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Chapter 1 

GENERAL INTRODUCTION 

1.1 Introduction 

Cholesterol and triglycerides have an essential role in the human body. Cholesterol has 
important functions in membranes where it modulates fluidity and maintains the t>arrier 
between cell and environment. Cholesterol also serves as a precursor for the synthesis of 
steroid hormones, bile acids and vitamins. This complex molecule which requires 25 or more 
enzymes for its creation, can be synthesized in every mammalian cell, with the exception of 
mature red blood cells. 

The metabolism of cholesterol is a dynamic process. A normal person weighing 70 kg 
contains approximately 145 g of cholesterol. Of this total amount of cholesterol about 8 g 
(5.5%) is present in plasma. Humans increase their cholesterol content each day by 
producing about 1.0 g of cholesterol themselves, and by consuniiing about 0.5 g. The 
maximal amount of cholesterol that can be absorbed daily in the intestine from diet and bile 
acids is 0.3 g. The amount absorbed can be affected by the dietary intake of fat. Daily the 
total metabolic requirement of cholesterol is no more than 350 mg (one egg contains 220 
mg). Therefore, to prevent accumulation, the excess of cholesterol is secreted from the body 
in the form of bile acids, as free cholesterol or in the form of steroid hormones (in faeces, 
through the skin, in milk and urine) [Myant, 1981]. Most of the bile acids are reabsorbed, 
giving rise to the enterohepatic circulation. 

Triglycerides supply cells with fatty acids, which are used as an energy source in muscle, 
or for storage in adipose tissue. It has been suggested that the amount and the type of 
triglycerides affect the absorption of cholesterol. Disturbances in the balance of both 
cholesterol and triglyceride may be harmful to the human body. 

In 1913 Anitschkow first recognized that a high blood level of cholesterol, as a result of 
a high cholesterol diet, could produce atherosclerosis in rabbits. Atherosclerosis is a disease 
in which cholesterol accumulates in the wall of arteries, and forms bulky plaques that inhibit 
the flow of blood, and, eventually, may even close down the artery itself. More often, 
however, the atherosclerotic plaque predisposes the artery to occlusion by a thrombus, which 
may lead to a heart attack or a sbx)ke. As early as 1733, it had been observed by Vallisniere 
that gallstones were soluble in alcohol. In 1789 De Fourcroy isolated a substance from 
gallstones which he called "adipocire" (fatty wax). Later, in 1816, Chevreul designated this 
substance, which is now known as cholesterol, Cholesterine which comes from the Greek: 
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choie, meaning bile and stereos, meaning solid. Since these early studies, Nobd Prizes have 
been awarded on thirteen occasions to scientists who have devoted the major part of their 
careers to cholesterol, giving an indication of the interest in this molecule. 

Numerous studies have indicated serum cholesterol as the major risk factor for 
atherosclerosis. The role of triglycerides in the development of atherosclerosis is much less 
clear. 

1.2 Cholesterol and triglyceride metabolism 

Since cholesterol and triglycerides are insoluble in water, for transport they are packaged into 
lipoprotein particles in which they form a hydrophobic core sunounded by a surfece 
monolayer of polar phospholipids (Fig. 1). The surface coat also contains unesterified 
cholesterol in relatively small amounts, together with proteins called apolipoproteins. 
Through interactions with enzymes and cell surface receptors the apolipoproteins direct each 
lipoprotein to its site of metabolism. 

The plasma lipoproteins consist of five major classes (chylomicrons, VLDL, IDL, LDL, 
HDL) and several subclasses (Table 1). The major classes are most often separated using 
ultracentrifugation on account of their different densities. Each class is highly heterogeneous 
because of the constant modification of the composition and size of the lipoproteins. As 
shown in Fig. 2, the lipoprotein metabolism can be divided conceptually into exogenous and 
endogenous pathways which transport lipids of dietary and hepatic origin, respectively. 

Cholesterol 

apoE 

Triglyceride. 

apoBlOO 

* Q.'l ? VT^/,^,,.^Phospholipid 

^ & ^ ^ 
m̂ 

o-

apoCl H ^ h ^ 

Cholesteryl ester 

apoC3 

apoC2 

Figure 1. A model of Very Low Doisity Lipoprotein. In 1929 Macheboeuf observed for the first time that 
lipids circulating in blood were bound to proteins. He designated this as 'conq>Iexe lipido-proleidique". The 
term 'lipoprotein* was introduced in 1937. 

Figure 2. Next page: Exogenous and endogenous fat-transport pathways are outlined. For reasons of clarity 
only those apolipoproteins that play a role in receptor-mediated transport are shown, o . Cholesterol; • , 
Proteins; ff, Fatty acids. 
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Table I . Physical properties and composition of human plasma lipoproteins [Gotto, 1986]. 

diameter (nm) 
mobility' 

density (g/ml) 

protein 
triglyceride 
phospholipid 
cholesteiyl ester 
firee cholesterol 
major apolipoproteins 

Chylomicron 

75-1200 
remain at 
origin 
< 0.96 

1-2 
88 
8 
3 
1 

A1,A4,B48, 
C1,C3,E 

VLDL 

30-80 
pre-|8 

0.96-1.006 

6-10 
56 
20-
15 
8 

B100,C1,C2, 
C3,E 

IDL 

25-35 
pre-ßlß 

1.006-1.019 

11 
29 
26 
34 
9 

Biao,E 

LDL 

19-25 

ß 

1.019-1.063 

21 
13 
28 
48 
10 

BlOO 

HDL 

5-12 
a 

1.063-1.210 

45-55 
15 
45 
30 
10 

A1,A2,E 

' According to the mobility of plasma a- and |S-globulins on agarose gel electrophoresis. 
The values given for protein, triglyceride, phospholipid, cholesteryl ester, and free cholesterol are expressed 
as the percentage of total weight. 

1.2.1 Exogenous pathway 
The exogenous pathway begins with the formation of triglyceride-rich particles in the 
intestinal q>itiielium during the absorption of dietary fat [Attie, 1982; Mahley 1991]. These 
particles, called chylomicrons, carry dietary triglycerides as their main constituent together 
with cholesterol. On their sur&ce the chylomicrons bear apolipoproteins, primarily apoB48, 
apoAl and apoA4. After synthesis the chylomicrons enter the blood circulation via the 
lymph. Once in the circulation they release their apoAl and part of apoA4 and they acquire 
apoCl, C2, C3, and apoE. Additionally, their triglycerides are rapidly hydrolysed by the 
enzyme lipoprotein lipase (LPL). This enzyme is attached to the endothelial cells lining the 
blood capillaries, and, for its activity, uses apoC2 as co-factor [Olivecrona, 1990]. As a 
consequence of lipolysis, fatty acids are generated and transported to muscle tissue for energy 
and to adipose tissue for storage. Because of the reduction of the amount of triglycerides in 
the core of the lipoprotein, part of the surface components become superfluous. The excess 
surface components, phospholipids together with small amounts of cholesterol, apoC3, apoC2 
apoAl and apoA4, are transferred to existing HDL particles [Tall, 1978], or may form 
nascent HDL-like particles. The chylomicrons which have lost part of their triglycerides 
through the action of LPL, and have become relatively enriched in cholesterol and apoE, are 
referred to as chylomicron remnants. 

These remnants are rapidly removed from the circulation by the liver through receptor-
mediated endocytosis [Sherill, 1978; Windier 1980]. The ligand responsible for the binding 
of the remnants to the receptor is apoE [Mahley, 1989a; Sherill, 1980]. The mechanism of 
uptake is not yet fully understood. It is believed to be a two-step mechanism; the 
chylomicron remnants first pass through the fenestrae of hepatic endothelial cells and 



accumulate in the space of Disse [Stdn, 1969]. The remnants are then internalized via the 
LDL receptor and/or a specific remnant- or apoE receptor. 

It has long been assumed that only the remnant receptor was involved in the liver uptake 
of chylomicron remnants. One likely candidate for the remnant receptor appeared to be the 
recentiy-discovered LDL receptor-related protein (LRP) [Herz, 1988]. However, the long-
stated assumption that the LDL receptor is not essential to the uptake of the chylomicron 
remnant by the liver is being increasingly challenged [Kita, 1982; Floren, 1981; Koo, 1988; 
Windler, 1988; Choi, 1991]. The relative importance of the LDL receptor in the clearance 
of chylomicrons versus other receptors remains to be determined. 

The chylomicron remnants carry cholesterol to the liver. The cholesterol is then either 
reused by the liver for the production of nascent lipoproteins, such as VLDL, or secreted 
ftom the body in the form of bile acids and ftiee cholesterol. Recentiy, it has been 
demonstrated that in certain animal species, and possibly in humans, chylomicrons aie also 
catabolized by the bone marrow, where they could be involved in the maintenance, 
proliferation, differentiation, and maturation of bone marrow stem cells, or in the delivery 
of fat-soluble vitamins [Hussain, 1989a; Hussain, 1989b]. 

1.2.2 Endogenous pathway 
The endogenous pathway begins with the secretion by the liver into the plasma, of 
triglycerides together with cholesterol, packaged in the form of VLDL. Cholesterol can be 
derived from chylomicrons or can be synthesized by the liver itself. The triglycerides which 
are incorporated in VLDL are composed of fatty acids derived either from de novo synthesis 
within the liver, or as a result of hydrolysis of lipids transported to the liver mainly in the 
form of chylomicron remnants or attached to albumin. Cholesterol and triglycerides associate 
intracellularly with apoBlOO, thereby creating VLDL particles. Each VLDL particle contains 
one apoBlOO protein which remains associated with the lipoprotein throughout its lifetime. 
Upon secretion into the plasma, the VLDL acquire apoCl, C2, C3 and apoE. VLDL are 
secreted by the liver in order to transport triglycerides to adipose tissue for storage and to 
muscle as an energy source. In the circulation, the triglycerides of VLDL are hydrolysed by 
the action of LPL, as described for chylomicrons. This results in the formation of smaller 
relatively cholesterol-enriched lipoproteins, called VLDL remnants or iittermediate density 
lipoprotdns (IDL). It has been proposed that the interaction of VLDL with LPL is less 
efficient than the interaction of chylomicrons with the enzyme due to their smaller size 
[Olivecrona, 1983], this may result in a longer circulation time for VLDL. In humans, the 
half-time for the clearance of chylomicrons and their remnants from the plasma is less than 
an hour, and can be as short as 5 minutes. For VLDL it is 2 to 4 hours. During the process 
of lipolysis the major surftice components of the VLDL particles are transferred to HDL or 
may give rise to new HDL-like particles as has been described for chylomicrons. 

In normal human subjects 10 to 60% of the VLDL are supposed to be removed direcüy 
from the plasma [Berman, 1978; Sigurdsson, 1975; Reardon, 1978]. The remainder is 
converted into LDL, which is the end product of lipolysis [Eisenberg, 1973; Sigurdsson, 
1975; Havel, 1984]. The removal of most of the VLDL remnants is mediated by LDL 



recq>tors which are mainly present in the liver. This is one of the reasons why the liver is 
the most important organ in lipoprotein metabolism [Kita, 1982]. 

The mechanism and the site of conversion of IDL into LDL are still unknown, but there 
is speculation that it occurs in the liver sinusoids possibly by the action of hepatic lipase 
[Rubinstein, 1985]. It has been suggested that apoE present on the VLDL remnants, 
facilitates tiie activity of hepatic lipase [Ihuren, 1991]. The eventual formation of LDL from 
IDL is accompanied by a further loss of triglycerides, phospholipids, apolipoprotein C's and 
E [Gotto, 1987; Marzetta, 1990]. ApoBlOO, the only remaining protein component of LDL, 
serves as the ligand for binding to the so-called LDI^receptor. 

About two-thirds of the amount of cholesterol that is present in the human plasma 
circulates in the form of LDL. The average lifespan of the LDL particles is approximately 
3 days. The hepatic LDL receptors are responsible for the removal of approximately 70% 
of the circulating LDL [Pittman, 1979; Kita, 1982] and the rest is removed by extrahepatic 
LDL receptors. The fraction of the LDL which is left is taken up by other, less efficient, 
LDL-receptor-indq)endent mechanisms [Attie, 1982] including possibly the scavenger 
receptor. 

Although VLDL also contain apoBlOO, their major constituent for cellular recognition 
is apoE. The uptake and degradation of large human plasma VLDL is, however, considerably 
lower than expected from tiieir apoE content [Krul, 1988]. The capacity of apoE, which is 
present on the surface of the large VLDL, to serve as a ligand for LDL receptor binding 
appears to be somewhat depressed [Demant, 1988; Gianturco, 1982]. ApoCs have been 
shown to be able to inhibit the interaction of apoE with the LDL receptor, with apoCl being 
the most effective [Sehayek, 1991a]. As a consequence of lipolysis the lipoproteins lose their 
apoC [Sehayek, 1991b] and, consequenüy, the accessibility of the apoE present on the 
surface of the VLDL remnants increases. This results in an enhancement of the ability of 
these particles to bind to the LDL receptor [Krul, 1988]. 

1.3 Several Aspects of Very Low Density Lipoprotein catabolism 

1.3.1 Hie role of lipoprotein Upase 
Lipoprotein lipase (LPL) was first noted by Hahn in 1943 as a "clearing factor" present in 
lipemic dogs after heparin injection. Later on this was recognized as the result of the activity 
of a lipolytic enzyme [Anfinsen, 1952], which was named lipoprotein lipase by Kom [1955]. 
LPL is involved in the catabolism of triglyceride-rich lipoproteins. It catalyses the first and 
rate-limiting step in the removal of triglyceride from these lipoproteins. The enzyme is 
located on the luminal surface of the capillary endothelial cells, where it is anchored via ionic 
int^actions to glycan chains of heparan sulphate proteoglycans [Saxena, 1991; Cryer, 1987]. 
Saxena et al. [1991] have identified this endothelial receptor as a 220 kDa proteoglycan. 
Hq)aran sulphate proteoglycans, which are present on most cell types, are heterogenous. 
Differences in chemical composition and core proteins can affect the release, recycling and 
translocation of LPL [Cassaro, 1977; Hoogewerf, 1991]. As well as these structures, a 



variety of other binding-sites, including dermatan sulphate and chondroitin sulphate 
proteoglycans, also exist, which bind LPL albeit witii a lower affinity. 

LPL hydrolyses triglycerides ftom chylomicrons and VLDL and possibly LDL, using 
apoC2 as a co-factor. It has been observed tiiat several lipase molecules are capable of 
interacting with a single lipoprotein at tiie same time [Olivecrona, 1989]. LPL hydrolyses 
tiiglycerides sequentially into diglycerides and furüier into monoglycerides, or directiy into 
monoglycerides [Wang, 1992]. The fetty acids are subsequentiy taken up by the underlying 
tissues. If tiie removal is not fast enough, the accumulation of ftitty acids, may result in the 
formation of LPL-fatty acid complexes. It has been suggested tiiat tiie formation of diese 
complexes may lead to the inhibition of tiie LPL activity, and the release of LPL into die 
circulation [Wang, 1985; Scow, 1977; Olivecrona, 1990]. This phenomenon was observed 
in endotiielial cells but not in eitiier cardiac myocytes or perfused rat hearts [Rodrigues, 
1992]. Since LPL regulates the delivery of fatty acids to tissues for storage in adipose tissue 
or oxidation in muscle tissue, its activity is tightiy controlled. Regulation of LPL occurs via 
a change in total tissue activity or by redistiibution of tiie enzyme towards tiie vascular 
endotiielium. A variety of factors, other than the removal of tiie fetty acids are known to 
affect LPL activity. One of these is tiie nutiitional status of an individual. During festing, tiie 
LPL activity in adipose tissue decreases, and after a meal it rapidly increases [Semb, 1989]. 
This regulation may at least in part be mediated by insulin [Kiens, 1989]. Otiier hormones 
are also known to affect the LPL activity. A regulating effect of tumour necrosis factor has 
beai reported [Feingold, 1992]. Furthermore the LPL activity has been found to be 
influenced by apolipoproteins. High amounts of apoC3 have been shown to inhibit LPL 
activity [Wang, 1985; McConnathy, 1992]. In addition, apoE has been reported to exhibit 
inhibitory activity [Wang, 1981; McConnatiiy, 1989], although otiiers have suggested tiiat 
apoE plays a role in tiie conversion of VLDL-remnants into LDL [Chung, 1983; Ehnholm, 
1984]. 

Individuals who are genetically deficient in LPL activity exhibit exti^me posqirandial 
hypertriglyceridemia [Santamarina-Fojo, 1992]. This usually results in hyperchylomicron-
emia, a disorder inherited as an autosomal recessive tait. The variability of expression of 
hyperlipidemia in LPL heterozygotes, indicates that unidentified genetic and/or environmental 
factors may modulate tiie expression of the heterozygous state for LPL deficiency. 

In tiie case of low LPL activity, as in inherited LPL deficiency, HDL levels are 
decreased and patients display hyperchylomicronemia, indicating a relationship between LPL 
and both biglyceride-rich lipoproteins and HDL-cholesterol levels [Hayden, 1991]. 

Structure andfimction of LPL 
Togetiier with hepatic lipase and pancreatic lipase, LPL belongs to a conserved lipase gene 
family patta, 1988]. Thé sequence of lipases is also homologous to Drosophila yolk proteins 
[Elayden, 1991]. Characteristics which differentiate LPL from otiier lipases are its pH 
optimum (8.4), its activation in vitro by serum apoC2, and its inhibition by high 
concentrations of sodium chloride. An important characteristic shared by all tiiree lipases is 
tiiat tiiey become activated at the lipid-water interface [Desnualle, 1960; Sarda, 1958]. 



The human LPL gene includes 10 exons spanning 30 kb, and is localized on chromosome 
8 [Wang, 1992; Lalouel, 1992; Yang, 1989]. Its primary sbuctiire has recentiy been 
established [Kirchgessner, 1989; Yang, 1989]. The hepatic lipase gene which is very sinülar 
to the LPL gene in its organisation, is localized on chromosome 15 [Sparkes, 1987]. 

LPL is a glycqirotdn that is synthesized as a 49 kd polypeptide, and becomes a mature 
protein of 55 kd after glycosylation [Kiimunen, 1976]. For human LPL, two potential N-
glycosylation sites, Asn-43 and Asn-359, have been reported [Semankovich, 1990]. 

Insight into the structure of LPL has been provided by the three-dimensional 
crystallographic structure of human pancreatic lipase. LPL is thought to consist of two 
structural domains. The N-terminal domain of human lipase includes the catalytic triad, 
Ser"^-Asp"*-His ^' , which is buried in a hydrophobic pocket [Winkler, 1990]. LPL, and also 
pancreas lipase and hepatic lipase, contain a lid structure located between the disulphide-
bridged residues 216 and 239, which covers the active site [Winkler, 1990; Lawson, 1992]. 
It has been proposed that interfacial activation occurs through repositioning of the lid to allow 
access to the catalytic site by the substrate. 

LPL needs apoC2 as a plasma activator protein to express its full activity [Sparkes, 1987, 
58]. The site of interaction of LPL with apoC2 has been located at the N-terminal domain 
(lysine at residues 147 and 148) [Bruin, 1992]. This is also the domain responsible for 
inhibition by salt. The heparin-binding site has been located at the C-terminal domain, and 
consists of a high concentration of positively-charged amino acids between residue 402 and 
446 [Davis, 1992]. Parenchymal cells of a variety of tissues have been shown to synthesize 
LPL [Nilsson-Ehle, 1980]. The highest amounts of LPL mRNA were found in adipose tissue, 
heart and some red muscles [Kirchgessner, 1989; Semenkovich, 1989]. It was also detected 
in the mammary gland, brain, diaphragm, lung, aorta, kidney, uterus, intestine and spleen. 
Furthermore, LPL is synthesized by monocyte/macrophages or macrophage-derived foam 
cells and by smooth muscle cells present in plaques, hereby suggesting a role for LPL in the 
development of atiierosclerosis [Hamosh, 1983; O'Brien, 1992; Yla-Herttuala, 1991]. 

After its synthesis, part of the mature lipase is rapidly intracellularly degraded. Only a 
fraction of the lipase is secreted into the medium [Semb, 1989; Masuno, 1990] and is 
transported across the endothelial cells to binding sites at the cell surface of adjacent 
capillaries [Saxena, 1991], which is the major site of its activity. From its binding site the 
enzyme can dissociate into the circulation, or be recycled into the cells and degraded. In the 
circulation, low concentrations of LPL are usually present. Goldberg et al. [1986] found that 
the majority of the circulating enzyme is associated with lipoprotdns. Lateron Villela et al. 
[1991] reported that it is associated mainly with LDL and HDL. The amount of circulating 
LPL is generally kspt low because of a rapid removal by the liver [Olivecrona, 1989a]. 

1.3.2 LDL receptor 
The LDL receptor was first identified in 1973 by Goldstein and Brown (Fig. 3) [Brown, 
1974]. Evidence has been obtained that domains of the LDL receptor have been conserved 
for ovCT 350 million years [Mehta, 1991a; Mehta, 1991b]. 
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Figure 3 . Schematic illustration of the interaction of the LDL receptor (a single protein with five domains), 
and the putative receptor-binding domain of apoE. NPVY, a short tyrosine-containing sequraice that is 
recognized by coated pit proteins. • , cysteine. The three dimensional structure of the major part of the N-
terminal domain of apoE (residues 23-166) determined by x-ray crystallography [Aggeibeck, 1988] is shown. 
The four helices (numbered I to IV) are ftced antiparallel. The putative LDL receptor-binding domain is 
indicated. The figures of apoE and of the LDL receptor were kindly supplied by Dr. Weisgraber and by Dr. 
Hobbs, and are reproduced here with their permission. 

The LDL receptor has been found to play a central role in lipoprotein metabolism and 
cholesterol homeostasis [Innerarity 1991]. The ligands for tiie LDL receptor are apoBlOO and 
apoE. ApoBlOO is responsible for tiie interaction of LDL witii the receptor. The single copy 
of apoBlOO present on LDL interacts witii a single LDL receptor [Van Driel, 1989]. ApoE 
is responsible for the interaction of DDL, VLDL remnants, and several other lipoproteins 
including jS-VLDL witii tiie receptor [Innerarity, 1978]. ApoE has a higher affinity for tiie 
LDL receptor than apoBlOO. In addition, multiple copies of apoE present on VLDL- or 
chylomicron remnants are able to interact with a single LDL receptor, and a single 
lipoprotdn, containing multiple copies of apoE, can also bind to more than one LDL receptor 
simultaneously [Van Driel, 1987]. 

The number of LDL receptors present on the cell surfece is regulated by the amount of 
unesterified cholesterol available witiiin the cell [Goldstein, 1977]. Whenever tiie demand is 
high, cells will increase their production of LDL receptors. On the other hand, if the demand 
is low, tiie number of LDL recq)tors decreases [Brown, 1985; Russell, 1983; Brown, 1986]. 



The receptor will allow as much cholesterol to enter the cdl as is required, and thus prevent 
cholesterol-overloading of the cdl. The majority of LDL receptors are located within the 
liver, and only a small number of receptors exist extrahepatically. The LDL receptors that 
are found in the liver are assumed to be immunologically indistinguishable from the LDL 
receptors present in extrahepatic tissues. At the cellular level, the hepatic LDL receptors are 
disbibuted uniformly over the sinusoidal surfece, especially on the microvilli and 
intermicrovillus membranes, while in most extrahepatic tissues the LDL receptors are 
concentrated in coated pits [Patiiak, 1990]. 

The mature LDL receptor is a single transmembrane glycoprotein containing 839 amino 
acids [Goldstein, 1985]. The receptor is synthesized as a precursor with an apparent 
molecular wdght of 120 kD, and is converted in the Golgi to a mature form with an apparent 
molecular weight of 160 kD by the addition of sialic acid and two N-linked and dghteen O-
linked oligosaccharides, co- and post-ti:anslationally, respectively [Cummings, 1983; Brown, 
1983]. The receptor is organized into five functional domains, each contributing to the 
functional activity of the recq)tor (Fig. 3). The five domains are: 1) the ligand-binding 
domain, 2) the q>idermal growth factor (EGF) precursor homology domain, 3) the O-linked 
sugar domain, 4) the membrane-spanning domain and 5) the cytoplasmic domain [Innerarity, 
1991; Brown, 1986]. 

The amino-terminal 292 amino acids of the LDL receptor contain seven copies of a 40-
residue repeat, which constitute the ligand-binding domain. Each repeat contains a negatively-
charged cluster of residues, which interacts witii the positively-charged receptor binding 
domains of apoB and apoE [Brown, 1978; Weisgraber, 1978]. The epidermal growth factor 
(EGF) precursor homologous domain consists of about 400 amino acids, located next to the 
ligand-binding domain. This domain is sbx>ngly homologous (35% of tiie aminoacids are 
identical) with the epidermal growth factor precursor. The precise function of this domain 
is still unknown [Russell, 1984]. So is the function of the O-linked polysaccharide domain, 
which consists of 58 amino acids just outside the plasma membrane. It has been suggested 
that it may be possible to influence the three-dimensional structure of the ligand-binding 
domain of the protein in order to facilitate its interaction with lipoproteins. 

The membrane-spanning domain consists of 25 hydrophobic amino acids. Its function is 
to anchor the LDL receptor protein to the cell surface. Should the exon encoding for this 
domain be deleted, the mutant LDL receptor dissociates from the cell membrane [Lehrmann, 
1985]. 

The cytoplasmic domain or the carboxy-terminal part of the LDL receptor consists of 50 
amino acids which are located inside the cell. This domain is involved in directing the 
recq)tor into coated pits. Naturally-occurring mutations in tiiis domain resulted in a disturbed 
clustering of the LDL receptor into coated pits and a disturbed subsequent intemalisation of 
the LDL receptor-lipoprotein complex [Davis, 1987]. 

1.3.3 Remnant receptor 
The remnant- or apoE-receptor has long been a puzzle to researchers. Suspicions about a 
special receptor for chylomicron remnants were aroused when their apparentiy normal 
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clearance ftom the bloodsbjcam was observed in Watanabe-heritable-hyperlipidenüc (WHHL) 
rabbits and in patients witii homozygous familial hypercholesterolemia (FH), who have severe 
defidendes of LDL receptors [Kita, 1982; Kita, 1981]. Hui et al. [1981] found tiiat a 
binding site spedfic for apoE, and distinct from tiie LDL recq)tor was present in dog livers. 
The postulated remnant- or apoE recq)tor is tiiought to differ from tiie LDL receptor witii 
respect to its regulation and its Câ "̂  requirement. In contiast to tiie LDL receptor, this 
receptor is thought to require only moderate amounts of Câ "̂  for the binding of lipoproteins, 
and not to be regulated by cellular cholesterol levels or drugs or otiier factors. 

In contixkst to these early observations, it has recentiy hœn reported tiiat a delay in tiie 
clearance of chylomicron renmants from tiie plasma of WHHL rabbits has been observed. 
Demacker et al. [1992] have suggested tiiat tiiis discrepancy could be due to tiie marker used 
to trace tiie chylomicron remnants. 

Several proteins have been proposed as a candidate for tiie remnant receptor [Kinoshita, 
1985; Hui, 1986] and have subsequentiy been rejected [Beisiegd, 1988]. In 1988, Herz et 
al., while searching for clones homologous to the LDL receptor, also isolated cDNA for low 
density lipoprotein receptor related protein (LRP) from a cDNA library prepared from human 
cytotoxic T lymphocyte RNA. 

The LRP was found to be roughly equivalent to four LDL receptors and was considered 
to be a likely candidate for tiie remnant receptor. It turned out to be the largest plasma 
membrane protein (4525 amino acids) ever described witii messenger RNA of 15 kb. LRP 
is synthesized as a precursor witii an apparent molecular weight of ~ 600 kD. On its way 
to tiie cell surface LRP is cleaved into two subunits of 515 kD and 85 kD. The larger 
subunit, which contains tiie ligand-binding domain remains attached to the membrane through 
non-covalent association with the smaller subunit, which contains the membrane spanning 
domain and cytoplasmic tail. It has been shown that tiie LRP binds apoE and calcium 
[Beisiegd 1989; Herz, 1988]. It also binds apoE-enriched j8-VLDL, which is known to 
stimulate tiie cholesterol esterification more tiian 40-fold in LDL receptor-defective 
fibroblasts [Kowal, 1989; Kowal, 1990]. It has been shown tiiat tiie binding of ligands to tiie 
LRP can be blocked by a 39-kDa protein [Herz, 1991]. However, just as tiie hypotiiesis of 
tiie LRP as tiie remnant receptor was becoming convincing, the «j-macroglobulin receptor 
was found to be identical to tiie LRP [Sbickland, 1990; Kristensen, 1990]. Van Dijk et al. 
[1992] and Huettinger et al. [1992] have shown tiiat, in vivo in tiie rat, lactoferrin specifically 
inhibits endocytosis of j8-VLDL and chylomicron remnants but not of «j-Macroglobulin, 
suggesting that different binding sites are involved. However, Willnow et al. [1992] reported 
tiiat lactoferrin inhibited tiie binding of tiie LPL/j8-VLDL-complex to tiie LRP on 
nitiwdlulose blots. Recentiy Jackie et al. [1993] have reported tiiat in vivo in tiie rat tiie 
LRP is not involved in tiie removal of eitiier chylomicron remnants or j8-VLDL from the 
circulation. In conclusion, the LRP is a multifunctional receptor, which does not appear to 
have a major role in the catabolism of triglyceride-rich lipoprotdns. 

1.3.4 ApoUpoprotein E 
ApoE, initially referred to as "arginine-rich" apoprotein, was first identified in 1973 as a 
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protdn constituent of VLDL (Fig. 3) [Shore 1973]. It is a single polypeptide witii a 
molecular wdght of 34,2(X) kD. ApoE plays a key role in cholesterol and triglyceride 
metabolism. It is one of the major protdn constituoits of several plasma lipoproteins, 
including chylomicron- and VLDL remnants, and a subclass of HDL. It is involved in the 
maintenance of the structure of these lipoprotein particles and the regulation of their 
catabolism [Mahley, 1984; Breslow, 1985]. An important role of apoE is to mediate tiie 
interaction of these lipoproteins with the LDL rec^tor, a role apoE shares with apoBlOO, 
and with the postiilated remnant- or apoE receptor [Mahley, 1984; Brown, 1986; 1983]. 

The apolipoprotein is synthesized by a large variety of cells throughout the body. The 
main sites of synthesis and secretion are the liver parenchymal cells where it is secreted in 
association with VLDL [Elshourbagy, 1985; Lin, 1986]. It has also been suggested tiiat a 
large percentage of nascent apoE is secreted in a lipid-poor form which can associate 
extracdluarly with preformed lipoprotein particles [Dolphin, 1986; Hussain, 1989]. The 
organ with the second highest level of apoE mRNA is the brain, where the major source of 
apoE is the astrocyte [Elshourbagy, 1985]. ApoE is not able to cross the blood-brain barrier, 
and thus a separate pool of apoE is present in the brain [Kraft, 1989; Linton, 1991]. In 
addition, macrophages in many tissues synthesize large quantities of apoE, especially as a 
response to injury. A role has therefore been suggested for apoE in tiie repair response to 
tissue injury, and specifically nerve injury [Mahley, 1988]. It may also be involved in otiier 
processes unrelated to lipid transport, such as immunoregulation and modulation of smooth 
muscle cdl growth and differentiation [Mahley, 1990; Davignon, 1988]. 

Structure andfimction ofapoE 
The APOE gene is 3.7 kb long and consists of four exons and three introns [Das, 1985; 
Paik, 1985], and is linked to tiie APOCl gene, the APOCl pseudogene, and the AP0C2 
gene in a 50 kb cluster on the long arm of chromosome 19 [Tata, 1984]. ApoE is synthesized 
as a piepeptide of 317 amino acids. Post-translational cleavage of a signal peptide of 18 
amino acids results in a major apoE protein of 299 animo acids. The polymorphic nature of 
apoE, which appeared to be unique to human beings [Chan, 1991], was established in 1980 
by Vtenaasm and his associates using isoelectric focusing, and was further ducidated by 
Zaniüs and Breslow [1981]. The three major isoforms of apoE, referred to as apoE2, E3 and 
E4 are products of the major alleles, E"^, £"'3, and EM at a single gene locus. Three 
homozygous phenotypes (E2E2, E3E3 and E4E4) and tiiree heterozygous phenotypes (E3E2, 
E3E4, E2E4) arise from the expression of any two of the three alleles. Determination of the 
primary sbiicture of apoE revealed that the isoforms E4, E3 and E2 differed from one 
another by single amino acid substitutions at two sites in the protdn [Rail, 1982]. 

The most common isoform, E3, contains a cysteine residue at position 112 and an 
arginine residue at position 158. The isoform E4 is identical to E3 but has an arginine 
residue at position 112. This introduces an extra single positive charge unit as compared with 
apoE3. ApoE2 is also identical to E3, except for the loss of a single positive charge as a 
result of the substitution of an arginine for a cysteine at position 158. 

The predicted secondary stmcture of apoE is shown in Fig. 3. The mature apoE protdn 
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is made up of two independentiy-folded domains, that differ in stability and function 
[Wetterau, 1988]. Digestion with thrombin produces a 22 kD fragment (residues 1-191) 
corresponding to the N-terminal domain and a 10 kD fragment (residues 216 to 299) 
corresponding to the C-terminal domain. The regions with amino acids 1 to 20 and 165 to 
191 are probably unsbiictured. 

