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1.

Stellingen behorend bij het proefschrift:

Clinical, Genetic and Biochemical Aspects of Dysbetalipoproteinemia

Om meer inzicht te krijgen in de pathogenese van type lll hyperlipoproteinemie

zal toekomstig onderzoek bij apolipoproteine E2 (Arg158-+Cys) homozygoten

zich moeten richten op het ophelderen van mutaties in genen die betrokken zijn

bij het ontstaan van insulineresistentie.

Dit proefschrifl' en Aierioscler Thromb Vosc Biol, )999;19:2722-2729.

Door een apolipoprotelne E variant via "adenovirus-mediated gene transfe/'

tijdelijk tot expressie te brengen in apolipoproteine E deficidnte muizen kan

meer inzicht verkregen worden in het variant-specifieke effect op het

lipidenmetabolisme.

Dii proefschrifi.

De prevalentie van type lll hyperlipoprotelnemie onder apolipoproteine E2

(Arg158-+Cys) homozygoten binnen een bepaalde regio is mede afhankelijk

van de beschikbare biochemische en klinische diagnostiek in de betreffende

regio.

Dit proefschrift.

De uitkomst van experimenten waarin de bindingscapaciteit van apolipoproteine

E varianten aan heparan sulfaat proteoglycanen wordt onderzocht, wordt mede

beinvloed door het gebruikte testsysteem.

Dit proefschrift.

De conclusie van Mahley et al. dat door het gebruik van transgene dieren de

pathogenese van type lll hyperlipoprotelnemie is opgelost, is gezien de

bevindingen bij hyper- en normolipidemische apolipoproteine E2 (Arg158-+Cys)

homozygoten voorbarig.

Dit proefschrift en J Lipid Res. 
.l999;40: 

1933- I 949.

3.

4.

5.



6. De negatieve reputatie van oestrogenen zou kunnen veranderen door de

bevinding dat vrouwen met een hoog oestradiol gehalte er jonger uitzien dan ze

in werkelijkheid zijn.

Loncet. 1999;354:224.

7. Naast patidnten met hyperlipidemie of hartziekten ziin pati6nten met

orgaantransplantaties of met auto-immuunziekten mogelijk gebaat bij de

toediening van HMG-CoA reductase remmers.

Nqture M ed. 2OOO ;6', 1 399 - 1 402.

8. Bij structuur-functie onderzoek van apolipoproteine E varianten dient men naast

de aminozuren op positie 136-150 (het LDL receptor bindingsdomein) rekening

te houden met het arginine-residu op positie 172.

J Bi ol C h e m. 2OOO :27 5 :257 6-2580.

9. Artsen dienen geen hormoonsubstitutie therapie voor te schrijven voor de

secundaire preventie van hart- en vaatziekten bij vrouwen in de menopauze.

JAMA. 1998;280;605-613 en N Engl J Med. 2000;343:522-529 en Chculotion.

2OOO;102:2228-2232.

10. Ook bij tafeltennis geldt: hoe commerci6ler de spotl, hoe groter de ballen.

11. BSE is een welvaartsziekte in het menselijk brein.

12. Gemeentelijke annexatie: baat het niet dan schaadt het wel.

Leiden,28 moort 200.l Femke de Beer
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Chapter 1

1.1 LipoproteinMetabolism

cholesterol and triglycerides (TG), the most common lipids in our diet, play important

roles in the human body. Cholesterol is a key regulator of plasma membrane fluidity.

ln addition, cholesterol is necessary for the synthesis of steroid hormones, bile acids

and vitamins. TG supply cells with fatty acids, which are used as an energy source in

muscles or for storage in adipose tissue. Cholesterol and TG are both hydrophobic

lipids. After absorption in the intestine, they are packaged into water-soluble

lipoproteins for transport in the bloodstream. Lipoproteins are spherical particles

containing a non-polar core with cholesterol esters and TG, and a polar surface

which is composed of phospholipids, free cholesterol and proteins (so-called

apolipoproteins (apo)).

1.1.1 Classification and Metabolism of Lipoproteins

Lipoproteins can be divided based on their density into five classes: chylomicrons,

very low density lipoproteins (VLDL), intermediate density lipoproteins (lDL), low

density lipoproteins (LDL) and high density lipoproteins (HDL). Lipoproteins differ in

density, size, electrophoretic mobility and composition (Table 1). Each lipoprotein

class has one or more specific functions in lipoprotein metabolism as shown in

Figure 1 and reviewed by others'..

Chylomicrons are synthesized by the intestine to transport the dietary TG and

cholesterol. Upon entering the circulation, the TG of the chylomicrons are hydrolyzed

by the enzyme lipoprotein lipase (LPL), which results in the formation of cholesterol

ester- and apoE-enriched chylomicron remnants and the generation of free fatty

acids (FFA). The liberated FFA are either stored as TG in adipose tissue or used as

an energy source in peripheral tissues. Under normal circumstances, chylomicron

remnants are rapidly taken up by hepatic receptors that specifically recognize apoE

(i.e. LDL receptor (LDLR) and LDL receptor-related protein (LRP)). This process is

called the exogenous lipid pathway (Figure 1).

The liver synthesizes and secretes VLDL-TG. Similar to chylomicrons, VLDL-

TG are lipolyzed by LPL after entering the bloodstream. This results in the formation

of lDL, which are also referred to as VLDL remnants. IDL is partly taken up by the

liver as mediated by apoE, whereas the remainder is converted to LDL by hepatic

lipase (HL). ApoB100 serves as a ligand for the uptake of LDL via the LDLR present

2



General lntroduction

on the liver and peripheral tissuesru. The process of VLDL formation ending with the

catabolism of LDL is called the endogenous lipid pathway (Figure 1).

Toble l. Physicol properlies ond composition of humon plosmo lipoproteins'2

Chylomicron VLDL IDL LDL HDL

Source

Diometer (nm)

Density (g/mL)

Mobility.

Composiliont

Triglycerides

Cholesterol esters

Free cholesterol

Phospholipids

Protein

Apolipoproleins

ApoA

ApoB

ApoC

ApoE

lntestine

75-1200

< 0.96

origin

41,42, A4

848

VLDL

I 8-25

r.019-1.063

p

t3

48

t0

28

2l

lntestine

Liver

5-12

r,063-1.21

q

t5

30

t0

45

45-55

41, 42, A4

CI, C2, C3

E

VLDL

30-80 25-35

0.96-r.006 r.006-r.019

pre-B pre-B/B

88

I

8

1-2

56
'15

8

20

6-10

Bt 00

29

34

9

26

ll

Bt 00 B 100

CI,C2,C3 CI,C2,C3 CI,C2,C3

EEE
-According to electrophoreiic mobility of plosmo cr- ond B-globulins on ogorose gel
electrophoresis,
lExpressed os o percentoge of totol weight.

Nascent HDL is synthesized by the liver and the intestine and formed from

chylomicron remnants and lDL. HDL accepls excess of cholesterol from extra-hepatic

tissues and delivers it to the liver. The liver, in turn, excretes the cholesterol as bile

acids into the intestinal tract. This pathway, often referred to as reverse cholesterol

transport, involves the enzyme lecithin:cholesterol acyl transferase (LCAT), which

uses apoAl as co-factor, and the cholesterol ester transfer protein (CETP). After

uptake of free cholesterol by HDL, this cholesterol is esterified by LCAT. The

produced cholesterol esters are either transported to apoB-containing lipoproteins by
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CETP or taken up by the liver via the HDL receptor scavenger receptor class B type I

(sR-Br)'.

Uefyddeffi

Figure l. Schemolic presentotion of lipoprolein melobolism
CM, chylomicron; HSPG, heporon sulphote proteoglycons

1.1.2 Lipoprotein Lipase

The enzyme LPL (EC 3.1.1.34) is a member of a gene family of lipases, which also

includes HL and pancreatic lipase'o'". After synthesis in parenchymal cells of various

tissues as a 49 KDa polypeptide, glycosylation results in a mature protein of 56 kDa".

The protein consists of two structural domains: an NHr-terminal domain (amino acids

1-312) and a COOH-terminal domain (amino acids 313-448). The amino-terminal

domain contains the active site of the enzyme: the catalytic triad (Ser132, Asp156

and His241)"'o and a site that can interact with apoC2'"'u. The carboxyl{erminal

domain is involved in the interaction of LPL with lipoproteins'u'". Both the amino and

ltspalic
liFse

Capillary bed
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carboxyl-terminus of LPL have been shown to contribute to the heparin/heparan

sulphate proteoglycans (HSPG)-binding properties of the lipase'u ''''0.

LPL is responsible for the hydrolysis of TG present in chylomicrons and VLDL.

The majority of LPL is anchored to HSPG on the luminal surface of capillary

endothelial cells'''", whereas a small part of LPL is also associated with lipoproteins"'

'u. The lipolytic conversion by LPL is influenced by several apolipoproteins. ApoC2

activates the enzyme by serving as a co-factofu". ApoE is thought to participate in

the interaction between TG-rich lipoproteins and HSPG"''n. Furthermore, high

amounts of apoE and apoC3 have been reported to inhibit the LPl-mediated

lipolysis'o-'u.

Patients with LPL deficiency have a severe hypertriglyceridemia (HTG) and

fasting chylomicronemia due to homozygosity for a functional LPL mutation". Most of

these mutations are rare and have been shown to abolish the hydrolytic function of

LPL (reviewed in 37 and 38). ln addition, several common LPL variants have been

identified with a moderate effect on LPL activity as reviewed by others'noo. Most of

these LPL variants have been associated with increased plasma TG levels, whereas

carriers of the LPL (Ser447-+Stop) mutation seem to have a more favourable lipid

profile, most likely due to an increased activity of the enzymeo'o'.

It has been demonstrated that the C-terminal domain of LPL contains sites for

binding to lipoprotein receptors, including the LDLRo''oo, the LRP'u,n and the extra-

hepatic VLDL receptoruo. ln addition to its lipolytic function, LPL plays a role in the

binding and uptake of lipoproteins by various cell typesu''',. LPL stimulates the binding

and uptake of different lipoproteins (LDL, VLDL, P-VLDL, HDL, Lp(a) and

chylomicrons) via bridging between the lipoproteins and HSPG andlor receptorsu'uo.

This enhancing effect of LPL is independent of its hydrolytic activityu'oouu, but requires

an intact carboxyl-terminuso'. Merkel et al.u' have shown that stimulated tissue

lipoprotein uptake by catalytically inactive LPL also occurs in vivo.

Earlier studies showed that active LPL is a homodimer consisting of two non-

covalently linked glycoproteins of equal sizeu''uu. To perform its hydrolytic function,

LPL should be in the dimeric stateun'uo, whereas both the monomerico''u' and

dimeric"u''u' form have been reported to facilitate the LPl-mediated binding of

lipoproteins to cells. Pentikdinen et al.uo demonstrated that native LDL binds to
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monomeric LPL, whereas oxidized LDL preferably binds to dimeric LPL. Recently, it

has been reported that a 37 kDa protein which copurifies with the mature 56 kDa

bovine milk LPL protein is important for the stimulatory effect of LPL on the binding of

lipoproteins to macrophagesuu.

1.1.3 Hepatic Lipase

HL is a glycoprotein of about 65 kDa that is synthesized in hepatocytes and secreted

and anchored to the surface of hepatocytes and hepatic endothelial cells by HSPG'"
u'. HL functions both as an acylglycerol hydrolase and as a phospholipase,

hydrolyzing TG in chylomicron remnants, IDL and HDL as well as phosholipids in

HDL (reviewed in 52,69,70). ln contrast to LPL, the enzymatic activity of HL is

independent of a co-factor".

Although the metabolic function of HL has not been fully elucidated, the recent

identification of common polymorphisms in the HL gene will provide more insight into

the role for HL in lipoprotein metabolism (for a review see reference 72). Similar as

LPL, HL may serve as a ligand that mediates the uptake of lipoproteins by cell

surface HSPG and/or receptors (reviewed in 73). ln line with this, several in vivo

studies have demonstrated that both catalytically active and inactive HL decrease

plasma HDL cholesterol and apoB-containing lipoprotein levels". The latter was

observed in apoE deficient mice, indicating that HL may play a role in chylomicron

remnant removalthat is independent of both lipolysis and apoE.

1.1.4 Heparan Sulphate Proteoglycans

HSPG are polyanionic macromolecules containing one or more heparan sulphate

(HS) chains, covalently linked to a core protein. They are present at the cell surface

and surrounding extracellular matrix of the cardiovascular system. The core proteins

of HSPG can be divided into three classes:the syndecan, glypican and perlecan core

protein families (reviewed in 74). Syndecan family core proteins are transmembrane

proteins, expressed on the surface of vascular endothelial and smooth muscle cells.

Glypicans are located in the extracellular space, anchored to the cell membrane of

vascular endothelial and smooth muscle cells. Perlecan is secreted by multiple cell

types, including vascular endothelial cells and smooth muscle cells, and localized in

the extracellular matrix.

6
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The most important function of HSPG is binding of extracellular ligands (for

reviews see references 74 and 75). A large number of ligands have been identified,

including growth factors, extracellular-matrix proteins, cell-cell adhesion molecules,

blood coagulation factors and enzymes. There is increasing evidence that HSPG play

an important role in lipoprotein metabolism (reviewed in 28, 29 and 76). Several

studies have shown that LPLU''*, HL" and apoE"''e can bind to HSPG. A so-called

secretion recapture process for the uptake of remnant lipoproteins by the liver has

been postulated"''n''o''', involving HSPG, apoE, LPL and HL. At the first step,

remnants pass through the fenestrae of hepatic endothelial cells and accumulate in

the space of Disse. ApoE and HL, secreted by the hepatocytes, bind to HSPG to

enrich the remnants with apoE. Second, the apoE-enriched particles undergo further

processing in the space of Disse by HL and/or LPL. Third, the uptake of remnants by

hepatocytes is mediated by the LDLR, the LRP, the LRP/HSPG complex or HSPG

alone. Fuki et al."'" have demonstrated that syndecan and perlecan HSPG can

directly mediate lipoprotein catabolism, independent of LRP.

Several apoE variants associated with a dominant inheritance pattern of the

lipid disorder type lll hyperlipoproteinemia (HLP) have been reported to display a

decreased interaction with HSPG as compared to recessive apoE variantsu'-". These

results suggest that HSPG binding is an important step in remnant clearance. ln

addition, in vivo studies in transgenic mice have demonstrated that removal of

hepatic HSPG by heparinase treatment inhibits the hepatic clearance of

lipoproteins"''n.

Besides the binding of remnant lipoproteins to hepatic HSPG, several

investigators have demonstrated that HSPG on macrophages and smooth muscle

cells take up lipoproteins'o'". Although it was shown that rabbit p-VLDL has a

substantial binding capacity for HSPG'S', Lookene et al." reported that the binding of

chylomicrons, VLDL and LDL to HSPG is very low. Addition of LPL markedly

enhanced the binding of these lipoproteins to HSPG.

1.2 Apolipoprotein E

1.2.1. APOE Gene and Synthesis
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ApoE is a single polypeptide with a molecular weight of 34.2 kDa. ln humans, apoE is

a polymorphic prolein. Three common isoforms can be distinguished, designated

apoE2, apoE3 and apoE4, according to their mobility upon isoelectric focusing (lEF)"
nu. They each differ in isoelectric point by one charge unit, apoE4 being the most

basic and apoE2 the most acidic isoform. The biosynthesis of these isoforms is

under the control of three independent alleles at a single genetic locusn'. ApoE3

(Cysl 12; Arg158) is the most frequently occuring isoform and is considered the wild

type. ApoE2 (Arg158-+Cys) and apoE4 (Cys112-+Arg) differ from apoE3 by single

Figure 2. Three-dimensionol struclure of
the omino-terminol region of opoE"o
The ontiporollel four-helix bundle is shown.
The LDlR-binding domoin in helix 4 (omino
ocids .l36-]50) is indicoted ond the
positions of side choins of the criticol
bosic residues, including Arg158, ore
superimposed on the ribbon bockbone.
This figure wos kindly supplied by Dr. K.H.

Weisgrober (Glodstone lnstitute of
Cordiovosculor Diseose) ond is

reproduced here with his permission.

8

amino acid substitutions at

position 1 58 and 112,

respectivelyn'''oo.

The human APOE gene is

3597 nucleotides long and

consists of four exons and three

introns'o'. The gene is located on

chromosome 19n' and forms a
gene cluster together with APOC1,

pseudo APOC1' and APOC2'o'''o'.

ApoE is synthesized as a

prepeptide of 317 amino acids.

Post-translationally cleavage of an

18 amino acid signal peptide

results in a mature apoE protein of

299 amino acids'oo''ou.

ApoE is produced in various

organs including the spleen,

kidney, lung, muscle and adrenal

glands, although apoE mRNA is

most abundant in liver

parenchymal cells and astrocytes

in the brain (reviewed in 106). The

intestine, one of the major sites of
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lipoprotein biosynthesis, does not produce apoE. The apoE protein is secreted in a

highly glycosylated form and is then processed into its circulating plasma state in

which about 80% of the protein is not glycosylated'ou. The glycosylated (sialylated)

apoE forms result from the attachment of a carbohydrate chain to a single site at

threonine residue 194 in apoE'o'.

1.2.2 Structure of Apolipoprotein E

ApoE contains two structural domains: an aminoterminal domain (residues 1-191)

and a carboxyl-terminal domain (residues 216-299), which are joined by a protease-

susceptible hinge region'o''"0.

The C-terminal domain contains three predicted cx-helical regions: helix 1

(amino acids 203-223), helix 2 (225-266) and helix 3 (268-289). Helix 3 is involved in

the binding of apoE to lipoproteinsrll.l13. A heparin-binding site domain has been

found around residues 214-236 that may mediate the binding of apoE-containing

lipoproteins to HSPG"o"'.

X-ray crystallographic studies"u have shown that the N-terminal fragment of

apoE contains an antiparallel four-helix bundle composed of helix 1 (amino acids 24-

42), helix 2 (54-81), helix 3 (87-122) and helix 4 (130-164) (Figure 2). The LDLR-

binding domain is located in helix 4 between amino acids 136-150 (reviewed in 106,

117-119). The basic amino acids in this region extend away from the backbone of the

helix and form a 20-A basic field of charge that appears to interact directly with the

receptor"u. Although Arg158 is located outside the LDLR-binding domain, apoE2

(Arg158-+Cys) displays less than 1% binding capacity for the LDLR as compared to

apoE3"o"'. This can be explained by the fact that residue 158 does not directly

interact with the LDLR, but it affects the receptor binding secondarily by altering the

conformation of the 136-150 region. ln apoE3, Arg158 forms a salt bridge with

Asp154, whereas in apoE2 the absence of Arg158 results in a salt bridge formation

between Asp154and Arg150. This interaction swings the side chain of Arg150 into a

new plane outside the LDlR-binding domain and disrupts receptor binding"'. Within

the LDLR-binding domain a heparin-binding site has been identified between amino

acid residues 1 42-1 47"'r'u.
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1.2.3 Function of Apolipoprotein E

ApoE plays a central role in lipoprotein metabolism (reviewed in 106, 123 and 124).ll

is a major constituent of chylomicrons, VLDL, their remnants and HDL. ApoE is

necessary for the stability of these particles and serves as a high affinity ligand for

the uptake by hepatic LDLR, LRP and HSPG (reviewed in 106 and 123). As

discussed earlier in chapter 1.1.2, apoE is a modulator of the LPl-mediated

hydrolysis of TG30's3'125'12u. ln addition, apoE has been reported to stimulate hepatic

VLD L-TG production"'s3'127'128 .

Other important functions of apoE in lipid transport and the development of

atherosclerosis have been reported. ApoE is thought to play a role in the local

distribution of lipids among cells within a tissue'06 and to modulate the intracellular

metabolism of TG and cholesterol esters in macrophages"n. Furthermore, there is

evidence that apoE is involved in the intracellular post-lysosomal trafficking of lipids

to other cellular compartmentsl3o',31. The participation of apoE in the cholesterol efflux

from macrophages helps to prevent atherosclerosis, as reviewed in 124.

Besides its role in lipoprotein metabolism, apoE seems to be involved in

neurological diseases (reviewed in 123, 132 and 133). The APOE.4 allele is

associated with an increased risk on the development of Alzheimer's disease,

whereas the APOE.2 allele might have a protective effect. lt has been hypothesized

that apoE4 is ineffective in mediating the neuronal repair and thereby leading to

neurodegeneration and possibly Alzheimer's disease. Recently, two polymorphisms

at position -491AT and -219GT (also called Th1/E47cs) in the APOE promoter

region have been described to be associated with the risk of developing Alzheimer's

disease"*'tt.

1.2.4 Common Polymorphisms of Apolipoprotein E

The three common apoE isoforms, apoE2, apoE3 and apoE4 occur with allele

frequencies of about 0.10, 0.75 and 0.15, respectively in most Caucasian populations

(reviewed in 137 and 138). The E3/3 phenotype has the highest prevalence in almost

all populations. The APOE.4 allele frequency is rather high in Africans, Australian

aboriginals and Papua New Guineans as compared to Caucasian populations. lt has

been suggested that the APOE-2 allele is of Caucasian origin, since it is absent in

10
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pure indigenous populations (e.g. Australian aboriginals). However, the Papua New

Guineans have the highest APOE"2 allele frequency ever reported.

The common apoE isoforms have been shown to contribute to the variability in

plasma cholesterol levels in the general population. Subjects with the APOE.2 allele

have high levels of apoE and low levels of plasma cholesterol, LDL-cholesterol and

apoB, whereas APOE.4 allele carriers show the opposite"n''o'.

The decreased LDL-cholesterol levels in APOE.2 allele carriers are suggested

to be the result of at least three mechanisms. The first mechanism is compensatory

upregulation of the hepatic LDLR in a response to the decreased cholesterol delivery

caused by the defective binding of apoE2-containing remnants to the LDLR1381al. The

second mechanism is an enhanced LDL clearance due to poor competition between

defective apoE2-containing remnants and apoB1OO-containing LDL for the LDLR'oo.

The third mechanism is a decreased formation of LDL caused by an impaired lipolytic

converSion of apOE2-containing VLDL via IDL into LDL125'126'1as'14u. Recent data frOm

studies with apoE2 transgenic mice have provided evidence supporting an inhibitory

effect of apoE2 on lipolysis'o'.

1.2.5 Rare ApoE Variants and Association with Hyperlipidemia

Variation in the APOE gene appears to be associated with various disorders in the

lipoprotein metabolism (reviewed in 137). A minority of apoE2 homozygous subjects

develop a hyperlipidemic phenotype known as type lll HLP%141148. ApoE2

homozygosity is associated with recessive inheritance of type lll HLP. This metabolic

disorder is further discussed in chapter 1.3. Furthermore, type lll HLP is associated

with apoE deficiency and several rare apoE variants"'. The prevalence of rare apoE

variants has been estimated to be less than 1% in the generalpopulaton"'.

One of the most extensively studied variants, apoE3-Leiden, is associated with

a dominant mode of inheritance of type lll HLP'on''uo. The APOE-3-Leiden allele is

identical to the APOE.4 (Cys1 12-+Arg) allele'o', but includes an in-frame repeat of 21

nucleotides in exon 4, resulting in a tandem repeat of codon 120-126 or 121-127151152

Although this mutation is not located in the LDlR-binding domain, the apoE3-Leiden

variant has an impaired ability to bind to the LDLR''9'u'''u'. Since removal of the

apoE3-Leiden C{erminus normalized binding capacity, it was hypothesized that the

carboxylterminal domain of apoE3-Leiden modulates the receptor binding function of
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its amino-terminal domain'u'. However, data from Dong et al.'* suggest that the

LDlR-binding defect of apoE3-Leiden is caused by a direct effect of the seven amino

acid insertion on the conformation of the LDlR-binding domain instead of an indirect

effect via the C-terminus.

Another apoE variant with a dominant association of type lll HLP is apoE2

(Lysl46-->Gln)r5s'ts0. This variant was first described by Rall et al.'u'. Heterozygous

carriers of apoE2 (Lys146-+Gln) display high plasma TG, VLDL-TG and apoE levels

when compared with apoE2 (Arg158-+Cys) homozygous and apoE3-Leiden

heterozygous type lll HLP patients'uu. Although the apoE2 (Lys146-+Gln) mutation is

located in the LDlR-binding domain of apoE, it does not display a severe LDLR

binding defect'uu'un. Previous studies suggest that APOE.2 (Lys146-+Gln) allele

carriers might have an inefficient vLDL-TG lipolysis'u'. However, this defective

mechanism was not fully elucidated due to the confounding presence of the second

normal APOE allele in heterozygous apoE2 (Lys1 46-+Gln) carriers.

1.3 TypelllHyperlipoproteinemia

The lipoprotein disorder now known as type lll HLP was first described by Gofman et

al.'uo in 1954 and was originally named Xanthoma tuberosum based on the presence

of xanthomatous lesions of the skin over extensor tendons and planar xanthomas of

the volar surfaces of the hands. ln 1967 Fredrickson et al.'u' included this disorder in

their classification system of familial hyperlipoproteinemias and renamed it type lll

HLP. Over the years, several other names have appeared in literature: broad-beta

disease, remnant removal disease and familial dysbetalipoproteinemia (FD)'u'''". ln

1973 Havel and Kane'uo showed that type lll HLP subjects have increased plasma

apoE levels. The IEF studies performed by Utermann et al.s4'140'148'16u''uu leaded to the

hypothesis that the primary genetic defect in type lll HLP is homozygosity for apoE2

(Arg158-+Cys). The genetics and mode of inheritance of apoE were first described

by Utermann et al. and later refined by Zannis and Breslowntn'.

1.3.1 Biochemical Features of Type ll! HLP

Type lll HLP is associated with elevated levels of both plasma cholesterol and

TG138'167'16e. Type lll HLP subjects have moderately elevated levels of IDL and
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decreased levels of LDL138'140. HDL-cholesterol levels are usually slightly decreased'",

whereas VLDL levels are increased in this disorder'*. Agarose gel electrophoresis of

the VLDL fraction displays a p-migrating band in addition to the normal preB-

migrating band''o and is referred to as p-VLDL. B-VLDL is enriched in cholesterol

esters and apoE 168'170 and was found to be associated with premature

atherosclerosislTo'l72. More recently, it has been shown that B-VLDL contains both

apoB'I00 and apoB48. This indicates that B-VLDL represents two different classes of

remnant lipoproteins that accumulate in plasma of type lll HLP subjects: intestinal

chylomicron remnants and hepatic lDL"''"..

1.3.2 Ctinical Manifestation of Type lll HLP

Most type lll HLP subjects (>90%) arc homozygous carriers of apoE2

(Arg158+Cys)"'''o'. The prevalence of apoE2 homozygosity is about 1"/" in

Caucasian populations"'. However, the majority of these apoE2 homozygotes are

normolipidemic or even hypolipidemic due to low LDL-cholesterol levelsno''o'''o'.

Normolipidemic apoE2 homozygotes should be classified as having FD since they do

have p-VLDL in their plasma (although not enough to result in elevated plasma lipid

levels) and because they have the genetic predisposition for developing

hyperlipidemia. The prevalence of apoE2 homozygotes with overt

hyperlipoproteinemia is about 1 to 5 per 5000 in Caucasian populations'o'.

Hyperlipidemic apoE2 homozygotes should be classified as having type lll HLP to

distinguish them from FD subjects.

Type lll HLP rarely occurs before adulthood and is more prevalent in men than

in women (reviewed in 138). Women usually do not express the disorder until after

menopause. The most specific clinical feature of type lll HLP is the occurrence of

yellowish lipid deposits in the palmar creases, referred to as xanthochromia striata

palmaris''u or planar xanthomas or palmar xanthomas'u' (Figure 3). About 50% of all

untreated type lll HLP patients have these particular xanthomas"u. ln addition, type

lll HLP patients often have tuberous and tuberoeruptive xanthomas on the elbows

and knees. Onethird to more than one-half of the type lll HLP patients have

atherosclerosis, especially peripheral vascular disease"'. Type lll HLP is often
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associated with other disorders including hypothyroidism, obesity, hyperuricemia and

glucose intolerance"'.

1.3.3 Pathogenesis of Type lll HLP in ApoE2 Homozygotes

The primary metabolic defect in type lll HLP patients is the impaired binding capacity

of apoE2 for the hepatic LDLR120'121'176, leading to an accumulation of chylomicron

remnants and IDL in plasma. Despite this accumulation of remnants, only a minority

of apoE2 homozygous subjects has overt hyperlipoproteinemia, indicating that type

lll HLP is a multifactorial disorder requiring additional genetic and environmental

factors for its cl i nical manifestations4'141'148.

Figure 3. Xonthochromio slrioto polmods
This figure wos kindly supplied by Dr. J.A, Gevers Leuven ONO Prevention
Heolth) ond is reproduced here with his permission,

Mahley et al."''* proposed that secondary factors influencing the expression of

type lll HLP include factors leading to (i) an overproduction of lipoproteins, (ii) an

impaired lipolysis of lipoproteins or (iii) an impaired hepatic uptake of remnants.

Although the exact factors remain to be elucidated, it has been suggested that

hypothyroidismlT0'177'17e, obesity'"'"0, diabetes mellitus'*,"0, excessive alcohol
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consumption''u and low estrogen levels during menopausel" may exacerbate the

hyperlipidemia. Recently, an association of high insulin levels with the expression of

type lll HLP has been reported, whereas a severe form of type lll HLP was observed

in hyperinsulinemic apoE2 homozygotes carrying the APOC3 Sstl polymorphism'uo.

From family studies on type lll HLP there is evidence that one or more genes

responsible for hyperlipidemia are possible additional genetic factors predisposing to

type lll HLPlas'181'182. Furthermore,Zhang et al.'u'and Hoffer et al.'u'found an increased

prevalence for the LPL (Asn291-+Ser) mutation and two APOC3 promoter

polymorphisms in type lll HLP patients compared with the general population.

1.3.4 Diagnosis and Treatment of Type lll HLP

The diagnosis of type lll HLP is based on several diagnostic markers"'. The most

important criteria are (i) elevated levels of both plasma cholesterol and TG, and (ii)

homozygosity for apoE2 (Arg158-+Cys) or the presence of a rare apoE variant. Other

indicators are the presence of xanthochromia striata palmaris, a ratio of VLDL-

cholesterol to plasma TG > 0.689 reflecting the presence of B-VLDL, and the

presence of a broad p band on agarose gel electrophoresis of plasma.

Patients with type lll HLP are usually very responsive to therapy (reviewed in

138). ln most cases dietary intervention, possibly in combination with treatment of

other associated disorders (e.9. overweight, hypothyroidism, diabetes mellitus), will

normalize plasma lipid levels. Since environmental factors are considered to

contribute to type lll HLP expression, diet therapy with restricted caloric intake for

weight loss, a reduced intake of alcohol, saturated fat and cholesterol should be the

first-line strategy in these patients. Administration of fish oil has been shown to

decrease VlDl-cholesterol and VLDL-TG levels in type lll HLP patients, whereas

IDl-cholesterol and IDL-TG were not affected'uu.

ln a number of type lll HLP patients, lipid-lowering medication is necessary to

normalize plasma cholesterol and TG levels. As reviewed in 138, therapy with

nicotinic acid, fibric acid derivatives (gemfibrozil, clofibrate, fenofibrate) and HMG-

CoA reductase inhibitors (simvastatin, lovastatin) have been reported to be effective

in the treatment of type lll HLP. ln addition, it has been demonstrated that estrogen
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treatment causes a decrease in plasma cholesterol and TG levels of patients with

type lll HLP186'188.

1.4 Transgenic Mouse Models and Adenovirus-Mediated Gene Transfer

Detailed analysis of the biochemical and genetic aspects of type lll HLP are often

hampered by the low number of available subjects with overt type lll HLP, the large

variation in genetic and environmentalfactors and the ethical and technical difficulties

of performing biochemical in vivo studies in humans. Mouse models may circumvent

these limitations. The mouse is an animal with a short breeding time, producing a

large offspring for biochemical studies. ln addition, mice are easily genetically

modified and environmental factors can be adjusted to study gene-environment

interactions. However, mice have a different cholesterol distribution among the

lipoprotein classes compared with humans. ln mice, most plasma cholesterol is

confined to the HDL fraction, whereas humans predominantly display LDL-

cholesterol''n''no. This difference can be attributed to the fact that mice edit the

truncated apoB48 in both intestine and liver, whereas humans edit apoB only in the

intestine'''. Despite these differences mice and humans have almost the same genes

for controlling lipoprotein metabolism'n'. Furthermore, the administration of fat and

cholesterol-rich diets to mice has been shown to result in a shift towards VLDULDL

particles'n'''n'.

Transgenic mouse technology has made it possible to study either

overexpression of a certain gene by adding this gene to the genome (transgenesis),

or lack of function of a gene by targeted inactivation of the endogenous mouse gene

in murine embryonic stem cells. Several models reflecting type lll HLP have been

generated: the apoE deficient mouse'"'", the apoE3-Leiden mouse'oo'o', the apoE2

(Arg158-+Cys) mouse'o"oo and the apoE3 (Cys1 12-+Arg; Arg142-+Cys) mouse'ou''o'.

ln addition, a knock-in mouse model in which targeting replaced the murine apoE

gene by the human APOE.2 (Arg158-+Cys)gene has been produced'ou.

ApoE deficient mice display a more severe hyperlipidemia than humans with

apoE deficiency, most likely due to the hepatic editing of apoB100 mRNA that occurs

in mice and not in humans''''20e-211. As a consequence, VLDL of apoE deficient mice

lacks both ligands for the hepatic LDLR (i.e. apoE and apoB100). Beside the
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development of atherosclerotic lesions'n'''n''"''"', the occurrence of xanthomas has

been demonstrated in apoE deficient mice''n.

Overexpressing of APOE*3-Leiden and APOE.3 (Cys1 1 2-+Arg; Arg142-+Cys)

in mice with endogenous mouse apoE result in hyperlipidemia and thus a dominant

behaviour similar to humans (reviewed in 215). The presence of endogenous mouse

apoE in combination with a moderate expression level of human APOE.2

(Arg158-+Cys) exhibits plasma lipid levels similar to non-transgenic mice'o'''o'.

