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Stellingen behorende bij het proefschrift:

The Role of Apolipoprotein Cl and Apolipoprotein E
in Very Low Density Lipoprotein Metabolism

as Studied in Transgenic Mouse Models

l. De bevindingen dat apoE betrokken is bij zowel de productie, lipolyse als klaring van

VLDL suggereert een subtiele regulatie van de apoE gen expressie.

2. De afweging of een transgene muis een goede expressor is van genen van de in het plasma

voorkomende eiwitten, kan niet altijd worden gemaakt op grond van de concentraties van dat
eiwit in het plasma.

3. Het APOCI transgene muismodel kan meer inzicht verschaff'en in de mogelijke relatie
tussen de lipiden in het plasma en de lipiden in de huid.

4. Onderzoekers die gebruik maken van een muismodel om de ziekte van Alzheimer te
bestuderen dienen rekening te houden met het feit dat een beter gesitueerde muis l5olo meer
hersencellen ontwikkelt.
Kempermann et al. ( 1997) Nature 386:493-495.

5. De veronderstelling dat met het uitschakelen van genen in muizen de functies van de

specifieke genproducten worden opgehelderd, weerspiegelt het zwart-wit denken van de

onderzoeker.

6. Het is zeer onwaarschr.lnlijk dat een transgene muis die dezelfde serumlipidenwaarden
vertoont als patienten met Familial Combined Hyperlipidemia (FCH), ook daadwerkelijk een

geschikt model is om het onderliggende mechanisme van FCH te bestuderen.
Masucci-Magoulas et al. ( 1997) Science 275:391-394.

7. Het feit dat apoE zoveel verschillende specifieke functies heeft, pleit tegen de specificiteit
van apoE.

8. Zodra mensen met de "ziekte" Myalgische Encefalomyelitis (ME) een WAO-uitkering
kunnen ontvangen, zal het aantal gevallen van ME drastisch toenemen.

9. Een succesvolle onderzoeker is meestal ook een uitstekende kok: een goed recept, een

snulje creativiteit, en een groot vermogen tot improviseren.

10. De aspirant-deelnemer aan air-miles dient zich af te vragen of het sparen voor 66n

bezoekje aan de Efteling per jaar opweegt tegen de stortvloed aan telefonische verkoop-
praatjes.

I 1. De enige gezonde Hamburger is een Duitse vegetaridr.

Alkmaar, l4 oktober 1997 Miek Jons



You can travel for a lifttime, and still stay where you are
Betty Serveert

Aan Nic en Tini Kieft-Wester

Voor Ed
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Chapter I

1.1 Lipoprotein Metabolism

Cardiovascular diseases are the leading causes of death in Western society. In addition to age,

gender, cigarette smoking, hypertension, alcohol consumption, physical activity and a

positive family history of coronary heart disease as risk factors for the development of
atherosclerosis, variations in plasma lipoprotein levels are also strongly correlated with the

susceptibility to atherosclerosis. The major components of plasma lipoproteins are cholesterol

and triglycerides (TG). Cholesterol and TG can be absorbed from the diet by the intestine or

are synthesized by the liver and are packaged into water-soluble lipoproteins for transport in

the circulation. Much attention has been given to the metabolism of these lipoprotein particles

in the circulation including synthesis, secretion, and processing by lipoprotein lipase (LPL) as

well as their subsequent uptake by lipoprotein receptors.

l.l.l Lipoproteins and Lipid Metabolism

TG and cholesterol, the most common lipids of a diet, are of vital importance for a variety of
cellular processes in the human body. TG can either be stored in adipose tissue or used as a

energy source in peripheral tissues such as the cardiac and skeletal muscles. Cholesterol is

essential for the synthesis of cell membranes, steroid hormones, vitamins and bile acids.

Cholesterol and TG are absorbed by the intestine and packaged into water-soluble

lipoproteins for their transport in the circulation. Lipoproteins are spherical macromolecular

particles, the core of which contains the nonpolar lipids such as TG and cholesterol ester,

while the polar surface monolayer is composed ofphospholipids, free cholesterol, and several

proteins. termed apolipoproteins.

The major lipoproteins in the human blood can be divided in five classes which differ
in density, size, electrical charge and apolipoprotein (apo) composition (1,2). As shown in

Table I, these lipoprotein classes are: l, chylomicrons;2, very low density lipoproteins
(VLDL); 3, intermediate density lipoproteins (IDL);4, low density lipoproteins (LDL); and 5,

high density lipoproteins (HDL). Each of these individual lipoproteins perform a function in
the lipoprotein metabolism as is schematically drawn in Figure I and reviewed by others

(2,3,4,5,6).

Dietary lipids are absorbed in the intestine and packaged into so-called chylomicrons

which are secreted into the lymph and subsequently enter the general circulation.

Chylomicrons are very large TG-rich particles that contain predominantly apoB48, apoAl
and apoA4 and acquire apoE, apoCl, apoC2, and apoC3 upon entering the bloodstream. In
the general circulation, chylomicron-TG are hydrolyzed by lipoprotein lipase (LPL) which is

anchored to heparan sulphate proteoglycans (HSPG) at the vascular endothelial wall (7,8).



Table I. Physical properties, lipid and apolipoprotein composition of human plasma lipoproteins (1,2) 

source 

diameter (nm) 

density (g/m/) 

mobility* 

composition (% by weight) 

triglycerides 

phospolipids 

cholesterol esters 

free cholesterol 

protein 

apolipoproteins 

apoA 1, apoA2, apoA4 

apoB48 

apoBlOO 

apoE 

apoC I , apoC2 , apoC3 

C hylomicrons 

intestine 

75- 1200 

<0.96 

orig in 

88 

8 

3 

1-2 

+ 

+ 

+ 

+ 

VLDL \ IDL 

li ver VLDL 

30-80 25-35 

0.96- 1.006 1.006- 1.0 19 

pre- 13 slow pre-13 

56 29 

20 26 

15 34 

8 9 

6- 10 II 

+ + 

+ + 

+ + 

LDL HDL 

VLDL li ver+intestine 

18-25 5- 12 

1.0 19- 1.063 1.063- 1.2 10 

13 a 

13 15 

28 45 

48 30 

10 10 

2 1 45-55 

+ 

+ 

+ 

+ 

The physical propenies, lipid and apolipoprote in con{position of very low density lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density 
lipoprotein s (LDL), and high density lipoprotei ns (HDL) is depicted. *According to the e lectrophoretic mobility of pl asma a - and 13-globulins on agarose gel, + 
indicates the presence and - indicates the absence of the apolipoproteins on the respecti ve lipoprotein particle. 
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The liberated free fatty acids (FFA) can be stored as TG in adipose tissue or are used as an

energy source in muscles and other peripheral tissues. As the chylomicron-TG are

hydrolyzed, the particle becomes smaller and is called a chylomicron remnant. These

particles are enriched in cholesterol and apoE and are rapidly taken up by the liver through

apoE-specific recognition sites. The liver, in turn, secretes cholesterol and TG in the

circulation in the form of VLDL that contains apoB 100 and is enriched with apoE and apoC

upon entering ihe circulation. In a similar way to chylomicrons, VLDL is processed by LPL
leading to VLDL remants, which are also referred to as IDL. IDL particles can partly be

taken up by the liver, or can be further lipolyzed by LPL or hepatic lipase (HL) (9) to form