The carboxy-terminal domain contains a region of strong amphiphatic a-hdical character 
between residue 230 and 265. It has been postulated that these stmctures are involved in lipid 
binding [Wdsgraber, 1990]. The caitraxy-terminal domain also contains at least one heparin-
binding domain, probably between residues 214-236 [Loof, 1986], which may mediate the 
binding of the lipoprotdns to heparan sulphate like stmctures. The N-terminal domain 
associates in ntro with phospholipid to form discoidal particles. The N-terminal domain 
contains five helices and the region of apoE that binds to the LDL receptor [Innerarity, 1983; 
Wilson, 1991]. Several lines of independent data have indicated the basic arginine and lysine 
(and histidine) residues in the vicinity of residues 136-150 as the region mediating the 
binding of apoE to the LDL receptor via an ionic interaction. The crystal sbiicture of this 
region shows that residues 131-150 form an extended a-helix. 

Much has been learned about the nature of the interaction of apoE with the LDL receptor 
by studying tiie various naturally-occurring mutants clustered near residues 140-160. At 
present more than 24 different isoforms of apoE have been unequivocally identified by DNA 
and/or amino acid sequencing analyses [de Knijff, 1992]. 

The three most common apoE variants (E2, E3, and E4) were found to have an impact 
on lipid and apolipoprotdn concentrations in the plasma. The E"^ allele appeared to be 
associated with decreased levels of total cholesterol and LDL cholesterol and somewhat 
higher levels of triglycerides [Utermann, 1979], while the E*4 allele was found to be 
associated with increased cholesterol and lower triglyceride levels [Bouthillier, 1983; 
Davignon, 1984]. Furthermore, E'*'2 correlated with increased apoE and decreased apoB 
plasma levels, while E*4 had predsdy the opposite effect [Davignon, 1988; Smit, 1988]. 
Gregg and co-workers [1981] have shown that apoE2 is catabolized in vivo more slowly than 
apoE3, due to a defective binding of tiie apoE2 variant to lipoprotein receptors. It has been 
suggested that in apoE2(argl58 -* cys) homozygous subjects the lipolytic conversion of 
VLDL into thdr remnants is retarded [Byung Hong Chung, 1983; Ehnholm, 1984]. 
However, Demant et al. [1991] have reported that it is not tiie conversion of VLDL into thdr 
remnants, but the conversion of IDL into LDL which is retarded. The mechanism and the 
site of the conversion of IDL into LDL is still unknown. In contrast to apoE2, apoE4 is 
catabolized in vivo faster than apoE3. People with apoE4 absorb more, and synthesize less, 
cholesterol than those with apoE2 [Kesaniemi, 1987]. ApoE4 does not differ ftom apoE3 in 
its binding efficiency, but it does differ in its lipoprotein distribution: apoE4 is predominantiy 
associated with VLDL, while apoE3 appears to be preferably associated with HDL 
[Wdsgraber, 1990]. This might be due to tiie ftict tiiat, in contrast to apoE4, apoE3 exists 
largdy as an E-A2 complex in HDL [Weisgraber, 1990; Weisgraber, 1991; Borghini, 1991]. 
This has important functional implications for this plasma source of i ^ E . The apoE-A2 
complex is more stable than free apoE to ultracentrifugal manipulations. If this is the case. 
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it suggests that the principal role of plasma HDL, with respect to apoE metabolism would 
be to accept apoE shed during lipolysis of biacylglycerol-rich lipoproteins. ApoE might 
remain associated with HDL as a result of the formation of E-A2 complexes. These findings 
already imply that some major differences in the regulation of lipoprotein metabolism are 
associated with the apoE polymorphism. 

1.3.5 ApoE and Familial Dysbetalipoproteinemia 
The key role that apoE plays in normal lipoprotein metabolism is highlighted by the 
association between the abnormal apoE2 and Familial Dysbetalipoproteinemia (FD). The 
disease has also been seen in several kindreds who have complete apoE defidency [Ghisdli, 
1981; Schaefer, 1986; Mabuchi, 1989]. Recentiy, it has been rqmrted tiiat apoE-deficient 
mice created by homologous recombination, display severe hypercholesterolemia and 
atherosclerosis [Plump, 1992]. 

The lipoprotein disorder now known as familial dysbetalipoproteinemia or as type n i 
hyperlipoproteinemia, was first reported by Gofman et al. in 1954. It was originally termed 
xanthoma tuberosum, based on the occurrence of tuberous xanthomas, and it has also been 
called "broad-beta disease", "floating-beta disease" or "remnant removal disease". FD is 
usually inherited as a recessive trait and is most commonly associated with the E2E2 
phenotype. The most serious consequence of FD is the development of premature 
atherosclerosis involving both the coronary and peripheral arteries [Mahley, 1989]. 

Patients witii FD have devated concentrations of both plasma cholesterol and triglyceride 
and of apoE [Havel, 1973]. These patients usually also display reduced concentrations of 
LDL [Utermann, 1979]. A biochemical characteristic of tiie disorder is the occurrence of ß-
VLDL (j3-migrating VLDL). These are remnants of both intestinal and hepatic origin, as 
demonstrated by the presence of both apoBlOO and apoB48. The /3-VLDL are considerably 
more cholesterol-enriched (mostiy as cholesteryl esters) and are relatively depleted in 
triglycerides. Their apolipoprotein composition is characterized by increased amounts of 
apolipoprotdn E and decreased amounts of the apolipoproteins C compared with normal 
VLDL. A fairly unique property of j3-VLDL is that they are able to induce foam cell 
formation in macrophages [Mahley, 1980; Goldstein, 1980; Bersot, 1983]. 

Most FD patients are E2E2 homozygous. In in vitro experiments it has been shown that 
after complexation with phospholipid vesicles, apoE2 displays less than 2% of the binding 
to the LDL receptor when compared with binding of the most common apoE3, irrespective 
of whether apoE2 is isolated from normo- or from hyperlipidemic E2E2 homozygous subjects 
[Schndder, 1981; Wdsgraber, 1982; Rail, 1983]. The defective interaction of apoE2 witii 
lipoprotdn receptors has therefore been suggested as the primary defect in FD, leading to 
the accumulation of chylomicron- and VLDI^remnants in the plasma [Wdsgraber, 1982]. 
However, Stalenhoef et al. [1986] have found that also the removal from the plasma of 
biglyceride-rich lipoproteins, obtained from an LPL-deficient subject heterozygous E4E2, 
was also less efficient in FD subjects carrying the apoE2(argl45 -» cys) or the apoE2(argl58 
-» cys) mutation, than the removal of these lipoproteins in normal subjects. 

Approximately one percent of the North European and North American populations is 
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homozygous for apoE2. However, only about 4% of all subjects homozygous for APOE"^ 
will devdop the disease at older age [Utermann, 1985]. All have detectable |3-VLDL in their 
plasma. Many are normolipidemic or even hypolipidemic, owing to reduced levels of LDL. 
This low penetrance of FD indicates that the disorder is modulated by other genetic or 
environmental factors such as gender, age, weight, hormones, diabetes, hypothyroidism, 
familial combined hyperlipidemia, or variation in the expression of LDL receptors. The latter 
is particularly sensitive to regulation by diet, dmgs, and hormones. FD has been found to 
come to expression in femilies with a tendency towards hypertriglyceridemia. Other 
mechanisms that have been mentioned are overproduction of specific lipoproteins [Stuyt, 
1982], or impaired processing [Mahley, 1989; Utermann, 1985]. 

It has been reported that the defective binding of apoE2 is reversible. The binding activity 
of the aberrant apoE2 can be fully restored by bleating the apoE2 with cysteamine, which 
converts the cysteine into a lysine analogue and adds an extra positive charge, together with 
the removal of the carboxyl-terminal part of the molecule by cleavage with thrombin 
[Innerarity, 1984]. Evidence has been obtained that the composition and/or stmcture of tiie 
apoE2-containing lipoproteins synthesized by E2E2 homozygous FD patients, can also alter 
the conformation of the apoE2 on the surface of the particle, and modulate its receptor-
binding activity. The possibility of restoring the binding of apoE2 derives from the fact that 
the 158arg -» cys mutation does not occur inside the LDL receptor binding domain, but is 
located near the CCXDH-terminal end of helix-4. Here the guanidinium group of Arg 158 does 
not contribute directiy to the large positive electrostatic potential surrounding the leceptor-
binding helix. Instead, it forms salt bridges with the addic side chains of Glu96 and Aspl54 
and as such may help to stabilize the pairing of helices 3 and 4 [Wilson, 1991]. 

Besides the apoE2 variant, at least seven of the other naturally-occurring rare variants of 
apoE have been found in association witii FD (Table 2). 

Table 2. ApoE variants found in association with FD. 

lEF 
position' 

El 
El 
E2 
E2 
E2 
E3 
E3 
E4 

Parental 
allele 

E2 
E3 
E3 
E3 
E3 
E4 
E4 
E3 

Responsible 
abnormality 

gly 127 -» asp; arglSS -• cys 
lysl46 -» glu 
argl45 -• cys 
lysl46 -• gta 
argl36 -• ser 

cysll2 -• arg; argl42 -* cys 
cysll2 -> arg: 7 aa insertion 
glyl3 -• lys; argl45 -» cys 

Trivial lume 

Harrisburg 

Christchurch 

Leiden 
Philadelphia 

' lEF, isoelectric focusing position. 
References: Weisgraber, 1984; Gabelii, 1989; Steinmetz, 1990; Mann, 1988, 1989; Rail, 1982; Emi, 1988; 
Rail, 1983; Smit, 1987, 1990; Emi, 1988; WaideU, 1987; Havel, 1983, Rail, 1989; Havekes, 1986; Wardell, 
1989; van den Maagdenberg, 1991; de Knijff, 1991; Lohse, 1991. 
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All of these known substitutions in apoE dismpt the binding to some extent. For example, 
normal apoE, purified and reconstituted into phospholipid complexes, has a 5, 4, 2.5, or 2-
fold higher affinity for lipoprotein receptors, than does apoE with a substitution at residue, 
142, 121-127, 146, or 145 (Table 3). Many of these apoE mutants, which are defective in 
thdr binding, are assumed to be associated with a dominant rather than a recessive 
expression of FD, as many individuals who are heterozygous for these fiinctionally-defective 
mutants develop FD. Rail et al. [1990] hypothesized that any substitution of a neutral amino 
add for a basic amino acid within the putative a-hdix segment 131-150 affects the binding 
activity of apoE by reducing the strength of the ionic interaction with the LDL receptor. 
They proposed that the binding defect of the other apoE variants, in contrast to the binding 
of apoE2, might not be reversible, thereby causing the dominant expression of FD [Mahley, 
1990]. However, the severity of the binding defect, when associated with phospholipid 
vesicles did not correlate with the severity of the hyperlipidemia. Although the binding 
efftcioicy of the rare apoE variants was defective when complexed with phospholipid vesicles 
(Table 3), the d < 1.006 lipoproteins from FD subjects carrying the rare mutants E2(lysl46 
-* gin), E3-Leiden, E3(argl42 -• cys), E2(argl45 -» cys) displayed a paradoxically high 
affinity for the LDL receptor [Chappell, 1989]. The mutation in apoE3-Ldden is located 
outside the binding domain between residue 121 and 127. It has been suggested that this 
mutation does not directiy affect the binding, but results in a change of the conformation of 
the receptor binding region of apoE. The accumulation of d < 1.006 lipoproteins in these 
FD subjects cannot be ascribed simply to low affinity for tiie LDL receptor. 

It remains to be determined how the occurrence of a single defective allele can dismpt 
normal clearance of plasma lipoproteins, which possess several apoE molecules per particle. 

Table 3. The binding efRciency of naturally occurring iq>olipoprotein E variants associated with FD. 

Abnormal apoE variant Percentage of normal 
receptor-binding activity 

E3(aigl42 -• cys) < 4 
E3-Leidai (7 amino-acid insertion 121-127) 25 
E2(lysl46 -* ghi) 40 
E2(argl45 - cys) 45 
E2(argl58 -* cys) < 2 

Mode of FD 
inheritance 

dominant 
dominant 
dominant 
unknown 
recessive 

1.4 OtUUne of this thesis 

The aim of this study was to explore several aspects of the metabolism of VLDL and LDL. 
After being secreted into the blood circulation, a major part of the VLDL are transformed 
into VLDL remnants mainly by the action of LPL. Subsequentiy, tiie remnants are rapidly 
removed by the liver. The remainder of the VLDL are converted into LDL, which are taken 
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up mainly by the liver LDL receptors. No general agreement, however, exists conceming 
the hepatic receptor that mediates the uptake of VLDL and VLDL-remnants. In order to 
clarify the nature of the receptor involved, tiie binding of LPI^treated VLDL, taten as 
representative for VLDL-remnants, to Hep G2 cdls was studied (Chapter 2). 

ApoE plays a major role in the interaction of VLDL and VLDL-remnants with lipoprotein 
reenters. The defective interaction of apoE2 with lipoprotein receptors has been suggested 
as the primary defect in FD, leading to the accumulation of chylomicron- and VLDI^ 
remnants in the plasma. It has been reported that the defective binding of apoE2 in patients 
with FD could be restored by treating the patients with a low calorie diet. We investigated 
whether treatment of six E2E2 homozygous hyperlipidemic FD patients with gemfibrozil, 
also improved the binding efficiency of lipoproteins with a density of less than 1.019 g/ml 
to the LDL receptor (Chapter 4). 

FD is not always associated with E2E2 homozygosity. Heterozygosity for the rare 
E2(lysl46 -» gin) variant cosegregates with FD with a high penetrance. This indicates that 
E2(lysl46 -» gin) behaves like a dominant trait in the expression of the disease. Hence, 
subjects heterozygous for this variant develop FD, despite the presence of a normal apoE. 
Chapter 5 reports studies on the possible mechanism behind the behaviour of E2(lysl46 -» 
gin) as a dominant bxdt. 

It is commonly assumed that lipolysis of chylomicrons and VLDL by LPL, turns these 
lipoprotdn particles into better ligands for both hepatic lipoprotdn receptors. However it has 
also been reported that LPL, independent of its lipolytic activity, enhances the binding of 
apoE containing lipoproteins to the LRP. Chapters 6 and 7 describe studies of the effect of 
LPL on the binding and subsequent processing of VLDL and LDL in cultured Hep G2 cells 
and fibroblasts. Stiidies of tiie effect of LPL on tiie metabolism of LDL and VLDL in tiie rat 
in vivo are described in Chapter 8. 
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Summary 

It has been suggested that besides the LDL-receptor, hepatocytes possess an apoE- or 
remnant receptor. To evaluate which hepatic lipoprotein receptor is involved in VLDL 
remnant catabolism, we studied the binding of VLDL remnants to Hep G2 cells. 

Native VLDL was obtained ftom type lib hyperlipidemic patients and treated with bovine 
milk lipoprotdn lipase (LPL). This LPL-tieated VLDL (LPL-VLDL) was used as 
represoitative for VLDL remnants. Our results show that LPL-VLDL binds with high 
afßnity to Hep G2 cdls. Competition experiments showed that the binding of '^I-labelled 
LPI^VLDL is inhibited to about 30% of the control value by the simultaneous addition of 
an excess of either unlabdled LDL or LPL-VLDL. 

Prdncubation of Hep G2 cells with LDL resulted in a reduction of the binding of LDL 
and LPL-VLDL to 34 and 55 % of tiie control value, whereas preincubation of the cells with 
heavy HDL (density between 1.16 and 1.21 g/ml) stimulated the binding of LDL and LPL-
VLDL to about 230% of tiie control value. Preincubation of the cells with insulin (250 nM/1) 
also stimulated tiie binding of botii LDL and LPL-VLDL (175 and 143% of the conbol 
value, respectively). 

We conclude that LPL-VLDL binds to tiie LDL-receptor of Hep G2 cells, and that no 
evidence has been obtained for the presence on Hep G2 cells of an additional receptor that 
is involved in the binding of VLDL remnants. 

Introduction 

After entering the bloodstream, most of the triacylglycerols of chylomicrons and very low 
draisity lipoproteins (VLDL) are hydrolysed by the action of lipoprotein lipase lining the 
capillary endothelium. As compared with the native chylomicrons and VLDL, the resulting 
remnant particles (chylomicron- and VLDL remnants) are reduced in size concomitant with 
an elevated buoyant density and an altered lipid and apolipoprotein composition [for a review 
see reference 1]. Both remnant particles are rapidly taken up by the liver hepatocytes through 
recognition by high affinity lipoprotein receptors [2]. 

liver hepatocytes possess two different lipoprotein receptors. One receptor recognizing 
both apoB and apoE, designated B,E receptor or LDL receptor, and another receptor 
recognizing only apoE and designated as E or chylomicron-remnant receptor [3]. Recentiy, 
an LDL receptor related protdn (LRP) with molecular weight of about 500 kd was found 
[4,5]. This protein could be a candidate for the remnant receptor [6]. 

It has been reported that in many animal species chylomicron-remnants are taken up by 
hepatocytes exclusively through this putative remnant receptor [7]. This finding is sustained 
by the observations that the rate of uptake of chylomicron remnants is not influenced by 
interventions that affect the number of LDL receptors like cholesterol feeding [8,9], bile acid 
infusion [10] and administration of 17-a-ethinyl-estradiol [11]. However, in other reports it 
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is stated that in in vitro experiments chylomicron remnants bind to hepatic LDL recqptors 
also [12]. 

There is no consensus conceming the hepatic receptor that mediates the uptake of VLDL 
and VLDL remnants. Harkes et al. [13] showed tiiat in the rat liver almost all j3-VLDL is 
taken up via the putative remnant receptor as the binding of j8-VLDL could not t>e displaced 
by LDL. On tiie contrary. Windier et al. [14] showed tiiat VLDL remnants interact witii tiie 
LDL recq>tor in the liver with the possible exception of very large VLDL [15]. It has been 
rqmrted that in LDL receptor defîdent (WHHL) rabbits and in homozygous FH patients [16] 
the dearance of VLDL and VLDL remnants is disturbed, also indicating that the LDL 
receptor is involved in VLDL and VLDL remnant uptake. 

Using the human hepatoma cell line Hep G2 as a model for human hepatocytes. 
Eisenberg et al. [17] and Friedman et al. [18] suggest that part of VLDL and VLDL 
remnants is taken up by a receptor different from the LDL receptor. Dashti et al. [19] 
reported tiiat tiie binding of VLDL to Hep G2 cells is effectively inhibited by a simultaneous 
addition of an excess of LDL, indicating that tiie uptake of VLDL by Hep G2 cells is 
mediated by the LDL receptor. 

In tills paper we shidied tiie binding of LPL-tieated VLDL, taken as representative for 
VLDL remnants, to Hep G2 cdls, in order to clarify tiie nature of the receptor involved in 
binding of VLDL renmants to Hep G2 cells. Our results show tiiat LPL-VLDL is exclusively 
bound to the LDL receptor and that the affinity of these particles for the LDL receptor 
increases as cholestérol/triglycéride ratios increase. 

Materials and Methods 

Materials 
Fetal calf serum (FCS) and Dulbecco's modified Eagle's medium (DMEM, cell culture 
medium) were obtained from Flow Laboratories (Irvine, U.K.). Penicillin, streptomycin, 
CHOD-PAP-mono-test kit and Test-Combination were purchased from Boehringer Mannhein 
(Mannheim, F.R.G.). 

Human serum albumin (HSA) was obtained from Sigma Chemical Company (St. Louis, 
MO, USA). Sodium ["'I]iodide (specific activity 13.3 /tCiZ/tg) was purchased from 
Amersham (Buckinghamshire, U.K.). IM MgEGTA stock solution was prepared by mixing 
(1:1) solutions of IM MgClj and IM EGTA. 

Multiwell cell culture dishes were from Costar (Cambridge, MA, USA). 

Lipoproteins 
Human serum was prepared from freshly collected blood from patients with type IIb 
hypertriglyceridemia or from healthy donors, after an overnight fast. ApoE phenotyping was 
performed using Western blotting according to Havekes et al. [20]. Lipoprotdns (VLDL and 
LDL) were isolated according to Redgrave [21] followed by tube slicing. Protein contents 
of the lipoprotein fractions were determined according to Lowry et al. [22]. Triglycerides 
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and total cholesterol were determined using enzymatic methods (Boehringer, Maimhdm, 
FRG). The relative apolipoprotdn composition of the lipoprotdns was determined using 
electrophoresis on gradient SDS-polyacrylamide slab gds [23] (3-14%, witii 0.1% sodium 
dodecyl sulphate) (SDS-PAGE) stained with Coomassie Brilliant blue, followed by 
densitometric scanning at 560 nm on a Shimadzu CS-910 densitomebic scanner. Using this 
technique, we could not detect the presence of apoE and !q)oC's in LDL samples implying 
that less than 0.1 % (w/w) of the LDL protein consists of apoE or apoC's. This was further 
confirmed by radial immunodiffusion ouchterlony techniques. 

Preparation of Lipoprotein Lipase treated VLDL (LPL-VLDL) 
LPI^VLDL were prepared by incubating total serum with lipoprotdn lipase (LPL) purified 
from bovine milk [24]. An amount of LPL was added, equal to the amount necessary for 
hydrolysis of 50% of the triglycerides present in complete serum, within one hour. 

The serum was incubated with lipoprotein lipase in the presence of 10% (w/v) free fatty 
acid fi«e human serum albumin (HSA), and Tris-HCl buffer (final concentration 0.1 M, pH 
8.5) for 90 minutes at 37°C. To stop the reaction the mixture was put on ice and solid KBr 
was added to adjust the solution to a density of 1.21 g/ml. The solution was then placed 
under a discontinuous gradient of salt solutions, of densities 1.063 and 1.019 g/ml, 
respectively with a volume ratio of 0.95:1:1 from bottom to top. After centrifugation in a 
swinging bucket rotor (SW40) for 16 hours at 200.000 x g the top fraction containing the 
LPI^VLDL was collected. 

Labelling of the Lipoproteins 
The lipoprotein preparations were immediately used for iodination by the ['^Qiodine 
monochloride method described by Bilheimer et al. [25]. After iodination, the lipoproteins 
were dialysed against phosphate-buffered saline for 4h (4 times 500ml). Thereafter they were 
stabilized by the addition of HSA (1 % w/v) and further dialysed overnight against culture 
medium supplemented with 20 mM Hepes buffer (pH 7.4) penicillin and streptomydn. The 
stabilized '"l-labdled lipoproteins were stored at 4°C. Their specific radioactivity ranged 
fiom 50-150 cpm/ng of lipoprotein protein. With LDL the labd present in the lipid fraction 
was less than 1%, whereas with LPL-VLDL about 20% of the labd was found in the lipid 
fraction. With both labelled lipoproteins less than 0.1 % of the label was trichloro-acetic-acid-
soluble. Although stable for periods greater than 1 month under these conditions [26], the 
iodinated lipoproteins were used within 10 days. To check for degradation of the labelled 
lipoproteins upon storage, after 10 days SDS-PAGE was performed followed by 
autoradiography. To check whether the binding properties of the labelled lipoproteins were 
affected by storage, binding studies were performed immediately after isolation and labelling 
of the lipoprotdns and after 10 days of storage. No proteolysis or significant changes in 
binding properties occurred during storage for 10 days. 

When not labelled with ['"l]iodine, lipoproteins were stabilized immediately with the 
addition of 1% HSA and subsequentiy extensively dialysed against culture medium 
supplemented with Hepes, penicillin and sb^tomycin. 
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Qdturing qfHep G2 cells 
The cdls were cultured at 37''C in 25 cm^ flasks containing 2 ml of DMEM culture medium 
supplemented witii 10% heat-inactivated FCS, 20 mM Hepes, 25 mM NaHCOs, 100 U/ml 
penicillin and 100 /«g/ml streptomycin under 5% C02/95% air. The medium was renewed 
twice a week. About 1 week before the experiment the cells were trypsinized and transported 
to 2 cm^ Multiwell dishes, with a split ratio of 1:6. Twenty hours before the assay, the 
medium was replaced with culture medium containing 1% HSA instead of 10% FCS and the 
additions as indicated. 

Measurement of receptor-mediated association of labelled lipoproteins 
Shortiy before the experiment, the cdls, were washed three times and incubated in the same 
culture medium supplemented with HSA, streptomycin and penicillin but without further 
additions, for a period of 30 min at 37°C. 

The experiment was started by the addition of '^I-labdled lipoprotein in the absence or 
in the presence of unlabdled lipoprotdn as indicated. After 3 hours of incubation at 37''C 
the cells were cooled to 0°C and the labelled lipoprotein that became cell-assodated was 
measured exactiy as described previously [27]. The receptor-mediated {specific) cell-
association was calculated by subtracting the amount of labelled lipoproteins that was cell 
associated after incubation in the presence of a 30-fold excess of unlabdled lipoprotdn 
(aspecific) from the amount of labelled lipoprotein that was cell assodated after incubation 
in the absence of unlabdled lipoproteins {toud cell association). 

Results 

As presented in Table 1, LPL treatment of VLDL resulted in an increase of the 
cholesterol/tiiglyceride ratio from 0.67 ± 0.35 to 1.70 ± 1.25 (mol/mol; n = 16). The 
apoE/apoC ratio increased from 0.50 ± 0.19 to 2.90 ± 1.18 as a result of loss of apoC 
mainly, whereas the apoE/apoB ratio slightiy decreased. In the LDL fraction apoB48, apoE 
and apoC could not be detected by SDS-PAGE. Only apoBlOO was present. Altiiough tiie 
cholestérol/triglycéride ratio of the VLDL increases after LPL treatment, the ratio in the 
LDL fiction is considerably higher (12.48 ± 3.69). Thus tiie composition of LPL-VLDL 
does not ressemble the composition of LDL as far as lipids and apolipoproteins are 
concerned. For the isolation of lipoproteins, plasma was taken from subjects after a 14 hour 
period of fasting. Nevertheless, to evaluate the presence of chylomicrons in the VLDL 
samples the ratio of apoB48/apoB100 was determined. The percentage of apoB48 was 3.5 
± 1.8% of tiie total amount of apoB. 

Labelled LPI^VLDL was incubated with Hep G2 cells to measure the receptor-mediated 
association (Fig. 1). The high affinity binding of LPI^VLDL was saturated at about 50 ^g/ml 
protein. 
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TMe 1. Rdative composition of VLDL, LPL-VLDL and LDL. 

Ratio 

Tcmj 

ApoE/ApoC 

ApoE/ApoB 

ApoB48/ApoB100 

VLDL 

0.67 ± 0.35 
(n = 16) 

0.50 ± 0.19 
(n = 8) 

2.56 
(n = 2) 

0.035 ± 0.018 
(n = 4) 

LPL-VLDL 

1.70 ± 1.25 
(n = 16) 

2.90 ± 1.18 
(n = 4) 

2.04 
(n = 2) 

0.035 ± 0.015 
(n = 3) 

LDL 

12.48 ± 3.69 
(n = 14) 
n.d.* 

n.d.* 

n.d.* 

The cholesterol/tiiacylglycerol ratio (TC/TG) is expressed as mobv/molar ratio. Relative amounte of 
apolipoproteins are obtained as a result of dendtometric scanning of SDS Polyacrylamide gels. The percentege 
compodtion of iqxiB. apoE and apoC in native VLDL was 62, 13 and 25%, respectively, and changed after 
LPL treatment into 82, 13 and 5%, respectively, n represente the number of VLDL and LPL-VLDL samples 
andyzed. TC, totd cholesterol; TG, triacylglycerols. 
* ApoB48. qioE and apoC are not detectable in the LDL fraction by SDS gel electrophoresis. 
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F^ure I. Representative experiment of die association of '"I-labdled LPL-VLDL to Hep G2 cells. After 
preincubation for 20 houra in medium supplemented widi 1 % HSA (w/v) die Hep G2 cells were incubated for 
3 houra widi '"I-labelled LPL-VLDL at 37'C. Totd (A), receptor-mediated (specific, • ) and receptor-
independoit (aspecific. • ) cell association were determined as described in Materids and Methods. In diis 
particular experiment, die cholestérol/triglycéride ratio of die LPL-VLDL was 0.98 (mol/mol). Each vdue 
rqnesente the mean of triplicate measuremente. 

To evaluate whetiier LPL-VLDL binds to the LDL receptor, competition experiments were 
performed. As shown in Fig. 2, a gradual increase of the cholesterol/tiiglyceride ratio in 
VLDL, as a result of increasing time of incubation with LPL, resulted in an increased 
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effidency of competition witii '"l-labdled LDL for binding to tiie LDL receptor in Hep G2 
cdls. Unlabelled LDL was tiie most efficient competitor. In Fig. 2 tiie amounts of unlabdled 
lipoprotdns added are expressed as jug/ml of lipoprotein protein. Comparable results were 
obtained when the amounts of unlabelled lipoproteins were expressed eitiier as /ig 
cholesterol/ml or as ng apolipoprotdn B/ml. 

20 40 60 80 

UNLABELLED LIPOPROTEIN (MG PROTEIN/ML) 

100 

Figure 2. Competition of die association of '^-labelled LDL to Hep G2 cells by simultaneous addition of 
increasing amounte of unlabelled VLDL samples widi different cholesterol/triglycerides ratios. After 
preincubation for 20 hours in medium supplemented widi 1 % (w/v) HSA die Hep G2 cells were incubated for 
3 houra widi 10 ^g/ml of '^I-labelled LDL protein in die presence of die indicated amount of die difierrait 
unUbdled LPL-treated VLDL samples followed by measuring die association of •^I-labelled LDL. The 
assodation of '^-LDL in the absence of unlabelled lipoprotein was defined as 100%. Each vdue is die mean 
of quadruplicate measuremente. The various LPL-treated VLDL samples were obtained by incubation of serum 
with LPL for increasing periods of time followed by isolation by ultracentrifogation. The cholesterol/triglyceride 
ratios were: • . 0.55; v, 0.81 and •,1.29; A represente competition widi unlabelled LDL. 

To investigate whether LPL-VLDL binds to anotiier receptor in addition to tiie LDL 
recQ)tor, further competition experiments were performed. The results presented in Table 
2 show that 300 ftg/ml of unlabelled LDL and LPL-VLDL were equally efficient in 
competing witii either '"l-labdled LDL or LPL-VLDL. The association of labelled LPL-
VLDL was inhibited by tiie addition of 300 /tg/ml of unlabelled LDL to 27% of tiie control 
value. This inhibition was enhanced by the simultaneous addition of eitiier 300 ii%lm\ of 
unlabdled LPL-VLDL (14%) or an extia 300 /ig/ml of unlabelled LDL (18%). These results 
suggest that tiie binding of LPL-VLDL is mediated by tiie LDL receptor, whereas no 
evidence has been obtained for tiie presence on Hep G2 cells of an additional receptor tiiat 
is involved in the binding of LPI^VLDL. 

To further substantiate this hypotiiesis, we studied the effect of preincubation of Hep G2 
cdls witii LDL or heavy HDL on tiie binding of LDL and LPI^tiJcated VLDL (Table 3). 
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n b l e 2. The ability of unlabdled LDL and LPL-VLDL to compete widi bodi <"I-labdled LDL and ' " I -
labdled LPL-VLDL for association to Hep G2 cells. 

Unlabdled lipoprotein added 
0(g protdn/ml) 

'"I-labdled lipoprotein 
(10 /tg/ml. % of control vdue) 

LDL LPL-VLDL 

100 
27 ± 9 
18 ± 1 
23 ± 10 
14 ± 4 

None 
LDL (300) 
LDL (600) 
LPL-VLDL (300) 
LPL-VLDL + LDL (300 + 300) 

100 
2 4 ± 10 
14 ± 6 
27 ± 12 

n.d. 

After preincubation for 20 h in medium supplemented with 1 % (w/v) HSA the cells were incubated for 3 h at 
37°C, widi 10 /(g/ml of '"I-labelled lipoprotdn and unlabdled lipoprotein as indicated. Thereafter, die cdl 
association was measured as described in Materids and Methods. Each vdue represents the percentage of the 
respective vdue obtained after incubation widiout unlabelled lipoprotein. Each vdue is die mean ± S.D. of at 
least four independent expérimente, carried out in quadruplicate, n.d., not determined. 

TabU 3 . Recqjtor-mediated association of '»I-LDL or '»I-labelled LPL-VLDL (10 /ig/ml) to Hep G2 cdls 
after prdncubation of the cells widi or widiout LDL. heavy HDL or insulin. 

Cdls prdncubated with Receptor-mediated association 
(% of control vdue) 

'«I-LDL "^I-LPL-VLDL 

55 ± 28 
237 ± 5 6 
128 ± 2 4 
143 ± 2 5 

LDL (300 /tg/ml) 34 ± 6 
Heavy HDL (100 /tg apoA-I/ml) 221 ± 63 
Insulin (50 nM) 127 ± 5 
Insulin (250 nM) 175 ± 11 

After preincubation for 20 h in medium supplemented with 1 % (w/v) HSA the cells were incubated for 3 h at 
37'>C, widi 10 /(g/ml of '^I-kbdled lipoprotein and unlabelled lipoprotein as indicated. Thereafter, die cell 
association was measured as described in Materids and Mediods. Each vdue represente the percentage of the 
respective vdue obtained after incubation without unlabelled lipoprotein. Eadi vdue is the mean ± S.D. of at 
least four independent expérimente, carried out in quadruplicate, n.d., not determined. 

Prdncubation of the cells witii 250 /ig/ml of LDL resulted in a reduction of the binding of 
'"I-LDL to 34% of tiie conbvl value, whereas preincubation witii heavy HDL (100 /tg 
apolipoprotein Al/ml) stimulated tiie binding of '"I-LDL to 221% of tiie conti?ol value, 
similar to our results published previously [28,29]. Table 3 represents similar results for the 
binding of '^-labelled LPL-VLDL (55% and 237% of tiie control value, respectivdy). 
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Prdncubation of the cdls witii insulin also resulted in a dose dq>endent increase of the 
binding of botii '"I-LDL and '"l-labdled LPI^VLDL. 

Because tiie LDL receptor is found to be calcium-dependent, we studied the effect of 
EGTA on tiie receptor-mediated association of LDL and LPL-VLDL. Figure 3 shows tiiat 
witii increasing amounts of EGTA present in the medium, the association of LDL is 
inhibited. At about 3 mM of EGTA the inhibition of tiie receptor-mediated association of 
LDL is nearly complete. The receptor-mediated association of LPI^VLDL was almost 
equally sensitive to EGTA, altiiough tiie maximum inhibition of tiie receptor-mediated 
association was less pronounced. 

2 4 6 8 

MgEOTA CONCENTRATION (mM) 

Figure 3 . Effect of EGTA on die receptor-mediated association of '»I-LDL and "^I-LPL-VLDL to Hep G2 
cdls. Increasing amounte of EGTA were added to the culture medium as indicated, whereafter the receptor-
mediated association of "^-LDL ( A ) and "'I-LPL-VLDL (•) (10 /(g/ml) were measured in triplicate. 

Discussion 

From tiie literature tiie data conceming tiie nature of tiie hepatic lipoprotein receptor tiiat 
mediates the uptake of VLDL remnants are not uniform. Several observations suggest tiiat 
VLDL particles are removed from tiie circulation by tiie chylomicron-remnant receptor 
[13,17,30], while otiiers find tiiat tiie LDL receptor is responsible for tiie removal of VLDL 
derived lipoprotdns [16,19,31]. In tiiis paper we attempted to clarify the natiire of tiie 
receptor involved in tiie binding of VLDL remnants. Since apoE is the ligand for binding of 
VLDL renmants to tiie recq)tor [17,32,33], and the isoform apoE2 is impaired in tiiis respect 
[34], we used VLDL ftom subjects witii apoE3 and/or apoE4 isoforms. These subjects, 
however, do not contain substantial amounts of VLDL remnants. Therefore, as an alternative 
for VLDL remnants, we used LPL-tieated VLDL. For tiie treatment of VLDL witii LPL, 
we used fasted complete serum ratiier tiian isolated VLDL in order to let tiie apolipoproteins 

37 



and lipids redistribute between the different lipoprotein fractions during the lipolysis of 
VLDL triglycerides. The composition of tiie LPL-VLDL samples (Table 1) resembled tiie 
composition of VLDL renmants (j8-VLDL and IDL) normally isolated from subjects with 
familial dysbetalipoproteinemia or type n i hyperlipoproteinemia [1]. 

Our results show tiiat LPI^VLDL binds with high affinity to Hep G2 cdls and that tiie 
increase in cholesterol/triglyceride ratio results in a gradual increase of the affinity for the 
LDL receptor. Factors responsible for this increase in binding affinity may be either loss of 
apoC which is known to inhibit the binding [13,14] or conformational changes of apoE as 
a result of a different lipid composition of the particle [35-37]. 

To avoid contamination of the LPL-VLDL samples with considerable amounts of 
chylomicron remnants, we used fasted serum. Our results show that only about 3.5% of the 
total amount of apoB in tiie VLDL samples consists of apoB48 (Table 1), indicating that the 
presence of chylomicrons is minimal. Furthermore, SDS Polyacrylamide gdelecbjophoresis 
followed by autoradiography revealed that in LPL-VLDL which became cell associated, the 
proportion of apoB48 relative to apoBlOO did not increase compared with the relative amount 
of apoB48 in the stock LPL-VLDL samples (data not shown). We therefore may exclude the 
possibility that residual chylomicrons do contribute considerably to the binding results 
presented. 

Besides the LDL receptor another receptor, recognizing only apoE and designed as E-or 
chylomicron remnant receptor, has been suggested as being present in hepatocytes [3]. 
Recentiy, an LDL receptor related protein (LRP) with molecular weight of about SOOkD has 
been found [4,5] and could be a candidate for this apoE- or remnant receptor [6]. WHHL 
rabbits and patients with familial hypercholesterolemia, have a defect in the removal of 
VLDL remnants resulting from a lack of the LDL receptor, indicating that also in vivo the 
LDL receptor is necessary for the removal of VLDL remnants [16]. On the contituy, Harkes 
et al. [13] have shown that the uptake of /3-VLDL in vivo in the rat is mediated completely 
by the remnant receptor. These contradictory results could be explained by species 
differences. It is suggested that the catabolism of VLDL in the rat resembles that of 
chylomicrons, while in man VLDL catabolism resembles the LDL catabolism [38]. 

Eisenberg and co-workers [17,18] have suggested that also in Hep G2 cells a receptor 
distinct from the LDL receptor is involved in VLDL and VLDL remnant (IDL) uptake. 

As well as species differences, these conflicting results may be due to inter-individual 
variations of the VLDL fractions regarding the amount of apoE per particle and/or the 
conformation of apoE, which might be influenced by the (lipid) composition of the 
lipoprotein particle [35-37]. 

Friedman et al. [18] have proposed the presence of an apoE3 speciflc binding site on Hep 
G2 cells as in their competition experiments they found incomplete competition of labelled 
IDL witii unlabelled LDL. However, this incomplete competition could be due to the 
relatively low amounts of unlabelled LDL used as competitor (up to flve-fold excess) together 
with a possible lower afflnity of LDL to the receptor as compared to that of IDL. 

To investigate whether an additional receptor is involved in the binding of VLDL 
remnants, we also performed competition experiments (Table 2). For this, we used large 

38 



amounts of unlabelled LDL (upto 30-fold) to attain maximal inhibition of receptor-mediated 
association. From these competition experiments, we conclude that the binding of LPL-
VLDL to Hep G2 cells is mediated exclusively by the LDL recqptor and that no evidence has 
been obtained for the presence of an additional receptor on Hep G2 cells that is involved in 
the binding of LPL-VLDL. This similarity in binding properties is not due to a similar 
composition of LPI^VLDL and LDL, as indicated in Table 1. Preincubation experiments, 
witii LDL, heavy HDL and insulin show tiiat the binding of LPI^VLDL is regulated 
similarly to that of the binding of LDL. As it has been reported that the apoE receptor is not 
influenced by intervraitions that affect the number of LDL receptors [8-11], this observation 
also argues against the presence in Hep G2 cdls of an additional receptor involved in the 
binding of LPL-VLDL. Previous studies have shown that Hq> G2 cdls offer a suitable model 
system to study the metabolism of lipoprotdns [26,27,28]. However, whether the present 
data of LPL-VLDL uptake by Hep G2 cells holds true for tiie in d̂vo situation in tiie liver 
remains to be answered. 
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Stmunary 

Binding studies at 37''C showed that lipoprotdn lipase b:eated very low density lipoproteins 
(LPL-VLDL) and very low density lipoproteins (VLDL), once taken up via the low density 
lipoprotein (LDL) receptor, are poorly degraded by Hep G2 cells as compared with LDL. 
Incubation of cdls witii '"I-labded VLDL and LPL-VLDL for 2 hours at 4''C, followed by 
a chase period at 37''C, showed that the membrane-bound VLDL and UPL-VLDL are 
internalized within about 20 min, at the same rate as LDL. Incubation of cells with labded 
LDL, LPI^VLDL and VLDL at 18°C for 4.5 hours resulted in tiie accumulation of these 
particles in the early endosomes. It is known (Lombardi et al. (1993) Biochem. J. 290, 509-
514) that, at this temperature, the transport to the late endosomes and lysosomes, followed 
by degradation of the particles, does not occur. However, after washing the cells and a 
temperature shift to 37°C, the labeled LDL present in the early endosomes are transported 
to the late endosomal-lysosomal compartment almost completdy within 15 min. Sbikingly, 
for LPL-VLDL and for VLDL, only about 50% or less of the label was moved to the late 
endosomal-lysosomal compartment within 45 min. 

To evaluate the effect of tiie inefficient degradation of VLDL and LPL-VLDL on cellular 
cholesterol homoeostasis, acyl-CoA:cholesterol acyltransferase (ACAT) activity was 
measured. Incubation with 30 ^g/ml of LDL induced a 2.5-fold increase in ACAT activity, 
whereas the incubation with similar amounts of both VLDL and LPL-VLDL failed to 
stimulate this enzyme. 

We conclude that the low degradation efficiency of VLDL and LPL-VLDL by Hep G2 
cells is due to the retarded transport of these particles from the early endososmes to the late 
endosomal-lysosomal compartment. As a result, under the conditions applied, VLDL and 
LPL-VLDL degradation does not contribute to increase the cellular free cholesterol pool 
enough to stimulate ACAT activity. 

Introduction 

Very low density lipoprotein (VLDL) are triglyceride-rich, apolipoprotein (apo) E and 
apoBlOO containing, lipoprotein particles that are synthesized and secreted by the liver. After 
entering the bloodstream, VLDL particles interact with lipoprotein lipase (LPL), which 
catalyzes the hydrolysis of tiiglycerides. The resulting remnant particles are smaller, more 
dense and have an altered lipid and apolipoprotein composition, as compared «dth native 
VLDL particles (for review, see ref. 1). The VLDL remnants are further lipolysed and 
converted into Intermediate Density Lipoproteins (IDL) and, finally. Low Density 
Lipoprotein (LDL). During VLDL lipolysis, a fraction of the remnants is directiy cleared 
from the plasma via hepatic LDL receptors, where apoE, the major protein constituent of 
these particles, acts as a ligand (2-6). 

Many lipoprotein particles that contain apoE have several copies of this protein and are 
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tiiought to react more avidly with the LDL receptor than LDL (7,8). A single lipoprotdn 
particle containing several molecules of apoE could interact multivaloitiy with a single LDL 
tecesptar, altemativdy, lipq)roteins containing several molecules of apoE may interact with 
more than one LDL recq>tor. In dther case, particles that contain apoE in addition to 
apoBlOO will bind to the LDL receptor with higher affinity than those that contain only one 
apoBlOO molecule (9). 

Recent studies by Tabas et al. (10) have shown that the multivalent binding of /3-VLDL 
through apoE to the LDL recq>tor in mouse peritoneal macrophages leads to a divergent 
endocytotic pathway as compared to LDL. They found that LDL is rapidly targeted to 
perinuclear lysosomes near the center of the cell, whereas, after its uptake, j3-VLDL is 
localized in more distributed vescicles. This differential distribution was found to be coupled 
to a slower degradation of /3-VLDL concomitant with a higher capability to stimulate acyl-
CoA:cholesterol acyltransferase (ACAT). 

In previous studies we found that the degradation of VLDL and LPL-treated VLDL, the 
latter taken as representative of VLDL-remnants, by Hep G2 cells is extremely low as 
compared to tiiat of LDL (unpublished observations). A low degradation efficiency of VLDL 
by Hep G2 cells has also been described by other investigators (11). In the present study, we 
addressed the question as to whether this inefficient degradation might be due to an altered 
intracellular processing of these particles, possibly due to thdr multivalent binding via apoE. 
The present results clearly show that after internalization, the transport of VLDL as well as 
of LPL-treated VLDL to the late endosomal-lysosomal compartment is indeed severdy 
retarded. In addition, we found that these lipoproteins fail to stimulate inbiacdlular ACAT 
activity. 

Materials and Methods 

Materials 
Fetal calf serum (FCS) and Dulbecco's modified Eagle's medium (DMEM, cell culture 
medium) were obtained from Flow Laboratories (Irvine, U.K.). Human serum albumin 
(HSA) was obtained from Sigma Chemical Company (St. Louis, MO, U.S.A.). Na"^ (spec, 
act. 13.3 /iCi//xl) was purchased from Amersham (Buckinghamshire, U.K.). Multiwdl cell 
cultiire dishes were from Costar (Cambridge, MA, U.S.A.). PercoU (density 1.13 g/ml) was 
obtained from Pharmacia (Upsala, Sweden). 

Lipoproteins 
LDL and VLDL were isolated from serum of normolipidemic donors by density gradient 
ultracentrifugation according to Redgrave et al. (12). Lipoprotein lipase-tireated VLDL (LPL-
VLDL) were prepared by incubating total serum with lipoprotein lipase (LPL) purified from 
bovine milk (13), essentially as described before (S). Briefly, the amount of LPL added was 
equal to the amount necessary for hydrolysis of 50% of the triacylglycerols present in 
complete serum within 1 hour. The incubation was performed in the presence of 10% (w/v) 
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fatty add free human serum albumin (HSA) and Tris-HCl buffer (final concentration O.IM, 
pH 8.5) for 90 minutes at 37°C. To stop the reaction, the mixture was put on ice and solid 
KBr was added to adjust the solution to a density of 1.21 g/ml. LPL-VLDL, with density less 
than 1.019 g/ml, were then isolated by density gradient ultracentrifugation (12). 

The lipoprotdn prqKirations were immediately used for iodination by the '"iodine 
monochloride method described by Bilheimer (14). After iodination, the lipoproteins were 
dialysed against phosphate buffered saline (PBS, pH 7.4) and stabilized with 1 % (w/v) HSA. 
The spedfic activities ranged from 100 to 250 cpm/ng of protein. The stabilized '"I-labeled 
lipoproteins were stored at 4°C and used within two weeks. With all labded lipoproteins, 
less than 1 % of the radioactivity was soluble in 10% (w/v) trichloroacetic acid (TCA). 
Whenever unlabded lipoprotdns were used, they were immediately stabilized after isolation 
with 1 % (w/v) HSA followed by extensive dialysis against PBS and, subsequentiy, DMEM 
supplemented with penicillin (100 U/ml) and streptomycin (100 ftg/ml). 

Lipoprotdn-depleted serum (LPDS) was obtained by ultracentrifugation of serum at a 
density of 1.21 g/ml followed by extensive dialysis of the infi^natant against PBS and, 
subsequentiy, DMEM supplemented with penicillin and streptomycin. 

jS-VLDL was separated by sequential ulb'acentrifiigation from the serum of cholesterol-fed 
rabbits (d < 1.006 g/ml) and extensively dialyzed against PBS and, subsequentiy, DMEM 
supplemented with penicillin and streptomycin. 

Cell culture 
Hep G2 cdls were cultured in 25 cm^ fiasks in DMEM supplemented with 10% (v/v) heat-
inactivated FCS, 20 mM Hepes, 10 mm NaHCO,, 100 U/ml penicillin and 100 ug/ml 
sb^tomycin at 37''C in equilibration with 95% air/5% CO2. Six to seven days prior to each 
experiment, cdls were seeded in 2 cm^ multiwell dishes. 

Twenty-four hours before the assays, the cells were washed with DMEM-1% HSA and 
further incubated witii DMEM containing 10% LPDS (v/v) instead of FCS. 

Binding assays 
Binding experiments were performed essentially a described previously (5,15). 

Each experiment was started by washing the cells tiiree times in DMEM-1% HSA. 
Thereafter, cells were incubated in the same medium with the addition of 20 /tg/ml of labeled 
lipoproteins, in the presence or absence of a 30-fold excess of unlabeled LDL. Temperature 
and duration of the respective incubations are described in the text and figure legends. After 
incubation with labelled lipoprotdns, cells were cooled to 0°C. Degradation was measured 
exactiy as described (16) and, after removal of the incubation medium, the cells were washed 
extensivdy (17). To measure total cell association, tiie washed cells were dissolved in 0.2M 
NaOH and an aliquot of the cell lysate was counted for radioactivity. Another aliquot of the 
cdl lysate was used for protein determination according to Lowry et al. (18). 

Values for the specific (receptor-mediated) cell association and degradation were 
calculated by subtracting the amount of labeled lipoprotein that was cell associated or 
degraded in the presence of a 30-fold excess of unlabeled LDL (nonspecific binding) from 
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tile amount of labelled lipoprotein tiiat was cell-associated or degraded in the absence of an 
excess of unlabded LDL (total binding). 

Measurement of imracellular transport of lipoproteins 
Subcellular fractionation of Hep G2 cells was performed by PercoU density gradient 
centrifugation as described (19). Cdls were seeded in 100 mm dishes. After incubation for 
4.5 hours at 18°C in tiie presence of 20 /«g/ml of '"l-labded LDL, LPL-VLDL or VLDL, 
ceUs were washed twice witii DMEM-1% HSA to remove tiie unbound ligand and further 
incubated at 37°C for tiie indicated periods of time in medium witiiout tiie labeled 
lipoprotdns. CeUs were tiien washed extensively witii 0.28 M sucrose, 2 mM CaClz, 0.01 
M Tris-HCl pH 7,6 and scraped from tiie dishes witii a rubber poUceman in tiie same buffer 
(1 ml/dish). Then, cdls were homogenised in a Dounce homogeniser by 20 complete strokes 
witii a tight fitting pestie. The homogenates were cenbifuged at 280 x g for 10 minutes in 
order to remove remaining intact cdls. A 80% (v/v) PercoU solution and homogenization 
buffer were added to tiie supematants to a final PercoU concenb:ation of 20% and to a final 
volume of 12 ml. After tiiorough mixing, the samples in PercoU were placed in cellulose 
nibate tubes fitting a 50Ti rotor (Beekman) and centirifuged at 10,000 x g for 45 minutes. 
Fractions of ~ 0.3 ml were collected by aspiration from top to bottom and the radioactivity 
in each sample was counted. The density of each fraction was measured in a PAAR-DMA-45 
density meter equipped witii a DMA-602M small sample ceU (~ 170 id). The distiibution 
of the lysosomal marker (acid phosphatase) was measured by the method of Torriani (20). 

Measuremem of intracellular cholesterol esterification (ACAT activity) 
Cholesterol esterification was measured by determining the incorporation of [1-'*C] oleic acid 
into labeled cholesteryl oleate, essentially as described (21), witii some minor modifications. 
CeUs cultured in 10 cm^ wells were first preincubated for 20 hours in culture medium 
containing 10% lipoprotein deficient serum (LPDS) and then witii tiie indicated amounts of 
lipoproteins for 4 hours. Subsequentiy, to 2 ml of incubation medium, 100 /tl of a 1 mM 
solution of ['̂ C]oleate (2340 dpm/nmol) complexed to albumin was added and cells were 
incubated for anotiier 2 hours at 37°C. Cells were tiien washed four times with ice-cold PBS 
and harvested in 1 ml by scraping. After addition of [^Hjcholesterol (60.000 dpm/sample), 
as internal standard, lipid extraction as described by Bligh and Dyer (22) was performed. 
Lipids were analyzed by tiiin layer chromatography on pre-coated silica plates. The 
devdoping solvent was composed of chloroform/methanol (98:2) (v/v) first, followed by 
chloroform/hexane (45:65) (v/v). The lipid spots were detected by autoradiography, scraped 
off and counted for radioactivity in a Packard 1900CA Tri-Carb liquid scintillation analyzer 
equipped with software validated for '*C/̂ H double labeled samples. Recovery of the internal 
standard was 65-85%. 
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ResuUs 

Time course of receptor-mediated association and degradation of LDL, LPL treated VLDL 
and VIDL by Hep G2 cells 
The time-course of receptor-mediated association and degradation of labeled LDL, LPL^ 
VLDL and VLDL at 37°C are shown in Fig. 1. For all three lipoprotein samples, the cell-
association increased progressively over the first three hours, before a plateau is reached. 
The degradation started after a lag period of 60 to 90 minutes and proceeded at a slower rate 
in case of both LPL-VLDL and VLDL, as compared with LDL. When the degradation 
efficiency is calculated as the amount of ligand degraded relative to the amount of ligand that 
became cdl-associated (Fig. 2), it is apparent that after 5 hours of incubation the degradation 
efficiency of LPL-VLDL and VLDL is only 50% and 20%, respectively, of tiiat of LDL. 

We reasoned that more information about the intraceUular processing of LPL-VLDL and 
VLDL might help explaining this difference in degradation efficiency. Therefore, the next 
experiments were designed to investigate whether the reduced degradation efficiency of LPL-
VLDL and VLDL was due to: (j) a lower internalization rate, (ii) a less efficient transport 
of the apoE-binding lipoprotdns from the early endosomal compartment to the late 
endosomal or lysosomal compartment or {Hi) an impairment in the lysosomal degradation 
itsdf. 

Rate of internalization of surface bound LDL, LPL-VLDL and VLDL by Hep G2 cells 
The rate of internalization was examined by first incubating the ceUs at 4°C with 20 /ig/ml 
of labded LDL, LPL-VLDL and VLDL for two hours to allow the Upoprotdns to bind to 
the plasma membrane, thus without subsequent internalization. Thereafter, ceUs were washed 
and further incubated at 37°C. As shown in Fig. 3, the maximal internalization is reached 
within about 20 minutes for all the three lipoprotein samples, indicating that the 
internalization rate of LPL-VLDL and VLDL does not differ from that of LDL. 

We hypothesize therefore that LPL-VLDL and VLDL, once internalized, (i) cannot be 
further transported to the late endosomal and/or lysosomal compartment, or (ii) they cannot 
be degraded in the lysosomes either due to an impairment in the late endosome-lysosome 
fusion or to a defect in the lysosomal degradation itsdf. 

Rate of transport of LDL, LPL-VLDL and VLDL from the early endosomes to the late 
endosomal or lysosomal compartment in Hep G2 cells 
To evaluate whether the transport of LPI^VLDL and VLDL from the early endosomal 
compartment to the late endosomal or lysosomal compartment is impaired, cdls were first 
incubated with labeled lipoproteins for 4.5 hours at 18°C. At this temperature, it has been 
demonstrated that degradation of LDL is inhibited owing to an impairment in the dissociation 
of the internalized LDL from the receptor (23) and to a block in endosome-lysosome fusion 
(24). As a result, the cell-associated lipoprotdns wiU accumulate in the early endosomal 
compartment, without bdng degraded (25). 
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Figure L Time course at 37°C of the 
receptor-mediated association (o) and 
degradation ( A ) of LDL (A), LPL-
VLDL (B) and VLDL (C) in Hep G2 
cells. Cells were incubated with 20 
/tg/ml of ""I-LDL or '»I-LPL-VLDL or 
"^-VLDL ± 30 fold excess of un-
kbelled LDL at 37'>C for the indicated 
periods of time. Thereafter, the recep­
tor-mediated association and degradation 
were measured as described in Materids 
and Methods. Values are means ± S.D. 
of triplicate incubations. 
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After tiie incubation in the presence of labded LDL, LPL-VLDL or VLDL at 18''C, ceUs 
were washed in order to remove the unbound ligand and further incubated at 37°C for the 
indicated periods of time (Fig, 4). Witii LPL-VLDL and VLDL tiie major portion of tiie 
initial amount of labd accumulated in the endosomes is stiU ceU associated after 5 hours at 
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Figtire 2. Degradation efficiency of LDL (o), LPL-VLDL (•) and VLDL ( A ) . Vdues are cdculated from the 
results presented in Fig. 1 as ratio degradation/association. 
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F^ure 3 . Interndization rate of LDL, LPL-VLDL and VLDL in H ^ G2 cdls. After 2 hows of incubation 
at 4 'C in the presence of 20 /tg/ml of '^I-LDL, '»I-LPL-VLDL or "»I-VLDL ± 30 fold excess of unlabelled 
LDL, cdls were chased for the indicated periods of time at 37 °C and the amount of lipoprotein bound to the 
plasma membrane (o) or intracellularly-present ( A ) was measured as described in Materids and Methods. 
Vdues are means ± S.D. of triplicate incubations. 

37°C (Figs. 4B and 4C), whereas for LDL (Fig. 4A) about 70% of tiie internalized LDL is 
degraded witiiin 5 hours after tiie temperattire shift from 18''C to 37''C. For LDL, tiie 
decrease in ceU association is fuUy complementary to the amount of LDL degraded. This 
implies that all intraceUularly present LDL is secreted, after being degraded. Strikingly, for 
LPI^VLDL and VLDL the sharp dedine of the ceU association curve in the first hour of 
incubation after tiie temperabire shift firom IS'C to 37°C suggests that some 20% and 40% 
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of tiie intracdlularly-accumulated particles are excreted as intact particles into tiie medium, 
thus escaping the degradation route (retioendocytosis). At each time point the amount of 
lipoprotdn that became retroendocytosed is calculated according to the formula: retro-
endocytosis = 100% - (% lipoprotdn associated + % lipoprotein degraded) ( see broken Une 
in Fig. 4). 
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fiigiiK 4. Intracellular processing of 
LDL (A), LPL-VLDL (B) and -VLDL 
(C). Cells were preincubated at 18°C 
for 4.5 houra in the presence of 20 
/tg/ml of '^-labeled lipoproteins ± 30-
fold excess of unlabelled LDL and then 
chased for the indicated periods of time 
at 37''C. Receptor-mediated association 
(o) and degradation ( A ) were measured. 
The amount of lipoprotein associated at 
time 0 was taken as 100%. At each time 
point the amount of the retroendocytosed 
lipoprotein (broken line) was cdculated 
according to the formula: retroendocyto-
sis = 100% - (% lipoprotein associated 
+ % lipoprotein degraded). Vdues are 
means ± S.D. of triplicate incubations. 
The 100% vdues of the cell-association 
at time 0 at 37''C are 74 ± 8, 127 ± 4, 
62 ± 4 ng/mg cell protein for LDL, 
LPL-VLDL and VLDL, respectivdy. 
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The low degradation efficiency of LPL-VLDL and VLDL is clearly shown in Fig. 5. 
From tiiese results we conclude tiiat tiie impairment in LPI^VLDL and VLDL degradation 
occurs downstream of the early endosomal compartment and is partly due to retijoendocytosis 
of the Upoprotdn particles. 
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Flgure 5. Degradation efficiency of LDL (o), LPL-VLDL (n) and VLDL ( A ) . Vdues are calculated from the 
results presented in Fig. 4 as ratio degradation/association. 

To investigate as to whether LPL-VLDL and VLDL are eitiier retained in tiie sorting 
endosomes or normaUy ddivered to the late endosomal or lysosomal compartment, but not 
further degraded, ceUs were incubated for 4.5 hours at 18°C in tiie presence of labeled 
upoprotdn, followed by a temperabire shift to 37°C and homogenization at tiie indicated time 
points. Thereafter, ceU homogenates were subcdlularly fractionated by PercoU gradient 
centiifugation (Fig. 6) (19). Due to tiieir difference in buoyant density, tiie early and sorting 
«idosomes (top fractions) were separated from the late endosomal and lysosomal fractions 
(bottom fractions) (26). Figure 6 shows tiie distiibution of label in tiie gradient fractions for 
each Upoprotdn tested at one time point (15 minutes) after tiie temperature shift. With LDL 
(Fig. 6A), after 15 minutes at 37°C, almost all the radioactivity was found in tiie high 
density bottom fractions, which represent the late endosomal fractions and lysosomal 
fractions. The latter were identified by tiie presence of acid phosphatase activity (horizontal 
bar). Sbikingly, LPL-VLDL, and even more dramatically VLDL, move much more slowly 
to tiie bottom fractions upon incubation at 37''C. After 15 minutes at 3 7 ^ , more tiian 50% 
of LPL-VLDL (Fig, 6B) and almost all VLDL (Fig, 6C) was stiU present in tiie Ught, early 
oidosomal fractions. The rate of accumulation of tiie labeled lipoproteins in the high density 
fractions at different time points is summarized in Fig. 7. Within 15 minutes after the 
temperabire shift to 37''C, tiie intracellular tiafficking of LDL towards tiie late endosomal-
lysosomal compartment was nearly complete, while for LPL-VLDL and VLDL, even after 
45 minutes, the entire process towards the late endosomal-lysosomal compartment has not 
been completed. Apparentiy, LPL-VLDL and VLDL are much more slowly tiansported to 
the late endosomes or lysosomes than LDL. 
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Figure 6. Subcellular distribution of LDL (A), 
LPL-VLDL (B) and VLDL (C) in Hep G2 cdls. 
Cells were mcubated for 4.S hours at IS 'C with 
20 /tg/ml '"I-labded lipoprotem in DMEM-1% 
HSA medium. After washing to remove unbound 
ligand, the cdls were incubated at 37 °C for 15 
minutes after which the cells were homogenised 
and subjected to subcellular ftactionation as 
described in Materids and Methods. Fractions 
were measured fior radioactivity. The dotted line 
represents die dendty profile of the gradient; the 
horizontd bar indicates the samples rqiiesoiting 
the lysosomd fractions as evaluated by acid 
phosphatase activity measurement. 
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Cellular cholesterol esterification (ACAT activity) 
In order to determine if tiiere was a correlation between the retarded transport of LPL-VLDL 
and VLDL to the late-endosomal or lysosomal compartment and the potency of these 
particles to stimulate ACAT, ACAT activity was measured after incubation of Hep G2 cells 
witii dtiier LDL, LPI^VLDL, VLDL or rabbit |3-VLDL. In macrophages, /3-VLDL are 
known to be a much more potent stimulator of ACAT tiian LDL, although this effect is not 
due to a greater delivery to tiie cdl of jS-VLDL cholesterol (27). As shown in Fig. 8, after 
6 hours of incubation with 30 ftg/ml of LDL, a 2.5-fold increase of the enzyme activity was 
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obtained, as compared to tiie conbol levd of ACAT activity in Hep G2 cdls. Similar 
amounts of jS-VLDL stimulated ACAT up to 5-fold. LPI^VLDL and VLDL did not influence 
cdlular ACAT activity at all. The same results were obtained when ceUs were incubated for 
a prolonged time (20 hours instead of 6 hours) and in tiie presence of higher amounts of 
Upqprotein (up to 100 and 150 |tg of lipoprotein protein/ml). Results similar to those 
presented in Fig. 8 were obtained when the amount of lipoprotein added was expressed as 
/tg cholesterol/ml. 

The poor abUity of LPL-VLDL and VLDL to stimulate ACAT is in accordance witii tiie 
retarded transport of these particles to the late-endosomal/lysosomal compartment. 
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Figure 7. Accumubtion of 
LDL, LPL-VLDL and VLDL 
in the late endosomd and lyso­
somd fractions as a function of 
time. Cell homogenates were 
fractionated on PercoU gra­
dients as described in Fig. 6. 
For each time-point the fiac-
tions representing the lysosomd 
firactions (fiactions 30-38, see 
Fig. 6) were pooled and ex­
pressed as the percentage of the 
totd amount of radioactivity 
present in the homogenate. 
Open bara rq>resent LDL; 
batched bars represent LPL-
VLDL and dotted bara repre­
sent VLDL. 
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Hgure 8. Cellular cholesterol-
esterification (ACAT activity) 
upon incubation with different 
lipoprotein fractions. Cells 
were incubated for 6 houra 
with DMEM, 10% LPDS con-
tdning the indicated amounts of 
rabbit ß-WUDL (v), LDL (o) . 
LPL-VLDL (D) and VLDL 
( A ) . During the last 2 houra of 
the 6 houra incubation at 37 "C, 
to the cdls [•<C]oleate (2340 
dpm/nmol) vras added. At the 
end of the 6 houra incubation, 
the cells were assayed for 
cholesteryl ['%]oleate content 
as described in Materids and 
Methods. Vdues are means ± 
S.D. of triplicate incubations. 
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IHscussion 

In tiie present shidy we have shown tiiat normal VLDL and lipolyzed VLDL, taken as 
representative of VLDL remnants, once bound and taken up by tiie LDL receptor in Hep G2 
cdls, are poorly degraded as compared to LDL. A low degradation effidency has also 
previously been rqmrted for botii VLDL (11) and VLDL remnants (28). In tiie latter study, 
the authors propose that dther a rapid dissociation of IDL/receptor complexes at the cdl 
sur&ce might take place, prior to internalization, or IDL might be intemaUzed but a major 
fraction recycles back to tiie ceU surface (rebx)-endocytosis), possibly together with tiie 
recq)tor protein, tiius preventing tiie routing to tiie lysosomes. Our pres^it data rule out tiie 
first hypothesis, clearly showing tiiat VLDL and LPL-VLDL are quantitativdy taken up by 
Hep G2 ceUs (Fig, 3). Altiiough not directiy measured, but calculated from tiie results 
presented in Fig. 4, we found tiiat for VLDL and LPL-VLDL some 40 and 20%, 
respectivdy, of tiie total amount of particles inb:aceUularly-present is rebY>-endocytozed back 
into the medium, tiius escaping the lysosomal pathway. However, even when the amount of 
Upoprotdn tiiat is retro-endocytosed is considered, this cannot fully account for tiie much 
lower degradation efficiency found for VLDL and LPL-VLDL as compared witii LDL (Figs. 
2 and 5). 

Botii at 37° and at 18°C, VLDL and LPL-VLDL are taken up by Hep G2 ceUs at a 
normal rate as compared witii LDL (Figs. 1, 3 and 4). The present results provide evidence 
that the relatively poor degradation of VLDL and LPL-VLDL is due to a slower deUvery of 
these particles to tiie lysosomal compartment (Figs. 6 and 7). The retarded intiiacdlular 
routing of tiiese particles might be tiie resuU of tiie polyvalent binding of apo E in VLDL and 
LPL-VLDL to the receptor. Recentiy, such a mechanism has been postulated for |8-VLDL 
in mouse peritoneal macrophages (10). It is hypotiiesized that the high-affinity polyvalent 
ApoE binding to the LDL receptor results in a greater resistence to the acid-mediated release 
of the Ugand from the receptor. If this is the case, the rate limiting step in the processing of 
VLDL and LPL-VLDL indeed would take place in the sorting endosomes, thus raising tiie 
question of tiie fate of the receptors bound to tiie ligand. Previous studies have indicated that 
receptor cross-linking can block ligand-receptor recycUng (29,30), sometimes triggering tiie 
delivery of tiie multivalent-bound receptors to tiie lysosomes for degradation. Our results, 
however, cannot discriminate between the two possiblities tiiat either tiie receptor is rdatively 
slowly recycled back to tiie plasma membrane or, eventually, partiy degraded in the 
lysosomes. 

In order to verify tiie effect of tiie slower processing and degradation of VLDL and LPL-
VLDL on cdlular cholesterol homoeostasis, we measured ACAT activity, which is known 
to be a sensitive measure for the amount of cholesterol in the regulatory cellular cholesterol 
pool. Eisenberg et al. (U) and Krul et al. (31) have found tiiat incubation of ceUs with 
VLDL did not lead to a stimulation of ACAT activity. Our results are in line witii tiieir 
results. Botii VLDL and LPL-VLDL were not able to stimulate the intraceUular cholesterol-
esters syntiiesis (Fig. 8). In conttast witii this, Krul et al. (31) and Evans et al. (32) showed 
tiiat VLDL isolated fix)m hypertriglyceridemic (or type IV) subjects (HTG-VLDL) was a 
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potent stimulator of ACAT, They showed that HTG-VLDL contains more apoE and more 
cholesterol per particle. However, a higher cholesterol content per HTG-VLDL particle, as 
compared with normal VLDL, cannot explain the discrepancy between their results and our 
results regarding the stimulation of ACAT activity. We observed that the cholesterol and 
apoE content (expressed as ratio cholesterol to triglycerides and apoE to apoBlOO, 
respectivdy) of the LPI^VLDL particles used in our study are in the same order of 
magnitude as that of the HTG-VLDL used by Evans et al, (results not shown) (32), 
Furthermore, expressing the amount of Upoprotdn added in Fig, 8 as the amount of 
cholesterol added, instead of the amount of protdn, did not considerably change the results 
shown, 

Recentiy, Xu and Tabas (33,34) have found that in macrophages the ceUular cholesterol 
levd fixst have to reach a critical threshold of about 25% above the basal levd, before 
ACAT activity is stimulated. If the same 25% increase in cdlular cholesterol levd is 
required in Hep G2 ceUs in order to stimulate ACAT activity, our results indicate that, under 
the conditions applied, VLDL and LPL-VLDL do not increase the ACAT substrate pool 
enough for exerting an effect on the ACAT activity. Since the amount of uptake of VLDL 
and LPI^VLDL is comparable with the uptake of LDL (Fig. 1), also when based on the 
amount of cholesterol uptake (not shown), we conclude from our results that the ACAT 
substrate pool is suppUed with lipoprotein-derived cholesterol only after the lipoproteins have 
been d^raded. Hence, the cdlular degradation of VLDL and LPL-VLDL is too inefficient 
to increase cellular cholesterol esterification. 

A low degradation efficiency of VLDL and LPI^VLDL would also imply a rdativdy 
poor down-regulation of the LDL receptor activity upon incubation of ceUs with these 
Upoprotdns. Epidemiological studies suggest that the down-regulation of the LDL receptor 
activity in the Uver by VLDL and VLDL-remnants depends, at least partly, on the 
polymorphism of apoE (35-37). Whether, besides affecting the binding of the lipoproteins 
to the receptor, apoE polymorphism also interferes with the effidency of ceUular degradation 
of VLDL or VLDL-remnants, as a consequence of a retarded intraceUuar transport to the 
lysosomal compartment, is currentiy under investigation. 
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Abstract 

Six E2E2 homozygous Familial Dysbetalipoproteinemic (FD) patients were treated with 
gemfibrozU (2'''600 mg/day) for a period of four weeks. For all subjects, normalization of 
serum cholesterol concentrations upon treatment, did not result in a significant change in the 
cholesterol/triglyceride ratio of tiie d < 1.019 lipoprotein firaction. In addition, the binding 
efficiency of this Upoprotdn fraction to the LDL-receptor on Hep G2 cells, did not change 
consistaitiy upon beatment. We conclude that, normaUzation of the serum cholesterol 
concentration in FD patients by treatment with gemfibrozU is the result of an effect of 
gemfibrozU on the synthesis of d < 1.019 lipoproteins rather than an effect on the receptor-
mediated clearance of these particles. 

Introduction 

In normal subjects the chylomicron- and very low density lipoprotein (VLDL) remnants are 
rapidly removed from the drculation by receptor mediated endocytosis in the Uver or by 
conversion into low density lipoproteins (LDL) [1]. Apolipoprotein E (apoE), a major 
constituent of these lipoproteins, acts as ligand for binding to the Upoprotdn receptors [2,3]. 
ApoE is a polymorphic protein of which by use of isodectiic focusing three common genetic 
isoforms (E2, E3, and E4) can be detected [4,5]. ApoE2 differs from the most common 
^)oE3 isoform by a cysteine for an arginine substitution at residue 158 [E2(arglS8 -* cys)], 
while apoE4 exhibits an arginine for a cysteine substitution at residue 112 [E4(cysl 12 -* 
aî g)]- By far the major part of familial dysbetalipoproteinemic (FD) patients exhibit 
homozygosity for E2. The accumulation of chylomicron- and VLDL-remnants 03-VLDL) in 
the plasma of these patients [6], is due to a defective interaction of apoE2 with the hepatic 
Upoprotdn receptors [7,8]. Although most of the FD subjects display the E2E2 phenotype, 
only about 4% of all E2E2 homozygotes in the general population wiU develop 
hyperUpoprotdnemia at later age [9]. It is concluded therefore, that additional genetic and/or 
environmental Victors like age, hypothyroidism, or diabetes are needed for the expression of 
the disease [9,10]. In in vitro experiments it has been shown that, after complexation with 
phosphoUpid vesicles apoE2(argl58 -» cys), displays only 1 % of the binding activity of the 
common apoE3 isoform, irrespective of whetiier apoE2 is isolated from normo- or from 
hyperUpidemic E2E2 homozygous subjects [11,12]. This dramatic reduction in in vitro 
binding activity is due to the arginine for cysteine substitution at position 158, which is 
supposed to alter the conformation of the receptor binding domain, centered around residues 
139-146 [13,14]. It is supposed that in intact lipoprotein particles the binding activity of 
E2(argl58 -» cys) can be modulated by a variety of conditions. Cysteamine beatment, 
converting the cysteine residue at position 158 into a lysine analogue, enhances the binding 
activity. Similarly, removal of the carboxy-terminal part of the protein, by cleavage witii 
thrombine, also enhances the binding of apoE2, whereas a combination of both treatments 
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fiiUy restores tiie binding activity [15], 
Innerarity et al, [16] reported tiiat tiie binding of jS-VLDL from a single E2E2 

homozygous FD patient improved upon dietary treatment. In this particular patient, serum 
cholesterol and triglyceride levds as weU as body weight were dramatically reduced upon 
treatment. SimUar to these results, ChappeU and Lindgren also found that the binding affinity 
of Upoprotdns witii density d < 1.006 isolated from E2E2 homozygous hyperUpidemic 
subjects increased upon treatment of the patients with a low-calorie diet for a period of seven 
days [17], 

Although in FD patients the plasma Upid levels are commonly asssumed to be highly 
sensitive to caloric intake [10], in the majority of our population of FD patients, no dramatic 
reductions of serum cholesterol levels and body weight were achieved upon mild dietary 
treatmoit. For this reason, our FD patients are normally treated with lipid lowering drugs, 
Ulœ gemfibrozU. We wondered whetiier tiiis beatment of E2E2 homozygous FD patients also 
improves the binding efficiency of Upoprotdns with density d < 1.019 to the LDL-receptor. 

We had the unique opportunity to monitor, in a group of six E2E2 homozygous 
hyperlipidemic FD patients, the composition and the binding affinity of /3-VLDL before and 
after tijeatment witii gemfibrozil (2*600 mg/day) for a period of four weeks. We found tiiat 
after normalization of the serum cholesterol concentrations, the binding efficiency of 
Upoproteins with density d < 1.019 did not change consistentiy. 

Materials and Methods 

Patients 
Six E2E2 homozygous hyperlipidemic FD patients, 4 females and 2 males, were recruited 
for the study. AU patients were classified as having a Upoprotdn profile characteristic for 
FD. All subjects displayed elevated serum cholesterol and triglyceride levds, and jS-VLDL 
were present in the sera of all of them (Fig. 1). The presence of secondary hyperlipidemia, 
caused by renal, thyroid or liver disease, or diabetes or excessive alcohol intake was 
excluded. The cUnical data of these patients are presented in Table 1. Three of the patients 
displayed a normal body mass index, and three of them were slightiy overwdght. None of 
the patients recdved any medication less than nine weeks before the start of the study. At 
least nine weeks prior to the study, the patients were advised to consume a low fat diet (30% 
of total calories, of which 10% sahirated fat) witii less tiian 300 mg cholesterol per day, to 
obtain reduction of the serum lipid levels as much as possible. However, no significant 
reduction of serum cholesterol and triglyceride levels were obtained during tiiis 9 weeks pre-
period. GemfibrozU was given in a dose of 2*600 mg per day, for a period of four weeks. 
The experimental design of the study is shown in Fig. 2. None of tiie patients exhibited any 
remarkable side effects during the study period. Blood was collected after an overnight fast. 
Serum was separated from the ceUs by centiifugation at 500 g for 15 min at room 
temperature. 
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Figure I. Agarose gel electrophoresis of the d < 1.019 lipoprotein fraction of the six patients before and after 
treatment with gemfibrozil. The lanes indicated by an - represent the native d < 1.019 lipoproteins, the lanes 
indicated by a + represent the LPL-treated d < 1.019 lipoproteins. The origin and the direction of the 
electrophoresis are indicated by the arrows. 
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T M e I . Clmical data of the six patients. 

Patient 
No. 

1 
2 
3 
4 
5 
6 

Mean 
(SD) 

Sex 

M 
M 
F 
F 
F 
F 

Age 

(yr) 

51 
63 
56 
54 
55 
57 
56 

(4) 

BMI 
(kg/m^ ( 

23.0 
21.4 
26.5 
28.5 
25.8 
22.4 
24.6 
(2.7) 

Chol Tg 
nmol/l) (mmol/1) 

9.8 
7.6 

12.7 
7.8 
8.6 

17.5 
10.7 
(3.8) 

6.3 
3.4 
5.0 
4.8 
4.2 
8.6 
5.4 
(1.8) 

[E] 
(mg/dl) 

20 
28 
35 
19 
29 
36 
28 

(7) 

d< 1.019 Chol 
(mmol/l) 

7.4 
4.3 
9.9 
5.3 
6.1 
14.2 
7.9 

(3.7) 

LDL Chol 
(mmol/1) 

1.3 
2.5 
L8 
1.6 
1.6 
2.3 
1.9 
(0.5) 

HDL Chol 
(mmol/1) 

1.1 
0.8 
1.0 
0.9 
0.9 
1.0 
0.9 
(0.1) 

d < 1.019 
Ratio 

2.1 
1.1 
1.9 
1.2 
1.7 
1.1 
1.5 
(0.4) 

Note: Eadi value r^iesmts the mean of two samples obtained 1 week apart, as depicted in Fig. 2. 
Abbreviations: BMI, body mass index; Choi, total plasma cholesterol; Tg, total plsama triglycerides; [E], 
plasnui apo E; d < 1.019 Choi, amount of cholesterol in the d < 1.019 lipoprotein fraction, calculated by 
subtracting the amount of cholesterol in the LDL and HDL fiactions from the total amount of cholesterol; LDL 
diol, LDL cholesterol; HDL Choi, HDL cholesterol; d < 1.019 ratio, ratio of cholesterol to triglyceride in 
b e d < 1.019 lipoprotein firaction (mmol/mmol). 

11 12 
WEEKS-

PATIENTS 

1 2 3 

4 5 6-
OEMFIBROZIL 

> 

F^ure 2. Experimmtal design. Blood samples were tak«i from three of the six selected subjects (1, 2 and 3), 
prior to treatment (week 1). Lipid analyses in serum as well as in the d < 1.019 firaction weie performed. The 
bmding to Hep G2 cells was tested of lipoproteins with density d < 1.019, as described in Materials & 
Methods. After one week the whole precedure was rqieated (wedc 2). Thereafter the patients were treated for 
4 wedts with gemfibrozil. Again blood samples were taken from these three patients and at this time also for 
the other three pati«its (4,5 and 6) (week 6). The experimental procedure was performed, and lepeated after 
one week (week 7). The second group of three patients started receiving medication, and after 4 wedcs for these 
patients, the experimental procedure was repeated (week 11 and 12). 

Analytical methods 
ApoE phenotyping was performed using a rapid micro-method based on isoelectric focusing 
of deUpidated plasma followed by immunoblotting using a polyclonal anti-apoE antiserum 

[18], 
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Lipoprotdns (LDL, HDL) were isolated according to Redgrave [19]. For isolation of 
VLDL -i- IDL the procedure was adapted, exactiy as previously described [20], Briefly, the 
density of the serum was adjusted to 1,21 g/ml, whereafter the solution was placed under a 
gradient of salt solutions, of densities 1,063 and 1.019 g/ml, respectivdy witii a volume ratio 
of 0.95:1:1 from bottom to top. After centrifugation the 1 ml top fiaction was coUected. 
Protdn contents of the lipoprotein fractions were determined according to Lowry et al. [21], 
Total cholesterol, fiee cholesterol and triacylglycerols were determined using enzymatic 
methods (Boehringer Mannheim, F,R,G.). The amount of cholesterol in the d < 1.019 
fraction was calculated by substracting the amount of cholesterol in the LDL (1.019 < d < 
1.063) and in the HDL (1.063 < d < 1.21) fraction fiom the total amount of plasma 
cholesterol. Absolute amounts of apoE and apoB were determined using ELISA according 
to the methods described by Bury et al, [22] and Kaptein et al, [23], respectively. 

LPL-treatment of lipoproteins was performed by incubating serum with lipoprotein Upase 
(LPL), purified from bovine mUk [24]. Serum was incubated with a fixed amount of LPL 
per mmol of triglycerides, in the presence of 10% (w/v) free fatty acid free human serum 
albumin (HSA) and Tris-HCl buffer (final concentiïition 0.1 M, pH 8,5) for 2 hours at 37''C, 
To stop the reaction, the mixture was put on ice and solid KBr was added to adjust the 
solution to a density of 1,21 g/ml. The solution was then placed under a gradient of salt 
solutions and isolated as described before. Agarose dectiqphoresis was performed as 
described by Demacker et al. [25], 

Labeling of LDL 
Shortiy before each experiment LDL was isolated fiom one and the same normoUpidemic 
E3E3 homozygote control subject. LDL preparations were immediately used for iodination 
by the ['"l]iodine monochloride method described by Bilheimer et al. [26]. After iodination, 
the LDL was dialysed against phosphate-buffered saUne for 4 h (4 times 500 ml). Thereafter 
it was stabilized by tiie addition of human serum albumin (HSA) (1 % w/v) and further 
dialysed against culture medium supplemented with 20 mM Hepes buffer (pH 7.4) 100 U/ml 
penidlUn and 100 /tg/ml stieptomycin. The stabilized lipoproteins were stored at 4°C. Thdr 
spedfic radioactivity ranged from 150 to 500 cpm/ng of lipoprotein protein. Less than 1 % 
of labd was present in the lipid fraction. Although stable for periods greater than 1 month 
under these conditions, the iodinated LDL were used within 10 days. When not labeled with 
['^qiodine, lipoproteins were stabiUzed immediately by the addition of 1 % HSA (by weight) 
and subsequent extensive dialysis against culture medium supplemented with Hepes, penicUlin 
and streptomycin. 

Culturing of Hep G2 cells 
The cdls were cultured at 37''C in 25 cm^ flasks containing 2 ml of DMEM culture medium 
supplemented with 10% (by volume) heat-inactivated foetal calf serum (FCS), 20 mM Hepes, 
25 mM NaHCOj, 100 U/ml penicillin and 100 /tg/ml stieptomycin under 5% C02/95% air. 
The medium was renewed twice a week. About 1 week prior to the assay, the ceUs were 
trypsinized and transferred to 2 cm^ multiwell dishes, using a split ratio of 1:6. Twenty hours 
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before tiie start of tiie experiment, DMEM supplemented witii 1 % of HS A instead of DMEM 
supplemented witii FCS, was added to the ceUs. 

Measurement cf receptor-mediated association of'^l-LDL to Hep G2 cells 
The experiment was started by tiie addition of '"l-labded LDL in tiie absence or in tiie 
presence of unlabded d < 1,019 lipoproteins isolated from each of tiie six FD subjects or 
unlabded control LDL, After 3 hours of incubation at 37''C, tiie cdls were cooled to 0''C 
and tiie '^-labeled LDL tiiat became cdl associated was measured exactiy as described 
previously [27], The association of '^I-labded LDL was expressed as percentage of die 
association in the absence of unlabeled lipoprotdns (100%), 

Results 

The cUnical data of tiie sue patients are presented in Table 1, Prior to treatinent, aU 
individuals showed Upoprotein patterns typical for FD, AU patients exhibited high 
concentiations of serum cholesterol (mean ± SD: 10,7 ± 3.8 mmol/1) and serum triglyceride 
(mean ± SD; 5.4 ± 1.8 mmol/1), due to the accumulation in the plasma of VLDL + IDL 
cholesterol (mean ± SD; 7.9 ± 3,7 mmol/1). Furthermore, tiie patients displayed high 
plasma apoE concenteations (mean + SD; 28 ± 7 mg/dl), and low LDL-cholesterol 
concenti:ations (mean ± SD; 1.9 ± 0.5 mmol/1). The ratio of cholesterol/tiiglyceride in d 
< 1,019 lipoproteins was elevated (1.5 ± 0.4 mmol/mmol), compared to tiie ratio normally 
found in this lipoprotein fraction (about 0.5 mmol/mmol). The presence of pr&-j8-VLDL as 
weU as |3-VLDL could be demonsbuted in tiie d < 1.019 lipoprotein fraction of all patients 
as evaluated by agarose electrophoresis (Fig. 1). The d < 1,019 Upoprotein firaction of a 
normolipidemic control subject displayed only tiie pre-j3 band. After LPL treatment, tiie d 
< 1.019 upoprotdns moved almost completely to tiie jS position, except for patient 6 who 
was exbemdy hyperlipidemic (Table 1). 

The experimental design is shown in Fig. 2. From patient 1, 2 and 3, two base Une blood 
samples were collected in week 1 and week 2. After receiving gemfibrozU, in a dose of 2 
times 600 mg/day, for a period of 4 weeks, again blood samples were collected at an interval 
of 1 week (week 6 and 7). At these time points also base line blood samples were collected 
from patients 4, 5 and 6, This second group of patients was also b:eated with gemfibrozU for 
a period of four weeks, and blood samples were collected in week 11 and week 12, 

Upon beatment of tiie patients with gemfibrozU, no significant alterations in body mass 
index were observed (results not shown). The serum cholesterol concentrations of aU 
subjects, except subject number 6, were normalized upon treatment (Table 2), Most of the 
reduction of tiie serum cholesterol level was found to be due to a decrease in tiie amount of 
cholesterol presöit in tiie d < 1,019 lipoprotein fraction (7.9 ± 3.7 to 3.3 ± 1.6 mmol/1). 
The mean LDL-cholesterol level remained constant, whereas, in agreement witii previous 
observations [27], HDL-cholesterol increased upon treatment witii gemfibrozU (0.9 ± 0.1 
to 1,2 ± 0.2 mmol/1). 
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Table 2. Conqtarison of the six FD patients before and after treatment with gemfibrozil with respect to plasma 
lipid and lipoprotein levels and rdative conqxisition of the d < 1.019 lipoproteins. 

Plasma Choi (mmol/l) 
Before 
After 

PUsmaTg (mmolA) 
Before 
ARet 

d < 1.019 Choi (mmol/1) 
Before 
After 

LDL Oiol (mmol/1) 
Before 
After 

HDL Choi (mmol/1) 
Before 
After 

Ratio Chol/Tg in d < 1.019 
(mmol/mmol) 

Before 
After 

Chol/apoB in d < 1.019 
(mmoI/lO ng) 

Before 
After 

qx>E (mg/dl) 
Before 
After 

apoB (mg/dl) 
Before 
After 

qmE/apoB ratio in plasma 
(mg/mg) 

Before 
After 

1 

9.8 
5.9 

6.3 
4.2 

7.4 
3.1 

1.3 
1.4 

1.1 
1.4 

2.1 
0.8 

1.5 
1.2 

20 
20 

51 
44 

0.4 
0.5 

2 

7.6 
4.9 

3.4 
2.3 

4.3 
2.1 

2.5 
1.8 

0.8 
1.0 

1.1 
0.9 

1.2 
0.8 

28 
26 

60 
36 

0.5 
0.7 

Patient no. 

3 

12.7 
6.5 

5.0 
2.1 

9.9 
3.2 

1.8 
2.1 

1.0 
1.2 

1.9 
1.8 

2.1 
1.6 

35 
29 

74 
62 

0.5 
0.5 

4 

7.8 
5.4 

4.8 
1.7 

5.3 
2.3 

1.6 
2.0 

0.9 
1.1 

1.2 
1.0 

1.2 
1.0 

19 
22 

82 
92 

0.2 
0.2 

5 

8.6 
5.5 

4.2 
1.2 

6.1 
2.6 

1.6 
1.7 

0.9 
1.2 

1.7 
2.1 

2.7 
1.8 

29 
19 

68 
61 

0.4 
0.3 

6 

17.5 
10.8 

8.6 
2.2 

14.2 
6.4 

2.3 
2.8 

1.0 
1.6 

1.1 
2.4 

4.5 
1.1 

36 
34 

143 
125 

0.3 
0.3 

Mean ± SD 

10.7 ± 3.8 
6.5 ± 2.0 

5.4 ± 1.8 
2.3 ± 1.0 

7.9 ± 3.7 
3.3 ± 1.6 

1.9 ± 0.5 
2.0 ± 0.5 

0.9 ± 0.1 
1.2 ± 0.2 

1.5 ± 0.4 
1.5 ± 0.7 

2.2 ± 1.3 
1.3 ± 0.4 

28 ± 7 
25 ± 6 

8.0 ± 3.3 
7.0 ± 3.3 

0.4 ± 0.1 
0.4 ± 0.2 

Note: Each value before and after treatment with gemfibrozil is the mean of two samples obtained 1 wedc apart, 
as depicted in Fig. 2. 
Abbreviations: Choi, cholesterol; Tg, triglycerides; d < 1.019 Choi, lipoprotein firaction with density less than 
1.019 g/ml; LDL Chol, LDL cholesterol; HDL Chol, HDL cholesterol. 
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From tiie results presented in Table 2 it is obvious tiiat normalization of tiie serum 
cholesterol concentration upon treatment did not induce a consistent change in mean 
cholesterol/tiiglyceride ratio in tiie d < 1.019 lipoprotein fractions of tiie six subjects (1.5 
± 0,4 and 1.5 ± 0,7 before and after beatment, respectivdy). Similarly, we found no 
significant reduction in mean serum i ^ E levd after gemfibrozU treatment (28 ± 7 versus 
25 ± 6). Upon gemfibrozU tteatment tiie amount of cholesterol per lipoprotein particle in tiie 
d < 1,019 fraction decreased (mean ratio chol/apoB: 2,2 ± 1.3 to 1.3 ± 0.4, before and 
after treatment, respectivdy). 

Figure 3 shows tiiat before and after treatment witii gemfibrozil tiie d < 1.019 
Upoproteins were equally good substiates for LPL. Before gemfibrozil treatment lipolysis of 
the d < 1,019 Upoproteins resulted in a change of the mean cholesterol/triglyceride ratio 
from 1.5 ± 0.4 to 3,0 ± 0.7 mmol/mmol, whereas after gemfibrozU administtation tiiis ratio 
changed from 1.5 ± 0.7 to 2.8 ± 1.1 (mmol/mmol). These results were supported by the 
finding tiiat upon lipolysis all tiie d < 1.019 lipoprotein fractions showed mainly j3-mobUity, 
before as weU as after treatment with gemfibrozil (Fig. 1). 
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Figure 3 . The change in cholesterol/triglyceride ratio of lipoproteins with density d < 1.019 upon mcubation 
with LPL. Lipolysis was performed by incubating the sera for 2 hours at 37<'C with a fixed amount of LPL per 
mmol of triglycerides, 10% fatty acid fiee HSA (w/v) and Tris-HCl buffer (0.1 M, pH 8,5). The reaction was 
stopped by placing the mixture on ice and by adding solid KBr to adjust the solution to a density of 1.21 g/ml, 
whereafter the lipoprotems with density d < 1.019 were isolated as described in Materials and Methods. Each 
value represents the mean of the two assays performed with an interval of one week (Fig. 2). The differences 
between these two independent ratios obtained were less than i%. 
CholATg ratio: cholesterol/triglyceride ratio in the d < 1.019 g/ml lipoprotein firaction 
Patient 1, o ; 2, ; 3, ; 4, * ; 5. • ; 6, o . 
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For aU six subjects we tested the ability of the d < 1.019 lipoprotein fraction (isolated before 
and after treatmrat with gemfibrozil), to compete with '^I-LDL for the LDL recq>tor on Hep 
G2 cdls (Fig. 4). Therefore, tiie association of '^-LDL to Hep G2 ceUs after 3 hours of 
incubation at 37°C, was measured in the presence of indicated amounts of d < 1.019 
Upoproteins isolated from the patients. Both '^I-LDL and unlabeled LDL, serving as 
reference competing Upoprotdn, were isolated shortiy before each experiment from one and 
the same normolipidemic subject. The efficiency of the unlabeled LDL to compete with '^I-
LDL remained constant. As shown in Fig, 4, the mean percentage of control binding left 
upon incubation with 25 /tg/ml (Fig, 4A) and 100 /tg/ml (Fig, 4B) of unlabded LDL was 74 
± 8 and 48 ± 11%, respectivdy (six independent measurements at weeks 1, 2, 6, 7, 11 and 
12, see Fig. 1). Based on the amount of Upoprotein added, the unlabeled d < 1.019 
Upoprotein fractions of all six E2E2 homozygous FD patients were much less efficient than 
the reference LDL in competing with '"I-LDL for binding to the LDL receptor on Hep G2 
ceUs (Fig. 4A and 4B). In addition, the results presented in Fig. 4 also indicate that in these 
six FD subjects, normalization of the serum cholesterol concentration upon treatment with 
gemfibrozU, did not consistentiy change the binding efficiency of the d < 1.019 lipoproteins 
to the LDL receptor on Hep G2 ceUs. 
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Figure 4. Competition of d < 
1.019 lipoproteins isolated from 
tiie six subjects vtritii '^-LDL 
for binding to the LDL recep­
tor on Hep G2 cells. After 
preincubation for 20 h in 
medium supplemented with 1 % 
(w/v) HSA, the cells were in­
cubated for 3 h with 10 fig/ml 
of •"I-labeled LDL protein in 
the presence of 25 /tg/ml (A) 
or 100 ftg/ml of unlabeled d < 
1.019 lipoprotein or unlabeled 
LDL. The association in the 
absence of unlabeled lipo­
protein was defined as 100%. 
Each value represents the mean 
of the two assays performed in 
triplicate with an interval of 
one week (Fig. 2). 
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IHscussion 

Patients witii familial dysbetidipoproteinemia (FD) mostiy display E2E2 homozygosity and 
are characterized by an increased level of cholesterol in the chylomicron- and VLDL-remnant 
(d < 1.019 g/ml) Upoprotdn fiiaction [10], The major underlying metabolic defect is a 
disturbance in the interaction of apoE2 with hepatic Upoprotdn receptors. 

The basic approach to dietary treatment of FD patients is to restrict caloric intake and to 
reduce cholesterol and saturated fat in the diet [10], Previously, Innerarity et al. [16] reported 
the treatment of a single E2E2 homozygous FD patient by severe caloric restriction. They 
observed considerable wdght loss in this patient upon treatment concomitant with a dramatic 
reduction in the concentration of chylomicron- and VLDL-remnants. Strikingly, they found 
that this reduction is caused, at least partiy, by an improved binding of the remnant 
Upoprotdns to the LDL receptor. They hypothesized that this improved binding is the result 
of a conformational change of apoE2 due to a different micro-environment on the surface of 
the remnant particles. Similar to this, ChappeU and Lindgren [17] found an increase of the 
binding affinity of d < 1.006 lipoproteins from three E2E2 homozygous FD patients upon 
significant reduction of the serum cholesterol concentration as a result of treatment with a 
low-calorie diet. 

In our lipid clinic most E2E2 homozygous FD patients are less severe hyper­
cholesterolemic than the patient described by Innerarity et al. [16]. In addition, a majority 
of our population of FD patients have a normal body mass index and dietary treatment does 
not result in sufficient reductions of serum cholesterol levels. Therefore, our FD patients are 
usuaUy treated with gemfibrozil. 

Gemfibrozil has been shown to efficientiy reduce serum triglyceride and serum 
cholesterol levds. Triglyceride levels are reduced both by decreasing the hepatic production 
and by increasing the clearance fiom the plasma [10,28,29]. We wondered whether the 
hypocholesterolemic effect of gemfibrozU in FD patients is also, at least in part, the result 
of an improved binding efficiency of VLDL and VLDL-remnant particles to the LDL 
receptor. 

The present paper shows however, that in this group of E2E2 homozygous FD patients 
treatment with gemfibrozil does not lead to a consistent improvement of the binding of d < 
1,019 Upoproteins to the LDL receptor as evaluated in in vitro binding experiments. If taken 
into account individually, the change of the cholesterol/triglyceride ratio upon beatment with 
gemfibrozU tended to be inversly related to die change in the binding efficiency of the d < 
1,019 Upoprotdns. This however, was not significant and no relation with plasma cholesterol 
concentrations could be detected. Thus, our binding results are in contrast to the results 
obtained by Innerarity et al. [16] in one patient after dietary treatment. In the FD pati^it 
treated with heavy caloric restriction, Innerarity et al. [16] did find a reduction in the ratio 
of cholesterol to triglyceride in the VLDL fraction and in the plasma apoE level. PauciuUo 
et al, PO] and Fruchart et al, [31] found a reduction of plasma apoE levels upon treatment 
with gemfibrozil or fenofibrate (another fibric acid derivative) respectively. On the other 
hand, Krause and Newton found an increase of the serum apoE concentration upon treatment 
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witii gemfibrozU, in cholesterol-fed rats [32], In the present study, we found that the 
reduction of the level of cholesterol in the d < 1.019 lipoprotein fraction did not lead to a 
significant reduction in the mean ratio cholesterol to triglyceride in this Upoprotein fiaction, 
nor did it affect plasma s ^ E levds. After treatment of the patients with gemfibrozil the d 
< 1.019 Upoproteins remained equally good substiates for LPL (Figs. 1 and 3), The absence 
of an effect of gemfibrozU treatment on these parameters sustains our observation of the 
absence of an effect of gemfibrozil on the abUity of d < 1.019 lipoproteins to bind to the 
LDL receptor (Fig. 4). 

Recentiy, it has been shown that also in normolipidemic E2E2 homozygotes the clearance 
of chylomicron-remnants is delayed [33,34]. This observation is in agreement with our 
findings, suggesting that the defective binding of tiie d < 1,019 lipoprotein fraction from 
E2E2 homozygotes is not affected by plasma cholesterol levels. 

The reason for the discrepancy between our results and those of Innerarity et al, [16] 
could be the difference in patients. In their experiment the treatment with caloric restriction 
was rather extreme as the patient underwent a considerable weight loss concomitant with a 
dramatic fell in plasma cholesterol level fiom severe hypercholesterolemia to hypo-
cholesterolemia. Our patients were treated with gemfibrozil instead of caloric restriction; they 
did not loose weight and the reduction in plasma cholesterol level was much less dramatic. 
At present no overweight and exbeme hypercholesterolemic FD patients are available in our 
clinic to repeat the experiments performed by Innerarity et al. [16] and Chappdl and 
Lindgren [17]. We conclude tiiat, in conttast to the results obtained by Innerarity et al. [16], 
after dietary treatment and subsequent weight reduction, normalization of the serum 
cholesterol concentration in FD subjects by treatment with gemfibrozil does not consistentiy 
result in a change of the d < 1.019 lipoproteins in both lipid composition and the ability to 
bind to the LDL-receptor. Therefore, our results suggest that gemfibrozil acts on the 
synthesis of VLDL rather than on the receptor mediated clearance. 
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Summary 

The apoE2(lysl46 -* gin) variant behaves as a dominant trait in the expression of Familial 
DysbetaUpoprotdnemia (FD). We found that Upoprotdns with a density of less than 1.019 
g/ml (d < 1.019 lipoproteins), of three FD patiraits carrying tiie APOE*2(lysl46 -• gin) 
allde, bound less efficientiy to the LDL receptor than the corresponding lipoprotdn fraction 
of normolipidemic APOE*3 homozygous subjects. This poor binding could not be improved 
by treatment of these d < 1.019 Upoproteins with lipoprotein Upase (LPL). Upon treatment 
with LPL, the cholesterol to triglyceride molar ratio of the d < 1.019 Upoproteins of the 
apoE2(lysl46 -» gin) FD probands increased only marginaUy (firom 0.8 to 1.1), as compared 
with that of the classical apoE2(argl58 -» cys) homozygous FD subjects (from 1.4 to 2.6) 
and the non-FD subjects (from 0.7 to 1,5), We found that the d < 1,019 lipoprotdn fi:action 
of these three apoE2(lysl46 -* gin) heterozygous FD probands, contained five times as much 
apoE per Upoprotdn particle than the corresponding Upoprotein firaction of the control 
subjects. 

We coUected blood samples from family members of six FD probands carrying the 
APOE'''2Gysl46 -» ghi) aUele, Upon treatment with LPL the ratio of cholesterol to 
triglyceride of the d < 1,019 lipoprotein fraction of the carriers (n = 35) and the non-
carriers (n = 15) increased from 1,1 to 1,8 and from 0,7 to 1.6, respectively. 

We conclude that the APOE*2(lysl46 -* gin) aUele, under certain conditions, predisposes 
to an impaired LPL-mediated lipolysis of the d < 1.019 lipoprotdn fraction which, 
consequentiy, results in a defective binding of these lipoproteins to the LDL receptor. In this 
way, the impaired lipolysis may contribute to tiie dominant behaviour of the apoE2(lysl46 
-* gin) variant in the expression of FD. 

Introduction 

In normal subjects, chylomicron- and most of the very low density Upoprotein (VLDL) 
remnants are rapidly removed from the circulation by receptor-mediated endocytosis in the 
Uver. The remaining VLDL remnants are converted into low density lipoproteins (LDL) (1). 
ApoE is the ligand for the binding of these remnants to hepatic Upoprotein receptors, and 
thus plays a crucial role in the remnant metaboUsm (2). 

ApoE is a polymorphic protein of which, by use of isoelectric focusing, three major 
isoforms, E2, E3 and E4, can be separated (3,4). E2 differs from the most common apoE3 
variant by exhibiting a cysteine residue at position 158 instead of an arginine. ApoE4 exhibits 
an arginine at residue 112 instead of a cysteine. The common apoE isoforms are encoded by 
three codominant alleles at a single APOE gene locus on chromosome 19 (5). Hence, six 
common phoiotypes can be distinguished: E2E2, E3E3, E4E4, E3E2, E4E2, and E4E3. 

FamiUal dysbetaUpoproteinemia (FD) is characterized by high serum cholesterol and 
triglyceride concenttations, due to the accumulation in the plasma of chylomicron- and 

72 



VLDL-remnants. Patients with FD have been shown to devdop premature atherosclerosis 
involving both coronary and peripheral arteries (6). Most FD patients (> 90%) are 
homozygous for apoE2(argl58 -» cys) (7,8). The underlying metabolic defect in these 
patients is a distauted interaction of apoE2 with hepatic lipoprotein receptors (9,10). 
However, of aU apoE2(argl58 -> cys) homozygotes, representing 1 % of the total population, 
only 4% eventually devdop hyperUpidemic FD. 

Only rardy is FD associated with the E3E2 or E4E2 phenotype. Genotyping and DNA 
sequencing of our E3E2 heterozygous FD patients, revealed that these patients exhibited the 
rare APOE'*'2(lysl46 -» gbi) aUde (11,12), This apoE variant was first described by RaU et 
al, (13), FamUy studies have revealed that, in contrast to the most frequentiy-occurring 
APOE*2(argl58 •* cys) allele, heterozygosity for tiie APOE*2(lysl46 -• gin) allde 
commonly cosegregates with FD, indicating that this variant is inherited as a dominant b:ait 
in the expression of the disease (12). Hence, subjects heterozygous for the APOEi^(lysl46 
-* gin) allele frequentiy develop hyperUpidemic FD, despite die presence of a normal apoE3 
aUde, 

The present paper, deals with the mechanism behind the dominant behaviour of the 
apoE2(lysl46 -• gin) variant. We found that the d < 1.019 lipoprotdn fraction of tiie 
APOE*2Gysl46 -* gin) aUele carriers was less suitable as a substrate for LPL as compared 
with the corresponding lipoprotdn fraction of the non-carriers. A resistance to lipolysis may 
lead to a defective interaction of these lipoproteins with die LDL receptor, and might, 
therefore, conbibute to the dominant behaviour of the APOE*20ysl46 -» gin) allele in the 
expression of FD. 

Materials and Methods 

Subjects 
The probands previously described as familial dysbetalipoproteinemic (FD) patients witii 
heterozygosity for the APOE*20ysl46 -• gin) allele (12), tiieir relatives, tiie apoE2(argl58 
-• cys) homozygous FD patients and the other non-E2Gysl46 -• gin) allele carriers were 
admitted to the the Upid clinic in Ldden, or visited at their homes. Blood was obtained by 
venapuncture, after an ovemight fast, and was allowed to clot for 1 hour at 37°C. Serum was 
then sq)arated from blood ceUs by centrifugation at 500g for 10 min at room temperature. 

Patients with FD were diagnosed on the basis of the presence of hyperlipidemia 
(cholesterol > 7.5 mmol/1; triglycerides > 2.0 mmol/1), concomitant with floating beta 
Upoprotdns and an elevated VLDL cholesterol/plasma triglyceride ratio (> 0.69 on a molar 
basis). Serum cholesterol and triglyceride were determined using enzymatic methods 
(Boehringer Mannheim, Germany). ApoE phenotyping was performed using a rapid micro-
method based on isoelectric focusing of deUpidated plasma, before and after cysteamine-
treatment, foUowed by immunoblotting using a polyclonal anti-apoE antiserum as first 
antibody (14). Identification of the lysl46 -» gin mutation as weU as genotyping of the 
common mutation was performed by site-directed mutagenic ampUfication primers, as 
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described by van den Maagdenberg et al. (in preparation). The PCR products were digested 
with restriction enzyme PvuII according to the recommendations of the manufacturer 
(Pharmacia, Uppsala, Sweden). The digested fragments were then separated on a 2% agarose 
gd, stained with ethidium-bromide, and photographed. 

Analysis of the lipoproteins 
LDL were isolated according to Redgrave et al, (16). Lipoprotdns with a density of less than 
1,019 g/ml were isolated as previously described (17). Protdn contents of the lipoprotein 
fractions were determined according to Lowry et al. (18). Total and fiee cholesterol, 
triglycerides and phospholipids were determined using enzymatic methods (Boehringer 
Mannheim, Germany). Free fatty acids were determined using a Nefa C kit fiom Wako 
Chemicals GmbH (Neuss, Germany). The relative apoUpoprotein composition of the 
lipoproteins was estimated using SDS-polyacrylamide gradient gel electrophoresis (5-14%, 
with 0.1 % sodiumdodecyl sulphate), followed by staining with Coomassie brilliant blue (19). 
Absolute concentrations of apoB were measured according to Kaptein et al. (20). ApoE 
concentrations were measured by ELISA. In brief, anti-human apoE antibodies were first 
isolated by affinity chromatography using a human apoE-Sepharose-4B column. These apoE 
antibodies were isolated from both goat anti-human apoE and rabbit anti-human apoE 
antisera. The goat anti-human apoE antibodies were used as first or catohing antibodies. 
Rabbit antibodies were used as second antibody, whereas swine anti-rabbit IgG conjugated 
to peroxidase (DAKO, Denmark) was used as third antibody for detection. Phosphate-
buffered saUne containing eitiier casein (0.1%, by weight, pH = 7.5) or Tween-20 (0.05%, 
by volume; pH = 7.5) was used as a blocking and washing buffer, respectively. 

LPL-treatment of lipoproteins 
LPI^treated VLDL (LPL-VLDL; witii density d < 1.019) were prepared by incubating toted 
semm with lipoprotein Upase (LPL) purified from bovine milk (21). On the day of collection, 
serum was subjected to lipolysis. Serum, with a set triglyceride content, was mixed with a 
fixed amount of bovine-LPL, 400 mg of free fatty acid-free human serum albumin (HSA) 
and Tris-HCl buffer. The volume was adjusted with PBS to a final volume of 4 ml containing 
10% HSA (w/v) in O.IM Tris-HCl, pH 8,5. The mixhire was incubated for 2.5 hours in a 
waterbath at 37''C. To stop the reaction, the mixture was put on ice and solid KBr was added 
to adjust the density of the solution to 1.21 g/ml. The solution was then placed under a 
discontinuous gradient of salt solutions, of densities 1.063 and 1.019 g/ml, with a volume 
ratio of 0,95:1:1 from bottom to top. After centiifugation, the d < 1.019 g/ml lipoprotein 
fraction was obtained by taking a 1 ml fraction fiom the top of the tube. 

Labelling of the LDL with f^Ijiodine 
Immediatdy after isolation of the LDL according to Redgrave et al. (16), the lipoprotein 
preparations were used for iodination by the ['"I]iodine monochloride method according to 
BUhdmer et al. (22). After iodination, the LDL were dialysed against phosphate-buffered 
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saUne for 4 hours (four times 500 ml). They were then stabilized by adding HSA (1%, w/v) 
and further dialysed ovemight against culture medium supplemented witii 20 mM Hepes 
buffer (pH 7.4) penicUlin and streptomycin. The '"I-labelled LDL were stored at 4''C. Thdr 
specific radioactivity was 200-500 cpm/ng of lipoprotein protein. The labeUed LDL were 
used witiiin two weeks. When not labeUed witii ' ^ , lipoproteins were stiibilized immediately 
with the addition of 1 % HSA and, subsequentiy, extensively dialysed against culbire medium 
as mentioned above. 

Measurement of competition of lipoproteins with '^I-LDLfi)r association to Hep G2 cells 
Hep G2 ceUs were cultured as previously described (17). Competition experiments were 
performed by incubating Hep G2 ceUs for a period of 3 h at 37°C witii '"I-LDL (10 Mg/ml 
of protein) in the presence or in tiie absence of increasing amounts of unlabeUed lipoproteins, 
as indicated. CeU association was measured as previously described (17). 

Results 

The resultii presented in Table 1, show tiiat tiie d < 1.019 lipoproteins from apoE2(lysl46 
-• gin) carrying FD probands competed less efficientiy with '"I-LDL for binding to tiie LDI^ 
receptors, tiian did lipoprotdns witii tiie same density from apoE3 homozygotes. However, 
tiie binding of tiie d < 1.019 lipoproteins of apoE2(lysl46 -• gin) heterozygotes was not as 
defective as tiie binding of corresponding Upoproteins isolated from apoE2(arglS8 -» cys) 
homozygotes. The binding of the d < 1.019 lipoproteins of the apoE3 artd apoE2(argl58 -• 
cys) homozygotes improved after in vitro lipolysis, as had been observed in our previous 
studies (17). In contrast to these observations, the binding of the corresponding lipoproteins 
of apoE2(lysl46 •* gin) heterozygotes did not improve upon tteatment witii LPL (Table 1). 

We wondered whether tiiis could be due to an inefficient lipolysis of these lipoproteins. 
To test tills hypotiiesis, the LPL-mediated lipolysis of d < 1.019 lipoproteins of 3 
apoE2(lysl46 -* gin) heterozygous FD probands was compared with tiiat of 12 apoE2 
homozygous FD subjects and 14 non-FD control subjects. The results presented in Fig. 1 
indicate that the ratio of cholesterol to triglyceride in the d < 1.019 fraction of tiiree 
apoE2(lysl46 -> gin) heterozygous FD probands did not change substemtially after treatment 
witii LPL for a period of 2 hours (from 0.8 to 1.1), while tiiat of tiie corresponding 
Upoprotdns of tiie apoE2 homozygotes and the non-FD subjects (conttols) increased 
significantiy (fiom 1.4 to 2.6 and from 0.7 to 1.5, respectivdy). This suggests tiiat tiie d < 
1.019 Upoproteins of E2(lysl46 -• gin) carriers are relatively resistant to LPL-mediated 
Upolysis, 

In Une with tiiis, tiie results presented in Fig, 2 indicate that upon incubation with LPL, 
tiie rdease of free fatty acids from serum of tiie apoE2(lysl46 -* gin) heterozygous FD 
probands is impaired, when compared witii that of tiie conbxil group. 
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Table 1. Competition of unlabelled lipoproteins with a density of d < 1.019 (g/ml) from individuals with 
different apoE phenotypes, and LDL with '^I-LDL for association to Hep G2 cells. 

unlabdled 
lipoprotein 

LDL 
d < 1.019 
lipoproteins: 

apoE 
phenotype 

E3E3 
E3E3 

E2(lysl46 -* ghi)E3 
E20ysl46-»gUi)E3 

E2E2 
E2E2 

LPL 
treatment 

-
+ 
-
+ 
-
+ 

N 

(n = 4) 

(n = 3) 
(n = 2) 
(n = 5) 

( n = l ) 
(n = 6) 
(n = 6) 

0 

100 

100 
100 
100 
100 
100 
100 

10 

54 ± 11 

66 ± 7 
61 

79 ± 7 
79 

90 ± 10 
78 ± 13 

per ml 

50 

32 ± 4 

55 ± 4 
37 

60 ± 7 
60 

74 ± 2 0 
59 ± 15 

After preincubation for 20 h in medium supplemented with 1 % (w/v) HSA, die cells were incubated for 3 h 
at 37''C, with 10 /tg/ml of '^I-LDL in the presence of unlabelled lipoproteins with a density of less than 1.019 
g/ml, as indicated. Thereafter, receptor-mediated cell association was measured as previously described (17). 
Values represent cell association expressed as a percentage of the control cell association. The control 
association is the association in the absence of imlabelled lipoprotein (100%). Experiments are carried out in 
triplicate. Each value, except two, represents the mean ± S.D. 
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Flgure 1. Ratio cholesterol/triglyceride in the d < 1.019 lipoprotein firaction, before and after incubation of 
seium with bovine-LPL. Sera from apoE2(lysl46 -» gin) heterozygotes, apoE2(aigl58 -» cys) homo^gotes and 
controls, were incubated for 2 hours in the presence of LPL, as described in Materials and Methods. 
Lipoproteins witii a density of d < 1.019 were tiien isolated, as described in Materials and Methods. At the 
time points 0 h and 2 h, sanq)les were taken for isolation. The cholesterol/triglyceride ratios (TC/TG; 
mmol/mmol) were tiien determined. A: three FD probands heterozygous fi>r E3E2(lysl46 -> gin), the sera of 
two of them were subjected to lipolysis twice within a three-year interval; B: twelve apoE2(aigl58 -* cys) 

; C: fourteen controls. 
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Figure 2. Free fatty acid (FFA) release upon mcubation of serum firom E2(lysl46 -• ghi) heterozygous FD 
probands and from control subjects with LPL. An amount of serum containing equal amounts of triglyceride 
firom each subject were adjusted by die addition of PBS to a fixed volume of 4 ml. LPL-treatment was further 
performed as described in Materials and Mediods. Every 15 minutes, samples of 20 /tl were taken in 
quadruplicate and immediately stored at -20°C until measurement. Free fatty acids (ffa) concentrations were 
measured using a NEFA C kit from Wako Chemicals GmbH, Germany. The values represent the mean ± S.D. 
of the tiiree E2Gysl46 -» ghi) hetero^gous FD probands *, and of tiie four control subjects (two E2E2, one 
E3E3 and one E3E2 subject) • . 

Comparison of tiie composition of tiie d < 1.019 lipoproteins of tiie E2(lysl46 -• gin) 
probands and the non-carriers revealed that the cholesterol to triglyceride ratio of the d < 
1,019 Upoproteins of tiie E2Gysl46 -» gln)-carriers was not as elevated as tiiat of E2E2 
homozygous FD subjects (0.8 ± 0.2 vs. 1.4 ± 0.5, mmol/mmol). Most remarkably, tiie 
ratio of apoE over total protein in tiie d < 1.019 fraction of tiie apoE2(lysl46 -* ghi) 
probands was much higher, when compared with that of the non-carriers (36 ± 5 vs. 7 ± 
2% of total protein (by weight)). The amounts of apoE2(lysl46 -* gin) present in tiie semm 
and in the various Upoprotein fiactions were comparable to the amounts of normal apoE (11). 

To further investigate the possible underlying metabolic defect in APOE*2(lysl46 -» gin) 
allde carriers, we had the opportunity of studying the family members of six apoE20ysl46 
-• gin) heterozygous FD patients (35 carriers vs. 15 non-carriers). Figure 3 shows the 
distribution of plasma cholesterol and triglyceride over the various lipoprotein fractions of 
tiie APOE*2(lysl46 -* gin) allele carriers and their relatives not carrying tiie mutant allele. 
The APOE*2(lysl46 -• gta) aUele carriers display a relatively large amount of their plasma 
cholesterol in tiie VLDL (d < 1.006 g/ml) fraction when compared witii tiie controls. 
Remarkably, tiie IDL fraction (1.006 < d < 1.019) of tiie APOE*2(lysl46 -* gin) aUde 
carriers contams only a small percentage of cholesterol and tiiglyceride as compared with 
what is observed normally in apoE2(argl58 -• cys) homozygotes (23), and for subjects 
heterozygous for die apoE3-Ldden variant (24). The amount of cholesterol m tiie LDL 
fraction is sUghtiy lower than that of the conbX)ls, although not as low as in apoE2(argl58 
-• cys) homozygotes (23). This fiunUy analysis also confirms the above mentioned 
observations tiiat tiie ratio of apoE to apoB, in tiie d < 1.019 fraction of tiie APOE*2Gysl46 
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-• gta) aUele carriers, is highly elevated as compared with that of the non-carriers (0.28 ± 
0.02 vs 0.08 ± 0.006 by weight, respectively). Similarly, in tiie APOE*2(lysl46 - gin) 
allele carrying family members the ratio of cholesterol to triglycerides in the d < 1.019 
lipoprotein fraction is lower than tiie ratio observed in apoE2(argl58 -• cys) homozygous FD 
subjects (1.1 ± 0.4 vs. 1.4 + 0.5, respectively), and only slightiy increased in comparison 
with tiiat of tiie non-carrying famUy members (1.1 ± 0.4 vs. 0.8 ± 0.4, in the carriers and 
the non-carriers, respectively). 

o 
E 
E 

E2(Lys146-Gln) 

\LL âJ 

Figure 3. The distribution of plasma cholesterol 
over the various lipoprotein fractions. The 
amount of cholesterol and triglyceride in tiie 
VLDL (d < 1.006 g/ml), IDL (1.006 < d < 
1.019 g/ml), LDL (1.019 < d < 1.063 g/ml), 
and HDL fraction is shown for apoE2(lysl46 -» 
gin) heterozygotes (A), and tiie controls 
representing their relatives not carrying the 
mutant allele (B). Closed bars represent 
cholesterol, dashed bars represent triglycerides. 
The values are means ± S.D. 

O 
E 
E 

>jv-^ xov- v ^ ^ v^o^' 

We determined the suitabiUty of the d < 1.019 lipoproteins, of family members carrying the 
mutant allele and that of the family members not carrying tills allele, as a substrate for LPL. 
Table 2 shows the cholesterol to tiiglyceride ratios of the d < 1.019 lipoproteins of 
apoE2(lysl46 -» gin) carriers and non-carriers, before and after lipolysis. In botii groups tiie 
ratio of cholesterol/ttiglyceride significantiy (p < 0.001) increases as a result of LPL-
freatment. However, for tiie apoB2(lysl46 -* gin) carriers, the relative increase of the 
cholesterol/tiiglyceride ratio upon lipolysis, is significantiy (p < 0.01) smaller tiian for tiie 
non-carriers. This indicates a less efficient lipolysis of the d < 1.019 lipoproteins of subjects 
carrying the APOE*2(lysl46 -* gin) allele. However, a large variation in lipolysis efficiency 
was found. 

In line with tiiis, as a result of lipolysis the triglyceride to apoB ratio of the d < 1.019 
fraction of tiie allele carriers is less dramatically decreased tiian is tiiat of die d < 1.019 
fraction of the non-carriers (relative decrease of 45% and 64%, respectively). These results 
confirm that tiie d < 1.019 lipoproteins of the APOE*2(lysl46 -* gin) allele carriers are 
poor substi:ates for LPL. 

78 



Table 2. Ratio cholesterol/triglyceride and triglyceride/apoB in the d < 1.019 lipoprotein firaction, before and 
after incubation of serum with bovine-LPL. 

non-carriera 
cairieis 

non-carriers 
carriers 

TC/Tg (mean 

before 

0.7 ± 0.3 
1.1 ± 0.3 

Tg/B(mean 

before 

9.0 ± 5.1 
8.7 ± 5.0 

1 ± S.D.) 

after 

1.6 ± 0.9 
1.8 ± 0.6 

± S.D.) 

after 

3.5 ± 1.5 
5.5 ± 3.3 

relative 
increase 

249% 
164« 

relative 
decrease 

61% 
37% 

P* 

0.01 

P* 

0.005 

Sera from fiunily members carrying die E2(lysl46 -» ghi) variant (n = 35) and from family members not 
carrying this allele (n = IS) were incubated for 2 hours in the presence of LPL, as described in Materials and 
Methods. At time points 0 h and 2 h, samples were taken for isolation. Lipoproteins with density d < 1.019 
were then isolated as described in Materials and Metiiods. Values for the cholesterol/triglyceride ratios (IC/Tg, 
mmol/mmol) and triglyceride/iqjoB (Tg/B, minol//tg) were measured before and after lipolysis of the d < 1.019 
firaction. Values are presented as the mean ± S.D. p*: differences in rehitive change between the carrière and 
the non-carriers, as calculated with the Wilcoxon signed Ranks test. 

Discussion 

FD is commonly associated with homozygosity for apoE2(argl58 -» cys). The underlymg 
metabolic defect is a disturbed interaction of apoE2 with lipoprotein receptors. Stace 
homozygosity for the allele is required for the development of FD, this variant is caUed to 
be associated with a recessive mode of inheritance of FD. Heterozygosity for apoE2(lysl46 
-» gta) is also associated with FD. In this case, FD exhibits a dominant mode of inheritance 
as only one defective APOE*2(lysl46 -» gin) allele is required. Thus, FD is expressed 
despite the presence of normal apoE (12), suggesting that die presence of the abnormal 
apoE2(lysl46 -» gin) variant itself is involved in the expression of FD. 

It has been shown that the basic residues in the region 131 to 150 of apoE are necessary 
for binding to the LDL receptor (25). In Une with this, the apoE2Gysl46 -» gta) variant 
displays only about 40% of the binding activity of normal apoE3, when associated with 
artifidal phospholipid vesicles (13). Our results show that tiie native d < 1.019 lipoprotems 
of three different apoE2(lysl46 -* gin) heterozygous FD probands, bound less efficientiy to 
the LDL receptor than did the corresponding lipoproteins of normal apoE3 homozygotes 
(Table 1). However, the d < 1.019 lipoproteins from these patients were not as defident m 
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tiieir bmdmg to the LDL recqptor as the Upoprotdns from apoE2(argl58 -» cys) 
homozygotes. 

Previously, we have reported that the increase of the cholesterol to tiiglyceride ratio of 
the d < 1.019 lipoproteins of normolipidemic subjects upon treatment with LPL, leads to 
an enhanced binding efficiency of these lipoproteins to the LDL receptor (17). Our present 
results show that the d < 1,019 Upoprotetas from the apoE20ysl46 -• gta) heterozygous FD 
probands, and also of their relatives carrying the APOE''^(lysl46 -» gta) aUele, are less 
suitable as a substtate for LPL than the corresponding lipoprotdns from their relatives, not 
carrymg this apoE variant. This is m contrast to that m apoE2(argl58 -» cys) homozygotes, 
where it is the conversion IDL into LDL that is disturbed, rather than the conversion of 
VLDL into VLDL-remnants or IDL (26). Our results also show tiiat tiie d < 1.019 
Upoprotdns of apoE2(argl58 -> cys) homozygotes are relatively good substrates for LPL, 
although some studies have shown that these lipoproteins are relatively resistant to Upolysis 
(27-29). The relative defect in the lipolysis of the d < 1.019 lipoproteins carrying the 
APOE*2(lysl46 -* gin) allele, might be the direct cause of an impaired binding of these 
lipoproteins to the LDL receptor and this might, therefore, result in increased plasma levels 
of cholesterol and triglyceride m this density fraction. We observed a large variation in the 
bmding efficiency (not shown) of the d < 1.019 lipoproteins, and in their susceptibiUty to 
Upolysis, Also earlier ChappeU et al, (15) found that VLDL isolated from a subject 
heterozygous for apoE2(lysl46 -* gin) was not disturbed in its abUity to compete with LDL 
for binding to die LDL receptor. We, tiierefore, suggest tiiat, besides the presence of an 
APOE*2(lysl46 -» gin) allele, another environmental or genetic factor is required to render 
the E2(lysl46 -> gta) containing, d < 1.019 lipoproteins resistant to lipolysis. 

ApoC2 is known to be an activator of LPL (for review see reference 30). Isoelectric 
focusing foUowed by protein-staining showed that the d < 1.019 lipoprotem fractions of the 
apoE2(lysl46 -» gin) heterozygous FD probands, do contain apoC2 (see also Fig. 2 in 
reference 11). Thus the lack of susceptibility of diese lipoproteins to LPL-mediated lipolysis 
is not due to a deficiency of apoC2. 

In the present study, we found that the d < 1.019 lipoproteins of the APOE*2(lysl46 
-» gin) allele carriers contain a relatively high amount of apoE per particle, which is 
distributed about equally between apoE2(lysl46 -* gin) and normal apoE (11). The presence 
of high amounts of total apoE or apoE2(lysl46 -» gin) per lipoprotdn particle can be 
excluded as the direct cause of poor lipolysis, since data obtedned from die APOE*2(lysl46 
-» gta) allde-carrying family members, did not show any correlation between the apoE to 
apoB ratio of the d < 1.019 Upoprotdn fraction and its susceptibility to lipolysis (not 
shown). Similarly, we could not detect any correlation between the amount of firee cholesterol 
per Upoprotein particle and its susceptibility to lipolysis, hereby excluding the possibUity that 
the high amount of firee cholesterol competes with the triglyceride for a place at the surface 
of the Upoproteta (31). 

In summary, our results suggest diat apoE2Gysl46 -» gin) predisposes to a reteuded 
Upolysis of the d < 1.019 lipoprotdn fraction, and, consequentiy, to a less efficient bmding 
of these lipoproteins to the LDL receptor m the liver. Although the molecular mechanism 
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behind this poor suitabiUty as substrate for LPL is not yet known, it may certainly help to 
explain the doimnant mode of inheritance of FD in subjects with heterozygosity for the 
APOE*2(lysl46 - gta) allete. 
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Summary 

We found that LPL enhances the bmding to Hep G2 cells and fibroblasts of both VLDL and 
apoE free LDL. In the presence of 1,7 /tg/ml of purified bovine LPL, the bmding of LDL 
and VLDL was up to 60 fold increased as compared to the control binding. In addition, LPL 
enhances the binding in LDL-receptor negative fibroblasts to the same extent as it does m 
normal fibroblasts. The presence of 10 mM of EGTA could not prevent the LPL-mediated 
enhancement of the bmding of both LDL and VLDL to fibroblasts, indicating that the binding 
is caldum mdependent. Furthermore, up- and down regulation of the LDL receptor, did not 
mfluence the binding of these Upoproteins in the presence of LPL, 

Strikmgly, we found that the enhancmg effect of LPL on the binding of LDL and VLDL 
to Hep G2 cells could be aboUshed by preincubation of the ceUs with heparmase, suggesttag 
that heparan sulphate proteoglycans are involved in the LPL-mediated stimulation. We 
hypothesize that die enhancement of tiie ceUular binding of LDL and VLDL in the presence 
of LPL, is caused by an LPL-bridging between proteoglycans present on the plasma 
membrane and the lipoproteins, and that the LDL receptor and LRP are not involved. 

Introdut^on 

In the drculation triglyceride-rich lipoproteins like chylomicrons and VLDL are partiy 
Upolysed through the action of endotheUum-bound LPL. The resulting chylomicron- and 
VLDL remnants are rapidly tedcen up by hepatic receptors, mainly through thdr major 
protein constituent apolipoprotein E (apoE), which functions as a high affinity ligand. Liver 
ceUs possess two different types of lipoprotein receptors. One recognizing both apoB and 
apoE, designated as LDL receptor and another recognizing only apoE and designated as apoE 
or remnant receptor (1). Recentiy, the LDL rec^tor rdated protein (LRP) described by Herz 
et al. (2), turned out to be a potential candidate for this putative remnant receptor (3,4) and 
appeared to be structurally identical to the a2-macroglobulm receptor (5). The LRP has been 
found in several different ceU types, including Hep G2 ceUs and LDL receptor negative 
fibroblasts (3,4). 

It has been reported that chylomicron remnants are taken up exclusively through the 
remnant receptor (6), although the involvement of the LDL receptor in chylomicron-remnant 
clearance has been suggested as weU (7). Uptake of VLDL and VLDL remnants by the liver 
is reported to be mediated through the action of LDL receptor, exclusively (8,9), although 
others found that also die remnant receptor is involved in the processing of these Upoproteins 
(10). Harkes et al. (11) showed that in the rat liver almost aU j3-VLDL is taken up via a 
putative remnant recq>tor on parenchymal ceUs that is most probably different from the LRP 
(12). 

It is commonly assumed that lipolysis of chylomicrons and VLDL by LPL renders these 
particles to better Ugands for both hq)atic lipoprotein receptor. Recentiy, Bdsiegel et al. (13) 
found that LPL strongly enhances the bmdmg of apoE containing lipoproteins to Hq) G2 
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ceUs and LDL receptor negative fibroblasts not only because of its Upolytic activity but 
mainly because of a stimulating effect of LPL on tiie interaction of apoE witii LRP. Smce 
in 4̂vo the major part of circulating LPL is associated witii LDL (14), we wondered whetiier 
the stimulatory effect of LPL on Upoproteta binding holds tiue also for tiie interaction of 
LDL witii tiie LDL receptor. Indeed, tiie present study shows tiiat LPL sbongly stimulates 
tiie cdlular bindmg of LDL but, strikingly, we found tiiat tiie enhancement of tiie bindmg 
of botii VLDL and LDL by LPL is caused by a LPI^mediated bridging between 
proteoglycans on tiie plasma membrane and the Upoproteta particles rather tiian by a 
stimulation of the btading of these Upoprotetas to the LRP and/or LDL receptor. 

Materials and Methods 

Lipoproteins 
Blood was obtained from healthy volunteers, after an ovemight fast. Serum was separated 
from the cdls by centrifugation at 500g for 15 min at room temperature. LDL, Upoproteins 
witii density d < 1.019 g/ml (caUed VLDL in this paper) and heavy HDL (density 1.16-1.20 
g/ml) were isolated by ultiacentiifugation, using tiie procedure as previously described (8). 
Protdn contents of tiie lipoprotein fractions were determined according to Lowry et al. (15). 
Total cholesterol, free cholesterol, tiiacylglycerols, and phospholipids were determined witii 
enzymatic colorimetiic assays (Boehringer Mannheim FRG, and Wako Chemicals GmbH, 
Neuss, FRG), 

Labelling of lipoproteins 
After isolation, the lipoproteins were iodinated immediately using the ['"l]iodme 
monochloride metiiod described by BiUieimer et al, (16). After iodination the Upoproteins 
were dialyzed and stored exactiy as described previously (8). The specific radio-activity 
ranged from 150 to 500 cpm/ng protein. 

Lipoprotein lipase 
Bovine LPL was isolated firom skimmed milk as described by Tajima et al. (17). 

Binding studies 
Kep G2 ceUs, normal fibroblasts, and LDL-receptor negative fibroblasts were culhired as 
previously described (8). The latter were obtidned from a patient with homozygous FamUial 
Hypercholesterolemia (18). Twentyfour hours before tiie start of tiie experiment, DMEM 
supplemented witii 1% HSA instead of FCS was added to the cells. The bindtag of ['"l]-
LDL and ['"I]-VLDL to the cells after a 2.5 hour incubation at O'C, was measured exactiy 
as previously described (8). 

Heparinase was obtidned from Sigma Chemical Company, St. Louis, USA. Heparinase 
tteatment was performed by incubating tiie cdls 40 min at 37°C in the presence of 2.4 U/ml 
hqiarinase. 
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Results and Discussion 

Recentiy, it has been reported that LPL dramatically increases the binding of apoE-containing 
lipoproteins to the LRP, not because of its lipolytic activity but most probably because of its 
stioictural properties (13). Normally, only a low amount of LPL circulates in plasma, mainly 
associated witii lipoproteins. As in vivo the major part of circulating LPL was found to be 
associated with the LDL fraction (14), we questioned as to whether the stimulating effect of 
LPL on the ceUular lipoprotein binding holds true for LDL as well. 

In Fig. lA it is shown that the binding of ['"Il-LDL to Hep 02 ceUs increases with 
mcreasing concentrations of LPL protein in the medium. This stimulation of the binding is 
irrespective of whether LPL is heat-inactivated or not. These results indicate therefore that 
the ceUular binding of LDL is stimulated by the addition of LPL. 

In addition, the LPL-mediated enhancement of the binding of LDL is of the same order 
of magnitude as found for VLDL (Fig. IB). The stimulation of the binding of these 
lipoproteins is observed in Hep G2 cells, normal fibroblasts and in LDL receptor negative 
fibroblasts, the latter ceU line providing evidence against the LDL receptor being involved 
in the LPL-mediated stimulation. 
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Figure I . The effect of LPL on tiie binding of ['"I]-LDL or ['"I]-VLDL to Hep G2 cells, normal fibroblasts 
and LDL receptor negative fibroblasts. The binding (expressed as ng lipoprotein per mg of cell protein) was 
measured after incubation of cells for 2.5 hours at 0°C with 10 /ig/ml of '^I-labelled lipoproteins. 
A. In the presence of different amounts of native LPL (squares) or LPL that had been inactivated by a 4 hour 
incubation at 50°C (dots). 
B. In the presence (shaded bars) or in the absence (solid bars) of 1.7 /tg/ml of LPL. The LDL receptor negative 
fibroblasts (FH) were obtained from a homozygous familial hypercholesterolemic (FH) patient. The specific 
binding was calculated by substracting from the total binding the binding in the presence of a 30 fold excess 
of unlabelled LDL. Each value represents the mean of three measurements. 

Preincubation of Hep G2 cells and fibroblasts with LDL or heavy HDL resulted in the 
weU known down- and upregulation of the LDL receptor activity, respectively (Table 1, 
(19)). On the contrary, preincubation of both cell types with either LDL or heavy HDL 
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(doisity 1,16-1,20 g/ml) hardly affected tiie binding of LDL and VLDL, if 1,7 /tg/ml of LPL 
was added. This provides further evidence that the LDL receptor is not involved ta the LPL-
mediated stimulation of the btading of these lipoprotdns. 

By means of isoelecttic focusing of 100 ßg protein of LDL followed by immunoblotting, 
the presence of apoE could not be detected ta any of the LDL samples used in these studies 
(results not shown). As it is postulated that LRP, within the apoUpoprotetas, only recognizes 
apoE (4), our results strongly suggest that the LRP is also not involved ta this stimulattag 
effect of LPL on the btadtag. Although a role for apoE in the uptake of the Upoprotetas 
foUowtag the LPI^mediated btading can not definitely be excluded, as yet effects of secreted 
apoE as phosphoUpid discs (20) by Hep G2 cdls on the LPL-mediated binding of Upoproteins 
are not very Ukdy as: 1) LPL enhances the btading of LDL and VLDL not only to Hep G2 
cells but also to normal fibroblasts and even to LDL receptor negative fibroblasts, to the 
same extent, and 2) in contrast to VLDL, LDL is supposed not to interact with apoE, 
whereas LPL enhances the binding of botii LDL and VLDL. 

Table I . The bmding of ['^IJ-LDL and ['^I]-VLDL in die presence or in die absence of 1.7 /tg/ml of LPL, 
under varying conditions. 

cell type 

Hep G2 cells 

Fibroblasts 

'^I-labelled 
lipoproteins 

LDL 
LDL + LPL 
VLDL 
VLDL + LPL 

LDL 
LDL + LPL 
VLDL 
VLDL + LPL 

control 

100 
100 
100 
100 

100 
100 
100 
100 

(pie)iiicubation with 

LDL 

55 ± 7 
115 ± 6 
49 ± 7 
108 ± 4 

6 ± 4 
75 ± 10 
24 ± 10 
69 ± 11 

heavy 
HDL 

240 ± 80 
89 ± 8 

137 ± 27 
93 ± 9 

_ 
-
-
-

(% of control binding) 

EGTA 

34 
73 
59 
103 

22 
85 
37 
89 

Heparinase 

94 
15 

125 
41 

90 
35 

104 
50 

The binding (expressed as % of the control binding) was measured after 2.5 hours of incubation of the cells at 
C C with 10 /tg/ml of ['^]-labelled lipoprotems, m die presence of in tiie absence of 1.7 /tg/ml of LPL, as 
indicated; Before the binding the cells were preincubated for 24 houra with medium containing 1 % HSA (by 
weight) instead of FCS (control incubation, 100%); During tiie preincubation period eitiier LDL (300 /tg/ml) 
or heavy HDL (100 /tg apoAI/ml); In case of tiie EGTA mcubation, die bmding experiment was performed m 
die presence of 10 mM EGTA; In case of heparinase treatinent tiie cells were preincubated for 40 min at 37 °C 
in the presence of 2.4 U/ml of heparinase. Just before tiie start of tiie experiment the cells weie washed witii 
DMEM conbkining 1 % HSA. The binding of LDL or VLDL to die cells witiiout any addition, and the bindmg 
of LDL or VLDL in die presence of 1.7 /tg/ml of LPL, but witiiout any further addition were taken as 
respective control values (100%). 

As the btading of Upoproteins to the LDL receptor as weU as to LRP is known to be 
caldum-dependent (21), we also tested the influence of EGTA on the bindtag in the absence 
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and in the presence of LPL (Table 1), In the absence of LPL, the btading of LDL and VLDL 
to both Hep G2 ceUs and fibroblasts is strongly inhibited by the presence of 10 mM EGTA, 
as expected (8), On the contrary, a significant influence of EGTA on the binding of these 
Upoprotdns could not be found if the binding experiment was performed in the presence of 
LPL, mdicating that the LPL-mediated btading of LDL and VLDL is almost completely 
caldum-tadependent, Agata, these results imply that ndther the LDL receptor nor the LRP 
are tavolved ta the LPI^mediated enhancement of cellular btadtag of both LDL and VLDL, 

The LPL-stimulated bindtag of LDL and VLDL is inhibited by the addition of an excess 
of unlabeUed LDL to the medium, indicating that this binding represents high affinity 
btadmg. As our results clearly exclude the tavolvement of both Upoproteta receptors, we 
hypothesize that the LPL mediated stimulation of the lipoprotem bindtag occurs through the 
btadmg of LPL to its btading sites. It has been shown that the high affinity binding of LPL 
to heparan sulphate proteoglycans of plasma membranes, is inhibited by treatment of the ceUs 
with hq)arinase (22), We wondered whetiier die same holds true for the LPL-mediated 
Upoproteta btadtag. Table 1 shows that the stimulation of the binding by LPL of both LDL 
and VLDL, was strongly diminished after heparinase treatment of the ceUs. We conclude that 
the major part of the binding of LDL and VLDL in the presence of LPL is caused by an 
LPL-mediated bridging between heparan sulphate proteoglycans on the plasma membrane and 
the Upoprotetas, rather than by a stimulation of the binding to LRP and/or LDL receptor. 
We hypothesize that the LPL-mediated binding of these lipoproteins might be an alternative 
pathway for lipoprotein uptake, tiiat is of particular importance for patients witii homozygous 
famUial hypercholesterolemia. From the physiological point of view Hep G2 cells, as modd 
for human hepatocytes, are the most tateresting model for studying the effect of LPL on the 
uptake of lipoprotems, as in vivo LPL is very rapidly removed from tiie circulation by the 
Uver. This possible physiological meaning of the suggested alternative patiiway is currentiy 
waàer investigation. 
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Summary 

It has previously been shown that lipoprotein lipase (LPL) enhances the btading of low 
density Upq>roteins (LDL) and very low density Upoprotdns (VLDL) to Hep G2 cells and 
fibroblasts, up to 80-fold. This increase in binding is LDL recqptor-independent and is due 
to a bridging of LPL between extra-cellular heparan sulphate proteoglycans (HSPG) and the 
Upoprotetas. In the present paper, we show that preincubation of the ceUs with LPL, 
foUowed by washing prior to the btading experiment, increased binding to the same extent 
as occurs when the binding is performed ta the presence of LPL. This indicates that the 
formation of a complex of LPL with the lipoprotdns is not a prerequisite of binding. Btading 
curves and Scatohard analyses reveal that both the number of binding sites and the affiidty 
of the bindmg is tacreased 20- to 30-fold by the addition of 3.4 /ig/vnl of LPL. The addition 
of LPL also resulted ta an enhanced uptake and subsequent lysosomal degradation of both 
LDL and VLDL when compared with binding, although to a lesser extent (up to 25-fold, 
when measured after 5 hours at 37°C). Striktagly, enhanced uptake did not occur in LDL 
recq>tor-negative fibroblasts. In addition, down-regulation of the LDL recq)tor activity by 
prdncubation of the ceUs for 48 hours with either LDL or j3-VLDL, resulted in a paraUel 
decrease in the uptake of LPL-mediated HSPG-bound LDL, whereas tiie LPL-mediated 
btading itself was not diminished. These observations indicate that the uptake of LPL-
mediated HSPG-bound LDL and VLDL mainly proceeds via the LDL receptor. Bindtag of 
labded LDL to the cells at 4°C for two hours followed by a chase period at 37°C, revealed 
that, ta absolute terms, the initial rate of intemalisation of HSPG-bound LDL is comparable 
to that of LDL receptor-bound LDL (0.58 and 0.44 ng/minute/mg ceU protein, respectively). 
We conclude that in LDL receptor-positive ceUs the LPL-mediated btading of LDL and 
VLDL to HSPG is followed by intemalisation of the lipoproteins mainly through the rapid 
process of die classical LDL receptor recycling system, whereas only a minor portion is 
intemaUsed via the much slower process of HSPG uptake. 

Introduction 

In the circulation, chylomicrons and very low density lipoproteins (VLDL) are partiy 
Upolysed through the action of endotheUum-bound Upoprotein lipase (LPL). The resulttag 
chylomicron- and VLDL-remnants are rapidly taken up after binding to hepatic receptors, 
mainly through one of their major protein constituents apoUpoprotein E (apoE). liver ceUs 
possess two different types of lipoprotein receptors. One receptor recognizes both apoB and 
apoE and is designated B,E receptor or LDL receptor. The other receptor recognizes only 
apoE and is designated as apoE or remnant receptor (1). The LDL receptor related protdn 
(LRP) described by Herz et al. (2) appeared to be a potential candidate for the remnant 
receptor (3,4) and was observed to be structurally identical to the a2-niacroglobulin receptor 
(S). The LRP proved to be a multifunctional receptor. It is not yet certain whether the LRP 
actuaUy is the remnant receptor. 
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Chylonücrons have been reported to be taken up exclusively through the remnant receptor 
(6), although the involvement of the LDL receptor in chylomicron remnant clearance has also 
been suggested (7). Upted£e of VLDL and VLDL remnants by die Uver is reported to be 
mediated exclusivdy through the LDL receptor (8,9), although others have found that the 
remnant recq>tor is also tavolved in the processing of these lipoproteins (10), Harkes et al. 
(11) and De Water et al, (12) have shown tiiat in tiie rat liver almost all j3-VLDL is taken 
up via a putative remnant receptor on parenchymal Uver ceUs which is different from the 
Uver a2-niacroglobulin recognition site (13). 

Recentiy, it has been found that the binding of chylomicrons and j3-VLDL to either Hep 
G2 ceUs or LDL receptor-negative fibroblasts was strongly increased when bovine or human 
LPL was added to the medium (14). It has been suggested that the LPL protein stimulates 
the tateraction of apoE with LRP. Recentiy, we found that the stimulating effect of LPL on 
Upoproteta btading also holds for apoE-free LDL (15). 

In addition, we provided evidence that neither the LDL receptor nor the LRP is 
responsible for the LPL-mediated stimulation of the binding of LDL and VLDL. We found 
that the enhancing effect of LPL on the binding of these lipoproteins could be prevented by 
pre-incubating the ceUs with heparmase, which is known to prevent high affinity binding of 
LPL to heparan sulphate proteoglycans (HSPG) (16,17). This led us to conclude that tiie 
stimulation of the btading is caused by the bridging of LPL between proteoglycans present 
on the plasma membrane and the lipoproteins. 

Recentiy, Williams et al. (18) have also reported that LPL enhances the binding of 
apoBlOO-rich Upoprotetas, such as LDL and Lp(a), via binding to HSPG. They found that 
the LPL-mediated ceU association of Lp(a) is completely LDL receptor-independent, whereas 
the subsequent degradation of this Upoprotein is partly LDL receptor-dependent. In the case 
of LDL and nascent apoB-containing lipoproteins, the LPL-mediated ceU association and 
degradation appeared both to be tadependent of LDL receptor activity. Rumsey et al. (19) 
also reported that the LDL receptor is not involved in the LPL-mediated binding and uptake 
of LDL by both fibroblasts and THP-1 macrophages. With the results presented in this paper 
we obtained strong evidence that the LDL receptor is responsible for the major part of the 
uptake of (LPL-mediated) HSPG-bound LDL and VLDL, whereas only a minor part of 
HSPG-bound LDL and VLDL is directiy internalized, thus witiiout the LDL receptor. We 
also show that the rate of tatemalisation of HSPG-bound LDL via the LDL receptor is 
comparable to that of LDL which is directiy bound to the LDL receptor. 

Materials and methods 

Lipoproteins 
Blood was obtained from healthy volunteers, after an ovemight fest. Semm was separated 
fiom the ceUs by centrifugation at 500 g for 15 min at room temperature. LDL (density 
1.035-l,06g/ml), VLDL (density d < 1,019 g/ml) and heavy HDL (density 1,16-1,20 g/ml) 
were isolated by ultracentrifugation, using the procedure as previously described (8), 
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jS-VLDL was obtataed from fasted semm of male Wistar rats tiiat were maintataed on a 
cholesterol-rich diet (Hope Farms, Woerden, the Netherlands) containing 2% cholesterol, 5% 
oUve oil and 0.5% cholic acid. j3-VLDL were isolated according to Redgrave (20) followed 
by a second identical centrifugation step. 

Protdn contents of the lipoprotein fractions were determined accordtag to Lowry et al. 
(21). Total cholesterol, free cholesterol, tiiacylglycerols, and phospholipids were determined 
with enzymatic colorimetric assays (Boehringer Maimhdm, Mannheim FRG, and Wako 
Chendcals GmbH, Neuss), 

Labelling of upoproteins 
After isolation, the lipoprotdns were immediately iodinated using the ['^iodine 
monochloride method described by Bilhdmer et al, (22). After iodination the Upoprotetas 
were dialysed and stored as described previously (8). The specific radio-activity ranged from 
150 to 500 cpm/ng of protein. 

Lipoprotein lipase 
Bovtae LPL was isolated from skimmed milk as described by Tajima et al. (23). Inactive 
LPL was obtained by incubation of the lipase for 4 hours at 50°C. Complete loss of activity 
of the enzyme was then checked ustag as substiate semm-activated [9,10-'H] oleic acid-
labelled bioleoyl-glycerol emulsified with phosphatidylchoUne (24). 

Binding studies 
Hep G2 ceUs, normal fibroblasts, and LDL receptor-negative fibroblasts were cultured in 2 
cm^ multiweU dishes (Costar) using Dulbbeco's Modified Eagle's Medium (DMEM) 
containtag 10% (v/v) foetal calf semm (FCS) as previously described (8). LDL receptor-
n^ative fibroblasts were obtained from a patient with homozygous FamiUal Hyper­
cholesterolemia (25). Twenty-four hours before the start of the experiment, DMEM 
supplemented with 1% (w/v) human semm albumin (HSA) instead of FCS was added to the 
ceUs. The bmdmg of ['"I]-LDL and ['^I]-VLDL to tiie ceUs in the presence or in tiie 
absence of LPL was determined after a 2.5 hour incubation with 10 /tg/ml of ['^IJ-labdled 
Upoprotein at 0-4°C. After removtag the medium the ceUs were washed five times with ice 
cold phosphate buffered saline (PBS) containing 1 % (w/v) of bovine semm albumin (BSA), 
foUowed by one wash with PBS without BSA. CeUs were then dissolved in 0.5 ml 0.2 N 
NaOH. Protdn content was measured according to Lowry et al, (21), The radioactivity ta 
an aUquot of the sample represents tiie binding. 

To measure bindtag, intraceUular-presence and degradation of Upoprotetas sq)arately, 
ceUs were incubated for 4 hours at 37°C with 10 /tg ['"I]-LDL or ['"I]-VLDL per ml eitiier 
m the presence or ta the absence of LPL, At the end of the incubation the medium was 
removed for determtaation of Upoproteta degradation as described previously (8). The ceUs 
were then washed five times with ice cold PBS/BSA (0,1 %, w/v), followed by one wash with 
PBS without BSA, The ceUs were then released fiom the culture dishes by tacubation with 
tiTpsin (0.05%, w/v) in a 137 mM NaCI, 5 mM KCl, 4 mM NaHCOj, 5 mM D-Glucose, 
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0.02% EDTA buffer (pH 7,4) for 10 min at 37''C. The viability of tiie cdls was checked, 
ustag trypan blue, Trypsta removes botii cell-bound lipoprotdns and cdl-bound Upoprotdn 
Upase (26), The ceUs were placed on ice to prevent further proteolysis, and then immediatdy 
caitrifiiged for 1 mta at 13,000 g at 4°C. Radioactivity was determined in an aliquot of the 
supematimt, reflecting the btading of the labelled Upoproteins to the exterior of tiie ceUs, The 
ceU pdlet was resuspended in PBS and cenbifuged for 5 min at 10.000 g. The pellet was 
dissolved ta 0,5 ml 0,2 N NaOH, The radioactivity found in die pdlet represents die amount 
of Upoprotdn tiiat is inbaceUularly present (ti^psin-resistomt), Protdn was measured ta an 
aliquot of tiie sample. 

Treatment witii heparinase (Sigma Chemical Company, St. Louis, MO, USA) was 
performed by tacubating tiie ceUs at 37''C m tiie presence of 2,4 U/ml of heparinase. 

Results 

We have previously found tiiat tiie LPI^mediated enhancement of the binding of LDL and 
VLDL occurs via bridging of LPL between heparan sulphate proteoglycans (HSPG) and 
Upoprotdns, as it could be tahibited by pre-treatment of tiie Hep G2 ceUs witii hqiarinase 
(15). In Fig. 1 it is shown tiiat pretacubation of Hep G2 ceUs witii LPL for 1 hour at 4°C 
followed by washing, also results in an increase of die binding of LDL. This enhancement 
of the LDL-binding is similar to tiiat found if the binding experiment is performed in die 
presence of LPL. Therefore, these results indicate that tiie complex formation between tiie 
Upoprotetas and die lipase prior to the binding is not a prerequisite, and tiius sustidn tiie 
hypotiiesis tiiat LPL forms a bridge between HSPG and Upoprotetas. In Fig. lA LPL 
concenttations in tiie /̂ ig/ml range are used. In Fig. IB it is shown tiiat the LPL-mediated 
binding of LDL is already evident at more physiological concentiations of LPL (ng/ml 
range). 
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F^ure 1. Efiéct of LPL on the binding of LDL. The binding experiment was performed eitiier with Hep G2 
cdls in medium contaming increasmg concentrations of LPL ( A ) or with Hep G2 cells tiuU had been 
premcubated for a period of one hour witii increasing concentrations of LPL at C C followed by washing in 
medium without LPL ( • ) . Bindmg of '"I-LDL was measured after 2.5 hours of incubation with 10 /ig/ml of 
•^-LDL at 4<'C, as described m Materials and Metiiods. Values are presented as tiie mean of tiiree 
measuremente. A: LPL concentrations in /tg/ml range. B. LPL concentrations in ng/ml range. 
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Figure 2 shows the bindtag of tacreasing concenbations of LDL to Hep G2 ceUs, which 
had been pretacubated with either medium alone or with medium supplemented with 1.7 
/tg/ml of LPL for a period of 1 hour at 0°C. The results show an about 20-fold higher 
maximum bindtag of LDL to the cells that had been pretacubated with LPL. The scatohard 
plots, shown in the tasert of the graphs, suggest a comparable tacrease of the btadtag 
affmity. 

Figure 2. Binding curves of ' ^ -
LDL to Hep G2 cells preincubated 
widi DMEM/HSA alone (A) or 
widi DMEM/HSA supplemented 
witii 1.7 fig/ml of LPL (B). The 
cells were preincubated for a period 
of 1 hour at 4''C in the presence of 
DMEM/HSAaloneorDMEM/HSA 
supplemented with LPL. After three 
vrashes witii DMEM/HSA tiie cells 
were incubated with increasing 
concentrations of '^-LDL at 4''C 
for a period of 2.5 hours. Binding 
was then measured as the amount of 
'^-LDL that became cell associated 
as described in Materials and 
Methods. Values are the mean of 
two measuremente. Inserts represent 
the respective Scatchard analysis. 
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To tavestigate whether LPL also enhances the uptake of LDL and VLDL, we tacubated Hq> 
G2 cdls witii dtiier '"I-LDL or witii '"I-VLDL at 37°C eitiier in tiie presence or ta tiie 
absence of heat-inactivated LPL for a period of 4 hours. In Fig. 3 it is shown that, ta the 
presence of heat-inactivated LPL, not only the binding of LDL and VLDL is enhanced (about 
14-fold and 31-fold for LDL and VLDL, respectively) but also the intemalisation (expressed 
as the amount of intracellular plus degraded lipoprotein) is increased, although to a lesser 
extent (6-fold and 23-fold, for LDL and VLDL, respectively). In our previous paper (15) we 
have shown that the major part of LPL-mediated binding is prevented by pre-beating the 
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ceUs with heparinase, indicating that the binding is mediated via HSPG. Figure 3 shows that, 
besides the inhibition of tiie LPL-mediated binding of LDL and VLDL, treatment of the ceUs 
with heparinase also resulted in inhibition of the LPL-mediated intemalisation of both 
Upoproteins. These results indicate, tiierefore, that at least part of the lipoproteins which are 
bound via LPL to HSPG are subsequentiy internalised and degraded as well. 

BINDING INTERNALISATION 

LPL 
Heparinase 

+ 
+ 

+ 
+ 

Figure 3. The effect of LPL and hepa­
rinase on the binding and intemalisation 
of ''^I-LDL and '^I-VLDL by Hep G2 
cells. Lipoprotein binding and intema­
lisation (expressed as intracellular plus 
degraded lipoprotein) was measured 
upon incubation of the cells with 10 
/ig/ml of the labelled lipoproteins at 
37°C for a period of 4 hours, in the 
absence (solid bars, control values 
100%) or in the presence (tighUy dotted 
bars) of 3.4 /tg/ml of heat-inactivated 
LPL. For the heparinase treatment, 2.4 
U/ml of heparinase were present during 
the 4 hours of incubation of the cells 
with labelled lipoprotein in order to 
prevent regeneration of HSPG on the 
cell membrane during this incubation 
period (dotted bars). Binding and inter-
nalisation are expressed as a percentege 
of the control values (incubations in the 
absence of LPL), and were determined 
as described in Materials and Methods. 
Incubation with heparinase did not affect 
the control binding and intemalisation. 
The values represent the mean ± stand­
ard deviation of four measurements. 

As shown in Table 1, degradation of both LDL and VLDL is inhibited in the presence 
of 50 ftM chloroquine to 24% and 36%, of the control value, respectively, when the 
experiment is performed in the absence of LPL, and to 32% and 38%, respectively, when 
performed in tiie presence of LPL. In the presence of 100 /iM chloroquine the degradation 
of LDL and VLDL is further reduced to 10% and 15% in the absence of LPL, and to 14% 
and 18% in the presence of LPL. 10 mM NH4CI reduces the degradation of LDL and VLDL 
to less than 10%, irrespective of the presence or the absence of LPL. From these results we 
conclude that the (LPL-mediated) HSPG-bound LDL and VLDL are also taken up and 
directed to the lysosomes for degradation. 

We wondered whether or not lipoprotein receptors such as the LDL receptor and/or the 
putative remnant-receptor are involved in the intemalisation of LPL-mediated HSPG-bound 
LDL and VLDL. To answer this question, we first measured the binding and the 
tatemalisation of '"I-LDL and '^'I-VLDL in the presence and in the absence of LPL in 
normal fibroblasts and in LDL receptor-negative fibroblasts. Figure 4 shows that, in normal 
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receptor-positive (Fig. 4A) and receptor-negative ceUs (Fig. 4B), the total amount of LDL 
and VLDL that is bound in the presence of LPL (hatched bars) is of the same order of 
magnitude. However, ta contrast to the binding, the intemalisation of LDL and VLDL ta 
recq)tor-negative fibroblasts did not reach the same order of magnitude as that measured for 
receptor-positive fibroblasts. Thus, although the LPL-mediated btading of LDL and VLDL 
occurs via HSPG, the major part of the subsequent tatemaUsation of these Upoprotetas is 
mediated via the LDL receptor. 

Table 1. The effect of chloroqitine and ammonium chloride on the degradation of '^I-LDL and '^I-VLDL, in 
the presence and in the absence of 3.4 /ig/ml of heat-inactivated LPL. 

•^-hbelled 
lipoproteins 

LDL 
LDL + LPL 
VLDL 
VLDL + LPL 

no addition 

100 
100 
100 
100 

incubation with 

chloroquine 
50 iiM 100 ^M 

% of control degradation 

24 ± 5 10 ± 3 
32 ± 1 14 ± 1 
36 ± 9 15 ± 1 
38 ± 5 18 ± 2 

NH4CI 
10 mM 

2 ± 0.3 
2 ±0.1 
10 ± 0 
6 ±0.2 

Twenty four hours before tiie stiut of the experiment, cells were incubated witti DMEM/HSA (1 % w/v). 
Degradation was determined after 4 hours of incubation of the cells with 10 ̂ g/ml of '̂ I-labelled lipoproteins 
in the presence or in the absence of LPL at 37 °C widi DMEM/HSA alone, or DMEM/HSA supplemented witii 
chloroquine or ammoniumchloride as indicated. The degradation of the lipoprotems by the cells without any 
addition, and the degradation of the lipoproteins in the presence of LPL but without any further addition were 
taken as respective conhvl values (100%). Values given represent the mean ± standard deviation of four 
measuremente. The absolute control values were m ng lipoprotein degraded/mg cell protein; LDL: 140; LDL 
+ LPL: 302; VLDL: 65; VLDL + LPL: 300. 

Further evidence for this statement is provided by the results presented ta Fig. 5. Pre­
tacubation of H ^ G2 ceUs with eitiier 200 /tg/ml of rat-j3-VLDL or 300 /tg/ml of human 
LDL resulted ta down-regulation of the bindtag of '"I-LDL to about 65 % (Fig. 5A), whereas 
these conditions exerted an tacrease in die LPL-mediated binding to HSPG of about 1.5-fold 
(Fig. 5B). Pre-incubation of the ceUs with j3-VLDL or LDL also resulted in a decreased 
tatemalisation of LDL receptor-bound '^I-LDL (40 and 25% of tiie conbx)l value, 
respectively) (Fig. 5C). Striktagly, parallel results were obtained for tiie uptake of LPL-
mediated HSPG-bound LDL (50 and 45% of tiie contix)l value, respectively) (Fig. 5D). From 
these results we conclude that the LDL receptor is involved in the uptake of Upoprotetas 
foUowing the binding of these lipoproteins via a LPL-mediated bridging between Upoproteins 
and HSPG. 
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Figure 4. Effect of LPL on the binding 
and the intemalisation of LDL and 
VLDL by normal fibroblasts and LDL 
receptor-negative fibroblasts. The cells 
were incubated for 4 hours at 37°C, in 
the presence of 10 (tg/ml of '"I-LDL 
and '"I-VLDL witiiout (solid bars) or 
with (hatched bars) the addition of 3.4 
(tg/ml of LPL. The presence of LPL is 
also indicated by " + " and "-" signs in 
the figure. Binding and intemalisation 
are measured as described in Materials 
and Methods. The values represent the 
mean ± standard deviation of four 
measurements. 
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Figure 5. Effect of down-regulation of 
the LDL receptor on the binding and 
intemalisation of '^I-LDLin the absence 
and in the presence of LPL. Hep G2 
cells were incubated in DMEM/HSA 
alone or DMEM/HSA supplemented 
with 200 (tg/ml of rat ß-VLDL or 
DMEM/HSA supplemented with 300 
(tg/ml of human LDL as indicated, at 
37°C for a period of 24 hours. At tiie 
end of these incubations, the cells were 
washed three times with DMEM/HSA 
and incubated for 4 hours at 37°C with 
10 /tg/ml '^I-LDL in the absence or in 
the presence of 3.4 (tg/ml inactive LPL. 
Results are expressed as ng lipoprotein 
bound or internalised per mg cell 
protein. Values of binding and inter-
nalisation in the absence of LPL (5A 
and SC) are indicated on the left Y-axis, 
and values obtained after incubation in 
the presence of LPL (5B and 5D) are 
indicated on the right Y-axis. 
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We wondered whether the rate of intemalisation of HSPG-bound LDL is comparable to 
that of LDL receptor-bound LDL, To study this, the ceUs were first incubated with '^I-LDL, 
dther ta the presence or in the absence of LPL, at 4°C for a period of 2 hours, followed by 
three washes at 4''C, To aUow the Upoproteins to be intemaUsed, the ceUs were then 
tacubated at 37''C ta medium, without any addition, for increasing periods of time. If 
repressed ta absolute amounts of LDL intemaUsed, it is obvious that the initial rate of 
tatemalisation of LPL-mediated HSPG-bound LDL is comparable to the tatemaUsation rate 
of LDL receptor-bound LDL (0.58 versus 0.44 ng of LDL/minute/mg ceU protein) (Fig. 6). 

Figure 6. Rate of intemalisation of ' " I -
LDL bound either in the absence or in 
the presence of 3.4 /tg/ml of LPL. The 
Hep G2 cells were incubated with 10 
f(g/ml of '"I-LDL for 2 hours at 4°C 
either in the presoice ( • ) or in the 
absence ( A ) of 3.4 /tg/ml of heat-
inactivated LPL. At the end of this 
incubation period, the cells were washed 
three times with DMEM containing 1 % 
(w/v) HSA. Cells were tiien further 
incubated at 37''C for increasing periods 
of time, as indicated, and the binding 
and intemalisation were measured 
separately as described in Materials and 
Methods. Values are expressed as ng 
'^I-LDL per mg cell protein. 

60 120 

time at 37oC(mln) 

180 

IXscussion 

Previously, it has been reported that LPL, independentiy of its lipolytic activity, enhances 
the ceUular btading of a number of Upoproteins, including chylomicrons, VLDL, 
chylomicron- and VLDL-remnants, /S-VLDL, apoE-free LDL and HDL (14,15,27). We 
found that ndtiier tiie LDL receptor nor tiie LRP is involved ta tiie LPL-mediated binding 
of LDL and VLDL, but that btading occurs mainly through bridging of LPL between HSPG 
on the plasma membrane and Upoproteins (15), This result was confirmed recentiy by 
Williams et al, (18), Further evidence for this is provided by the observation that 

100 



pretacubation of die ceUs with LPL followed by three washes resulted ta the same tacrease 
ta the bindtag of LDL as when the experiment was performed in the presence of the same 
amount of LPL (Fig. 1). The saturation curves shown in Fig. 2 tadicate that the LPI^ 
stimulated bindtag is due to an increase in the maximum binding and an increase in the 
bindtag affinity, of about 20-fold, 

At 37''C most of the LPL-mediated bindtag and LPL-mediated intemalisation of LDL and 
VLDL could be iiddbited by heparinase, indicating that the LPL-mediated increase in both 
btadtag and intemaUsation are dependent on the presence of HSPG on the plasma membrane. 
Furthermore, our results show that the degradation of LDL and VLDL is lysosomal both ta 
the absence and in the presence of LPL, which is similar to the results obtataed by WUliams 
et al. (18), with respect to LDL and Lp(a), 

It has been suggested that the receptor involved ta the LPI^mediated intemaUsation of 
Upoprotetas may be the LRP (14), We beUeve however that an important role for the LRP 
ta this respect can be excluded, as the binding of apoE-free LDL (15) and Lp(a) (18) is also 
enhanced by the presence of LPL, while the LRP is assumed to bind only apoE-contididng 
Upoproteins, In addition, as already mentioned by WiUiams et al. (18), most of the LPL-
mediated bindtag is aboUshed by heparinase or heparitinase, whereas the LRP is assumed to 
contain no heparan sulphate side chains. 

Bihata et al. (28) have found that long chain free fatty acids rapidly tacrease, up to 50-
fold, the uptake of LDL. It seems, however, unlikely that a significant part of the LPI^ 
mediated bindtag of LDL and VLDL is dependent on this "lipolysis stimulated receptor" as 
at 4°C LPL displays littie or no activity at all and because heat-inactivated LPL has also been 
found to mcrease the binding to a similar extent as native LPL (15). 

In their experiments, Rumsey et al. (19) found that also with receptor-negative fibroblasts 
the incubation with LPL resulted in a dramatic stimulation of the uptake of LDL, thereby 
stattag that LPL increases lipoprotein uptake via a pathway not involving the LDL receptor. 
Although less pronounced due to a shorter incubation time (4 instead of 8 hours) and lower 
LPL concentration used (3.4 tastead of 10 /tg/ml), we also show that in LDL recqptor-
nçgative fibroblasts the intemalisation of LDL and VLDL is increased considerably upon 
tacubation of the ceUs with LPL (Fig. 4). However, if expressed ta absolute amounts of LDL 
taken up per mg of ceU protein, our results show that the receptor-negative fibroblasts are 
much less efficient than control fibroblasts in LPL-mediated uptidce of Upoprotetas. This led 
us to conclude that the major portion of the (LPL-mediated) HSPG-bound Upoprotetas is 
taken up via the LDL receptor, whereas, simultaneously, only a minor part of the LPL-
mediated bindtag of LDL is internalised without the action of the LDL receptor. Rumsey et 
al. (19) were not able to draw tiiis conclusion as from their results a comparison of LPL-
mediated uptake by receptor-negative fibroblasts with that of control fibroblasts could not be 
made. 

We found that the LPI^mediated binding of Upoproteins is not suppressed by 
prdncubation of the cdls with Upoprotetas (Fig. 5). This is in fully agreement with the 
results reported by Williams et al. (18) and Rumsey et al. (19). However, we also found 
that, ta contrast to the btading, the uptake of HSPG-bound LDL is suppressed paralleUy to 
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tiie downregulation of the LDL receptor activity (Figs, 5C and 5D), This sustatas our 
conclusion that the LDL receptor is tadeed tavolved ta the intemaUsation of LPL-mediated 
HSPG-bound lipoprotdns, SimUar results were obtidned for the degradation of HSPG-bound 
Lp(a) by WUUams et al, (18), However, they found that down-regulation of the LDL 
receptor in normal fibroblasts did not affect the degradation of LDL in the presence of LPL, 
suggesting that the subsequent uptake of HSPG-bound LDL is LDI^receptor indq)endent. 
An explanation for the discrepancy between results obtained by WUliams et al. (18) and our 
results might be that they measured totid ceU association, thus without discriminating between 
Upoprotdns bound to the outer ceU membrane and those that had been intemaUzed. 