Plasma cholesterol levels are decreased in transgenic mice with a higher expression

level of APOE.2, whereas high expression levels lead to a moderate increase of

plasma cholesterol compared with nontransgenic mice'o'. However, in the absence of

endogenous mouse apoE, overexpressing of human APOE.2 causes high plasma

apoE levels and strongly elevated levels of plasma cholesterol, indicating that apoE2

(Arg'158-+Cys) behaves as a recessive mutation in mice'o'.

ln addition to transgenesis, recombinant adenoviruses can be used as a

vector system for the in vivo delivery of genes to study their role in lipoprotein

metabolism (reviewed in 216 and 217). Adenoviral vectors are usually derived from

adenovirus serotype 5 (Ads) or serotype 2 (Ad2) and contain all essential adenoviral

genes except the E1A gene, which is responsible for the expression of the other

adenoviralgenes. As a consequence, the E1-deleted adenoviral vector is replication-

defective. Subsequently, the E1-deleted adenoviral vector is co-transfected together

with a shuttle vector containing the transgene of interest into helper cells expressing

El proteins (e.9. 293 and 911 cell lines). Homologous recombination between the

two DNAs will generate a recombinant adenovirus in which El is replaced by the

transgene ol interest. The main target of adenovirus-mediated gene transfer is the

liver. More than 90% of the recombinant adenovirus injected in the tail vein of the

mouse is expressed in the liver"u.

Adenoviral vectors have several advantages: (i) they can infect non-dividing

cells, (ii) they are structurally stable, (iii) they can be prepared at high titers, and (iv)

they do not integrate within the target-cell DNA and thus are not associated with

malignancies2l6'217'21e. However, due to their inability to integrate in the genome of the

host, adenoviral vectors cause a transient expression of the transgene. The loss in

transgene expression is also the result of a hostal immune response against the
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adenoviral proteins"o'"'. Although these so-called first generation vectors are not

suitable for long-term therapeutic gene transfer, the transient expression of the

transgene is long enough to study its effect on lipoprotein metabolism.

Adenovirus-mediated gene transfer of human APOE.3 and APOE.4 in apoE

deficienl mice has been demonstrated to normalize plasma lipid levels"''"'. lnjection

of an adenovirus encoding human APOE.2 (Arg158-+Cys) did not result in a
profound correction of the hyperlipidemic phenotype of apoE deficient mice, due to

the impaired ability ol apoE2 to mediate hepatic lipoprotein clearance"'. More

recently, adenovirus-mediated gene transfer of APOE.3 in apoE deficient mice and

mice lacking both apoE and the LDLR has been used to study the effect of different

amounts of apoE on the clearance of lipoproteins via the LDlR-independent

pathway" and the hepatic VLDL-TG production'".

1.5 Outline of This Thesis

For the majority of apoE2 homozygotes with type lll HLP, the additional factors

causing overt hyperlipidemia are unknown. To elucidate these risk factors, we

analyzed a large population of normolipidemic and hyperlipidemic apoE2

homozygotes. ln chapter 2, we investigated the environmental factors contributing to

type lll HLP expression by comparing the clinical and biochemical parameters of

normolipidemic apoE2 homozygotes and type lll HLP patients with apoE2

homozygosity. Furthermore, the genetic risk factors were studied by screening DNA

of both groups for common mutations in the APOC3, LPL, HL and LRP genes

(chapter 3).

ln women, type lll HLP is usually expressed after the menopause, suggesting

that estrogens play a role in the expression of type lll HLP. On the other hand,

treatment with estrogens have been shown to normalize plasma cholesterol and TG

levels in postmenopausal women with type lll HLP. ln view of this, we decided to

study the effect of a synthetic steroid with estrogenic and androgenic properties

(tibolone) on plasma lipid levels of postmenopausal women with type lll HLP (chapter

4).

ln addition to the defective hepatic uptake of remnant lipoproteins, it has been

suggested that an impaired lipolysis contributes to type lll HLP expression. At the

time this work was initiated, no in vitro lipolysis assay was available with a proper
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resemblance to the in vivo situation in which LPL is anchored to HSPG during

lipolysis. ln chapter 5, we describe the development of a novel lipolysis assay with

HSPG-bound LPL. ln chapter 6, this new assay was used to investigate the lipolysis

and binding of VLDL isolated from type lll HLP patients with different apoE variants

to HSPG-bound LPL. One of these apoE variants, apoE2 (Lys146-+Gln), has only

been identified in heterozygous carriers. To further study the effect of this apoE

variant on VLDL metabolism in vivo without the confounding presence of the second

normal APOE allele, apoE deficient mice were transfected with an adenovirus

expressing the human APOE.2 (Lys146-+Gln) variant (chapter 7). The role of apoE

and LPL in the interaction with HSPG was further addressed in chapter 8 using

transgenic mice expressing human apoE variants in the absence of endogenous

mouse apoE. The affinity of VLDL containing different apoE variants for HSPG was

studied in the presence and absence of LPL.

Since apoE has various functions in lipoprotein metabolism, the presence of

apoE mutations could influence the occurrence of primary hyperlipidemia. We

therefore wondered whether rare apoE mutations occur more frequently in

hyperlipidemic patients compared with the general population. ln chapter 9, the

variation in the APOE gene in a large population of patients with primary

hyperlipidemia has been studied using a combination ol two apoE identification

methods.
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Abstract
Type lll hyperlipoproteinemia (HLP) is mainly found in homozygous carriers of

apolipoprotein (apo) E2 (Arg158-+Cys). Less than 5% of these apoE2 homozygotes

develop hyperlipidemia, indicating that additional environmental and genetic factors

contribute to the expression of type lll HLP. ln the present study, the prevalence of

type lll HLP among apoE2 homozygotes was estimated in an epidemiological survey

of 8888 participants. Normocholesterolemic and hypercholesterolemic apoE2

homozygotes were compared to investigate additional factors influencing type lll HLP

expression. 57 of the 8888 participants (0.6%) were apoE2 homozygotes. The

prevalence of type lll HLP among these 57 E2l2 subjects was 18%. Type lll HLP

patients had a significantly increased body mass index (BMl, 26.9 + 3.8 vs. 25.6 x 4.0

kglm', P = 0.03) and prevalence of hyperinsulinemia (63% vs.260/o, P < 0.001)

compared with normocholesterolemic E2l2 subjects. Multiple linear regression

analysis revealed that most of the variability in type lll HLP expression can be
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explained by fasting insulin levels (partial correlation coefficient = 0.50, P< 0.001). ln

contrast to men, apoE2 homozygous women > 50 years had significantly higher

plasma lipid levels than their counterparts < 50 years. These data demonstrate that

the prevalence of type lll HLP among apoE2 homozygotes is higher than previously

estimated in literature. The expression of type lll HLP in E2l2 subjects is elicited to a

large extent by hyperinsulinemia. Age has no effect on type lll HLP expression in

men, whereas in women expression increases with age, and likely with loss of

estrogen production.

lntroduction
Familial Dysbetalipoproteinemia (FD) is an inborn error of metabolism characterized

by a defective apoE leading to the impaired clearance of remnant lipoproteins by the

liver'''. FD subjects are characterized by an accumulation of chylomicron and very

low density lipoprotein (VLDL) remnants in the circulation. These so-called P-VLDL

particles are enriched in cholesterol esters and apoE'0.

ApoE is a ligand for the receptor-mediated uptake of chylomicron and VLDL

remnants by the liveru'. Three alleles encode for three apoE isoforms: apoE2

(Arg158-+Cys), apoE3 (Cys112; Arg158) and apoE4 (Cys112-+Arg)u. ln contrast to

the other two common apoE isoforms, apoE2 displays less than 1% binding affinity

for the hepatic low density lipoprotein receptor (LDLR)'''.. More than 90% of all FD

subjects are homozygous carriers of apoE2 (Arg158-+Cys)''". ln Caucasian

populations apoE2 homozygosity occurs with a frequency of about 1%'.

Despite the accumulation of remnants in the circulation, most (>95%) apoE2

homozygous subjects are normolipidemic or even hypolipidemic due to low LDL-

cholesterol levels" ''. However, apoE2 homozygosity together with the presence of

additional environmental and/or genetic factors that interfere with normal lipoprotein

metabolism will often result in a hyperlipidemic phenotype known as type lll HLP''.

It has been suggested that expression of type lll HLP is influenced by factors

that either stimulate production of lipoproteins (e.9., obesity, diabetes mellitus,

excessive caloric intake), impair clearance (e.9., decreased LDLR activity secondary

to increasing age, hypothyroidism or low estrogen levels during menopause), or

impair lipolysis'. Other types of disorders, such as hypothyroidism, diabetes mellitus
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and obesity, have been reported to occurfrequently in type lll HLP patients"o''. ln a

previous study, we analyzed a group of 49 apoE2 homozygotes including both

normolipidemicE2l2 subjects and type lll HLP patients. An association of high insulin

levels with type lll HLP expression was observed, whereas an interaction between

hyperinsulinemia and the Sstl polymorphism in apolipoprotein C3 resulted in severe

hyperlipidemia'u.

The low frequency of overt type lll HLP (about 1 to 5 per 5000 in Caucasian

populations") makes it difficult to collect a large enough population to identify the

additional factors necessary for the expression of the disorder. Furthermore, most

reported studies only included type lll HLP patients, whereas no comparison with

normolipidemic E2l2 subjects was made. ln the present study, a multicenter study

was used to include both normocholesterolemic and hypercholesterolemic E2l2

subjects. This approach enabled us to determine the additional factors contributing to

the expression of type lll HLP in a population of 230 apoE2 homozygotes. ln

addition, we have estimated the prevalence of type lll HLP among apoE2

homozygotes in the Dutch population.

Methods
ApoE2 (Arg1 58-+Cys) Homozygous Subjects
The study population consisted of 230 homozygous carriers of apoE2 (Arg158-+Cys). Type lll HLP

patients were defined as having total cholesterol levels > 90'n percentile, whereas

normocholesterolemic E2/2 subjects had total cholesterol levels < 90'n percentile according to the age-

and gender-related percentile levels of the Prospective Cardiovascular Mr.inster Study (PROCAM)''g.

147 type lll HLP patients and five normocholesterolemic E2l2 subjects were recruited from the

outpatient Lipid Clinics of the University Medical Centers of Leiden, Nijmegen, Amsterdam and

Rotterdam. 13 unrelated apoE2 homozygous carriers (three type lll HLP patients and ten

normocholesterolemic E2l2 sub.iects) were detected during a Dutch population study among 2018

randomly selected 3S-year-old men'0. Another 21 carriers (five type lll HLP patients and 16

normocholesterolemic E2l2 subjects) were ascertained by screening ot six families of type lll HLP

patients of the Lipid Clinic of Leiden and three lamilies ot E2l2 subjects detected during the

population-based study'o. 44E2/2 subjects (seven type lll HLP patients and 37 normocholeslerolemic

E2l2 subjects) were collected from the Rotterdam Study. The Rotterdam Study is a community-based

prospective cohort study ol 6870 participants (2776 males and 4094 females) aged 55 years and older

designed to investigate the determinants of chronic diseases in the elderly''.

This multicenter study set up enabled us to include 162 type lll HLP patients and 68

normocholesterolemic E2l2 subjects. Clinical data and blood samples from type lll HLP patients were

collected before the administration of lipid-lowering medication. lnsulin levels ol one type lll HLP

patient with diabetes mellitus using insulin as medication were not included in the statistical analyses.

One normocholesterolemic E2l2 subject and one type lll HLP patient with a medical history of
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pancreatitis were not included in the study. lnformed consent was given by each participant and the
study was approved by the Ethics Committee of our hospital.

Subjects with coronary artery disease (CAD) were defined as subjects with angina pectoris (as

assessed by medical history), with a positive result of electrocardiographic exercise testing, 70%
stenosis on coronary arteriography, myocardial infarction (electrocardiographic or creatine
phosphokinase MB isolorm monitoring during the acute phase or a deep and wide Q-wave as an
electrocardiographic manifestation ol an old infarction), coronary by-pass, or percutaneous

transluminal coronary angioplasty. Peripheral vascular disease (PVD) was defined as the presence of
intermittent claudication in combination with absent or decreased peripheral pulses. Cerebrovascular
disease (CVD) was identified by a history of stroke or transient ischaemic attack. Subjects were
classified as having hypertension based on their medical history. ln the Rotterdam Study, blood
pressure was measured at the right upper arm by means of a random-zero sphygmomanometer. The
mean of two measurements obtained at one occasion, separated by an assessment of the pulse rate,
was used as indicator for hypertension. Based on these measurements, hypertension was defined as

systolic blood pressure of > 160 mm Hg, or diastolic blood pressure of > 95 mm Hg, or the use of
medication for hypertension".

In the general population, a fasting insulin concentration of < 90 pmol/L is considered normal
for both women and men. Hyperinsulinemia was defined as fasting insulin concentrations > 90 pmol/L.

The diagnostic criterion for diabetes mellitus was fasting blood glucose > 7 mmol/L. Smoking was
defined as the consumption of at least ten cigarettes per day. The non-smokers also included ex-
smokers, who stopped smoking for at least one year preceding the study. Alcohol consumers were
defined as subjects with alcohol consumption of two or more grams per day.

ApoE Phenotyping and Genotyping
ApoE phenotypes were determined by isoelectric focusing of delipidated serum samples and after
cysteamine treatment followed by immunoblotting with a polyclonal anti-apoE antiserum as
described". The results were confirmed by apoE genotyping as previously described by Reymer et
ai.- .

Lipid and Lipoprotein Analysis
With the exception of the sampling of 38 E2/2 subjects originating from the Rotterdam Study, all blood
samples were collected after an overnight fast. Serum was obtained after centrifugation at 1500 g for
15 min at room temperature. Total serum cholesterol and triglyceride levels were measured
enzymatically, using commercially available kits (236691 and 701904: Boehringer Mannheim,
Mannheim, Germany). Serum HDL-C concentration was measured after precipitation of VLDL and
LDL with phosphotungstic acid and MgCl,". Three milliliters of fresh serum was ultracentrifuged lor 15

hours at 232000 g at 15'C in a TL-1 00 tabletop ultracentrifuge, using a TLA-100.3 fixed angle rotor
(Beckman, Palo Alto, CA). The ultracentrifugate was carefully divided in a density (o) < 1.006 and
1 .006 < d < 1 .25 g/ml fraction, designated as the VLDL and IDL+LDL-HDL fraction, respectively.

Serum lnsulin and Glucose Measurements
lnsulin and glucose concentrations were only measured in fasting blood samples. The insulin
concentration was determined by a radioimmunoassay (lns-Ria-100, Medgenix). The antibody of this
assay cross-reacts with proinsulin (40%) but not with C-peptide (< 0.001%)"u. Serum glucose

concentration was determined by the automated hexokinase method of Hitachi 747, Boehringer
Mannheim-Hitachi".

Statistacal Analyses
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Mean differences between the groups were tested lor significance with the X test for categorical and

the unpaired Student's f-test for continuous variables. Since total cholesterol, total triglyceride, VLDL-

C, VLDL-TG and insulin levels showed non-Gaussian distributions, these parameters were

logarithmically transformed before analysis. Untransformed levels are shown in the tables. Multiple

linear regression analysis was used to determine the effect ol age, gender, BMl, plasma insulin and

alcohol consumption on the expression of type lll HLP. Statistical analyses were performed with

SPSSWIN 6.1.3 (SPSS, Chicago, lL).

Toble L Prevolence of type lll hyperlipoploteinemio omong E2l2 subiects in

the Dutch populolion (n=8888)

Iotol E2l2 subjects, n=57

Normocholesterolemic Iype lll HLP

Prevolence

n (%)

Prevolence

n ("/o)

Pvolue

Observed-

Expectedt

47 (82)

55 (e6)

ro (r8)

2 (A)

o.o2

*The observed prevolence of E2l2 subjects wos determined in o Dutch populotion
somple consisting of poriiciponts of the Rotterdom Study (n=6870) ond o populotion
study omong 3S-yeor-old men (n=20'l8).

tThe colculotion of the expected prevolence of type lll HLP omong opoE2
homozoygotes (4olo) is bosed on the prevolence of opoE2 homozygosity (lolo) ond the
prevolence of overt type lll hyperlipoproteinemio (0.04%) in the Coucosion
populotion'''.

Results
Prevalence of Type lll HLP among E2l2 Subjects in the Dutch Population

Data from the Rotterdam Study (n=6870) and the Dutch population study among

20't8 randomly selected 3S-year-old men20 were combined to determine the

prevalence of apoE2 homozygosity in the Netherlands. 57 out of 8888 participants

(0.6%)were homozygous carriers of apoE2 (Arg158+Cys).

Table 1 shows the prevalence of type lll HLP among the 57 E2l2 subjects of

the Dutch population sample. Ten type lll HLP patients (Rotterdam Study: n=7;

population study among 35-year-old men: n=3) were identified. Thus, the prevalence

of type lll HLP among E2l2 subjects in the Dutch population sample was significantly

higher than the prevalence estimated in literature (18% vs. 4o/o, P = 0.02).
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Ioble 2. Clinicol chorocterislics of normocholeslerolemic E2/2 subiects ond

type lll HLP potients

Normocholesterolemic Type lll HLP

Mole

Femole

Age (yeors)

ronge

BMI(kg/m')

Xonthomosf

CAD

PVD

CVD

Hypertension

Antihypertensive drugs

Diobetes mellitus

Smokers

Alcohol consumers

39 (577")

29 (43"/")

60!17

25-88

25.6 !4.0
ND

6 (r0%)

1 (2"/")

1 (27")

14 (22o/")

3 (5'l'

5 (8%)

23 (3970)

34 (72o/o)

1O4 (647")

58 (36%)

5l + ]2.

22-80

26.9 !3.8.
67 (547.)

58 (36"/.)t

sr (r9%)t

11 (7./")

47 (2910)

26 (207.)t

l6 (l0o/.)

64 (4O7")

90 (J1"/")

68

68

68

162

162

162

162

t23

162

162

162

162

132

162

l6r

126

63

58

58

58

65

62

62

59

47

N indicotes totol number of subjects with ovoiloble doto obout the respective
porometer; BMl, body moss index; CAD, coronory ortery diseose; PVD, peripherol
vosculor diseose; CVD, cerebrovosculor diseose; ond ND, not determined. Age ond
BMI ore presented os meon + SD.
-P < 0.05, significontly different from normocholesterolemic E2l2 subjects using the
unpoired Siudent's t-test. tP < 0,05, significontly different from normocholesterolemic
E2l2 subjects using the X test.
f lncluding xonthochromio strioto polmoris.

Characteristics of Normocholesterolemic E2l2 Subjects and Type lll HLP

Patients

The mean age of type lll HLP patients was significantly lower and their BMI was

higher compared with normocholesterolemicE2l2 subjects (Table 2). CAD and PVD

were more frequently present in type lll HLP patients, whereas no differences in the

occurrence of diabetes mellitus, hypertension, the number of smokers and alcohol

consumers were found between the groups. The use of antihypertensive drugs was

significantly higher among type lll HLP patients.
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Total cholesterol and triglyceride levels, VLDL-C, LDL-C+lDL-C, VLDL-TG and

the VLDL-C/VLDL-TG ratio were increased in type lll HLP patients, whereas HDL-C

was decreased (Table 3). Furthermore, type lll HLP patients had significantly higher

fasting insulin levels compared with normocholesterolemic E2l2 subiects. ln fact,

hyperinsulinemia was observed in 51 out of 81 type lll HLP patients (63%), whereas

seven out ol 27 normocholesterolemic E2l2 subjects (26/") were hyperinsulinemic (P

< 0.001).

Toble 3. Biochemicol chorocteristics of nolmocholesterolemic E2l2 subiects

ond type lll HtP potienis

Normocholesterolemic Type lll HLP

Meon + SD Meon + SD

TC (mmol/L)

TG (mmol/L)

HDL-C (mmoliL)

VLDL-C (mmol/L)

LDL-C+lDL-C (mmol/L)

VLDL-TG (mmol/L)

Rotio

Glucose (mmol/L)

lnsulin (pmol/L)

5.59 r 0.92

2.1I 10.88

1.36 r 0.34

1.47 !O.42

2.2810.83

1.66 r 0.63

0.93 t 0.2.l

5,2 t 0.8

68r4.l

10.90 r 3.431

6.57 !4.72.

1.03 + 0.28.

6,19 r 3.82.

3.58 i I ..I2.

5.22+ 4.53.

1.30 r 0.4.l.

5.4 t 1.2

tM+ .l33.

68

63

6l

12

12

12

12

28

27

162

162

t6r

r34

134

125

125

122

8t

TC indicotes totol cholesterol; TG, totol triglycerides; Rotio, VLDL-C/VLDL-TG; ond N,

totol number of subjects with ovoiloble doto obout the respective porometer.
-P < 0.05, significontly different from normocholesterolemic E2l2 subjects using the
unpoired Student's t-test. TC, TG, VLDL-C, VLDL-TG ond insulin levels were log-
tronsformed before stotisticol onolysis.

tSelection criterion.

lnfluence of Additiona! Factors on the Expression of Type Ill HLP

Since a large number ol E2l2 subjects was available, the influence of additional

factors on the development of type lll HLP was studied in the E2l2 population

(normocholesterolemic E2l2 subjects + type lll HLP patients). Multiple linear

regression analysis was used to determine the effect of age, gender, BMl,

hyperinsulinemia and alcohol consumption on the total cholesterol, total triglyceride,

VLDL-C and VLDL-TG levels.
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Toble 4. Multiple lineor regression onolysis for log-honsformed plosmo lipid

ond lipoprotein levels inE2l2 subjects

Dependent vorioble lndependent vorioble Portiol r Multiple r Pvolue* f
Ln(TC) Ln(lnsulin)

BMI

Age

Gendert

Alcoholt

Fullmodel

Ln(lnsulin)

BMI

Age

Gendert

Alcoholt

Fullmodel

Ln(lnsulin)

BMI

Age

Gendert

Alcoholt

Fullmodel

Ln(lnsulin)

BMI

Age

Gendert

Alcoholt

Full model

0.51

Ln(TG)

0.58

Ln(VLDL-C)

Ln(VLDL-TG)

0.52

Normocholesterolemic E2l2 subjects ond type lll HLP potients were included in the
stotisticol onolyses. TC indicotes totol cholesterol; TG, totol triglycerides; BMl, body
moss index; Portiol r, portiol correlotion coefficient; Multiple r, multiple conelotion
coefficient; ond l, determinotion coefficient.
.lndicoting the probobility for t-stotistics (portiol correlotion) or Fstotistics.
fFor gender ond olcohol, o numericol code wos entered in this onolysis.

o.46

-o.o2

-0.0r

-0.r3

0,07

0.56

-o.o2

-o.12

0.09

0.05

o.47

-0.08

-0.02

-0.05

-o.o7

0.51

-0.08

-0.r5

0,01

-0.05

0.49

<0.001

0.85

0.90

0.r8

0.48

<0.001 0.26

<0.001

0.83

0.24

0.39

o.64

<0.001 0,34

<0.001

0.50

o.87

0.64

0.56

<0.001 0.24

<0.001

o.47

o.20

0.96

0.69

<0.001 0.27
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lnclusion of all factors in the model explained =30% of the variability in the

expression of type lll HLP (Table 4). Plasma insulin levels had a strong independent

effect on total cholesterol, total triglyceride, VLDL-C and VLDL-TG levels. Figure 1

shows that the strongest relationship was observed between plasma insulin and total

triglyceride levels (Spearman's correlation coefficient of 0.56; P < 0.001). This

relationship remained significant after exclusion of six apoE2 homozygotes with

insulin levels > 400 pmol/L (Spearman's correlation coelficient of 0.50; P < 0.001).

r = 0.56
P< 0.001

100 200 300 400 500 600 700

lnsulin (pmol/L)

Figure l. Scotterplot showing lhe ossociotion between totol triglyceildes ond
plosmo insulin in the E2l2 populolion (normocholesterolemic E2l2 subiecls +
type lll HLP potienls; n=I08)
The ossociotion between totoltriglycerides ond plosmo insulin is expressed os
Speormon's correlotion coefficient,

Differences between Males and Females in the Onset of Expression of Type lll

HLP

Type lll HLP was more prevalent in men than in women (Table 2). ln men type lll

HLP is usually expressed between 30 and 40 years of age, whereas in women type

lll HLP is expressed after the menopause". ln accordance, the prevalence of

o
E30t
oot,'E 20
()
.>
ED
L

=10o
o
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postmenopausal women was increased in type lll HLP patients compared with

normocholesterolemic E2/2 sublecls (91% vs. 69%, P < 0.05, results not shown).

To investigate the effect of gender on the age of onset of type lll HLP, plasma

lipid levels were compared between males and females subdivided in two age

classes. Table 5 shows that women < 50 years had significant lower levels of total

cholesterol and triglycerides compared with men, whereas HDL-C was increased.

Above 50 years of age, females had significantly increased levels of total cholesterol

and similar levels of total triglycerides and HDL-C compared with males. These data

indicate that in E2l2 subjects there is indeed a significant influence of gender on the

age of manifestation of type Ill HLP. Furthermore, total cholesterol and triglyceride

levels decreased in males at increasing age. ln contrast, females > 50 years had

significantly higher levels of total cholesterol and triglycerides compared with their

counterparts < 50 years, indicating that in females the expression of type lll HLP

increases with age.

Toble 5. Differences between mole ond femole E2l2 subiecls in plosmo Iipid

levels ofter subdivision in two oge closses

< 50 Yeors > 50 Yeors

Femoles Femoles

Meon +SD N Meon +SD N Meon +SD N Meon + SD N

TC (mmol/L) ,l0.0814,08 81 6.29 !.3.22. I 1 8.19 t2.99- 62 9.8913,781+ 76

TG (mmol/L) 6.33 I 4.98 81 2.88 !2.36- 1 I 4.551 3.]4' 60 5.21 r 4.92+ 73

HDL-C (mmol/L) I .0] t 0.33 78 L52 t 0.43- 9 1.10 10.27 60 1.20 1 0,321 75

Normocholesterolemic E2l2 subjecls ond type lll HLP potients were included in the
stotisticol onolyses. TC indicotes totol cholesterol; TG. totol triglycerides; ond N, totol
number of subjects with ovoiloble doto obout the respective porometer,
-P < 0.05. significontly different from moles < 50 yeors. tP < 0.05, significontly different
from moles > 50 yeors. fP < 0.05, significontly different from femoles < 50 yeors. TC
ond TG levels were log-tronsformed before stotisticol onolysis.

Discussion
The present study has demonstrated that the prevalence of type lll HLP among

apoE2 homozygotes is higher than is previously estimated"'". Furthermore, we found

that hyperinsulinemia is an important contributor to the expression of type lll HLP,

whereas age only has an effect in women with type lll HLP.
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The higher prevalence of type lll HLP among apoE2 homozygotes in the

present study could be the result of an increased frequency of apoE2 homozygosity

in the Dutch population. However, the gene frequency in the present study (0.6%) is

very similar to other Caucasian populatiorrs (reviewed in reference 2). Alternatively,

the prevalence of overt type lll HLP in the Netherlands might be higher in comparison

to other Caucasian populations. lndeed, the results of the epidemiological survey

reveal a prevalence of =1:900 (10 out of 8888), which is comparable to the highest

prevalence documented in literature''. There are several possible explanations for

this finding. First, the high age of the participants of the Rotterdam study might

contribute to the higher prevalence. However, using only the data from the Dutch

population study among 35-year-old men, the prevalence of type lll HLP is estimated

to be ='1:700 (3 out of 2018). Second, our criteria for the definition of type lll HLP

might differ from other population studies. Finally, only a few epidemiological surveys

of the prevalence of type lll HLP have been reported in the 1970s and 1980s

(reviewed in reference 13). lmproved methodology for the diagnosis of type lll HLP

since then could have resulted in an increased frequency.

It has been suggested that expression of type lll HLP is influenced by factors

that either stimulate production or impair clearance or lipolysis of lipoproteins'. The

increased levels of plasma insulin in type lll HLP patients together with the results of

the multiple linear regression analysis clearly demonstrate that hyperinsulinemia is an

important additional factor in the expression of type Ill HLP. This is in line with our

previous findings in a smaller group of apoE2 homozygotes". Hyperinsulinemia is

known to stimulate VLDL production"''0. Overproduction in combination with a

defective LDLR binding could lead to an accumulation of lipoproteins in the

circulation and overt hyperlipoproteinemia in apoE2 homozygotes.

Although in apoE2 homozygotes an effect of diabetes mellitus on the

expression of type lll HLP has been suggested", we found no differences in the

frequency of diabetes mellitus between type lll HLP patients and

normocholesterolemic E2/2 su\ecls. The prevalence of diabetes mellitus observed in

both groups is similar as the prevalence observed in the Dutch population (8.3%)",

indicating that diabetes mellitus is no major determinant of type lll HLP. ln addition,

alcohol consumption had no significant effect on the expression of type lll HLP. This
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observation is in agreement with recent data from our group demonstrating that in

type lll HLP patients normal alcohol consumption has no effect on plasma lipid

levelst'.

It is commonly assumed that obesity has an impact on the expression of type

lll HLP', because obesity is known to stimulate the production and secretion of

VLDL"3'. Although we found a significant increased BMI in type lll HLP patients

compared with normocholesterolemic E2l2 subjects, BMI had no significant

independent effect on the expression of type lll HLP in apoE2 homozygotes.

However, the use of BMI as measure for obesity has some limitations: (i) subjects

with a low BMlcould have the same amount of fat as those with a high BMI and (ii) at

different ages subjects with the same BMI could have different amounts and

distribution of body-fat. The waist-to-hip ratio (WHR) might be a better measure for

obesity and body fat distribution than BMl", since it was found that women with a

high WHR (i.e. abdominal obesity) were more insulin resistant than women with a low

WHR and the same BMI'u. Unfortunately, we were unable to collect data about the

WHR in our study population. Therefore, we can only speculate about the importance

of a high WHR for the expression of type lll HLP.

A factor that could have a profound effect on lipoprotein clearance is the

number of LDL receptors on the liver cell. Although it has been described that LDLR

number decreases with age", our data demonstrate that age is no important

independent contributor to the expression of type lll HLP. However, the observation

that in women type lll HLP is mostly expressed after the menopause' suggests that

age could have a different effect on the expression in females compared with males,

owing to the difference in hormonal status'. ln accordance, we found that in women

the expression of type lll HLP increased with age, whereas a small decrease was

observed in men. The latter is in agreement with the results from a follow-up study

among male apoE2 homozygotes aged 35 years showing that their lipid levels

essentially remained unchanged after ten years'u.

Despite the lower age of type lll HLP patients, we observed an increased

prevalence of vascular disease in patients compared with normocholesterolemic E2l2

subjects. Vascular disease was present in about one-half of the patients, which is in

agreement with other reports"'. However, patients were often first referred to the
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hospitals for the presence of vascular disease. This selection on outcome may thus

exaggerate the prevalence of vascular disease among type lll HLP patients.

ln conclusion, our data show that =25/" ol the variability in expression of type

lll HLP in apoE2 homozygotes can be explained by hyperinsulinemia and an

additional 3% by gender, age, BMI and alcohol consumption. Other additional risk

factors remain to be determined. Possible candidates are mutations in genes

regulating VLDL metabolism and in genes associated with insulin resistance. The

insulin resistance syndrome is characterized by dyslipidemia, hypofibrinolysis,

hypertension and insulin resistance'n,'. Although euglycemic clamp studies have not

been performed in type lll HLP patients to determine their insulin sensitivity, the

increased BMl, as well as the high prevalence of hypertension and hyperinsulinemia

as found in the present study suggests that the insulin resistance syndrome plays a

pivotal role in the etiology of type lll HLP.
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Abstract
Type lll hyperlipoproteinemia (HLP) is a multifactorial metabolic disorder, mainly

found in apolipoprotein (apo) E2 (Arg158-+Cys) homozygous carriers. Addilional

environmental and genetic factors are necessary for the expression of this disorder.

ln the present study, the genetic factors contributing to the expression of type lll HLP

were determined in a population of hyperlipidemic and normocholesterolemic E2l2

homozygous subjects. 113 type lll HLP patients and 54 normocholeslerolemic E2l2

subjects were screened for polymorphisms or mutations in the APOC3 gene, the

lipoprotein lipase (LPL) gene, the hepatic lipase (HL) gene and the LDL receptor-

related protein (LRP) gene. Although the allele containing the LRP mutation was less
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prevalent among type lll HLP patients compared with normocholesterolemic E2l2

subjects (29% vs. 42"/"), no significant effect of the LRP mutation on the occurrence

of type lll HLP was found (odds ratio of 0.6, P = 0.12). The frequency of the alleles

containing the APOC3 Ssfl polymorphism or the LPL D9N mutation was significantly

higher in type lll HLP patients compared with normocholesterolemic E2l2 subjects.

ApoE2 homozygotes with the Ssfl polymorphism or the LPL D9N mutation had type

lll HLP 2 times and 7 times more often than apoE2 homozygotes without these

mutations (odds ratio ol 2.4 and 6.9, respectively, P < 0.05). ln addition, patients with

the APOC3 Ssll polymorphism showed a more severe hyperlipidemia compared with

patients withoutthis polymorphism (total cholesterol levels: 12.31 t 3.80 vs. 10.50 t
3.22 mmollL, and total triglyceride levels: 8.65 t 6.85 vs. 5.84 t 3.25 mmol/L, P <

0.05). The presence of the LPL D9N mutation was associated with increased levels

of insulin, total cholesterol and triglycerides, but only the former reached statistical

significance. Our data indicate that mutations in genes, which are involved in the

lipolytic conversion of lipoproteins, play an important role in the expression of type lll

HLP in apoE2 homozygotes.

lntroduction
Patients with type lll HLP are characterized by elevated levels of total cholesterol and

triglycerides due to the presence of chylomicron and very low density lipoproteins

(VLDL) remnants enriched in cholesterol esters and apoE''.

ApoE, a major constituent of chylomicron and VLDL remnants, serves as a

ligand for the receptor-mediated uptake of these particles by the liver3'u. ln type lll

HLP, APOE mutations lead to a defective apoE and, as a consequence, to an

impaired clearance of remnant lipoproteins by hepatic lipoprotein receptorsu''. There

are three common genetic variants of apoE: apoE2 (Arg158-+Cys), apoE3 (Cys112;

Arg158) and apoE4 (Cys1 12-+Arg). These isoforms are encoded by three

codominant alleles that are located at one single gene locus on chromosome 19'. ln

comparison to the other two common apoE isoforms, apoE2 has less than 1%

binding capacity for the hepatic low density lipoprotein receptor (LDLR)"0.

Most type lll HLP patients (> 90%) are homozygous carriers of apoE2

(Arg158--+Cys)u'". ln Caucasian populations apoE2 homozygosity occurs wilh a
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frequency of about 17o, whereas the frequency of type lll HLP is about 1 to 5 per

5000". A minority of the apoE2 homozygous subjects will develop type lll HLP,

indicating that type lll HLP is a multifactorial disorder requiring additional genetic and

environmental factors tor its clinical manifestation''"'''.

It has been suggested that the additional factors necessary for the expression

of type lll HLP include factors causing an overproduction of lipoproteins, or an

impaired lipolysis of lipoproteins or an impaired hepalic uptake of remnants''0.