LDL that is recognized via apoB 100 by the LDL receptor (LDLR) on the liver and peripheral

tissues (10,1 l).
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Figure 1. Schematic illustration of lipoprotein metabolism. FFA, free fatty acids; HSPG, heparan
sulphate proteoglycans; HL, hepatic lipase
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General Introduction

1.1.2 Lipoprotein Lipase (LPL)

The enzyme LPL plays a key role in the processing of TG-rich lipoproteins such as

chylomicrons and VLDL. LPL belongs to a conserved lipase gene family, which includes HL

and pancreatic lipase as well (12). Characteristics which differentiate LPL from the other

lipases are its pH optimum (8.4), its activation by apoC2 (13), and its inhibition by high

concentrations of sodium chloride (7,8). LPL is a glycoprotein that is synthesized as a 49 kDa

polypeptide, and becomes a mature protein of 55 kDa after glycosylation ( l4). LPL is thought

to consist of .two structural domains: l. an N-terminal domain which conceals a site that can

interact with apoC2 (15) and 2. a C-terminal domain which contains a site for binding to

heparin, HSPG and LRP (16,17).

High levels of LPL expression are found in adipose tissue, heart and muscles,

whereas lower amounts were detected in the mammary gland, brain, diaphragm, lung, aorta,

kidney, uterus, intestine and spleen (18,19). LPL is also synthesized by

monocyte/macrophages or macrophage-derived foam cells and smooth muscle cells (20-22).

On the luminal surface of the extra hepatic capillary endothelial cells, LPL is anchored to

HSPG (7,8). However, although the greater part of LPL is bound to HSPG, a substantial part

of inactive monomeric LPL (13Vo of postheparin LPL mass) and a small part of active

dimeric LPL (0.67o of postheparin LPL activity) is also associated with lipoprotein particles

in the circulation(23,24). LPL hydrolyzes the TG-rich lipoproteins in the circulation such as

chylomicrons and VLDL by using apoC2 as a co-factor. It has been suggested that several

lipase molecules are capable of interacting with a single lipoprotein at the same time (7) via a

interfacial penetration model, allowing the active site of LPL direct asses to the TG in the

lipoprotein core (25). LPL hydrolyzes TG either directly into monoglycerides or sequentially

into diglycerides and then monoglycerides (26). Through the LPl-mediated TG hydrolysis,

FFA are generated for storage in adipose tissue or oxidation in muscle tissue. The activity of

LPL is tightly coupled to the nutritional state of an individual. LPL activity in plasma

decreases during fasting and increases after a meal containing fat (27 -29).

In the past years, several factors have been described that may influence LPL activity.

It has been reported that insulin (30) and tumour necrosis factor (31) affect the transcription

of LPL. Furthermore, apolipoproteins are also known to have an effect on LPL. High

amounts of apoC3 have been shown to inhibit the LPl-mediated hydrolysis of TG (32,33).

The influence of apoE on VLDL lipolysis has been subject to controversy. In some studies

apoE has been demonstrated to exhibit inhibitory activity (34-37), whereas others have

suggested that apoE has a stimulatory effect on the LPL-mediated TG hydrolysis (38-40).

In addition to its well-characterized function as a mediator of VLDL lipolysis, LPL

can also enhance the binding and uptake of several lipoproteins to cells and receptors. LPL
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was not only found to bind to the LRP (41-43), but could also enhance the binding of VLDL
(41), chylomicrons (42), and B-VLDL (43) to this receptor. Furthermore, it has been

demonstrated that LPL can increase LDL accumulation in vascular tissue, by bridging

between LDL and matrix proteoglycans (44). This interaction between LPL and the LDL
particle was suggested to be mediated by the N-terminal region of apoB (45). Binding and

uptake of VLDL, LDL and oxidized LDL by the LDL receptor (46,47) and macrophages (48)

was also enhanced by LPL. This stimulatory effect of LPL on the binding of lipoproteins to
receptors was found to be independent of its catalytic activity, but dependent on the proper

folding of an amphipathic loop which is situated in the N-terminal domain of LPL (49). Thus

LPL not only plays a central role in the lipolysis of lipoproteins but also functions as a bridge

for the binding of lipoproteins to a variety of receptors and tissues.

1.1.3 Heparan Sulphate Proteoglycans (HSPG).

As recently reviewed (50-52), an increasing body of evidence points to a role for the HSPG

in lipoprotein metabolism. Proteoglycans are highly anionic polymeric molecules present in

the extracellular matrix on the cellular surface. They are composed of a core protein, a

variable number of glycosaminoglycans (GAGs) and can be divided into four classes: 1.

chondroitin sulphate-, 2. dermatan sulphate-, 3. keratan sulphate-, 4. heparan sulphate-

proteoglycans (53,54). HSPG are components of the extracellular matrix within the space of
Disse and each hepatocyte contains approximately 4. 106 molecules of HSPG on their cell
surface, which may be in direct contact with the blood circulation through protrusion through

the fenestrae (55,56).

Several studies have shown that not only apoE (57,58), but also LPL and hepatic

lipase bind to HSPG (59,60). The hypothesis that HSPG may act as mediators of remnant

clearance has been investigated extensively both in vitro (57 ,58,61) and in vivo (62,63). The
uptake of remnant lipoproteins by the liver is thought to be mediated by a so-called secretion

recapture process (58,64,65). As the first step, remnant lipoproteins enter the space of Disse

and become enriched with surface bound apoE. Subsequently, apoE-enriched remnants bind
to cell surface HSPG and may be internalized by endocytotic receptors. Internalization of the

remnants may occur by the receptor alone or in a receptor-HSPG-complex (62). In line with

these results, in vivo studies have reported that the removal of hepatic HSPG by heparinase

treatment inhibits the hepatic removal of chylomicrons (62) and chylomicron-like emulsion
(63) in mice. Furthermore, dominant apoE mutants (e.g. apoE*3leiden) have been reported

to be defective in binding to HSP.G, whereas the recessive mutant apoE isoform apoB} -
displayed significant binding to HSPG (61). These results strongly suggest that the binding

affinity of lipoproteins towards HSPG is an important step involved in the clearance of
remnant lipoproteins which may also contribute to the development of type III

6



General Introduction

hyperliproteinemia.

1.1.4 Lipoprotein Receptors

The mammalian LDLR family represents a considerable number of receptors that are

characterized by several distinct functional domains (Figure 1): L an amino-terminal ligand

binding domain consisting of multiple cysteine-rich repeats; 2. an epidermal growth factor

precursor homology domain; 3. an O-linked sugar domain; 4. a transmembrane domain that is

required for anchoring the receptor to the plasma membrane; 5. a cytoplasmatic region with a

signal for receptor internalization via coated pits, containing the consensus tetrapeptide Asn-

Pro-X-Tyr (NPXY) (66). Besides the well-known LDLR (67), other members of the LDLR

family include the LDLR related protein (LRP) (68), the GP330/"megalin" (69,70), the

VLDL recepror (VLDLR) (71), and the recently identified LRll (72), brain-specific LRSB

(73), and apoE receptor 2 (74). Since several Chapters in this thesiS deal with the influence of

apoCl and apoE on lipoprotein binding to the LDLR, LRP and VLDLR (Figure l), these

specific receptors will be discussed in more detail in the following paragraphs.

o Ligand Binding Repeat

= 
YWTD Repeal

o Crowth Factor Repeat

@ O-lint"a Sugar Domain

! Trrnrmembrane Domain

$- Cyroplasmic Tail

* NPXY lnternalization Signal

LRP

VLDLR

Figure 2. Schematic illustration of the LDL receptor, VLDL receptor, and LDL receptor-related

protein. This figure is edited from an original picture as provided by Dr. Marieke van der Kaaden.

LDLR
NH,

I
++

x d-cooH
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1.1.4.1 Low density lipoprotein receptor (LDLR).

The LDLR is synthesized as a precursor protein of 120 kDa, and is converted in the Golgi to

a mature form with a molecular weight of 160 kDa (75,76). The LDLR is clustered in regions

of the plasma membrane called clatherin coated pits (77). The ligand binding domain of the

LDLR consists of seven cysteine-rich 40-amino acid repeats (78) and recognizes both

apoBlO0 and apoE, although it has a much greater affinity for apoE than apoBl00 (79).

Binding of apoB100 to the LDLR requires repeats 3-7, whereas apoE can bind to any repeat

but has been suggested to prefer the fifth repeat (78). Whereas apoBl00 is responsible for the

interaction of LDL with the receptor, apoE mediates the interaction of chylomicron remnants,

VLDL remnants, and B-VLDL with the LDLR (80).

Several studies have shown that the LDLR plays a substantial role in the clearance of
chylomicrons and vLDL in animals (81-85) and in humans (86). vLDL was shown to be

removed from the serum much faster in normal rabbits than WHHL rabbits (81) and similar
findings were reported with the use of an anti-LDLR antibody in mice (82,84) and with
chylomicron clearance in wildtype versus LDLR knockout mice (85,87,88). Although the

LDLR is thought to be a major route for the clearance of lipoproteins, LDlR-deficient mice

do not accumulate chylomicron or vLDL remnants (85), suggesting that there is an

alternative clearance pathway. In addition, chylomicron and VLDL remnants appear not to
accumulate in WHHL rabbits (89,90) nor in human familial hypercholesrerolemia

homozygotes with defects in the LDLR gene (91,92).

1.1.4.2 Low Density Lipoprotein Receptor Related Protein (LRP).

Recently, considerable interest has been given to the LRP as an alternate receptor for the

hepatic uptake of remnant lipoproteins. Structurally, the LRP is closely related to the LDLR.
The LRP is expressed in a variety of tissues such as the liver, intestine, lung, and brain (68) .

LRP is synthesized as a 600 kDa precursor protein and is on its way to the cell surface

cleaved into two subunits of 515 kDa and 85 kDa. The larger subunit, which contains rhe

ligand-binding domain, remains attached to the membrane through non-covalent association

with the smaller subunit, which contains the membrane spaniring domain and cytoplasmatic

tail (68). Several studies have indicated that the LRP is a multifunctional receptor since it
binds a great variety of ligands. In addition to proteinases such as tissue plasminogen

activator (93), urokinase (94), and their complexes with the inhibitor pAI (95-97), a1
macroglobulin (cr-M)-proteinase complexes (98,99), human pregnancy zone protein (pzp)-
proteinase complexes (100) and tissue factor pathway inhibitor (101,102) bind to the LRP.

other ligands include thrombospondin-l (103,104), lactoferrin (105,106), pseudomonas

exotoxin A ( 107), and a minor-group of human rhinovirus ( 108).

8



General Introduction

Besides the ligands as summarized above, the LRP binds also to ligands that play an

important role in lipoprotein metabolism. The LRP is shown to bind apoE (109), apoE-

enriched B-VLDL (ll0), LPL (41-33), LPl-associated VLDL (111,112) and B-VLDL

(43,105), and hepatic lipase (l 13). Furthermore, it has been shown that the binding of all

ligands to the LRP can be blocked by the 39 kDa receptor associated protein (RAP), a protein

that co-purifies with LRP (114).

Although numerous studies have described the potential role of the LRP in lipoprotein

binding in vitro, the contribution of the LRP to the catabolism of TG-rich lipoproteins in vivo

has been subject to debate. Previous studies have failed to observe cross-competition between

lipoprotein remnants and c,-M both in vitro and in vivo (115). Furthermore, it has been

reported that lactoferrin specifically inhibits the endocytosis of B-VLDL and chylomicron

remnants but not of a,-M (116). These data suggest that the LRP may contain different

ligand-binding sites for cr,-M and lipoprotein remnants which are both inhibited by RAP, but

may be regulated independently (105). In vivo studies showed that RAP injections in mice

(84,117) or rats (118) have no pronounced effect on the clearance of remnant lipoproteins,

suggesting that the LDLR plays a substantially greater role in the clearance ofthese particles.

On the other hand however, studies in LDlR-deficient mice have shown that overexpression

of RAP through adenovirus-mediated transfer strongly increases serum lipoprotein remnants

levels. Since under these conditions, ar-M clearance was completely blocked, it was

concluded that LRP provides an efficient backup mechanism for the clearance of remnants

during LDLR deficiency (ll9). In line with these studies, targeted disruption of the RAP

gene, which results in the reduction of hepatic LRP expression by approximately 757o

without affecting LDLR expression, causes an accumulation of remnants in LDlR-deficient

mice ( 120). However, overexpression of RAP and reduction in hepatic LRP expression upon

RAP deficiency did not result in a pronounced accumulation of remnant lipoproteins in

normal wild-type mice (l 19,120), suggesting that LRP only comes into play when the LDLR

is absent or genetically defective. The most direct way to investigate the physiological

importance of the LRP in lipoprotein metabolism, i.e. disruption of the LRP gene through

gene-targeting, did not give clear answers since mouse embryos lacking LRP die in utero

(t2t).

1.1.4.3 Very low density lipoprotein receptor (VLDLR).

ln 1992, a cDNA was cloned from the rabbit heart that encoded a protein strikingly similar in

sequence and stucture to the LDLR (71). On the basis of the observations that this protein

was able to bind rabbit VLDL and not LDL (71), this protein was named the VLDLR. The

only marked difference between the LDLR and the VLDLR is an additional ligand-binding
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repeat.The LDLR has a ligand-binding domain that comprises seven 40-amino acid Cys-rich

repeats, whereas the VLDLR has eight such ligand-binding repeats (7 l). The mature human

VLDLR comprises 846 amino acids and shares 97Vo amino acid sequence homology with the

rabbit VLDLR (122,123). Furthermore, the VLDLR is also found in mice, monkeys, rats,

dogs and cows (124,125). A non-mammalian VLDLR has been identified in chicken oocytes

as well (126), where it plays a vital role in avian reproduction (127). The tissue-specific

expression of the VLDLR is very similar to that of LPL (1'22). The highest levels of VLDLR

expression in rabbit and humans occur in muscle, heart. and adipose tissue, all of which

utilize lipoprotein-derived fatty acids as an energy source (71,122). In these tissues the

VLDLR was detected in the endothelium of capillaires and small arterioles ( 128). Only trace

amounts of VLDLR mRNA are found in the liver (123,129).

Like LRP, the VLDLR is a multiligand receptor. Besides VLDL, IDL, and B-VLDL

as well-established lipoprotein ligands (7 1,130), the VLDLR also binds to LPL, urokinase-

type plasminogen activator-type- I (l3l,132), thrombospondin- I ( 133), and chylomicron

remnants (134). As RAP inhibits the binding of all ligands to mernbers of the LDLR family

( I 18, I 19, 135), RAP was also shown to be endocytosed by the VLDLR ( 136) and to regulate

ligand binding to it (137). Given the structural features, ligand specificity and tissue

distribution, it is hypothesized that the primary role of the VLDLR is the delivery of TG and

fatty acids to extrahepatic tissues fbr energy source or storage (138). In support of a role for

the VLDLR in the delivery of free fatty acids (FFA) to extrahepatic tissues, mice deficient in

the VLDLR have a l5-20Vo lower body mass index, due to a 507o reduction in adipose tissue

mass ( 139). In studies using LDlR-deficient mice, overexpression of the VLDLR in the liver

of these mice through adenovirus-mediated transfections, reduced serum cholesterol levels to

about 507o (140,141). This reduction in serum lipid levels was due to an enhanced clearance

of IDL upon VLDLR overexpression ( 140). However, normally very low VLDLR expression

is found in the liver, indicating that a physiological role of the VLDLR in the uptake of
lipoprotein particles in vivo remains to be established.

Apart from its postulated role in lipoprotein particle uptake, the VLDLR has been

implicated in the pathogenesis of atherosclerosis. Incubation with LDlR-deficient CHO-

ldlAT cells transfected with the rabbit VLDLR, enabled these cells to accumulate cholesteryl

ester resulting in foam cell formation (142). Furthermore, in a human monocytic leukemia

cell THP- I and rabbit resident alveolar macrophages, the mRNA levels of the VLDLR were

not down regulated by incubation with B-VLDL (123,142,143). However, although arterial

smooth muscle cells express VLDLR mRNA, human monocyte-derived macrophages do not

have any detectable VLDLR mRNA (140). Thus in humans, the possible pathological role of

the VLDLR in the development of atherosclerosis remains to be further elucidated.

t0



General Introduction

1.1.5 Lipoprotein disorders.

A variety of mutations in apolipoproteins, enzymes and hepatic receptors have been reported

to be associated with disorders in lipoprotein metabolism. As summarized in Table II, these

disorders can be divided into 6 different hyperlipoproteinemic phenotypes based on the

lipoprotein patterns in plasma: type I, IIa, IIb, III, IV, and V hyperlipoproteimia. Each of

these hyperlipoproteinemic phenotypes may be caused by one or more primary defect(s) that

are either very well characterized (LPl-deficien cy , apoC2 deficiency, LDLR defects or apoE

murations) or largely unknown ( in the case of Familial Combined Hyperlipidemia and

Familial Hypertriglyceridemia). Since one of the Chapters in this thesis deals with the

characterization of APOE*3leiden transgenic mice, representing a model for Familial

Dysbetalipoproteinemia (FD), this disease will be discussed in more detail below.

FD occurs with a frequency of about 1-4 per 10,000 in the Caucasian population

(144). FD is characterized by the accumulation of chylomicron and VLDL remnant

lipoproreins in the plasma that display B-mobility on agarose gel electrophoresis (144-146).

FD subjects have elevated levels of cholesterol (> 7,5 mmol/l) and triglycerides (>2 mmol/l).

The primary genetic defect of FD is the presence of a defective form of apoE (144) or

complete apoE deficiency (147,148). In most cases, FD subjects are homozygous for the

APOE*2 allele ( 144). However, only a small percentage of these homozygous carriers (<57o)

eventually develop overt hyperlipidemia (149,150). Thus in this case FD is inherited in a

recessive mode, with reduced penetrance. Apparently other genetic, hormonal or

environmental factors may affect this disorder. Furthermore, some rare mutant apoE genes

have been described that show a dominant mode of inheritance concerning the development

of FD. Dominant mutant APOE variants include APOE*3Leiden, APOE*3(Argl42-Cys),

APOE*2(Argl45-Cys), APOE*1(Lysl46-Glu) and APOE*2(Lys146-Gln) (l5l-162).

Whereas most of the APOE mutations are located in the I 3 I - 150 receptor-binding domain of

apoE, the APOE*3Leiden mutation consists of a 7-amino acid tandem repeat of residues 120-

126 or l2l-127 which is located outside the binding domain of apoE (151,152). However, it

has been suggesteded that this large insertion in the APOE*3Leiden gene causes a change in

the conformation of apoE, preventing the receptor binding region of apoE to interact with

hepatic receptors ( I 53).
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Table II. Lipoprotein disorders (2,5, 163) 

Type 

Ila 

lib 

Ill 

IV 

v 

Lipoprotein Disorders 

famili al chylomicronemia 

familial hypercholesterolemia 
famili al combined hyperlipidemia 
polygenic hypercholesterolemia 
familial defective apoB 

familial co1nbined hyperlipidemia 

fa mili al dysbetalipoproteinemia 

famili al hypertriglyceridemia 
famili al combined hyperlipidemia 
sporadic hypertriglyceridemia 

famili al hypertriglyceridemi a 
famili al combined hyperlipidemia 

Lipoprotein Abnormalities 

exogenous hyperlipidemia 
chylomicrons I I 
VLDL- I ,LDL I ,HDL I 
TC-1,TG ll 

hyperlipidemia 
VLDL- ,LDL I I 
TC I ,TG-

combined hyperlipidemia 
VLDL l ,LDL I 
TC l ,TG I 

remnant hyperlipidemia 
B- VLDL I ,IOL I 
TC l ,TG I 

endogenous hyperlipidemia 
chylomicrons I, VLDL I ,LDL I -
TC-1 ,TG I 

mi xed hyperlipidemia 
chylomicrons I, YLDL I ,LDL I 
TC l ,TG l 1 

Primary Known Defect(s) Candidate Gene(s) 

LPL defi ciency/mutations 
apoC2 
deficiency/mutations 
LPL inhibitor (164.165) 

L:.DLR defects 

apoB-100 mutation(l66) 

polygenic defects 

apoE mutation/defi ciency 

polygenic defects 

polygenic defects 

a po Al /C2/ A4 cluster 
LPL 

apoAl /C2/A4 cluster 
LPL 

LPL,apoC2 
apoA l /C2/ A4 cluster 
LPL 

LPL,apoC2 
apoA 1 /C2/ A4 cluster 

Most of the di sorders in lipoprotein metaboli sm can be di vided into 6 different hyperlipoproteinemic phenotypes based on their clinical features concerning 
plasma lipoprotein patterns. The changes in very low density lipoprotein (VLDL), intermediate density lipoproteins (IDL), low density lipoproteins (LDL), high 
density lipoproteins (HDL), total cholesterol (TC) and triglycerides (TG) are indicated as fo llows: - , normal; I, increased; 11 , strongly increased; I, decreased. 
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1.2 Synthesis, Structure and Function of Apolipoproteins C and E'

The lipoproteins in the circulation all carry several specific apolipoproteins on their outer

surface (Table I). The C and E apolipoproteins, which are reported to be of major importance

in the transport and redistribution of lipids among tissues and cells, will be further discussed

in the present thesis in more detail.

There are fourC apolipoproteins, apoCl, apoC2, apoC3 and apoC4. In humans, the

ApOCI gene is located within a 48 kb gene cluster on chromosome 19, together with the

APOE, pseudo APOCI', and APOC2 genes (167-169). Each of these genes consist of four

exons and three introns (170,171), suggesting that they evolved from a common ancestral

gene (l7l). The APOC3 gene is located in a cluster on chromosome ll, together with

APOAI and APOA4 (171-173). The mouse APOEICIIC2 gene locus is located on

chromosome 7 (174), and has a structural organization similar to that of the human locus,

although the mouse lacks the equivalent of the human APOC I'pseudogene ( 175). In addition,

the mouse APOEICIIC} gene cluster includes another gene at the 5' end of APOC2'

designated the APoc2-linked gene (Acl) (176). Evidence for a similar gene in rats (ECL

gene) has previously been reported (177), and recently in humans a similar gene within the

APOE1C1lCZ locus was identified and designated as the APOC4 gene (178). This human 3.3

kb APOC4 gene consisted of three exons and two introns (178).

1.2.1 Apolipoprotein C1.

The human gene encoding for apoC I is located 4.3 kb downstream of the APOE gene in the

same transcriptional orientation (168,170). The APOCI gene is 4.7 kb in size, composed of

four exons, and codes for a single-chain polypeptide of 57 amino acid residues with a

molecular weight of 6.6 kD ( I 79, I 80). Nucleotide sequence analysis has indicated that apoC I

is synthesized with a 26-residue signal peptide which is cleaved co-translationally in the

rough endoplasmic reticulum (181). One copy of the APOCI gene, the so-called pseudo

APOCI', is located 7.5 kb downstream of APOCI (167,17O). The mouse APOCI gene is

located 3.4 kb downstream of APOE and is 3.3 kb in size (182). Significant sequence

homology is found between man and mouse in the promoter and exonic regions ( 182).

The human and mouse APOCI genes are primarily expressed in the liver, but lower

amounts are also found to be expressed in lung, skin and spleen (170). No mRNA products of

the pseudo APOCI'gene are detected in any tissue, most likely due to a point mutation in

exon 3 of this gene which introduces a translation stop signal (170). The regulation of human

APOCI expression, together with that of the APOE gene, is under control by an array of

elements found in the immediate 5'-flanking region of the APOE gene and throughout the

whole APOEICIIC} gene cluster (see for review; 183,184). The hepatic control region, an

element located approximately 17 kb downstream of the APOE gene and about 9 kb
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downstream of the APOCI gene, was found to regulate the expression of both the APOCI
and APOE gene in the liver (185,186). A second hepatic controlling element within the

APOE|CIlC2clusterwasrecentlyidentified at2Tkbdownstreamof theAPOEgene(187).
Sofar, no mutations in APOCI are known to be clearly associated with hyperlipidemia

or other disorders in lipoprotein metabolism. Much of the work that has been performed on

apoCl comprises in virro studies, whereas the in vivo function of apoCl remains to be

elucidated. ApoC 1 is a constituent of TG-rich chylomicrons and VLDL, as well as HDI-. The
residues 7-24 and 35-53 of apoCl have been shown to be important for the binding to
lipoproteins, whereas it is suggested that the remainder of the residues are reponsible for the

biological functions of apoCl (188). Work in vitro has shown that apoCl activates

lecithin:cholesterol acyltransferase (LCAT) ( I 89, 190) and the plasma lysolecithin
acyltransferase reaction (l9l). Furthermore, the N-terminal fragment of apoCl is reported to
inhibit the cholesteryl ester transfer protein (CETP) and modify apoA-I and apoE in the

plasma (192). In addition, apoCl has also been shown to inhibit the phospholipase A,
mediated hydrolysis of phospholipids (193) and the LPl-mediated hydrolysis of VLDL-TG
(194,195). In the isolated rat liver perfusion model, it was demonsrrated rhat apoCl inhibits
the catabolism of TG-rich emulsions and chylomicron remnants (196-200). Evidence that

apoCl can interfere with lipoprotein-receptor interaction came from studies in which it was

shown that either mixed apoC's or purified apoC I by itself decreased binding of B-VLDL to
the LRP (201,202). ApoCl also decreased the apoE-mediated binding rjf human VLDL and

IDL to the LDLR (203,204). From these in vitro results it can be concluded that apoCl
interferes with the hepatic receptor-mediated lipoprotein removal and LPl-mediated VLDL
lipolysis. Although the underlying mechaiism by which apoCl inhibits the apoE-mediated

binding to hepatic receptors .is still unclear, it is assumed to be due to either a shift in the

conformation of apoE (200,204) or to the displacement of apoE from the VLDL particle
(202,205).

1.2.2 Apolipoprotein C2.

The human APOC2 gene is located on chromosome 19 in a gene cluster together with the

APOE and APOCI genes (206,207). The APOC2 gene consists of four exons and three

introns, spans a region of 3.4 kb and codes for a single polypeptide chain of 79 amino acid
residues with a calculated molecular weight of 8.8 kD (208-2ll). Nucleotide sequence

analysis has indicated that apoC2 is synthesized with a 22-residue signal peptide which is
cleaved co-translationally in the rough endoplasmic reticulum (2ll). The human APOC2
gene is primarily expressed in liver and intestine (208,212). The mouse APOC2 gene, located

on chromosome 7 (174), is expressed in foetal liver, adult liver, intestine and peritoneal

macrophages (213).
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ApoC2 is a plasma apolipoprotein associated with chylomicrons, VLDL and HDL and

plays a central role in the trafficking of plasma TG. ApoC2 is the specific physiological

activator of LPL (195,214). Patients with apoC2 deficiency develop severe

hypertriglyceridemia, which results in clinical phenotypes similar to LPL deficiency (215-

218). The srructure ofapoC2 is predicted to contain three helical regions between residues l3

to 22,29 to 40, and 43 to 52 which are thought to'be involved in phospholipid binding (219).

Studies using synthetic peptides of apoC2 have shown that LPL interacts with the COOH-

terminal amino acids 56-19 (220). In addition, deletion of the CoOH-terminal tetra peptide,

residues 76-79, prevents the protein from activating LPL and is thought to be important in

mediating the initial interaction between apoC2 and LPL(22\). In a similar way to apoCl,

apoC2 also interfered with the apoE-mediated removal of both chylomicrons and VLDL by

the perfused rat liver (196,200). In line with these results, apoC2 was shown to inhibit the

apoE-mediated binding of rabbit B-VLDL to the LRP (202).

1.2.3 Apolipoprotein C3.

The gene and cDNA sequences encoding for human APOC3 have heen isolated and

characterized (172,211,222).The APOC3 gene is closely linked to the APOAI and APOA4

genes (223) on rhe long arm of chromosome 11 (224). The expression of the human APOC3

gene in liver and intestine is controlled by positive and negative regulatory elements which

are.spread over a large region of the APOC3 promoter (?25-228). Experiments with

transgenic animals allowed the localization of an element in the proximal 5' APOC3 region,

controlling the intestinal expression of APOC3, APOAI and APOA4 (229,230). The

clusrering of the human APOC3, APOA I and APOA4 genes is very similar to that described

for mice and rats (23 l). Significant sequence homologies between species exist for the

proximal promoter and exonic regions of each gene (23 I ).

ApoC3 is mainly synthesized in the liver and in minor quantities by the intestine as a

99 amino acid signal peptide. After removal of the 20 amino acid signal peptide, the mature

apoC3 protein of 79 amino acids and a molecular weight of 8.8 kD comprises approximately

50Vo of VLDL and 2Vo of HDL proteins (232). Isoelectric focussing separates apoC3 into

three isoforms that differ in their degree of O-linked sialyation at the threonine residue in

position 74: apoC3-O (no sialic acid), apoC3-1 (l mol sialic acid and apoC3-2 (2 mol sialic

acid) (233-235). The binding of apoC3 to surface phospholipids of lipoproteins is mediated

by the amphipathic helix at residues 50-69 (236).

The levels of apoC3 are known to correlate with serum TG levels (237-239).

Furthermore, a DNA polymorphism in the 3' noncoding region of the APOC3 gene has been

found to associate with hypertriglyceridemia in sdveral populations (review; 240). As recently

reviewed (241), natural mutations in the human APOC3 gene failed to show clearly any
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association between the mutation and possibly altered lipid/lipoprotein metabolism. Thus, the

in vivo role of apoC3 in lipid metabolism is not well understood.

Previous studies have reported that apoC3 inhibits LPL activity (32,33,242-244).

Kinetic analysis indicated that apoC3 acted as a noncompetitive inhibitor of LPL (32). From

these studies and others it was concluded that apoc3 exerted its effect directly at LPL, rather

than on the action of apoC2 (32,33,245).ln addition, apoC3 was shown to inhibit HL (246)

and the uptake of TG-rich lipoproteins and their remnants by perfused rat liver preparations

(198-200). In agreement with these results, apoC3-enriched VLDL interacted poorly with

fibroblast lipoprotein receptors (247) and inhibited the binding of apoB-containing

lipoprotein particles to the LDLR (248,249).

1.2.4 Apolipoprotein C4.

Recently,. an unreported human gene found rvithin the APOE/Cl/C2 gene cluster was

identified and characterized. On the basis of its location and its properties, this new gene was

designated APOC4 ( 178). The 3.3 kb APOC4 gene consisted of three exons and two introns

and was located 555 bp upstream of APOC2 in the same transcriptional orientation (178).

RNase protection analysis indicated relatively low apoC4 mRNA levels in the human liver.

Furthermore, the apoC4 protein sequence comprised 127 amino acid residues, which

contained a putative 25-residue signal peptide and two potential amphipathic a-helical

domains. Amino acid sequence comparisons indicated a limited homology between apoC4

and either apoCl or apoC2 (178). Due to its relatively low levels of expression in humans,

apoC4 is thought to play no major role in lipoprotein metabolism. However, in other species

such as the rabbit, apoC4 was shown to be secreted at a more substantial level (250). The

rabbit apoC4 protein was synthesized as a 124 amino acid protein, including a typical signal

peptide of 27 residues. The mature protein of 97 amino acids was associated with the

lipoproteins of blood plasma, primarily VLDL and HDL (250). Clearly, further work is

needed to clarify the variable expression of APOC4 in various species and its potential

function in lipoprotein metabolism.

1.2.5 Apolipoprotein E.

The human APOE gene spans a region of approximately 3.6 kb, consists of four exons and is

located on chromosome 19 (251,252) in a gene cluster rogether with APOCI, pseudo

APOCI'and APOC2 (167,170). Similarily as described above for the human APOCI gene,

tissue specific expression of the human APOE gene is also regulated by an array of elements

located in the immediate 5'-flanking region of the APOE gene throughout the whole

APOE/APOCIIAPOCZ gene cluster (183, 184). The human APOE gene encodes for a299
amino acid mature protein of 34.2 kD, and an l8 amino acid signal peptide, which is cleaved

co-translationally (253',254). The human APOE gene is primarily expressed in the liver
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parenchymal cells and brain astrocytes, whereas APOE mRNA levels were also found in

other organs including the spleen, lung, adrenal, ovary, kidney and muscle (255-251).

Furthermore, macrophages were also reported to produce large amounts of apoE in repair

response to tissue injury, especially nerve injury (258). No apoE was found to be synthesized

by the epithelium of the intestine, which is one of the major sites for lipoprotein biosynthesis

(258). The apoE protein is secreted in a highly glycosylated form, and is then processed into

its circulating plasma state in which about SOVo of the protein is not glycosylated (253).

Human apoE plasma levels are approximately 2.5-5 mg/dl (259). The mouse APOE gene,

first cloned in 1984 (260), encodes for a 285 amino acid mature protein (261). The mouse

and human nucleotide sequence show high homology in the 5' proximal flanking region as

well as in the four exons (262).

ApoE contains two structural domains which are joined by a protease-susceptible

hinge region and can be digested by thrombin into an 22kDa N-terminal domain (residues l-
191) and an l0 kDa C-terminal domain (residues 216-299) (263-265). The LDLR binding site

is located in the N-terminal domain, in the arginine, lysine and histidine-rich segments

between residues 136-150 (258,263). The C-terminal domain of apoE contains the lipid-

binding domain that mediates the binding of apoE to lipoproteins (263,265) and a heparin-

binding domain around residues 214-236 that may mediates the binding of lipoproteins

containing apoE to HSPG on the vessel wall (266). Furthermore, the C-terminal domain of

apoE has been reported to play a role in the activation of the enzyme LCAT (267).

ApoE is a major constituent of chylomicrons, chylomicron remnants, VLDL and IDL

and plays a central role in the metabolism of these particles in the circulation. ApoE mediates

the binding and uptake of chylomicrons and VLDL remnant particles by acting as ligand for

the LDLR, LRP and VLDLR (l 10,130,258). ApoE is also thought to play an important role in

the secretion-recapture process, in which the binding and internalization of lipoproteins by

hepatic receptors is facilitated through enrichment of the particle with apoE in the space of

Disse, and subsequent binding to HSPG (58,65). Besides the apoE-induced effects on lipid

uptake, it is postulated that apoE modulates the intracellular metabolism of TG and

cholesterol ester in macrophages (268). Furthermore, apoE could be involved in the

intracellular post-lysosomal trafficking of lipids to other cellular compartments, since

substantially less internalized apoE undergoes intracellular degradation as compared to apoB

(269). As discussed earlier in Chapter 1.1.2, apoE also affects the LPl-mediated hydrolysis

ofTG (34-40).
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In humans, the APOE gene has been shown to be polymorphic (270,271). There are

three common alleles (E*2, E*3, E*4) at a single gene locus, which give rise to six

phenotypes: three homozygous (E212,E313,E414) and three heterozygous (E213,8214,8314).

The three alleles are distinguished from each other by their Cys and Arg content at two

polymorphic sites. The E*3 allele (Cys"', A.g'') is the most frequently appearing allele (70-

857o), followed by E*4 (A.g"', A.g'tt) (12-18Vo) and the E*2 (Cyd12, Cydtt) allele (3-lTvo)

(272,273). The different isoforms of apoE differ from each other with respect to their

association with lipoproteins (214,275), binding affinity for the LDLR (276-219) and

interaction with HSPG (61,280). As described earlier in Chapter 1.1.5, a variety of rare forms

of apoE are associated with FD.

1.3 The Mouse as an Animal Model for Studying the Lipoprotein Metabolism.

In humans, disorders of lipoprotein metabolism are highly complex and can be influenced by

multiple genetic and environmental factors. As a consequence of this complexity, the

identification of individual factors affecting lipoprotein metabolism in man has been difficult.
The use of animal models can circumvent these limitations by providing a model in which

lipoprotein metabolism can be studied against a defined genetic background and under

strictly controlled environmental conditions.

The mouse has become the most widely used animal model for the study of
lipoprotein metabolism for several reasons (for reviews see, 281-284). First, there are

hundreds of different inbred strains available, each strain representing a unique gene pool in

which natural polymorphisms have been fixed by inbreeding. These inbred strains of mice

thus form a source of infinite numbers of genetically identical individuals. Second, the mouse

model has been uniquely developed as a tool for genetic studies. The genetic map of the

mouse is well defined, a dense linkage map with more than 10,000 genetic markers has been

constructed, and many specialized strains exhibiting mutations and chromosomal

rearrangements have been collected (285,286). Third, there are several strains of mice that

are susceptible to certain diseases. For example, the identification of C57BL/6J mice

provided us with a suitable model for quantitatively assessing the development of
atherosclerotic lesions (287-289). In addition, appropiate experimental diets were developed

which resulted in reproducible atherosclerotic lesions in these mice (290,291). Fourth, special

techniques have become available for manipulating the mouse genes by transgenesis and

gene targeting. These techniques will be explained in greater detail later on in this thesis (see

following paragraphs). Other major advantages of mice are that they are relatively easy to

handle, are cheap in housing costs, have a short time period of reproduction, and breeding

patterns are highly controllable. Thus, the mouse provides an attractive animal model system

for examining variations in lipoprotein metabolism since genetic and biochemical analysis are

greatly simplified and environmental influences can be controlled.
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Although the physiological and metabolic systems in mice may appear very similar to

that in humans, one has to take into account that major differences do exist in the lipoprotein

metabolism between mouse and man. First, the distribution of cholesterol among the

lipoprotein classes in mice differs from that of humans. In the mouse most of the serum

cholesterol is present in the HDL fraction (80-907o), whereas in humans most of the

cholesterol is present in LDl--sized fractions (707o) (292). Second, the mouse edits the

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

(293). Another major difference in the lipoprotein system of mice and humans is, that the

mouse lacks measurable CETP activity and lipoprotein (a) (283,284). Thus, these differences

should be taken into consideration, when results from studies with mice are extrapolated to

the human situation.

1.3.1 Technology of transgenesis.

Transgenesis is a technology which allows the introduction of foreign DNA randomly into the

mouse genome, in order to study the control of gene functions, gene expression, or

consequences of overexpression of a transgene in the context of.an intact animal (see review

294).

To obtain genetically modified (transgenic) mice it is neccesary that all body cells

contain the transgene, including the germ cells to ensure transmission to their offspring. For

this purpose, t'ertilized eggs (oocytes) are isolated from the oviduct of female mice. Some l0-

18 hours after fertilization, the male pronucleus of the one-cell stage oocyte becomes

prominently visible. At this point, 1-2 picolitres of a DNA solution (approximately 100-500

copies of the transgene) can be microinjected directly into this pronucleus of the oocyte.

Subsequently, the mouse oocyte can be transplanted either directly into the uterus of a

pseudopregnant foster mother or can be kept in culture overnight and transplanted the next

day as a two-cell stage oocyte (295). The pseudopregnant females are obtained by mating

with sterile males (either naturally sterile or vasectomized). The transgenic offspring can be

screened by either Southern-blot analysis or PCR for the presence of the introduced

transgene. Typically, multiple DNA molecules will become arranged in a head-to-tail fashion

and stably integrates at a more or less random site of the host genome. It has been proposed

that the multiple DNA molecules associate by homologous recombination before integration

in the mouse genome and in most cases insert at a single chromosomal site. The random

chromosome breaks, possibly caused by repair enzymes that are induced by the free ends of

the injected DNA molecules, may serve as integration sites for the foreign DNA (296).

Occasionally, the introduction of foreign DNA into the host genome causes realrangements,

deletions, duplications or translocations of the host sequences at the insertion sites (297).

Although the site of integration and copy number of transgene into the host genome cannot be
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controlled, expression of the transgene can be influenced by the promoter and tissue-specific

enhancers that are included in the DNA construct. Tissue-specific gene regulating elements

can be located at the entire flanking sequences ofthe transgene or within the transgene itself.

The principal advantage of direct microinjection of foreign DNA into the pronucleus

of mouse eggs is the high efficiency (up to 25Vo of the offspring which shows stable

integration of the transgene in all cells, including the germ cells) of generating transgenic

mice that express most genes in a predictable manner. Another advantage is that the

technique of conventional transgenesis is much less laborious than some of the other genome-

manipulating techniques as described below. However, in .some cases it is a disadvantage

that, in addition to the newly introduced human gene, the endogenous mouse gene is present

as well. Furthermore, a major disadvantage of this technique remains that the site of
integration of the gene of interest cannot be controlled and this might influence the

expression of the transgene and the observed phenotype. In addition, the complete set of
regulatory elements necessary to obtain the native expression pattern of a transgene is often

not known or elements may be located too far away from the transgene to be included in the

DNA construct.

1.3.2 Gene-targeting technology.

Gene-targeting (or targeted mutagenesis) is a technology in which one can knock out a gene

in vivo and create a mutant organism that completely lacks the gene product (for reviews see

294,298-303). In the present thesis apoCl-knockout mice were characterized that had been

generated by gene targeting via homologous recombination in embryonic stem (ES) cells

(304).

ES cells are derived from the inner cell mass of wild type mouse blastocysts and can

retain their undifferentiated status and normal karyotype in vitro when cultured under specific

conditions (305,306). These ES cells can be manipulated in vitro for transfection with DNA
containing the disrupted gene of interest (307). For the successful transfection of ES cells

with foreign DNA, a targeting vector is constructed containing a positive selection marker

designed to disrupt the endogenous gene of interest, and a negatively selectable marker (308).

Through the use of sequence replacement vectors, recombination between the endogenous

gene and the targeting vector will occur through a double crossover event, replacing the

chromosomal sequence of the gene of interest with the homologous vector sequences. In

general, the greater the length of homology between the endogenous gene and the targeting

vector, the higher the targeting frequency will become (309). To inactivate the gene of
interest (target gene), the selection marker should preferably replace the translation start site.

Another possibility is to locate the selection marker in a 5' exon so that upon homologous

recombination the reading frame will be shifted and a premature stop codon will arise. The

positive selection elements most cbmmonly used are the neomycin- and the hygromycin B
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phosphotransferase genes, which render the cells resistant to G418 and hygromycin B,

respectively. The positive selection marker selects ES cells that have incorporated the

targeting vector into their genome. A negative selection marker, usually the herpes simplex

virus thymidine kinase (HSV-rk) gene located at either the 5', the 3', or both ends of the

targeting vector, gives a negative selection for those cells that have randomly integrated the

targeting vector into their DNA. The replacement-type targeting vector and strategy used to

generate ApoCl-knockout mice is shown in Figure 3.

I kbp
Probe C

123 4

(b)

Targeting
Vector

E

(c)

Apoc I nutanl
locus

Probe B

hygro 3

------>

BE 
+

hygro 3+

Figure 3. Schematic illustration showing the replacement-type targeting vector and strategy used to

generate apoCl-knockout mice. (a)the structure of the endogenous ApoCl locus. (b) the targeting

vector. (c)the predicted structure of the ApoCl locus after homologous recombination. Numbers l-4
and the closed boxes indicate exon sequences.B, BamHli EcoRI; H, Hindlll; S, Sanrl' This figure is

reproduced from van Ree er al., Biochemical Journal (1995) 305:905-91 1,r04 with permission of The

Biochemical Society, London, UK.

The correctly targeted ES cells aie reintroduced into blastocysts from mice with a

different coat colour, where they intermingle with the host cells. After transfer of the

manipulated embryos to the uterus of a pseudopregnant foster mother (3 l0), ES cells

participate in the development of the embryo and contribute to all tissues including the

germline. The offspring will be chimeric, indicating that their cells are partially donor-

derived and partially ES cell-derived. The most convenient marker of chimerism is coat

colour. Since in general the host blastocysts and ES cells originate from mice with different

coal colours, the chimeras will be a spotted combination of the two colours. The degree of

coat colour chimerism then correlates well with the degree of germline contribution. If the ES

cells contribute to the germline of the chimera, some mice of the next generation will have

2t
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50Vo of their genome ES cell-derived (3 I l). