, ***P<0.001, ns not 

significantly different compared to not transfected cells. 
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3.3 Functionality of trimerized apoA-I 

Trimerized apolipoprotein A-I (TripA) forms lipoproteins, activates 

lecithin:cholesterol acyltransferase, elicits lipid efflux, and is transported through 

aortic endothelial cells 

Both in vitro and in vivo experiments revealed multiple potentially antiatherogenic 

activities for both HDL and apoA-I, including the ability to remove cholesterol from 

macrophage foam cells for transport to the liver as well as many anti-inflammatory and 

antioxidative effects [216]. Unfortunately, it has been as yet unsuccessful to find small 

molecules, which efficiently induce the production of apoA-I [217]. To circumvent these 

problems in drug development several researchers tried to substitute or mimic HDL and 

apoA-I by infusing artificial rHDL.  

One major drawback of this strategy is the need of repetitive infusions of relatively large 

amounts of rHDL (40 to 80 mg apoA-I per kilogram body weight) since due to its 

relatively low molecular mass of 28 kDa, apoA-I is quickly eliminated from the circulation 

by glomerular filtration [80, 218]. In order to reduce renal elimination a recombinant high 

molecular mass variant of apoA-I termed TripA was previously engineered by fusing three 

apoA-I molecules with the trimerization domain of human tetranectin [219]. In fact, 

injection of TripA into WT mice revealed its prolonged plasma retention time as compared 

to normal apoA-I. In addition, intravenous injection of TripA inhibited the progression of 

lesions in cholesterol-fed LDL receptor knock-out mice [219].  

We here investigated lipid-free and pre-lipidated TripA for several activities of apoA-I and 

HDL, respectively, which may contribute to reverse cholesterol transport. We tested 

whether lipid-free TripA elicits cholesterol efflux from a macrophage cell-line like lipid-

free apoA-I by mechanisms which involve ABCA1 and whether pre-lipidated TripA 

stimulates cholesterol efflux by ABCA1-independent pathways like HDL which involve 

ABCG1 and SR-BI. We compared the kinetics by which apoA-I and TripA activate LCAT. 

Finally, we investigated the transport of lipid-free and pre-lipidated TripA through aortic 

endothelial cells because this transendothelial passage is a pre-requisite for any mimetic of 

apoA-I or HDL to leave the circulation and reach the lipid laden macrophages in the 

atherosclerotic intima of arteries for cholesterol efflux stimulation. 
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Characterization of rHDL particles 

Recombinant apoA-I and TripA were reconstituted with POPC in a molar ratio of 1:80. 

After negative staining, the electron micrographs showed the formation of discoidal 

particles for both rHDL reconstituted either with apoA-I or TripA (figure 22). Longitudinal 

assembly structures of variable length were clearly evident as well as some individual discs. 

The diameter of TripA containing rHDL was estimated to be 10% larger than rHDL 

containing apoA-I (data not shown). 

 

recombinant apoA-I/POPC 1:80 TripA/POPC 1:80  

 

Figure 22: Formation of discoidal particles. Electron microscopy of the apoA-I:POPC 1:80 complexes 

containing recombinant apoA-I or TripA. 

 

LCAT cofactor activity of apoA-I and TripA 

Two independent rHDL preparations of each recombinant apoA-I and TripA were used to 

compare their ability to activate LCAT (figure 23). Esterification was tested as a function 

of substrate concentration on at least two occasions for each rHDL to calculate apparent 

kinetic constants. Maximal esterification rate was only modestly affected by the 

trimerization of apoA-I. The apparent Km values indicated a lower affinity of the TripA 

based substrate (Km = 2.1 ± 0.3 µg/ml) in comparison with the apoA-I-based substrate (Km 

= 0.59 ± 0.06 µg/ml). 
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Figure 23: LCAT activation activity. LCAT-mediated esterification of 3H-cholesterol-POPC-rHDL 

substrate particles containing recombinant apoA-I (●) or TripA (○). 

 

Cholesterol efflux capacity of lipid-free and lipidated TripA 

The abilities of recombinant apoA-I and TripA to support cellular cholesterol efflux were 

compared using THP-1 cells, labeled with tritiated cholesterol. Efflux velocity to both non 

lipidated recombinant apoA-I and TripA was saturable with similar low apparent Km (3.0 ± 

0.8 µg/ml and 2.3 ± 0.6 µg/ml, respectively), as appreciated from three independent 

experiments (figure 24). In good agreement with the expected ABCA1 transporter 

induction, stimulating THP-1 cells with liver X receptor (LXR) and retinoid X receptor 

(RXR) agonists led to 4-fold increase in maximal velocity without major impact on 

apparent Km. 

Similar to cholesterol efflux to HDL, efflux kinetics to both recombinant apoA-I and TripA 

reconstituted with POPC occurred with higher Km than to lipid-free apoA-I. However 

rHDL-elicited cholesterol efflux was much less sensitive to RXR/LXR induction 

suggesting the contribution of ABC transporter independent pathways. 
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Figure 24: Lipid efflux in the presence of lipid-free and lipidated recombinant apoA-I and TripA. 

Cholesterol efflux from monocytic leukemia THP1 cells exposed to acceptors at the indicated concentrations 

was measured after 2 and 4 h in absence (empty symbols) or presence (full symbols) of RXR and LXR 

agonists. (A) Efflux to lipid free recombinant apoA-I (○, ●) and TripA (,  ).  Fractional efflux was 

calculated and normalised as indicated in material section. (B) Efflux to recombinant apoA-I lipidated with 

POPC (, ), TripA lipidated with POPC (, ), and in comparison to HDL (□, ■). 
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Interaction of lipid-free TripA with endothelial cells 

Like apoA-I, the binding of TripA to endothelial cells was largely competed with a 40-fold 

excess of unlabeled TripA, recombinant apoA-I, HDL but not at all with BSA (figure 25A). 

These data suggest that TripA binding to endothelial cells is specific and shares the same 

binding sites with apoA-I. By head to head comparisons we found that endothelial cells 

bind about as much TripA as apoA-I (figure 25B). 

Previously, we have shown that ABCA1 participates in binding, internalization, and 

transport of lipid-free apoA-I trough endothelial cells [199]. Using the previously 

described RNA interference approach, the transcription of ABCA1 was reduced by 80% 

and the protein was significantly downregulated, but no significant ABCA1 mRNA 

reduction was observed in cells transfected with not coding siRNA (data not shown). 

Knock down of ABCA1 reduced the specific binding of TripA to endothelial cells by 50% 

(figure 25C).  
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Figure 25: Binding and transport of lipid-free TripA to endothelial cells. (A) Binding of TripA to 

endothelial cells. Cells were incubated at 4°C for 2 h with 125I-TripA in presence of the indicated competitors. 

(B) Specific binding of plasma apoA-I, recombinant apoA-I, and TripA. Cells were incubated with the 

indicated apoA-I variant in absence (total) or presence of a 40-fold excess of unlabeled apoA-I (non-specific). 

Specific binding was calculated by subtracting the values of the non-specific binding from those of the total 

binding. (C) To reduce ABCA1 expression, specific siRNA was transfected. Binding assay was performed 

between 60 and 72 h after transfection. Specific binding was calculated as described above. (D) Transport of 
125I-TripA through a monolayer of endothelial cells. Cells were cultured on inserts and the 125I-TripA in the 

indicated concentrations was added to the apical compartment. After 1 h incubation at 37°C with TripA in 

absence (total) or presence of a 40-fold excess of unlabeled HDL or recombinant apoA-I (non-specific), the 

material in the basolateral compartment was analyzed. Specific transport was calculated by subtracting the 

values of the non-specific transport from those of the total transport. **P<0.01 compared to control cells. 

 

Subsequently, we analyzed the transport of TripA through a confluent monolayer of 

endothelial cells which were cultured on porous membrane inserts. The total transport was 

partially competed (by about 30%) by a 40-fold excess of either unlabeled HDL or 

unlabeled apoA-I, suggesting that TripA is transported through endothelial cells like apoA-

I (figure 25D). 
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Interaction of lipidated TripA with endothelial cells 

Binding of the pre-lipidated radioactive TripA:POPC (1:80) particles was largely competed 

with non-radioactive TripA:POPC, apoA-I:POPC, or native HDL but to much lesser 

degree with LDL or lipid-free apoA-I and not at all with BSA. These data argue for a 

specific binding of TripA:POPC to endothelial cells (figure 26A). Also quantitatively, the 

endothelial binding of TripA:POPC resembled the binding of  apoA-I:POPC, and HDL 

(figure 26B). 

We have previously shown by RNA interference, that the binding of HDL to endothelial 

cells is mediated by ABCG1 and SR-BI [214]. Likewise the knock-down of ABCG1 and 

SR-BI reduced the specific binding at 4°C of POPC-TripA to endothelial cells by about 

40% (figure 26C). Suppression of ABCA1 had no effect on the binding of rHDL 

containing either apoA-I or TripA. 

Finally, we compared the transendothelial transport of apoA-I:POPC and TripA:POPC 

particles. In both cases we found specific and competable transendothelial transport. 

(figure 26D). 
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 Figure 26: Binding and transport of lipidated TripA to endothelial cells. (A) Binding of POPC-TripA to 

endothelial cells. Cells were incubated at 4°C for 2 h with 125I-POPC-TripA in presence of the indicated 

competitors. (B) Specific binding of HDL, POPC-recombinant apoA-I, and POPC-TripA to endothelial cells. 

Cells were incubated with HDL or with the indicated reconstituted apoA-I variant in absence (total) or 

presence of a 40-fold excess of unlabeled HDL (non-specific). Specific binding was calculated by subtracting 

the values of the non-specific binding from those of the total binding. (C) To reduce ABCA1, ABCG1, and 

SR-BI expression, specific siRNA was transfected. Binding assay was performed between 60 and 72 h after 

transfection. Specific binding was calculated as described above. (D) Transport of 125I-POPC-TripA through 

a monolayer of endothelial cells. Cells were cultured on inserts and 125I-POPC-TripA in the indicated 

concentrations was added to the apical compartment. After 1 h incubation at 37°C with POPC-TripA in 

absence (total) or presence of a 40-fold excess of unlabeled HDL or POPC-TripA (non-specific), the material 

in the basolateral compartments was analyzed. Specific transport was calculated by subtracting the values of 

the non-specific transport from those of the total transport. *P<0.05, ns not significantly different compared 

to control cells. 
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3.4 Role of the cell surface F0F1 ATPase in transendothelial apoA-I and 

HDL transport 

Previously, it was reported [161] that the -chain of the F0F1 ATPase is expressed on the 

surface of endothelial cells. Furthermore, C. Cavelier demonstrated that endothelial cells 

reveal 50% lower apoA-I binding after partial silencing of the -ATPase with specific 

siRNA, whereas the intracellular ATP level remained unchanged [220, 221]. In addition, a 

reduction in internalization and transport of apoA-I has been found in cells transfected with 

specific -ATPase siRNA or treated with an antibody against the -ATPase, respectively. 

This finding was corroborated by treating the cells with the inhibitor IF1, which binds 

specifically to -ATPase and inhibits ATP hydrolysis [222, 223]. Moreover, our data 

revealed that the F0F1 ATPase hydrolyzes ATP in an apoA-I induced manner on the 

surface of endothelial cells. Pre-incubation of control cells with apoA-I reduced the 

extracellular ATP concentration by 50% indicating that apoA-I stimulated the extracellular 

hydrolysis of ATP. In addition, in the absence of apoA-I, ATP accumulated extracellular 

when -ATPase was silenced. Finally, ATP, ADP, and 2MeS-ADP (i.e. a non-

hydrolysable form of ADP) but not ATP-S (i.e. a non-hydrolysable form of ATP) 

stimulated apoA-I internalization. These data hence point to an ADP-dependent pathway 

for apoA-I internalization in endothelial cells. Therefore, we investigated the effect of -

ATPase inhibition by IF1 on the transendothelial transport of HDL. The transport of HDL 

through endothelial cells was decreased by about 50% in cells treated with IF1 compared 

to control cells (figure 27). 
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Figure 27: Role of -ATPase in HDL transport. HDL transport through a monolayer of endothelial cells 

was evaluated in the presence of the -ATPase inhibitor IF1. *P<0.05 compared to control cells. 

 

The relative contribution of ABCA1 and F0F1 ATPase to the transport of apoA-I trough 

endothelial cells has been investigated. Silencing of ABCA1 by specific siRNA reduced 

apoA-I transport by about 80% as compared to control cells. In cells treated with IF1 a 

decrease of about 45% was recorded. Surprisingly, the inhibition of both targets together 

decreased the transendothelial transport of apoA-I by about 55% (figure 28). In summary, 

our results indicate that F0F1 ATPase contributes to transendothelial apoA-I and HDL 

transport. However, the lack of additive effects of ABCA1 and F0F1 ATPase inhibition 

argues against the operation of two parallel apoA-I transcytosis pathways but suggests 

synergism of both. 
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Figure 28: Effect of co-suppression of ABCA1 and F0F1 ATPase activity on the apoA-I transport. 

ApoA-I transport was analyzed after reducing the expression of ABCA1 by siRNA, treating the cells with IF1 

and with ABCA1 siRNA and IF1 inhibitor at the same time. ***P<0.001 compared to control cells. 
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3.5 Intracellular trafficking of apoA-I 

By immunofluorescence microscopy we investigated the intracellular trafficking route of 

alexa 488-labeled lipid-free apoA-I. In a first step the internalization of apoA-I into 

endothelial cells was verified. The cells were incubated with alexa 488-labeled apoA-I 

together with alexa 594-labeled transferrin at 37°C for 30 min (figure 29). 

 

20 μm20 μm

488-apoA-I merge594-transferrin

 

 

Figure 29: Endocytosis of alexa 488-labeled apoA-I. By fluorescence microscopy endocytosis of apoA-I in 

endothelial cells was analyzed. The cells were incubated for 30 min at 37°C with 20 g/ml 488-apoA-I 

(green) and with 10 g/ml alexa 594-labeled transferring (red). Nuclei were stained with DAPI. 

 

Transferrin is a protein known to be specifically internalized by endothelial cells. Analysis 

by fluorescence microscopy revealed colocalization of apoA-I and transferrin up to 30 min 

incubation confirming that apoA-I was internalized by endothelial cells. The intracellular 

localization of apoA-I was further analyzed using different organell markers (figure 30). 
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Figure 30: Co-localization of alexa 488-labeled apoA-I with different organell markers. Endothelial cell 

were incubated with 20 g/ml 488-apoA-I (green). Lysosomes (lyso-tracker), endoplasmatic reticulum (-

calnexin antibody), and the Golgi apparatus (-58k Golgi protein antibody) were stained with different 

organell markers (red). Nuclei were stained with DAPI. 

 

No apoA-I colocalization with a lyso-tracker was found. Therefore, apoA-I does not go 

into the lysosomes, as expected from our biochemical studies which revealed no 

degradation of apoA-I and recovered apoA-I as an intact protein after the transport through 

endothelial cells. ApoA-I was colocalized neither with the typical ER protein calnexin nor 
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with the Golgi membrane 58k protein. ApoA-I was localized near the stacks of the Golgi 

apparatus but no co-localization could be observed.  
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Figure 31: Co-localization of alexa 488-labeled apoA-I with vesicle markers. Endothelial cells were 

incubated for 30 min at 37°C with 20 g/ml 488-apoA-I (green). Colocalizations were performed with the 

known recycling endosome marker Rab11a and with the early endosome marker Rab5 in red. Nuclei were 

stained with DAPI. 

 

The apoA-I containing vesicles did not concur with Rab11a, which is a marker of the 

recycling endosomes (figure 31). A partial colocalization with the early endosome marker 

Rab5 was found indicating that the endocytosed apoA-I was transported into the early 

endosomes and then moved further through the cell probably by fusion with other vesicles. 

Our data are compatible with the presence of a polarized transcellular vesicular transport 

without significant lysosomal degradation or recycling. 
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4 Discussion 

 

4.1 Transendothelial HDL transport 

In general transendothelial transport of proteins can occur by paracellular or transcellular 

pathways. We have previously demonstrated that aortic endothelial cells bind, internalize, 

and resecrete apoA-I in a competed and temperature-dependent manner [199, 200]. 

Furthermore, we demonstrated that ABCA1 but not SR-BI modulates this process [200]. In 

the present study we extend these findings by showing that endothelial cells also bind, 

internalize, and transport mature HDL, however by characteristics that are distinct from 

those of transendothelial apoA-I transport. Most importantly, SR-BI and ABCG1 but not 

ABCA1 are rate limiting for HDL transport. 

The presence of different pathways for the transendothelial transport of apoA-I and HDL 

parallels the need of at least two distinct molecules interacting with cells of the arterial 

wall and other extravascular compartments. Lipid-free apoA-I dissociates from mature 

HDL as a result of HDL remodeling by lipid transfer proteins and lipases [224-226]. Lipid-

free apoA-I is important to mediate lipid-efflux from macrophage foam cells via the 

ABCA1 pathway [55]. Although this lipid-efflux pathway generates a ligand for ABCG1-

mediated lipid efflux there appears to be additional need for pre-formed cholesterol 

acceptors, namely HDL [60]. In addition after lipid loading of HDL from macrophage 

foam cells, it must leave the intimal space into the blood stream to deliver the acquired 

lipids to the liver. Also this step requires the passage through the endothelium.  

Consistent with previously published data [53, 227], we here showed that endothelial cells 

specifically bind and associate HDL (figure 8, 9). Interestingly, HDL binding and 

association are not competed by apoA-I whereas HDL competes for apoA-I binding and 

association. These at first sight contradictory findings are well supported by the fact that 

lipid-free apoA-I is a poor ligand for SR-BI and ABCG1 [55, 147]. Furthermore, structural 

analysis of lipid-free apoA-I and apoA-I in HDL particles revealed different folding 

patterns [228] and consequently different functional domains. The partial competition of 

HDL binding and association by LDL can be explained by the involvement of SR-BI in 

HDL binding since also LDL is a ligand of this receptor although with lower affinity than 

HDL [132].  
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The binding of HDL to the polarized endothelial cells appears to specifically occur on the 

apical site of the cells, which is in good agreement with our postulated transport of HDL 

from the blood into the arterial wall. Since the cells are cultivated on a membrane one 

could argue that binding of HDL to the basolateral site is spatially hindered. However, the 

diffusion of inulin from apical-to-basolateral and basolateral-to-apical did not differ 

significantly, arguing against spatial hindrance (figure 10). However, the specific binding 

of HDL to the apical site of aortic endothelial cells raises the question on how HDL 

particles leave the arterial wall after they have been loaded with cholesterol to complete 

reverse cholesterol transport. This process likely occurs via vasa vasorum, which grow 

from the adventitia into the thickening intima. Endothelial cells of these microvessels may 

well differ in their HDL binding properties from endothelial cells of the macrovasculature 

such as aorta which have been used in our experiments. 

By both cell surface biotinylation and fluorescent microscopy we demonstrated that 

endothelial cells internalize HDL (figure 9). Like Wüstner et al [229] in hepatocytes we 

found FITC labeled-HDL partially co-localized with alexa 594-conjugated transferrin. 

However it is important to note that not all cells internalize HDL even if they express 

ABCG1 and SR-BI [60]. For example, we have previously demonstrated that cholesterol 

efflux from RAW macrophages is coupled with internalization of apoA-I but not HDL. 

Importantly, the majority of the HDL internalized by endothelial cells is not degraded but 

resecreted as intact proteins.  

Because of the cytotoxicity of vesicular transport inhibitors such as N-ethylenimide, filipin 

or dansylcadaverine, it was not possible to further study the nature of HDL translocation. 

For lipid-free apoA-I, we demonstrated by the use of siRNA technology that ABCA1 is a 

rate-limiting factor in the transport  through endothelial cells [200]. Therefore we also used 

siRNA to analyze which proteins are mediating the specific interactions of HDL with 

endothelial cells. In agreement with others [230-232] we found that the best candidates, 

namely were SR-BI, ABCA1, and ABCG1, are expressed in endothelial cells of bovine 

and human origin [127]. Their expression was successfully diminished by RNA 

interference (figure 12). As previously published reduction of ABCA1 expression reduced 

neither HDL binding nor cell association since lipid-free apoA-I rather than lipidated 

apoA-I or HDL interact with this transporter [200]. Both knock-down of SR-BI and 

ABCG1 had a significant inhibitory effect on HDL binding and cell association (figure 12). 

In addition the transport of HDL was significantly impaired by suppression of either SR-BI 
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or ABCG1 (figure 13). Interestingly, the transport in ABCG1 diminished cells was even 

more impaired than by knock-down of SR-BI. These differences may reflect that SR-BI is 

a receptor in a proper sense which is known to bind HDL by protein-protein interactions 

[142] whereas ABCG1 is a lipid transporter for which the direct protein-protein-interaction 

with HDL has not been proven. It is possible that ABCG1 only indirectly mediates cellular 

HDL binding by rearranging lipid domains in the plasma membranes which interact with 

HDL. This is in agreement with a recent publication of Terasaka et al [127] which 

describes a non-redundant role of ABCG1 for the regulation of endothelium-dependent 

vasoreactivity in mice fed with a high cholesterol diet. 

The stronger inhibitory effect of SR-BI knock-down on HDL binding than on transport 

may reflect that this receptor mediates fluxes of lipids from HDL into cells or from cells to 

HDL without holoparticle uptake. However, it is also important to highlight that the siRNA 

approach used cannot distinguish SR-BI from its splice variant SR-BII which has been 

described as an endocytic receptor [233]. The lower impact of SR-BI knock-down on HDL 

cell association and transport than binding indicates that HDL binding on the cell surface is 

a rate-limiting step in the transendothelial transport of HDL but also the co-existence of 

downstream effectors of this transport. In fact, the interaction of HDL with SR-BI was 

previously shown to promote endothelial repair by entailing several intracellular G-protein 

coupled signaling pathways such as activation of src, phosphatidylinositol 3 kinase or 

mitogen-acitivated protein kinases [234]. It is therefore tempting to speculate that one or 

several of these SR-BI-mediated signaling pathways modulate endocytosis and 

intracellular transport of HDL (i.e., transendothelial transport of HDL). In this regard it is 

important to mention that HDL and sphingosine-1-phosphate, which in plasma is 

predominantly carried by HDL, as well as SR-BI were previously shown to elicit several 

signaling effects in endothelial cells [235, 236], which favor closure of interendothelial 

junctions and hence restrict the paracellular pathway of transendothelial transport [191, 

192, 237, 238].  

As yet, ABCG1 is only known as an important regulator of lipid efflux from macrophages 

to HDL. However, previously Terasaka and colleagues [127] reported that ABCG1 unlike 

ABCA1 regulates the activity of eNOS and thereby endothelium-dependent vasorelaxation 

in mice. The authors provided evidence that this regulatory effect of ABCG1 on nitric 

oxide production involves cholesterol and oxysterol efflux, which is modulating the 

inhibitory interaction of eNOS with caveolin-1 [126, 127]. Our data show that ABCG1 in 
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endothelial cells participates in HDL cell association and transport. Furthermore, the lower 

impact of ABCG1 suppression on HDL binding than on HDL transport supports the 

concept that ABCG1 does not directly bind HDL. Also in the context of the work of 

Terasaka et al [126, 127], this suggests that ABCG1 modifies the lipid distribution of the 

plasma membrane and thereby the organisation of integral plasma membrane proteins 

including the ones involved in endocytosis, such as caveolin or clathrin. 

In summary, aortic endothelial cells cultured on porous inserts bind, internalize, and 

translocate HDL particles from the apical to the basolateral compartment in a specific and 

temperature-dependent manner without degrading the protein moiety. This process is 

modulated by SR-BI and ABCG1, but not ABCA1 which was previously found to 

modulate apoA-I transcytosis. Further studies are essential to evaluate the precise function 

of the identified proteins. 

 

4.2 Transendothelial apoA-I transport: a two-step process 

We recently provided several arguments that the transendothelial transport of apoA-I and 

HDL occurs by specific transport rather than unspecific filtration: 1) a considerable 

proportion of apoA-I and HDL transport is temperature sensitive and can be competed by 

excess of apoA-I and HDL, respectively, but not with albumin or LDL [199, 214]. 2) The 

specific fraction of transendothelial apoA-I transport can be inhibited by knock-down of 

ABCA1 and leads to the secretion of lipidated particles [200]. 3) The specific fraction of 

transendothelial HDL transport can be reduced by knock-down of ABCG1 or SR-BI [214]. 