As shown ta Fig. 6, most of the LDL receptor-bound LDL has been tatemaUsed withta 
10 to 15 minutes, which is ta accordance with the recycUng time reported earUer for the 
classical LDL recqitor (28). These results also tadicate that the intemaUsation of HSPG-
bound LDL, if expressed as ng of LDL/mta/mg of ceU protein, is as fast as the 
tatemalisation of LDL bound to the classical LDL receptor (in the absence of LPL). Similar 
experiments have been performed by Rumsey et al. (19). However, ta contrast to our 
conclusion, Rumsey et al. (19) concluded that die uptake of HSPG-bound LDL is much 
slower than the uptake of LDL that is bound directiy to the LDL receptor. Two facts may 
explata the discripancy between their conclusion and our conclusion regardtag the rate of 
uptake of HSPG-bound LDL: (i) they used one hour as first sampling time potat, whereas 
we used mtautes for initial time intervals, which is in our opinion reasonable as the LDL 
receptor recycUng time is also in the order of minutes (28); (ii) in their time course 
experiment, Rumsey et al. (19) expressed the rate of intemalisation as "% of total 
radioactivity". We also found much slower intemalisation when expressed as "% of total 
radioactivity". However our results clearly show tiiat the intemaUsation of LPL-mediated 
HSPG-bound LDL is equally fast as that of LDL receptor-bound LDL, when expressed ta 
absolute terms ("ng of LDL/min/mg of ceU proteta"). 

From the results presented in this paper, we propose the mechanisme for LPL-mediated 
uptake of LDL and VLDL as iUustiated in Fig. 7: LPL enhances die binding of LDL and 
VLDL to ceUs by means of a bridging between the Upoprotetas in the medium and HSPG 
on the plasma membrane. Thereafter, the HSPG-bound LDL and VLDL are intemaUsed 
mataly via the rapid process of classical LDL receptor recycling system, if the LDL receptor 
is present. Simultaneously, the remaining portion of HSPG-bound lipoproteins is internalised 
together with HSPG, which is a much slower process with a half-life of about 7 hours (30). 
In LDL receptor-negative fibroblast the total amount of HSPG-bound Upoprotdn is 
tatemaUsed via this slow process of HSPG uptake. The fact that in normal cells the uptake 
of LPI^mediated HSPG-bound LDL continues upto 60 minutes indicates that the LDI^ 
receptor recycltag system is saturated during 4 to 6 LDL receptor cycU and, consequentiy, 
the rate limittag step in this process. 

The role of LPL in Upoprotein uptake in vivo is presentiy the subject of speculation. 
Williams at al. (18) suggest that LPL may serve as an atherogenic molecule ta tiie arterial 
waU, by stimulattag the uptake of apoB-rich lipoprotdns by macrophages and smootii muscle 
ceUs, leading to foam cell formation. On the other hand, in the liver it would be anti-

102 



adierogenic by enhandng uptake of apoB-rich atherogenic lipoprotdns, such as VLDL-
remnants, LDL and Lp(a), This possible dual function of LPL in vivo may thus relate to its 
location. 

plasma 
lembrane 

Figure 7. Proposed mechanism for 
LPL-mediated binding and uptake of 
LDL. After binding to heparan sulphate 
proteoglycans (HSPG), the major part of 
the LDL is transferred to the LDL 
recqitor, whereafter it is rapidly intei^ 
nalised via the LDL receptor recycling 
system. Only a minor portion of the 
HSPG-bound LDL is taken up directiy, 
at a much slower rate. 

LDL receptor 

It has been reported that macrophages in adierosclerotic plaques synthesize LPL, which 
can be found anchored to their ceU surface (31,32). This fact, together with the observation 
that in vivo macrophages synthesize HSPG depending on the amount of tabacdlular 
cholesterol-ester accumulation (30), stixingly sustains the hypothesis that in the arterial waU 
LPL may, indeed, serve as an atherogenic factor. 

The concentration of LPL in the circulation is normaUy kept low because of avid uptake 
ta the liver (33). Although the lipase concentrations used in most of the present experiments 
are more than 100 times the physiological concentration that ranges between 8 and 25 ng/ml 
(34), we found that in the presence of 25 ng/ml of LPL the binding of LDL to Hep G2 ceUs 
also tacreased (about 1.5-fold, Fig. IB). This sustains die hypothesis that in vivo LPL may 
affect Upoproteta binding. Whether this may also affect the Upoprotein cataboUsm in vivo 
rematas subject to further tavestigation. 

In vivo, most of the circulating LPL is associated with lipoproteins (34), mainly with 
LDL and HDL and, strikingly, not with VLDL or chylomicrons (35), suggesting a specific 
role for LPL in the directing LDL and HDL to tiie liver. Vilaro et al. (36) have shown that 
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exogenous LPL bound in the Uver caused a dramatic increase in the utilisation of a perfused 

triacylglycerol emulsion. Possibly, LPL fulfils a metabolic role at its binding-site ta the Uver 

before it is degraded. Hepatic lipase which is present in the liver could also act in this way 

(37), 

The relevance of our data, obtained with ceUs in culture, for the in vivo fate of 

Upoprotetas is still unclear. We propose that LPL may accderate the removal of the 

atherogenic LDL particles from the blood circulation and, simultaneously, stimulate the 

reverse cholesterol transport mediated by HDL, Studies are ta progress to test these potential 

important impUcations for atherosclerosis. 
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Summary 

In the present study we investigated the effect of Upoprotdn Upase (LPL) on the in -avo fate 
of LDL in the rat. Simultaneous administixition of tacreastag amounts of LPL together with 
'^I-LDL to rats led to an enhanced association of '^I-LDL with the liver, and was foUowed 
by subsequent release of LDL into the circulation again, Upregulation of the LDL receptor 
activity by treating the rats with oestixidiol resulted in a markedly increased tateraction of 
LDL with the Uver, which could be further tacreased by simultaneous administration of LPL, 
The effect of LPL on the LDL-btading persisted for a longer period of time ta the oestradiol-
treated rats than in the contix)l rats. 

In vitro studies with freshly isolated rat Uver endothdial-, parenchymal- and Kupffer ceUs 
showed that LPL enhances the interaction of LDL with all three ceU types, although the 
magnitude of the effect of LPL on the binding of LDL to endothelial and Kupffer ceUs was 
five times higher than the effect on the binding to parenchymal ceUs. Only the LPL-mediated 
btading of '"I-LDL to parenchymal ceUs could be inhibited by pretieating the ceUs with 
heparinase, -tadicating that in these ceUs heparan sulphate proteoglycans are involved. The 
LPI^mediated bindtag of '^I-LDL to endothelial ceUs, Kupffer ceUs as well as the btading 
to parenchymal ceUs was calcium-independent. The LPL-mediated binding of '"I-LDL to 
endothelial and Kupffer ceUs was inhibited completely by heparin, while that to parenchymal 
cdls was lowered to about 10% of die maximal value. 
These results indicate that LPL mediates the binding of '̂ ^I-LDL to parenchymal ceUs mainly 
by attaching to heparan sulphate proteoglycans, while other proteoglycans sbiictures or non-
proteoglycan stiiictures are involved in the LPL-mediated binding of LDL to endothelial- and 
Kupffer cells. 

In vivo it appears that, in rats, LPL specifically enhances the association of '"I-LDL to 
the Uver. The lack of coupling to intemalisation might allow fiirther sinusoidal processing 
of LDL components. 

Introduction 

After being secreted into the circulation, chylomicrons and very low density Upoprotetas 
(VLDL) are rapidly lipolyzed through the action of endothelium-bound lipoprotdn Upase 
(LPL). Before being completely lipolysed the resulting chylomicron- and VLDL remnants 
are released into the blood. Subsequentiy, the remnants are rapidly removed from the 
drculation by the liver through the interaction of apolipoprotein E (apoE) with hepatic 
Upoprotein receptors (1). 

Recentiy, it has been demonstrated tiiat LPL, independentiy of its enzymatic activity, 
enhances the binding of several Upoproteins, such as chylomicrons, VLDL, ^-VLDL, LDL, 
Lp(a) and to a lesser extent HDL, to cultured Hep G2 ceUs and fibroblasts (2-5). We have 
reported earlier that die LPL-mediated btading of LDL and VLDL to Hep G2 ceUs occurs 
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dirough bridging of LPL between the lipoproteins and heparan sulphate proteoglycans 
(HSPG) present on the ceU membrane (6). This binding itself is independent of the LDL 
receptor and the LDL receptor related protein (LRP), while the tacreased intemalisation of 
the lipoprotdns occurs through the LDL receptor (5,7). Although a second, slow, 
intemaUsation route may utilize a LDL receptor-independent pathway (3,4). 

Under physiological conditions, LPL is bound to heparan sulphate proteoglycans present 
on the surface of the endotheUal ceUs Uning the capUlaries, where it is involved in the 
Upolysis of triglyceride-rich Upoprotetas (8). Felts et al. (9) have suggested that after 
hydrolysis of the triglycerides, when the lipoprotein remnants détache from the endotheUum, 
some LPL proteins might remain associated with the lipoprotein and fimction as a signal m 
directtag the remnants to the liver. More recentiy, such a role for LPL in the catabolism of 
chylomicron remnants was suggested by Beisiegd et al. (2). It has been demonstrated that 
the LPL attached to the endotheUal ceUs can be released by die injection of a triacylglycerol 
emulsion (10). Also, low concentrations of LPL have been detected in the circulation, and 
ta the Uver of mammals (11,12). According to datii of Olivecrona et al. (8) a constant flow 
of LPL from the endothelium to the liver exists in order to regulate the amount of LPL, as 
endothelial ceUs themselves are not able to degrade LPL (13,14). VUleU et al. (15) reported 
that major part of the LPL that is present in the blood circulation is associated with LDL, 
and also with HDL. From the in vitro experiments with Hep G2 ceUs the question arose 
whetiier LPL could enhance die Uver interaction of LDL in vivo. To study this, we 
administrated, to rats, '"l-labdled LDL simultimeously with LPL. We found that LPL indeed 
enhances the association of '"I-LDL to the liver. However, this LPL-mediated liver 
association of LDL was not followed by an enhanced intemalisation. 

Materials and Methods 

Animals 
Male Wistar rats of mass 225-300 g, fed ad libitum with regular chow, were used ta this 
study. For determination of liver association and semm decay, rats were starved for 16 h. 
When mdicated, 17a-ethinyloesb:adiol in propylene glycol at a dose of 5 mg/kg body weight 
(16) was tajected subcutaneously every 24 h for 3 days. The experiment was performed 72 
h after the first treatment. 

Lipoproteins 
Blood was collected from normal inidividuals after an ovemight fast. Semm was separated 
fijom the red blood ceUs by centiifugation at 500 g for 10 min at room temperature. LDL 
were isolated according to Redgrave et al. (17). Protein contents of the lipoprotdn fractions 
were determined accordtag to Lowry et al. (18). 

Labelling of lipoproteins 
LDL was radioiodinated at pH 10 widi carrier-free '"I according to the ICI method of 
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Bühdmer et al. (19). Free ' ^ was removed by Sephadex G-2S gel filtration, foUowed by 
dialysis against PBS/EDTA, pH 7.4, for 20 h at 4°C, with repeated changes of buffer. 

Lipoprotein lipase 
Bovtae LPL was isolated fiom skimmed milk as described by Tajima et al. (20). Inactive 
LPL was obtidned by tacubation of the Upase for 4 hours at 50°C. Complete loss of activity 
of the enzyme was then confirmed, using as substrate semm-activated [9,10-^H]oldc add-
labdled trioleoyl-glycerol emulsified with phosphatidylcholine (21). 

Serum decay and Uver association 
Male Wistar rats were anaesthetized by intraperiotoneal injection of 15-20 mg of sodium 
pentobarbita, and the abdomen was opened. Radiolabelled Ugands were tajected via the 
taferior vena cava. At indicated times blood samples were taken fiom the inferior vena cava 
and aUowed to clot for 30 min. The samples were cenbifuged for 2 min at 16,(X)0 x g, and 
radioactivity was determined in 100 ̂ 1 semm. The total amount of radioactivity in the semm 
was calculated using die equation: semm volume (ml) = (0.0219 x body weight (g)) 4- 2.66 
(22). At the tadicated times, liver lobules were excised and weighted. The total amount of 
Uver tissue tied off did not exceed 15% of the totid liver mass. The radioactivity ta the Uver 
was corrected for the radioactivity in semm present ta the tissue at the time of sampUng (85 
/il of semm/g wet weight (23)). 

In vitro studies with freshly isolated parenchymal, endothelial and Kupffer cells 
After the rats were anaesthetized, the liver parenchymal (PC), endothelial (EC) and Kupffer 
cdls (KC) were isolated by differential centrifugation and counterflow dutiiation as described 
ta detail earlier (24). The liver ceUs were isolated by perfiision of the Uver with 0.1 % 
coUagenase (type D) by the method of Seglen (25) modified as previously described (26). 
The PC, EC and KC were isolated by differential centrifugation and counterflow elutriation 
as described earlier (24). The PC, EC and KC obtained were resuspended in Dulbecco's 
modified Eagle medium (DMEM) supplemented witii 2% BSA (w/v), pH 7.4. 

For studies in vitro, 2-3 mg of rat liver PC, EC or KC proteta ( > 95 % viable, as judged 
by 0.2% Trypan Blue stidning) was incubated for 2 h at 4°C, witii 10 ng of '"l-labeUed 
Upoprotdns/ml. During the incubation the air was saturated with carbogen (95% 02/5% 
COj). At the end of the tacubation the ceUs were washed three times with washing buffer 
(0.9% NaCI, 1 mM EDTA, 0.05 M Tris-HCl, 5 mM CaClj, 0.2% BSA, pH 7.4), and tiiree 
times with washtag buffer witiiout BSA. CeUs were lysed in 1 ml of 0.1 M- NaOH, and 
radio activity and protein content was determined. Competitor was dissolved ta DMEM 
supplemented with 2% BSA, pH 7.4. Amounts of competitor were added as indicated. 

Results 

In Fig. 1A the effect of LPL on the association of '"I-LDL to the rat liver in vivo is shown, 
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after mtravenous adnünisbation to anaestiietized rats. When '"I-LDL alone was given, about 
3% of die injected dose was found to become associated witii tiie Uver at 3 mtautes after 
tajection. The simultaneous admtaistiation of LPL and '^-LDL increased tiie Uver 
association of LDL in a concentration dependent manner. Administration of 7,5 fig of LPL 
resulted in an approximately 10-fold increase in tiie amount of LDL associated witii the Uver 
at 3 minutes after injection. The effect of LPL on tiie Uver association of LDL was 
quantitiitivdy reflected ta tiie semm decay (Fig, IB), indicating that LPL sdectivdy acts 
upon die association of LDL witii tiie liver. 

After havtag reached die maximal liver association (witidn 3 minutes), tiie Uver associated 
radioactivity decreased agata, and at IS mtautes the effect of LPL had almost completely 
disappeared (Fig, lA). For die reason tiiat tiie radioactivity could be recovered in semm 
(IB), it can be concluded that die effect of LPL is not coupled to an increased intemaUsation 
of '^-LDL. 

Figure 1. The eflect of LPL on ttie 
liver association (A) and serum decay 
(B) of "^-labelled LDL. The liver 
association and serum decay of ' ^ -
labelled lipoprotein was determined after 
administration of 10 «tg/ml of '^ -LDL 
(O), or '"I-LDL mixed witti different 
amounte of LPL (1.6, 3.2, and 7.5 
^g/ml; • ) . Values for liver association 
are corrected for serum contribution. 

time (mln) 

time (mln) 

Previously, we have reported tiiat tiie majority of LDL tiiat is bound via LPL to heparan 
sulphate proteoglycans, present on die ceU surface of cultured Hep G2 ceUs and fibroblasts, 
are subsequentiy intemaUsed through the LDL receptor (7). Under normal physiological 
conditions, tiie rat liver expresses only small numbers of LDL receptors (27). Thus, tiie 
absence of an enhancement in nvo of the intemalisation of LDL by LPL, could be due to 
die absence of LDL receptors in tiie liver. It has been shown tiiat ti^eatment of rats witii 
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oesbadiol sdectivdy induces LDL recq>tors on liver parenchymal cells (27). Figure 2 shows 
that the Uver association of '^-LDL indeed does tacrease after oestradiol treatment. Under 
these conditions, the tacrease in the LPL-mediated liver association of '"I-LDL ta absolute 
terms is comparable with that observed in the untieated rats (Fig, lA), The percentage of 
Uver associated radiolabd at 60 minutes after injection, however, is not significantiy different 
ta the absence and ta the presence of LPL, and also the semm radioactivity is identical (49 
and 56% of the tajected dose, in the absence and in the presence of LPL, respectivdy; datii 
not shown). 

10 20 30 40 SO 

time (mln) 

F ^ r e 2. The effect of LPL on tiie 
liver association of "^-labelled LDL in 
17a-etliinyl oestradiol-treated rate (o , • ) 
and in control rate (o). The liver asso­
ciation of '^I-LDL was determined after 
administration of either 10 fig of ' ^ -
LDL alone (1^,0), or after administrat­
ion of 10 ng of '^-LDL tiut had been 
mixed with 7.5 jig of LPL protein ( • ) . 
Prior to the experiment, the rate were 
treated with oestradiol eveiy 24 hours 
for a period of 3 days. The rate were 
injected subcutaneously with 17o(-
ethinyloestradiol in propylene glycol at 
a dose of 5 mg/kg body weight every 24 
h (15). 

In order to identify the particular liver ceU types which could be responsible for the LPL-
mediated liver association of LDL, we studied die effect of LPL on the binding of LDL to 
isolated liver parenchymal (PC), endotiieUal (EC) and Kupffer ceUs (KC). As shown in Fig. 
3, in vitro LPL enhances the binding of '"I-LDL to all three cdl types. The procentual effect 
of LPL on the btading of LDL with endotheUal ceUs and Kupffer cells was at least five times 
as high as witii parenchymal ceUs (Fig. 3). As observed earUer in Hep G2 cells (7), die 
effect was dose dependent in all three ceU types (not shown). 

5000 

o o 
o 3000 
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e 2000 
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KC 
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F ^ r e 3 . The effect of LPL on tiie 
binding of '"I-LDL to isolated rat liv«' 
Kupffer cells (KC), endotiielial cells 
(EC) and parenchymal cells (PC). Rat 
liver parenchymal, endothelial and 
Kupffer cells were incubated, for a 
period of 2 h at 4''C, witii 10 /ig/ml of 
'"I-LDL in the presence or in the 
absence of 1.6 /tg of LPL as indicated. 
The résulte represent the mean values of 
two expérimente. Values obtained in the 
absence of LPL were taken as controls 
(100%). 
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Previously, we have shown tiiat LPL enhances the binding of LDL to hq>aran sulphate 
proteoglycans and that this can be prevented by treating the ceUs with heparinase. 
Prdncubation of die cdls for 1 hour at 37''C witii 2.4 U/ml of heparinase, partly inhibited 
die LPL-mediated btading of '^-LDL to die parenchymal cdls, whereas die btading to die 
endothelial- or Kupffer cdls was not affected at aU by heparmase pretreatment (Fig. 4). 
These results indicate that heparan sulphate proteoglycans are tavolved in the LPI^mediated 
bindtag of '^-LDL to parenchymal ceUs but not to endotiieUal- and Kupffer ceUs. The 
properties of tiie LPI^mediated binding of '"I-LDL to parenchymal-, endotiielial-, and 
Kupffer cdls were also compared widi respect to caldum dependency, and the effect of 
heparin. 

Figure 4. The effect of heparinase, 
EGTA, and hqnrin oa the LPL-
mediated binding of '^ -LDL to isolated 
rat liver endothelial cells (EQ, Kupffer 
cells (KC), and parenchymal cells (PC). 
The binding of '^I-LDL to freshly 
isolated EC, KC and PC was determined 
after incubation of the cells for a period 
of 2 h at 4''C witii 10 /tg/ml of '^ -LDL 
in the presence of 1.6 /tg of LPL and in 
the presence or in the absence of either 
10 mM of EGTA, 100 U of h^nrin, as 
indicated in the figure. For heparinase 
treatinent, prior to the experiment the 
cells were incubated for a period of 45 
min at 37°C in the presence of either 
medium alone or medium supplemaited 
with 2.4 U heparinase/ml. Values lepie-
sent means ± SD of three measure­
mente. 

The LPL-mediated btading of '"I-LDL is, for aU three ceU types, calcium-independent, 
as it is not affected by the addition of EGTA. These results are ta agreement with our earUer 
observations ta Hep G2 ceUs. The LPL-mediated binding of LDL to endotiieUal and Kupffer 
ceUs and also most of the bindmg to parenchymal ceUs is largely inhibited ta the presence 
of hq>arta. 

IXscussion 

The effect of LPL on the binding and uptidœ of lipoproteins by ceUs in culture has been 
studied by various groups (2-7), However, its relevance for die metaboUsm of upoproteins 
in vivo is uncertata. In the present paper we addressed the question whether LPL could 
tafluence tiie tateraction of LDL witii ceUs or tissues in vivo. Indeed, we found tiiat tiie 
simultaneous administtation of LPL witii '^-LDL resulted in an apparent increase ta tiie 
decay of LDL (Fig. Ifi). By simultaneously analysing the liver-association, it could be 
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verified that this effect is caused by an increased liver association of LDL in the presence 
of LPL (Fig. lA). 

Previously, we have reported that after binding of LDL to HSPG present on the ceU 
membrane of Hep G2 ceUs or fibroblasts, the lipoprotdns are subsequentiy tatemaUsed 
mataly through the LDL receptor. Under normal physiological conditions, the rat Uver 
displays only littie LDL receptor-activity. Therefore, we analysed the possible tacreased Uver 
uptake of '^-LDL that was bound through LPL to the Uver, in conbol rats and in rats 
pretreated with oestradiol. Oestradiol treatmoit results in a selective upregulation of the 
number of LDL receptors ta liver parenchymal ceUs (27). The enhancement of the Uver 
association of '^-LDL by simultaneous tajection of LPL ta oestradiol-treated rats was 
comparable with that ta the untreated animals if expressed in absolute terms. Both in control 
rats and after upregulation of the LDL receptor activity by oestradiol-treatment, LPL did not 
affect the semm concentration of '^-LDL at the later time potats after injection, tadicating 
that the catabolism of LDL is not affected by LPL. A possible explanation for the lack of an 
effect of LPL in the in vivo catiiboUsm of LDL, might be caused by the tatrahepatic cdlular 
specificity of the effect of LPL. Oestradiol-treatment predominantiy results in upregulation 
of the LDL receptor ta the parenchymal cells (27). If in vivo LPL primarily affects the 
binding of LDL to endothelial- or Kupffer ceUs, the site for LDL uptidce wiU reside at a 
different cdl type. In agreement with this, we found that in vitro the increase in the bindtag 
of LDL as a result of the presence of LPL is about 5 times higher in endothelial and Kupffer 
ceUs than in parenchymal ceUs (Fig. 3). 

When '"I-labelled LPL is injected intravenously to rats, 40-60% is removed by binding 
to the liver ceU surface during a single passage (14). Vilaro et al. (28) found that at least half 
of the LPL was localized at the surface of liver endotheUal ceUs. The btading site present on 
these ceUs differed from the binding site present on the endothelium ta other organs, as it 
was able to bind both active and inactive LPL. 

We attempted to analyze die cellular localization of tiie binding sites for tiie '"I-LDL/LPL 
complex. However, for die reason that LPL did not increase the intemalisation of '"I-LDL 
by Uver ceUs, it was not possible to analyse the sites of uptake by separation of the Uver ceUs 
after injection of the '"I-LDL. Studies with freshly isolated rat liver parenchymal, endothelial 
and Kupffer ceUs revealed that LPL enhances the binding of '"I-LDL to all three ceU types 
(Fig. 3), The effect on parenchymal ceUs was much less pronounced than the effect on 
endothelial- and Kupffer ceUs, Only the LPL-mediated binding of LDL to parenchymal ceUs 
could be partly prevented by pretreatment of tiie ceUs with heparinase, indicating that HSPG 
play a role ta die LPL-mediated binding of LDL to tiiese ceUs. These results are ta 
agreement witii data obtained by Stow et al. (29), who have localized membrane HSPG, by 
immunocytochemistry, predominantiy to the sinusoidal plasmalemmal domata of rat liver 
hepatocytes. 

This left us with the question, if not HSPG, what binding sites could be tavolved in the 
LPL-mediated btading of LDL to die endotiielial and Kupffer cells. As shown ta Fig. 4, die 
LPL-mediated btading of LDL to parenchymal, endothelial and Kupffer ceUs was not 
affected by the presence of EGTA, tadicating that this btading is calcium-tadependent. The 
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btadtagsites tavolved, were found to be heparin soisitive, as the LPL-mediated bindtag of 
LDL was completely iiddbited in the presence of heparin. 

In conclusion, in vivo LPL enhances the association of LDL with the liver, ta a 
concentration dependent fashion. However, no evidence for an increased intemaUsation could 
be obtained. As LDL remains extiacellularly associated with the liver, we considered the 
possibUity that the LPL-mediated btading of LDL to the Uver might allow Upid exchange 
with the liver. However, so far we were not able to detect any such function. Vilaro et al. 
(28) have reported that exogenous LPL bound ta the Uver caused a dramatic tacrease in the 
utilization of a perfused triacylglycerol emulsion, with a rapid formation of free fatty acids 
and water-soluble metiibolites. LDL is thought to be the end product of Upolysis, and it might 
be that LDL transfers the lipase to the liver, where it remains active untUl it is ftaaUy taken 
up and degraded. This deUvery to the liver, may prevent LPL for serving as an atherogenic 
molecule ta the arterial wall, where it could stimulate the uptidce of apoB-containing 
Upoprotdns by macrophages and smooth muscle ceUs, leading to foamceU formation. 
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Chapter 9 

GENERAL DISCUSSION 

The binding of Isoprotein Upase treated-VLDL and üie intracettubw routing of 

native and Isoprotein Upase treated-VLDL by Hep G2 cells 

The nature of the hepatic Upoprotdn receptor which mediates the uptake of VLDL renmants 
is disputed. Several observations suggest that VLDL and VLDL remnants are removed from 
the circulation by the chylomicron-remnant receptor [Harkes, 1989; Eisenberg, 1988; 
Cortner, 1987], while others find that die LDL receptor is responsible for the removal of 
diese Upoproteins [Kita, 1982; Dashti, 1986; Huettinger, 1984]. We attempted to clarify tiie 
nature of the receptor involved in the binding of VLDL remnants (Chapter 2). 

It was found that Upoproteta Upase-treated VLDL (LPL-VLDL), which serves as a model 
for VLDL-remnants, binds with high affinity to Hep G2 ceUs and that an increase ta 
cholesterol/triglyceride ratio results in a gradual increase of the binding affinity. Factors 
responsible for this increase ta binding affinity may either be the loss of apoC, which is 
known to inhibit the bindtag [Harkes, 1989; Windier, 1980], or conformational changes of 
apoE as a result of a different Upid composition of the particle [Bradley, 1984; Krul, 1985; 
Innerarity, 1986]. 

Competition experiments were performed in order to investigate whether a receptor other 
than the LDL receptor is involved in the bindtag of VLDL remnants. To this end we used, 
as unlabelled competitor, a high amount of unlabelled LDL (up to 30-fold) to ascertain 
maximal tahibition of LDL receptor-mediated association. From these competition 
experiments, we conchided that the binding of LPL-VLDL to Hq) G2 ceUs was mediated 
exclusively by the LDL receptor and that no evidence could be obtidned for the presence on 
Hep G2 ceUs, of an additional recqptor, involved in the binding of LPI^VLDL. 
Pretacubation experiments, with LDL, heavy HDL and insulin show that the btading of LPL-
VLDL is regulated similarly to the binding of LDL. It has been reported that the apoE 
receptor is not tafluenced by interventions that affect the number of LDL receptors 
[Mdchior, 1981; Thompson, 1983; Angelta, 1983; Arbeeny, 1984], so tiiat tiiis observation 
also argues agatast the presence of an additional receptor involved ta the bindtag of LPL-
VLDL in Hep G2 ceUs. Previous studies have shown that Hep G2 cells offer a suitiible 
model system to study the metaboUsm of lipoprotdns [Havekes, 1981, 1983, 1986]. 
However, whether the present data of LPL-VLDL uptidce by Hep G2 cells holds tme for the 
in vivo situation in the liver rematas to be answered. 
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ApoE is thought to be the major determinant for regulating the metaboUc fate of VLDL 
and VLDL renmant particles. In Chapter 3, it is shown that normal VLDL and Upolysed 
VLDL, taken as representative of VLDL remnants, once bound and taken up by the LDL 
receptor by Hep G2 ceUs, are poorly degraded as compared with LDL. This is due to the 
slower deUvery of these particles to the late endosomal-lysosomal compartment. Similarly, 
VLDL and LPL-VLDL were found to be poor stimulators of the ACAT-activity, suggesttag 
that the low amount of cholesterol Uberated by the hydrolysis of LPL-VLDL and VLDL does 
not substimtially lead to an increase in the ceUular regulatory cholesterol pool [Xiang-Xi, 
1991], 

We suggest, as has recentiy been postulated for j3-VLDL ta mouse peritoneal 
macrophages [Tabas, 1991], that the polyvalent, high-affinity btading of VLDL and LPI^ 
VLDL through apoE nüght be responsible for the observed retarded intracdlular routing of 
these particles. One attractive hypothesis, conceming the mechanism behtad this slower 
endocytic processtag, is that the high-affinity polivalent ApoE bindtag to the LDL receptor 
produces a greater resistence to the acid-mediated release of the ligand fiom the receptor 
withta the cdl. If this is the case, the rate-Umiting step would take place in the sorting 
endosomes, thus raistag the question of the fate of the receptors bound to the ligand. Our 
data tadicate that, though at a slower rate, a relevant portion of the intemaUsed Upoprotein 
ends up in the lysosomes, presumably after being released fiom the receptor, which becomes 
available for recycltag to the ceU surface. 

ApoE varitmts related to familial dysbetaUpoproteinemia 

Patients with familial dysbetalipoproteinemia (FD) mostiy display E2E2 homozygosity and 
are characterized by an tacreased level of cholesterol in the chylomicron- and VLDL-remnant 
(d < 1.019 g/ml) Upoprotein fraction [Mahley, 1989]. The major underlytag metaboUc 
defect is a disturbance in the tateraction of apoE2 with hepatic lipoprotdn receptors. 

The basic approach to dietary treatment of FD patients is to restrict caloric tatake and to 
reduce cholesterol and saturated fat in die diet [10]. Previously, Innerarity et al. [1986] 
observed considerable weight loss in an E2E2 homozygous patient upon treatment by caloric 
restriction, concomitant with a dramatic reduction in the concentration of chylomicron- and 
VLDL-remnants. Strikingly, they found that this reduction is caused, at least partly, by an 
improved btadtag of the remnant Upoprotetas to the LDL receptor. They hypothesized that 
this improved binding is the result of a conformational change of apoE2 due to a different 
micro-envUonment on the surface of the remnant particles. In a sindlar vein, ChappeU and 
Ltadgrrai [ChappeU, 1989] found an tacrease of the bindtag affinity of d < 1.(X)6 
Upq>rotdns fixim three E2E2 homozygous FD patients upon significant reduction of the 
semm cholesterol concentration as a result of tiieatment with a low-calorie diet. We wondered 
whether the hypocholesterolemic effect of gemfibrozU in FD patients is also, at least in part, 
the result of an improved binding efficiency of VLDL and VLDL-remnant particles to the 
LDL receptor (Chapter 4). However, ta our group of six E2E2 homozygous FD patients. 
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treatinent with gemfibrozU does not lead to a consistent improvement in the btadtag of d < 
1.019 Upoprotdns to the LDL receptor as evaluated in in ntro binding experiments. Thus, 
our btadtag results are ta contrast to the results obtained by Innerarity et al, m only one 
patient after severe dietary treatment. The reduction of the level of cholesterol in the d < 
1,019 Upoproteta fraction did not lead to a significant reduction in the mean ratio of 
cholesterol to triglyceride in this Upoproteta firaction, nor did it affect plasma apoE levds. 
In addition, the d < 1,019 lipoprotdns remained equaUy good substrates for LPL after 
treatment of patients with gemfibrozil. The absence of any effect of gemfibrozU treatment 
on these parameters confirms our observation that gemfibrozU has no effect on the abiUty of 
d < 1,019 Upoprotdns to btad to tiie LDL recepU»'. The observation tiiat ta normolipidenüc 
E2E2 homozygotes the clearance of chylomicron remnants is also delayed [Weintraub, 1987; 
Rubtaszteta, 1990], supports our findtags, and tadicates that the defective bindtag of the d 
< 1.019 Upoprotdn fraction from E2E2 homozygotes is not affected by plasma cholesterol 
levds. The reason for the discrq)ancy between our results and those of Innerarity et al. could 
be the difference in patirats. In their experiment, treatment with caloric restriction was rather 
extreme and the patient underwent a considerable weight loss concomitant with a dramatic 
ML in plasma cholesterol level from severe hypercholesterolemia to hypocholesterolemia. Our 
patients were treated with gemfibrozU instead of caloric restriction; tiiey did not lose wdght 
and the reduction in plasma cholesterol levd was much less dramatic. We conclude that, 
normalization of the semm cholesterol concentration in FD subjects by beatment with 
gemfibrozil does not consistentiy result ta a change of the d < 1.019 lipoprotdns in both 
Upid composition and the ability to bind to the LDL-receptor. Our results suggest, therefore, 
that gemfibrozU acts on the synthesis of VLDL rather than on its receptor-mediated 
clearance. 

Heterozygosity for apoE2(lysl46 -» gin) is also associated with FD. In this case 
E2(lysl46 -• gta) behaves as a dominant bait in the expression of FD. Thus FD is expressed 
despite tiie presence of a normal apoE allele [Rail, 1983]. This is even more stiiking 
considering die fact that tadividuals heterozygous for apoE-deficiency, displaying less than 
half the normal amount of apoE in their plasma, have normal plasma lipoprotein levels and 
plasma Upoproteta distiibutions [de Knijff, 1991]. Thus, as FD cannot be caused by low 
concentrations of apoE in the plasma only, our results strongly suggest that the presence of 
the abnormal E2(lysl46 -• gin) variant itself is involved ta die expression of FD. The studies 
described ta Chapter 5 were performed to unravel die mechanism behind the domtaant 
behaviour of apoE2(lysl46 -» gin) in the expression of FD. 

The cholesterol to tiiglyceride ratio of the d < 1.019 lipoproteins of normoUpidemic 
subjects increases upon treatment with LPL, leading to an enhanced binding effidency to the 
LDL receptor [Mulder, 1991]. However, ta die E2(lysl46 -»gta) heterozygous FD probands, 
and also in tiieir relatives carrying tiie E2(lysl46 -» gin) allele, tiie d < 1.019 lipoprotdns 
are less suitable as a substrate for LPL tiian the correspondtag lipoproteins of theU: relatives 
who do not carry this apoE variant. This is particularly so when compared with the LPI^ 
mediated Upolysis of the d < 1.019 lipoproteins of E2E2 homozygotes, which have 
previously been reported to be relatively resistant to lipolysis [Demant, 1991; Byung Hong 
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Chung, 1983; Binholm, 1984]. Therefore, in E2(lysl46 -» gin) aUde carriers, die relative 
defect ta the lipolysis of the d < 1.019 lipoprotdns might be the direct cause of an increased 
levd of cholesterol and tiiglyceride in this fraction. 

ApoC2 is known to be an activator of LPL [for review see reference Saheki, 1991]. We 
found, however, that the d < 1,019 Upoproteta fraction of the E2(lysl46 -* gta) 
heterozygous FD probands, does contain a fairly normal amount of apoC2. Thus it is not 
apoCl deficiency that renders these Upoproteins poor substiates for LPL. 

It has been observed that the d < 1.019 lipoprotdns of the E2(lysl46 -• gin) aUde 
carriers contain a rdativdy high amount of apoE, We investigated the possibiUty that this 
amount of ^)oE2(lysl46 -» gta) present on the surface of triglyceride-rich Upoprotetas might 
affect the suscq)tibility to LPL-mediated Upolysis, However, from the data obtained firom the 
E2(lysl46 -»gta) aUde carrying famUy members, a clear correlation between the i ^ E 
content of the d < 1,019 Upoprotein fraction and its susceptibiUty to lipolysis could not be 
detected. We conclude, therefore, that the dominant behaviour of apoE2(lysl46 -• gin) ta the 
expression of FD is due to a retarded Upolysis of the d < 1.019 lipoprotein fraction, and, 
consequentiy, to a less efficient binding of these lipoproteins to the LDL recq>tor. The d < 
1.019 lipoprotdns displayed a large variation in their susceptibility to Upolysis, and the 
abiUty to interact with the LDL receptor also varied considerably. Therefore, we suggest that 
as wdl as the presence of the E2Gysl46 -> gta) allde, other, as yet unknown factors, are 
required to render relatively resistant to lipolysis the d < 1.019 lipoprotdns in E2(lysl46 
-» gin) allele carriers and, consequentiy, are poor ligands for interaction with the LDL 
receptor. 

The effect of Upoprotein Upase on Ûie processing of LDL and VLDL, in vitro and 

in vivo 

It has been reported that LPL dramaticaUy increases the ceUular binding of apoE-containing 
Upoprotdns, not because of its lipolytic activity but most probably because of its stmctural 
properties [Beisiegd, 1991]. Normally, only a small amount of LPL circulates in plasma, 
mainly ta association with Upoproteins. In vivo the major part of circulattag LPL was found 
to be associated with die LDL fraction [Villeli, 1991] in vivo, and we therefore questioned 
whether the stimulating effect of LPL on the ceUular lipoprotein binding also holds tme for 
LDL. Indeed, we found that die LPI^mediated enhancement of the ceUular bindtag of LDL 
is of the same order of magnitude as that of VLDL. The stimulation of the bindtag of these 
Upoprotetas is observed with Hep G2 ceUs, normal fibroblasts and with LDL receptor 
negative fibroblasts. The latter cell-line provides evidence against the possible involvement 
of the LDL receptor ta the LPL-mediated stimulation of the binding. Further evidence for 
an LDL receptor-independent process was provided by the observation that modulation of the 
LDL recq)tor activity in Hep G2 ceUs and fibroblasts, did not affect the LPL-mediated 
bindtag of LDL and VLDL. The possibUity of involvement of the LRP was excluded, 
because the LRP does not recognize apoE free LDL while the LRP requires calcium for its 
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bmding, ta contrast to the LPL-mediated binding of LDL and VLDL which was almost 
completdy caldum-tadepoident. 

It has been shown that the high affinity btadtag of LPL to heparan sulphate proteoglycans 
of plasma membranes, is tahibited by treatment of the cells with heparinase [Cisar, 1989]. 
Stace the same holds tme for the LPL-mediated Upoprotein btading, we conclude that the 
major part of the binding of LDL and VLDL in the presence of LPL is caused by an LPL-
mediated bridging between heparan sulphate proteoglycans on the plasma membrane and the 
Upoprotdns, rather than by a stimulation of the binding to LRP and/or LDL receptor. This 
result was also confirmed by WUliams and coworkers [1992]. At 37°C most of die LPI-
mediated btading and LPL-mediated tatemaUsation of LDL and VLDL could be tahibited by 
pretieatment of the cells with heparinase, tadicating that the LPL-mediated intemaUsation is 
also dq)«ident on the presence of heparan sulphate proteoglycans on the plasma membrane. 
Furthermore, our results show that the degradation of LDL and VLDL is lysosomal both in 
the absence and ta the presence of LPL, which is similar to the results obtained by WiUiams 
et al. [1992], with respect to tiie LPL-mediated catiiboUsm of LDL and Lp(a). 

Rumsey et al. [1992] found that with receptor-negative fibroblasts also the addition of 
LPL resulted in a dramatic stimulation of the uptake of LDL, tadicattag that LPL increases 
Upoprotdn uptake via a pathway which does not tavolve the LDL receptor. Although less 
pronounced, due to a shorter tacubation time (4 instead of 8 hours) and a lower LPL 
concentration (3,4 tastead of 10 /tg/ml) we found that in LDL receptor-negative fibroblasts 
the intemalisation of LDL and VLDL is also increased considerably upon incubation of the 
ceUs with LPL, However, if expressed in absolute amounts of LDL taken up per mg of ceU 
protdn, our data indicate that the receptor-negative fibroblasts are much less efficient than 
control fibroblasts in LPL-mediated uptake of lipoproteins. This led us to conclude that the 
major portion of the (LPL-mediated) heparan sulphate proteoglycan-bound lipoproteins are 
taken up via the LDL receptor, while only a small amount of the LPL-mediated bindtag of 
LDL is tatemaUsed independentiy of the LDL receptor. This stiitement is fiirther sustataed 
by die observation diat the uptake of HSPG-bound LDL is suppressed ta paralld witii tiie 
down-regulation of the LDL receptor activity. Our results show that the intemalisation of 
heparan sulphate proteoglycan-bound LDL, if expressed as ng of LDL/min/mg of ceU 
protein, is as fast as the intemalisation of LDL bound to the classical LDL receptor (ta the 
absence of LPL). 

From these studies, we conclude that LPL enhances the binding of LDL and VLDL to 
cdls by bridging between the lipoprotdns ta the medium and HSPG on the plasma 
membrane. Thereafter, tiie HSPG-bound LDL and VLDL are intemaUsed mainly via tiie 
rapid process of classical LDL receptor recycling system, if the LDL receptor is present. 
Simultaneously, the remaming portion of HSPG-bound lipoproteins may be intemaUsed 
together at a much slower rate/or not with HSPG [Owens, 1991]. 

Although the lipase concentrations used in most of the in vitro experiments are more than 
100 times the physiological concentoation, we found that physiological concenbations of LPL 
also tacrease die binding of LDL to Hep G2 ceUs. This implies tiiat LPL may also affect 
lipoprotem metaboUsm in vivo. As has been suggested by Williams at al., LPL may serve 
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as an atherogenic molecule in the arterial wall, by stimulating the uptake of apoB-rich 
Upoprotetas by macrophages and smooth muscle ceUs, leadtag to foam cdl formation. On 
the other hand, ta the Uver it would function anti-atherogenicaUy by enhandng the uptake 
of apoB-rich atherogenic Upoprotdns, The possible dual function of LPL in vivo may thus 
rdate to its location. 

In Chapt«' 8 the question is addressed whether LPL can tafluence the tateraction of LDL 
with cdls or tissues in nvo ta the rat. Indeed, we found that the simultaneous administration 
of LPL with '^I-LDL resulted in an apparent tacrease ta the decay of LDL. By 
simultaneously analysing the Uver-association, it could be verified that this effect is caused 
by an tacreased liver association of LDL in the presence of LPL. Under normal physiological 
conditions, the rat liver displays only Uttie LDL receptor-activity. Therefore, the possibte 
tacreased liver uptidce of '^I-LDL after its bindtag through LPL to the liver, was analysed 
m control rats and in rats pretreated with oestradiol. It is known that oestradiol treatment 
results in a selective upregulation of the number of LDL receptors ta liver parenchymal ceUs 
[Hzikes, 1983]. The enhancement of the liver association of '^I-LDL by simultaneous 
tajection of LPL ta oestradiol-treated rats was comparable with that in the untreated animals 
if expressed in absolute terms. Both in control rats and after upregulation of the LDL 
recq>tor activity by oestradiol-beatment, LPL did not affect the semm concentration of '^I-
LDL at the later time points after tajection, indicating that the catabolism of LDL is not 
affected by LPL, A possible explanation for the lack of an effect of LPL on the in vivo 
cataboUsm of LDL, might be caused by the intrahepatic cellular specificity of the effect of 
LPL, Oestradiol-treatment predominantiy results in upregulation of the LDL receptor ta the 
parenchymal cdls [Harkes, 1983], If in vivo LPL primarily affects the binding of LDL to 
endotheUal- or Kupffer ceUs, the site for LDL uptake wiU reside at a different ceU type. In 
agreement with this, we found that in vitro die increase in die binding of LDL as a resuU of 
the presence of LPL is about 5 times higher in endothelial and Kupffer ceUs than ta 
parenchymal ceUs. 

Studies with freshly isolated rat liver parenchymal, endothelial and Kupffer cells revealed 
that LPL oihances the bindtag of '"l-LDL to all three ceU types. The effect on parenchymal 
ceUs was much less pronounced than the effect on endothelial- and Kupffer cells. Only the 
LPI-mediated binding of LDL to parenchymal ceUs could be partly prevented by 
pretieatment of the ceUs with heparinase, indicating that HSPG play a role in the LPI-
mediated bindtag of LDL to these ceUs. These results are in agreement with data obtained 
by Stow d al. [1985], who have localized membrane HSPG, by immunocytochemistry, 
predominantiy to the sinusoidal plasmalemmal domain of rat liver hepabxsytes. 

This left us with the question, if not HSPG, what binding sites could be involved in the 
LPL-mediated btading of LDL to the endothelial and Kupffer ceUs. The LPI-mediated 
btadtag of LDL to parenchymal, endotiieUal and Kupffer ceUs was not affected by the 
presence of EGTA, tadicating that this binding is calcium-independent. The binding sites 
tavolved, were found to be heparta sensitive, as the LPL-mediated btading of LDL was 
completdy tahibited in the presence of heparin. 

In condusion, in vivo LPL enhances the association of LDL with the liver, in a 
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concentaation dependent fashion. However, no evidence for an tacreased intemaUsation could 
be obtataed. As LDL remains extracdlularly associated with the liver, we considered the 
possibUity that tiie LPL-mediated bindtag of LDL to die Uver might allow Upid exchange 
with the Uver. However, so ftir we were not able to detect any such function, Vilaro d al, 
[1988] have reported tiiat exogenous LPL bound in the Uver caused a dramatic tacrease ta 
the utilization of a perfused triacylglycerol emulsion, with a rapid formation of fiiee fatty 
adds and water-soluble metabolites, LDL is tiiought to be the end product of lipolysis, and 
it might be that LDL transfers the Upase to the liver, where it remains active untUl it is 
fînaUy taken up and degraded. This ddivery to the liver, may prevent LPL for servtag as an 
atherogenic molecule in the arterial wall, where it could stimulate the uptake of apoB-
containtag Upoprotetas by macrophages and smooth muscle ceUs, leadtag to foam ceU 
formation. 
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SUMMARY 

VLDL are responsible for die transport of triglycerides from the Uver to various tissues. 
After bdng secreted tato the blood circulation, VLDL are Upolysed by the action of 
Upoprotdn lipase (LPL), an enzyme attached to the endotheUal ceU Uning of the capillaries. 
A large portion of the resulttag VLDL remnants are rapidly removed from the drculation 
by the lipoprotem receptors present ta the liver. The remamder are further converted into 
LDL. In the Uterature there is no consensus regarding the receptors involved in the removal 
of VLDL remnants by the liver. Hepatocytes, the Uver ceUs responsible for the uptake of 
VLDL, possess not only the classical LDL receptor but also an apoE- or remnant receptor 
the nature of which has yet to be fully elucidated. To evaluate the hepatic receptor involved 
ta the removal of VLDL remnants, we studied die bindtag of LPL-treated VLDL (LPLr 
VLDL), tedcen as representative for VLDL remnants, to Hep G2 ceUs (Chapter 2). We found 
that LPI^VLDL binds witii high affinity to Hep G2 ceUs. Up- and down-regulation of the 
LDL receptor resulted in a stimulation and tahibition of the binding of LPL-VLDL. The 
results indicate tiiat tiie binding of LPL-VLDL to Hep G2 ceUs is completely mediated by 
the LDL-receptor, and there was no evidence for the presence of an additional receptor 
involved ta the binding of VLDL-remnants. 

The tatraceUular patiiway coupled to tiie binding of LPL-VLDL and VLDL to Hep G2 
ceUs was compared with that of LDL, in order to verify whether ApoE present on LPI^ 
VLDL and VLDL does indeed influence the endocytic routing of these particles (Chapter 3). 
It appears that after internalization through the LDL receptor, the bansport of VLDL, as wdl 
as LPL-treated VLDL, to the late endosomal/lysosomal compartment is severely retarded as 
compared with that of LDL. As a consequence of this impaired transport to the lysosomes, 
VLDL and LPL-beated VLDL fail to stimulate ACAT activity. Therefore, die multivalent 
btading of ApoE ta LPL-VLDL and VLDL to tiie LDL receptor might lead to a dimtaished 
or retarded release of LPL-VLDL and VLDL from the receptor in the sorting endosomes, 
which explains the retarded intraceUular processing. 

Stace apoE is responsible for die receptor binding of VLDL and VLDL-remnants, a 
defect ta apoE wiU resuU ta impaired clearance of VLDL and VLDL remnants from the 
blood. This is the case in patients with Familial DysbetaUpoprotdnemia (FD). It has been 
rqmrted diat die binding of apoE2 isolated fiom an E2E2 homozygous FD patient improved 
after dramatic reduction of the semm cholesterol concentration as a result of dietary 
treatment. Chapter 4 describes a study in which six E2E2 homozygous FamUial 
DysbetaUpoprotdnemic (FD) patients were treated with gemfibrozU (2*600 mg/day) for a 
period of four weeks. As a result of this treatment, semm cholesterol concenb:ations 
normalized ta aU six patients. In our study both the composition of the VLDL 
(cholesterol/triglyceride ratio) and the binding effeciency to the LDL receptor did not change 
upon treatment. Therefore, we suggest that gemfibrozU lowers semm cholesterol as the result 
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of affecting the synthesis of d < 1.019 lipoproteins rather than as a resuU of influencmg the 
receptiw-mediated clearance of these particles. 

FD is not always associated with E2E2 homozygosity. Heterozygosity for E2(lysl46 -» 
gta) is also fiequentiy associated with FD. E2(lysl46 -» gin) heterozygotes develop FD 
despite the presence of a normal apoE allele, indicattag that it is a dominant trait ta the 
expression of FD. The studies presented ta Chapter 5 were performed ta order to clarify the 
mechanism behtad the domtaancy of this apoE variant. In six famiUes displaytag the 
E2(lysl46 -» gta) variant, we found that the LPL-mediated Upolysis of the d < 1.019 
Upoprotdns of E2(lysl46 -» gta) aUde carriers was significantiy less efficient as compared 
with that of thdr relatives not carrying this apoE variant. Upon treatment with LPL, the 
cholesterol to triglyceride ratio of the d < 1.019 Upoprotetas of the E2(lysl46 -» gin) 
carriers increased fix>m 1.1 to 1,8, while ta the controls this ratio increased ftom 0,7 to 1,6, 
In addition, high amounts of apoE per Upoprotdn were observed ta the d < 1,019 fraction 
of the carriers (five times as high as in the controls). This high amount of apoE present on 
the Upoprotetas could not be related to the suscqitibiUty of the lipoproteins to Upolysis. 
Ndth«' could the lipolysis efficiency be rdated to the amount of free cholesterol per 
Upoproteta particle. From these studies, we concluded that the E2(lysl46 -» gin) allele, under 
certata conditions, predisposes to an impaired lipolysis of the d < 1.019 lipoprotdn fraction, 
which consequentiy results in a defective binding of these lipoproteins to the LDL receptor. 
The impaired Upolysis could in such a way contribute to the dominant behaviour of the 
E2(lysl46 -* gta) variant in the expression of FD. 

EarUer, it has been mentioned that VLDL bind more efficientiy to the LDL receptor after 
bdng Upolysed by the action of LPL. It has also been reported that LPL, tadependent of its 
Upolytic activity, enhances the cellular binding of apoE-containing lipoproteins. We have 
studied the effect bf LPL on the ceUular binding and the subsequent processing of VLDL and 
LDL, ta cultured Hep G2 ceUs and normal and LDL receptor-negative fibroblasts (Chapter 
6 and 7). The presence of 1.7 /ig/ml of LPL dramatically (up to 80-fold) enhances the 
btading of both VLDL and apoE free LDL to Hep G2 ceUs, and to normal and LDL 
receptor-negative fibroblasts. We found that the enhancement of die cellular binding of these 
Upoprotetas in the presence of LPL was independent of the LDL receptor and the LRP, as 
the bindtag was calcium-independent and was not affected by up- and down-regulation of the 
LDL receptor activity. The LPL-mediated binding could be prevented by pretreatment of the 
cdls with heparinase, indicating that heparan sulphate proteoglycans were involved. From 
these results we conclude that the LPL-mediated binding of LDL and VLDL is caused by a 
bridging of LPL between heparan sulphate proteoglycans present on the plasma membrane 
and the Upoprotdns (Chapter 6). As described ta Chapter 7, the formation of a complex of 
LPL with the Upoprotetas is not a prerequisite of binding, as preincubation of the ceUs with 
LPL, foUowed by washing, prior to the btadtag experiment, increased the lipoproteta-btading 
to the same extent. The addition of heat-inactivated LPL also resulted in an »ihanced uptidce 
and subsequent lysosomal degradation of both LDL and VLDL, although the stimulatory 
factor was less than for the bindtag (25-fold, when measured after S hours at 37''C). 
Striktagly, LPL only margtaaUy enhanced the uptake of LDL by LDL receptor-negative 
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fibroblasts. In addition, down-regulation of the LDL receptor activity of Hep G2 cdls and 
fibroblasts resulted in a paralld decrease in die uptidce of lipoprotdns bound via LPL to 
heparan sulphate proteoglycans. From diese results, we conclude tiiat ta LDL receptor-
positive cdls tiie LPL-mediated binding of LDL and VLDL to heparan sulphate 
proteoglycans was followed by intemalisation of tiie lipoprotdns mainly tiirough tiie rapid 
process of die classical LDL receptor recycltag system, whereas only a mtaor portion was 
tatemaUsed via tiie much slower process of HSPG uptake. 

From the studies widi cultured Hep G2 ceUs and fibroblasts, tiie question arose as to what 
tiie physiological consequences of tiie enhancing effect of LPL on tiie Upoprotdn cabibolism 
might be. The effect of LPL on tiie in vivo fate of LDL in die rat was studied (Chapter 8). 
We found tiiat, in vivo, LPL enhances die association of LDL witii tiie Uver ta a 
concentration dq)endent fashion. However, no evidence for an increased intemaUsation could 
be obtidned. Upregulation of tiie LDL receptor activity by beating the rats witii oestradiol 
resulted ta a markedly increased interaction of LDL witii tiie liver, which could be further 
increased by simultaneous administration of LPL. 

In vitro stiidies witii isolated rat liver endotiielial-, parenchymal- and Kupffer cdls 
showed tiiat LPL enhances the interaction of LDL witii aU tiiree ceU types, altiiough tiie 
magnibide of die effect of LPL on tiie binding of LDL to endothelial and Kupffer cells was 
five times higher dian the effect on the binding to parenchymal ceUs. Only the LPL-mediated 
btading of '^-LDL to parenchymal ceUs could be inhibited by pretieating tiie ceUs with 
heparinase, indicating that in these ceUs heparan sulphate proteoglycans are involved. The 
LPL-mediated binding of '"I-LDL to endothelial ceUs, Kupffer ceUs as weU as the bindtag 
to parenchymal ceUs was calcium-independent. The LPL-mediated binding of '"I-LDL to 
endotiielial and Kupffer ceUs was inhibited completely by heparin, while tiiat to parenchymal 
cdls was lowered to about 10% of the maximal value. 

These results indicate tiiat LPL mediates the binding of '"I-LDL to parenchymal ceUs 
mainly by attiiching to heparan sulphate proteoglycans, while other proteoglycans stiructures 
or non-proteoglycan stmctures are involved in the LPL-mediated binding of LDL to 
endotiielial- and Kupffer ceUs. 

In nvo it appears that, in rats, LPL specifically enhances the association of '^I-LDL to 
tiie Uver. The lack of coupling to intemalisation might allow further sinusoidal processing 
of LDL components. 
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SAMENVATTING 

Voor het transport van ta de lever gesynthetiseerde biglyceriden zijn zeer lage 
dichthddsUpoprotdnen (VLDL) verantwoordeUjk. In de bloedcirculatie worden de 
triglyceriden ta de VLDL gdiydrolyseerd md bdiulp van lipoprotdne Upase (LPL), wat zich 
bevtadt op het oppervlak van endothedceUen die de bloedvaten bekleden. Het grootste ded 
van de op deze wijze gevormde VLDI^remnants (overblijfsds) worden vlug opgenomen door 
voomamdijk de leverceUen. De overige remnants worden verder omgezet in lage dichthdds 
Upoprotdnen (LDL). LeverceUen bezitten naast de klassieke LDL receptor nog een 
zogenaamde remnant- of apoE receptor, waarvan de aard nog niet is opgehdderd. ta de 
literatuur bestaat geen eenduidigheid omtrent de receptor in de lever (de klassieke LDL 
receptor of een andere receptor) die verantwoordelijk is voor de opname van VLDL 
remnants. Om tazicht te krijgen in de recq>tor die bebokken is bij de opname van remnants 
hd)ben wij de binding van LPL behandeld VLDL (LPL-VLDL), als model voor VLDL 
remnants, aan Hep G2 cellen bestudeerd (hoofdstuk 2). Wij vonden dat LPL-VLDL met hoge 
affinitdt bindt aan Hep G2 cellen. Geen enkele aanwijzing kon worden gevonden voor 
aanwezigheid van een receptor anders dan de LDL receptor, die betrokken is bij deze 
btading. 

In hoofdstuk 3 wordt de intraceUulaire route van VLDL en LPL-VLDL na opname door 
Hep G2 cellen vergeleken met die van LDL, om na te gaan of de aanwezighdd van meerdere 
apoE moleculen per lipoprotetae-dedtje leidt tot het volgen van een andere inbaceUulaire 
verwerktag van deze lipoprotdnen. Zowd VLDL als LPL-VLDL worden taefticiênt 
afgd)roken na opname via de LDL receptor, en het transport van deze deeltjes naar het laat-
endosomaal-lysosomale compartiment is aanzienlijk vertraagd. De multivalente tateractie van 
apoE, wat geassocieerd is met VLDL en LPL-VLDL, met de LDL receptor zou kunnen 
Idden tot een verbnagde dissociatie van VLDL en LPL-VLDL van de receptor. Dit zou 
kunnen Idden tot de vertraagde tatraceUulaire processing van deze lipoprotetaen. 

Omdat apoE verantwoordelijk is voor de receptoibinding van VLDL en VLDL remnants, 
ldden defecten in het apoE tot een gesbmrde klaring van deze lipoprotetaen. Zo wordt 
verondersteld dat de defecte tateractie van apoE2 met lipoproteme receptoren het oorzakdijke 
metiibole defect is bij fiimUiale dysbetedipoprotetaemie (FD). Beschreven is dat de binding 
van apoE2 op j3-VLDL geïsoleerd uit plasma van een hyperlipidemische E2E2 homozygote 
FD patiënt v^eterde na een dramatische reductie van het plasma cholesterol als gevolg van 
een streng dieet en sterke gèwichtsvermindering. In hoofdstuk 4 wordt een studie beschreven 
waarbij zes E2E2 homozygote FD patiënten gedurende 4 weken werden behandeld met 
gemfibrozil. Als gevolg hiervan normaliseerden de plasma cholesterol waarden van alle zes 
patiënten. Uit onze studie bleek dat na behandeling van de patiënten met gemfibrozU noch 
de samenstelUng van de VLDL noch de btadings-efficiêntie aan de LDL receptor veranderd 
was. Deze resultaten suggereren dat gemfibrozU het plasma cholesterol verlaagt als gevolg 
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van een effect op de synthese van VLDL, en niet als gevolg van een effect op de receptor-
gemedieerde klaring. 

FD is niet altijd geassocieerd met E2E2 homozygotie. Ook heterozygotie voor het 
E2Gysl46 -* gin) alld is veelvuldig geassocieerd met FD. Omdat hd E2(lysl46 -» gta) aUd 
resulteert ta FD ondanks de aanwezigheid van een normaal E3 allel, is er sprake van een 
dominant gedrag van het allel met betrekking tot de overerving van de ziekte. De studies 
beschreven in hoofdstuk 5, zijn uitgevoerd met de bedoding enige ophddertag te verkrijgen 
ta hd mechanisme achter het dominante gedrag van deze apoE variant. In zes fanüUes waarin 
de E2(lysl46 -» gin) variant voorkwam, werd een significant slechtere lipolyse gevonden van 
de d < 1.019 lipoprotetaen van de E2(lysl46 -> gin) dragers in vergeUjktag md fiamUie 
ledai die niet dragers waren van deze apoE variant. De d < 1.019 lipoprotetaen van de 
dragers bleken in vergelijking met de niet-dragers, relatief grote hoevedheden apoE te 
bezitten. Er kon echter geen relatie worden gevonden tussen de hoeveelheid apoE aanwezig 
ta de d < 1.019 fractie en de geschiktheid als substraat voor LPL. De resultaten duiden erop 
dat de aanwezigheid van apoE2(lysl46 -» gin) onder bepaalde omstandigheden Iddt tot d < 
1.019 lipoprotdnen die resistent zijn voor lipolyse, en als gevolg hiervan gestoord zijn ta hun 
tateractie met de LDL receptor. De gestoorde lipolyse zou op deze wijze kunnen bijdragen 
aan de dominantie van het E2(lysl46 -» gin) allel bij de expressie van FD. 

In hoofdstuk 2 is beschreven dat als gevolg van lipolyse de efficiëntie waarmee VLDL 
aan de LDL receptor bindt, toeneemt. LPL kan echter ook onafhankelijk van enzymatische 
activitdt de cdlulaire binding van apoE-bevattende lipoproteïnen verhogen. Wij hebben het 
effect van LPL op de cellulaire binding en vervolgens de opname en afbraak van VLDL en 
apoE-vrij LDL bestudeerd (hoofdstuk 6 en 7). Uit de resultaten blijkt dat LPL de binding van 
zowd VLDL als LDL aan Hep G2 cellen en normale- en LDL receptor-negatieve 
flbroblasten aanzienlijk stimuleert (tot 80 maal). Verder bleek de LPL-gemedieerde bindtag 
niet calciumafhankeUjk, en ongevoelig voor verandering van de LDL receptor activiteit. Op 
grond van deze resultaten concluderen wij dat de LPL-gemedieerde binding van LDL en 
VLDL onafhankelijk is van de LDL receptor en het LDL-receptor-gerelateerde dwit (LRP). 
VoorbehandeUng van de cdlen met heparinase had een sterke remmtag van de LPI^ 
gemedieerde binding tot gevolg, wat duidt op een rol voor heparan sulfaat proteoglycanen. 
Wij concluderen dat de LPL-gemedieerde binding een gevolg is van de binding van LPL 
enerzijds aan heparan sulfaat proteoglycanen op het celoppervlak en anderzijds aan de 
Upoprotdnen (hoofdstuk 6), Zoals beschreven in hoofdstuk 7 is het niet nodig dat LPL een 
complex vormt met de Upoprotemen voordat het in staat is de lipoprotetaebinding te 
stimuleren, Pretacubatie van de cellen met LPL, gevolgd door wassen, leidt eveneens tot een 
verhoging van de binding van de lipoprotetaen, 

In aanwezigheid van LPL is eveneens de opname en de afbraak van VLDL en LDL 
verhoogd (hoofdstuk 7). Het effect van LPL op de opname en afbraak was echter mtader 
dramatisch dan het effect op de binding. Opvallend genoeg had LPL bijna geen effect op de 
opname van LDL door LDL receptor negatieve cellen. Verder werd het effect van LPL op 
de opname geremd door inhibitie van de LDL receptor activiteit ta Hep G2 cellen en normale 
flbroblasten. Op grond van deze resultaten wordt geconcludeerd dat de opname van de 
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Upoprotdnen, na bindtag via LPL aan heparan sulfaat proteoglycanen, hoofdzakeUjk wordt 
gemedieerd door de LDL receptor. 

Uit bovensteiande observaties kwam vervolgens de vraag naar voren wat de fysiologische 
consequraties van het effect van LPL op de bindtag en opname van Upoprotdnen zouden 
kunnen zijn. In hoofdstiik 8 stiian stiidies beschreven waarin het effect van LPL op hd 
cateiboUsme van LDL in nvo is bestiideerd in de rat. Toediening van LPL tegdijk md ' ^ -
LDL had een verhoogde associatie van LDL met de lever tot gevolg. De verhoogde btading 
van LDL werd echter nid gevolgd door een verhoogde opname van LDL, zdfs nid na 
behandeUng van de rat met oestradiol, waardoor de LDL receptor activiteit wordt 
gestimuleerd. Uit studies met geïsoleerde rattelever parenchym-, endotiied- en Kupfldcdlen 
kwam naar voren, dat LPL de binding van LDL aan alle drie celtypen verhoogt. Hd effect 
van LPL op de binding aan endothed- en Kupffercdlen was minstens vijf maal zo groot als 
het effect op parenchymceUen. Alleen de LPL-gemedieerde binding van LDL aan 
parenchymceUen werd gedeeltelijk geremd door voorbehandeling van de ceUen met 
hqarinase. Hd effect van LPL op de binding van LDL aan alle drie de cel-typen werd 
volledig teniet gedaan door héparine. Deze resulteiten suggereren dat bij de LPL-gemedieerde 
btadtag van LDL aan parenchymceUen heparan sulfaat proteoglycanen beti?okken zijn, terwijl 
andere proteoglycanen of stiiicturen anders dan proteoglycanen betiokken zijn bij de LPI^ 
gemedieerde binding aan endotiied- en Kupffercdlen. In -nvo lijkt LPL specifiek de 
associatie van LDL met de lever te stimuleren. Het uitblijven van een eveneens verhoogde 
opname zou een uitwisseling van LDL componenten met de lever mogelijk kunnen maken. 
Ook bestaat de mogeUjkheid dat LDL zorg draagt voor de afgifte van LPL aan de lever, wat 
atherogene werking van LPL in de bloedvatwand zou kunnen verhinderen. 
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ABBREVIATIONS 

apo apolipoprotein 
BMI body mass tadex 
BSA bovtae semm albumin 
j3-VLDL j3-migrating very low density lipoprotein 
CE cholesteryl ester 
CM chylonücron 
d density (g/ml) 
EC endothelial ceUs 
ELISA enzyme Itaked immunosorbent assay 
EGTA ethyleneglycol-bis-(2-aminoethyl)-tetraacetic acid 
FC free (unesterified) cholesterol 
FCS feted calf semm 
FD famUial dysbdaUpoprotdnemia 
FFA free fatty acid 
FH famiUal hypercholesterolemia 
HDL high density lipoprotdn 
HL hepatic Upase 
HSA human semm albumin 
HSPG heparan sulphate proteoglycan 
IDL intermediate density Upoproteta 
lEF isoelectric focusing 
KC Kupffer ceUs 
LDL low density lipoprotein 
Lp(a) Upoprotdn(a) 
LPL Upoproteta Upase 
LPL-VLDL Upoproteta lipase-treated very low density lipoprotein 
LRP low density receptor-rdated protein 
PAGE Polyacrylamide gel electrophoresis 
PC parenchymal ceUs 
PL phospholipid 
SD standard deviation 
SDS sodium dodecyl sulphate 
TC total cholesterol 
TG triglyceride 
I^pe m type III hyperUpoprotdnemia 
VLDL very low density Upoproteta 
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