Hyperinsulinemia is known to stimulate VLDL production''''. lnterestingly, our group

has found an association of high insulin levels with the expression of type lll HLP,

whereas a severe form of type lll HLP was observed in hyperinsulinemic apoE?

homozygotes carrying the Sstl polymorphism in the APOC3 gene'u. Mutations in

genes involved in lipolytic conversion, such as LPL, HL and APOC3 have been

reported to associate with hyperlipidemia (for reviews see references 19-23). ln

addition, Zhang et al.'o observed an increased allele frequency for the LPL N291S

mutation in type lll HLP patients when compared with the general population. Beside

the LDLR, the LRP plays a role in hepatic remnant clearance. lt seems possible that

a LRP mutation in combination with the LDLR binding defect of apoE2 leads to a

severe accumulation of lipoproteins in apoE2 homozygotes. Recently, a

polymorphism in the ligand-binding domain of the LRP was found to be associated

with coronary artery disease'u.

Data from family studies on type lll HLP indicate that one or more genes

responsible for hyperlipidemia are possible additional genetic factors predisposing to

type lll HLPI.'26'27. However, from these studies it was not evident which additional

genes were involved or the study population was to small for a consistent conclusion.

ln the present study, a large population of both normocholesterolemic and

hypercholesterolemic E2l2 subjects was collected to determine additional genetic risk

factors contributing to the expression of type lll HLP in apoE? homozygotes.

Methods
ApoE2 (Arg158-+Cys) Homozygous Subjects
The study population consisted of 167 unrelated homozygous carriers of apoE2 (Arg1SB-+Cys). Type

lll HLP patients were defined as having total cholesterol levels > 90'n percentile, whereas

normocholesterolemic E2l2 subjects had total cholesterol levels < 90'n percentile according to the age-

and sex-related percentile levels of the Prospective Cardiovascular Munster Study (PROCAM)".
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104 type lll HLP patients and nine normocholesterolemic E2l2 subjects were recruited from

the outpatient Lipid Clinics of the University Medical Centers of Leiden, Nijmegen, Amsterdam and
Rotterdam. Ten unrelated carriers (two type lll HLP patients and eight normocholesterolemic E2/2
subjects) were detected during a population-based study among 2018 randomly selected 35-year-old
men"'.44 E2l2 subjects (seven type lll HLP patients and 37 normocholesterolemic E2l2 subjects)
were collected from the Rotterdam Study. The Rotterdam Study is a community-based prospective

cohort study of 6870 healthy participants (2776 males and 4094 females) aged 55 years and older
designed to investigate the determinants of chronic diseases in the elderly3o.

This multicenter study set up enabled us to include 113 type lll HLP patients and 54
normocholesterolemicE2/2 subjects. Clinical data and blood samples from type lll HLP patients were

collected before the administration of lipid-lowering medication. The insulin level of one type lll HLP
patient with diabetes mellitus using insulin as medication was not included in the statistical analyses.
One normocholesterolemic E2l2 sublecl and one type lll HLP patient with a medical history of
pancreatitis were not included in the study. lnformed consent was given by each participant and the
study was approved by the Ethics Committee of our hospital.

Vascular disease was defined as the presence of coronary artery disease (angina pectoris,

7070 stenosis on coronary arteriography, myocardial infarction, coronary by-pass or percutaneous

transluminal coronary angioplasty) and/or cerebrovascular disease (stroke or transient ischaemic
attack) and/or peripheral vascular disease (intermittent claudication in combination with absent or
decreased peripheral pulses). Subjects were classified as having hypertension based on their medical
history. ln the Rotterdam Study, blood pressure was measured at the right upper arm by means of a
random-zero sphygmomanometer. The mean of two measurements obtained at one occasion,
separated by an assessment of the pulse rate, was used as indicator for hypertension. Based on
these measurements, hypertension was defined as systolic blood pressure of > 160 mm Hg, or
diastolic blood pressure of > 95 mm Hg, or the use of medication for hypertension''.

ln the general population, a fasting insulin concentration of < 90 pmol/L is considered normal
for both women and men. Hyperinsulinemia was delined as fasting insulin concentrations > 90 pmol/L.

The diagnostic criterion for diabetes mellitus was fasting blood glucose > 7 mmol/L. Smoking was
defined as the consumption of at least ten cigarettes per day. The non-smokers also included ex-
smokers, who stopped smoking for at least one year preceding the study. Alcohol consumers were

defined as subjects with alcohol consumption of two or more grams per day.

ApoE Phenotyping and Genotyping
ApoE phenotypes were determined by isoelectric focusing of delipidated serum samples and after
cysteamine treatment followed by immunoblotting with a polyclonal anti-apoE antiserum as

described". The results were confirmed by apoE genotyping as previously described by Reymer et
aI.".

Lipid and Lipoprotein Analysis
With the exception of the sampling ol 38 E2l2 subjects originating from the Rotterdam Study, all blood
samples were collected after an overnight fast. Serum was obtained after centrifugation at 1500 gfor
15 min at room temperature. Total serum cholesterol and triglyceride levels were measured

enzymatically, using commercially available kits (236691 and 701904: Boehringer Mannheim,
Mannheim, Germany). Serum HDL-C concentration was measured after precipitation of VLDL and
LDL with phosphotungstic acid and MgCl,*. Three milliliters of fresh serum was ultracentrifuged for 15

hours at 232000 g at 15'C in a TL-100 tabletop ultracentrifuge, using a TLA-100.3 fixed angle rotor
(Beckman, Palo Alto, CA). The ultracentrifugate was carefully divided in a density (o) < 1.006 and
1.006 < d < 1 .25 g/ml fraction, designated as the VLDL and IDL+LDL-HDL traction, respectively.
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Serum Insulin and Glucose Measurements
lnsulin and glucose concentrations were only measured in fasting blood samples. The insulin

concentration was determined by a radioimmunoassay (lns-Ria-100, Medgenix). The antibody of this

assay cross-reacts with proinsulin (40%) but not with C-peptide (< 0.001%)'u. Serum glucose

concentration was determined by the automated hexokinase method of Hitachi 747, Boehringer

Mannheim-Hitachi'u.

Screening for Mutations and Polymorphisms in Candidate Genes
Genomic DNA was isolated from leucocytes according to Miller et al.3?. ldentilication of the Ssll

polymorphism in exon 4 of the APOC3 gene and the mutations in the LPL and HL genes was

performed with PCR followed by restriction enzyme analysis as previously described by others:

APOC3 SSfl.U, LPL D9N ANd LPL S447X", LPL N291S", HL V73M ANd HL T2O2TOO, ThE C{O-T

substitution in nucleotide -480 in the promoter region of the HL gene (-C480T) was identified as

described by Jansen et al.o'. The C-to-T substitution in nucleotide +200 in exon 22 ot lhe LRP gene

(C200T) was determined as described by Schulz el al.'u.

To identify carriers for the HL L334F mutation, PCR analysis was performed with primers: 5'-

CTT CCC TCT GTG CAT GTT TAA A-3' (sense); s'-GAG TCC ATT TAT GTT CTG CAA G-3' (anti-

sense)". The reaction mixture included 20 pmol of each primer, 100 ng genomic DNA, 0.2 mmol/L of

each dNTP, 10 mmol/L Tris-HCl (pH 9.0), L5 mmol/L MgCl,, 50 mmol/L KCl, 0.01% (w/v) gelatin,

0.1%Triton X-100,0.2 unit ).aqpolymerase (SuperTaq, HT Biotechnology Ltd, Cambridge, UK) in a

total volume of 50 pL. Amplification was performed for 30 cycles of 1 min at 94'C, 1 min at 53'C and

2.5 min al 72C with an initial denaturation period of 3 min. Some 20 pL of PCR products were

digested with the restriction enzyme Msel according to the recommendations of the supplier (Life

Technologies). Thereafter, fragments were separated on a 2% MP agarose gel (Boehringer

Mannheim, Germany) and stained with ethidium bromide. ln the case of the mutant allele a Msel

restriction sile is abolished and therefore, digestion of the PCR product will reveal one fragment of 221

bp for the mutant allele, and two fragments ot 168 and 53 bp for the normal allele.

Statistical Analyses
Results are presented as mean + SD. For quantitative variables mean differences between the groups

were calculated with the unpaired Student's Ftest. Since total cholesterol, total triglyceride and plasma

insulin levels showed non-Gaussian distributions, these parameters were logarithmically translormed

before analysis. Untranslormed levels are shown in the tables. Differences in sex, vascular disease,

hypertension, diabetes mellitus, alcohol consumption and smoking between the groups were

evaluated with X analysis.

For each polymorphism or mutation, the Hardy-Weinberg equilibrium was calculated using the
gene-counting method and differences were assessed by X analysis. All P values were adjusted for

multiple comparisons. Pearson's X test or the Fisher exact test was applied to compare allele

frequencies between type lll HLP patients and normocholesterolemic E2l2 subiects. A logistic

regression model was used to examine the association between the presence of a mutation and the

occurrence of type lll HLP. The strength of the association was estimated as the odds ratio (OR). ORs

are presented with 95% confidence intervals (95% Cl). ln the case of small sample size exact ORs

and 95% confidence intervals were calculated using the Fisher exact test. P values lower than 0.05

were considered as indicative of significant differences. All statistical analyses were performed with

SPSSWIN 6.1.3 (SPSS, Chicago, lL).
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Ioble l. Clinicol ond biochemicol chorocterislics of normocholesterolemic

E2l2 subiects ond type lll HIP potients

Normocholesterolemic

N

Type lll HLP

Mole

Femole

Age (yeors)

ronge

Body moss index (kg/m'?)

Vosculor diseose

Hypertension

Diobetes mellitus

Smokers

Alcohol consumers

75 (66"/.)

s8 (s4%)

5t r 12.

27-80

26.9 !3.8-
46 (417").

31 (27"/")

r r (r0%)

45 (4O"/")

78 (757")

11.O2x3.47t

6.65 x 4.74-

r.03 r 0.28.

5.4 r 1.2
.l58 + ,l39.

33 (61'l.)

21 (39"/")

63t16
25-88

25.3 + 3.9

7 (15'/")

14 (2670)

5 ( I 0"/")

l9 (39"/.)

29 (787")

1.35 t 0.30

5.3 t 0.9

65r41

54

54

54

5l

46

53

50

49

37

54

49

50

t6

t6

I3
ll3
I t3

I t3

I 13

I t3

I t3

112

104

It3
I t3

r3
99

73

Totol cholesterol (mmol/L) 5.69 t 0.95

Totol triglycerides (mmol/L) 2.I I t 0.84

HDL-C (mmol/L)

Glucose (mmol/L)

lnsulin (pmol/L)

N indicotes totol number of subjects with ovoiloble doto obout the respective
porometer. Age, body moss index ond lipid levels ore presented os meon + SD.
.P< 0.05, significontly different from normocholesierolemic E2l2 subjects.
tSelection criterion.

Results
Baseline Characteristics of Normocholesterolemic E2l2 Subjects and Type lll

HLP Patients

The mean age of type lll HLP patients was significantly lower and their BMI was

higher compared with normocholesterolemic E2l2 subjects (Table 1). The prevalence

of vascular disease was increased in type lll HLP patients, whereas no differences in

the occurrence of hypertension, diabetes mellitus and the number of smokers and

alcohol consumers were found between the groups. Furthermore, type lll HLP

patients had significantly higher total triglyceride and insulin levels compared with

normocholesterolemic E2l2 subjecls, whereas HDL-C was decreased.
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Toble 2. AIlele frequencies o, mulolions or polymorphisms in lhe APOC3, LP[,

H[ ond LRP gene in normocholesterolemlc E2l2 subiects ond type lll HLP

potients

Normocholesterolemic Type lll HLP

Frequency rore ollele

No. olleles o/o

Frequency rore ollele

No. olleles 7" Pvolue.

APOC3 Ssfl

HL V73M

HL 1334F

HL -C48OT

HLT2O2T

LPL D9N

LPL N29IS

LPL S447X

LRP C2OOT

8

2

2

25

53

I

I

4

M

8

2

2

25

49

I

I

4

42

34

I
?

68

r05

\4

8

t0

65

t5

5

I

3I

47

6

4

4

29

0.05

o.24

0.66

0.24

0.65

0.04

o.28

0.99

o.o2

For eoch mutotion or polymorphism only the frequency of the rore ollele is shown. 54
normocholesterolemic E2l2 subjecls ond .l13 type lll HLP potients were genotyped,
therefore the totol number of olleles wos I 08 ond 226, respectively, ln the cose of the
APOC3 Ssfl polymorphism, the HL 1334F mutotion ond the LRP C200T mutotion, the
totol number of olleles wos 

.l06 
ond 224, respectively. ln the cose of the HL -C4807

mutotion, the totol number of olleles wos 102 ond22O, respectively..lndicotes the stotisticol difference in ollele frequency between
normocholesterolemic E2l2 subjects ond type lll HLP potients.

Allele Frequencies of Polymorphisms and Mutations in the APOC3, HL, LPL

and LRP Gene

Table 2 shows the frequency of the rare allele for all screened polymorphisms and

mutations in the APOC3, HL, LPL and LRP genes in normocholesterolemic E2l2

subjects and type lll HLP patients. Allele frequencies for all mutations in the

normocholesterolemic E2l2 subjects and type lll HLP patients were in Hardy-

Weinberg equilibrium. Comparison between normocholesterolemic E2l2 subjects and

type lll HLP patients revealed a significantly increased frequency for the mutant allele

of the APOC3 Ssll polymorphism and the LPL DgN mutation in type lll HLP patients.

Homozygosity for the mutant allele of the LRP mutation was 2{old increased in the

group with normocholesterolemic E2l2 subjects compared with type lll HLP patients
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(21% vs. 9/., dala not shown), whereas in both groups the heterozygous genotype

was equally represented (42% vs.40%). This resulted in a significantly increased

allele frequency for the mutant allele of the LRP mutation in normocholesterolemic

E2l2 subpcts (Table 2). Although the frequency of the mutant allele of the HL -
C480T and the HL V73M mutation was increased in patients, the difference did not

reach statistical signif icance.

Toble 3. Associotion between the occurence of type lll HLP ond the presence

of the APOC3 Ssll polymorphism ond the LPt D9N mulotion

APOC3 Ssll corriers' LPL D9N coniers

FrequencyFrequency OR

(95"/. Cl)

OR

(95% Cl)

Iype lll HLP

Normocholesterolemic

331l,12

(30'/.)

8/s3

( I 5olo)

2.4

(r,0-5.5)t

r3/r r3

(127.)

1ls4

(2"/")

6,9

(0.9-53.6)t

-lncluding one homozygous corrier
tP < 0.05

Association for the APOC3 and LPL Gene

A significant association was found between the presence of the Sstl polymorphism

and the occurrence of type lll HLP (Table 3, OR = 2.4). Furthermore, apoE2

homozygotes with the LPL D9N mutation showed a 7{old increased risk on the

occurrence of type lll HLP than those without the mutation. Comparing the number of

carriers with the LRP mutation (homozygous + heterozygous carriers) showed no

significant difference between type lll HLP patients and normocholesterolemic E2l2

subjects (49% vs. 62/", OR of 0.6, P = 0.12, dala not shown).

To investigate the effect of the Ssfl polymorphism and the LPL D9N mutation

on plasma lipids, type lll HLP patients were divided in carriers and non-carriers

(Figure 1). Type lll HLP patients with the Ssfl polymorphism showed increased

levels of total cholesterol and triglycerides compared with their counterparts without

the polymorphism (12.31 t 3.80 vs. 10.50 ! 3.22 mmol/1, and 8.65 t 6.85 vs. 5.84 +

3.25 mmol/L, respectively, P .0.05). No significant differences in plasma insulin
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levels were observed between the groups (182 x 159 vs. 147 ! 128 pmol/L,

respectively, P = 0.23, figure not shown). Comparison of plasma lipid and insulin

levels between patients with and without the LPL DgN mutation revealed that the first

group had higher plasma cholesterol, triglyceride and insulin levels. However, only

differences in plasma insulin levels reached the significance level (292 t 255 vs. 141

o
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E20
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oo10
oEo5
(E

EHo
E

-\920
E
E
.r, 15
o
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910
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- Ssll + Ssil
n=79 n=33

- Ssfl + Ssil
n=79 n=33

- DgN + D9N
n=l00 n=13

- DgN + D9N
n=100 n=l3

Figure l. Effect of the APOC3 Ssll polymorphism ond the LPt D9N mulolion
on plosmo cholesterol (A) ond triglyceride (B) levels in type lll HLP potients
*P < 0.05, significontly different from non-corriers,

t 1 10 pmol/L, respectively, P = 0.03, figure not shown).
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Discussion
Beside a defective hepatic clearance of remnant lipoproteins in E2l2 subjects, it has

been suggested that an impaired lipolysis contributes to the clinical manifestation of

type lll HLP".. ln accordance with this hypothesis, we found associations for

mutations in proteins involved in the lipolytic conversion of lipoproteins: the Ssfl

polymorphism in the APOC3 gene and the D9N mutation in the LPL gene. Our

results show that the Ssfl polymorphism exacerbates the hyperlipidemic phenotype of

type lll HLP patients, while the LPL D9N mutation has a mild effect on plasma lipid

levels.

ln a previous study, we found an interaction between hyperinsulinemia and the

Ssfl polymorphism, resulting in severe hyperlipidemia in apoE2 homozygotes'u. By

increasing the number of E2l2 subjects, data from the present study demonstrate

that the Ssfl polymorphism per se is also an important contributor to type lll HLP

expression. The Sstl polymorphism is strongly associated with raised plasma

triglyceride levels". ln accordance, our type lll HLP patients carrying the Ssfl

polymorphism showed a more severe hypertriglyceridemia (HTG) than non-carriers.

The molecular mechanism underlying the association with HTG is still unclear.

Because the Ssfl polymorphism is located in the 3' untranslated region of the APOC3

gene, it seems unlikely that the polymorphism itself is responsible for the triglyceride-

raising effect. Other mutations within the APOA1 -C3-A4 gene cluster, located near

the APOC3 Sstl polymorphic site, could be candidates for being the causative

mutations leading to HTG. Two polymorphisms located at positions 482 and -455 in

the promoter region of the APOC3 gene showed substantial linkage disequilibrium

with the Sstl polymorphism2s'38'43. However, no association between these

polymorphisms and increased triglyceride levels were observed in type lll HLP

patients'', patients with familial combined hyperlipidemiaoo and in subjects from the

ARIC studyou.

The LPL D9N mutation leads to a decreased enzymatic activity of the protein

and is associated with elevated levels of plasma triglycerides in healthy subjects and

patients with cardiovascular disease'n'o. ln our type lll HLP patients, a tendency

towards increased plasma cholesterol and triglyceride levels was observed, but this

did not reach statistical significance. The number of type lll HLP patients in our study
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was most likely too low to detect significant differences between LPL carriers and

non-carriers. ln Caucasians, the -93T-+G transition in the LPL gene promoter is in

linkage disequilibrium with the LPL DgN mutation"2.. However, several studies have

reported that the triglyceride-raising effect was solely attributable to the presence of

the D9N mutation (for a review see reference 20).

Data from genetic association studies on type lll HLP are limited due to the

low prevalence of apoE2 homozygosity in the general population. To circumvent this

problem, most studies have compared the allele frequency of mutations in type lll

HLP patients to that of the general population. Zhang et al.'o found an increased

allele frequency for the LPL N291S mutation in type lll HLP patients compared with

the Dutch population. However, this approach does not exclude the possibility that

the mutation is also more prevalent in normolipidemic apoE2 homozygotes. Similarly,

comparison of the Dutch population frequency for the HL -C480T mutation (19/")o'

with that of our type lll HLP patients (31%) revealed that the mutation was

significantly more prevalent in patients (P < 0.001, data not shown). However, the

fact that we did not find such a difference between patients and

normocholesterolemic E2l2 subjects indicates that the LPL N291S and the HL -
C480T mutations are no major contributors to the expression of type lll HLP.

40 of the 113 type lll HLP patients (35%) are carriers of the Ssfl polymorphism

and/or the LPL D9N mutation, indicating that these mutations could only partly

explain the expression of type lll HLP. Other genetic and environmental risk factors

remain to be found. Recently, we found that hyperinsulinemic apoE2 homozygotes

have an increased risk on the development of type lll HLP''. ln that same study a

combined effect of the Sstl polymorphism and high insulin levels on hyperlipidemia in

apoE2 homozygotes was observed''. ln line with this, we have demonstrated in a

larger E2l2 population that hyperinsulinemia is a very important factor contributing to

the expression of type lll HLP (De Beer et al. preliminary results). lnsulin could be

involved in type lll HLP expression via a direct effect on lipoprotein metabolism, since

hyperinsulinemia is known to stimulate VLDL production'u'''. Another possible

mechanism is via an interaction between insulin and genes involved in the lipolytic

conversion of lipoproteins. Data from several studies support this hypothesis. lnsulin

is involved in the regulation of the APOC3 geneou. lt has been reported that the

presence of the APOC3 -455 and -482 polymorphisms abolishes the insulin
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responsiveness of the APOC3 promoter4T. Since the Ssfl polymorphism in E2l2

subjects is almost exclusively found in combination with the presence of the -455
and 482 promoter variants'''", it seems possible that in E2l2 subjects, who are

carrier of the Ssfl polymorphism, the loss of insulin regulation results in

overexpression of the APOC3 gene and, as a consequence, in overt hyperlipidemia.

ln addition, insulin is a major regulator of LPL activityo'. Julien et al.o'reported that the

combination of high insulin levels and decreased LPL activity, as found in carriers of

LPL mutations, further exacerbates the expression of HTG.

ln conclusion, our data indicate that mutations in insulin-sensitive genes,

which are involved in the lipolytic conversion of lipoproteins, play an important role in

the expression of type lll HLP.
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Abstract
Very low density lipoprotein (VLDL) metabolism is strongly influenced by estrogens

and androgens, the former enhancing the VLDL-triglyceride synthesis in the liver and

the latter decreasing it. Tibolone is a synthetic steroid with combined estrogenic,
progestagenic and androgenic activity. This study was designed to investigate the

effect of tibolone on lipid metabolism in women with the lipid disorder type lll
hyperlipoproteinemia (HLP). Plasma lipid and lipoprotein levels were measured in

five postmenopausal women with type lll HLP while receiving 2.5 mg tibolone daily,

for eight weeks. Tibolone therapy was well tolerated. Plasma triglyceride and total

cholesterol levels decreased from 6.82 t 3.58 to 2.4s t 1.36 mmol/L and from 13.53

t 3.64 to 6.61 t 2.03 mmol/L, respectively (P < 0.05), whereas the body mass index

remained unchanged. Treatment with tibolone resulted in a profound decrease in

plasma apoE, VLDL-O and VLDL-TG levels (mean reductions of 66%, 77"h, and
70%, respectively, P< 0.05).
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lntroduction
Familial Dysbetalipoproteinemia (FD) is a genetic disorder of the lipoprotein

metabolism characterized by a dysfunctional apolipoprotein (apo) E". FD subjects

are characterized by the occurrence of cholesterol-rich chylomicron remnants and

intermediate density lipoproteins (lDLs).

ApoE serves as a ligand for the receptor-mediated uptake of remnant

lipoproteins by the liver*.. More than 90% of all FD subjects are homozygous carriers

of a specific isoform of apoE: apoE2 (Arg158-+Cys)'". ln comparison to the other two

common apoE isoforms, apoE3 (Cys112; Arg158) and apoE4 (Cys112-+Arg), the

binding capacity of apoE2 for the hepatic low density lipoprotein receptor (LDLR) is

less than |o/o"'ut .

Despite the accumulation of remnants in the circulation, the majority of the

apoE2 homozygous subjects (>95%) are normolipidemic or even hypolipidemic'3.

However, apoE2 homozygosity together with the presence of additional

environmental and genetic factors that interfere with normal lipoprotein metabolism

lead to the expression of overt hyperlipidemia known as type lll HLP,.

Type lll HLP is more prevalent in men than in women. ln men the disorder is

normally expressed between 30 and 40 years of age, whereas in women type lll HLP

is primarily expressed after the menopause, suggesting that estrogens play a role in

the phenotypic expression'. ln line with this, it has been demonstrated that

ovariectomy of female apoE2 transgenic rabbits results in hyperlipidemia'o'

Estrogens are prescribed to postmenopausal women to reduce climacteric

symptoms and to prevent osteoporosis. ln addition, estrogens have a cholesterol-

lowering effect (for reviews see references 11 and 12). An important disadvantage of

estrogens is an increased risk on endometrial hyperplasia". Hormone replacement

therapy (HRT), a combination of estrogens and progestogens, has been shown to

prevent bone loss'., to decrease plasma lipids's, while the progestagenic component

of HRT improves endometrial hyperplasia'u. However, most preparations cause a

cyclic monthly vaginal bleeding.

Tibolone l(7 aj7u)-17 -hydroxy-7-methyl-19-norpreg-5(1 0)-en-20-yn-3-onel

(Livial@, Organon lnternational) is a synthetic steroid structurally related to

norethynodrel. Tibolone displays weak estrogenic, progestagenic and androgenic
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propertieslT. The compound is registered for the alleviation of postmenopausal

complaints. Clinical studies among postmenopausal women have shown that tibolone

prevents bone loss and improves plasma cholesterol and triglyceride levels, without

stimulating endometrial growth and without causing withdrawal bleeding (for reviews

see references 18 and 19).

VLDL metabolism is strongly influenced by estrogens and androgens, the

former enhancing the VLDLtriglyceride synthesis in the liver'o''' and the latter

decreasing it"". Estrogens inhibit hepatic lipase (HL) activity"2u, whereas androgens

have a Stimulating effect'u'u. Furthermore, estrogens increase LDL clearance, most

likely via the induction of hepatic LDLRs'o'". Thus, the balance between estrogenic

and androgenic activities (E/A balance) in HRT determines the resultant effecl on

lipid metabolism in normal subjects". ln type lll HLP patients, administration of

estrogens has been found to cause a profound decrease in plasma lipid levels'u'0. To

determine whether tibolone has the same beneficial effects on lipid metabolism as

estrogens, we investigated the effect of tibolone on lipid and lipoprotein parameters

in postmenopausalwomen with type lll HLP.

Methods
Patients
Five postmenopausal women with type lll HLP (aged < 65 years) were recruited from the outpatient

Lipid Clinics of the Leiden University Medical Center and the University Hospital Rotterdam.

Menopause was assumed to be present if the menstrual cycle had stopped for more than one year

and was confirmed biochemically by follicle-stimulating hormone levels > 20 lU/L in plasma. The

diagnosis type lll HLP was based on the means of two fasting blood samples obtained after a dietary

period of at least eight weeks. The diagnostic criteria for type lll HLP were: lotal plasma cholesterol >

6.5 mmol/L, plasma triglycerides > 2.0 mmol/L and homozygosity for apoE2 (Argl58-+Cys) as

determined by isoeleclric focusing'' and apoE genotyping".

Exclusion criteria were: vaginal bleeding within six months prior to study entrance, treatment

with estrogens within five years or with any sex hormones within three months prior to study entrance,

medical history of estrogen-dependent malignancy, thromboembolic events in the past, liver disease,

blood pressure > 170/1OO mm Hg, diabetes mellitus using insulin or medical history of cardiovascular

disease.

The study was approved by the local committee of medical ethics of the Leiden University

Medical Center. All patients gave their informed consent.

Study Design and Blood SamPling

Before study entrance, lipid-lowering medication was discontinued for one month. Patients were

randomized to receive, in a double-blind cross-over fashion, a fixed dose ol tibolone, 2.5 mg once

daily, or placebo for eight weeks. The two treatment periods were separated by a wash-out period of
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six weeks. At each visit body weight and blood pressure were determined. Tibolone intake during the
trial was monitored by counting unused pills and by determination of plasma sex hormone binding
globulin (SHBG) levels. A rising of plasma cholesterol > 20 mmol/L during the study had been
convened to exclude the patient from further blinded therapy. During the study, patients were
instructed to adhere to their normal dietary habits.

Before and after each treatment period, fasting venous blood samples were obtained from the
patients for biochemical measurements. Blood was collected in EDTA-containing evacuated tubes (1

mg/mL) and immediately placed on ice. Plasma was obtained after centrifugation at 1500 g for 15 min
at 4'C. Freshly prepared plasma was used for measurements of total cholesterol, total triglycerides,
free fatty acids (FFA) and glycated hemoglobin (HbA1c). Furthermore, plasma samples for lipoprotein
analyses were stored in the following way: plasma samples were brought to a final concentration of
10"/" (vlv) sucrose, capped under nitrogen, snap-frozen in liquid nitrogen and stored at -80.C. Under
these conditions, lipoprotein size and biological properties have been shown to remain intact for
monthstt'to.

Lipid and Lipoprotein Analysis
Plasma triglyceride, total cholesterol and FFA levels were measured enzymatically, using
commercially available kits (337-B: Sigma chemical co., St. Louis, Mo; 236691: Boehringer
Mannheim, Mannheim, Germany; and 994-75409: Wako Chemicals, Neuss, Germany, respectively).
Plasma apoE levels were determined using an enzyme-linked immunosorbent assay (ELISA) as
described previously'u. Plasma apoAl and apoBl o0 levels were assessed by rate
immunonephelometry using an automated Beckman Array analyzer (Beckman lnstruments) as
described previously'u.

Separation of lipoproteins was performed by density gradient ultracentrifugation according to
Zhao et al.3'with some slight modifications. Briefly, the gradient consisted of 2 mL plasma (adjusted to
d ='l .21 g/ml by adding 0.65 g KBr), overlayered by 5 mL of d= 1.03 g/mL and 3.5 mL of d= 1.006
g/ml NaCl solutions and 1.5 mL water. The gradient was centrifuged at 285000 g in a SW40 swing
out rotor (Beckman, Geneva, Switzerland) for 18 hours at 4"C. The gradient was then fractionated in
fractions ol 0.5 mL. ln each fraction, cholesterol and triglyceride levels were measured with enzymatic
assay kits (236691 and 701904: Boehringer Mannheim, Mannheim, Germany).

SHBG and HbAlc Measurements
SHBG was measured using an immunometric assay with chemiluminescence detection (lmmulite
DPC, Los Angeles, CA). HbAlc was determined by high-performance liquid chromatography (Bio-
Rad).

Statistical Analyses
Differences between the patients before and after tibolone therapy were evaluated pairwise using the
Wilcoxon paired signed-ranks test. P values lower than 0.05 were considered as indicative of
significant differences. Statistical analyses were performed with SPSSWIN 6.1.3 (SPSS, Chicago, tL).

Results
Baseline Clinical and Biochemical Characteristics

Clinical and biochemical characteristics of the patients before study entrance are

summarized in Table 1. Mean age of the patients was 60 + 5 years and mean BMI
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was 26.9 + 2.7 kglm'. Plasma total cholesterol and triglyceride levels were markedly

elevated. Co-medication that might affect lipid metabolism was continued during the

course of the study.

Toble I. Boseline clinicol ond biochemicol choroclerislics

Potient

P04P03P0r P05

Age (yeors)

weight (kg)

BMI(kg/m')

WHR

SBP (mm Hg)

DBP (mm Hg)

Xonth'

Smoking

Alcohol use

Co-medicotion

TC (mmol/L)

TG (mmol/L)

HDL-C (mmol/L)

54

65

'lo. /

0,89

155

85

yes

no

no

no

14.60

8.28

1.30

6l

65

23.9

o.92

160

95

no

yes

< 3 u/doy

DI

11 .67

3.42

r.34

65

6l

26.1

1.06

170

90

yes

no

no

AN

18.95

r0.90

1.33

55

8l

31.2

1.O2

175

90

yes

yes

< 3 u/doy

AC, NS

r 3,23

8.82

0.96

63

59

26.4

0.91

r40

85

no

yes

no

no

9.19

2.70

r,93

Smoking wos defined os the consumption of ot leost 10 cigorettes per doy. The non-
smokers olso included ex-smokers, who stopped smoking for of leost one yeor
preceding the study. BMI indicotes body moss index; WHR, woist-to-hip rotio; SBP,

systolic blood pressure; DBP, diostolic blood pressure; u, units; Dl, diuretics; AN, onti-
coogulotion; AC, ongiotensin converting enzyme inhibitor; NS, non-steroidol onti-
inflommotory drug; TC, totol cholesterol; ond TG. totoltriglycerides'
.Xonth indicotes the presence of xonthomen, i,e, yellow polmor creoses
(xonthochromio strioto polmoris) ond/or tuberous xonthomos ot both elbows.

Compliance and Side Effects

Four of the five included patients completed the study according to the protocol. One

patient (P03) was excluded from blinded therapy because total cholesterol levels

increased above 20 mmol/L. Before study entrance total cholesterol and triglyceride

levels were 18.95 and 10.90 mmol/L, respectively (Table 1). After one month on

study medication, her total cholesterol level was 23.10 mmol/L. Disclosure of the

study code revealed that she had received placebo. The patient was then
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administered tibolone for eight weeks, resulting in a decrease of total cholesterol and

triglyceride levels to 9.02 and 4.68 mmol/L, respectively.

Tibolone intake during the study was monitored by counting unused pills and

by measurement of plasma SHBG levels. Counting of the pills revealed that the

mean compliance of the patients was 99 x2o/". Figure 1 shows that the SHBG levels

decreased in most patients during tibolone intake, most likely due to the androgenic

activity of the drug'u.

100

90

80

70

60

50

40

30

20

10

0
baseline tibolone wash out placebo

Figure l. The effectof libolone on SHBG levels in potienls pOt (o), p02 (t),
P03 (o), P04 (n) ond P05 (+)
ln potient P03, meosurements were only performed before ond ofter
treotment with tibolone.

Treatment with tibolone was well tolerated. Two patients reported side effects

that were possibly related to tibolone treatment. One patient suffered from a

headache, increased heart beat, abdominal pain and agitation. Another patient

temporarily suffered from nausea. None of the patients had irregular vaginal

bleedings.
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Ioble 2. Effect of tibolone on weight, blood pIessule, glycoted hemoglobin

ond plosmo lipid levels

Tibolon treotment

Difference PvolueBefore

n=5

After

n=5

BMI(kg/m')

WHR

SBP (mm Hg)

DBP (mm Hg)

HbAlc (%)

TC (mmol/L)

TG (mmoUL)

HDL-C (mmoyl)

FFA (mmoUL)

26.9 r.2.7

0.96 r 0.08

160 r 14

89 14

5.8 t 0.6

27.3 !2.6
l.0t r 0.02

L t6 r 0.21

0.60 r 0.07

+2"/"

+5o/o

o.o7

0.14

154 r.2t -4"/o 0.28

82+7 -80/" 0.07

5.3 r 0.5 -97" 0.04

13.53 r 3.64 6.6.l r 2.03 -5 I "/o

6.82 t 3.58

1.37 r 0,35

o.49 !0.25

2.A5 ! 1.36 -64"/"

-16"/"

+23"/"

0.04

0.04

0.18

o.22

arv ;

DBP. diostolic blood pressure; HbAlc, glycoted hemoglobin; TC. totol cholesterol; TG.

totol triglycerides; ond FFA, free fotty ocids. Volues ore presented os meon + SD.

Effect of Tibolone on Weight, Blood Pressure, Glycated Hemoglobin and

Plasma Lipid Levels

Treatment with placebo had no effect on plasma lipid levels and other parameters

(data not shown). The effects of tibolone therapy are shown in Table 2. Patient P03

was included in the statistical analyses. Tibolone had no significant effect on BMI and

blood pressure compared with values before treatment. Glycated hemoglobin

showed a significant reduction of 9% during tibolone treatment.

All five patients showed a decrease in total cholesterol levels during tibolone

treatment (mean reduction ol 51"/", P < 0.05). The most profound effect of tibolone

was observed on plasma triglycerides, showing a significant reduction of 64%. HDL-

C levels tended to decrease during tibolone administration. Tibolone therapy caused

an increase in plasma FFA levels, but this difference did not reach statistical

significance.

Effect of Tibolone on Plasma Lipoprotein and Apolapoprotein Levels
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ln all patients, treatment with tibolone resulted in a profound decrease in VLDL-C and

VLDL-TG levels (Figure 2, mean reductions of 77"/" and 70"/o, respectively, p <

baseline tibolone washout placebo

basellne libolone washout placebo
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Figure 2. The effect of iibolone on VlDl-cholesterol (A), VlDl-triglycerides (B),
opoE (C), lDl-cholesterol (D), tDl-trigtycerides (E) ond opoBt00 (F) tevets in
polienis P0l (o), P02 (r), P03 (o), P04 (l) ond P05 (+)
ln potient P03, meosurements were only performed before ond ofter
treotment with tibolone,

0.05). Concomitant to the decrease in VLDL levels, plasma apoE levels decreased by

66% during treatment with tibolone. IDL-C and IDL-TG levels tended to decrease
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(mean reduction of 47"/" and 23o/", respectively, P > 0.05). LDL-C levels remained

unchanged (data not shown). ApoB'|00 levels showed a decrease in all patients

(mean reduction of 26/", P < 0.05), most likely aS a result of the profound decrease

in VLDL levels. Plasma apoAl levels did not change (data not shown).

Discussion
Tibolone is registered for the alleviation of postmenopausal complaints. Besides

alleviating climacteric symptoms and preventing bone loss, tibolone has been shown

to improve plasma cholesterol and triglyceride levels in healthy postmenopausal

women'''n. Since many postmenopausalwomen with FD have elevated levels of total

cholesterol and triglycerides (i.e. type lll HLP), we were interested in the effect of

tibolone on the lipid metabolism o{ these women. ln spite of the rather low number of

participants (due to the rarity of the disorder and the strict exclusion criteria), we

found a significant decrease in total cholesterol, total triglyceride, VLDL-C, VLDL-TG,

apoE and apoB100 levels.

It is important to note that most studies concerning the effect of tibolone on

plasma lipids have been performed in healthy postmenopausal women (for reviews

see references 18, 19 and 39). ln these studies, a beneficial effect of tibolone on

plasma lipids was observed. At the moment, no studies have been conducted in

postmenopausal women with primary hyperlipidemia. However, studies performed in

postmenopausal women with secondary hyperlipidemia (e.9. non-insulin dependent

diabetes mellitusoo''') showed similar effects of tibolone on plasma lipid levels

compared with those observed in healthy subjects. ln line with this, we found a

triglyceride-lowering effect of tibolone in postmenopausal women with type lll HLP.

The observed decrease in total cholesterol levels in our study is in accordance with

most investigators", although in our patients the effect was much stronger. ln

contrast to the majority of studies performed in healthy postmenopausal women'u'n''n,

we did not find a significant reduction in HDL-C and apoAl levels. However, the

decrease in HDL-C levels appears to be transient as reported in a 36-month

monitoringo'. Previous reports on the effects of tibolone on LDL-C and apoB have

been inconsistent''''n. We observed no change in LDL-C, whereas apoB100 levels
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were decreased. The latter might be the result of the profound reduction in VLDL

levels.

Figure 3. Effecl of estrogenic ond ondrogenic octivity of sex steroids on
lipoprotein melobolism
Estrogens offect VLDL/LDL metobolism in ot leost three woys: (i) by enhoncing
hepotic VLDL-TG ond VLDL-opoB synthesis'o'', (ii) by increosing hepotic LDL
cleoronce'." ond (iii) by stimuloting lipoprotein lipose octivity'.. Estrogens
hove o beneficiol effect on HDL metobolism since they increose opoAl
synthesis* ond they inhibit HL octivit/'2u, ln oddition, estrogen odministrotion in
rots reduces the expression of the HDL receptor scovenger receptor closs B
type I (SR-B]) on liver cells (for o review see reference 44). ln controst to
estrogens, ondrogens ore known to inhibit the VLDL-TG synthesis"", whereos
they increose HL octivity'u'u. LDLR indicotes LDL receptor; CETP, cholesteryl
ester tronsfer protein; LCAT, lecithin:cholesterol ocyltronsferose; LPL,
lipoprotein lipose; E, estrogenic octivity; A, ondrogenic octivity; +, stimulotory
effect; ond -, inhibitory effect.

The mechanism behind the beneficial effect of tibolone is still unknown. A

possible explanation for the improved plasma lipids observed in our study can be

found in the estrogenic and androgenic properties of tibolone. Estrogens and

androgens have opposing effects on lipoprotein metabolism (Figure 3). The E/A

balance determines the net effect on lipoprotein metabolism in normal women". The
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decreased total cholesterol, total triglyceride, VLDL, IDL and apoE levels can be

explained by a decreased VLDL-TG synthesis (androgenic), an increased IDL

clearance by the LDLR (estrogenic) and possibly by an increased lipolysis of IDL

(androgenic) and VLDL (estrogenic) by HL and LPL, respectively. An androgenic

preponderance of tibolone is suggested by the reduced SHBG levels'u and the slight

decrease in HDL-C levels.

ln conclusion, tibolone has a profound beneJicial effect on the lipoprotein

profile of postmenopausal women with type lll HLP. The compound is well tolerated

in most patients and causes less monthly vaginal bleedings than many other HRTs.

Tibolone may be used as an alternative to fibrates and statins in the lipid-lowering

therapy of postmenopausal women with type lll HLP.
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Chapter 5

Lipolysis of Very Low Density Lipoproteins by Heparan

Sulfate Proteoglycan-Bound Lipoprotein Lipase

Frits H.A.F. de Mon', Femke de Beef', Arnoud von der Loorse', Augustinus H,M.

Smelt3, ond Louis M. Hovekes'''''

Deportments of 'Cordiology ond'lnternol Medicine. Leiden University Medicol Center, Leiden,
the Netherlonds ond 'TNO Prevention ond Heqlth. Goubius Loborotory, Leiden, the
Netherlonds

Reprinted from J Lipid Res.1997:38:2465-2472 with permission

Abstract
An in vitro assay to study lipolysis of very low density lipoproteins (VLDL) by heparan

sulfate proteoglycan (HSPG)-bound lipoprotein lipase (LPL) was developed. Optimal

conditions for VLDL lipolysis by HSPG-bound LPL were obtained by incubating

plastic wells with 0.5 trg HSPG and '1.5 pg LPL, subsequently. Control experiments

with heparinase indicate that at least g0% of the LPL activity is derived from LPL

bound to heparan sulfate chains. For HSPG-LPL mediated lipolysis, the apparent K.

and V,", values were 0.36 t 0.11 mmol/L VlDl-triglycerides and 46 + 4 pmol free

fatty acids/L.min, respectively. The mean intra-assay and inter-assay coefficients of

variance were 5/" and 8%, respectively.

lntroduction
Lipoprotein lipase (LPL, EC 3.1.1.34) is the key enzyme involved in the hydrolysis of

chylomicron and very low density lipoprotein (VLDL) triglycerides'''. After synthesis in

parenchymal cells, LPL is secreted and transported across the endothelium where it

binds to heparan sulfate proteoglycans (HSPG) at the luminal surface of endothelial

cells". Although functional LPL acts in vivo as a proteoglycan-bound enzyme, its

kinetics in vitro are commonly studied with LPL in solution. Only few studies with
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heparin-Sepharose immobilized LPL have been reported previouslytu. ln these

studies, a higher Michaelis-Menten constant (K.) and lower maximum reaction

velocity (V,",) were noted for heparin-Sepharose immobilized LPL as compared to

LPL in solution. This observation was in accordance with rn vivo studies, showing that

heparin-induced release of LPL from the vessel wall resulted in rapid clearance of

plasma triglycerides''u, a phenomenon explained by increased accessibility of the

enzyme lor its substrate.

ln addition to the observed difference in lipolysis rate, it is conceivable that the

proximity of heparin or HSPG influences directly the substrate-enzyme interaction. As

triglyceride-rich lipoproteins come into contact with the endothelium-bound LPL, the

particle has to reside transiently at the lipolytic site. This interaction between the lipid

particle and vessel wall components is considered to enhance the stability of the

lipoprotein-LPl complexn, a process probably mediated by apolipoproteins (apo).

Specific binding sites for LPL have been reported on apoC2 and apoB100'o'",

whereas apoE is known to bind to heparan sulfate chainsn". Ji et al.'' demonstrated

that enrichment of B-VLDL with apoE enhanced the binding of the B-VLDL to liver

cells 4-5 fold, an effect which was suggested to be mediated by the interaction of

apoE with HSPG. ln addition, they also found that mutant apoE showed reduced

affinity to isolated HSPG, a finding which was confirmed by others''. lt was

speculated that a defective interaction between apoE and HSPG may be associated

with an impaired lipolysis of triglyceride-rich lipoproteins by HSPG-bound LPL'.'u.

However, this hypothesis could not be tested so far as a lipolysis assay with HSPG-

bound LPL was not available. The present paper presents a novel, reproducible and

rapid rn vitro assay for lipolysis of VLDL using HSPG-bound LPL.

Methods
Lipids and Lipoproteins
Venous blood from healthy, normolipidemic apoE3 homozygotes was collected after an overnight fast.

Serum was obtained after centrifugation at 1500 g for 15 min at room temperature. VLDL was isolated

by ultracentrifugation as described by Redgrave et al.'6. Protein content of the VLDL samples was

determined by the method of Lowry et a1.". Triglyceride concentrations ol the VLDL fraction was

measured enzymatically using a test kit (Sigma Chemicals, St. Louis, MO). ApoE phenotyping was
performed by isoelectric focusing according to Havekes et al.'u.
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Lipoprotein Lipase
LPL was purified from fresh bovine milk as described previously''. The isolated fraction was
resuspended in 20 mmol/L NaH,POo, 50% glycerol and stored in aliquots at -80"C. lsolated LPL was
analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis'o (SDS-PAGE,4-20%) (Figure
1). Proteins were stained with Coomassie Brilliant blue or transferred to nitrocellulose membranes
(Schleicher and Schuell, Dassel, Germany). Blots were incubated with monoclonal antibody 5D2
(prepared by Dr. J.D. Brunzell et al.'', University of Washington, Seattle), and rabbit anti-mouse lgG
conjugated to peroxidase (DAKO, Glostrup, Denmark) was used as second antibody. A clear band
with the approximate molecular weight of bovine LPL (56 kDa) was detected, which accounted for
51% of the total amount oJ protein in the sample (Figure 1, panel A). This band reacted with the 5D2
antibody to bovine LPL (Figure 1, panel B). fhe specific activity of the isolated LPL was 10.9 pmol

FFA.min'.mg protein'.

Assay of Lipolysis with Heparan Sulfate Proteoglycan-Bound Lipoprotein Lipase
HSPG, isolated from basement membrane of mouse sarcoma cells, were purchased from Sigma. The
assay was performed in 96-well microtiter plates (Greiner GmbH, Frichenhausen, Germany). Wells
were incubated with different amounts of HSPG (as indicated) for 1B hours at 4'C, washed three times
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with phosphate buffered saline (PBS) and subsequently blocked for t hour at 37"C with PBS

containing 1% (wlv) essentially free fatty acid (FFA){ree bovine serum albumin (BSA) (Siqma). Then,

the wells were incubated with different amounts of LPL per well (as indicated), diluted in Tris-glycerol

buffer (0.1 mol/L Tris, 20% (vlv) glycerol, pH 8.5) for t hour at 4'C. After washing the wells three times

with Tris buffer (0.1 mol/L Tris, pH 8.5), lipolysis was started by adding various amounts of VLDL (as

indicated) to the preconditioned well in the presence ol 1% (w/v) essentially FFA-free BSA and placing

the plate in a shaking incubator at 37'C. The rate of FFA release proved to be linear in time up to 10

minutes. The reaction was stopped after'10 min by the addition of Triton X-100 (1% (v/v), final

concentration), followed by vortexing and cooling on ice. FFA concentrations were measured in

triplicate using a NEFA C kit (Wako Chemicals GmbH, Germany).

As control, HSPG-LPL coated wells were incubated with a mixture ol 2.4 U heparinase l/ml
(EC 4.2.2.7.; Sigma) and 2.4 U heparinase lll/ml (EC 4.2.2.8.: Sigma) in PBS for 20 min at 37'C. The

wells were washed with Tris buffer and lipolysis was performed as described above.

To check whether LPL would detach from the HSPG-complexes in the presence of VLDL, the

lollowing control experiment was performed. Wells were preconditioned as described above, with the

exception that "ul-labeled LPL was used. Then, the wells were incubated with 0.6 mmol/L VLDL-TG or

Tris buffer fo|l0 min at 37"C. After washing the wells three times with Tris buffer, the "ul-labeled LPL

bound to HSPG was dissolved in 0.2 N NaOH for quantitation.

Reproducibility was assessed by comparing the lipolysis of a VLDL sample freshly isolated

lrom serum of a normolipidemic subject, and VLDL from the same subject but stored for 1 and 4

weeks, respectively. For storage, serum samples were brought to a linal concentration of 10% (w/v)

sucrose, 1O pmol/L EDTA, capped under nitrogen, snap{rozen in liquid nitrogen and stored at-80'C.
Under these conditions, lipoprotein size and biological properties have been shown to remain intact for

months".

Assay of Lipolysis with Lipoprotein Lipase in Solution
The VLDL samples were diluted in 0.1 mol/L Tris, 1% (w/v) essentially FFA{ree BSA, pH 8.5. The

incubation was started by adding 7 ng LPL per well, followed by vortexing and incubation at 37'C. The

reactionwassloppedbytheadditionof 1%(v/v) TritonX-l00,0.1 mol/LTris,vortexingandcoolingon
ice. A blank sample was obtained by adding Triton prior to the addition of LPL and maintenance on

ice. FFA concentrations were determined in triplicate. The rate ol FFA release by LPL was linear for at

least 6 min, as used in this assay.

Labeling of Very Low Density Lipoproteins and Lipoprotein Lipase
VLDL was iodinated using the "ul-iodine monochloride method ol Bilheimer et a1.". '"l-iodide (specific

activity 15.5 mCi/pg) was purchased from Amersham (Buckinghamshire, UK). After iodination, VLDL

was dialyzed extensively at 4'C against PBS for 24 hours and stabilized with 1% (w/v) BSA (fraction

V, Sigma). Between the different "ul-labeled VLDL samples the specific radioactivity ranged from 150-

200 cpm/ng protein. The stabilized ''ul-labeled VLDL was stored at 4'C and used within two weeks.

LPL was iodinated using the IODO-BEADS@ lodination Reagent (Pierce, Rockford, lL). Free

'"1 was removed by Sephadex G-25 gel filtration with 50 mmol/L Tris, 1 mol/L NaCl, 0.01% Tween-80

as the eluent. The specific activity of "ul-labeled LPL was 300 cpm/ng protein. ''ul-labeled LPL was

stabilized with 0.1% (w/v) essentially FFA{ree BSA and stored at -20'C.

Binding Assays
Binding of VLDL

Plastic wells (96-well microtiter plates) were coated with 0.5 pg HSPG per well and subsequently

incubated with 1.5 pg LPL per well, exactly as described above. After washing the plates two times

with ice-cold PBS, the binding ol VLDL to HSPG-bound LPL was determined by incubating the plates
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for 2 hours at 4"C with the indicated amounts of '"|-labeled VLDL, either in the presence or absence of

a 2o-fold excess of unlabeled VLDL. Thereafter, the plates were washed two times with ice-cold PBS

containing 0.1% (w/v) BSA, and subsequently washed with PBS without BSA. The'"|-labeled VLDL

bound to the HSPG-LPL complex was dissolved in 0.2 N NaOH for quantitation of the binding. High

affinity binding was calculated by subtracting the amount of labeled VLDL that was bound to the

HSPG-LPL complexes after incubation in the presence of a 20{old excess of unlabeled VLDL

(aspecific binding) from the amount of labeled VLDL that was bound in the absence of unlabeled

VLDL (total binding).

Binding of LPL

To measure the amount of LPL binding in the HSPG-LPL coated wells, LPL was iodinated as

described above. Wells were incubated with 0.5 Ug HSPG for 18 hours at 4'C, washed three times

with PBS and subsequently blocked for '1 hour at 37"C with PBS containing 1% (wlv) essentially FFA-

free BSA. Then, the wells were incubated with 1.5 pg "ul-labeled LPL diluted in Tris-glycerol buffer for

t hour at 4'C. Thus, the pretreatment of the wells was performed exactly as described for the lipolysis

assay with HSPG-bound LPL, with the exception that ''5|-labeled LPL was used. After washing the

wells three times with ice-cold PBS, the "ul-labeled LPL was dissolved in 0.2 N NaOH for quantitation.

Of the initially added 1500 ng LPL, only 40 ng LPL proved to bind to the HSPG-coated wells (2.7%).

Similar results were obtained when heparin was used to release LPL from the wells instead of 0.2 N

NaOH.

Results and Discussion

The present study was performed to develop an in vitro lipolysis assay using HSPG-

bound LPL. The limited number of reports in literature describing a lipolysis assay

with immobilized LPL used heparin-Sepharose columns as adhesive surface for

LPL5.. Since this design has been shown to be technically difficult and poorly

reproducible, we used plastic microtiter plates as adhesive surface for coating with

HSPG and LPL, subsequently.

The first objective was to determine the optimal incubation conditions for

coating. Therefore, wells were incubated with increasing concentrations of HSPG

(ranging from 0-3 pg/well) and LPL (ranging from 0-5 pg/well). As shown in Figure 2,

the FFA release increases with increasing amounts of HSPG, but at HSPG-

concentrations greater than 0.1 pg/well, lipolysis reaches a plateau indicating

saturation. From Figure 2 it is also obvious that lipolysis increases with increasing

LPL concentrations in the second incubation step, showing saturation at an LPL

concentration above 1.0 pg/well. All subsequent lipolysis experiments were carried

out in the saturated parts of the curves, using an HSPG concentration of 0.5 pg/well

in the first incubation step and an LPL concentration of 1.5 pg/well in the second

steP.
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Figure 2. Delerminolion of optimol incubotion conditions to study lipolysis of
VtDt by HSPG-bound [P[
Plotes were incuboted with increosing concentrotions of HSPG ond woshed
3 times with PBS to remove unbound HSPG. Subsequently, the wells were
incuboted with lolo BSA in PBS to block nonspecific binding sites, Then, the
plotes were incuboted with different omounts of LPL os indicoted, Plotes
were woshed 3 times to remove unbound LPL ond the lipolysis wos storted
by odding control VLDL (TG L0 mmol/L) to the preconditioned well. After l0
min, the reoction wos stopped by the oddition of l% Triton X-.l00. Free fotly
ocid releose represents meon + SD for wells meosured in triplicote,

To determine the VLDL binding characteristics under these conditions,

preconditioned wells were incubated with increasing concentrations of ''ul-labeled

VLDL. Figure 3 clearly demonstrates that VLDL binds to the HSPG-LPL complexes

of the preconditioned wells, whereas in the absence of LPL, VLDL binds very poorly

to the HSPG-coated wells. This indicates that the current lipolysis assay represents

lipolysis of VLDL after binding to immobilized LPL.
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Figure 3. Binding curve of ''ul-lobeled VtDt io HSPG-bound LPI (o) ond HSPG
olone (n)
After cooting with 0,5 Ug/well HSPG, ospecific binding sites were blocked
with PBS,I% BSA ond treoted with 

.l.5 pg LPL or 0 pg LPL per well, respectlvely.
Plotes were then incuboted for 2 hours of 4'C with different omounts of '"1-
lobeled VLDL os indicoted, either in the presence or obsence of o 2O-fold
excess of unlobeled VLDL. High offinity binding to HSPG-LPL (o) wos
colculoted by subtrocting the omount of lobeled VLDL thot wos
ospecificolly bound to the HSPG-LPL complexes (o) from the omount of
lobeled VLDL thot wos bound in the obsence of unlobeled VLDL (totol
binding) (o). VLDL binding to HSPG-bound LPL is expressed os nonogroms of
lipoprotein per well, Eoch volue represents meon r SD of triplicote
meosurements,

ln order to assess kinetic parameters of the novel lipolysis assay and compare

these with the conventional assay, lipolysis experiments with HSPG-bound LPL and

LPL in solution were carried out with increasing concentrations of VLDL-TG. Figure 4

shows the respective lipolysis curves. The apparent K. values, as calculated by

Lineweaver-Burk analysis, of the lipolysis assay with LPL in solution and HSPG-
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bound LPL are 0.20 t 0.03 mmol/L and 0.36 t 0.11 mmol/L VLDL-TG, respectively.

The apparent V,", values of the lipolysis assay with LPL in solution and HSPG-bound

LPL are 80 t 3 pmol FFA/L.min and 46 ! 4 pmol FFA/L.min, respectively. Thus, the

conventional assay with LPL in solution yields a lower K, and higher V-", value

compared with the novel assay with HSPG-bound LPL, which is in agreement with

previous studiesu. Since lipolysis kinetic studies are performed preferably with

substrate concentrations in the K^ range, subsequent lipolysis experiments were

performed in the VLDL-TG range of 0.2-0.6 mmol/L.

2.0 2.5

VLDL-TG (mM)

Figure 4. Lipolysis expeilments with HSPG-bound [Pt (o) ond LPL in solution
(o) were conied out wilh increosing concenlroiions of VtDt-TG
With regord to the lipolysis ossoy with HSPG-bound LPL, wells were
preconditioned with HSPG ond LPL (see Methods), woshed ond
subsequently incuboted with vorious omounts of VLDL-TG in the presence
of 1o/" BSA for '10 min of 37"C. The lipolysis ossoy with LPL in solution wos
performed by incuboting VLDL-TG somples with LPL in solution for 6 min ot
37"C, The reoctions were stopped by oddition of Triton X-.l00, vortexing ond
cooling on ice. FFA concentrotions were determined in triplicote.
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To determine whether under these assay conditions HSPG-LPL mediated

lipolysis of VLDL occurs by LPL molecules that bound specifically to HSPG,

preconditioned wells were incubated with heparinase in order to hydrolyze heparan

sulfates''". As shown in Figure 5, treatment of HSPG-LPL coated wells with

heparinase reduced lipolysis to approximately 10% of the normal lipolysis rate. These

results indicate that at least 90% of the LPL activity is indeed derived from LPL

bound to heparan sullate chains.

' 0.2 mM 0.4 mM 0.6 mM

VLDL-TG (mM)

Figure 5. Eflect ol heporinose lreolmeni on HSPG-LPL medioted lipolysis
HSPG-LPL cooted plotes were incuboted with PBS contoining heporinose I/lll
(block bors), or PBS without heporinose (grey bors) ot 37"C for 20 min, Then,
the wells were woshed three times, Lipolysis wos corried out by incuboting
VLDL ot three different VLDL-TG concentrotions for l0 min ot 37"C.

It is known that LPL can detach from endothelium during lipolysis'o''u. To check

whether LPL would detach from the HSPG-complexes in the presence of VLDL, the

following control experiment was performed. Wells were preconditioned with HSPG

and "ul-labeled LPL, and subsequently incubated in the presence or absence of

VLDL (see Methods). After washing the wells, the remaining amount of ''ul-labeled

LPL was released from the HSPG-complexes for quantitation. No differences were

noted between the wells incubated with VLDL-TG and the wells incubated with the

lipoprotein{ree buffer alone (data not shown). Thus, incubation of HSPG-LPL coated
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wells with VLDL does not result in detachment of LPL from the HSPG-complexes

under the conditions applied.

Ioble l. Reproducibility ond biologicol voilotion of VLDL-TG lipolysis using

HSPG-bound LPL

Storoge of -80'C
(weeks)

Control subjects

(n=4)

VLDL-

TG

CV. DA CV

mmol/L

o.20

0.40

0,60

mmolFFA/L

0.r9 0.16 0,16

0.33 0.27 0.29

0.42 0.40 0.4r

7o mmolFFA/L 7,

I I O.22 0.15 0.17 0.22 t8

t0 0.35 0.24 0.24 0,34 21

3 0.u 0,35 0.31 0,42 15

Lipolysis rotes ore expressed os mmol FFA/L ofter l0 min incubotion in HSPG-LPL
cooted wells.
CV. indicotes inter-ossoy coefficient of vorionce; ond CV,,, inter-individuol coefficient
of vorionce.

To test the reproducibility of the lipolysis assay, repetitive lipolysis experiments

were performed with VLDL, isolated from a healthy normolipidemic subject. The first

lipolysis experiment was carried out with freshly isolated VLDL; the second and third

experiment with VLDL isolated from the same serum but stored for 1 and 4 weeks at

-80"C (see Methods). Nearly identical rates of FFA release were observed in the

three consecutive experiments (Table 1). The inter-assay coefficients of variance

ranged from 3 lo 11"/", depending on the substrate concentration used. Thus, the

lipolysis assay with HSPG-bound LPL appears to be reproducible and storage at -
80'C under well-defined conditions does not affect lipolysis rates. lnter-individual

variation in lipolysis was assessed by performing lipolysis experiments with separate

VLDL samples, isolated from four normolipidemic apoE3 homozygous subjects. The

mean inter-individual coefficient of variance was calculated to be 18% (Table 1). The

intra-assay coefficient of variance was 5%. Although the variation between different

lipolysis experiments (inter-assay coefficient of variance) is acceptable, it is

recommendable to use an internal standard in each series of lipolysis experiments,
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e.g. a plasma pool stored at -80'C after cryopreservation from which VLDL can be

isolated for each new series of lipolysis experiments.

The potential benefits of this novel lipolysis assay over the conventional assay

with LPL in solution remain to be established. However, preliminary results indicated

that VLDL isolated from patients with different apoE mutations show different lipolysis

efficiencies by HSPG-bound LPL which are paralleled by ditferences in binding of

VLDL to the HSPG-LPL complex". ln contrast, the conventional lipolysis assay with

LPL in solution did not detect differences in lipolysis. Thus, the current assay with

HSPG-bound LPL may provide the proper experimental tool to detect differences in

lipolysis efficiency if an altered interaction between VLDL and HSPG-LPL complex is

expected. This may be the case in endogenous hypertriglyceridemia. ln vitro lipolysis

experiments with hypertriglyceridemic VLDL using LPL in solution did not

demonstrate an impaired lipolysis compared with VLDL isolated from healthy

subjects". However, since apoE and apoC may modulate the binding of triglyceride-

rich lipoproteins to heparan sulfate", it is speculated that in patients with endogenous

hypertriglyceridemia, whose VLDL contain an increased apoC content per particle, a

reduced binding to HSPG-bound LPL and therefore a reduced lipolysis efficiency

may be expected. The currenl assay with HSPG-bound LPL may provide the proper

experimental tool to address this issue in the future.

The current lipolysis assay with HSPG-bound LPL presents a simple method

to study lipolysis of VLDL. An important improvement is the preserved interaction

between VLDL, LPL and HSPG. Although this system shows a better resemblance to

lhe in vivo situation than the conventional assay with free LPL, there are still some

important differences. FFAs and other lipolysis products can not be disposed into the

underlying tissue but remain in the proximity of the enzyme-substrate complex. ln

addition, LPL is bound to HSPG alone whereas in the normal situation, LPL is bound

to different proteoglycans and non-proteoglycan LPl-binding proteins'u'". A lipolysis

assay using LPL bound to endothelial cells, as has been described by Saxena et

al.'o, therefore has theoretical advantages over the present cell{ree system with

HSPG-bound LPL. However, several practical problems have to be solved before this

concept of endothelial-bound LPL can be used for measuring the kinetics of VLDL-

TG lipolysis. ln particular the exact number of cells in the system over a longer period
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of time (months to years) and the time- and cell phase-dependent expression of

extracellular matrix proteins may affect the reproducibility of the assay31.

We conclude that the current lipolysis assay presents a simple and

reproducible method to study lipolysis of VLDL, whereby the interaction between

VLDL, LPL and HSPG is preserved.
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Abstract
Lipoprotein lipase (LPL) is bound to heparan sulphate proteoglycans (HSPG) at the

luminal surface of endothelium. lt is the key enzyme involved in the hydrolysis of very

low density lipoproteins (VLDL). Prior to lipolysis by LPL, the lipoproteins are

considered to interact with vessel wall HSPG. Apolipoprotein (apo) E is thought to

mediate this interaction thereby enhancing the stability of the lipoprotein-LPL

complex. We hypothesize that apoE mutations may cause a diminished interaction of

VLDL with HSPG leading to impaired lipolysis of VLDL by HSPG-bound LPL. ln order

to test this hypothesis, lipolysis experiments were performed using HSPG-bound

LPL. The mean lipolysis rates of VLDL, isolated from the apoE2 (Lys146-+Gln)

heterozygotes, apoE2 (Arg158-+Cys) homozygotes and apoE3-Leiden

heterozygotes were 92.3 t 10.3% (ns),77.3 t4.2o/" (P< 0.05) and76.7 t 10.0% (P

< 0.05), respectively, of that of control VLDL (100.0 t 9.7"/"). No differences in

lipolysis were observed between VLDL from controls and VLDL from the same

patients if LPL in solution was used. Thus, compositional differences alone can not

explain the differences in lipolysis rates observed with HSPG-bound LPL. ln
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competition experiments, the binding efficiency to HSPG-LPL of VLDL from the

apoE2 (Lys146-+Gln) heterozygotes, apoE2 (Arg158-+Cys) homozygotes and

apoE3-Leiden heterozygotes was 63% (ns), 41% (P < 0.05) and 35% (P < 0.05),

respectively, of that of control VLDL (100%). We conclude that VLDL isolated from

apoE2 homozygotes and apoE3-Leiden heterozygotes display decreased lipolysis by

HSPG-bound LPL due to a defective binding of these lipoproteins to the HSPG-LPL

complex.

lntroduction
Lipoprotein lipase (LPL, EC 3.1.1.34) is the key enzyme involved in the hydrolysis of

chylomicron and very low density lipoprotein (VLDL) triglycerides. After synthesis in

parenchymal cells, LPL is secreted and transported across the endothelium where it

binds to heparan sulphate proteoglycans (HSPG) at the luminal surface of endothelial

cells. To allow interaction in vivo of triglyceride-rich lipoproteins (TRL) with

endothelium-bound LPL and subsequent lipolysis, the particle has to reside

transiently at the HSPG-LPL complex. Apolipoprotein (apo) E, exposed at the surface

of the lipoprotein particle, is considered to play an important role in the binding of

VLDL to vesselwall proteoglycans (for reviews see references 1 and 2).

ApoE is a major apolipoprotein constituent of all lipoproteins except low

density lipoproteins. There is substantial evidence that apoE plays an important role

in lipoprotein metabolism by functioning as a ligand in receptor-mediated remnant

removal'''. ln humans, the catabolism of chylomicron- and VlDl-remnants deranges

if apoE is absent or defective in its binding, presenting lipid abnormalities referred to

as type lll HLP or familial dysbetalipoproteinemia (FD)"u. Several mutations in the

APOE gene are associated with FD'. Over 90% of the patients with FD are

homozygous for the apoE2 (Arg158-+Cys) allele. However, only 4/" of all apoE2

homozygotes develop FD''n. Thus, expression of FD not only requires homozygosity

for the APOE.2 (Arg158--+Cys) allele but also additional genetic and environmental

factors. Mutations in or in the vicinity of the receptor-binding domain of apoE, which

encompasses residues 130-150, result in dominantly heritable forms of FD with a

high penetrance'o-'0.
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It is not clear why apoE2 homozygosity shows a penetrance much lower than

that of the dominant variants, whereas the binding of the apoE2varianl to the LDL

receptor is very low compared with the dominant apoE mutants'u-'n. No correlation

has been noted so far between the severity of the HLP and LDl-receptor binding

defect of apoE variants. Ji et al.'o studied the binding affinity of apoE variants to

HSPG and found that normal apoE3 binds well to HSPG, whereas the apoE2

(Arg158-+Cys) variant also binds to HSPG, but to a lesser extent than apoE3. The

apoE variants associated with a dominant mode of inheritance showed poor binding

to HSPG, whereby apoE3-Leiden showed the most severe binding impairment.

lnterestingly, a correlation was observed between the mode of expression of FD and

the impairment of binding to HSPG',, a finding which is confirmed by others''.

However, it remains to be established whether this correlation also can be observed

when assayed under physiological conditions. ln the studies mentioned above'u''.,

rabbit B-VLDL was enriched with the respective apoE variant of interest, generating

VLDL particles containing abnormally high amounts of the apoE variant at the

expense of endogenous apoE. This is highly unphysiological compared with

heterozygosity for an apoE mutation, where the presence of normal apoE may

compensate for the defective binding of its mutant counterpart.

Ji et al.'o suggested that in the carriers with various apoE mutations a defective

binding to HSPG may have impact on the lipolytic processing of VLDL of these

subjects. This hypothesis is sustained by our recent finding of an impaired in vivo

lipolysis of VLDL in APOE.3-Leiden transgenic mice". However, this hypothesis has

not been tested by an in vitro lipolysis assay using HSPG-bound LPL. ln the present

study, we found that the lipolysis by HSPG-bound LPL was decreased for VLDL

isolated from FD subjects with different apoE variants compared with VLDL from

apoE3 homozygous control subjects. These differences were not observed if the

lipolysis experiments were carried out with LPL in solution. Parallel binding

experiments suggest that differences in binding affinity of these VLDL samples to the

HSPG-LPL complex may account for the observed differences in lipolysis rate.

