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ΠΕΡΙΛΗΨΗ 

Η απολιποπρωτεΐνη Α-Ι (αποΑ-Ι) είναι η κύρια πρωτεΐνη των λιποπρωτεϊνών 

υψηλής πυκνότητας (HDL) και παίζει σημαντικό ρόλο στην βιογένεση, τη δομή, 

την λειτουργία και την συγκέντρωση της HDL στο πλάσμα. Επιδημιολογικές 

μελέτες και κλινικές δοκιμές φανερώνουν ότι τα επίπεδα της HDL είναι 

αντιστρόφως ανάλογα του κινδύνου εμφάνισης στεφανιαίας νόσου στον 

άνθρωπο. Δύο μεταλλαγμένες μορφές της αποΑ-Ι ανιχνεύθηκαν στην μελέτη του 

πληθυσμού της πόλης της Κοπεγχάγης που είχε στόχο την εύρεση γενετικών 

παραγόντων που συμβάλουν στην καρδιαγγειακή νόσο. Για να μελετήσουμε τις 

συνέπειες αυτών των μεταλλάξεων στη βιογένεση της HDL κατασκεύαστηκαν 

ανασυνδιασμένοι αδενοϊοί που εκφράζουν δύο μεταλλαγμένες μορφές της αποΑ-

Ι, αποA-I(L144R) και αποA-I(A164S). Μελέτες σε κύτταρα HTB-13 που 

μολύνθηκαν με τους ανασυνδιασμένους αδενοϊούς που εκφράζουν τις εν λόγω 

πρωτεΐνες, έδειξαν ότι τόσο η αποΑ-Ι αγρίου τύπου (WT) όσο και η 

μεταλλαγμένες μορφές της αποΑ-Ι εκκρίνονται με τον ίδιο ρυθμό στο θρεπτικό 

υλικό των κυττάρων. Γονιδιακή μεταφορά σε ποντίκια με ανεπάρκεια της αποΑ-Ι 

(αποΑ-Ι-/-) έδειξε ότι η αποΑ-Ι(L144R) οδήγησε σε χαμηλά επίπεδα ολικής 

χοληστερόλης και μειωμένο λόγο εστέρων χοληστερόλης προς ολική 

χοληστερόλη (CE/TC) σε σχέση με αποΑ-Ι-/- ποντίκια που έλαβαν τον αδενοϊό 

που εκφράζει την αποΑ-Ι αγρίου τύπου ή την αποΑ-Ι(A164S). Η διαφορά στο 

λόγο CE/TC μεταξύ της αποΑ-Ι αγρίου τύπου και αποΑ-Ι(L144R) δεν μετεβλήθει 

όταν τα επίπεδα έκφρασης της μεταλλαγμένης μορφής (με βάση τα επίπεδα 
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ηπατικού RNA) ήταν αυξημένα. Κλασμάτωση του πλάσματος με FPLC έδειξε ότι 

το κλάσμα της HDL  σε ποντίκια που εκφράζουν την αποΑ-Ι(L144R) ήταν 

παρόμοιο με το κλασμα της HDL σε ποντίκια που εκφράζουν την πρωτεΐνη 

ελέγχου GFP. Κλασμάτωση του πλάσματος με υπερφυγοκέντρηση σε βαθμίδωση 

KBr έδειξε ότι η αποA-I στα ποντίκια που εκφράζουν την αποA-I(L144R) ήταν 

μειωμένη και μετατοπισμένη προς την HDL3 συγκριτικά με ποντίκια που 

εκφράζουν την WT αποA-I ή αποΑ-Ι(A164S). Ανάλυση με ηλεκτρονική 

μικροσκοπία του κλάσματος της HDL έδειξε ότι η αποΑ-Ι(L144R) οδήγησε στο 

σχηματισμό λίγων δισκοειδών σωματιδίων καθώς και μικρού μεγέθους 

σωματιδίων που ήταν όμοια με τα σωματίδια που παρατηρήθηκαν σε ποντίκια 

που εκφράζουν την πρωτεΐνη ελέγχου GFP. Αντίθετα η WT αποA-I και η αποA-

I(A164S) οδήγησαν στο σχηματισμό σφαιρικών σωματιδίων. Ηλεκτροφόρηση 

δύο διαστάσεων έδειξε ότι η αποA-I(L144R) οδήγησε στο σχηματισμό preβ- και 

α4-HDL σωματιδίων, ενώ η WT αποA-I και η αποA-Ι(A164S) οδήγησε στο 

σχηματισμό κανονικών πληθυσμών preβ- και α-HDL σωματιδιων (α1, α2, α3, 

α4). Ταυτόχρονη χορήγηση αδενοϊών που εκφράζουν την αποA-I(L144R) και την 

ανθρώπινη LCAT απεκατέστησε τα επίπεδα χοληστερόλης και το λόγο CE/TC. Η 

χορήγηση LCAT επίσης αύξησε σε κανονικά επίπεδα το κλάσμα της HDL. 

Κλασμάτωση του πλάσματος με υπερφυγοκέντρηση σε βαθμίδωση KBr έδειξε ότι 

η αποA-I στα ποντίκια που εκφράζουν την αποA-I(L144R) επανήλθε στα 

φυσιολογικά επίπεδα μετα τη χορήγηση της LCAT. Επίσης η συγχορήγηση της 

LCAT οδήγησε στο σχηματισμό σφαιρικών σωματιδίων  και απεκατέστησε 
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κανονικούς πληθυσμούς preβ- και α-HDL σωματιδίων. Τα ευρήματα αυτά 

φανερώνουν ότι η αποA-I(L144R) έχει παθολογικό και η αποA-I(A164S) ομαλό 

φαινότυπο HDL. Τα πειράματα αυτά επίσης υποδεικνύουν ότι τα χαμηλά 

επίπεδα HDL στα ποντίκια που εκφράζουν την αποA-I(L144R) οφείλονται σε 

ανεπάρκεια στην LCAT που αναστέλλει την ομαλή μετατροπή της λιπιδιωμένης 

αποA-I σε δισκοειδή και εν συνεχεία σε σφαιρικά σωματίδια HDL. Η 

αποκατάσταση κανονικού φαινοτύπου HDL σε ποντίκια που εκφράζουν την 

αποA-I(L144R) μετά από χορήγηση LCAT υποδεικνύει πιθανή θεραπεία 

συνδρόμων που οδηγούν σε ανώμαλους φαινοτύπους HDL και οφείλονται σε 

συγκεκριμένες μεταλλάξεις της αποA-I.     
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ABSTRACT 

ApoA-I is an essential protein for the formation and the physiological functions of 

HDL particles. Epidemiological and genetic data have shown that low  or high 

levels of HDL or apoA-I are associated with increased or decreased risk of 

developing atherosclerosis, respectively, indicating the importance of apoA-I in 

cellular cholesterol homeostasis. Two mutants were identified by screening the 

population of the Copenhagen City Heart Study (CCHS). I have generated 

recombinant adenoviruses expressing these two naturally occurring apoA-I 

mutants, apoA-I(L144R) and apoA-I(A164S). Cell culture studies showed that 

when HTB-13 cells were infected with adenoviruses expressing the wild type or 

the mutant apoA-I forms in all cases apoA-I was secreted efficiently in to the 

culture medium. Adenovirus mediated gene transfer in apoA-I-deficient mice 

showed that administration of the adenovirus expressing ApoA-I(L144R) resulted 

in low total cholesterol levels and decreased cholesterol esters to total cholesterol 

ratio (CE/TC) as compared to mice that received the adenovirus expressing the 

wild type apo A-I or the apoA-I(A164S). The difference in total cholesterol and 

CE/TC ratio between WT and apoA-I(L144R) persisted even when the level of 

expression of the mutant, as determined by the steady state hepatic apoA-I 

mRNA levels, were increased. FPLC fractionation of plasma showed that the HDL 

cholesterol peak of mice expressing the apoA-I(L144R) was very small and 

resembled the HDL fraction  cholesterol peak of mice expressing the control 

protein (GFP). Fractionation of plasma by density gradient ultracentrifugation 
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showed that apoA-I in mice expressing apoA-I(L144R) was greatly reduced and 

was distributed mainly in the HDL-3 region as compared to mice expressing the 

wild type apoA-I or apoA-I(A164S). Electron microscopy of the HDL fraction 

showed that apoA-I(L144R) promoted the formation of few discoidal particles as 

well as small size particles similar to those observed in mice expressing the 

control protein (GFP), in contrast wild type apoA-I and apoA-I(A164S) promoted 

the formation of spherical particles. Two-dimensional gel electrophoresis showed 

that the mutant apoA-I(L144R) promoted the formation of preβ- and α4-HDL 

particles, whereas WT apoA-I and the mutant apoA-I(A164S) promoted the 

formation of normal preβ and α HDL subpopulations of different sizes (α1, α2, α3 

and α4). Simultaneous treatment of the mice with the virus expressing the apoA-

I(L144R) and human LCAT normalized the total cholesterol level and the CE/TC 

ratio. The LCAT treatment restored the HDL cholesterol peak, promoted the 

formation of spherical HDL and restored normal preβ- and α-HDL 

subpopulations. The findings establish that apoA-I(L144R) has an aberrant and 

apoA-I(A164S) has a normal HDL phenotype. The present study also suggest that 

the low HDL levels of mice expressing the apoA-I(L144R) results from LCAT 

insufficiency that inhibits the efficient conversion of the lipidated apoA-I to 

discoidal and subsequently spherical HDL particles. The correction of the 

aberrant HDL phenotypes by treatment with LCAT suggest a potential 

therapeutic intervention for HDL abnormalities that result from specific 

mutation in apoA-I.   
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INTRODUCTION 

ApoA-I Primary Structure and Importance 

Human apolipoprotein A-I (apoA-I) is a 243-aa plasma protein that is 

derived from a 249-aa precursor. It is synthesized and secreted predominantly by 

the liver and the intestine (1). ApoA-I is an essential protein for the formation 

and the physiological functions of HDL particles (1;2). ApoA-1 constitutes ~70% 

of the apolipoprotein content of HDL particles. Thus mice or humans that do not 

express apoA-I do not have the ability to form HDL (2;3). 

 

Elevated levels of HDL in apoA-I transgenic mice are correlated with 

protection against atherosclerosis (4), proving in principle that apoA-I 

overexpression can positively influence both plasma HDL concentrations as well 

as atherosclerosis progression (5). Epidemiological and genetic data have shown 

that low (6;7) or high (8;9) levels of HDL or apoA-I are associated with increased 

or decreased risk of developing atherosclerosis, respectively, indicating the 

importance of apoA-I in cellular cholesterol homeostasis.  

 

 

Genetics and Gene Regulation  

The apoA-I gene is a 3kb gene that is located on chromosome 11q23 (10). 

The apoA-I gene is closely linked to the apoCIII gene. The genes have opposite 

orientation (11). Studies in transgenic mice that carry the apoA-I, apoCIII cluster 
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and all the regulatory sequences have shown that hormone nuclear receptors and 

specificity protein 1 (SP1) family are important for the transcription of the apoA-I 

gene (12). 

 

Regulation of the apoA-I gene occurs primarily at the transcriptional level, 

mediated by the cis-acting sequences in the proximal promoter of the apoA-I 

gene, and partly at the post-transcriptional level by increasing the stability of the 

partially spliced and unspliced nuclear apoA-I mRNA (12;13). Dietary fat, alcohol, 

estrogen, androgens, thyroid hormone, retinoids, glucocorticoids, fibrates, niacin, 

and HMG-CoA reductase inhibitors are some of the many nutritional, hormonal, 

and pharmacological factors known to influence transcriptional induction of the 

apoA-I gene (13;14). Promotion of apoA-I gene transcription and biosynthesis is 

an attractive therapeutic target for drug development. Based on animal studies, 

upregulation of apoA-I expression in humans would be expected to raise HDLc 

concentrations and provide protection against atherosclerosis (15). 

 

3D Structure of ApoA-I in Solution 

In a N-terminal deletion mutant of apoA-I, apoA-I[Δ(1-43)], that was 

crystallized its structure was determined at 4 Å resolution. In this structure with 

the continuous amphipathic α-helical sequence that is punctuated by small or 

pronounced kinks the molecule is allowed to adopt a horseshoe shape with 

dimensions of 125x80x40 Å (16-21). 
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A new crystal structure of the human apoA-I has been published recently. 

In this 2,4 Å resolution model lipid free apoA-I has 6 helices (22). In this 

structure helix D can be exposed in order to interact with LCAT (22). In previous 

models it was proposed that it had 10 helices (23-25) but later it was shown that 

the region 122-144 (proposed helix 5) does not have a defined secondary 

structure (26). These amphipathic α-helices are formed by 22- and 11- amino acid 

repeats (23;27).  

 

In another study it was shown that human apoA-I and mouse apoA-I have 

70% similarity in the N-terminal domains where in the C-terminal domains the 

similarity is only 46% (28). The N-terminal it has been shown both in human and 

mouse apoA-I that adopts a helix bundle and the C-terminal forms a separate 

domain (28). These two domains have different functionality. The isolated mouse 

N-terminal domain can bind lipids but the isolated human N-terminal domain 

can not function efficiently. In hybrid molecules it was shown that both molecules 

can function efficiently in lipid binding indicating that these two domains have 

certain functions (28). 

  

Structure of apoA-I on Lipoprotein Particles 

Two general models have been proposed to account for the conformation 

of apoA-I on the discoidal particles, the picket fence model in which two 
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molecules form tandem antiparallel helices perpendicular to the plane of the disc 

and the belt model in which two apoA-I molecules form essentially continuous 

amphipathic α-helices that are parallel to the plane of the disc (18). 