The findings of our studies further support the specificity of transendothelial apoA-I and 

HDL transport by stringent structure-function-relationships for apoA-I that reveals the 

importance of the carboxy-terminal apoA-I domain for this process: 

1. Both the deletion of the carboxy-terminus of apoA-I as well as amino acid substitutions 

within the carboxy-terminus of apoA-I nearly abolished the specific endothelial binding 

and transendothelial transport of apoA-I (figure 14, 15). The deletion of the carboxy-

terminus was previously shown to be defective in inducing ABCA1-mediated phospholipid 

and cholesterol efflux from macrophages and to form nascent and mature HDL particles in 

vivo [204, 205, 239]. Also in our endothelial transwell cell culture model both apoA-

I(185–243) and apoA-I(L218A/L219A/V221A/L222A) failed to form HDL-like particles 
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although only the specific but not the non-specific fraction of transendothelial transport 

was abolished.  

2. The deletion of the amino-terminus of apoA-I, alone or together with the carboxy-

terminus, tremendously increased the non-specific binding of apoA-I(1-59) and apoA-

I(1-59/185-243), respectively, and interfered with the specific transport of these mutants 

both in the lipid-free and lipidated forms (figure 14, 15, 20). Interestingly, these mutants 

were previously found to elicit normal or only moderately decreased ABCA1-dependent 

lipid efflux from macrophages and similar mutations (apoA-I(1-41) and apoA-I(1-

41/185-243)) promoted biogenesis of HDL particles in vivo [205]. However, in the large 

background of excessive cellular non-specific binding to cells, we may have overlooked 

specific components of transendothelial transport. Alternatively, the deletion of the amino-

terminus and especially both the amino-terminus and carboxy-terminus may expose a 

midregional domain of prototypic anti-parallel amphipathic alpha-helices which has a very 

high affinity to lipids [94]. According to a model proposed by Phillips et al. this central 

domain of apoA-I may bind very efficiently and solubilize lipids of plasma membranes 

which are generated by ABCA1 [103]. In fact, pre-treatment of endothelial cells with 

cyclosporine A, which was shown by us and others to trap dysfunctional ABCA1 on the 

cells surface [200, 240], reduced the excessive non-specific binding of apoA-I(1-59) and 

apoA-I(1-59/185-243) (data not shown). Furthermore, it has been shown that the amino-

terminal deletion destabilizes apoA-I and leads to unfolding of the alpha-helices in the 

carboxy-terminal domain which is responsible for specific interactions with ABCA1 [241, 

242]. 

3. The deletion of a central domain in apoA-I(144-165) interfered neither with specific 

binding nor specific transendothelial transport (figure 14, 15). This mutant was previously 

found to behave like WT apoA-I in mediating ABCA1-dependent lipid efflux but to be 

defective in LCAT activation [101, 205, 243].  

Taken together our data further emphasize the importance of ABCA1 as a rate-limiting 

step for transendothelial apoA-I transport. Several authors have provided evidence for a 

physical interaction of apoA-I with ABCA1 [205, 244]. The formation of a high affinity 

complex of apoA-I with ABCA1 is thought to play an important regulatory first step in 

ABCA1-mediated lipid efflux by stabilizing ABCA1 in the plasma membrane and eliciting 

signaling events which enrich distinct plasma membranes with lipids for facilitated 
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removal by apoA-I [101, 245, 246]. However, the signaling events elicited by apoA-

I/ABCA1 interaction have also been related to other cellular responses such as cell 

migration and endocytosis [247, 248]. As the consequence, the defective transendothelial 

transport of apoA-I mutants with a missing or dysfunctional carboxy-terminal ABCA1-

interaction domain may be principally explained by disturbances in different downstream 

events. Our present results shed some light into these different scenarios. 

By using gel filtration we here corroborated our previous finding that transendothelial 

transport leads to the secretion of a lipidated particle on the basolateral side [199]. The 

apoA-I(L218A/L219A/V221A/L222A) mutant, which shows strongly reduced specific but 

normal non-specific transendothelial transport (data not shown), was not recovered as a 

lipidated particle (figure 16). However, after prior cell-free lipidation the carboxy-terminal 

apoA-I mutant was normally bound and transported by endothelial cells (figure 19). This 

finding suggests that the transendothelial transport of apoA-I is initiated by ABCA1-

mediated lipidation of apoA-I and followed by ABCA1-independent transport steps. These 

downstream pathways may be shared with the transport of HDL, since knock-down of 

ABCG1 or SR-BI inhibited the specific transport of native HDL [214] as well as rHDL 

containing either WT apoA-I or apoA-I(L218A/L219A/V221A/L222A) (figure 21). In 

agreement with normal binding of rHDL containing apoA-

I(L218A/L219A/V221A/L222A) ldlA-7 cells expressing SR-BI were previously found to 

bind rHDL containing apoA-I(185-243) with similar affinity as rHDL with WT apoA-I 

[147]. In general our findings resemble similar findings and models on the interaction of 

ABCA1, ABCG1, and SR-BI in cholesterol efflux: ABCA1-mediated lipid efflux to 

initially lipid-free apoA-I generates particles which then interact with ABCG1 and SR-BI 

for enhanced cholesterol efflux [55-57]. 

In contrast, the lipidation did not restore the abnormal binding and transport of apoA-I(1-

59) or apoA-I(1-59/185-243) (figure 20). Although less intense than in the lipid-free 

form, also in the pre-lipidated form these mutants showed strongly enhanced binding to 

endothelial cells and not-recordable specific binding and transendothelial transport. This 

suggests that the amino-terminal domain is an important structural determinant for specific 

endothelial binding and transendothelial transport of HDL. Interestingly, rHDL containing 

apoA-I(1-59/185-243) were previously reported to be unable to compete for rHDL 

binding to ldlA-7 cells expressing the murine SR-BI receptor [144]. Indirectly, this 

supports the importance of SR-BI as a rate-limiting factor for endothelial binding and 
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transport of HDL. However, rHDL containing the apoA-I(1-59) mutant, which in our 

hands is also defective in endothelial binding and transport, was reported to bind with 

normal affinity to SR-BI overexpressing ldlA-7 cells [144, 147]. The reason for this 

discrepancy remains unclear. 

In summary, the distinct binding and transport defects of apoA-I mutants provide further 

support that transendothelial transport of apoA-I and HDL requires defined structural 

domains and hence involves specific protein/protein interactions rather than unspecific 

filtration. These experiments also support the importance of ABCA1 for the transport of 

lipid-free apoA-I and provided first hints on the underlying mechanisms: By lipidating 

apoA-I ABCA1 helps to generate a particle which is then processed by ABCA1-

independent mechanisms for transendothelial transport. Like the transport of mature HDL, 

the processing of these nascent HDL particles appears to involve ABCG1 and SR-BI. 

 

4.3 Functionality of trimerized apoA-I 

ApoA-I and HDL stimulate cholesterol efflux from macrophage foam cells and exert 

several anti-inflammatory, antioxidative, and antithrombotic biological properties that may 

not only helpful for long-term prevention of atherosclerotic cardiovascular disease but also 

in acute clinical situations such as acute myocardial infarction, stroke or severe infection 

[249]. Therefore, several researchers in academia or industry developed mimetics of apoA-

I or HDL that can be acutely applied. In animal experiments infusion of artificial HDL 

containing either WT apoA-I or the apoA-I(R173C)Milano variant reduced atherosclerotic 

lesion and stroke area size as well as ischemia-reperfusion injuries in the heart or kidney 

and prolonged the survival after infarction [79, 250, 251] . In two small randomized 

clinical trials, infusion of rHDL into patients with acute coronary syndrome reduced the 

atherosclerotic plaque area of coronary arteries within few weeks [250, 251]. ApoA-I has a 

relatively high plasma concentration of more than 1 g/L so that 40 to 80 mg apoA-I per 

kilogram body weight or 2 to 8 g of recombinant protein per patient and infusion had to be 

applied without causing tremendous increases in plasma concentrations of apoA-I. The 

need of large amounts of apoA-I is further aggravated by the relatively small size of apoA-

I. If liberated from HDL by the remodeling of these particles it is readily filtrated through 

the glomerula of the kidney and quickly eliminated from the organism [80, 218]. 

Previously, by fusion of three molecules of recombinant apoA-I to the trimerization 
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domain of human tetranectin a large protein was produced that does not pass the 

glomerular filters and hence shows a prolonged plasma retention time as compared to 

normal apoA-I [219].  

Here, we compared this trimerized apoA-I (TripA) with WT apoA-I and investigated the 

functionality of this new molecule with respect to important steps in reverse cholesterol 

transport. In general, TripA showed similar properties as WT apoA-I, both in the lipid-free 

and in the lipidated form. The apoA-I protomer content of TripA:POPC is likely to be 

higher as compared to apoA-I:POPC due to the presence of the tetranectin trimerisation 

domain. The observed apparently increased Km-value and hence decreased affinity in 

LCAT activation (figure 23) may thus relate to the smaller number of rHDL particles per 

apoA-I protomer.  

Also by its lipid-effluxing properties TripA resembles normal apoA-I. In the lipid-free 

form it elicits LXR/RXR-inducible and hence probably ABCA1-dependent cholesterol 

efflux from macrophages (figure 24). In the lipidated form TripA stimulated both LXR-

inducible and hence probably ABCG1-dependent cholesterol efflux as well as non-LXR-

inducible and hence probably SR-BI-dependent cholesterol efflux. These findings are in 

agreement with our previous studies in macrophages where we showed that efflux to lipid-

free apoA-I is mediated only by ABCA1 whereas efflux to lipidated apoA-I is mediated by 

ABCG1 and SR-BI [55].  

To fulfill antiatherogenic properties, TripA has to pass the endothelium to reach the lipid 

laden macrophages in the intima of atherosclerotic arteries for example for cholesterol 

efflux induction. The endothelial binding and the transendothelial transport of both lipid-

free and lipidated TripA were specific and showed a similar capacity as WT apoA-I and 

HDL, respectively (figure 25, 26). TripA did not show the enhanced unspecific binding of 

apoA-I mutants which are lacking the carboxy-terminus and/or the amino-terminus (figure 

14). This is noteworthy because the amino-terminal ends of apoA-I are used for the 

timerization with tetranectin. Our siRNA experiments show that, like for apoA-I and HDL, 

the specific endothelial interactions of lipid-free TripA and lipidated-TripA are mediated 

by ABCA1, ABCG1, and SR-BI, respectively (figure 25, 26) [200, 214]. Especially the 

binding of lipidated TripA to endothelial SR-BI may not only be important for 

transendothelial transport. The binding of native and reconstituted HDL to SR-BI is 

important for activating endothelial nitric oxide, inducing endothelium-dependent 

vasodilation, inhibiting vascular adhesion molecule expression, and stimulating re-
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endothelialization and angiogenesis [153-155]. Although not directly shown, our findings 

of SR-BI-dependent normal binding of TripA to endothelial cells suggest that TripA can 

mimick apoA-I also with respect to these antiatherogenic and anti-inflammatory properties.  

Taken together, trimeric apoA-I, whether lipid-free or lipidated, showed similar in vitro 

functionality as apoA-I and HDL, respectively. This is an important pre-requisite to further 

develop this recombinant protein as a new drug for antiatherosclerotic and anti-

inflammatory therapy. 

 

4.4 Role of the cell surface F0F1 ATPase in transendothelial apoA-I and 

HDL transport 

We have demonstrated that endothelial cells bind, internalize, and resecrete apoA-I in a 

saturable, competable, and temperature-dependent manner [199]. Using RNA interference 

and pharmacological interventions we also showed that this process is modulated by 

ABCA1 [200]. C. Cavelier provided strong biochemical evidence that apoA-I transport 

across endothelial cells, like the previously described internalization of HDL into 

hepatocytes [157], also involves the production of ADP by cell surface F0F1 ATPase [220, 

221]. 

F0F1 ATPase is the principal ATP synthesis complex in mitochondria. It consists of a 

catalytic domain F1 and a transmembrane domain F0. The -chain belongs to the F1 domain 

and has already previously been found ectopically expressed in the plasma membrane of 

various cell types including endothelial cells and hepatocytes [157, 161, 188]. In both, 

hepatocytes and endothelial cells, F0F1 ATPase has been characterized as an apoA-I 

receptor which triggers the internalization of HDL [157] and mediates antiapoptotic and 

proproliferative effects of HDL [188], respectively. We have shown that apoA-I 

internalization and transport were diminished in the presence of a -ATPase specific 

antibody. Likewise, IF1 which binds the F1 domain of F0F1 ATPase and inhibits ATP 

hydrolysis [223], also reduced internalization and transport of both apoA-I [220, 221] and 

HDL (figure 27). It is unlikely that the -ATPase antibody and IF1 are internalized into the 

mitochondria and inhibit the F0F1 complex there. Using the same inhibitor Martinez and 

colleagues previously showed that apoA-I binding to -ATPase triggers the internalization 

of HDL into hepatocytes [157]. Thus, our results indicate that binding of apoA-I to ectopic 
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-ATPase of endothelial cells modulates internalization and transendothelial transport of 

apoA-I and probably also of HDL. 

In hepatocytes, the G-protein coupled purinergic receptor P2Y13, has been identified as the 

immediate downstream target of dinucleotides which are generated by F0F1 ATPase upon 

binding of apoA-I. By using specific agonists Martinez and colleagues generated evidence 

that P2Y13 then signals to a further downstream endocytic HDL receptor which however 

has not yet been identified [184]. Unfortunately, endothelial cells express other P2Y 

receptors which are known to modulate permeability [185, 186] but however are not 

stimulated by the specific P2Y13 receptor agonist. Therefore we could not directly prove 

whether this model of Martinez on apoA-I/ F0F1 ATPase/ P2Y13 stimulated HDL 

holoparticle uptake in hepatocytes is also valid for endothelial cells. Future work will have 

to unravel the nature of the relevant endothelial P2Y receptor as well as its downstream 

signaling cascade and target receptor(s). In this context we investigated whether ABCA1, 

which we previously identified as a modulator of transendothelial apoA-I transport [200], 

is a target of this signaling pathway. Joint RNA interference with ABCA1 expression and 

pharmacological inhibition of the F0F1 ATPase decreased transendothelial apoA-I transport 

by 55% (figure 28) as compared to 80% by ABCA1 suppression alone. The lacking 

additive effect suggest that ABCA1 and F0F1 ATPase act in series rather than in parallel: 

For example ABCA1-mediated lipid efflux may generate a partner for -ATPase or -

ATPase may stimulate ABCA1. Alternatively one pathway may overcompensate for the 

other in the case of absence of one or the other receptor. 

More generally, F0F1 ATPase subunits have been characterized as cell surface receptors for 

apparently unrelated ligands implicating the ectopic complex in diverse biological events 

such as angiogenesis, innate immunity, and lipoprotein metabolism. Indeed, binding of 

both apoA-I and angiostatin, an endogenous angiogenesis inhibitor, to F0F1 ATPase on the 

surface of endothelial cells have been shown to promote cell migration, proliferation, and 

survival [161]. Ectopic -ATPase has also been identified as a target for innate cytotoxicity 

by natural killer and lymphokine-activated killer cells toward some tumors [160, 163]. In 

both hepatocytes [157] and endothelial cells, binding of apoA-I to -ATPase was found to 

trigger the internalization of HDL and apoA-I. 

To conclude, we previously demonstrated that on the surface of endothelial cells F0F1 

ATPase hydrolyzes ATP upon binding of apoA-I. The ADP thereby produced stimulates 

apoA-I and probably also HDL internalization and transendothelial transport of apoA-I and 
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probably of HDL. However, future research will have to provide more mechanistic insight 

into the mechanisms underlying F0F1 ATPase-mediated transcytosis. Specifically it will be 

important to characterize the signaling events as well as their targets downstream from the 

F0F1 ATPase. 

 

4.5 Intracellular trafficking of apoA-I 

After having studied the cell surface proteins involved in the transcytosis, we analyzed 

through which subcellular compartments apoA-I is trafficking. 

Firstly, studies by fluorescence microscopy revealed co-localization of apoA-I and 

transferrin confirming that apoA-I is internalized by endothelial cells (figure 29). Therefore, 

endocytosis was further analyzed. After 30 minutes of incubation, a partial co-localization 

with the early endosome marker Rab5 was found (figure 31). Since Rab5 is a very 

abundantly expressed protein in endothelial cells, we can not rule out that the apoA-I 

content in the vesicles was too low to be visible. Furthermore, it is not clear if the apoA-I 

endocytosis is clathrin- or caveolin-mediated or even occurs via a different pathway. 

Interestingly, the apoA-I containing vesicles did not concur with the recycling endosome 

marker Rab11a (figure 31). Therefore we conclude that apoA-I is not leaving the cell after 

the endocytosis by the classical pathway. We showed that apoA-I reaches neither the 

lysosomes nor the ER by absent co-localization with the compartment markers lyso-tracker 

and calnexin, respectively (figure 30). These findings confirmed our previous observation 

that no apoA-I is degraded inside the cell. However, we detected apoA-I attached around 

the Golgi stacks (figure 30), which may indicate that the apoA-I vesicles fuse for the 

subsequent exocytosis. But further investigations are necessary. 

A lot is known about the receptor-mediated transcytosis of transferrin through the blood-

brain barrier endothelial cells, providing the iron transport to the brain. Transferrin is 

specifically transported across bovine brain capillary endothelial cells without any 

degradation suggesting that the intraendothelial pathway bypasses the lysosomal 

compartment. Pulse-chase experiments demonstrated that only 10% of transferrin was 

recycled to the luminal side of the cells, whereas the majority of transferrin was 

transcytosed to the abluminalside [252]. The effect of the temperature on the intracellular 

trafficking of transferrin, as well as its co-localization with the Rab proteins, was studied in 

cultured Caco-2 cells, which is a human epithelial colorectal adenocarcinoma cell line. 
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Approximately 50 – 60% of FITC labeled-transferrin was co-localized with Rab5 in the 

cells pulsed at 16°C [253]. The transfer of transferrin to the late endosomal compartments 

that contain Rab11 was blocked. On the other hand, FITC labeled-transferrin showed a 

higher level of co-localization with Rab11 in cells which were pulsed at 37°C. This 

observation indicated the transfer of transferrin from Rab5-containing endosomal 

compartments to a Rab11-containing endosomal compartment in the cells pulsed at 37°C. 

Since there are similarities to what we have found in the transport of apoA-I, except the 

recycling pathway which we do not expect for apoA-I, the co-localization with Rab5 

should be investigated more closely by temperature shift experiments. 

In the apical region of MDCK cells and also in Caco-2 cells the existence of a population 

of cup-shaped vesicles containing Rab11 and Rab25, which constitute the apical recycling 

endosome (ARE) has been reported [253-255]. Therefore it would be of great interest if 

also apoA-I is co-localizing with Rab25 and if in endothelial cells a comparable vesicle 

type as ARE is existing. In general, microtubules and actin are required for efficient 

transcytosis and delivery of proteins to late endosomes and lysosomes [256]. However, in 

rat parotid acinar cells it has been found that the secretion of transferrin requires tubulin-

polymerization at the last step [257]. Treatment with the cytoskeleton-modulating reagent 

2.3-butanedione monoxime caused the accumulation of internalized transferrin and delayed 

its secretion. It has been reported that 2.3-butanedione monoxime alters the morphology of 

Golgi complexes and protein traffic around the Golgi [258]. Although the endothelial cells 

are extremely sensitive to vesicular transport inhibitors such as N-ethylenimide or filipin, 

other modulators should be tested. 

Our data suggest a vesicular transendothelial apoA-I transport. In addition to the further 

characterization of the vesicular trafficking route we will analyze the cellular localization 

of ABCA1, ABCG1, or SR-BI and their involvement in the transendothelial transport of 

HDL and apoA-I.  
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5 Conclusion 

 

The transport of proteins through the endothelium occurs by paracellular and transcellular 

pathways. In this study we analyzed the mechanisms underlying transendothelial apoA-I 

and HDL transport. We found that aortic endothelial cells bind, internalize, and translocate 

apoA-I and HDL from the apical to the basolateral compartment in a specific and 

temperature-dependent manner without degrading the protein moiety. ApoA-I and HDL 

transport can be competed by excess of apoA-I and HDL, respectively, but not with 

albumin or LDL [199, 214]. The specific fraction of transendothelial apoA-I transport can 

be inhibited by knock-down of ABCA1 and leads to the secretion of lipidated particles 

[200]. Furthermore, the specific fraction of transendothelial HDL transport can be reduced 

by knock-down of ABCG1 or SR-BI [214]. These findings led us to the conclusion that the 

transendothelial transport of apoA-I and HDL occurs by specific transport rather than 

unspecific filtration. In addition, the distinct binding and transport defects of apoA-I 

mutants further support that transendothelial transport of apoA-I and HDL requires defined 

structural domains of apoA-I and hence involves specific protein/protein interactions. Our 

studies revealed that the carboxy-terminal domain of apoA-I is essential for the initial 

interaction with ABCA1. 

Consequently, the experiments with the apoA-I mutants also support the importance of 

ABCA1 for the transport of lipid-free apoA-I as a rate-limiting factor and provided insights 

into the underlying mechanism: By lipidating apoA-I ABCA1 helps to generate a particle 

which is then processed by ABCA1-independent mechanisms for transendothelial transport. 

Like the transport of mature HDL, the processing of these nascent HDL particles appears 

to involve ABCG1 and SR-BI. Therefore, the newly generated and poorly lipidated 

particles most probably use the same mechanisms for transendothelial transport like mature 

HDL. However it is not clear how ABCG1 and SR-BI mediate the transport of HDL and 

what is their exact function. 

ABCA1 is known to mediate efflux of phospholipids and cholesterol from macrophages 

onto apoA-I [40]. However, the mechanism by which ABCA1 is mediating lipid efflux is 

not yet resolved [147]. It is generally assumed that ABCA1 acts on the cell surface and 

translocates phospholipids and cholesterol from the inner leaflet to the outer leaflet of the 

plasma membrane onto apoA-I. But, lipid efflux from macrophages onto apoA-I has also 
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been suggested to involve retroendocytosis where apoA-I is internalized, interacts with 

intracellular lipid pools, and is resecreted as lipidated particle [59]. In human and murine 

macrophages which lack ABCA1, this process was defective [59, 106]. Also, after 

transcytosis through endothelial cells apoA-I was found lipidated [199]. Based on our data, 

it is still not possible to conclude if ABCA1 mediates lipidation of apoA-I intracellularly or 

if it is solely a cell surface event. 

Furthermore, we demonstrated that on the surface of endothelial cells F0F1 ATPase 

hydrolyzes ATP upon binding of apoA-I. The ADP thereby produced stimulates apoA-I 

and probably also HDL internalization and then transendothelial transport of apoA-I and 

HDL. In analogy to findings in hepatocytes we postulate that binding of apoA-I triggers 

the hydrolysis of ATP. The generated ADP activates P2Y-Receptors which than signal via 

G proteins to endocytose HDL or apoA-I. Future work will have to unravel the nature of 

the relevant endothelial P2Y receptor as well as its downstream signaling events and target 

receptors. For example it will be important to test how ABCA1, ABCG1 and/or SR-BI 

interact with the F0F1 ATPase. 

By microscopy studies we demonstrated that the transendothelial apoA-I transport is a 

vesicular transport which most likely starts with the endocytosis of apoA-I into the early 

endosomes of endothelial cells. Further studies are needed to further characterize the 

nature of the different vesicles and the exact intracellular route of apoA-I. Through 

ongoing studies we have obtained hints that HDL and apoA-I are co-localizing in the cell 

supporting our model of the common trafficking route of lipidated apoA-I and HDL. 

Future studies will have to unravel the trafficking route in more detail as well as the 

physical relationships of ABCA1, ABCG1, SR-BI, and F0F1 ATPase with apoA-I, HDL, 

and their transport vesicles. 
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Figure 32: Model of transendothelial transport of apoA-I and HDL. By lipidating apoA-I ABCA1 

generates a particle which is then processed by ABCA1-independent mechanisms for transendothelial 

transport. Like the transport of mature HDL, the processing of these nascent HDL particles appears to 

involve ABCG1 and SR-BI. On the surface of endothelial cells F0F1 ATPase hydrolyzes ATP upon binding 

of apoA-I. The ADP thereby produced might bind to P2Y receptors (P2YR) of endothelial cells and 

stimulates apoA-I and probably also HDL internalization and then transendothelial transport of apoA-I and 

HDL over the activation of G proteins.  
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