Methods
Subjects
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Eight normolipidemic apoE3 homozygous controls, four apoE2 (Arg158-+Cys) homozygous patients,

four patients with heterozygosity for the APOE.2 (Lys146-+Gln) allele and four heterozygous patients

carrying the APOE.3-Leiden allele were included in this study. All patients were recruited from the
outpatient lipid clinic of the Leiden University Hospital and were classified as having a lipoprotein
profile characteristic for FD'. All heterozygous apoE2 (Lys146+Gln) and apoE3-Leiden patients
carried the APOE.3 allele as second allele, except one apoE3-Leiden patient who carried APOE.2 as
second allele. Three out of four apoE3-Leiden patients, and one out of four patients ol both the apoE2
(Arg158-+Cys) and apoE2 (Lys146-+Gln) group were currently on HMG-CoA reductase inhibitor
therapy. For ethical reasons, medical therapy was not discontinued. lnformed consent was obtained
from all participants.

Lipids and Lipoproteins
Venous blood was collected after an overnight fast. Serum was obtained after centrifugation at 1500 g
for 15 min at room temperature. VLDL was isolated by ultracentrifugation as described by Redgrave et
a1.". Protein content of the VLDL samples was determined by the method of Lowry et a1.".

Triglyceride, total cholesterol, phospholipid and free cholesterol content of the VLDL fractions was
measured enzymatically using commercially available kits (Boehringer, Mannheim, Germany).
Cholesteryl ester (CE) content was calculated by subtracting the concentration free cholesterol from
the concentration total cholesterol. VLDL diameter was determined by photon correlation spectroscopy
using a Malvern 4700 C system (Malvern lnstruments, UK). Measurements were performed at 25'C
and a 90o angle between laser and detector. Particle number was calculated from the total lipoprotein
mass and particle diameter, with the assumption that the particles were spherical in shape and their
density was 1.006 g/mL. ApoE levels were determined using an enzyme-linked lmmunosorbent assay
(ELISA) as described belore'.. ApoE phenotyping was performed by isoelectric focusing according to
Havekes et al.'u.

Lipoprotein Lipase
LPL was purified from fresh bovine milk as described previously'u. The isolated fraction was
resuspended in 20 mmol/L NaH,POo, 50% glycerol and stored in aliquots at -80'C. lsolated LPL was
analyzed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE, 4-20"/.)".
Proteins were stained with Coomassie Brilliant blue or transferred to nitrocellulose membranes
(Schleicher and Schuell, Dassel, Germany). Blots were incubated with monoclonal antibody 5D2
(prepared by Brunzell et al.'u, University of Washington, Seattle), and rabbit anti-mouse lgG
conjugated to peroxidase (DAKO, Glostrup, Denmark) was used as second antibody. The specific
activity of the isolated LPL was 10.9 pmol FFA.min''.mg protein '.

Assay of Lipolysis with Heparan Sulphate Proteoglycan-Bound Lipoprotein Lipase
Heparan sulphate proteoglycans (HSPG), isolated from basement membrane of mouse sarcoma cells,
were purchased from Sigma (H 4777, Sigma Chemicals, St. Louis, MO). The lipolysis experiments
using HSPG-bound LPL were performed in 96-well microtiter plates (Greiner GmbH, Frichenhausen,
Germany). The wells were incubated with 0.5 pg HSPG in 75 pL PBS for 18 hours at 4'C. Aspecific
binding sites were blocked by incubation with 1% (w/v) essentially free fatty acid (FFA) free bovine
serum albumin (BSA) (Sigma) in 100 pL PBS for t hour at 37"C. Subsequently, the wells were
incubated with 1.5 pg LPL in 75 pL Tris-glycerol buffer (0.1 mol/L Tris, 20% (v/v) glycerol, pH 8.5) for 1

hour at 4"C. Unbound LPL was removed by washing the plates three times with Tris-buffer (0.1 mol/L
Tris, pH 8.5). Subsequently, lipolysis was started by adding 50 pL VLDL-TG at a final concentration of
0.2,0"4, and 0.6 mmol/L, to the preconditioned well in the presence ot 1"/" (w/v) essentially FFA-free
BSA and placing the plate in a shaking incubator at 37'C. The reaction was stopped after 10 min by
the addition of Triton X-100 (1% (v/v), final concentration) (Merck, Darmstadt, Germany), in Tris-buffer
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(pH 8.5), vortexing and cooling on ice. FFA concenfations were determined in triplicate using the

commercially available NEFA-C kit (WAKO Chemicals, Neuss, Germany).

Assay of Lipolysis with Lipoprotein Lipase in Solution
The VLDL samples were diluted in 0.1 mol/L Tris (pH 8.5), 1% (Mv) essentially FFAJree BSA. The

incubation was started by adding 0.28 pg LPL in 10 pL Tris-buffer (0.1 mol/L Tris, pH 8.5) to 100 pL

VLDL-TG, followed by vortexing and incubation in a shaking waterbath at 37'C. The reaction was

stopped after 6 min by the addition of Triton X-1 00 (1% (v/v), linal concentration), vortexing and

cooling on ice. A blank sample was obtained by adding Triton prior to the addition of LPL and

maintenance on ice. FFA concentrations were determined in duplicate. The rate of FFA release by

LPL was linear for 6 min in this assay. Lipolysis was performed with three VLDL-TG concentrations in

the range 0.2-0.6 mmol/L, which is in the range of the apparent K. value.

Binding Assay
ln order to perform competition experiments, normal VLDL from homozygous apoE3 subjects was

iodinated using the "ul-iodine monochloride method of Bilheimer et a|.". '"'l-iodide (specific activity

15.5 mOi/pg) was purchased from Amersham (Buckinghamshire, UK). After iodination, VLDL was

dialyzed extensively at 4'C against PBS for 24 hours and thereafter stabilized with 1% (w/v) BSA

(fraction V, Sigma). The specific radioactivity ranged from 150-200 cpm/ng of protein. The stabilized

'"|-labeled VLDL was stored at 4oC and used within two weeks.

Plastic wells (96-well microtiter plates) were coated with 0.5 pg of HSPG per well and

subsequently incubated with 1.5 pg LPL per well, exactly as described above. After washing the plates

two times with ice-cold PBS, the binding of '"|-labeled E3E3 VLDL to HSPG-bound LPL was determi-

ned by incubating the plates for 2 hours on ice with 10 pg/ml of ''ul-labeled VLDL in the presence of

increasing amounts of unlabeled VLDL of interest as competitor. Thereafter, the plates were washed

two times with ice-cold PBS containing 0.1% (w/v) BSA, and, subsequently, washed once with PBS

without BSA. The ''ul-labeled VLDL bound to the HSPG-LPL complex was dissolved in 0.2 N NaOH for

quantilation of the binding. The concentration of competitor VLDL protein required to displace 50% of

'"ul-labeled VLDL (lC*-value) was calculated by logit-log plot analysis in order to estimate the binding

affinity of competitor VLDL to the HSPG-LPL complex.

Statastical Analyses
Results are presented as mean t SD. Mean differences between the groups were calculated with the

Mann-Whitney test. Correlation analysis was performed using the Spearman rank correlation analysis.

Statistical analyses were performed with SPSSWIN 6.0 (SPSS, Chicago, lL).

Results
Lipids and Lipoproteins

At time of study entrance (Table 1), the groups were comparable with regard to age

and BMl. Serum cholesterol and triglyceride levels were significantly higher in the FD

patients compared with the control subjects. No significant difference was found in

the serum HDl-cholesterol concentrations, although there was a tendency to lower

concentrations in the three patient groups. Serum lipid levels were lower in the group

of apoE3-Leiden heterozygotes compared with the apoE2 homozygotes and apoE2
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(Lys146-+Gln) heterozygotes due to the fact that three out of four patients were

receiving lipid-lowering medication. With regard to lipoprotein composition, VLDL

particles from the FD subjects are cholesterol-enriched as expected (Table 2). The

phospholipid and protein content did not differ widely between the groups. ln the

patient groups, the number of apoE molecules per VLDL particle was significantly

higher than in the control group. No significant differences in VLDL composition were

observed between statin-treated and untreated FD patients, nor between male and

female FD patients.

Toble L Potient chorocteristics ol study enironce

Subjects n Age Sex BMI Chol TG HDL-C

Conlrols

E3E3

FD

E2 (r58)

E2 (146)

E3L

yeors

8 4718

FIM kg/m mmol/L

0.85 r 0.14 I .32 r 0.15 Ol8ol8 24.0 !2,9 4.33 r 0.58

4 55 r 6 113 26.7 t3.2 6.90 t r.38. 4.66 x2.19. 0.9610.34 114

4 39t14 llS 24,1r33 9.34r3.38. 5.64x3,37. 1.O2tO.24 114

4 44!13 212- 24.5r2.6 5.79!0.66. 2.47 !0.96. t.t2t0.t3 314

BMI indicotes body moss index; Chol, cholesterol; TG, triglyceride; HDL-C, high density
lipoprotein cholesterol; F, femole; M, mole; Med, number of potienis on HMG-CoA
reductose inhibitor theropy; E2 (158), opoE2 (Arg158-+Cys); E2 (.l46), opoE2
(Lysl46-+Gln); ond E3L, opoE3-Leiden. Volues ore presented os meon + SD.
-P < 0.05, compored wiih the conesponding volue in control subjects (Monn-
Whitney).

Lipolysis of VLDL Samples

The amount of VLDL triglycerides, required to perform the lipolysis experiments, was

not achieved in all VLDL isolations. Therefore, lipolysis experiments were carried out

with six out of eight controls, three out of four apoE? (Arg158-+Cys) homozygotes, all

four apoE2 (Lys146-+Gln) heterozygotes and three out of four apoE3-Leiden

heterozygotes. Table 3 shows the results of the lipolysis experiments using both

HSPG-bound LPL and LPL in solution. ln case of HSPG-bound LPL, for all VLDL

triglyceride concentrations applied, the lipolysis rates of VLDL, isolated from the

apoE2 (Arg158-+Cys) homozygotes and apoE3-Leiden heterozygotes were

significantly lower than that of control VLDL. VLDL isolated from the apoE2
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(Lys146+Gln) heterozygotes showed a tendency to a lower lipolysis efficiency, that

did not reach statistical significance.

Toble 2. Lipid composiiion ond omount of opolipoplotein E per VIDL porticle

Subjects n TG FC CE PL P Chol/TG APoE-

rotio

Controls o/o of totol lipoprotein moss mol/mol mol E/VLDL

E3E3 8 44t4 5+l 9t2 25t4 17+4 0,76t0..l8 0.92r.0,25

FD

E2(158) 4 40+4 Srlt l6r3t 23t1 l3llt .|.35t0.281 3.80t0.651

E2(146) 4 38i5 7 +3 l6t5t 24!1 14t0 1.44ro.40t 4.67 r.1.78t

E3L 4 38r3t 8r lt l5r lt 24+2 16!2 1.3810,22t .l.73t0.36t

TG indicotes triglyceride; CE, cholesteryl ester; FC, free cholesterol; PL. phospholipid;
P. protein; Chol. cholesterol; E2 (.l58), opoE2 (Arg158-+Cys); E2 (146), apoE2
(Lysl46-+Gln); ond E3L. opoE3-Leiden.
Volues ore presented os percentoge of totol lipoprotein moss (mg/dl; sum of
TG+FC+CE+PL+P).
-Presented os number of opoE molecules per VLDL porticle.

tP < 0.05, compored with the corresponding volue in control subjects (Monn-

Whitney).

Studying the lipolysis rates using LPL in solution, no significant differences in

lipolysis rate were observed between VLDL, isolated from control subjects, and VLDL

from the patients carrying the different apoE variants (Table 3). These results were

not affected by differences in treatment and sex distribution between the study

groups.

Binding of VLDL to HSPG-Bound Lipoprotein Lipase

Competition experiments were performed to compare the binding of VLDL isolated

from apoE2 homozygotes, apoE3-Leiden carriers and apoE2 (Lys146-+Gln) carriers

to that of VLDL from normolipidemic apoE3 homozygotes. Since the amount of

isolated VLDL was not sufficient in all cases, binding experiments were carried out

with VLDL isolated from six out of eight apoE3 homozygotes, all four apoE2

(Arg158-+Cys) homozygotes, three out of four apoE2 (Lys146-+Gln)and three out of

four apoE3-Leiden carriers.
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Ioble 3. lipolysis ]otes of E3E3 VLDL, E2E2 VtDt ond VIDL from opoE2

(Lysl46-+Gln) ond opoE3-Leiden heterozygous coniers

E3E3

n=6

E2 (158)

n=3

E2 (146)

n=4

E3L

n=3

HSPG-bound LPt

0.2 mmol/L VLDL-TG

0,4 mmol/L VLDL-TG

0.6 mmol/L VLDL-IG

Meont

LPL in solulion

0.2 mmoUl VLDL-TG

0.4 mmol/L VLDL-TG

0.6 mmol/L VLDL-TG

Meont

.l00.0 r 8.9
.l00.0r ll.7
I00,0 t .l0.2

100.0 t 9.7

.l00.0 r 6,9

.l00.0 r 3.1

100.0 t 3,8
.l00.014.6

78.9 !2.3.
79.2+ 4.1*

74.3 L 4.7.

77.3 + 4.2.

98.2 r 0.8

96.2!O.9
.l0.l.4 r 6,3

98.7 !4.2

92.2 t 11.0

93,t r 10.6

91.6 ! 12.4

92.31 10.3

95,7 r 5.1

90.6 t 6,6

98.1r4.0

94.81 5.8

77.1 ! 10.5.

78.4 t 11.4.

74.5 r 12.1-

76.7 x 10.0.

98.3 r 7.3

91.8 I 8.5

96.61 r 1.5

95.8 r 5.7

E2 (158) indicotes opoE2 (Arg158-+Cys); E2 (146), opoE2 (Lysl46-+GIn); ond E3L,
opoE3-Leiden.
Lipolysis rotes ore presenied os meon FFA releose (% of FFA releose from normol E3E3
VLDL) ofter l0 min incubotion in HSPG-LPL cooted wells or 6 min incubotion with LPL

in solution, respectively. Eoch volue represents meon t SD.

tMeon lipolysis rotes were colculoted from the respective individuol lipolysis rotes..P < 0.05, compored with the conesponding volue in control subjects (Monn-
Whitney).

As shown in Figure 1, VLDL from the three apoE variant groups is less

efficient in competing with ''ul-labeled VLDL for the binding to HSPG-bound LPL than

VLDL from apoE3 homozygous controls. The lCuo-values of VLDL from apoE2

(Arg158-+Cys) homozygotes and apoE3-Leiden carriers were significantly greater

than that of control VLDL (Table 4). The lCuo-value of VLDL from apoE2

(Lys'146-+Gln) carriers was slightly higher than that of control VLDL, but did not

reach statistical significance. Comparable results were obtained after correction for

differences in treatment and sex.

Discussion
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Several studies have been performed to investigate which factors determine the

expression of FD in various apoE mutations. Besides the defect in binding affinity to

the LDL receptor, the impairment of apoE variants to bind to HSPG is suggested to

be one of these factors"''.. Since HSPG also play an important role in lipolysis of

VLDL /n vivo by anchoring LPL to the endothelium, we hypothesized that the

presence of mutant apoE on VLDL

particles may result in a defective

binding to HSPG-bound LPL and,

subsequently, impaired lipolysis.

ln order to test this

hypothesis, VLDL samples

containing different apoE variants

were subjected to lipolysis using

HSPG-bound LPL. Three different

apoE variants were selected. ApoE2

(Arg158+Cys) and apoE3-Leiden

were chosen because of a reduced

binding affinity of these apoE

variants to HSPG'.. ln this respect,

apoE2 (Lys146-+Gln) has not been

-80o
coo
E60
-oo\
CD
trE40
.g
to

01020304050
Competitor (pg protein/mL)

Figure I. Competilion of E3E3 V[DL, E2E2 VLDL ond VIDL isoloted from opoE3-
Leiden ond opoE2 ([ysl46+Gln) corriers with ''ul-lobeled E3E3 VLDI for the
binding to HSPG-bound IPL
After incubotion with 0.5 Ug HSPG ond 

.l.5 
Ug LPL, wells were incuboted for 2

hours ot 4"C with l0 ug/ml of ''ul-lobeled E3E3 VLDL in the presence of the
indicoted omounts of unlobeled E3E3 VLDL (O), E2E2 VLDL (tr), opoE3-
Leiden VLDL (o) ond opoE2 (Lysl46-+Gln) VLDL (I), Volues represent the
binding expressed os percentoge of the control binding, which is the binding
in the obsence of unlobeled lipoprotein (.l00%). Eoch volue represents meon
r SD, Binding of eoch VLDL somple wos corried out in triplicote ot oll
concentrotions opplied,

studied before, although a reduced heparin binding of an other mutation at the 146

position, the apoEl (Lys146-+Glu) mutation, has been reported previously". ln
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addition, it has been found that lhe 142-147 amino acid region of apoE contains a

heparin binding site'..

Toble 4. Binding offinity of E3E3 VLDL, E2E2 VLDL ond VLDL from opoE2

(Lysl45--+Gln) ond opoE3-leiden helerozygous corriers

Subjects n lC50 Binding offinity

Conilols

E3E3

FD

E2 (r58)

E2 (146)

E3L

4
a

3

ug/mL

7 .4 !2.1

.l8.0 
+ 4..l-

11 .8 ! 4.2

2O.9 + 9.7.

otlo

r00

41*

63

35.

E2 (158) indicotes opoE2 (Arg158-+Cys): E2 (146), opoE2 (Lysl46-+Gln); E3L, opoE3-
Leiden; ond 1C50, concentrotion of VLDL competitor required to disploce 50P/o '"1-
lobeled E3E3 VLDL os colculoted by logit-log plot onolysis.
Binding offinity is presented os lC50 control/|C5O potient * .l00"/o.

Eoch volue represents meon + SD,
-P < 0.05, compored with the corresponding volue in control subjects (Monn-
Whitney).

Lipolysis experiments were performed at VLDL-TG concentrations around the

apparent K. values of both assays (0.20 mmol/L and 0.36 mmol/L VLDL-TG for the

LPL in solution and HSPG-bound LPL assay, respectively). While lipolysis by LPL in

solution did not show differences in lipolysis rate between normal and apoE variant

VLDL, profound differences were observed using the lipolysis assay with HSPG-

bound LPL.

Complementary to the lipolysis experiments, binding experiments were carried

out. VLDL from apoE2E2 subjects showed a binding affinity ol 41'/" of normal VLDL

(Table 4), which is in close comparison with other studies"''.. ApoE3-Leiden VLDL

has been reported to show severely impaired binding to HSPG compared with apoE2

(Arg1SB-+Cys)". However, the present study (Table 4) indicates that, in comparison

to control VLDL, apoE3-Leiden VLDL is almost equally defective in binding to HSPG-

LPL as apoE2 (Arg158-+Cys) VLDL. ln addition, our study shows that apoE2

(Lys146-+Gln) VLDL shows almost normal binding capacity, whereas others

observed an impaired binding for apoE variants with mutations in this region of the
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APOE gene'82.. These discrepancies can be explained by differences in experimental

design: (i) ln our study normal human VLDL was used, whereas others used

isolated, lipid-free apoE variants'' or isolated rabbit P-VLDL which was enriched with

the apoE variant of interest at the expense of normal apoE'o. The VLDL particles we

used in the present study contained physiological amounts of the apoE variant, and

normal amounts of apoE3 in case of heterozygosity. (ii) ln our experiments we

studied binding of VLDL to HSPG-LPL complexes rather than to HSPG or heparin

alone, which we consider as more relevant lor extrapolation to the in vivo situation.

We found that the presence of LPL in the binding assay stimulates the binding of

VLDL to HSPG with several orders of magnitude, due to bridging comparable to the

LPL-mediated stimulation of the binding of lipoproteins to cells''"'".

The presence of excess apoE on the VLDL particles isolated from the FD

patients may inhibit lipolysis. Rensen et al." studied the role of apoE in lipolysis by

enriching artificial lipid emulsions with recombinant apoE. Both in vitro and rn vivo an

inhibitory role of apoE in lipolysis could be demonstrated. However, their paper

should be interpreted with caution for several reasons. Lipolysis kinetics were carried

out with artificial chylomicron-like lipid emulsions which are different from normal

VLDL. These lipid particles were relatively large and did not contain apolipoprotein B.

ln addition, the particles were enriched with large amounts of apoE, up to 62 apoE

molecules per particle which is not a physiological concentration (normal human

VLDL contains approximately 1 apoE molecule per particle). From our results,

inefficient lipolysis by excess of apoE molecules per VLDL particle seems less

plausible, as presented in Table 2. We speculate therefore, that a defective binding

to the HSPG-LPL is the primary cause of the less efficient lipolysis of apoE-variant

VLDL, rather than differences in lipid or apolipoprotein composition of these VLDL

samples since lipolysis experiments with LPL in solution did not show differences.

Binding experiments showed the following hierarchy of binding: E3/E3 > E2

(Lys146-+Gln)/E3 > E2lE2 > E3-Leiden/E3, which is parallel to the respective

lipolysis rates by HSPG-bound LPL. Thus, a defective binding to the HSPG-LPL

complex seems to be responsible for the lower lipolysis rates of VLDL containing an

apoE variant. This is clearly illustrated in Figure 2 where the average lCuo-values and
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respective lipolysis rates of the four groups were found to be highly correlated

lC-50 (pg VLDL protein/ml)

Figure 2. Conelqiion between binding ond lipotysis of VLDL using on ossoy
with HSPG-bound LPL
lc5O-volues were colculoted by logit-log plot onolysis of the results from the
binding experiments (Toble 4). lC5O-volues ore presented os meon of the
corresponding opoE voriont group, Lipolysis rotes ore presented os meon
FFA releose t sD ofter l0 min incubotion in HSPG-LPL cooted wells (% of
control FFA releose),

(Spearman rank correlation coefficient -0.98, P < 0.05).

ln conclusion, VLDL isolated from apoE2 (Arg158-+Cys) homozygotes and

apoE3-Leiden heterozygotes display impaired lipolysis by HSPG-bound LPL. These

low lipolysis rates were paralleled by a defective binding of VLDL to the HSPG-LPL

complex, thereby confirming the importance of the interaction between VLDL and the

proteoglycan-LPL complex in VLDL metabolism.
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Chapter 7

Apolipoprotein E2 (Lys1 46-+Gln) Causes

Hypertriglyceridemia due to an Apolipoprotein E Variant-

Specific lnhibition of Lipolysis of Very Low Density

Li poprotei ns-Trig lycerides

Femke de Beer'2, Ko Willems von Dijk'. Miek C, Jong', Leonie C, von Vork'',

Andr6 von der Zee', Morien H. Hofker', rrits J. Follouxo, Rob C, Hoebeno,
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Abstract
The apolipoprotein E2 (Lys146-+Gln) variant is associated with a dominant form of

familial dysbetalipoproteinemia. Heterozygous carriers of this variant have elevated

levels of plasma triglycerides, cholesterol and apolipoprotein E (apoE). lt was

hypothesized that the high amounts of triglycerides in the very low density lipoprotein

(VLDL) fraction are due to a disturbed lipolysis of VLDL. To test this hypothesis, apoE

knockout mice were injected with an adenovirus containing the human APOE-2

(Lys146-+Gln) gene, Ad-E2(146), under the control of the cytomegalovirus (CMV)

promoter. ApoE knockout mice injected with an adenoviral vector encoding human

apoE3 (Ad-E3) were used as controls. Five days after adenovirus injection, plasma

cholesterol levels of mice injected with a high dose of Ad-E2(146) (2 x 10n plaque-

forming units) were not changed compared with preinjection levels, whereas in the

group who received a low dose of Ad-E2(146) (5 x 10u plaque{orming units) and in

the groups injected with a low or a high dose of Ad-E3, plasma cholesterol levels
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were decreased 5-, 6-, and 12{old, respectively. Plasma triglycerides were not

affected in mice injected with Ad-E3. ln contrast, a T{old increase in plasma

triglycerides was observed in mice injected with the low dose of Ad-E2(1a6)

compared with mice injected with Ad-E3. lnjection with the high dose of Ad-E2(1a6)

resulted in a dramatic increase of plasma triglycerides (50{old compared with Ad-E3

injection). ln vitro lipolysis experiments showed that the lipolysis rate of VLDLs

containing normal amounts of apoE2 (Lys146-+Gln) was decreased by 54%

compared with that of VLDLs containing comparable amounts of apoE3. The in vivo

VlDl-triglyceride production rate of Ad-E2(146)-injected mice was not significantly

different from that of Ad-E3-injected mice. These results demonstrate that expression

of apoE2 (Lys146-+Gln) causes hypertriglyceridemia due to an apoE variant-specific

inhibition of the hydrolysis of VLDL-triglycerides.

lntroduction
Apolipoprotein E (apoE) plays a key role in lipoprotein metabolism'. lt is a major

constituent of chylomicron and VLDL remnants and serves as a ligand for the

receptor-mediated uptake of these lipoproteins by the liver'''. Mutations in the APOE

gene can lead to an impaired clearance of remnant lipoproteins by the liver. This

metabolic disorder is known as familial dysbetalipoproteinemia (FD)nu. The

accumulation of atherogenic remnant lipoproteins (B-VLDL) in the plasma of FD

patients is associated with an increased risk for the development of atherosclerosiso.

ApoE is a polymorphic protein. ln humans, three major common isoforms are

found: apoE2, apoE3 and apoE4'. ApoE3 (Cys112; Arg158) is the most frequent

isoform and is considered the wild type. ApoE2 (Arg158-+Cys) and apoE4

(Cys112-+Arg) differ from apoE3 by single amino acid substitutions at position 158

and '112, respectively. More than 90% of all FD patients are homozygous carriers of

the apoE2 (Arg158-+Cys) variantu''. ln case of apoE2 homozygosity, FD is inherited

in a recessive fashion. On the other hand, FD is also associated with several rare

apoE variants that display a dominant inheritance pattern (for a review, see reference

8).

ln the Netherlands, two apoE variants with a dominant association of FD have

been found in >40 carriers: apoE3-Leiden (Cys112-+Arg;7 amino acid insertion) and
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Rall et al.''. Compared with apoE2 (Arg158-+Cys) homozygous FD patients and FD

patients with heterozygosity for apoE3-Leiden (Cys112--+Arg;7 amino acid insertion),

heterozygous carriers of apoE2 (Lys146-+Gln) display high plasma triglyceride (TG),

VLDL-TG and apoE levelsn. The increased lipid levels in apoE2 (Lys146-+Gln)

carriers are mainly associated with increased VLDL levels, whereas in apoE2

(Arg158-+Cys) homozygous FD patients the increased lipid levels are also

associated with elevated VLDL remnant levels''.

The receptor binding domain of apoE is located between amino acid residues

130 and 150. This region is important for binding to the LDL receptor'.. lt has been

shown that apoE2 (Lys146-+Gln)/phospholipid complexes display only =40% of the

binding activity of wild-type apoE3/phospholipid complexes''. Surprisingly, VLDL

isolated from heterozygous carriers of the apoE2 (Lys146-+Gln) variant does not

show a severe binding defect to the LDL receptor''''u. This suggests that the

underlying mechanism leading to the development of FD in heterozygous carriers of

the apoE2 (Lys146-+Gln) variant cannot be fully attributed to a binding defect of this

apoE mutant to the LDL receptor.

ln a previous study, we suggested that in APOE.2 (Lys146-+Gln) allele

carriers the conversion of VLDL into VLDL remnants is impaired due to an inefficient

lipolysis". To investigate the effect of human apoE2 (Lys146-+Gln) on lipoprotein

metabolism in vivo, without the confounding presence of the second normal APOE

allele, and to further elucidate the mechanism behind the development of FD in

subjects with this apoE variant, we used adenovirus-mediated gene transfer of apoE2

(Lys146-+Gln) in apoE knockout mice. We found that compared with the expression

of normal apoE3, the expression of apoE2 (Lys'l46-+Gln) resulted in a marked

increase in plasma TG levels due to an impaired lipolysis of VLDL-TGs.

Methods
Animals
Homozygous apoE knockout mice were generated previously'u. Mice were housed under standard

conditions with free access to water and food. For experiments, male mice aged 7 to 20 weeks were

included. All mice were fed an SRM-A diet (Hope Farms).
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Adenovirus Transfections
The apoE3 and apoE2 (Lys146-+Gln) expressing adenovirus vectors (Ad-E3 and Ad-E2(146),
respectively) were generated according to published methods using an adapter plasmid and pJM17''.
The adenoviral adapter plasmid pCMV-E3 was generated lrom the plasmid pCMVI 0 that supplies the
human adenovirus type 5 (Ads) 5-inverted terminal repeat, the AdS origln of replication, the Ad5
encapsidation signal, the CMV immediate-early promoter, the SV40 19s exon, the SV40 truncated
intron and a splice acceptor site. The adenoviral adapter plasmid pCMV-E2(146) was generated from

the plasmid pMLP-TK that supplies a poly-adenylation site and Ad5 sequences from map unit 9.2 to
16.9 to serve as a homologous recombination fragment. Both adenoviral adapter plasmids were kindly
provided by lntrogene BV (Leiden, the Netherlands). The human APOE.3 and APOE.2 (Lys146-+Gln)
genomic fragments (3418 bp in size, from the Msc'l site in exon 210 the EcoRl site in the 3'{lanking
region) were inserted immediately downstream of the splice acceptor site. Recombinant adenovirus
was generated by co-transfection of the adapter plasmids with pJM17" into 911 cells'u by use of a
calcium phosphate transfection kit (Promega). The recombinant adenovirus expressing the B-
galactosidase gene under control of the CMV promoter (Ad-LacZ) was kindly provided by Dr. J. Herz
(University of Texas, Southwestern Medical Center, Dallas)". The APOE-expressing vectors were

expanded on 293 cells, and Ad-LacZ on 911 cells, according to previously described methods''.
Titrations were performed on 91 1 cells'u.

For in vivo administration, lhe virus was purified twice via CsCl gradient centrifugation and

dialyzed extensively against dialysis buffer consisting of 25 mmol/L Tris, 137 mmol/L NaCl, 5 mmol/L
KCl, 0.73 mmol/L NaH,POo, 0.9 mmol/L CaCl,, and 0.5 mmol/L MgCl", pH 7.45" For storage, the virus
was supplemented with mouse serum albumine (0.2%) and glycerol (10%), and aliquots were frozen
in liquid N,, before transfer to -80"C. Routine virus titers of stocks varied from 2 x 10'o to 3 x 10"
plaque-forming units (pfu) per milliliter.

Some 7 to 9 days before adenovirus in.jection, baseline lipid values were measured. At day 0,

mice were injected into the lail vein with 5 x lOu,2 x 10'or 5 x 10'pfu of recombinant adenovirus
diluted with PBS to a total volume of 200 pL. Blood samples were drawn from the tail vein or by orbital
puncture of fasted mice at 4, 5, 8 and 1 1 days after virus injection.

Lipid and Lipoprotein Analysis
At each time point, blood was collected in heparinized capillary tubes (Hawksley & Sons Ltd) from

each individual mouse through tail-bleeding, after a 4-hour fasting period. Tubes were placed on ice.

Plasma was obtained by centrifugation in a hematocrit centrifuge. Plasma TG and total cholesterol
(TC) levels were measured enzymatically by using commercially available kits (337-8, Sigma, and
236691, Boehringer-Mannheim, respectively). Plasma apoE levels were determined using an enzyme-
linked immunosorbent assay (ELISA) as described previously"o.

At 5, 8 and 1 1 days after adenovirus injection, mice were euthanized to collect blood by

orbital puncture and to excise the livers for hepatic APOE mRNA measurements. Serum was
separated from the blood cells by centrifugation at 1500 gfor 15 min at room temperature. Pooled

sera were ultracentrifuged to isolate VLDL (d < 1.006 g/ml). Protein content of the VLDL samples was

determined by the method of Lowry et a1.". TG and TC concentrations of the VLDL fractions were
measured as described above. Free cholesterol (FC) and phospholipid content of the VLDL fractions
was measured enzymatically by using commercially available kits (310328, Boehringer-Mannheim,

and 990-54009, Wako Chemicals, respectively). Esterified cholesterol content was calculated by
subtracting the concentration of FC from the concentration of TC. The mass of cholesteryl ester (CE)

was estimated as 1.67 x mass of FC. The total lipoprotein mass (in milligrams per deciliter) was

calculated as the sum of masses of FC, CE, TG, phospholipid, and protein content. VLDL apoE levels
were measured by ELISA'". VLDL particle size was determined by use of a Malvern 4700 C system
(Malvern lnstruments). Measurements were performed at 25"C and a g0' angle between laser and
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mass and VLDL particle size, with the assumption that the particles were spherical in shape and their

density was 1.006 g/ml.

Human APOE mRNA Measurements

Total RNA was isolated from the livers of adenovirus-injected mice using the RNAzol procedure

(Cinna/Biotecx). Human APOE transcript was detected by Northern blotting after electrophoresis of

RNA samples (7.5 pg per lane) on a denaturing agarose gel (1% w/v) containing 7.5% formaldehyde

and transferred to a nylon membrane (Hybond N, Amersham Corp). Blots were subsequently

hybrizided with a "P-labeled probe of human APOE cDNA" and a rat glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) cDNA" in a solution containing 50% formamide. The intensity of the

hybridization signal was quantified with a Phosphor lmager (Molecular Dynamics) and human APOE

mRNA was related to the level of GAPDH mRNA.

ln vitro Lipolysis Assay with HSPG-Bound LPL

Microtiter plates (Greiner GmbH) were coated with commercially available heparan sulphate

proteoglycans (HSPG; H4777, Sigma) as described previouslf'. Briefly, wells were incubated with 0.5

pg HSPG in 75 pL PBS for 18 hours at 4'C. Nonspecific binding sites were blocked with PBS

containing 1% (w/v) essentially free fatty acid (FFA){ree BSA (Sigma) lor t hour at 37'C. Thereafter,

wells were incubated with 1 U bovine lipoprotein lipase (LPL; L2254, Sigma) in 75 pL Tris-glycerol

buffer (0.1 mol/L Tris, 20% (vlv) glycerol, pH 8.5) for t hour at 4"C and subsequently washed three

times with Tris-buffer (0.1 mol/L Tris, pH 8.5) to remove unbound LPL.

Lipolysis was started by adding 50 pL VLDL-TG at a final concentration of 0.2 mmol/L to the

preconditioned well in the presence of 1% (w/v) essentially FFAJree BSA and placing the plate in a

shaking incubator at 37'C. The reaction was stopped aller 20 min by placing the plate on ice and by

adding Tris-buffer containing 1% (vlv) Triton X-100 (Merck) to the wells. FFA concentrations were

determined enzymatically by use of a commercially available kit (994-75409: Wako Chemicals).

ln vivoHepaLc VLDL-TG Production
Fasted mice were injected intravenously with 500 mg of Triton WR 1339 per kg body weight as a 15

g/L solution in 0.9% NaCl. Plasma VLDL clearance is virtually completely inhibited under these

circumstances'u. Blood samples (50 pL) were withdrawn 0,20,40 and 60 min after the Triton injection

and plasma TG levels were determined and related to the body mass of the mice. The production rate

(PR) ol hepatic TGs was calculated from the slope of the curve and expressed as micromoles per hour

per kilogram body weight.

Statistical Analyses
Results are presented as mean + SD. Mean differences between the groups were calculated by the

Mann-Whitney test. Statistical analyses were performed with SPSSWIN 6.1.3 (SPSS).

Results
Plasma Lipid and ApoE Levels After Adenovirus-Mediated Gene Transfer of

ApoE2 (Lys146-+Gln) and ApoE3

ApoE knockout mice were injected intravenously with a low or a high dose of Ad-

E2(146). Littermates injected with a low or a high dose of Ad-E3 were used as control
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groups. lnjection with adenoviruses results in transient gene expression with a peak

of gene expression at day 5'e.

Days post injection
Figute l. Effect of odenovirus-medioted gene tronsfer of opoE2 ([ysl46-+Gln)
ond opoE3 on plosmo choleslerollevels
Plosmo cholesterol levels were meosured os described in Methods, At doy 0,
opoE knockout mice were injected with 5 x l0' pfu Ad-E2(146) (n=3, .),2 x
10n pfu Ad-E2(146) (n=4, r), 5 x .l08 pfu Ad-E3 (n=5, O), or 2x 10' pfu Ad-E3
(n=4, tr), Volues represent meon t SD, On doy 5, oll onimols from the groups
injected with the low dose of Ad-E2(146) ond Ad-E3 os well os 3 onimols from
the group injected with the high dose of Ad-E2(146) were euthonized for
determinotion of VLDL composition ond hepotic mRNA levels,

Figure 1 shows the effect of the expression of apoE2 (Lys146-+Gln) and

apoE3 on plasma cholesterol in time. Plasma cholesterol levels were decreased 5

days after injection with the low or high dose of Ad-E3 as well as with the low dose of

Ad-E2(146). ln contrast, the high dose of Ad-E2(146) had no significant effect up to

day 8. On day 1 1, when adenovirus-mediated APOE expression was reduced,

plasma cholesterol levels in mice injected with the high dose of Ad-E2(146) were

decreased.

On day 5, the difference between the high and low dose of Ad-E2(146) was

most prominent. Therefore, we studied the mice atthis day in more detail (Table 1).
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lnjection of a high dose of Ad-E2(146) in mice caused a dramatic increase in plasma

TG levels (up to 50{old) compared with the plasma TG levels observed in mice

before adenovirus injection and in mice who received Ad-E3. Mice injected with the

Iow dose of Ad-E2(146) displayed a mild hypertriglyceridemia. Plasma apoE levels

were significantly increased in mice injected with Ad-E2(146) compared with mice

injected with Ad-E3. The increase in plasma apoE levels was associated with a

concomitant increase in human hepatic APOE mRNA levels. No effect on plasma

lipid levels was observed in mice who received Ad-LacZ (data not shown).

Ioble l. Plosmo lipid ond opoE ond humon APOE mRNA levels in liver before

ond 5 doys ofter odenovirus injeclion

APOE

Dose n mRNA Liver

Plqsmo lipids ond opoE

Virus ApoETGTC

pfu

Preinjection

Ad-E2(146)

Low 5xl0u

High 2x1O'

Ad-E3

l6

mmol/L

- 24.31 t 3.39 1.04 t 0,32

266 + 62t 4.63 r 0.57-t 3.] I t 0.95-t

994 x 396t 18.82 t 10.691 37.30 t 21 ,39-I

100 + 39 3.98 t .l.55- 
0.43 t 0.23-

ND 2.M xO.21- 0.76 x0.17

mg/dL

12,28 x2.13t

2O1 x 126t

0.08 t 0.04

L56 t 0.35

Low

High

e

4

5xl0u 5

2xl0n 4

TC indicotes totol cholesterol; TG. triglycerides; ND, not determined; ond pfu. ploque-
forming unit. Mole mice, oged I6 to 20 weeks, were odministered with either o low
dose or o high dose of Ad-E2 (Lysl46-+Gln) or Ad-E3. Volues ore shown for fosted
blood somples drown from the toil vein before (preinjection) ond 5 doys ofter
odenovirus injection. Hepotic mRNA levels, plosmo lipid levels, ond opoE levels were
meosured os described in Methods. Humon APOE mRNA levels ore relotive to on
internol stondord GAPDH ond ore expressed os percentoge of Ad-E3 low dose-
injected mice. Volues represent meon + SD.
.P < 0.05 vs. preinjection volues, ond tP < 0.05 vs. Ad-E3-injected mice by Monn-
Whitney tests.

Characterization of VLDL After Adenovirus-Mediated Gene Transfer of ApoE2

(Lysl 46-+Gln) and ApoE3

Table 2 shows the effect of Ad-E2(146) and Ad-E3 overexpression on VLDL

composition. VLDL isolated from apoE knockout mice before adenovirus injection
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mainly contained CE. ln contrast, injection of Ad-E3 ot Ad-E2(146) caused a

decrease in CE content and an increase in relative TG content of the VLDL particles,

as reflected by the increased TG/TC ratio. ln particular, VLDL isolated from mice who

received the high dose of Ad-E2(146) were large particles, which were enriched in

TGs and apoE compared with the other VLDL particles.

Ioble 2. VIDL composition before ond 5 doys otter odenovirus injection

Virus Dose TC FC CE TG PL P TG/TC Size ApoE'

pfu

Preinjection

Ad-E2(146)

Low 5xl0u

High 2xl0n

Ad-E3

Low 5xl0u

% of totol lipoprotein moss

54.3 3.6 85.4 2.5 5.5 3.1

19.5 6.8 21.4 47.9 17.2 6.8

6.8 5,6 2.O 69.9 16.5 6.0

28,2 3.6 4t.5 28.1 16.0 1 1.0

nm mol E/VLDL

0.1 48.1

2.5 39.8 r 0

r0.3 56.2 5A

43. I1.0

TC indicotes totol cholesterol; FC, free cholesterol; CE, cholesteryl ester; TG,
triglycerides; PL. phospholipids; P, proiein; ond pfu, ploque-forming units. VLDL wos
isoloted from pooled serum by ultrocentrifugotion before (preinjection) ond 5 doys
ofter odenovirus injection. Lipid levels, porticle size ond number of opoE molecules
per VLDL poriicle were meosured os described in Methods.
Volues ore expressed os percentoge of lolol lipoprotein moss (mg/dl; sum of
FC+CE+TG+PL+P).
-Presented os number of humon opoE molecules per VLDL porticle.

Hepatic VLDL-TG Production

As shown in Table 1, plasma TG levels of Ad-E2(146)-injected mice were increased

after adenovirus injection. To evaluate whether the hypertriglyceridemia after Ad-

E2(146) injection was due to an enhanced VLDL-TG production, additional

experiments were performed lo measure the rn vivo hepalic VLDL-TG production rate

in Ad-E2(146)- and Ad-E3-injected mice that displayed similar levels of hepatic APOE

mRNA expression. As shown in Table 3, no significant difference in VLDL-TG

production rate was observed between Ad-E2(146)- and Ad-E3-injected mice 8 days

after adenovirus injection.
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Ioble 3. Humon APOE mRNA levels ond in vivo VLDL-TG production rotes ofter

odenovirus-medioted gene tronsfer of opoE2 (Lysl46-+Gln) ond opoE3

n Doys post injection APOE mRNA Liver PR

Ad-E2(146) 4

8

Ad-E3 4

8

il
8

PR indicotes hepotic VLDL-TG production rote. Mice were odministered with 3 x l0o
pfu of Ad-E2 (Lysl46-+Gln) or Ad-E3. Eight or I I doys ofter odenovirus injection, 4 to 8

fosted mice per group were injected introvenously with Triton WR 1339. Plosmo TG

levels were meosured ol 20,40 ond 60 min ond corrected for the TG level of the time
of injeciion (0 min). The hepotic VLDL-TG PR wos colculoted from the slope of the
curve. At the end of the experiments, mice were euthonized, ond the livers were
excised to determine humon APOE mRNA levels. Humon APOE mRNA levels ore
relotive to on internol stondord GAPDH ond ore expressed os percentoge of Ad-E3-
injected mice. Volues represent meon + SD.

Lipolysis of VLDL

It has been demonstrated that high amounts of apoE present on the surface of VLDL

particles result in the inhibition of VLDL lipolysis'o'u'". To study the apoE dose-

independent effect of the apoE2 (Lysl46+Gln) variant on VLDL lipolysis, VLDL was

isolated from Ad-E2(146)- and Ad-E3-injected mice that contained comparable and

relatively low amounts of apoE per VLDL particle (Table 4). The lipolysis rate of

VLDL isolated from Ad-E2(146)-injected mice was decreased by 54% (1.05 t 0.05

vs.2.27 t 0.16 pmol FFA/L per min). Thus, inhibition of VLDL lipolysis contributes to

the increased plasma TG levels of Ad-E2(146)-injected mice.

Discussion

The apoE2 (Lys146-+Gln) variant is associated with a dominant mode of inheritance

of FDn'" ". The mutation is located in the LDL receptor binding domain of apoE'..

However, it was found that VLDL isolated from heterozygous carriers of the apoE2

(Lys146-+Gln)variant does not show a severe binding defect to the LDL receptor"''u.

This finding suggests that the underlying mechanism leading to the development of

FD in carriers of apoE2 (Lys146-+Gln) cannot be fully explained by a LDL receptor

binding defect. ln addition to the function of apoE as a ligand for the receptor-

129 r34
73+17
.l00t9

umolTG/kg/h

85.9 r 21.3

58.6 t l4.l

68..I r9.10
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mediated uptake of lipoproteins by the liver, recent data have shown that apoE plays

an important role in hepatic VLDL-TG production. The hepatic VLDL-TG production

was found to be decreased in apoE knockout mice compared with wildtype mice'n.

We27'30 and others'u have shown that the hepatic VLDL-TG production increases with

increasing expression levels of normal apoE3. ln the present study, injection of apoE

knockout mice with an adenovirus containing the human APOE.2 (Lys146-+Gln)

gene resulted in hypertriglyceridemia. To determine whether the hypertriglyceridemia

was the result of an effect on VLDL-TG secretion rate, Triton experiments were

performed in apoE knockout mice after introducing similar expression levels of

APOE"3 or APOE.2 (Lys146-+Gln). Our in vivo data show no significant differences

in the effect on VLDL-TG production rate between Ad-E2(146)- and Ad-E3-injected

mice (Table 3).

Toble 4. Effect of comporoble omounls of opoE3 ond opoE2 (Lysl46-+Gln) on

lhe hydrolysis of VLDL-IG

Virus ApoE ApoE- FFA releose

Ad-E2(r46)

Ad-E3

Ug/mg VLDL-TG

1.9

1.6

2.1

molE/VLDL

o.21

0.09

0.s0

pmolFFA/L/min

L05 t 0.051

2.52 x0.16

2.27 x.0.16

FFA indicotes free fotty ocids; ond TG. triglycerides. Mice were odministered Ad-E2
(Lysl46-+Gln) or Ad-E3 in o dose vorying from 2 x l0'to 5 x l0o pfu. VLDL wos isoloted
from pooled serum by ultrocentrifugotion 5 ond 8 doys ofter odenovirus injection.
VLDL opoE content ond porticle size ond in vitro lipolysis were meqsured os
described in Methods. Volues ore expressed os meon t SD with FFA releose of o TG
concentrotion of 0.2 mmol/l.
-Presented os number of humon opoE molecules per VLDL porticle.
tP< 0.05 vs. Ad-E3-injected mice by Monn-Whitney tests.

The hypertriglyceridemia observed in Ad-E2(146)-injected mice could also be

caused by an impaired LPl-mediated lipolysis. Human data from our previous

studies suggested that heterozyous carriers of the apoE2 (Lys146-+Gln) variant have

an impaired conversion of VLDL into VLDL remnants"'". ln humans, the effect of the

apoE2 (Lys146-+Gln) variant on lipolysis is confounded by the presence of the

second normal APOE allele. ln addition, it is virtually impossible to obtain VLDL
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particles with equal apoE content from patients. lt has previously been demonstrated

that high amounts of normal apoE3 lead to the inhibition of VLDL lipolysis'o''u'". Thus,

in view of the fact that VLDL particles from mice injected with the high dose of Ad-

E2(146) were very rich in apoE (Table 2), the amount of apoE protein per particle

itself may be the primary cause of the impaired lipolysis in these mice. To rule out the

possibility that a dose-dependent inhibition by apoE is the only cause, the effect of

apoE? (Lys146-+Gln) on lipolysis was studied by comparing the lipolysis rates of

VLDL with comparable amounts of either apoE3 or apoE2 (Lys146-+Gln) on the

surface (Table 4). This was achieved by injecting varying amounts of APOE

adenovirus and by isolating VLDL at different time points after adenovirus injection.

From these experiments, we conclude that the inhibition of lipolysis by apoE2

(Lys146-+Gln) indeed occurs in an apoE variant-specific manner.

It is interesting to note that VLDL isolated from mice injected with the high

dose of Ad-E2(146) was not removed efficiently from the circulation by hepatic

receptors, despite the presence of high amounts of apoE on the surface (Table 2).

Apparently, normal hepatic clearance can only occur after the VLDL particles have

been subjected to lipolysis. This is in line with our previous results showing that high

amounts of TGs limit the uptake of lipoproteins by the liver both via the LDL receptor

and the LDL receptor-related protein".

Several dominant apoE mutations, which are located between amino acid

residues 1421o 146, were found to display a defective binding to HsPc/heparin"'0.

ln the present study, the effect of apoE2 (Lys146-+Gln) on VLDL lipolysis was

studied by using an in vitro lipolysis assay with HSPG-bound LPL. lmpaired VLDL

lipolysis could be due to an disturbed interaction of VLDL containing the apoE2

(Lys146-+Gln) variant with LPL on one hand or with HSPG on the other hand.

Although the lipolysis assay with HSPG-bound LPL has been shown to be a valid

method to study VLDL lipolysis'o'', we cannot exclude the possibility that the impaired

VLDL lipolysis is caused by a defective binding of the apoE2 (Lys146-+Gln) variant to

HSPG. However, it is important to note that the advantage of the lipolysis assay with

HSPG-bound LPL is its resemblance to lhe in vivo situation.

An alternative explanation for the mechanism behind the inhibitory effect of the

apoE2 (Lys146-+Gln)variant on lipolysis would be an effect of apoE2 (Lys146-+Gln)
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on the amount of apoC2 on the VLDL particles. Several studies have shown that an

excess of apoE on the VLDL surface results in displacement of apoC2, the cofactor

for LPL activity'u", from the lipoprotein particle'u'"'". ln fact, it was found that VLDL

containing the apoE2 (Arg158-+Cys) variant exhibits impaired lipolysis because of

displacement of apoC2". However, the mechanism of apoC2 displacement is not

very likely for apoE2 (Lys146-+Gln) for several reasons. lsoelectric focusing followed

by protein staining showed that VLDLs isolated from heterozygous carriers of the

apoE2 (Lys146-+Gln) variant do contain apoC2 in normal quantities despite the

presence of high amounts of apoE'n. There is evidence that apoC2 displacement only

occurs when extremely high amounts of apoE are present on the VLDL particle.

Huang and colleagues'u" found that the high apoE content of VLDL from apoE2

(Arg158--+Cys) and apoE3 transgenic mice resulted in a decrease in apoC2 content

of the VLDL particles. However, in the present study, the amounts of apoE2

(Lys146-+Gln) on the VLDL particle were =25-fold lower, strongly suggesting that

under our experimental conditions, the occurrence of apoC2 displacement is not very

likely.

It has been suggested that VLDL lipolysis is also impaired in FD patients

homozygous for apoE2 (Arg158-+Cys)oo'o'. ApoE2 (Arg158-+Cys) homozygous

carriers have elevated levels of VLDL and VLDL remnants. ln contrast, the increased

lipid levels in apoE2 (Lys146-+Gln) carriers are mainly associated with increased

VLDL levels", suggesting that in apoE2 (Lys146-+Gln) carriers, the conversion of

VLDL into VLDL remnants is more severely affected. The effect of apoE2

(Arg'158-+Cys) on VLDL lipolysis has been investigated by using VLDL with high

amounts of this apoE variant on the surface". The effect of low amounts of apoE2

(Arg158-+Cys) on lipolysis remains to be determined.

ln the present study, we found that relatively low amounts of apoE2

(Lys146-+Gln) present on VLDL particles resulted in an impaired lipolysis of VLDL-

TG. These data show that in addition to the known apoE dose-dependent effect,

apoE2 (Lys146-+Gln) displays an apoE variant-specific effect on lipolysis.
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B-VLDL lntetaction with HSPG and HSPG-Bound LPL

Chapter 8

Binding of p-VLDL to Heparan Sulphate Proteoglycans

Requires Lipoprotein Lipase, Whereas ApoE only

Modulates Binding Affinity
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Abstract
The binding of p-VLDL to heparan sulphate proteoglycans (HSPG) has been reported

to be stimulated by both apoE and lipoprotein lipase (LPL). ln the present study we

investigated the effect of the isoform and the amount of apoE per particle, as well as

the role of LPL on the binding of B-VLDL to HSPG. Therefore, we isolated P-VLDL

from transgenic mice, expressing either APOE.2 (Arg158-+Cys) or APOE.3-Leiden

(E2-VLDL and E3Leiden-VLDL, respectively), as well as from apoE deficient mice

containing no apoE at all (Enull-VLDL). ln the absence of LPL, the binding affinity

and maximal binding capacity of all B-VLDL samples for HSPG-coated microtiter

plates was very low. Addition of LPLto this cell-free system resulted in a'12- to 55-

fold increase in the binding affinity and a7- to 1S-fold increase in the maximal binding

capacity (4",). ln the presence of LPL, the association constant (K") tended to

increase in the order Enull-VLDL < E2-VLDL < E3Leiden-VLDL, whereas 8.",

increased in the reversed order: E3Leiden-VLDL = E2-VLDL < Enull-VLDL. Addition

of LPL resulted in a marked stimulation of both K, and 8,,, for binding of p-VLDL
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samples lo J774 cells simllar to that found for the binding to HSPG-LPL complexes.

Our results indicate that both K" and 8.", for binding of p-VLDL to HSPG are

increased more than 1 order of magnitude on addition of LPL. ln addition, for the

binding of p-VLDL to HSPG-LPL complexes, the presence of apoE is not a

prerequisite, but results in an increased binding affinity, depending on the apoE

isoform used.

lntroduction
Heparan sulphate proteoglycans (HSPG) are negatively charged polysaccharides

consisting of a core protein and the glycosaminoglycan (GAG) heparan sulphate. ln

addition to their role in cell adhesion and cell growth', HSPG are suggested to be

involved in the metabolism of VLDL. The interaction of VLDL with HSPG has been

reported to be mediated in at least 2 ways. The first way is through apoE, which

contains heparin-binding sites'. The importance of apoE for this interaction has been

described in several reports'*. Mahley et al.''u''o have postulated that HSPG may

mediate the clearance of VLDL and chylomicron remnants in a so-called secretion-

recapture process. After entering the space of Disse, remnant particles become

enriched in apoE excreted by the hepatocytes. The increased amounts of apoE

enhance the binding of the remnants to HSPG on the surface of hepatocytes,

followed by internalization of the particles through either the LDL receptor (LDLR) or

the LDL receptor-related protein (LRP). Ji et al.o showed that the addition of apoE

enhances the binding of rabbit p-VLDL to HSPG present on various cell types.

Furthermore, it was shown that different variants of apoE display a variable affinity for

HSPG: rabbit p-VLDL enriched in apoE2 (Arg158-+Cys) bound to HSPG with

increased affinity, whereas addition of the dominant apoE3-Leiden variant did not

lead to increased binding to HSPG'.

ln addition to apoE, there is strong evidence that the binding of VLDL to HSPG

is mediated by lipoprotein lipase (LPL, EC 3.1.1.34). ln 1977 it was suggested that

LPL, which is anchored to HSPG on the luminal surface of endothelial cells"''',

functions as a bridge between VLDL and HSPG during lipolysis of VLDL-

triglycerides''. More recently, it was demonstrated by several investigators (for a

review, see reference 14) including our own group'u", that LPL can enhance the
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binding and uptake of several classes of lipoproteins by different cell types through

bridging between the lipoproteins and HSPG. The

required for this bridging function.

Recently, we developed a cell-free system

hydrolytic activity of LPL is not

in which HSPG is coated to

microtiter plates to investigate the direct interaction of lipoproteins with HSPG''. ln the

present study, the binding of mouse B-VLDL was studied to further elucidate the

effect of the amount of apoE per particle and the apoE isoform, as well as the role of

LPL on the interaction of B-VLDL with HSPG. We found that both the binding affinity

and maximal binding of B-VLDL directly to HSPG was very low and that addition of

LPL resulted in a marked stimulation. Furthermore, it appeared that for the binding of

B-VLDL to HSPG-LPL complexes, the presence of apoE is not a prerequisite, but

results in an increased binding affinity.

Methods
Cells
Murine macrophage-like J774 cells were cultured in 75-cm' flasks in Dulbecco's modified Eagle's

medium (DMEM) supplemented with 10% (v/v) fetal calf serum (FCS),0.85 g/L NaHCO., 4.76 glL

HEPES, 100 lU/mL penicillin, 100 pg/mL streptomycin and 2 mmol/L glutamine. The cells were

incubated at 37"C in an atmosphere containing 5'/"CO" in air. For each experiment, cells were plated

in 24-well plates. The cells were fed every 3 days and used for experiments within 7 days of plating.

Animals
APOE-3-Leiden and APOE-2 transgenic mice'". were cross-bred with apoE deficient (apoe-/-) mice"'

" to obtain mice that produce VLDL that contains apoE3-Leiden ot apoEz without the endogenous

mouse apoE protein. Subsequently, these APOE-3-Leiden.apoe-/- and APOE.2.apoe-/- mice were

cross-bred with LDLR-deficienl (Ldlr-/-) mice (Jackson Laboratory, Bar Harbor, ME) to obtain mice that
accumulate B-VLDL in high amounts. Mice were housed under standard conditions with free access to

water and food. All mice were fed a standard rat mouse diet (Hope Farms).

Lipoproteins
After a 4-hour fasting period, blood was collected from 10 to 25 mice by orbital puncture. Serum was

separated from the blood cells by centrifugation at 1500 gfor 15 min at room temperature. Pooled

sera were ultracentrifuged to isolate B-VLDL (d< 1.006 g/mL).

Protein content of the p-VLDL samples was determined by the method of Lowry et a1.".

Triglyceride (TG), total cholesterol (TC), free cholesterol (FC) and phospholipid (PL) content of the p-

VLDL fractions was measured enzymatically using commercially available kits (337-8, Sigma

Chemical Co; 236691 and 310328, Boehringer-Mannheim; and 990-54009, Wako Chemicals,

respectively). The cholesterol ester (CE) content was calculated by subtracting the concentration of

FC lrom the concentration of TC.

B-VLDL apoE levels were determined using an enzyme-linked immunosorbent assay (ELISA)

as described previously". P-VLDL particle size was determined by photon correlation spectroscopy
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using a Malvern 4700 C system (Malvern lnstruments). Measurements were performed at 25'C and a
90' angle between laser and detector. The number of apoE molecules per p-VLDL particle was
calculated lrom the total lipoprotein mass and p-VLDL particle size, with the assumption lhat the
particles were spherical in shape and their density was 1.006 g/mL.

The p-VLDL apoB content was determined using SDS-polyacrylamide gradient gels (4 to
zTk)"u. Aftet electrophoresis, gels were stained with Coomassie Brilliant blue and subsequently
scanned with a HP ScanJet Plus (Hewlett Packard) to calculate the amount of apoB (B100+848)
relative to total protein content.

B-VLDL samples were iodinated using the "'l-monochloride method of Bilheimer et a|.". After
iodination, B-VLDL was dialyzed extensively at 4"C against PBS for 24 hours and thereafter stabilized

wilh 1% (w/v) BSA (fraction V, Sigma). The specific radioactivity ranged from 110 to 240 cpm/ng of
protein. The stabilized "'l-labeled B-VLDL was stored at 4'C and used within 2 weeks.

Lipoprotein Lipase
LPL was purified from fresh bovine milk as described previously''. The isolated fraction was

resuspended in 20 mmol/L NaH,PO., 50% glycerol, and stored in aliquots at -80"C.

Binding to HSPG or HSPG-LPL Complexes
Microtiter plates (Greiner GmbH) were coated with commercially available HSPG (H4777, Sigma) as

described previously''. Briefly, wells were incubated with 0.5 pg HSPG in PBS for 18 hours at 4'C.
Nonspecific binding sites were blocked with PBS containing 1% (wlv) BSA for t hour at 37'C.
Thereafter, wells were incubated with 1 .5 pg LPL in 0.1 mol/L f ris, 20"/. (v/v) glycerol, pH 8.5 for 3
hours at 4"C and subsequently washed 2 times with ice-cold PBS to remove unbound LPL.

The binding ol'"|-labeled P-VLDL isolated trom apoe-/- mice and transgenic mice expressing

apoE2 or apoE3-Leiden without endogenous apoE to plates coated with HSPG or HSPG-LPL

complexes was determined by incubating the plates for 3 hours at 4'C with the indicated amounts of

'"|-labeled p-VLDL, either in the presence or in the absence of a 2O{old excess of unlabeled P-VLDL.
Thereafter, plates were washed 2 times with ice-cold PBS containing 0.1% (w/v) BSA and

subsequently with PBS without BSA. The '"|-labeled B-VLDL bound to HSPG or to HSPG-LPL

complexes was dissolved in 0.2 mol/L NaOH for quantitation of the binding.

Binding lo J774 Macrophages
J774 cells were cultured in 24-well plates as described above. Twenty{our hours before each

experiment, cells were washed with DMEM containing 1'/" (wlv) BSA and further incubated with

DMEM containing 5% (v/v) ol lipoprotein-deficient serum (d < 1.21 g/ml) instead of FCS. The binding

of ''uf-labeled B-VLDL to J774 cells in the absence or presence of 5 pg/ml of LPL was determined
after a 3-hour incubation at 4'C with the indicated amounts of "ul-labeled B-VLDL, either in the
presence or absence of a 2OJold excess of unlabeled B-VLDL. The receptor-mediated (specific) cell

binding was calculated by subtracting the amount of labeled p-VLDL thal was cell-bound after

incubation in the presence of the excess of unlabeled p-VLDL (nonspecific) lrom the amount of labeled

B-VLDL that was bound after incubation in the absence of unlabeled B-VLDL (total cell binding). After
removal of the medium, the cells were washed 4 times with ice-cold PBS containing 0.1% (w/v) BSA

and subsequently once with PBS without BSA. Cells were then dissolved in 1 mL of 0.2 mol/L NaOH.

Protein content was measured by the method of Lowry et a1.". ln an aliquot, the radioactivity

represented the amount of cell-bound B-VLDL.
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Results
p-VLDL Composition

To obtain P-VLDL particles containing high amounts of apoE2 (Arg158-+Cys),

apoE3-Leiden, or no apoE at all, p-VLDL was isolated from APOE.2'apoe-/-'Ldlry''

mice (E2-VLDL), APOE.3-Leiden.apoe-/-'Ldlr-/- mice (E3Leiden-VLDL) and apoel'

mice (Enull-VLDL), respectively. As shown in Table 1, p-VLDL isolated from these

transgenic mice were all cholesterol ester-rich particles. Particle size measurements

showed that both E2-VLDL and E3-Leiden-VLDL were enlarged compared with Enull-

VLDL. ln addition, these particles were very rich in apoE: 48 and 66 apoE molecules

per particle, respectively, vs. 2 apoE molecules in human apoE3/3 VLDL.

Toble l. p-VLDt composilion

B-VLDL CE FC TG Size ApoE.t

Enull-VLDL

E2-VLDL

% of totol lipoprotein moss nm mol E/VLDL

61.5 t 0.4 2.7 tO.1 6.7 xO.l ]9.3 t 0..l 49 x 11

57.5 tO.4 3.5 t 0..l 8.4t0,7 20.9 t 0..l 71 x 12 48 xO.2

E3Leiden-VLDL 25.8x2.8 3.8t0,1 48.7x.1.8 .l3.8t0..l 96x26 66t.l,3

CE indicotes cholesterol ester; FC, free cholesterol; TG. triglycerides; ond PL,

phospholipids. p-VLDL wos isoloted from pooled serum by ultrocentrifugotion. Lipid
levels, porticle size ond number of opoE molecules per B-VLDL porticle were
meosured os described in Methods. Volues ore expressed os percentoge of totol
lipoprotein moss (mg/dl; sum of FC+CE+TG+PL+protein content) ond represent
meon + SD of 3 meosurements,
*Presented os number of opoE molecules per B-VLDL porticle.
t2 opoE molecules per VLDL porticle in humon opoE3/3 VLDL.

Binding of p-VLDL to HSPG in the Absence or Presence of LPL

To investigate the effect of the amount of apoE and the apoE isoform on the

interaction of B-VLDL with HSPG, we determined the binding of B-VLDL containing

no apoE at all (Enull-VLDL) and of B-VLDL rich in apoE (E2-VLDL and E3leiden-

VLDL) to microtiter plates coated with HSPG. ln the absence of LPL, the binding to

HSPG of all B-VLDL particles was very low (Figure 1A). Nevertheless, we performed

Scatchard analysis", revealing that both the association constant (K") and the
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maximal binding (8.",) increased in the order E2-VLDL < Enull-VLDL < E3leiden-

VLDL (Table 2).
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Figure l. Binding of B-VtDt lo HSPG in the obsence or presence of LPL
Wells of microtiter plotes were preconditioned with HSPG or HSPG-LPL
complexes os described in Methods. Binding of B-VLDL to HSPG (A) or HSPG-
LPL complexes (B) wos meosured ofter o 3-hour incubotion with the indicoted
omounts of '"|-lobeled 0-VLDL (expressed os B-VLDL-opoB concentrotion) ot
4'C, either in the presence or in the obsence of o 2O-fold excess of unlobeled
P-VLDL, The specific binding is expressed os nonogroms of lobeled B-VLDL per
well, The volues represent meon t SD of 3 meosurements, o indicotes Enull-
VLDL; t, E2-VLDL; ond r, E3Leiden-VLDL,

Addition of LPL to this cell-free system resulted in a marked increase in the

binding of all B-VLDL particles to HSPG compared with that in the absence of LPL

(compare Figure 1B with 1A). The values of the K"for the binding of the particles in

the presence of LPL were 12- to 55{old higher than in the absence of LPL and

tended to increase in the order Enull-VLDL < E2-VLDL < E3Leiden-VLDL (Table 2).

The values of the 8,"- were also increased compared with those in the absence of

LPL (7- to 1S{old). B,.,values in the presence of LPL increased in the reversed

order: E3Leiden-VLDL = E2-VLDL < Enull-VLDL, probably because of the size of the

particles (Table 1).

These results indicate that, even despite very high amounts of apoE2 on the

surface of the B-VLDL particle, the K" and 8,", of p-VLDL to HSPG coated to

microtiter plates were very low compared with that in the presence of LPL. Strikingly,
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in the cell-free system, the K" and 4", of Enull-VLDL to HSPG was in the same order

of magnitude as that of the 2 apoE-containing particles, both in the absence and in

the presence of LPL.

Toble 2. Binding chorqcteristics of ''ul-lobeled B-VLDI to HSPG in the obsence

or presence of LPI

- LPL + LPL

p-vLDL Ko B-""B Ko

Enull-VLDL

E2.VLDL

E3Leiden-VLDL

mL/U9

0,l2 t 0.03

0.06 t 0.02

0.39 t 0.1 I

ng/well

l.0t0.l
0.7 xO.2

1.2 xO.2

mL/pg

2.6 xO.5

3.3 r .l.2

4.5 x 1.6

ng/well

14.6 x.O.2

9.7 x 1.2

8.4 tO.4

The specific binding of ''ul-lobeled F-VLDL to microtiter plotes cooted with HSPG or
HSPG-LPL complexes wos determined os described in Methods. Associotion
constonts were colculoted by Scofchord onolysis'u bosed on the omount of opoB
protein, which reflects porticle number. The volues represent meon + SD of 3

meosurements.

Binding of p-VLDL lo J774 Macrophages in the Absence or Presence of LPL

To determine whether similar results could be obtained in a more physiological

system, we performed binding experiments using J774 macrophages instead of

HSPG coated to microtiter plates. Like other macrophages'n'0, J774 cells express an

extracellular matrix containing HSPG'', although they do not secrete apoE"'". As

expected, binding of all B-VLDL samples lo J774 cells in the absence of LPL was

higher compared with that in the cell-free system (Figure 2A). This is because of the

presence of lipoprotein receptors on the cell membrane. As expected from previous

results'o, Enull-VLDL and E2-VLDL both displayed a very low affinity to these

receptors compared with E3Leiden-VLDL (Table 3).

Addition of LPL resulted in a 6- to 1 l Jold stimulation of the maximal binding to

J774 cells of all p-VLDL particles tested (Figure 2 and Table 3), similar to that found

lor the HSPG-LPL complexes coated to microtiter plates (Figure 1 and Table 2).

Furthermore, Table 3 shows that the K, for the binding of p-VLDL lo J774 cells in the

presence of LPL tended to increase in the same order as found for the binding of B-
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VLDL to HSPG-LPL in microtiter plates: Enull VLDL< E2-VLDL < E3Leiden-VLDL.

Again, as for the cell{ree system, the values for the 8,", increased in the reversed

order.

These results show that the data obtained using the HSPG coated to microtiter

plates were similar to those obtained using a cell culture system, supporting the

suitability of this cell{ree system for testing the binding affinities of lipoproteins to

HSPG.
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Figure 2. Binding of B-VtDt lo J774 mocrophoges in lhe obsence or presence
of [PL
Binding of p-VLDL Io J774 cells wos meqsured ofter o 3-hour incubotion of
the cells with the indicoted omounts of ''ul-lobeled B-VLDL (expressed os B-
VLDL-opoB concentrotion) of 4"C, either in the obsence (A) or in the
presence (B) of 5 trg/ml of LPL. Specific binding is expressed os nonogroms
lobeled lipoprotein per milligrom cell protein ond wos determined os
described in Methods, Volues represent meon t SD of 3 meosurements,
Symbols os in Figure 1.

Discussion

It has previously been shown for all lipoproteins, except rabbit p-VLDL, that the

binding to HSPG is very low, whereas addition of LPL increases this binding several

fold". ln addition to LPL, an excess of apoE results in a marked enhancement of the

binding of rabbit P-VLDL to HSPG'. Furthermore, different isoforms of apoE display
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variable interactions with HSPG: addition of apoE2 (Arg'158-+Cys) results in a

marked stimulation of the binding of rabbit B-VLDL to HSPG presenl on hepatocytes

and fibroblasts, whereas addition of apoE3-Leiden does not stimulate this bindingu.

Toble 3. Binding chorocteristics of '"1-lobeled P-VIDL lo J774 mocrophoges in

the obsence or plesence of LPL

- LPL + LPL

p-vLDL K BBK"

Enull-VLDL

E2-VLDL

E3Leiden-VLDL

mL/pg

0.6 t 0.1

0.3 t 0.1

A.O x2.1

ng/mg

56.8 t 7.3

53.2 x7.7

39.8 t 6.6

mL/pg

0.9 t 0..l

1.2 t 0,3

4.0 t .l.3

ng/mg

604 r 33

314t9
274 x21

The specific binding of '"|-lobeled B-VLDL to J774 mocrophoges in the obsence or
presence of LPL wos determined os described in Methods. Associotion constonts
were colculoted by Scotchord onolysis'u bosed on the omount of opoB protein,

which reflects porticle number, The volues represent meon + SD of 3 meosurements.

ln the present study we investigated the influence of LPL as well as the effect

of high amounts of apoE isoforms on the binding of mouse B-VLDL to HSPG

compared with the binding of B-VLDL containing no apoE at all. For this purpose,

binding experiments and Scatchard analyses were performed using both HSPG

coated to microtiter plates and HSPG present on J774 cells, either in the absence or

presence of LPL. We found that in the absence of LPL, the K, and 8,,, for the binding

of all B-VLDL particles to HSPG coated to microtiter plates were in the same order of

magnitude, but very low. These results indicate that in the presently used system,

apoE is not an essential factor for the binding of p-VLDL to HSPG.

Surprisingly, the K" for the binding to HSPG of E2-VLDL, containing high

amounts of apoE2, was even decreased compared with E3Leiden-VLDL or Enull-

VLDL, respectively. This is in contrast to the data of Ji et al.u and Mann et al.', who

showed that rabbit B-VLDL enriched in apoE variants associated with a dominant

mode of inheritance of type lll hyperlipoproteinemia (i.e. apoE3-Leiden) bound less

efficiently to HepG2 cells, McA-RH7777 cells and isolated HSPG, compared with

rabbit B-VLDL enriched in apoE variants associated with the recessive form (i.e.
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apoE2 (Arg158-+Cys)). This discrepancy can be explained by several reasons. First,

in our study isolated mouse p-VLDL that contained only the respective apoE variants

was used, whereas in the experiments of Ji et al.6 cells were incubated with rabbit p-

VLDL that contained endogenous apoE in addition to the respective exogenously

added apoE variants. Second, Ji and coworkersu also used McA-RH7777 cells

transfected with human apoE isoforms to test the effect of apoE secretion on the

binding of rabbit B-VLDL. They found that in comparison with the nontransfected

cells, the apoE2-secreting cells displayed a 2jold enhancement in the binding of p-

VLDL, whereas there was no enhancement of the binding of p-VLDL to the apoE3-

Leiden-secreting cells. Therefore, we hypothesize that the presence of free apoE

during the binding experiments and the method used to enrich p-vLDL with apoE is

of importance for the outcome of the experiments. This hypothesis is supported by

the data of Mann et al.', who found that the presence of free apoE enhances the

binding of apoE-enriched B-VLDL to HSPG to a larger extent compared with apoE-

enriched B-VLDL that has been reisolated before the binding experiment. Third, Ji et

al.' performed a dolblot assay, using HSPG coated to nitrocellulose membranes, to

test direct binding of p-vLDL to HSPG. This difference in methodology may also

(partly) explain the difference between their and our results.

Rabbit p-VLDL has been shown to bind directly to HSPG4'", whereas in the

present study the binding of mouse p-VLDL was low. Whether this discrepancy could

be explained by the presence of LPL on rabbit P-VLDL particles, whereas mouse p-

VLDL does not contain LPL, is at present only subject to speculation. ln this respect,

it is important to note that several studies have indicated that in human preheparin

and postheparin plasma, LPL is attached to LDL-like particles'o''u and VLDL".

ln accordance with Lookene et a1.", we showed that addition of LPL markedly

enhanced K^and 8.", values of all p-VLDL particles, including that of apoE-deficient

VLDL, to both HSPG coated to microtiter plates and HSPG present on the plasma

membrane of J774 cells. Furthermore, the presence of apoE was not a prerequisite,

but resulted in an increased K,. For both systems, in the presence of LPL, the values

for the K" tended to increase in the order Enull-VLDL < E2-VLDL < E3Leiden-VLDL,

whereas the values for the 8,"- decreased in this order. The latter can be explained

by differences in steric hindrance, caused by a different size of the particles (Table
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1). Calculations revealed that, at B^,2x10'o E3Leiden-VLDL particles were bound to

HSPG-LPL complexes coated to the surface of one well vs.3.5x10'o Enull-VLDL

particles. This is in accordance with the observation that E3-Leiden VLDL was

approximately 2{old larger compared with Enull-VLDL (Table 1).

There are several reports suggesting that in the arterial wall, LPL is involved in

the atherosclerotic process by enhancing the uptake of lipoproteins by macrophages

and smooth muscle cells, probably in a process mediated by HSPG'u''u". The fact

that macrophages in atherosclerotic plaques synthesize both LPL3' and HSPG'.'''

further supports the proatherogenic role of LPL in the intima of the vessel wall. lt has

also been shown that cholesterol-loading of macrophages enhances the apoE-

secretion by these cellso', indicating that apoE is abundantly present in

atherosclerotic lesions. These findings, together with the present finding that apoE

further enhances the binding affinity of B-VLDL for HSPG-LPL complexes, indicate

the importance of the combined roles of LPL, apoE and HSPG in the atherosclerotic

process.
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Abstract
Apolipoprotein E (apoE) plays a central role in lipoprotein metabolism by modulating

the clearance, the lipolysis and the hepatic production of lipoproteins. The occurrence

of apoE mutations could lead to a disturbance in any of these pathways and

consequently result in hyperlipidemia. Although several apoE variants associated

with hyperlipidemia have been identified, no studies investigating the prevalence of

rare apoE variants among hyperlipidemic patients have been performed. ln the

present study, the variation in the APOE gene in a large population of patients with

primary hyperlipidemia has been studied using apoE phenotyping with and without

cysteamine modification and apoE genotyping. Comparison of the results obtained by

both apoE identification techniques showed a phenotype-genotype discrepancy in 35

of the 276 hyperlipidemic patients (13%). DNA sequence analysis was used to

investigate whether this discrepancy could be explained by the presence of an apoE

mutation. Subsequently, a rare apoE variant was identified in eight of the 35 patients

with a discrepancy. ln comparison to a Dutch control population, the prevalence of

rare apoE variants in hyperlipidemic patients was =30{old increased (0.1 %vs.2.9L,

respectively, P < 0.001).
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lntroduction
ApoE is a 299-amino acid polypeptide with a central role in lipoprotein metabolism'. lt

is a major constituent of chylomicrons, very low density lipoproteins (vLDL), their

remnants and high density lipoproteins (HDL). ApoE is necessary for the stability of

these particles and serves as a high affinity ligand for the uptake by hepatic

lipoprotein receptors".

ln humans, apoE is a polymorphic protein. Three common isoforms can be

distinguished, designated apoE2, apoE3 and apoE4, according to their mobility upon

isoelectric focusing (lEF)"u. They each differ in isoelectric point by one charge unit,

apoE4 being the most basic and apoE2 the most acidic isoform. The apoE isoforms

are encoded by three codominant alleles located at a single APOE gene locus on

chromosome 19'. ApoE3 (cys112; Arg158) is the most frequenfly occurring isoform

and is considered the wild type. ApoE2 (Arg158-rCys) and apoE4 (Cys112-+Arg)

differ from apoE3 by single amino acid substitutions at position 158 and 112,

respectivelyu''0.

The common apoE isoforms have been shown to contribute to the variability in

plasma cholesterol levels in the general population. Subjects with the APOE.2 allele

have high levels of apoE and low levels of plasma cholesterol, LDL-cholesterol and

apoB, whereas APOE-4 allele carriers show the opposite"''u. Furthermore, variation

in the APOE gene is associated with type lll hyperlipoproteinemia (HLp)16. This

metabolic disorder is characterized by a defective apoE leading to an impaired

clearance of chylomicron and VLDL remnants by the hepatic low density lipoprotein

receptors (LDLR)''. The majority of type lll HLP patients are homozygous carriers of

apoE2 (Arg158-+Cys)"u. ln case of apoE2 homozygosity, type lll HLp is a

recessively inherited multifactorial disorder since additional genetic and

environmental factors are necessary for its clinical expression". On the other hand,

type lll HLP is associated with several rare apoE variants that display a dominant

inheritance pattern (for a review see reference 16).

ln addition to its role in lipoprotein clearance, apoE has been reported to

influence plasma lipoprotein levels by modulating. the lipolytic conversion and the

hepatic production of lipoproteins". These findings suggest that the occurrence of

mutations in the APoE gene and, as a consequence, a dysfunctional apoE protein
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could influence the clinical manifestation of primary HLP. Although several apoE

variants associated with hyperlipidemia have been identified", no studies

investigating the prevalence of rare apoE variants among hyperlipidemic patients

have been performed.

ln the present study, we determined the variation in the APOE gene in a large

population of patients with primary HLP using two apoE identification methods: IEF

with and without cysteamine modification (i.e. apoE phenotyping) and the polymerase

chain reaction (PCR) followed by restriction fragment length polymorphism (RFLP)

analysis (i.e. apoE genotyping). Comparison of the results obtained by both

techniques showed a phenotype-genotype discrepancy ol 13/". Further investigation

of the cause of the discrepancy resulted in the identification of several rare apoE

variants. By comparing the number of apoE mutations discovered among our

hyperlipidemic patients with that of a Dutch control population, we demonstrated that

the prevalence of rare apoE variants is =3O{old increased in patients with primary

HLP.

Methods
Patients
The study population consisted of 276 unrelated patients with primary hyperlipoproteinemia (182

males and 94 females), aged between 14 and 75 years (mean age 47 + 11 years), who were referred

to the outpatient Lipid Clinic of the Leiden University Medical Center (LUMC) between 1988 and 1997.

Patients with hypercholesterolemia, combined hyperlipidemia, endogenous hypertriglyceridemia

(HTG) and type lll HLP were included in the study. Lipoprotein disorders were diagnosed based on the

mean of two fasting blood samples obtained with an interval of 3 weeks, preceded by a 9-week step I

dietary period'.. The diagnostic criteria for hypercholesterolemia were total serum cholesterol > 7.5

mmol/L and serum triglycerides < 2 mmol/L; the criteria for combined hyperlipidemia were total serum

cholesterol > 7.5 mmol/L, serum triglycerides > 2 mmol/L, serum VlDl-cholesterol > 1 mmol/L, and

absence of xanthomas; the criteria for hypertriglyceridemia were serum triglycerides > 4 mmol/L,

serum VlDl-cholesterol > 1 mmol/L, and serum LDl-cholesterol < 4.5 mmol/L. Type lll HLP was

diagnosed based on homozygosity torE2l2 orthe presence of rare apoE variants, elevated levels of

cholesterol and triglycerides and a VlDl-cholesterol/serum triglycerides ratio > 0.689, which reflects

the presence of B-VLDL. Additional exclusion criteria were secondary hyperlipidemia due to renal, liver

or thyroid disease. This study was approved by the ethics committee of the LUMC and patients gave

their informed consent.

Control Population
Two thousand eighteen 3s-year-old men, randomly selected lrom three different geographic areas in

the Netherlands were used as a control population".
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ApoE Phenotyping
ApoE phenotypes were determined by IEF of delipidated serum samples with and without cysteamine
treatment, followed by immunoblotting with a polyclonal anti-apoE antiserum as described22.

DNA lsolation and ApoE Genotyping
Genomic DNA was isolated from leucocytes according to Miller et a1.23. The three common apoE
isoforms were determined by apoE genotyping as previously described by Reymer et al.2a.

Toble L Sequences of the primers used for PCR, sequencing ond RFLP onolysis

Primer Sequence Position'

1727 AM 5'.CGACGTTGTAAAACGACGGCCAGTTAGGCTGNGCAGATAATGC-3'

2060b 5'-biotinyloted-AGAGCGTCAAATCGCTGIC-3'

590b 5'-biotinyloted-CAGAAGGACCCTGACCCACC-3'

3348 5'-AAGCCAGGAGTCAGAAATGGG-3'

4OO 5'-CTCGGCCAGAGCACCGAGGA-3'

685b 5'-biotinyloted-CTGCGCGGAGGCAcGAGGCA-3'

40lb 5'-biotinyloted-AGGCCGCGCTCGGCGCCCTC-3'

402 5'-TCCCCACTGTGCGACACCCT.3'

4O2AM 5'-CGACGTTGTAAAACGACGGCCAGTTCCCCACTGTGCGACACCCT-3'

684 5'-GAGGTATAGCCGCCCACCAG_3'

793 5'-CTGCGGGTGCGCCTCGCCTC-3'

Ml3 5'-fluorescein-d(CGACGilGTAAAACGACGGCCAGT-3'

I 540-r 559

I 854- I 873

2780-2799

3140-3160

3787-3806

4351-4370

s9r 3-3932

3555-3574

3555-3574

3042-3062

3808-3827

.Nucleotide positions ore numbered occording to Poik et ol.oo

Sequencing
To identify new apoE mutations, exon 2, exon 3 and exon 4 of the APOE gene were amplif ied by PCR
using primer pairs 2060b-1727AM (exon 2),590b-3348 (exon 3),400-685b (3'-end of exon 4) and
401b-402AM (S'-end of exon 4), respectively. Sequences oI the primers are shown in Table 1.

The amplification reactions for exon 2 contained 20 pmol of each primer, 500 ng genomic
DNA, 0.2 mmol/L of each dNTP, 10 mmol/L Tris-HCl (pH 8.4), 2 mmoVL MgCl2, 50 mmot/L KCl, 2OO

pgiml BSA, 10% (vlv) dimethylsulfoxide (DMSO) and 0.4 unit Taq polymerase (Super Taq, HT
Biotechnology Ltd, Cambridge, UK), in a total volume of 50 pL. Amplification was performed for 35
cycles of 30 s at 94'C, 30 s at 61'C, 1 min at 72'C, with an initial denaturation period of 2 min at 94'C.
The same protocol was used for amplification of exon 3 with the exception of the annealing
temperature, which was 58'C. For amplification of the 3'-end of exon 4 the same reaction mixture was
used with the exception of the MgCl2 concentration and the annealing temperature, which was 1.5
mmolil and 58'C, respectively. Amplification of the S'-end of exon 4 was performed as described
above with the exceplion of the MgCl2 concentration and the annealing temperature, which was 1.0
mmol/L and 57'C, respectively.

1 pg PCR product was sequenced according to the dideoxynucleotide chain termination
method2s using the fluorescently labeled primer M13 for the 2060b-1727AM fragment (334 bp) and the
401b-402AM Jragmenl (378 bp) and primers 793 for the 400-685b fragment (585 bp) and 684 for the
590b-3348 fragment (381 bp), respectively. Sequencing was performed on an Automated Laser
Fluorescence (ALF) DNA sequencer (Pharmacia Biotech).
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Mutation Detection with PCR and RFLP

All apoE mutations identified by sequencing were confirmed by PCR and RFLP analysis.

To identify the apoEl (Gly127-+Asp; Arg158-+Cys) mutation and the apoE5 (Pro84-+Arg;

Cysl 1 2-+Arg) mutation, PCR analysis was performed with primers 401 and 402. The reaction mixture

included 50 pmol of each primer, 500 ng genomic DNA, 0.2 mmol/L of each dNTP, 10 mmol/L Tris-

HCI (pH 8.4), 1 mmol/L MgClz, 50 mmol/L KCl, 200 pg/ml BSA, 10% (v/v) DMSO and 0.2 unit Taq

polymerase in a total volume of 50 pL. Amplification was performed for 32 cycles of 1 min at 94"C, 30

s at 55"C and 1.5 min at 72"C with an initial denaturation period of 3 min at 94'C. For identilication of

carriers of the apoEl variant, some 20 pL of PCR products were digested with the restriction enzyme

Iaql according to the recommendations of the supplier (Life Technologies). Fragments were

separated on a 2h MP agarose gel (Boehringer Mannheim, Germany) and stained with ethidium

bromide. Digestion of the PCR product will reveal fragments of 236 and 142 bp'fot the mutant allele,

and one fragment of 378 bp for the wild type allele. For identification of carriers of the apoE5 variant,

the PCR product was digested with the restriction enzyme Smal. Fragments were separated on a2/"
MP agarose gel. Digestion of the PCR product will reveal fragments ot 270 and l08 bp for the mutant

allele, and one fragment of 378 bp for the wild type allele.

The apoE4 (Leu28-+Pro; Cys112--+Arg) mutation was identified using PCR primers 3348 and

509b. The reaction mixture included 20 pmoL of each primer, 500 ng genomic DNA, 0.2 mmol/L of

each dNTP, 10 mmol/L Tris-HCl (pH 8.4), 2 mmol/L Mgolr, 50 mmol/L KCl, 200 pg/mL BSA, 10% (vlv)

DMSO, and 0.2 unit Taq polymerase in a total volume of 50 pL. Amplification was performed for 32

cycles of 30 s at 94'C, 30 s at 58"C and 1 min al72'C with an initial denaturation period of 2 min at

94'C. Some 20 pL of PCR products were digested with the restriction enzyme Mspl according to the

recommendations of the supplier (Life Technologies). Fragments were separated on a 2% MP

agarose gel. Digestion of the PCR product will reveal lragments of 55, 79 and 247 bp for the mutant

allele, and fragments of 79 and 302 bp for the wild type allele.

Statistical Analyses
The Hardy-Weinberg equilibrium of the apoE genotype distribution was calculated using the gene-

counting method and differences were assessed by X analysis. Differences between the prevalence

of apoE variants of the hyperlipidemic patients and the Dutch control population were determined by

X analysis. Statistical analyses were performed with SPSSWIN 6.1.3 (SPSS, Chicago, lL).

Results
ApoE Phenotype and Genotype Distribution

The apoE genotype and phenotype distribution of the 276 hyperlipidemic patients is

shown in Table 2. For the calculation of the Hardy-Weinberg equilibrium, two patients

with the apoE3-Leiden/E3 genotype were included in the E4l3 genotype group since

apoE3-Leiden is structurally related to the apoE4 allele'u". As expected, the apoE

genotype distribution of the hyperlipidemic patients was not in Hardy-Weinberg (X =

74.5, P < 0.001), since this is not a randomly selected population.
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Toble 2. Distribution of opoE genotypes ond phenotypes in hyperlipidemic

potients

Hyperlipidemic potients 1n=27 6)

ApoE genotype' ApoE phenotype

3t

2

0

2

41

I
I

0

n

t0

75

E

127

26

30

0
,l

4

27

2

46

9

il
0

I

E4l4

E4ll

E4l2

Es/s

E3l2

E2l2

E3-Leiden/3

E5l3: E3l1 E2l1

H-W X (Pvolue)t

104
78 28

tr

114

36 t3

74.s (0.00)

ND indicotes not determined.
-As determined by PCR ond Hhol RFLP onolysis; opoE genotypes determined by
sequencing ore not included.
tThe Hordy-Weinberg (H-W) equilibrium of the opoE genotype distribution wos
colculoted using the gene-counting method ond differences were ossessed by X
onolysis, For colculotion of the H-W equilibrium, two opoE3-Leiden coniers were
included in the E4l3 genotype group.

Prevalence of Discrepancy between the ApoE ldentification Methods

At our laboratory an IEF method in combination with cysteamine modification" is

used as an indicator for amino acid changes in lhe apoE protein. Cysteamine adds a

positive charge to each cysteine residue, thereby focusing the major part of apoE2

and apoE3 at the position of apoE4.

By comparing the results obtained by apoE phenotyping (including cysteamine

modification) and genotyping, 35 of the 276 hyperlipidemic patients (13%) showed a

phenotype-genotype discrepancy (listed in Table 3). From those 35 subjects, eight

showed discordancy between genotyping and phenotyping as well as an aberrant

cysteamine modilication. ln addition, 22 patients had a discrepancy between

genotyping and phenotyping and a normal cysteamine modification, whereas five

patients only displayed an aberrant cysteamine modification. The most common
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mismatches consisted of subjects typed as E3/3 by phenotype but classified as E2l3

(n=12) or E3l4 (n=5) by genotype.

ldentification of ApoE Mutations

Mutational analysis was used to determine whether the phenotype-genotype

discrepancies were caused by the presence of rare apoE variants. ln eight of the 35

patients an apoE mutation was identified (Table 3), explaining the phenotype-

genotype discrepancy.

Toble 3. Cross-tobulotion of the genotypes ond phenotypes of the 35

hyperlipidemic polienls wilh discreponcies

Abenont

ApoE ApoE cysteomine

genotype n phenotype modificotion ldentified mutotion

E4l4 1 E4l3 yes E3 (Cysl12-+Arg:Arg25l-+Gly)

E4l3 1 E4l4 no

4 E3l3 no

I E3/3 no E4 (Leu28-+Pro; Cys112-+Arg)

I E5/3 yes E5 (Pro84+Arg;Cysl12-+Arg)

E3/3 2 E4l3 no

4 E3l3 yes

1 E3l2 no

2 E3l2 yes E2 (Lys146-+Gln)

I E3/l yes

E3-Leiden/3 2 E3l3 yes E3-Leiden (Cysl l2-+Arg; 7oo ins)

E3l2 1 E4l3 no

l2 E3/3 no

E2l2 1 E2l2 yes

1 E2l1 yes E1 (Gly127-+Asp;Argl58-+Cys)

Two of these eight patients showed an additional band on agarose gel during

apoE genotyping, which is distinctive for the apoE3-Leiden variant'u. Both patients

had an E3/3 phenotype, whereas cysteamine treatment resulted in a shift 1o the E4l3
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position in stead ol lhe E4l4 position. The APOE.3-Leiden allele is identical to the

APOE.4 (Cys1 12-+Arg) allele'u, but includes an in-frame repeat of 21 nucleotides in

exon 4, resulting in a tandem repeat of codon 120-126 or 121-127"''n. The inserted

seven amino acid residues introduce one additional negatively charged glutamyl

residue compared with the apoE4 isoform and thus leads to an IEF pattern similar as

apoE3.

Two patients (E3/3 genotype, E3/2 phenotype, aberrant cysteamine

modification) were previously identified as heterozygous carriers of the apoE2

(Lys146-+Gln) variant'*". ln contrast to the common apoE2 (Arg158-+Cys) isoform,

the rare apoE2 (Lys146-+Gln)variant only contains one cysteine residue. This lack of

one positive charge unit resulted in an E4l3 phenotype after cysteamine treatment of

plasma.

One patient (E414 genotype, E4l3 phenotype, aberrant cysteamine

modification) has been identified as a heterozygous carrier of the apoE3

(Cys112--sArg; Arg2l1-+Gly) variant". This apoE variant arose as the result of a

mutation in the common APOE.4 allele. The substitution of a positively charged

arginine residue by a neutralglycine at amino acid position 25'1 resulted in the loss of

one positive charge unit from apoE4, and as a consequence, caused an IEF pattern

similar as apoE3.

Patient 1829 displayed an E2l2 genolype and an E2l1 phenotype, which

shifted to E4l3 after cysteamine modification. Sequencing of exon 4 revealed a C-+T

transition at the first position of codon 158, indicative for the common APOE.2 allele

(data not shown). ln addition, a G+A transition at the second position of codon 127

was identified (Figure 1A), resulting in a glycine to an aspartic acid substitution. The

presence of the mutation was confirmed using PCR and RFLP analysis (Figure 2).

The apoEl (Gly127-+Asp; Arg'158-+Cys) variant is the result of a mutation in the

common APOE.2 allele. The substitution of a neutral glycine for a negatively charged

aspartic acid introduced an extra negative charge unit, explaining the more acidic IEF

pattern.

ln patient 1821 (E4l3 genotype, E5/3 phenotype shifting to E5/4 after

cysteamine modification) a C to G substitution at the second position of codon 84 in

exon 4 was identified (Figure 1B). ln addition, the first position of codon 112
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contained a T as well as a C (data not shown), confirming the patient's E4l3

genotype. The point mutation at amino acid residue 84 caused a proline (neutral) to

an arginine (positive) substitution. The introduction of an additional positive charge

unit to apoE4 explained the more basic position of this apoE5 variant on lEF. Figure

2 shows the RFLP analysis of patient 1821, which confirmed the presence of the

apoE5 (Pro84-+Arg; Cysl 12-+Arg) mutation.

DNA sequence analysis of exon 3 of patient 1879 (E413 genotype, E3/3

phenotype) revealed a T+C transition at the second position of codon 28 (Figure

1C). This resulted in the conversion of a leucine to a proline, which is a neutral amino

acid substitution. ln exon 4, both a T and a C nucleotide were identified at the first

position of codon 112 (data not shown), confirming the E4l3 genotype. Subsequently,

the presence of the apoE4 (Leu28-+Pro; Cys112-+Arg) was confirmed by RFLP

analysis (Figure 3).

Lack of concordance between apoE phenotype and genotype assignments

remained unresolved in 27 ol lhe 276 hyperlipidemic patients (9.8%). The majority of

these 27 mismatches consisted of subjects typed as E3/3 by phenotype but classified

as E2l3 (n=12) or E3l4 (n=a) by genotype. Six of these 16 patients had diabetes

mellitus. Another four subjects with an E3/3 phenotype did not show a discrepancy

with their genotype, but displayed an incomplete cysteamine modification pattern.

Comparison of the Prevalence of Rare ApoE Variants between Hyperlipidemic

Patients and Dutch Control Subiects

The prevalence of rare apoE variants in hyperlipidemic patients was 2.97" (8 out of

276 patients). ln comparison to the Dutch control population, the frequency of rare

apoE variants is =30-fold increased (2.9/" vs. 0.1%, P < 0.001, Table 4). More than

half of the hyperlipidemic patients with an apoE variant were type lll HLP patients

(i.e. carriers of the apoEl (Gly127-+Asp; Arg158-+Cys) variant, the apoE2

(Lys146-+Gln) variant and the apoE3-Leiden variant). However, the difference in

prevalence remained significant after exclusion of the five type lll HLP patients from

the statistical analysis (1.1% vs. 01%, P = 0.014).
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Discussion

since apoE has various functions in lipoprotein metabolism'n, the presence of apoE

mutations could influence the occurrence of primary hyperlipidemia. We therefore

wondered whether apoE mutations occur more frequently in hyperlipidemic patients

compared with the general population.

-+ codon 127
GGC-+GAC

Gly-+Asp

ACCCStt()Tr,ii_iC
codon 84

CCG-+CGG
Pro-+Arg

"itnze 
+

GAC-+GGC
Leu-+Pro

Figure I. Demonstrolion of (A) the opoEl (Gtyl27-+Asp; ArgtSS-+Cys)
mulolion, (B) the opoE5 (Pro84-+Arg; Cysl l2-+Arg) mutotion, ond (C) the
opoE4 ([eu28-+Pro; Cysl I 2-+Arg) mutotion
The onow indicotes the direction of 5'-+3', For (A) ond (B), the sequence of
the sense strond is given, whereos for (C) the sequence of the ontisense
strond is given.
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phenotyping and genotyping. This strategy enabled us to identify several rare apoE

variants. ln comparison to a Dutch control population, we demonstrated that the

prevalence of rare apoE varianls was =30{old increased in patients with primary

hyperlipidemia. Three of the identified apoE variants (i.e. the apoE3-Leiden variant,

the apoE2 (Lys146-+Gln) variant and the apoEl (Gly127-+Asp; Arg158-+Cys)

variant) are associated with type lll HLP'., a lipid disorder which is known for its

association with variation in the APOE gene. However, three additional mutations

were found in patients with other forms of hyperlipidemia. After exclusion of the type

lll HLP patients, the prevalence of apoE variants in our hyperlipidemic patients was

still significantly elevated compared with the control population.

37&p
27Cbp

108bp

Figure 2. RFLP onolysis of the opoEl (Glyl27-+Asp; Argl58-+Cys) ond lhe
opoE5 (Pro84-+Arg; Cysl I2-+Arg) mutolion
Lone I represents the digested PCR product of the opoEl (Glyl27-+Asp;
Arg158-+Cys) heterozygous corrier (potient lB29) ond lones 2 ond 3
represent the digested PCR product of two subjects without the mutotion.
Lone 4 represents o .l000 bp DNA lodder, Lone 5 represents the digested
PCR product of the opoE5 (Pro84-+Arg; Cysll2-+Arg) heterozygous corrier
(potient lB2l) ond lones 6 ond 7 represent the digested PCR product of two
subjects without the mutotion,

One HTG patient appeared to be a heterozygous carrier of the apoE3

(Cys112-+Arg; Arg251-+Gly) variant. Family analysis confirmed an association with

378bp
236bp
14bp
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this lipid disorder'.. The apoE5 (Pro84-+Arg;cys112-+Arg) mutation was identified in

another HTG patient, but family analysis (data not shown) and data from other

investigators provided no evidence for an association with any type of hyperlipidemia

(for a review see reference 16).

302 bp
247 bp

79 bp

Figure 3. RFIP onolysis of the opoE4 (Leu28-+Pro; Cysl I2-+Arg) mutotion
Lone I represents the digested PCR produci of the opoE4 (Leu2B-+Pro;
Cys112-+Arg) heterozygous corrier (potient .l879) ond lones 2 ond 3
represent the digested PCR product of two subjects without the mutotion.
The 55 bp frogment is not visible on the qgorose gel, Lone 4 represents o 100
bp DNA lodder,

DNA sequencing of one hypercholesterolemic patient revealed the presence

of the apoE4 (Leu28-+Pro; Cys112-+Arg) mutation. This uncharged amino acid

substitution seems no explanation for the discrepancy between the E3/3 phenotype

and the E3/4 genotype found in this patient. However, in literature this mutation was

described as the apoE4-Freiburg mutation'u''u, indicating a slightly more acidic

position of this variant compared with the common apoE4 isoform. lt seems likely that

this apoE4 variant was misclassified as an apoE3. Thus, the actual phenotype

should have been delermined as E4l3. This also explains why the isoform focused at

lhe E4l4 position after treatment with cysteamine (or probably allhe E4lE4 position).

Carriers of the apoE4-Freiburg mutation have a normal clearance of postprandial

lipoproteins and no LDLR binding defect'u. The apoE4-Freiburg mutation is not

associated with a specific type of HLP, but its allele frequency is more prevalent
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among patients with coronary arlery disease compared with healthy subjects36. ln

addition, the apoE4-Freiburg variant was found to be associated with decreased

cholesterol, apoB and apoAl concentrations and a decreased accumulation in HDL,

suggesting that this mutation has atherogenic properties'u.

Toble 4. Prevolence of rore opoE vorionls in hyperlipidemic polienls

compored with Dutch conlrol subjecls

Prevolence

+ ApoE voriont - ApoE voriont X (Pvolue)

HLP potients (n=276)

Dutch controls (n=201 8)

n

8.

2t

2.9

0.r

n

268

2016

97.1 43.8 (< 0.00t)

99.9

The prevolence of rore opoE vorionts in hyperlipidemic potients ond in o Dutch
control populotion were compored using X onolysis,
.lncludes one conier of the opoEl (Glyl27-+Asp; Argl58-+Cys) voriont, two corriers
of the opoE2 (Lysl46--rGln) voriont, two corriers of the opoE3-Leiden voriont, one
corrier of the opoE3 (Cysll2-+Arg;Arg251-+Gly) voriont, one corrier of the opoE4
(Leu28-+Pro; Cysl12-+Arg) voriont ond one conier of the opoE5 (Pro84-+Arg;
Cys112-+Arg) voriont.
tlncludes two corriers of the opoE2 (Arg134-+Gln) voriont'u.

Changes at the DNA level of the APOE gene can alter the amino acid

sequence of the apoE protein and, as a consequence, result in a changed IEF

pattern. Our group has developed an apoE phenotyping method consisting of IEF in

combination with cysteamine modification". The presence of a discrepancy between

apoE phenotyping and genotyping in combination with a partial cysteamine

modification is an indication for the presence of an apoE mutation. By comparing the

results of the apoE phenotyping and genotyping technique, we found that the

prevalence of phenotype-genotype discrepancies was 13/" in hyperlipidemic

patients. Although the presence of apoE mutations explained the discrepancy in

several patients, lack of concordance between apoE phenotype and genotype

remained unresolved in 9.8% of the patients. This prevalence of discrepancy is

intermediate compared with the prevalence found in healthy subjects (0.3-3.1%)"oo

and diabetic patients (13-24/")o'o'. ln accordance with Lahoz et al.'0, the majority of
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the mismatches consisted of patients with the E3/3 phenotype and the E3/2 or the

E3/4 genotype.

The unresolved misclassifications of apoE isoforms can be explained by (i)

incomplete DNA sequence analysis, (ii) the occurrence of a "null allele" and (iii)

technical difficulties. Since the APOE gene is extremely rich in guanine (G) and

cytosine (C), DNA of several patients could not be sequenced satisfactorily. Further

sequence analysis is necessary to exclude the presence of apoE mutations in these

patients. ln addition, mutations preventing the APOE gene from being translated or

resulting in the expression of an unstable gene product might prevent the

appearance of the allele product in the plasma (a so-called "null allele"). At the

moment we are investigating whether the presence of a "null allele" can explain the

phenotype-genotype discrepancies in twelve patients with the E3/3 phenotype and

the E3/2 genotype. For this purpose, families of the patients will be collected. Finally,

several technical difficulties related to the apoE identification methods could lead to

an incorrect assignment of the apoE isoform. DNA quality may influence apoE

genotyping results. The amount of protein subjected to IEF gels affects the intensity

of the bands during apoE phenotyping ("faint bands"). The electrophoretic mobility of

apoE isoforms on IEF gels can be influenced by charge variations caused by post-

translational modifications'. Since the sialylated forms of apoE focus at a more acidic

position, E4l4 homozygotes may be falsely scored as E4l3 and E3/3 homozygotes

may be classified as E3/2. This problem may especially occur in diabetic patientso'o'.

Among our 27 patients with a remaining discrepancy, diabetes mellitus was observed

in six of 16 subjects with an E3/3 phenotype and an E4l3 or an E3l2 genotype.

Although further mutational analysis is necessary, the increased prevalence of

rare apoE variants among our hyperlipidemic patients suggests that apoE mutations

play a role in the clinical manifestation of primary hyperlipidemia. Furthermore, our

data suggest that a combination of apoE genotyping and phenotyping, followed by

cysteamine modification, is a helpful tool for the identification of rare apoE variants.
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Chapter 10

Summary & General Discussion

Type lll HLP is a multifactorial lipid disorder caused by an impaired hepatic uptake of

remnant lipoproteins as a result of a defective apoE. The prevalence of type lll HLP

in the general population is =1-5 per 5000. The majority of type lll HLP patients are

homozygous carriers of apoE2 (Arg158-+Cys)'. In these individuals the disorder is

inherited in a recessive fashion. On the other hand, several rare apoE variants are

associated with a dominant inheritance pattern of type lll HLP. Although all apoE2

homozygotes display an accumulation of remnant lipoproteins in their plasma, it has

been estimated that less than 10% develop overt hyperlipidemia, indicating that

additional environmental and genetic factors are required for the expression of this

disorder'''. The aim of the present thesis was to study the pathogenesis and the

biochemical aspects of type lll HLP.

At the time the work for this thesis was initiated, Iittle was known about the

additional factors contributing to type lll HLP due to the low prevalence of this

disorder. We therefore decided to collect a large population of both normolipidemic

and hyperlipidemic E2l2 subjects to compare their clinical and biochemical

parameters. ln chapter 2 it was shown that the prevalence of type lll HLP among

apoE2 homozygotes is much higher in the Netherlands (18%) than the prevalence

estimated in literature (=4o/o)''". This difference could be attributed to an increased

prevalence of overt type lll HLP in the Netherlands compared with other Caucasian

populations. ln our study population, the frequency of overt type lll HLP was =1:900,

which is comparable to the highest prevalence documented in literature'. There are

several possible explanations for this finding. Our criteria for the definition of type lll

HLP might differ from other population studies. ln addition, only a few epidemiologic

surveys of the prevalence of type lll HLP have been reported in the 1970s and 1980s

(reviewed in 2). lmproved methodology for the diagnosis of type lll HLP since then

could have resulted in an increased frequency of type lll HLP.
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ln chapter 2, we provided evidence that hyperinsulinemia is an important

contributor to the expression of type lll HLP in apoE2 homozygotes. Furthermore,

DNA analysis showed an association of the apoC3 Sstl polymorphism and the LPL

D9N mutation with the occurrence of type lll HLP (chapter 3), indieating that

mutations in genes involved in lipolysis play a significant role in the clinical

manifestation of type lll HLP. These findings can be interpreted in several ways.

First, hyperinsulinemia has a stimulatory effect on hepatic VLDL productiono''. As

proposed by Mahley et al.''u, VLDL overproduction in combination with the impaired

hepatic remnant clearance in apoE2 homozygotes might lead to an increased

accumulation of lipoproteins in the circulation and, as a consequence, overt

hyperlipidemia. Second, insulin is a regulator of both LPL9 and apoC3 activity'o.

Possibly, mutations in the LPL and APOC3 gene affect their insulin sensitivity,

causing overexpression or down-regulation of these genes and an effect on lipolysis.

For example, it has been shown that the presence of two polymorphisms in the

promoter region of APOC3 results in loss of insulin responsiveness". Furthermore,

the presence of the APOC3 Sstl polymorphism in combination with high insulin levels

has been reported to result in severe hyperlipidemia in apoE2 homozygotes''. These

observations and the data from this thesis strongly suggest that the insulin resistance

syndrome has a central role in the etiology of type lll HLP. Therefore, it would be

interesting to determine the insulin sensitivity of type lll HLP patients in euglycemic

clamp studies and to screen for mutations in genes involved in the development of

insulin resistance. Possible candidates are mutations in genes of the insulin signaling

cascade including insulin receptor substrate-1 and the regulatory subunits of

phosphatidylinositol-3 kinase and glycogen-associated protein phosphatase-1

(reviewed in 13).

Since hyperinsulinemia and mutations in the APOC3 and LPL gene only partly

explained the expression of type lll HLP in our apoE2 homozygotes, other additional

factors remain to be elucidated. Especially factors causing overproduction of

lipoproteins should be further studied. Data from transgenic animal studies have

shown that crossing of hypolipidemic apoE? transgenic mice with mice

overexpressing human apoB results in a shift towards a hyperlipidemic phenotype'..

Although alcohol consumption, diabetes mellitus and obesity are known to stimulate

hepatic VLDL production, we demonstrated that these factors have no major impact

158



Summary & General Discussion

on type lll HLP expression (chapter 2). Since obesity is rather common among type

lll HLP patients', we were surprised to find no significant association of body mass

index with type lll HLP expression in apoE2 homozygotes (chapter 2). Further

analysis of the influence of the waist-to-hip ratio might provide more insight in the

effect of obesity on the clinical manifestation of type lll HLP. An other factor involved

in hepatic VLDL production is microsomal triglyceride transfer protein (MTP). MTP is

a lipid transfer protein that is necessary for the assembly and secretion of VLDL by

the liver and chylomicrons by the intestine (reviewed in 15-17). Absence of a

functional MTP causes abetalipoproteinemia which is a tarc disorder characterized

by a deficiency in the assembly and secretion of VLDL and chylomicrons into the

plasma. A number of structured mutations leading to abetalipoproteinemia have now

been identified''. Recently, Tietge et al.'n showed that adenovirus-mediated hepatic

overexpression of MTP in mice results in an enhanced secretion of VLDL-TG and

apoB. Therefore, mutations in the MTP gene that affect VLDL synthesis might

contribute to type lll HLP expression. A recently discovered functional polymorphism

in the MTP promoter (-493GT) has been shown to be associated with decreased

LDl-cholesterol and VLDL-apoB content in healthy men'o. However, other Studies

have reported controversial effects"'".

ln men, type lll HLP is normally expressed between 30 and 40 years of age,

whereas in women the disorder is mostly expressed after the menopause'. ln line

with this, we found that increasing age only contributes to type lll HLP expression in

women (chapter 2), most likely due to loss of estrogen production during menopause.

Data from animal studies support the latter, since it was shown that ovariectomy of

normolipidemic female apoE2 (Arg'158-+Cys) transgenic rabbits results in

hyperlipidemia". Furthermore, estrogen treatment of postmenopausal women with

type lll HLP normalizes plasma cholesterol and TG levels'o''u. Tibolone is a synthetic

steroid with estrogenic, androgenic and progestagenic properties. A major advantage

of the compound is an decreased risk on the occurrence of endometrial cancer and

monthly vaginal bleedings compared with other hormone replacement therapies"'".

To determine whether tibolone has the same beneficial effects on lipid metabolism as

estrogens, the effect of tibolone on lipid and lipoprotein parameters in

postmenopausal women with type lll HLP has been studied in chapter 4. Tibolone

adminstration causes a significant decrease in plasma cholesterol, TG, VLDL-
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cholesterol, VLDL-TG, apoE and apoB100 levels without serious adverse effects.

Although further research is necessary to determine the underlying mechanism ol

this hypolipidemic action, it is likely that the beneficial effects of tibolone on

lipoprotein metabolism are the result of the balance between estrogenic and

androgenic activities (reviewed in 29).

ln addition to the defective clearance of remnant lipoproteins in apoE2

homozygotes, it has been proposed that an impaired lipolysis contributes to type lll

HLP expression'o-". At the time this work was initiated, in vitro lipolysis experiments

were performed using an assay with LPL in solution. However, during in vivo lipolysis

LPL is anchored to HSPG on the luminal surface of the endothelium. ln chapter 5,

the development of a novel in vitro lipolysis assay is described in which plastic

microtiter plates are incubated with HSPG, subsequently blocked with albumin, and

finally incubated with LPL. Since apoE is thought to participate in the interaction

between VLDL and HSPG, it was hypothesized that apoE mutations may diminish

this interaction, leading to an impaired lipolysis". ln chapter 6, we therefore

investigated the HSPG-bound LPl-mediated lipolysis and binding of VLDL isolated

from type lll HLP patients with different apoE variants. VLDL isolated from apoE2

homozygotes and apoE3-Leiden heterozygotes both displayed a reduced lipolysis by

HSPG-bound LPL due to a defective binding of these particles to the HSPG-LPL

complex. Although our results indicate that the observed reduced lipolysis is the

result of a defective binding of apoE2 and apoE3-Leiden to HSPG-bound LPL, we

cannot rule out the possibility that large amounts of apoE impair lipolysis via

displacement of apoC2 from the VLDL particle"'" or via a direct effect'u. Lipolysis

experiments with VLDL containing low and high amounts of apoE2 and apoE3-

Leiden should provide more insight in the underlying mechanism.

ApoE2 (Lys146-+Gln) is a rare apoE variant which is associated with a

dominant inheritance pattern of type lll HLP"'". Sofar, only heterozygous carriers of

this apoE variant have been identified. Although the apoE2 (Lys146-+Gln) mutation

is located in the LDlR-binding domain of apoE, it does not display a severe LDLR

binding defect'n'oo. Previous studies suggest that APOE"2 (Lys146-+Gln) allele

carriers might have an inefficient VLDL-TG lipolysis". Using the newly developed

lipolysis assay with HSPG-bound LPL, we demonstrated that VLDL isolated from
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heterozygous carriers of the apoE2 (Lys146-+Gln) variant only has a mild lipolysis

defect (chapter 6). However, the presence of the second normal APOE allele might

have a confounding effect. lnjection of apoE deficient mice with an adenovirus

expressing the human APOE.2 (Lys146-+Gln) variant provided evidence that this

apoE variants causes increased plasma TG levels due to inhibition of hydrolysis of

VLDL-TG (chapter 7). High levels of apoE have been shown to impair VLDL

lipolysis'u'"'o''o'. However, by isolating VLDL particles which contain rather low

amounts of apoE2 (Lys146-+Gln), we were able to show that inhibition of lipolysis

occurs in an apoE variant-specific manner in addition to an apoE dose-dependent

manner. Furthermore, the amount of apoE2 (Lys146-+Gln) on the VLDL surface

appeared to be too low to cause apoC? displacement, as has been demonstrated for

other apoE isoforms'o''u. lt has been reported that several other dominant apoE

mutations, which are located between amino acid residues 142-146, display a

defective binding to HSPG/heparin3''"'*. For this reason, HSPG binding studies of

VLDL containing only the apoE2 (Lys146+Gln) variant on its surface might elucidate

the mechanism behind the impaired lipolysis caused by this apoE variant.

ln addition to its role in lipolysis, apoE has been reported to affect hepatic

VLDL-TG production'u'o''ou'ou. ln chapter 7 we found no significant differences in

hepatic VLDL-TG production rates between apoE deficient mice injected with an

apoE2 (Lys146-+Gln)- and an apoE3-expressing adenovirus. ln line with this,

Tsukamoto et al.o' reported that adenoviral expression of apoE2 (Arg158-+Cys),

apoE3 and apoE4 in livers of apoE deficient mice increases VLDL-TG production to a

similar degree, indicating that apoE facilitates hepatic VLDL production in an isoform-

independent manner.

Several investigators have suggested that the binding capacity of apoE for

HSPG correlates with the mode of inheritance of type lll HLP"'.'. They have shown

that several dominant apoE variants (apoE3-Leiden, apoE3

(Cys112-+Arg;Arg142-+Cys), apoE2 (Arg145-+Cys) and apoEl (Lys146-+Glu))

display a more severe defective binding to HSPG/heparin compared with apoE

variants that are associated with a recessive inheritance pattern of type lll HLP

(apoE2 (Arg158+Cys) and apoEl (Gly127-+Asp;Arg158+Cys)) (reviewed in 8).

Wild type apoES displays the highest binding affinity for HSPG. However, in chapter
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8 we show that the binding affinity and the maximal binding capacity of B-VLDL

isolated from transgenic mice expressing human apoE variants to HsPc-coated

microtiter plates is very low. As discussed in chapter 8, differences in experimental

design and the presence of free apoE during the binding experiments may explain

the discrepancy with other investigators. Furthermore, we have demonstrated that

addition of LPL markedly enhances both the HSPG binding affinity and maximal

binding capacity of VLDL containing apoE2, apoE3-Leiden or no apoE on its surface.

Although apoE is not a necessity, its presence further enhances the binding of p-

VLDL to HSPG-LPL complexes. Our results emphasize the important role of LPL in

mediating the binding of lipoproteins to HSPG.

As reviewed in 48, apoE is a modulator of the clearance, the lipolytic

conversion and the hepatic production of lipoproteins. The occurrence of apoE

mutations could lead to a disturbance in any of these pathways and consequently

results in hyperlipidemia. We therefore wondered whether apoE mutations occur

more frequently in hyperlipidemic patients compared with the general population. ln

chapter 9 we have compared the results of two apoE identification methods, i.e.

apoE phenotyping and genotyping, in patients with primary hyperlipidemia. We

showed that apoE phenotype-genotype discrepancies occurred in 13% of the

hyperlipidemic patients. Mutational analysis identified eight carriers of a rare apoE

variant that could explain this discrepancy. Furthermore, we found a 30Jold

increased prevalence of rare apoE variants in hyperlipidemic patients compared with

a Dutch control population, suggesting that apoE mutations play a role in the clinical

manifestation of primary hyperlipidemia. However, lack of concordance between

apoE phenotyping and genotyping remained unresolved in 10% of the hyperlipidemic

patients. Although the presence of several diabetic subjects among the group with

remaining discrepancies might have caused some technical difficulties (e.9.

glycosylation of apoEon'uo), we cannot exclude the possibility that the remaining

discrepancies are the result of changes at the DNA level (e.9. unidentified apoE

variants or "null alleles").
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Samenvatting

Achtergrond

Apolipoprotelne E (apoE) is een eiwit dat een centrale rol speelt in het

vetmetabolisme. Het eiwit bevindt zich op het oppervlakte van verschillende

lipoproteinen, zoals de chylomicronen, de chylomicronen remnants, de very low

density lipoproteTnen (VLDL), de intermediate density lipoproteinen (lDL), en de high

density lipoprotelnen (HDL). Lipoprotei'nen zijn eiwitten die zorgen voor het transport

van cholesterol en vetten (triglyceriden) in het bloed. Tijdens dit transport worden,

door de werking van het enzym lipoproteTne lipase (LPL), de triglyceriden van

chylomicronen en VLDL afgebroken (de zogenaamde lipolyse). Een overmaat aan

apoE remt het lipolyse proces. Als gevolg van de lipolyse zijn de chylomicronen en

VLDL kleiner geworden in omvang en worden respectievelijk chylomicronen

remnants en IDL genoemd. Deze lipoprotelnen die voornamelijk cholesterol bevatten,

worden vervolgens naar de lever afgevoerd, waar ze worden opgenomen via

receptoren (de zogenaamde klaring). ApoE is verantwoordelijk voor de binding van

lipoprotelnen aan de leverreceptoren (de low density lipoproteine receptor (LDLR) en

het LDlR-related protein (LRP)). Daarnaast maakt de lever lipoprotelnen in de vorm

van VLDL. Bij deze synthese is waarschijnlijk ook een rol weggelegd voor apoE.

Van het APOE gen komen drie varianten voor die allelen genoemd worden.

Het erfelijk materiaal van deze drie allelen zal uiteindelijk vertaald worden in drie

verschijningsvormen (isoformen) van het apoE eiwit: apoE3 (Cys112; Arg158),

apoE4 (Cys112-+Arg) en apoE2 (Arg158-+Cys). Deze drie isoformen verschillen van

elkaar in aminozuursamenstelling. leder individu heeft twee kopie6n van elk gen en

dus ook twee apoE isoformen die te samen het zogenaamde apoE fenotype vormen.

ln de algemene bevolking komen drie homozygote apoE fenotypes voor (apoE2lE?,

apoE3/E3 en apoE4/E4) en drie heterozygote fenotypes (apoE2/E3, apoE2lE4 en

apoE3/E4). Ruim de helft van de blanke bevolking heefi het homozygote apoE3/E3

fenotype.

Familiaire Dysbetalipoprotelnemie (FD) is een erfelijke aandoening van het

vetmetabolisme dat gekenmerkt wordt door een slecht functionerend apoE. ln de

algemene bevolking komt FD bij ongeveer 1 tot 5 op de 5000 mensen voor. Meer
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dan 90% van alle personen met FD heeft het homozygote apoEz (Arg158-+Cys)

fenotype. ApoE2 (Arg158-+Cys) bindt zeer slecht aan de leverreceptoren (de

bindingscapaciteit is ongeveer 1% in vergelijking met apoE3). Als gevolg hiervan

zullen bij apoE2 homozygoten de remnant lipoproteinen slechter door de lever

worden opgenomen en in het bloed gaan stapelen. Toch zal dit maar bij minder dan

10o/o valfi alle apoE2 homozygoten leiden tot een verhoogd cholesterol en

triglyceriden (de zogenaamde hyperlipidemie). ln dat geval spreken we van type lll

hyperlipoproteinemie (HLP). Aangezien er naast de aanwezigheid van apoE2

homozygotie nog additionele factoren nodig zijn voor de klinische openbaring

(manifestatie) van type lll HLP wordt dit als een multifactoridle aandoening

beschouwd. Naast apoE2 homozygoten zijn er ook type lll HLP patienten die drager

zijn van een zeldzame apoE variant (bijv. apoE3-Leiden en apoE2 (Lys146-+Gln)).

Patidnten met type lll HLP hebben een verhoogd risico op hart- en vaatziekten.

Kenmerkend voor deze patidnten zijn de gele handlijnen (de zogenaamde

xanthoch ro m i a stri ata pal maris).

In dit proefschrift zijn studies beschreven die verricht werden om meer inzicht

te verkrijgen in de klinische, genetische en biochemische aspecten van FD.

Daarnaast is onderzocht hoe vaak zeldzame apoE varianten voorkomen bij type lll

HLP patidnten en patiOnten met andere aandoeningen van het vetmetabolisme.

Klinische en Genetische Aspecten van Dysbetalipoproteinemie

De additionele genetische en omgevingsfactoren die bijdragen aan de expressie van

type lll HLP zijn nog niet helemaal bekend. Om hier meer inzicht in te verkrijgen werd

in hoofdstuk 2 en 3 een patidnt-controle studie opgezet met een groot aantal apoE2

homozygoten met een normale cholesterolwaarde (normocholesterolemische apoE2

homozygoten) en met een verhoogd cholesterol (type lll HLP patienten). Omdat een

deel van de apoE2 homozygoten verzameld werd uit twee populatiestudies hebben

we eerst onderzocht hoe vaak type lll HLP in de Nederlandse bevolking nu in

werkelijkheid voorkomt. De frequentie van type lll HLP bij apoE2 homozygoten was

18%, hetgeen hoger is dan tot nu toe in de literatuur is beschreven. Naast klinische

gegevens werd DNA onderzocht van de apoE2 homozygoten. De volgende

additionele factoren zijn onderzocht: geslacht, leeftijd, gewicht, alcoholgebruik, roken,
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verhoogd insulinegehalte (hyperinsulinemie), suikerziekte (diabetes mellitus) en

mutaties in genen die een rol spelen in het vetmetabolisme (zoals het APOC3 gen,

het LRP gen, het hepatisch lipase (HL) gen en het LPL gen). Uit eerder onderzoek

door onze vakgroep bij een kleinere groep apoE2 homozygoten was gebleken dat

het hormoon insuline een rol speelt bij het ontstaan van type lll HLP. Ons onderzoek

bevestigde dat hyperinsulinemie een belangrijke bijdrage levert aan de klinische

manifestatie van type lll HLP. Daarnaast bleek leeftijd geen effect te hebben op de

expressie van type lll HLP bij mannen, terwijl bij vrouwen de ernst van het

ziektebeeld toeneemt met de leeftijd. Met behulp van het DNA onderzoek vonden we

een invloed van het Ssfl polymorfisme in het APOC3 gen en de LPL D9N mutatie in

het LPL gen op de expressie van type lll HLP. ApoE2 homozygoten met het APOC3

Sstl polymorfisme en de LPL D9N mutatie hadden respectievelijk 2x en 7x vaker type

lll HLP dan apoE2 homozygoten zonder deze mutaties. Binnen de groep met type lll

HLP patidnten hadden dragers van het Ssfl polymorfisme sterk verhoogd cholesterol-

en triglyceridenspiegels. De resultaten van deze studie suggereren dat mutaties in

genen die betrokken zijn bij de lipolyse, een rol spelen bij de expressie van type lll

HLP.

Type lll HLP komt bij mannen meestal tot uiting tussen het 30ste en 40ste

levensjaar. Bij vrouwen daarentegen openbaart de aandoening zich vaak pas tijdens

de menopauze, waarschijnlijk als gevolg van de daling in oestrogenenproductie.

Toediening van oestrogenen bij vrouwen In de menopauze met type lll HLP

normaliseert de cholesterol- en triglyceridenspiegels in het bloed. ln hoofdstuk 4 van

dit proefschrift is onderzocht of behandeling met het synthetische hormoon tibolon

van type lll HLP patiOnten die in de menopauze zijn, dezelfde gunstige effecten heeft

als behandeling met oestrogenen. Behandeling met tibolon gaf een significante

daling in plasma cholesterol, triglyceriden, VLDL-cholesterol, VLDL-triglyceriden,

apoE en apoB100 spiegels. Het onderliggende mechanisme moet nog verder

onderzocht worden, maar het is aannemelijk dat de gunstige werking van tibolon op

het lipoproteinenmetabolisme het gevolg is van de balans tussen de oestrogene en

de androgene werking van het hormoon.

Biochemische Aspecten van Dysbetalipoproteinemie
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Behalve de defecte klaring van remnant lipoproteinen door de leverreceptoren zou

een verminderde lipolyse van VLDL door het enzym LPL een mogelijke oorzaak

kunnen zijn van het ontstaan van type lll HLP bij personen met FD. LPL is in de

vaatwand gebonden aan endotheliale proteoglycanen (HSPG). Voordat lipolyse van

VLDL optreedt, bindt het VLDL aan HSPG. ApoE zou bij deze interactie een rol

spelen doordat het eiwit de stabiliteit van het VLDL-LPL complex zou bevorderen. Wij

veronderstelden dat de aanwezigheid van verschillende apoE varianten bij type lll

HLP patidnten de interactie tussen VLDL en HSPG zou verminderen. Dit zou

vervolgens kunnen leiden tot een verminderde lipolyse bij deze patidnten. Om deze

hypothese te toetsen hebben we eerst een nieuwe lipolyse-assay ontwikkeld met

HSPG-gebonden LPL (hoofdstuk 5). Daarna werden in hoofdstuk 6 lipolyse- en

bindingsexperimenten uitgevoerd met VLDL geisoleerd van type lll HLP patidnten

met diverse apoE varianten: apoE2 (Arg158-+Cys), apoE2 (Lys146-+Gln) en apoE3-

Leiden. VLDL afkomstig van homozygote dragers van apoE2 (Arg'158-+Cys) en

heterozygote dragers van apoE3-Leiden bleek een significante storing in de lipolyse

te vertonen ten gevolge van een verminderde binding van deze lipoprotelnen aan het

HSPG-gebonden LPL.

ln hoofdstuk 6 hebben we aangetoond dat VLDL afkomstig van heterozygote

dragers van apoE2 (Lys146-+Gln)slechts een kleine storing in de lipolyse vertoonde.

Aangezien het VLDL geisoleerd was van heterozygote dragers zou de aanwezlgheid

van het tweede normale APOE allel verstorend kunnen werken. Daarom werd

aansluitend bij muizen die geen apoE hebben (zogenaamde apoE deficidnte muizen)

via gentherapie de humane apoE2 (Lys146-+Gln) variant tot expressie gebracht om

te onderzoeken of deze apoE variant een effect heelt op de lipolyse (hoofdstuk 7).

Uit deze studie kwam naar voren dat de apoE2 (Lysl46-+Gln) variant wel degelijk

een duidelijke storing in de lipolyse vertoont. Deze lipolysestoring is apoE variant-

specifiek en niet afhankelijk van de apoE dosis.

Om de rol van apoE en LPL bij de interactie van VLDL met HSPG verder te

onderzoeken, werd gebruik gemaakt van verschillende transgene muismodellen

(hoofdstuk 8). Deze muizen brengen specifiek een humane apoE variant tot

expressie zonder de verstorende aanwezigheid van het tweede APOE allel zoals dat

bij heterozygote type lll HLP patidnten het geval is. Uit deze muizen werd VLDL
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geisoleerd dat grote hoeveelheden apoE3-Leiden of apoE2 (Arg158-+Cys) bevatte of

juist geen apoE. De binding van deze drie VLDL soorten aan HSPG werd bestudeerd

in aan- of afwezigheid van LPL door gebruik te maken van (1) een celvrij systeem

waarbij HSPG gecoat is aan plastic platen of (2) celkweken van J774 macrofagen

met op het celoppervlak HSPG. Uit de experimenlen met het celvrije systeem bleek

dat in de afwezigheid van LPL de binding van alle VLDL soorten aan HSPG erg laag

was. Toevoeging van LPL had een sterke toename in binding tot gevolg. De

experimenten met de J774 macrofagen gaven een vergelijkbaar beeld. Bovendien

bleek dat voor de binding van VLDL aan HSPG-gebonden LPL de aanwezigheid van

apoE niet strikt noodzakelijk is, maar dat de toename van de binding door apoE

afhankelijk is van de soort apoE variant.

ApoE Varianten bii Pati6nten met Hyperlipidemie

Behalve de invloed van apoE varianten bij het ontstaan van type lll HLP zouden

apoE varianten ook een rol kunnen spelen bij het ontstaan van andere vormen van

hyperlipidemie. Om hier meer inzicht in te verkrijgen hebben we in hoofdstuk 9 een

grote groep hyperlipidemische palidnten onderzocht op de aanwezigheid van apoE

varianten. Hiervoor hebben we twee apoE identificatietechnieken gebruikt: isoelectric

focusing (de zogenaamde apoE fenotypering) en DNA analyse (de zogenaamde

apoE genotypering). Vergelijking van de resultaten van de apoE fenotypering en de

apoE genotypering toonde een verschil (discrepantie) tussen deze technieken aan bij

35 van de 276 hyperlipidemische patiEnten (13%). Bij deze 35 patidnten werd

mutatie-analyse verricht om te onderzoeken of de discrepantie veroorzaakt werd

door de aanwezigheid van een apoE mutatie. Bij acht van de 35 patidnten werd

inderdaad een apoE mutatie gevonden. ln vergelijking met een groep Nederlandse

gezonde controlepersonen, bleek de frequentie van apoE varianten 30x hoger te zijn

bij de hyperlipidemische patidnten. Hoewel de oorzaak van de discrepantie nog niet

bij alle patidnten gevonden is, lijken de voorlopige resullaten er op te duiden dat de

aanwezigheid van apoE varianten een rol speelt bij de manifestatie van

hyperlipidemie.

171



172



List of Publications

List of Publications

Fullpapers
Hendriks WL, van der Sman-de Beer F, van Vlijmen BJM, van Vark LC, Hofker MH,

Havekes LM. Uptake by J774 macrophages of very low density lipoproteins isolated

from apoE-deficient mice is mediated by a distinct receptor and stimulated by

I i poprotein I i pase. Arte ri o scl e r T h ro m b V asc B i o l. 1 997 ;1 7 :498-504.

de Man FHAF, de Beer F, van der Laarse A, Smelt AHM, Havekes LM. Lipolysis of

very low density lipoproteins by heparan sulfate proteoglycan-bound lipoprotein

lipase. J Lipid Bes. 1997;38:2465-2472.

de Man FHAF, de Beer F, van der Laarse A, Smelt AHM, Gevers Leuven JA,

Havekes LM. Effect of apolipoprotein E variants on lipolysis of very low density

lipoproteins by heparan sulphate proteoglycan-bound lipoprotein lipase.

Ath e ro scl e rosrb. 1 998 ; 1 36:255-262.

de Beer F, Hendriks WL, van Vark LC, Kamerling SWA, Willems van Dijk K, Smelt

AHM, Havekes LM. Binding of B-VLDL to heparan sulphate proteoglycans requires

lipoprotein lipase, whereas apoE only modulates binding affinity. Arterioscler Thromb

Vasc Biol. 1 999;1 9:633-637.

Tacken PJ, de Beer F, van Vark LC, Havekes LM, Hofker MH, Willems van Dijk K.

Very low density lipoprotein binding to the apolipoprotein E receptor 2 is enhanced by

lipoprotein lipase, and does not require apolipoprotein E. Biochem J.2000;347:357-

361.

de Beer F, Willems van Dijk K, Jong MC, van Vark LC, van der Zee A, Hofker MH,

Fallaux FJ, Hoeben RC, Smelt AHM, Havekes LM. Apolipoprotein E2 (Lys'l46-+Gln)

causes hypertriglyceridemia due to an apolipoprotein E variant-specific inhibition of

lipolysis of very low density lipoproteins-triglycerides. Arterioscler Thromb Vasc Biol.

2000;20:1800-1 806.

de Man FHAF, de Beer F, van der Laarse A, Jansen H, Gevers Leuven JA, Souverijn

JHM, Vroom TFFP, Schoormans SCM, Fruchart JC, Havekes LM, Smelt AHM. The

hypolipidemic action of bezafibrate therapy in hypertriglyceridemia is mediated by

upregulation of lipoprotein lipase: no effect on VLDL substrate affinity to lipolysis or

LDL receptor binding. Atherosclerosis. 2000;1 53:363-371 .

173



List of Publications

Books
de Beer F, Hanifi Moghaddam P, Sandkuijl LA, van Vark LC, Kastelein JJP,
Hoogerbrugge N, Stalenhoef AFH, Smelt AHM, Havekes LM. Genetic factors in the
expression of type lll hyperlipidemia in APOE*2 homozygous individuals. ln:

Advances in lipoprotein and atherosclerosis research, diagnostics and treatment.

[Proceedings of the 10'n lnternational Dresden Lipid Symposium]. Jaross W, Hanefeld
M, Bergmann S, Manschikowski M (eds), Fischer, Jena, Germany,lggg.206-212.

Abstracts
de Man FHAF, de Beer F, van der Laarse A, Smelt AHM, Gevers Leuven JA,
Havekes LM. lmpaired lipolysis of very low density lipoproteins in type lll
hyperlipoproteinemia. J Am Coll Cardiol. 1 997;29:1 60A.

de Beer F, de Man FHAF, Smelt AHM, van der Laarse A, Havekes LM. Lipoprotein
lipase is required for the binding of very low density lipoproteins to heparan sulphate
proteog lycan s. Ath e roscl erosr's. 1 997 ; 1 30 :S2 1 .

de Man FHAF, de Beer F, Smelt AHM, Havekes LM, Gevers Leuven JA, Hopman E,

Vroom TFFP, van der Laarse A. Short-term effects of dietary counseling in
endogenous hypertriglyceridemia. Atherosclerosrb. 1 997;1 30:326.

de Man FHAF, de Knijff P, de Beer F, Havekes LM, Smelt AHM, Hoffer MJV, Gevers
Leuven JA, Renckens LAG, van der Laarse A. ApoE allele frequencies and apoE
mutations in endogenous hypertriglyceridemia. Atherosclerosis. 1997;'130:S34.

de Beer F, de Man FHAF, Smelt AHM, van der Laarse A, Havekes LM. Lipoprotein
lipase is required for the binding of very low density lipoproteins to heparan sulphate
proteoglycans. Circulation'1 997;96:l-1 09.

de Beer F, de Man FHAF, Smelt AHM, van der Laarse A, Havekes LM. Lipoprotein
lipase is needed for the interaction of very low density lipoproteins with heparan
su lphate proteog lycan s. Ath e ro scl erosls. 1 997 ; 1 34:23.

de Man FH, de Beer F, van der Laarse A, Gevers Leuven JA, Frdlich M, Vroom TF,
Schoormans SC, Smelt AH. The hypolipidemic action of bezafibrate therapy in
hypertriglyceridemia is mediated by upregulation of lipoprotein lipase: no effect on
VLDL substrate affinity to lipolysis or LDL receptor binding. Circulation 1998;98:l-451 .

174



List of Publications

de Beer F, Willems van Dijk K, Jong MC, Kamerling SWA, Dahlmans VEH, van der

Zee A, Smelt AHM, Hofker MH, Havekes LM. Adenovirus-mediated gene transfer of

apolipoprotein EZ (Lys146-+Gln) in apolipoprotein E knockout mice causes

hypertriglyceridemia due to an impaired lipolysis of very low density lipoproteins.

Ci rcu lation 1 998;98 : I-528.

de Beer F, Hanifi Moghaddam P, Sandkuijl LA, van Vark LC, Kastelein JJP,

Hoogerbrugge N, Stalenhoef AFH, Smelt AHM, Havekes LM. Expression of type Ill
hyperlipoproteinemia is influenced by the Sstl polymorphism in apolipoprotein C3.

Circu lation 1 999; 1 00 : l-257.

de Beer F, Smelt AHM, Hanifi Moghaddam P, Sandkuijl LA, van Vark LC, Kastelein

JJP, Jansen H, Stalenhoef AFH, Havekes LM. The influence of mutations in
apolipoprotein C3, lipoprotein lipase and hepatic lipase on the expression of type lll

hyperlipoproteinem ia. Athe ro sc I e rosr's 2000 ; 1 5 1 :269.

175



176



Abbreviations

Abbreviations

Ad adenovirus

Apo apolipoprotein

CE cholesterolester
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177



178



Curriculum Vitae

Curriculum Vitae

Femke de Beer werd geboren op 28 augustus 1972he Delft. ln juni 1990 behaalde zij

haar VWO diploma aan Scholengemeenschap Hugo Grotius te Delft. ln september

van datzelfde jaar ving zij aan met de studie Biomedische Wetenschappen aan de

Universiteit van Leiden. De propedeuse werd behaald in juli 199'1. ln het kader van

het doctoraal examen werd de afstudeerstage met als titel "Accumulation of

atherogenic lipoproteins in J774 macrophages" doorlopen op het Gaubius

Laboratorium van TNO Preventie en Gezondheid te Leiden, onder begeleiding van

Prof. dr. ir. L.M. Havekes. Het doctoraalexamen werd afgelegd in augustus 1995.

Van september 1995 tot april 2000 was zilwerkzaam als assistent in opleiding (AlO)

op een door de Nederlandse Hartstichting gesubsidieerd project (# 94.114) bij TNO

Preventie en Gezondheid en de afdeling Algemene lnterne Geneeskunde van het

Leids Universitair Medisch Centrum te Leiden, onder begeleiding van Prof. dr. ir. L.M.

Havekes, Prof. dr. A.E. Meinders en Dr. A.H.M. Smelt. De resultaten van dit

promotieonderzoek staan in dit proefschrift. Sinds 16 september 2000 is zij

werkzaam als datamanager bij de afdeling Heelkunde van het Leids Universitair

Medisch Centrum te Leiden.

179