 

In the belt model of HDL with the antiparallel orientation two apoA-I 

molecules are wrapped around the edge of a discoidal lipid bilayer containing 160 

lipid molecules (18). When phospholipids are removed gradually some 

intermediates are formed that resemble the 95 Å and 78 Å rHDL particles which 

have a molar phospholipid to apoA-I ratio of 100:2 and 50:2 respectively. As the 

rHDL is further delipidated the structure of the lipid- bound apoA-I 

approximates the x-ray crystal structure of lipid-free apoA-I (29). 

 

Role of ApoA-I in the Biogenesis of HDL  

HDL is synthesized through a complex pathway (30). The first step is 

mediated by an ABCA1 transfer of cellular phospholipids and cholesterol to lipid 

poor apoA-I extracellularly. The next step is the remodelling of HDL particles. It 

takes place in the plasma and involves the esterification of cholesterol by the 

enzyme lecithin: cholesterol acyl transferase (LCAT) (31). The spherical HDL that 

is formed is further remodelled by the exchange between HDL and other 

lipoproteins of apolipoproteins and lipids and as well by the putative transfer of 

additional cellular cholesterol to the growing particles by the scavenger receptor 

class B, type I (SR-BI) (32) and possibly the cell surface transporter ABCG1 (33). 
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Hydrolysis of lipid moieties of HDL can occur by the action of various lipases 

(lipoprotein lipase, hepatic lipase, endothelial lipase), and exchange of lipids by 

the phospholipid transfer protein (PLTP) and by the cholesteryl ester transfer 

protein (CETP). 

 

Interactions of ApoA-I with ABCA1  

ABCA1 is a member of the ABC family of transporters. It is a ubiquitous 

protein expressed abundantly in the liver, macrophages, brain and various other 

tissues (34;35). ABCA1 that is expressed only on the basolateral surface of the 

hepatocytes (36) is associated with endocytic vesicles and travels between late 

endocytic vesicles and the cell surface (37). ABCA1 promotes the efflux of cellular 

phospholipids and cholesterol to lipid free apoA-I and other apolipoproteins and 

amphipathic peptides, but not to spherical HDL particles (38-41). Cellular 

cholesterol efflux is severely reduced by inactivating mutations in ABCA1, both in 

patients with Tangier disease and in ABCA1-/- (42-48). These patients and 

ABCA1-/- mice do not form discoidal or spherical HDL, but form preβ1 HDL 

particles (49;50), have very low total plasma cholesterol and exhibit abnormal 

lipid deposition in various tissues (47;48;51-53). 

 

Fluorescence microscopy of HeLa cells that expressed an ABCA1 green 

fluorescence fusion protein has shown the intracellular trafficking of apoA-

I/ABCA1 complexes (36;37). In macrophages it has been observed that apoA-I 



6 
 

binds to ABCA1 in the coated pits, it is internalized and then interacts with 

intracellular lipid pools and then it is re-secreted as a lipidated particle (54;55). A 

similar pathway is followed in endothelial cells (56). This transcytosis of apoA-I 

and its release in the form of HDL may explain some of the anti-atherogenic 

properties of HDL.  

 

Recent experiments investigated the in vitro interactions between apoA-I 

and ABCA1. A series of apoA-I mutants were generated and their ability to 

promote ABCA1-mediated cholesterol efflux was analyzed. These mutants had 

amino terminal deletions, carboxy terminal deletions that removed the 220-231 

region, carboxy terminal deletions (232-243) that left the 220-231 region, double 

deletions of the amino- and carboxy- terminal region (57). 

 

For these efflux studies two types of cell cultures were used. The one was 

J774 macrophages in which expression of ABCA1 can be induced by cAMP 

analogues. The other was Human Embryonic Kidney (HEK) 293 cells transfected 

with an ABCA1-expressing plasmid. These studies showed that WT ABCA1-

mediated cholesterol and phospholipid efflux was not affected by amino-terminal 

deletions, it was diminished by carboxy-terminal deletions in which residues 

220-231 were removed and it was restored to 80% of WT control by double 

deletions of both the amino and carboxy termini (30;31;57;58). This finding is 

consistent with direct ABCA1/apoA-I interactions that involves the central helices 
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of apoA-I. Lipid efflux was either unaffected or moderately reduced by a variety 

of point mutations or deletions of internal helices 2-7 (59;60). The data indicated 

that different combinations of central helices can promote lipid efflux (59;60). 

Chemical cross-linking/ immunoprecipitation studies showed that the ability of 

apoA-I mutants to promote ABCA1 depended lipid efflux is correlated with the 

ability of these mutants to be cross-linked efficiently to ABCA1 (60). Other 

studies showed that some other synthetic peptides of L or D conformations can 

promote ABCA1-mediated cholesterol efflux in vitro (57). These findings do not 

necessarily imply that following efflux in vivo these peptides can proceed to form 

HDL type particles (39;60-62). 

 

In vitro studies also showed that in some cases apoA-I and ABCA1 bound 

efficiently but this interaction did not lead to the synthesis of HDL particles. In 

this case the binding was characterized a “non-productive” binding (62). ABCA1 

W590S mutant that was found in a Tangier patient was studied. This mutant can 

even cross-link stronger to apoA-I than the WT ABCA1, but the Tangier patients 

that carry that carry this mutation do not form HDL (43;63;64). When the cross-

linking properties of several apoA-I mutants to cells that expressed either the WT 

ABCA1 or the W590S were compared significant differences in binding were 

found. This might happen because this mutation may have altered the 

environment of the binding site of ABCA1 in such a way that it prevents efficient 
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lipid efflux (60). Based on this finding the authors suggested that efficient apoA-

I/ABCA1 interaction is not enough by itself for sufficient lipid efflux.  

 

A series of experiments were performed to see how apoA-I interacts with 

ABCA1 in vivo in order to form HDL. In these experiments, mice were infected 

with 1 to 2x109 plaque forming units (pfu) of an adenovirus expressing WT apoA-

I or the apoA-I mutants that were previously studied in the in vitro studies. Four 

to five days after the gene transfer the plasma of the apoA-I-/- mice that expressed 

the WT or the mutant apoA-I was drown and plasma lipid analyses, fast protein 

liquid chromatography (FPLC) and two dimensional gel electrophoretic analyses 

were performed (57;58). Also the hepatic mRNA levels of apoA-I were 

determined to make sure that there was comparable expression of the WT and 

the mutant apoA-I forms. These experiments showed that the WT apoA-I and the 

amino terminal mutation created HDL particles in vivo. The formation of HDL 

was assessed by FPLC fractionation to detect the size of the HDL peak as well as 

by electron microscopy. The two-dimensional gel electrophoresis showed that 

most of WT apoA-I had particles with α electrophoretic mobility and a small 

fraction had β electrophoretic mobility (30;49;57;58). In the double deletion 

mutant it was shown that discoidal particles were formed. The mutants with the 

carboxy terminal deletion generated very little HDL, which all of it was preβ1-

HDL particles (49). Some spherical particles were observed in the carboxy 

terminal apoA-I deletion mutants but these particles were enriched in apoE. 
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These experiments showed that the first step of biogenesis of HDL can be blocked 

by carboxy terminal deletions in apoA-I gene (49;57). The preβ-migrating 

particles that were found in the carboxy terminal deletions mutants can be also 

found in the plasma of ABCA1-/- mice and in the plasma of Tangier disease 

patients (50;60;62). This shows that these particles are created by mechanisms 

that do not involve the ABCA1/apoA-I interaction. 

 

Based on this data a two step model of lipid efflux was suggested. In the 

first step the formation of a tight complex between ABCA1 and apoA-I takes place 

(60;62). This step seems to be necessary but not sufficient for lipid efflux (62;63). 

In the second step the ABCA1-mediated transfer of lipids from the cell to apoA-I 

takes place. This step requires the formation of a productive complex between 

these two molecules in order to be achieved. 

 

Several studies indicate that there are two sites of interaction of apoA-I on 

the cell membrane (65;66). The first site is a low capacity apoA-I binding site on 

the ABCA1 molecule. This interaction appears to stabilize ABCA1 on the cell 

membrane and protects it from proteolytic degradation (67-69). The second site 

is a high capacity apoA-I binding site and may be created by the phospholipid 

translocase activity of ABCA1 (66). It has been proposed that following the initial 

transient interaction of apoA-I with ABCA1, apoA-I is inserted in the high 



10 
 

capacity binding site, and thus extract PL and FC. The lipidated apoA-I can then 

be released in the form of nascent HDL particles (62;70). 

 

It has been reported that intestinal ABCA1 mediated production of HDL 

accounts for the 30% of HDL in mice (71). When the liver and intestinal ABCA1 

genes were deleted there was no production of HDL indicating that the liver and 

the intestine are the only sites that contribute to the production of HDL 

cholesterol. HDL produced in the intestine is secreted directly into the plasma, 

whereas the HDL found in the lymph originates from pre-existing plasma HDL 

(71). Thus in mice that do not express intestinal ABCA1 there was no transport of 

luminal cholesterol to the plasma, whereas there was no impairment in the 

cholesterol concentration of lymph. In contrast in mice that do not express 

hepatic ABCA1 the HDL concentration in the lymph was nearly abolished (71). 

 

In recent studies it has been shown that the liver interactions of 

ABCA1/apoA-I are essential for the initial lipidation of apoA-I and also determine 

the subsequent maturation of nascent preβ-HDL to spherical αHDL particles 

(53;72). When ABCA1 is inactivated in the liver, preβ HDL fails to mature and is 

catabolized rapidly by the kidney (53;72). These data indicate that the 

ABCA1/apoA-I or ABCA1/preβ HDL interactions in the peripheral tissues seem to 

enrich the initially lipidated particle with cholesterol and increase its stability 

(73). 
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In another study it was shown that vascular endothelial cells transcytose 

apoA-I. This action is mediated via interaction of apoA-I with ABCA1 and does 

not involve SR-BI (74). It was proposed that lipid efflux in macrophages involves 

internalization of apoA-I, interaction with intracellular lipid pools, and 

resecretion in a minimal lipidated form (54). In various studies it has been shown 

that macrophages can bind HDL and apoA-I in a specific manner (38;41;75-77). 

In a recent study its was even more shown that HDL can compete for apoA-I 

binding in macrophages whereas apoA-I can not compete for HDL binding 

indicating that apoA-I and HDL have a minimum of two different binding sites 

on macrophages (78). The same study has shown that lipid free apoA-I can enter 

the macrophages in a saturable specific way. This process can have a relation to 

cholesterol efflux. The findings of this study are consistent with the prevailing 

concept that lipid-free apoA-I binds to ABCA1 and HDL binds to SR-BI. The 

existance of two distinct binding sites that are regulated independently makes 

sure that there is enough removal of the excess cholesterol from the macrophages 

(78). 

 

It was found that binding of lipid free apoA-I to ABCA1 in human 

fibroblasts initiates signaling events that include the activation of Cdc42 and 

subsequently the phosphorylation of PAK-1 and p54JNK that leads to the 

polymerization of actin (79). Confocal microscopy showed that ABCA1 colocalizes 

with Cdc42 intracellularly (80). Furthermore ABCA1 coimmunoprecipitates with 
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Cdc42 in cells expressing the WT but not the mutant ABCA1 forms. It is unclear 

weather the signaling events are initiated through the ABCA1 and Cdc42 

interaction. However, mutations in ABCA1 or inhibition of ABCA1 with glyburide, 

abrogate this signaling pathway (79). When apoA-I binds to ABCA1 the 

interaction of ABCA1 with Cdc42 is amplified (79).  

It is documented by two studies that the expression of ABCA1 in macrophages in 

ABCA1 deficient mice is atheroprotective (81;82). In another study it was shown 

that overexpression of ABCA1 in liver in LDLr-/- mice is proatherogenic (83). The 

authors suggested that overexpression of ABCA1 in the liver leads to increased 

loading of HDL with liver cholesterol which is then transferred to the apoB 

containing lipoproteins. The increase in cholesterol loaded apoB containing 

lipoproteins is accompanied by decreased clearance as well as increase in hepatic 

cholesterol levels. As a result various mechanisms are initiated in order to reduce 

the hepatic cholesterol. These include increase in biliary cholesterol and bile acid 

secretion and increase in the intestinal cholesterol and this change contributes to 

intestinal sterol absorption and the accumulation of plasma cholesterol (83). 

Another study showed that intestinal ABCA1 can mediate cholesterol efflux from 

enterocytes directly into plasma HDL fractions as well as to contribute to the 

plasma pool of chylomicrons (71). The authors indicated that liver ABCA1 can 

modulate both HDL and non-HDL cholesterol levels. 
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Interactions of Lipid-Bound ApoA-I with LCAT  

Plasma LCAT is a 416 amino acid long protein that is synthesized and 

secreted by the liver. LCAT reacts with discoidal and spherical HDL by 

transferring the 2-acyl group of lecithin or phosphatidylethanolamine to the free 

hydroxyl residue of cholesterol to form cholesteryl esters. Following 

esterification, cholesterol esters become part of the HDL particle (84). 

 

ApoA-I in nascent discoidal HDL is the most potent apolipoprotein 

activator of plasma enzyme LCAT. Esterification of free cholesterol of HDL in 

vivo corrects the discoidal to mature spherical HDL (85;86).  

 

Studies on apoA-I mutants, synthetic peptides, and monoclonal antibodies 

that will be discussed later have identified that residues 143–186 of apoA-I  may 

interact with LCAT. Most of these residues are in helix D (residues 146–187 of 

apoA).  Residues Val-156, Leu-159, and Pro-165 of this helix form a part of the 

hydrophobic core of the lipid-free apoA-I and would be unavailable for 

interaction with LCAT in this conformation. Upon lipid binding a change in 

conformation would expose these residues for interaction with LCAT (22).  

 

The in vivo interactions of apoA-I with LCAT were studied by adenovirus-

mediated gene transfer in apoA-I deficient mice. These studies investigated the 

ability of the naturally occurring mutants apoA-I(Leu141Arg)Pisa, apoA-



14 
 

I(Leu159Arg)FIN, apoA-I(Arg151Cys)Paris, apoA-I(arg160Leu)Oslo as well as the 

apoA-I(Arg149Ala) mutant that was generated by in vitro mutagenesis. The first 

two mutants are associated with very low HDL and apoA-I levels in humans (87-

90) and premature atherosclerosis (87;91) and the second two are associated 

with low HDL but milder phenotype in humans (92-94). In vitro studies showed 

that all five mutants had reduced capacity to activate LCAT (95;96). The gene 

transfer studies showed that all the mutants generated aberrant HDL phenotypes 

(95;96). The mutants apoA-I(Leu141Arg)Pisa, apoA-I(Leu159Arg)FIN produced 

only small amounts of HDL that formed mostly preβ1 HDL particles. The apoA-

I(Arg151Cys)Paris, apoA-I(arg160Leu)Oslo formed discoidal HDL particles. These 

studies indicate that apoA-I(Leu141Arg)Pisa and apoA-I(Leu159Arg)FIN mutation 

inhibit an early step in the biogenesis of HDL due to insufficient esterification of 

the cholesterol of the preβ1-HDL particles by the endogenous LCAT. The LCAT 

insufficiency appears to result for depletion of the plasma LCAT mass (96). It was 

suggested that the mutations in apoA-I promote rapid catabolism of the newly 

lipidated apoA-I as well as the LCAT that is associated with these particles. The 

resulting depletion of LCAT prevents the formation of either discoidal or 

spherical HDL particles (96). The mutants apoA-I(Arg151Cys)Paris, apoA-

I(arg160Leu)Oslo and apoA-I(Arg149Ala) formed discoidal particles and this also 

suggests insufficiency of the endogenous LCAT, which resulted in slow 

conversion of discoidal HDL to spherical HDL (95). A remarkable finding was 

that all the aberrant phenotypes were corrected with treatment with LCAT. This 
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indicates that LCAT could be a potential therapeutic intervention to correct low-

HDL in humans that are caused by these and other unidentified mutations. 

 

Mutations in ApoA-I that Cause Dyslipidemia  

Three mutations of apoA-I have been described which affect the overall 

cholesterol and triglyceride levels. Two mutants, apoA-I[Δ(62-78)] and apoA-I 

[Glu110Ala/Glu111Ala], caused combined hyperlipidemia, which had high plasma 

cholesterol and severe hypertriglyceridemia (59;97). All the triglycerides and the 

majority of the excess cholesterol were distributed in the apoA-I-enriched 

VLDL/IDL-sized lipoproteins. The findings indicate that the apoA-I mutants had 

increased affinity for lower density lipoprotein fractions. Other observations were 

that the VLDL/IDL Also this VLDL/IDL fractions of mice expressing these 

mutant had decreased levels of apoE and apoCII and increased level of apoB-48. 

The combined findings suggest that these mutations might have inhibited 

lipolysis in vivo. When the mice were infected with two adenoviruses the one 

expressing the mutant apoA-I and the other expressing human lipoprotein lipase, 

VLDL triglycerides were reduced (97). These studies showed for the first time 

that some forms of human hypertriglyceridemia or combined dyslipidemia may 

be due to mutations in apoA-I. Similar studies with another mutation, apoA-

I[Δ(89-99)], showed that this apoA-I mutant induced hypercholesterolemia that 

was characterized by increased cholesterol and phospholipids in the 

VLDL/IDL/LDL size lipoproteins. There was also substantial decrease of the 
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CE/TC ratio in HDL and LDL whereas the triglycerides remained normal. This 

apoA-I deletion also increased apoA-I in the LDL-sized particles. Electron 

microscopy analysis showed accumulation of discoidal HDL and two dimension 

gel electrophoresis of plasma showed increased level of preβ1 relative to the 

αHDL subpopulation (97).  

 

It is interesting to note that mice that expressed the apoA-I[Δ(89-99)] 

mutant had PLTP activity that was only 32% of that of mice that expressed the 

WT apoA-I. The function of PLTP is to link the donor and acceptor lipoprotein 

particles in order to facilitate the net transfer of phospholipids to HDL (98). It 

has been shown that PLTP interacts physically with apoA-I and that these 

interactions may facilitate the transfer of the phospholipids from the donor 

molecule to HDL (99). Other studies have shown that PLTP  remodels the HDL 

and promotes the generation of preβ-HDL particles (100-102). PLTP deficient 

mice fed a high fat diet had increased concentration of phospholipids and 

cholesterol in the VLDL and LDL and promoted the formation of discoidal 

particles (103). The phenotype of these mice was similar type to that of mice that 

expressed apoA-I[Δ(89-99)]. 

 

For the biogenesis and catabolism of HDL, five steps have been defined 

where this pathway can be disrupted and lead to dyslipidemia:  
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1) lack of synthesis of HDL due to mutations in ABCA1 or mutations in apoA-I 

that affect the ABCA1/apoA-I interaction, 2) failure to synthesize discoidal or 

spherical HDL. This defect most likely results from fast catabolism of apoA-I 

following its lipidation by ABCA1, 3) induction of hypertriglyceridemia this defect 

has been observed for apoA-I[Δ(62-78)] and apoA-I[Glu110Ala/Glu111Ala] 

mutants, 4) accumulation of discoidal HDL associated with inhibition of PLTP 

and induction of hypercholesterolemia. This condition has been observed in the 

case of the apoA-I[Δ(89-99)] mutant, 5) accumulation of discoidal HDL. this 

phenotype has been generated by the mutations in the 149-160 region of apoA-I 

or other mutations that inhibit LCAT activation.  

 

Interactions of Lipid-Bound ApoA-I with SR-BI  

SR-BI is an 82 kDa membrane glycoprotein. The protein has a large 

extracellular domain and two transmembrane domains and two cytoplasmic 

amino and carboxy terminal domains (104). SR-BI is primarily expressed in the 

liver and steroidogenic tissues but is also found in other tissues (105). SR-BI 

binds a variety of ligands including HDL, LDL and VLDL (32;104-107). However 

the most important property of SR-BI is considered its ability to act as the HDL 

receptor. There is evidence that the interaction of SR-BI with apoA-I and apoE is 

important for the maturation of HDL and the generation of HDL particles 

(32;108-112). SR-BI also affects the cholesterol content of the adrenal gland and 

the bile and protects mice from atherosclerosis (110;113-118). 
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It has been shown that SR-BI binds to HDL and discoidal reconstituted 

HDL, through its apoprotein moiety (apoA-I or apoE) (32;112;119;120). When it 

is bound to lipoproteins, SR-BI mediates both selective cholesteryl ester (105;121-

123) as well uptake from HDL (105;124) to cells (105;125;126). It also promotes 

bidirectional movement of unesterified cholesterol (127;128) and also cellular 

uptake of triglycerides, phospholipids and vitamin E (105;121-123). SR-BI 

mutants which display altered biological functions were generated by in vitro 

mutagenesis. A Met158Arg mutant does not bind HDL (128). A 

Gln402Arg/Gln418Arg mutant also does not bind HDL but in contrast with the 

first mutant it binds LDL (125;128). A Gly420His mutant has normal selective 

cholesteryl ester uptake but reduced cholesterol efflux to HDL and reduced 

hydrolysis of internalized cholesteryl esters (129). Studies were performed using 

rHDL containing mutated apoA-I and these SR-BI mutants. These studies 

showed that the greater reduction of cholesterol efflux was with mutants 

Asp102Ala/Asp103Ala and Arg160Val/His162Ala (21% and 49% of cholesterol 

efflux using cell cultures that express the WT SR-BI) (130). When the mutant SR-

BI were examined all the apoA-I mutants had reduced efflux and bound less 

tightly compared to WT apoA-I with the exception of rHDL that contained the 

mutant apoA-I(Arg160Val/His162Ala). This mutant bound almost as tightly to 

the cells that expressed [Met158Arg] SR-BI mutant as it bound to the cells that 

expressed WT SR-BI (130). Based on these data the authors suggested that 
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efficient SR-BI mediated cholesterol efflux requires not only direct binding (128) 

but also the formation of a productive complex between SR-BI and the rHDL 

particle (130). 

 

Remodeling of HDL by the action of ABCG1 

Recently it was suggested that HDL can be remodeled following 

interactions with ABCG1 a 67 kDa protein which is a member of ABC family of 

half transporters. ABCG1 is expressed in the spleen, the thymus, the lung and the 

brain (131-133) and is localized on plasma membrane the Golgi and recycling 

endosomes. The expression of ABCG1 is induced by LXR agonists or by 

cholesterol loading in macrophages and in the liver (134-136). Overexpression of 

ABCG1 promotes cholesterol efflux from cells to HDL but not to lipid free apoA-I 

(33;133;136;137). ABCG1 mediated cholesterol efflux to HDL is abolished by  

mutations in the ATP binding motif (137). It was suggested that cholesterol efflux 

does not require direct binding of HDL to ABCG1 (137). In macrophages it has 

been suggested that ABCG1 plays an important role for cholesterol export from 

cells (136). It has also been shown that HDL2 can be formed by the action of lipid 

free apoA-I, ABCA1 and ABCG1 (33). First ABCA1 forms the nascent or preβ-HDL 

and then ABCG1 mediates the export of lipids to the nascent particles to form 

HDL (138). It is still not known how HDL interacts with ABCG1 to promote us the 

efflux (139). 

  



20 
 

HDL Subpopulations  

Various subpopulations of HDL have been described based on different 

fractionation procedures (140-142). The HDL fractions can be separated by two-

dimensional electrophoresis which involves by agarose gel electrophoresis and 

non-denaturing polyacrylamide gradient gel electrophoresis (86;143-145). This 

separation reveals the presence of preβ-HDL and the αHDL subpopulations. Preβ 

HDL is approximately 5% of plasma HDL. It is heterogeneous and its size is 5-6 

nm in diameter (146;147). The subpopulation of preβ1 is increased in large lymph 

vessels (148;149) and in aortic intima (150;151). The cholesterol of the preβ 

particles can be esterified by LCAT (152). 

 

The origin of preβ particles is still unclear. Also the functions of preβ 

particles and their relation to the αHDL subpopulations is not known. From what 

is already published we know that there are two pathways that lead to the 

formation of preβ-HDL particles. The first is de novo synthesis (153-155) and the 

second is formation from lipid poor αHDL particles (156-158). 

 

Naturally occurring ApoA-I mutations 

Several apoA-I mutations have been described in the general population. From a 

total of 46 natural apoA-I mutations that have been reported, 25 are associated 

with low plasma HDL levels (159). Most of the mutations that affect the 

interaction of apoA-I with LCAT occur around helix 6. Eight more mutations, 
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seven between residues 26 and 107 and one on residue 173, have been associated 

with amyloidosis and low HDL levels (159;160). 

 

Leucine 144 to arginine mutation 

A missense mutation has been identified in a kindred in Spain. This 

mutation is in exon 4 of the apoA-I gene and is responsible for the substitution of 

leucine 144 with arginine. Heterozygotes carrying this mutation have low levels of 

HDL cholesterol (161). Humans carrying this mutation was showed that have 

reduction of apoA-I, apoA-II and HDL-C. It was also shown that the HDL-C of 

these subjects has different composition compared to HDL-C provided by control 

subjects. The study showed that there was an increase of the triglycerides and a 

decrease in the cholesterol esters to free cholesterol the latter indicating LCAT 

insufficiency (161). The study also showed that the subjects that had the mutation 

had increased fractional catabolic rate of apoA-I and apoA-II and the apoA-I 

secretion rate was also increased whereas the apoA-II secretion rate was normal 

(161). 

A substitution, L159R, was found in a kindred in Finland (90;91;162). 

Heterozygous carriers of this mutation had lower HDL cholesterol and apoA-I 

plasma concentrations (20% and 25% respectively compared to unaffected family 

members) and the mutation was characterized as dominant negative (159). A 

recent study has shown a method using mass spectrometry that can help identify 

the ratio of apoA-IWT/apoA-I(L159R) in plasma. With this method it may become 
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possible to study further the mechanism that underlies the dominant negative 

effect of apoA-I(L159R) on apoA-I wild-type plasma concentrations (163).    

 

Recently a novel mutation that introduces a protein termination at the 

codon for amino acid 136 has been identified in French Canadians and is 

associated with low HDL cholesterol levels (< 5th percentile for age and gender 

matched controls) and is associated with CAD. This mutation is dominant 

negative (164).  

 

In another study it was shown that the serum obtained from humans 

carrying one allele of apoA-IMilano had the ability to efflux cholesterol from J774 

macrophages and human fibroblasts through ABCA1 more efficiently compared 

to control subjects (165). It was shown that the serum contained normal amounts 

of small apoA-I-containing preβ-HDL particles as well as a small apoA-IMilano/A-

IMilano-containing HDL particles that migrate between the preβ- and α-regions. 

When reconstituted particles were analyzed in separate experiments they had the 

same efficiency in promoting cholesterol efflux that authors suggested that the 

simultaneous presence of the two particles gives them the ability to promote 

efflux more effectively (166).   

 

It was also shown that rHDL containing WT apoA-I or apoA-I Milano have 

the same capacity to promote cholesterol efflux in fibroblasts (167) and 
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macrophages (168).Also when adjusted for HDL levels the serum of mice 

expressing apoA-IMILANO or WT apoA-I had similar ability to promote cholesterol 

efflux from macrophages and fibroblasts (168). It was also shown that there was 

no significant difference between the phospholipid or free cholesterol efflux that 

is mediated through apoA-IMILANO and apoA-IWT (168). 

 

Physiological functions of ApoA-I and HDL that may be relevant to its 

atheroprotective properties 

 

Role of apoA-I in atheroprotection 

When apoA-I is over expressed in transgenic animals (mouse, rabbit) the 

animals were protected from atherosclerosis (169;170). Recent studies suggest 

that even in humans apoA-I should be measured as a component of the 

assessment of cardiovascular risk in humans (171)). In a clinical trial it was shown 

that intravenous administration of 15 mg/kg of apoA-I Milano/phospholipid 

complexes in five weekly doses in patients with acute coronary syndrome resulted 

in significant regression as it was shown by intravascular ultrasound (172). 

 

High levels of HDL cholesterol are not always correlated with 

atheroprotection. There are human subjects with high HDL and coronary artery 

disease. It is suggested that the HDL in these subjects has pro-atherogenic 

properties (173). Also SR-BI-deficient mice have increased levels of HDL but 
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again these high levels promoted atherosclerosis (115;118). These findings suggest 

that interactions of HDL with SR-BI and other proteins of the HDL pathway are 

important for the physiological functions of HDL and for atheroprotection. 

 

Effect of HDL on eNOS protein levels 

It has been shown that HDL increases 3-fold eNOS protein in cultured 

endothelial cells by increasing its half life but does not affect steady state eNOS 

mRNA levels (53) (Fig. 1 mechanism 4).  

 

Addition of HDL to endothelial cell cultures that contain OxLDL prevents eNOS 

displacement from caveolae and also prevents the depletion of cholesterol of the 

caveolae (174). Expression of SR-BI in endothelial cells reverses the impact of 

OxLDL on the localization and function of eNOS. It has also been shown that 

apoA-I mimetics prevent LDL from uncoupling eNOS activity to favour O2.- anion 

production as opposed to normal production of NO (174-177). 

 

Experiments in Chinese hamster ovary (CHO) cells showed that SR-BI is 

involved in the activation of eNOS by HDL. HDL also promotes NO-dependent 

relaxation of aortic rings and this effect is lost in aortic rings of SR-BI null mice. 

It has been proposed that the HDL-induced eNOS activation is associated with 

caveolae (178). 
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Akt kinase activates eNOS through phosphorylation of the enzyme at 

Ser1179. Akt is activated by phosphorylation by the phosphoinositide 3-kinase 

(PI3-kinase). Several receptor and non receptor tyrosine kinases (TK) are 

involved in PI3-kinase/Akt-mediated eNOS activation in response to agonists. On 

the other hand, phosphorylation of Thr497 of eNOS attenuates its activity. The 

activity of eNOS is regulated positively or negatively by MAP kinases and by 

calmodulin binding and by the intracellular Ca2+ concentration (179). Existing 

data indicate that HDL upregulates eNOS activity through activation via 

phosphorylation of Src which leads to phosphorylation and activation of Akt and 

MAPK (174;180). Several studies (but not all) have also indicated that HDL 

increases the intracellular calcium stores in endothelial cells (181;182) and that 

calcium is required for NO production in response to HDL (181). Calcium release 

is mediated both by HDL and LDL and is inhibited by pertoussis toxin. Other 

studies in CHO cells that express SR-BI have shown that in addition to HDL 

intracellular ceramide levels activate eNOS. 

 

Role of the lipid moieties of HDL 

Lysophospholipids that are components of HDL such as 

sphigosylphosphorylcholine, spigosine-1-phospate (S1P) and lysosulphatide 

cause eNOS dependent relaxation of mouse aortic rings (174). However in vivo 

HDL stimulates myocardial perfusion to similar levels in WT and S1P3 deficient 

mice (183), and thus questions the in vivo effect of S1P in endothelial relaxation. 
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The role of HDL associated estradiol to stimulate eNOS activity is unclear 

(181;184;185). 

 

Effect of HDL on eNOS activity in humans 

Earlier studies have shown that increased HDL levels are associated with 

greater vasodilator effects in humans (186-188). Niacin treatment that increased 

HDL by 25% also increases vasodilation of patients with coronary artery disease 

(189). Other studies have shown that blood flow responses to endothelium-

dependent vasodilators were decreased in patients heterozygous for ABCA1 

deficiency and these responses were improved by infusion of apoA-

I/phosphatidylcholine disks (190). Similarly administration of apoA-

I/phosphatidylcholine improved the endothelial functions of 

hypercholesterolemic men (191). 

 

Role of HDL in endothelial cell apoptosis 

Exposure of endothelial cells to inflammatory stimuli may disturb the 

endothelial monolayer integrity (192). Furthermore thrombogenic membrane 

particles released from apoptotic endothelial cells may lead to coronary events 

(193;194). Numerous proatherogenic factors that promote endothelial apoptosis 

have been described and include OxLDL(195;196), TNF-a (196;197), 

homocysteine (198), and angiotensin II (198;199). The effects of OxLDL increase 

intracellular calcium and result in apoptosis that can be resolved by HDL 
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(174;200). HDL also reverses the TNF-a induced and growth deprivation induced 

endothelial cell apoptosis (201;202). It has been proposed that the protective 

effect of HDL is mediated by S1P and its receptors which activate the PI3 and Erk 

kinase pathways (203). 

 

It has been shown that SR-BI via a putative redox motive CXXS between 

residues 323-326 can promote a ligand depended apoptosis and this effect can be 

reversed by HDL and eNOS (204).  

 

Role of HDL in endothelial cell proliferation and migration 

Damage of the endothelium is associated with vascular disease (205-207) 

which can be blunted by reendothelialization (208;209). HDL promotes 

endothelial cell proliferation which is calcium depended (210). HDL also 

promotes endothelial cell migration (211) which could be prevented by pertussis 

toxin and implicating the involvement of G-protein coupled S1P receptors and 

activation of PI3 kinase p38MAP kinase and Rho kinases (203). Another function 

of HDL it is capacity to promote capillary tube formation in vitro and this 

function is pertussis toxin sensitive and requires p44/42MAP kinase which is 

downstream of Ras (212). 

 

Recent studies indicate that interaction of SR-BI with lipid-bound HDL or 

rHDL stimulates endothelial cell migration in a NO independent fashion that 
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activates Src kinases and Rac. In vivo studies have also shown that re-

endothelialization of carotid artery following injury is promoted by apoA-I 

expression and is inhibited in apoA-I deficient mice (213). 

 

Antithrombotic effects of HDL 

Atherosclerosis is associated with dyslipidemia and dyslipoproteinemia 

(214). Patients with arterial atherothrombosis have decreased concentration of 

the largest size HDL subpopulations (215-218). Recent studies have also shown 

that elevated HDL as well as increased in the large size HDL subpopulations is 

associated with decreased risk of venous thrombosis (219-221) (222) . Infusion of 

rHDL in volunteers that received low levels of endotoxin limited the 

prothrombotic and procoagulant effect of endotoxin (223).  

 

In other experiments infusion of apoA-I Milano in a rat model of acute 

arterial thrombosis increased the time of thrombus formation and decreased the 

weigh of the thrombus (224). The antithrombotic effects of HDL have been 

attributed partially to the improvement of the endothelial functions and the 

restoration of normal blood flow (225-228).   

 

It has been reported that HDL causes increased synthesis of prostacyclin 

in cultured endothelial cells  (229) (230). Prostacyclin in combination with the 

NO promote smooth muscle cells relaxation inhibition of platelet activation and 
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local cell proliferation (231). It has been shown that HDL-3 induces expression of 

Cox-2 in endothelial cells and promotes release of prostacyclin via a signaling 

pathway that involves p38MAP kinase (232;233) (234). Infusion of isolated 

rabbit heart cells also results in release of prostacyclin. The HDL mediated 

release of prostacyclin may contribute to the antithrombotic properties of HDL. 

 

Role of HDL in the initiation of the thrombus 

It has been shown that the phospholipid components of HDL 

downregulate the expression of E-selectin on the surface of endothelial cells 

(228;235). In addition reconstituted HDL may directly or indirectly inhibit the 

expression of tissue factor by endothelial cells (235-238). HDL also may prevent 

apoptosis of endothelial cell which become source of microparticles that 

contribute to coagulation (239-241).  

 

HDL, activated protein C, and coagulation factors 

A study has displayed that there is a positive correlation between plasma 

apoA-I levels and anticoagulant response to activated protein C (APC)/protein S 

in vitro  (242) and another has shown that the plasma thrombin activation 

markers like prothrombin fragments F1 + 2 have a reversed association with HDL 

levels in vivo (243). It has been shown that APC has been cable to inactivate 

factors Va and VIIIa in plasma and thus it can downregulate thrombin formation 

(244). It has also been displayed that when HDL is administered to cholesterol-
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fed rabbits there is an increase in endothelial cell thrombodulin, which in turn 

can also promote the generation of APC that leads to inhibition of thrombin 

formation (245). Thrombodulin also has anti-inflammatory properties (246). Due 

to these properties, the increased expression of thrombodulin that is mediated by 

HDL may have various important implications regarding HDL action in humans. 

 

The antithrombotic properties of HDL sphingolipids 

It has been shown that glucosylceramide and glycosphigolipids which are 

present in HDL are lipid cofactors for the APC anticoagulant actions and in a 

significant number of patients with venous thrombosis the levels of 

glucosylceramides are low (219) (247). Shpingosine, another molecule present in 

HDL, has been shown to inhibit prothrombin activation on platelets surface and 

also prevents procoagulant interactions between factors Xa and Va (248). Also 

lysosphingolipids interact with G-protein coupled receptors (249;250) and these 

interactions lead to vasoactive and anti-apoptotic events (186) (251) (208) (252). 

Finally HDL via lysosphingolipids downregulates endothelial cell adhesive 

reactions (252-254). 

 

HDL and fibrinolysis 

It has been shown that HDL downregulates plasminogen activator 

inhibitor-I (PAI-I) and upregulates tissue plasminogen activator (t-PA) (255-

257). Also oxidized HDL3 favours the expression of PAI-I (258). 
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Interactions of HDL with platelets 

HDL levels regulate platelet aggregation inversely (259). It has been 

shown that HDL suppresses the activation of platelets directly (260). Moreover 

HDL modifies platelet functions indirectly through its actions on endothelial 

cells. HDL can downregurale the release of platelet activating factor and can also 

upregulate the synthesis and release of NO from endothelial cells (255). It has 

been displayed that HDL can limit the generation of thromboxane A2 (TxA2) and 

can increase the production of prostacyclin (255) (258). HDL2 can promote more 

effectively these antithrombotic effects compared to HDL3 that involve the 

balance of TxA2/Prostacyclin (250). 

 

Molecules involved in HDL signaling 

Short-term exposure of cultured endothelial cells to HDL or methyl-β-

cyclodextrin caused similar eNOS activation, whereas methyl-β-cyclodextrin 

loaded with cholesterol did not. Also cholesterol free particles composed of apoA-

I and phosphatidylocholine (Lp2A-I) stimulated eNOS activity but particles that 

contain cholesterol did not. Moreover, native HDL caused poorer activation of 

eNOS compared to Lp2A-I and when cholesterol efflux was blocked with an 

antibody for SR-BI again there was no activation of eNOS. In Cos-M6 cells SR-BI 

can mediate eNOS activation via HDL and small unilamellar vesicles. When the 
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cells expressed the SR-BI mutant AVI, which can not efflux to unilamellar 

vesicles, the signal was present only in the presence of HDL (261). 

 

In the same study it was also shown by using SR-BII, which is a splice 

variant of SR-BI, mutant, and chimeric class B scavenger receptors that the C-

terminal cytoplasmic PDZ-interacting domain and the transmembrane domain of 

SR-BI were both required for the signaling initiated by HDL (261). Also a 

photoactive derivative of cholesterol binds in the same region indicating that this 

region of SR-BI is implicated in the signaling mediated by HDL.  

 

In a study where limb ischemia was induced in C3H/He mice, intravenous 

injection of rHDL twice per week increased blood flow recovery compared to 

mice that were treated with PBS. It was shown in the same study that rHDL can 

promote endothelial progenitor cell differentiation via PI3 kinase/Akt signaling. 

The rHDL mediated increased blood flow recovery was severely impaired in 

eNOS deficient mice, suggesting that eNOS promotes the formation of the new 

vessels after the hind-limp ischemia (262). 
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MATERIALS AND METHODS 

 

MATERIALS 

The restriction enzymes, the buffers and the DNA polymerases that were 

used for the construction of plasmids were purchased from New England Biolabs. 

The dideoxynucleotides (dNTPs) that were used for the polymerase chain 

reactions (PCR) were purchased from Promega and the primers were constructed 

by Invitrogen. For the cloning of the mutated forms of apoA-I we used the 

plasmid vector pCDNA3.1 from Invitrogen. The molecular weight marker “1 kb 

DNA Ladder” for DNA and the Presteained Protein Marker, Broad Range (6-

175kDa) for proteins were bought from New England Biolabs. The culture 

medium Luria Bertani (LB) with or without agar that was used for the solid and 

liquid cultures of bacteria, respectively, was purchased from American 

Bioanalytical. The agarose (Ultrapure Agarose®) was purchased from Invitrogen, 

we also used various chemical compounds bought from Fisher Scientific and 

Sigma. For the DNA isolation in big scale from bacterial culture the High Purity 

Plasmid Maxiprep System (Marligen Biosciencces, Inc.) was used. For the 

isolation and purification of plasmid DNA fractions up to 10kb from agarose gel 

we used the Rapid Gel Extraction System bought from Marligen Biosciences, Inc., 

whereas for bigger size plasmid DNA fractions we used the QIAEX II Gel 

Extraction kit bought from Qiagen. The Hybond nitrocellulose membranes were 

bought from General Electric and the Immobilon™-P PVDF (polyvinylidene 
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fluoride) membranes were bought from Millipore. For the detection of proteins 

by Western we used the enhanced chemiluminescence (ECL) system of General 

Electric. The materials that were used in the cell cultures and specifically the 

culture media Dulbecco’s Modified Eagles Medium (DMEM) and Leibovitz’s L-15 

Medium (L-15), the buffer dilution Phosphate Buffered Saline (PBS), the enzyme 

Trypsin-EDTA as well as the antibiotics Penicillin-Streptomycin were bought 

from Cellgro, whereas the Fetal Bovine Serum  (FBS) from Biomeda. The 

acrylamide gels with gradient concentration 4-20% Tris-HCL, IPR COMB were 

bought from BIO-RAD. For the radioactive blotting of the probes we used the 

Rediprime II Random Prime Labelling System and the radioactive nucleotides 

Redivue [32P]dCTP that were bought from Amersham Biosciences. The column 

Superose 6 PC 3.2/30 was bought from General Electric. Salmon Sperm DNA 

(10mg/ml) and 50X Denhart’s Solution were bought from Invitrogen. For the 

Northern and Western analyses we used BioMax MS and X-Omat LS films 

(Kodak) respectively. The rest of the chemical compounds that were used were 

obtained from common commercial sources in the clearest possible form. 
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EXPERIMENTAL PROCEDURES 

 

DNA electrophoresis on agarose gel 

For the nucleic acid electrophoresis agarose gels of 0.5% to 1% 

concentration were used. The procedure that was used is the following: In a 

conical flask of 250 ml we add 120 ml of TAE 1x (50x TAE; 2M Tris-HCL pH 7.5, 

2mM EDTA, acetic acid for pH equilibration) and 1 g agarose. The mixture is 

heated up to boiling point until the agarose is dissolved. When the temperature of 

the mixture goes down to around 50oC we add 7.5 μl of ethidium bromide (10 

mg/ml), then we pour the mixture in an appropriate apparatus (cast) and we 

place the combs that will form the sample loading wells. When the gel sets we 

transfer it to a tank that contains 1x TAE buffer. Usually the electrophoresis is 

performed at 80 Volt (V) and for the isolation of DNA fragments from gel it is 

performed at 50 V until the samples are efficiently analyzed. 

 

Reaction with restriction enzymes (digest) 

The plasmids and the products of the PCRs that were used for cloning 

were incubated with restriction enzymes according to the instructions of the 

manufacturer (New England Biolabs). Most digestions were performed using 15 

μg of nucleic acid at 37°C, for 2 hours. 
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Ligation reaction 

The ligation reactions were performed at 16°C, for 16 hours in total volume 

of 20 μl. The amount of DNA that was used was approximately 200 ng. The 

reaction had plasmid DNA and DNA of the insert in a ratio of 1:100, T4 DNA 

ligase and the appropriate buffer according to the manufacturer (New England 

Biolabs). 

 

Transformation of bacterial E.coli DH5a cells 

We transfer 100 μl of DH5a bacterial competent cells and 10 μl of the 

ligation reaction or 20-100 ng of the plasmid that we want to amplify. Cells were 

incubated on ice for 30 min followed by heat-shock for 45 seconds in a 42oC 

water bath. The reaction then is placed on ice for 2 minutes. Subsequently, we 

add 0.9 ml of S.O.C. medium (Invitrogen) and we incubate in shaker at 225 rpm 

at 37oC for 1 hour. Then 100 μl of the transformed cells are spread on LB plates 

with the appropriate antibiotic. The plates are incubated at 37oC for 16-18 hours. 

 

Mini scale preparation (miniprep) for plasmid purification 

After bacteria have grown on agar plates overnight, a single colony of 

bacterial clone is picked and it is transferred in 5 ml of LB broth containing 250 

or 500 μg of kanamycin or ampicillin, respectively. The culture is incubated 

overnight at 37oC in a shaking incubator. The bacteria are centrifuged at 3000 

rpm for 10 min. The supernatant is removed and the pellet is resuspended in 1 ml 
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STE buffer [0.1 M NaCl, 0.01M Tris-HCL pH: 8.0]. The cells are transferred in to 

a 1.5 ml microcentrifuge tube and are centrifuged at 13000 rpm for 30 sec. The 

supernatant is removed and the cells are resuspended in 200 μl of Cell 

Suspension Buffer [50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 2 mg RNase A]. 

Then 400 μl of Cell Lysis Solution [200 mM NaOH, 1% SDS w/v] are added and 

the cells are incubated on ice for 5 min. The next step is to add the Neutralization 

Buffer [3.1 M potassium acetate (pH5.5)] and the cells are mixed well. The lysed 

cells are centrifuged at 13000 rpm for 10 minutes and 500 μl of the supernatant 

are transferred in to a new tube. Then equal volume of chloroform is added and 

the contents of the tube are vortexed. The mixture is centrifuged again at 13000  

rpm for 5 min and 400 μl of the supernatant are transferred in to a new tube. 

Then 600 μl of cold isopropanol are added, the contents are mixed well, and the 

DNA is centrifuged at 13000 rpm for 30 min. The supernatant is then removed 

and the pellet is let to dry. Finally it is resuspended in 20 μl of ddH2O. 

 

Large scale Preparation (Maxiprep) for plasmid purification 

The “High Purity Plasmid Maxiprep System” produced by Marligen 

Biosciences, Inc. was used for the plasmid purification, and the directions 

provided by the manufacturer were followed. The bacterial cells were pelleted by 

centrifugation at 4000 rpm for 10 min. The bacterial pellet was resuspended in 

10 ml of Cell Suspension Buffer, and lysed by the addition of Cell Lysis Solution. 

Precipitation of the bacterial proteins was achieved by adding Neutralization 
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Buffer.The mixture was centrifuged at 4000 rpm for 10 minutes and the 

supernatant was removed and applied on a Marligen column that was previously 

equilibrated with 30 ml of Equilibration Buffer [600 mM NaCl, 100 mM sodium 

acetate (pH 5.0), 0.15% Triton® X-100 (v/v)]. The column was washed with 60 

ml of Wash Buffer [800 mM NaCl, 100 mM sodium acetate (pH 5.0)], and the 

DNA was eluted with 15 ml of Elution Buffer [1.25 M NaCl, 100 mM Tris-HCl (pH 

8.5)]. The DNA was precipitated by adding 10.5 ml of isopropanol, mixed well 

and centrifuged at 9000 rpm for 30 minutes. The supernatant was discarded and 

the DNA was diluted in 300 μl of ddH2O and transferred to a 1.5 ml 

microcentrifuge tube. It was finally precipitated with 750 μl of ethanol and 30 μl 

of CH3COOH 3M (pH 5.5), mixed well and centrifuged at 13000 rpm for 30 

minutes. The supernatant was discarded and the pellet was let to dry. The DNA 

was then resuspended in 200 μl of TE Buffer [10 mM Tris-HCl (pH 8.0), 0.1 mM 

EDTA]. 

 

Cell cultures 

In this study we used the cell lines HTB-13 (SW1783, human astrocytes), 

911 (human embryonic retinoblasts), and HEK-293 (human embryonic kidney). 

The cultures were performed in 25 or 175 cm2 flasks and 6-well plates in 37oC 

incubator and under condition of 5% CO2. The stocks of the cultures are kept at -

80oC in DMEM or L15 medium with 10% FBS and 10% DMSO. The cells are 

placed in 37oC water bath to thaw and then transferred in flasks with culture 
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medium which is replaced the next day. The medium in the flasks is replaced 

every 72 hours. The cells are split when the monolayer is confluent, with the use 

of trypsin-EDTA, to the desired concentration with the addition of culture 

medium (DMEM or L-15) that contains 10% FBS and 1% antibiotics (penicillin-

streptomycin). 

 

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

In every sample we add the appropriate amount of 4x SDS Loading Buffer 

[2.5 ml 1M Tris-HCl pH 8, 1.6 ml β-mercaptoethanol, 8 ml 20% SDS, 4 ml 

glycerol, 8 mg bromophenol blue]. In the experiments we used 14% 

polyacrylamide gels for the running gel [2.2 ml ddH2O, 3.5 ml 30% bis-

acrylamide, 1.8 ml running buffer (Tris-HCl 1.5 M, SDS 0.4%, pH 8.8), 37 μl 10% 

ammonium persulfate (APS), 5 μl TEMED] and 4% for the stacking gel [1.8 ml 

ddH2O, 0.45 ml 30% bis-acrylamide, 0.75 ml stacking buffer (0.5M Tris-HCL, 

0.4% SDS, pH 6.8, 30 μl 10% APS, 3 μl TEMED]. The electrophoreses were 

performed in 500 ml of 1x TGS dilution [1L 10x TGS : 30.2 g Tris-HCl, 144 g 

Glycine, 10 g SDS, pH 8.3], at 120 V with the use of Bio-Rad Protean electroblot. 

 The gels were stained and fixated with Coomasie Brilliant Blue [2.5 g 

Coomasie Brilliant Blue R, 50 % methanol and 10% acetic acid] for 30 minutes 

and then destained in destaining solution [50% methanol, 10% acetic acid] for 20 

minutes or more in order to obtain a clear image of the protein bands. The gels 

were dried in a Bio-Rad gel dryer under vacuum at 80oC for 1 hour. 
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Analysis by Western blot 

The proteins analyzed by SDS-PAGE are transferred to nylon PVDF 

membranes.. Prior transfer the membranes are incubated first in methanol for 

15s, then in water for 2 min, and finally in transfer buffer [700 ml H2O, 100 ml 

10x TGS and 200 ml methanol] to equilibrate for at least 5 min. 

 The transfer was performed using Bio-Rad Protean electroblot apparatus 

in 1L transfer buffer with electrophoresis at 40 V, at 4oC for 16 hours. 

 After the transfer, the membranes are washed with TBS-T [1x TBS, 0.05% 

Tween-20], (1L 10x TBS: 90 g NaCl, 0.5M Tris-HCl, pH 7.3) for 10 minutes at 

room temperature. Then the membranes are incubated with blocking buffer [1x 

TBS-T, 5% non-fat milk] for 1 hour at room temperature. Then the membranes 

are incubated for 1 hour at 37oC with primary antibody specific for the protein we 

want to detect, that is diluted usually 1:1000 in blocking buffer. The membranes 

are washed three times for 10 minutes with TBS-T at room temperature. The 

secondary antibody is applied usually in 1:3000 dilution in blocking buffer. This 

secondary antibody recognizes the primary and it has also attached to it the 

enzyme horse radish peroxidase (HRP). The incubation again is for 1 hour at 

37oC. Then we wash 3 times for 10 minutes each time with TBS-T and wash for an 

additional 5 minutes with TBS at room temperature. The detection of the 

proteins is accomplished with the ECL system and by exposing the films for 

different time intervals (usually 30 sec to 2 min were enough). 
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Generation of mutations on apoA-I gene 

The plasmid pCDNA3.1-apoAIg-ΔBglII was used as template for the 

generation of the mutations on apoA-I gene that we wanted to study in this study. 

For this purpose we used the QuickChange® II XL system that was bought from 

Stratagene. The template plasmid was generated as it is described in (95). The 

template DNA was incubated with the appropriate primers which are described 

in Table 1. The primers harbor mutations at the center of their sequence and on 

either side they have the sequence of the nucleotides of the wild type protein. The 

changes were done in order to obtain the desired amino acid changes in the final 

protein. The mutagenic primers were constructed according to the guidelines 

provided by Stratagene. 

 The mixture of template plasmid and primers was incubated with 

PfuUltra® polymerase that was provided with the QuickChange®II XL system 

and dNTPs in PCR program as described by the manufacturer. After 18 

amplification cycles the PCR product was incubated with the restriction enzyme 

DpnI in order to digest the template plasmid which is methylated or semi-

methylated DNA. After the incubation, the reaction that has the newly 

synthesized DNA which carries the apoA-I mutations was used for the 

transformation of XL10-Gold® (Stratagene) competent cells. Colonies resistant to 

ampicillin were selected. DNA was extracted and purified from these colonies, 

and was sequenced in order to confirm the introduction of the desired mutations. 

Colonies having the mutation of interest were then used to produce large                
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Table 1. Oligonucleotide sequence of primers used in PCR amplifications. 
Name Sequence Location of 

sequence 
 

apoA-I 
(L144R)F 

 
5΄-G CAA GAG AAG CTG AGC CCA CGaG 

GGC GAG GAG ATG CGC GAC CG-3΄ 

nt 483-524b 
(sense) 

(aminoacids 
+137 to +151)c

 
apoA-I 

(L144R)R 

 
5΄-CG GCT GCG CAT CTC CTC GCC CCG 
TGG GCT CAG CTT CTC TTG C-3΄ 

nt 524-483 
(antisense) 

(aminoacids 
+151 to +137) 

 
apoA-I 

(A164S)F 

 
5΄-C GCG CTG CGC ACG CAT CTG TCC 

CCC TAC AGC GAC GAG CTG-3΄ 

nt 543-582 
(sense) 

(aminoacids 
+157 to +170) 

 
apoA-I 

(A164S)R 

 
5΄-CAG CTC GTC GCT GTA GGG GGA 

CAG ATG CGT GCG CAG CGC G-3΄ 

nt 582-543 
(antisense) 

(aminoacids 
+170 to +157) 

 
aMutagenized residues are marked in boldface type and are underlined. bNucleotide 
number of the human apoA-I cDNA sequence, oligonucleotide position  relative to the 
translation initiation ATG condon. cAminoacid position (+) refers to the mature plasma 
apoA-I sequence. 
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quantities of the plasmid. The Maxi Kit manufactured by Marligen was used for 

this plasmid purification. The plasmids that were produced for each mutation 

were incubated with the restriction enzymes BglII and EcoRV and the generated 

DNA fragments (2.2 kb) were isolated, after analysis on agarose gel, and were 

ligated in the corresponding restriction sites, BglII and EcoRV, of the pAdTrack-

CMV vector in order to make the recombinant adenoviruses, according to the 

AdEasy™ system (Sratagene).  

 

Transformation of E.coli BJ5183-AD1 cells by electroporation 

The adenovirus plasmid was generated in BJ-5183-AD1 (Strategene) 

bacterial cells after electroporation in the presence of the pAdTrack-CMV-X 

vector (where X: the mutated form of apoA-I) that was previously digested with 

PmeI, according to the instructions of the manufacturer. For the electropotation 

40 μl of BJ-5183-AD1 cells were used for each reaction. These cells have already 

the pAdEasy-1 plasmid that encodes the genome of adenovirus type 5 except for 

transcription units E1 and E3 and they also promote the homologous 

recombination of plasmids. The recombination with the shuttle vector pAdTrack-

CMV-X formed finally a plasmid that has the adenoviral genes and the gene that 

we wanted to study. The electroporation was performed under these conditions: 

200 Ω, 2.5 kV, 25 μF using the Bio-Rad Gene Pulser II electroporation machine 

in 0.2 cm Gene Pulser Cuvettes (Bio-Rad). The cells were plated in agar plates 

and the correct clones were selected based on their resistance to kanamycin. DNA 
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was purified from the resistant clones and was analyzed on agarose gel. The 

clones that had the correct recombination gave a 3 or a 4.5 kb band and also had 

a band at 32 kb after being digested with the restriction enzyme PacI. The 

positive clones were amplified (DH5a transformation) and were isolated using 

the High Purity Plasmid Maxiprep System (Marligen Biosciences, Inc.). 

 

Generation of recombinant adenoviruses 

The recombinant vectors for each mutation of apoA-I were incubated with 

the restriction enzyme PacI in order to get linearized and 10 μg of this DNA were 

used to transfect 911 cells. For the transfection the Lipofectamin™2000 reagent 

(Invitrogen) was used according to the manufacture’s instructions. Ten to twelve 

days post-transfection the viral particles that were formed caused lysis of the cells 

and the cell lysate was used for infection of a larger scale culture in a T175 flask. 

The infections were performed in DMEM culture medium with 2% Heat 

Inactivated Horse Serum (HIHS) and 1% antibiotics. Two to three days after the 

new infection the cells were lysed and the new lysate was used for the infection of 

HEK-293 cells in a larger scale. For this porpuse, HEK-293 cells were plated in 

T175 triple flasks until the monolayer was confluent. The infection with the 

previously mentioned lysate was done using L-15 medium with 2% HIHS and 1% 

antibiotics. Three days after the infection and before the cells get lysed, large 

amounts of recombinant viral particles were produced. The cells that carry the 

produced viral particles were collected with centrifugation at 1000 rpm for 10 
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minutes. The collected pellet was resuspended in 2 ml medium and stored at -

80oC. Then the suspension was frozen and thawed (-80oC/37oC) three times so 

the cells would break and the viral particles would be released in the medium. 

Then the suspension was centrifuged at 3000 rpm for 10 min. The supernatant 

that contained the viral particles was subsequently centrifuged in CsCl gradient 

twice in order to isolate the viral particles . For the first centrifugation 2 ml of 

CsCl I (0.619 g/ml in TE) were transferred in a centrifuge tube, they were 

overlaid with 5 ml of CsCl II (0.277 g/ml in TE) and 2-3 ml of the viral particles 

were placed on top. They were centrifuged at 30,000 rpm for 90 minutes at 4oC. 

The viral particles were concentrated in a region between the two dilutions. This 

region was collected with the help of a syringe and was transferred in 12 ml of 

dilution CsCl III (0.450 g/ml in TE). It was centrifuged again at 55,000 rpm at 

4oC for 16-20 hours. The viral particles were concentrated in a small ~2 mm zone. 

This zone was collected and was dialyzed against sucrose dilution [10 mM Tris-

HCL, 2 mM MgCl2, 5% Sucrose, pH; 8] in a Slide-A-Lyzer® (MWCO: 10000) 

(PIERCE) dialysis cassette. The viral dilution was separated in 50 μl aliquots in 

1.5 ml tubes and stored at -80oC.   

 

Plaque assay 

911 cells were plated and grown to a monolayer, and then they were 

infected with serial dilutions of the virus. More specifically  the viral particles 

were diluted to 5x104 to 5x107 times in L-15 culture medium supplemented with 2 
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% HIHS and 1% antibiotics, and then were used to infect 911 cells that were 

seeded the previous day in 6-well plates with concentration 1.5x106 cells per well. 

The cells after 20 minutes of incubation with the virus were fixed with culture 

medium [2x MEM, 4% HIHS, and 25 mM MgCl2] diluted with agar [1.5% agar 40 

mM Hepes, pH: 7.4]. The cells were incubated at 37oC for 10 to 12 days. The 

plaques of lysis/infection of the cells were visual with naked eye and formed 

characteristic gray regions, in the case of the viruses we studied there was also 

expression of green fluorescence protein (GFP) and the plaques could be 

visualized under an optical microscope with the help of ultraviolet light. The 

plaques were counted for each dilution and the title of the virus was calculated. 

 

Expression and secretion of the wild type (WT) and the mutated 

forms of apoA-I 

To estimate the expression and secretion of the various types of apoA-I 

that were generated we used HTB-13 cells in 80% confluence in 6-well plates that 

were cultured in 2 ml of L-15 medium which had 2% HIHS and 1% antibiotics. 

The cells were infected with adenoviruses that express WT apoA-I and its mutant 

forms with multiplicity of infection (moi) 10, 15, and 20. As multiplicity of 

infection we define the number of viral particles per cell. Twenty four hours post 

infection the cells were washed with 1x PBS and were incubated in medium that 

did not have any serum for 2 hours. Then new medium, again without serum was 

added. The cells were incubated for 24 hours at 37oC and then the medium was 
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collected. An aliquot of the medium (100 μl) was analyzed with SDS-PAGE to 

estimate the expression/secretion of the apoA-I protein. The amount of protein 

was estimated with analyzing on the same gel a known amount of BSA protein. 

 

Animal studies 

ApoA-I-/- (ApoA-Itm1Unc) C57BL/6J mice (3) were purchased from Jackson 

Laboratories (Bar Harbor, ME). The mice were maintained on a 12 h light/dark 

cycle and standard rodent chow diet. All procedures performed on the mice were 

in accordance with National Institutes of Health and institutional guidelines. 

Four to six apoA-I -/- mice 6-8 weeks of age were injected via tail vein with 2-

4x109 pfu of recombinant adenovirus per animal and the animals were sacrificed 

4 days post-injection following a 4 h fast.  

 

Plasma isolation from mice blood 

For the collection of blood sample and the subsequent plasma isolation 

from the mice vein we used the Microvette CB 300 K2E (STARSTEDT) tubes. For 

the collection of larger volume of blood before the sacrifice of the animals we 

used Microtube 1.3 ml KE microcentrifuge tubes. From each mouse we collected 

around 750 μl of blood. Then the samples were centrifuged at 4000 rpm for 5 

min and the plasma was separated. The plasma was transferred in a new 

microcentrifuge tube and was stored at 4oC until further analyses were 

performed. 
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Plasma lipid levels 

The concentration of total cholesterol and free cholesterol of plasma 

drawn 4 days post-infection was determined using the cholesterol E and free 

cholesterol C reagent (Wako Chemicals USA, Inc.) respectively, according to the 

manufacturer's instructions. The concentration of cholesteryl esters was 

determined by subtracting the concentration of free cholesterol from the 

concentration of total cholesterol. 

 

Fast protein liquid chromatography (FPLC) 

For the analysis of plasma with FPLC 17 μl of plasma were used. The 

plasma obtained from mice infected with adenovirus-expressing WT or mutant 

apoA-I forms was loaded onto a Sepharose 6 PC column in a SMART microFPLC 

system (Amersham Biosciences) and eluted with PBS. A total of 25 fractions of 50 

μl volume each were collected for further analysis. The concentration of lipids in 

the FPLC fractions was determined as described above. 

 

Fractionation of plasma by density gradient ultracentrifugation  

For this analysis, 300 μl of plasma obtained from adenovirus-infected 

mice was diluted with saline to a total volume of 0.5 ml. The mixture was 

adjusted to a density of 1.23 g/ml with KBr and overlaid with 1 ml of KBr solution 

of d = 1.21 g/ml, 2.5 ml of KBr solution of d = 1.063 g/ml, 0.5 ml of KBr solution 

of d = 1.019 g/ml, and 0.5 ml of normal saline. The mixture was centrifuged for 
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22 h in SW55 rotor at 30000 rpm. Following ultracentrifugation, 0.5 ml fractions 

were collected from the top for further analyses. The refractive index of the 

fractions was measured using a refractometer (American Optical Corp.) and it 

was converted to density for each sample based on a standard curve derived from 

solutions of known densities. The fractions were dialyzed against ammonium 

acetate and carbonate buffer (126 mM ammonium acetate, 2.6 mM ammonium 

carbonate, 0.26 mM EDTA, pH 7.4). Aliquots of the fractions were subjected to 

SDS-PAGE, and the protein bands were visualized by staining with Coomassie 

Brilliant Blue. 

  

Electron microscopy (EM) analysis of the apoA-I containing fractions 

For EM analysis, fractions 6-8 that float in the HDL (1.100 g/ml ≤ d ≤ 

1.152 gr/ml) region were dialyzed against ammonium acetate and carbonate 

buffer. The samples were applied on carbon-coated grids, were stained with 

sodium phosphotungstate, were visualized in the Philips CM-120 electron 

microscope (Philips Electron Optics, Eindhoven, Netherlands) and 

photographed; these procedures were performed by Dr. Donald Gantz at the 

Department of Biophysics of Boston University. The photographs have been 

magnified 225,000 times. 
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Non-denaturing two-dimensional (2D) gel electrophoresis

The distribution of HDL subfractions in plasma was analyzed by 2D 

electrophoresis as described by Fielding and Fielding 1996 with some 

modifications. In the first dimension, 0.5 to 1 μl of plasma sample was separated 

by electrophoresis at 4οC in a  0.75% agarose gel using a 50 mM barbital buffer 

(pH 8.6, Sigma, St Louis, MO) until the bromophenol blue marker had migrated 

5.5 cm. Agarose gel strips containing the separated lipoproteins were then 

transferred to a 4-20% polyacrylamide gradient gel. Separation in the second 

dimension was performed at 90 V for 2-3 h at 4oC using non-denaturing 1x TGS 

buffer [1l 10x TGS: 30.2g Tris-HCl, 144g Glycine]. The proteins were transferred 

to a nitrocellulose membrane and apoA-I was detected by using the goat 

polyclonal anti-human apoA-I antibody AB740 (Chemicon International) in a 

1:1000 dilution. 

 

RNA isolation and hybridization analysis 

Total cellular RNA was isolated from the mouse liver using the Trizol® 

procedure (Invitrogen Corp.) as recommended by the manufacturer. More 

specifically approximately 5 mm3 of hepatic tissue and 1 ml of Trizol® were used. 

The tissue was homogenized for 30s in Minibeadbeater homogenizer (Biospec 

Products). The sample was extracted with 100 μl of chlorophorm and the sample 

was homogenized for 10 sec. The RNA was isolated in the aqueous phase after 

centrifugation at 13000 rpm for 15 minutes. The aqueous phase was then 
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transferred in to a new microcentrifuge tube and was precipitated with equal 

volume of isopropanol and centrifugation at 13000 rpm for 20 min. Finally the 

RNA was reconstituted in DEPC (Diethylpyrocarbonate) treated water and its 

concentration was measured.  

Fifteen micrograms of total RNA were denatured in RNA loading buffer 

[125 μl Deionized Formamide,40 μl Formaldehyde, 20 μl RNA running buffer 

and bromophenol blue], were separated on 1.0% agarose-formaldehyde gels at 20 

V in RNA running buffer [20 mM MOPS, 5 mM Na-Acetate, and 1 mM EDTA], 

transferred to Hybond-N+ nylon membrane (Amersham Biosciences) in 10x SSC 

buffer [1.5 M NaCl, 0.3 M sodium citrate, pH: 7], and cross-linked to the 

membrane by UV irradiation (Stratalinker, Stratagene) at 0.12 J/cm2 for 30 sec. 

The apoA-I probe used for hybridization contained 290 bp of exon 4 of human 

apoA-I and 148 bp of the intergenic sequence between the apoA-I and apoCIII 

genes. The mouse GAPDH probe (~1400 bp) was obtained from GAPDH digested 

with PstI. The probes were labelled with 32P using the Multiprime DNA labeling 

system (Amersham Biosciences) which is based on random promotion and 

replication of  DNA and labelling with [32P]dCTP. After this step the RNA was 

hybridized with the labelled probes. The membranes were incubated in pre-

hybridization buffer [5x Denhardt’s buffer, 20% Deionized formimide, 50 mM 

Tris-HCl pH 7.5, 0.8M NaCl, 0.1% Sodium Phosphate, 10% Dextran Sulfate, 100 

μg/ml Salmon sperm DNA, 0.5% SDS] at 55oC for 4 hours. Then new buffer was 

added and in this buffer the labeled probe was added too. The hybridization was 
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performed at 55oC for 16 hours. After hybridization the membrane was washed 2-

3 times with wash buffer [2x SSC, 0.01% SDS] at room temperature until the 

signal from the membrane was about 5000 cpm and was around 3 times greater 

than the background signal. The signal was visualized on BioMax MS film for at 

least 2 hours at -80oC. Quantitation of the signal of the probe was performed by a 

phosphorimager (Molecular Dynamics) using the ImageQuant program. The 

apoA-I mRNA signal was normalized for the GAPDH (Glyseraldehyde-3-

phosphate Dehydrogenase) mRNA signal. 
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RESULTS 

Generation of the mutated pAdTrack-CMV-apoA-I(L144R) and 

pAdTrack-CMV-apoA-I(A164S) shuttle vectors 

Two single site mutations were introduced in the pCDNA3.1apoA-

IgWTΔBglII plasmid as described in materials and methods. The two single 

amino acid apoA-I mutations that I studied are leucine 144 mutated to arginine 

and alanine 164 mutated to serine. The QuickChange® II XL mutagenesis kit was 

used. The mutagenic primers were designed and generated according to the 

instructions of the manufacturer. The sequence of the primers is shown on table 

1. The template plasmid DNA was incubated with the appropriate primers, 

PfuUltra® polymerase, and dNTPs in PCR and after 18 cycles the PCR product 

was digested with DpnI to digest the template plasmid. Cells provided by 

Stratagene (XL10-Gold®) were then transformed with the PCR product and 10 

colonies resistant to ampicillin were selected for each mutation. DNA was 

extracted from these colonies and was sequenced at the Core Facility of Tuft’s 

University. DH5a bacterial cells were transformed with the positive clones and 

plasmid DNA was generated in large amount.     The 2.2 kb fragment that encodes 

the mutant apoA-I forms was digested with BglII and EcoRV, was extracted from 

the gel and then it was ligated to the shuttle vector pAdTrack-CMV that was 

previously linearized with the same restriction enzymes (Figure 1).  

 

 



 
Figure 1. Agarose gel electrophoresis of Shuttle Vectors prior to or after digestion 
with BglII and EcoRV. The pAdTrack-CMV-apoA-I(L144R) and pAdTrack-CMV-
apoA-I(A164S) vectors were generated as described in the text. The lanes contain 
samples that either were not treated or treated with BglII and EcoRV. The lanes that have 
samples that were treated with the restriction enzymes BglII and EcoRV show the 
presence of a 2.2 kb band that encodes for the apoA-I gene. M indicates DNA markers of 
different known sizes. 
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Generation of recombinant adenoviruses that express naturally 

occurring mutated forms of apoA-I 

For the generation of the recombinant adenoviruses that express the two 

mutated forms of apoA-I the system pAdEasy® was used as described in 

materials and methods. The two shuttle vectors were linearized with PmeI and 

were used to transform electro-competent cells by electroporation. A number of 

colonies were selected and DNA was extracted as described in materials and 

methods and digested with PacI to find positive clones (Figure 2). The two 

positive clones (mini culture 8 for both mutants) were then transferred to DH5a 

cells and large amount of plasmid DNA was isolated and purified. The DNA was 

linearized with PacI and used to transfect 911 cells. The 911 and 293 cells are cells 

that can reproduce the adenovirus because they have the genes that encode for 

the proteins that are needed for the generation of the viral envelop. The viruses 

were packed in the 911 cells and then 293 cells were infected in large scale. The 

two recombinant viruses were then purified by two consecutive CsCl gradient 

ultracentrifugations. The titers of the viruses were estimated with plaque assay as 

described in materials and methods. The two titers were 4.4x108 pfu/μl for apoA-

I(L144R) and 1.6x108 pfu/μl for apoA-I(A164S). 

 

 

 

 



 
 
Figure 2. Agarose gel electrophoresis of DNA obtained from BJ-5183-AD1 cells 
following transformation by eloctroporation with the plasmids pAdTrack-CMV-
apoA-I(L144R) and pAdTrack-CMV-apoA-I(A164S).  The DNA obtained from the 
BJ-5183-AD1 cells after electroporation was digested with PacI to identify positive 
clones. The clones that have the recombination event produce a 3 or 4.5 kbase band 
(indicated by arrows). 
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Expressing the WT apoA-I and the two mutants apoA-I(L144R) and 

apoA-I(A164S) following infection of HTB-13 cells with the 

recombinant adenoviruses 

To evaluate the level of expression of the two mutated apoA-I proteins that 

are expressed from the recombinant adenoviruses we used HTB-13 cells. The 

procedure is described in materials and methods. Briefly the cells were infected 

with the adenoviruses that have the genes for the WT apoA-I and the mutated 

forms apoA-I(L144R) and apoA-I(A164S). The infection was performed with 

three multiplicities of infection (moi) (10, 15, and 20). The next day the infected 

cells were washed and new serum free medium was added. The medium was 

harvested 24 hours after and an aliquot of 100 μl was analyzed with SDS-PAGE. 

The analysis showed that in all cases apoA-I was secreted efficiently into the 

culture medium at similar levels (Figure 3). From comparison with the BSA 

standard it is estimated that the cells, when infected with moi 20, secrete 3.6, 4.2 

and, 6.5 μg/ml/24h of WT apoA-I, apoA-I(L144R), and apoA-I(A164S) 

respectively (for the estimation the ImageJ 1.38x software was used). 

 

mRNA analysis 

For the in vivo experiments I used apoA-I-deficient mice (apoA-I-/-) 

(Williamson et al. 1992). These mice were injected with the recombinant 

adenoviruses in order to express the various forms of apoA-I in the liver. The 

infection dose was 2 x109 viral particles except in one case that the mouse was  



 
 
 

 
Figure 3. Secretion of apoA-I(L144R), apoA-I(A164S) and WT apoA-I following 
infection of HTB-13 cells with recombinant adenoviruses expressing these apoA-I 
forms. The panel shows SDS-PAGE analysis of 100 μl of culture medium of HTB-13 
cells infected with control  adenovirus expressing WT and the indicated mutant apoA-I 
forms, a, b and c indicate multiplicity of infection (moi) of HTB-13 cells of 10, 15 and 20 
respectively. 
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injected the double amount of viral particles to determine if higher expression of 

the protein would give a different phenotype. The hepatic expression of the 

protein was determined by Northern analysis (Figure 4). Briefly total cellular 

RNA was isolated from mouse liver using the Trizol® procedure. Fifteen 

micrograms of total RNA from each mouse were denatured and analyzed on 

1%agarose-formaldehyde gel. The RNA was transferred to Hybond-N+ nylon 

membrane and the apoA-I and mGAPDH mRNAs were detected with probes 

labelled with 32P. The apoA-I probe contained 290 bp of exon 4 of human apoA-I 

and 148 bp of the intergenic sequence between the apoA-I and apoCII genes. The 

mouse GAPDH probe (~1400 bp) was obtained for GAPDH digested with PstI. 

All the mice had comparable hepatic apoA-I mRNA levels (Table 1) as determined 

by quantification by a phosphorimager (Molecular Dynamics) using the 

ImageQuant program. 

 

Plasma lipid levels of apoAI-/- mice that were infected with 

recombinant adenoviruses that express the WT or the mutated forms 

of apoA-I  

The analysis of the lipid levels in mice plasma four days post infection 

showed that administration of the adenovirus expressing ApoA-I(L144R) resulted 

in low total cholesterol levels and decreased cholesterol esters to total cholesterol 

ratio (CE/TC) as compared to mice that received the adenovirus expressing the 

wild type apoA-I. The difference in total cholesterol and CE/TC ratio between WT  



 

 
Figure 4. Representative northern blot analysis of hepatic mRNA. Hepatic mRNA 
was obtained four days post-infection from apoA-I deficient mice that were infected with 
adenoviruses expressing apoA-I(L144R) apoA-I(A164S) and WT apoA-I. The apoA-I 
signal was normalized for the mGAPDH mRNA signal. 
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and apoA-I(L144R) persisted even when the level of expression of the mutant (as 

determined by the steady state hepatic apoA-I mRNA levels) were increased 

(Table 2). These results indicate a dysfunction in the esterification of plasma 

cholesterol of mice that express the apoA-I(L144R) mutant protein. The plasma 

from mice that expressed apoA-I(A164S) had total cholesterol levels similar to 

the total cholesterol levels of plasma obtained from mice that expressed WT 

apoA-I (Table2). Also the CE/TC ratio of plasma obtained from mice expressing 

apoA-I(A164S) was similar to the CE/TC of plasma obtained from mice 

expressing WT apoA-I. 

 

Plasma lipid profile after FPLC fractionation 

A sample of mice plasma was analyzed by fast protein liquid 

chromatography (FPLC) as described in materials and methods. The FPLC 

fractionated the plasma particles according to their size in VLDL, LDL, and HDL. 

The HDL cholesterol fraction of mice expressing the apoA-I(L144R) was very 

small and resembled the HDL cholesterol fraction mice expressing the control 

protein (GFP). The HDL fraction of mice expressing the apoA-I(A164S) was 

similar to the fraction of mice expressing WT apoA-I (Figure 5).  

 

Distribution of the various apoA-I forms after fractionation of plasma 

by density gradient ultracentrifugation 

The distribution of the various apoA-I to the VLDL, LDL, and HDL  



Table 2. Hepatic apoA-I mRNA, total cholesterol and CE/TC ratio of mice 
expressing WT and mutant apoA-I forms. 

 

apoA-I WT (L144R) (L144R) (L144R)+LCAT (A164S) 
mRNA% 100 94±23 195 58±4 61±15 
Total cholesterol (mg/dl) 157 29±6 41 208±11 144±17 
CE/TC 0.7 0.41±0.18 0.35 0.75±0.01 0.68±0.05

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

62 
 



 
 
Figure 5. FPLC profiles of total cholesterol of apoA-I-/- mice infected with 
adenoviruses expressing the WT apoA-I, apoA-I(L144R), apoA-I(A164S) or the 
control protein GFP. Plasma samples were obtained 4 days-post infection. 
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lipoprotein fraction was determined by fractionation of plasma by density 

gradient ultracentrifugation as described in materials and methods. The analysis 

showed that apoA-I in mice expressing apoA-I(L144R) was greatly reduced and 

was distributed mainly in the HDL-3 region as compared to mice expressing the 

wild type apoA-I or apoA-I(A164S) where apoA-I was distributed in the HDL-2 

and to a lesser extent in the HDL-3 region (Figure 6A-C). 

 

Electron microscopy analysis 

To determine the nature of the HDL particles formed by the WT and the 

apoA-I(L144R) and apoA-I(A164S) mutant forms, fractions 6-8 (1.1<d<1.152) 

were pooled and analyzed by electron microscopy. This analysis showed that 

apoA-I(L144R) promoted the formation of few discoidal particles as well as of  

small size particles similar to those observed in mice expressing the control 

protein (GFP) (Figure 7A,C). In contrast wild type apoA-I and apoA-I(A164S) 

promoted the formation of spherical particles (Figure 7B,D). 

 

Non-denaturing two dimensional gel electrophoresis 

Plasma obtained from mice infected with recombinant adenoviruses 

expressing WT and mutant forms of apoA-I was analysed by 2D gel 

electrophoresis. The particles of the sample were analysed on the first dimension 

on agarose gel according to their electrical charge and on the second on non-

denaturing polyacrylamide gel according to their size. ApoA-I was detected with  



 
Figure 6A-C. Separation of plasma of apoA-I-/- mice infected with adenoviruses 
expressing the WT apoA-I (A), the apoA-I(L144R) (B), the apoA-I(A164S) (C) by 
density gradient ultracentrifugation and analysis of the fractions by SDS-PAGE. 
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Figure 7A-D. EM pictures of HDL fractions obtained from apoA-I-/- mice expressing 
the WT apoA-I, the apoA-I(L144R), the apoA-I(A164S) or the control protein GFP 
following density gradient ultracentrifugation. Panel A: HDL obtained from mice 
infected with adenovirus expressing the GFP control protein. Panel B: HDL obtained 
from mice infected with adenovirus expressing apoA-I WT. Panel C: HDL obtained from 
mice infected with adenovirus expressing apoA-I(L144R). Panel D: HDL obtained from 
mice infected with the adenovirus expressing the apoA-I(A164S). The photomicrographs 
were taken at 75,000x magnification and enlarged 3 times. Discoidal particles in panel C 
are indicated by arrows. 
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goat anti-human-apoA-I antibody in 1:1000 dilution and the first antibody was 

detected with rabbit anti-goat antibody in 1:3000 dilution. The electrophoresis 

showed that the mutant apoA-I(L144R) promoted the formation of preβ- and α4-

HDL particles (Figure 8B), whereas WT apoA-I and the mutant apoA-I(A164S) 

promoted the formation of normal preβ and α HDL subpopulations of different 

sizes (α1, α2, α3 and α4)(Figure 8A,C). 

 

LCAT corrects the abnormal phenotype produced by the apoA-

I(L144R) mutation 

The aberrant phenotype produced by the apoA-I(L144R) mutant form of 

apoA-I based on the low CE/TC ratio suggests LCAT insufficiency. To address 

this abnormality we treated apoA-I deficient mice with two viruses. The first virus 

was expressing the apoA-I(L144R) and the second human LCAT (hLCAT).  I 

performed the same analyses that are presented above. The analysis showed that 

the treatment with hLCAT increased the total cholesterol level. Also the CE/TC 

ratio was normalized (0.75) and became similar to the CE/TC ratio of mice 

expressing WT apoA-I (Table 2). 

 

Lipid profile of plasma obtained from mice co-infected with 

adenoviruses expressing apoA-I(L144R) and hLCAT after FPLC 

fractionation 

A sample of mice plasma was analyzed by fast protein liquid  



 
 
Figure 8A-C. Analysis of plasma obtained from mice expressing the WT apoA-I, the 
apoA-I(L144R) and the apoA-I(A164S) as indicated in the panels following 2D gel 
electrophoresis and Western blotting. 
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chromatography (FPLC) as described in materials and methods. Co-infection of 

apoA-I deficient mice with adenoviruses expressing apoA-I(L144R) and hLCAT 

normalized the HDL cholesterol peak and made it look more similar to the HDL 

peak obtained from mice infected with adenovirus expressing WT apoA-I as 

compared to the HDL peak of mice infected with adenovirus expressing apoA-

I(L144R) (Figure 9).  

 

Distribution of apoA-I(L144R) obtained from mice that were treated 

with adenoviruses co-expressing apoA-I(L144R) and hLCAT after 

fractionation of plasma by density gradient ultracentrifugation and 

electron microscopy analysis of the HDL fraction 

The distribution of apoA-I to the VLDL, LDL, and HDL lipoprotein 

fraction was determined by fractionation of plasma by density gradient 

ultracentrifugation as described in materials and methods. The analysis showed 

that apoA-I levels in mice expressing apoA-I(L144R) and hLCAT were increased 

and apoA-I was distributed mainly in the HDL-2 region and to a lesser extent in 

the HDL-3 region (Figure 10A) as compared to mice expressing only apoA-

I(L144R) where apoA-I was distributed in the HDL-3 region (Figure 6B). This 

distribution of apoA-I in mice treated with apoA-I(L144R) and hLCAT was 

similar with the distribution of apoA-I of mice expressing WT apoA-I (Figure 6A). 

The electron microscopy analysis showed that when mice expressing apoA-

I(L144R) were treated with hLCAT the apoA-I(L144R) promoted the formation of  



 
Figure 9. FPLC profiles of total cholesterol of apoA-I-/- mice co-infected with 
adenoviruses expressing the apoA-I(L144R) and hLCAT compared with mice 
expressing WT apoA-I and apoA-I(L144R). Plasma samples were obtained 4 days-post 
infection. 
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Figure 10. Separation of plasma of apoA-I-/- mice co-infected with adenoviruses 
expressing the apoA-I(L144R) and hLCAT by density gradient ultracentrifugation 
and analysis of the fractions by SDS-PAGE. EM picture of HDL fractions obtained 
from apoA-I-/- mice co-expressing apoA-I(L144R) and hLCAT GFP following 
density gradient ultracentrifugation. Panel A: HDL obtained from mice co-infected 
with adenovirus expressing apoA-I(L144R) and hLCAT. Panel B: HDL obtained from 
mice co-infected with adenoviruses expressing apoA-I(L144R) and hLCAT. The 
photomicrographs were taken at 75,000x magnification and enlarged 3 times. Discoidal 
particles in panel C are indicated by arrows. 
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spherical particles (Figure 10B) similar to those in mice expressing WT apoA-I 

(Figure 7B). This treatment corrected the presence of abnormal particles in the 

HDL fractions that were observed in the HDL fraction of mice expressing only 

apoA-I(L144R) (Figure 7C). 

 

Non-denaturing two dimensional gel electrophoresis of plasma 

obtained from mice expressing apoA-I(L144R) and hLCAT 

Plasma obtained from mice co-infected with recombinant adenoviruses 

expressing apoA-I(L144R) and hLCAT was analysed by 2D gel electrophoresis. 

ApoA-I was detected with goat anti-human-apoA-I antibody at a 1:1000 dilution 

and the first antibody was detected with rabbit anti-goat antibody at a 1:3000 

dilution. The electrophoresis showed that the mutant apoA-I(L144R) when co-

expressed with hLCAT promoted the formation of normal preβ and α HDL 

subpopulations of different sizes (α1, α2, α3 and α4) (Figure 11). This profile of 

HDL subpopulations is similar to the preβ and α HDL subpopulations observed 

in plasma obtained from mice expressing WT apoA-I (Figure 8A). This analysis 

showed that the treatment with hLCAT normalized the HDL subpopulations that 

are formed when mice are expressing apoA-I(L144R) alone (Figure 8B). 

 

 

 

 



 

 
Figure 11. Analysis of plasma obtained from mice co-expressing apoA-I(L144R) 

and hLCAT following 2D gel electrophoresis and Western blotting. ApoA-I was detected 
with anti human apoA-I antibody. 
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DISCUSSION 

 

Background 

ApoA-I is an important apolipoprotein that is required for the biogenesis 

and physiological functions of different HDL species (160). The biogenesis of 

HDL is a continuous pathway in which apoA-I and several other proteins interact 

in a specific manner to form initially preβ-HDL and subsequently after further 

lipidation, discoidal and spherical HDL particles (31). The order of the 

interactions in the initial steps of this pathway is partially elucidated. The HDL 

that is formed can then interact with several plasma proteins and other proteins 

that are present on the cells surface and these interactions remodel the HDL and 

contribute to its physiological functions to cell signaling and to atheroprotection 

(Figure 12). 

 

In the present study I introduced two mutations in apoA-I that are known 

to increase the risk of developing cardiovascular disease as determined in the 

Copenhagen City Heart Study. The Copenhagen City Heart Study is a prospective 

cardiovascular cohort study of the Danish general population initiated in 1976 to 

1978 with follow-up examinations in 1981 to 1983, 1991, and 2001-2005. This 

study will determine to what extend variation to the currently known genes (i.e.  

 



 
Figure 12. Simplified schematic presentation of the biogenesis of HDL and HDL 
functions (Modified from Zannis et al. 2007) 
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ABCA1, apoA-I, LCAT, CETP, PLTP, lipases and ABCGA1) (33;139) that affect the 

HDL pathway and few master regulatory genes of the HDL pathway (HNF-4, 

RXRα) determines HDL cholesterol levels and predicts risk of ischemic 

cardiovascular disease in the general population. Rare mutations in several of the 

genes encoding the above proteins are known to cause rare familiar HDL 

deficient syndromes (263;264). However the impact of genetic variation in these 

genes on the risk of CHD and ischemic cerebrovascular disease in the general 

population is not well understood. By studying these two naturally occurring 

mutations I tried to find the defect that they cause and which point of the HDL 

pathway they disrupt. 

 

 These genes expressing the mutated forms of apoA-I were transferred, 

using recombinant adenoviruses, in mice that were apoA-I deficient. This 

strategy has been successfully used by Dr. Zannis’ lab and it has helped to identify 

several discreet steps in the biogenesis of HDL(57) (86) and various forms of 

dyslipidemias (58;97).  

 

In this study two recombinant adenoviruses expressing two mutant forms 

of apoA-I (L144R and A164S) were generated. Then apoA-I deficient mice were 

infected, their blood was obtained, and their lipid profile was determined. Also 

mice were co-infected with the mutant L144R and hLCAT to determine the cause 
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of the aberrant phenotype and whether it could be corrected if higher doses of 

hLCAT were provided. 

 

The phenotypes of the A-I deficient mice that were infected with 

adenoviruses were expected to be similar with the phenotypes that are present in 

human heterozygotes for the same mutations. For these mutations only 

heterozygotes patients have been described so the HDL that they produced could 

have only WT apoA-I, only the mutant form or both forms. This fact restricted the 

study of the functions of the mutated forms of apoA-I. The mice that were used in 

this study made it possible to study the mutated forms without the presence of 

WT apoA-I. 

 

The levels and the formation of HDL were assessed by analyzing the 

plasma by gel filtration using FPLC, by electrophoresis in two dimensions and by 

using electron microscopy. Also the plasma was analyzed by density gradient 

ultracentrifugation in order to identify other defects in the HDL formation and 

distribution. Finally the total cholesterol levels and the cholesterol esters levels 

were measured and the CE/TC ratio was calculated. 

 

The mutated form apoA-I(L144R)  

When the L144R form of apoA-I was expressed in apoA-I deficient mice 

the levels of cholesterol in the plasma were decreased. Also this apoA-I formed 
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mainly preβ-HDL and small α4-HDL particles. The few HDL particles that were 

formed were discoidal or small spherical particles similar to the ones that are 

present in the plasma of mice expressing the control protein GFP. Moreover, the 

CE/TC ratio and the plasma HDL levels were greatly reduced.  

A previous study in human heterozygotes for this mutation has shown that 

the HDL-C, apoA-I and apoA-II were reduced to 40, 60, and 50% respectively 

compared to control subjects (265). The same study showed that humans 

carrying one allele with this mutation have HDL particles that contain less 

esterified cholesterol compared to those obtained from control subjects. 

 

The mutated form apoA-I(A164S) 

When the apoA-I(A164S) form was expressed in apoA-I-/- mice the levels 

of cholesterol remained in the same range as the levels in apoA-I deficient mice 

expressing WT apoA-I. Also the apoA-I that had the A164S mutation could form 

α1,α2, α3, and α4-HDL particles as well as a few preβ-HDL particles similarly to 

the particles formed by WT apoA-I. The particles that were formed were spherical 

and had the same size with the particles formed by WT apoA-I. Finally the levels 

of HDL cholesterol and the CE/TC ratio were in the same range as compared to 

mice expressing WT-apoA-I. The findings suggest that the apoA-I(A164S) 

mutation that is associated with increased risk of CHD in the Copenhagen City 

Heart Study does not have abnormality in the HDL pathway. It is possible that 

the increased risk of CHD is due to other properties of apoA-I such as increased 
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intracellular cleavage that may cause amyloidosis. This hypothesis will be 

pursued in the future by generation of transgenic mice expressing this mutant or 

by long term expression of this mutant using helper dependant adenovirus or 

adeno-associated viruses (266;267).  

 

The administration of hLCAT in mice can correct the aberrant HDL 

phenotype that is caused by apoA-I(L144R). 

To obtain more information about the cause of the aberrant lipid profile 

phenotype caused by apoA-I(L144R) apoA-I deficient mice were co-infected with 

a combination of adenoviruses, the one expressing apoA-I(L144R) and the other 

hLCAT. The combination of these two adenoviruses corrected the levels of apoA-I 

and HDL in the plasma of mice; it also restored the CE/TC ratio to normal levels 

and leaded to the formation of spherical HDL particles with normal preβ- and α-

HDL subpopulations. 

 

The correction of the lipid profile of the mice after the expression of 

hLCAT indicates that the mutant form apoA-I(L144R) is expressed and secreted 

efficiently from the liver and that the low levels of HDL-C and apoA-I, that were 

observed in the plasma of the mice when the protein was expressed alone, were 

not involving expression or secretion defects of this protein. This finding suggests 

that the step that is affected is the step of esterification of cholesterol from the 

enzyme LCAT in the lipidated apoA-I particles that are formed by interaction of 
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apoA-I with LCAT. This interaction will be tested in future experiments in vivo by 

studying the in vitro efflux by J774 macrophages stimulated by cyclic AMP 

analogs or cells transfected with ABCA1 as described in (57). 

 

The findings of this study are consistent with a previous study which 

showed that heterozygotes having one allele of this mutant form of apoA-I have 

slightly increased secretion rate of apoA-I and a two-fold higher fractional 

catabolic rate of apoA-I compared to controls (265). The increased catabolism 

most likely reflects the rapid removal of the lipid and apoA-I(L144R) mutant. 

Such catabolism may be mediated by the cubulin receptor in the kidney 

(268;269). 

 

The amino acid Leu144 of apoA-I affects the interaction of apoA-I with 

LCAT  

Due to the insufficiency of LCAT in plasma it seems that the newly 

synthesized lipid-poor apoA-I that is formed by its interactions with ABCA1 is 

removed from the plasma. This has been observed in a previous study (265) in 

plasma obtained from human heterozygotes for the apoA-I(L144R) mutation. As 

it is also know cubulin, a 600 kDa membrane protein, can bind apoA-I and HDL 

and promote its catabolism by the kidneys (268), (269). These findings follow a 

similar pattern with the phenotype observed in apoA-I deficient mice expressing 

apoA-I(L141R)Pisa and apoA-I(L159R)FIN (95). In these two naturally occurring 
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mutants it was also shown that there is a significant decrease of LCAT and this 

decrease can be attributed to the increased catabolism of LCAT that is bound to 

lipid-poor apoA-I (96). 

 

CONCLUSIONS 

In conclusion, the findings of this study show that in the case of apoA-

I(L144R) after the initial lipidation of apoA-I, the LCAT can not esterify 

efficiently the cholesterol of the preβ particles. This leads to immediate removal 

of the preβ-HDL thus the HDL-C levels in the mice expressing apoA-I(L144R) are 

low. 

 

The mutant apoA-I(A164S) which was also identified in the Copenhagen 

City Heart study to be connected with increased risk for CHD it has been shown 

from the performed studies that can form normal sized HDL that has similar sub-

populations to the HDL formed by WT apoA-I. It is possible that this mutation 

may cause amyloidosis and thus contribute to the increased CHD risk. 

 

The correction of the aberrant HDL phenotypes by treatment with LCAT 

suggest a potential therapeutic intervention for HDL abnormalities that result 

from specific mutations in apoA-I. 
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FUTURE DIRECTIONS 

The study of naturally occurring mutations contributes to the clarification 

of the molecular pathways that are involved in the several steps of biogenesis of 

HDL. It also helps developing new diagnostic methods and can also help in the 

prognosis and even the therapy of dyslipidemias. 

 

The experimental approaches used in the present thesis will be used in 

future studies to  investigate the structural function of apoA-I mutants that affect 

the interactions of apoA-I with other important proteins of the HDL pathway 

such as ABCA1, LCAT, PLTP, and SR-BI. 
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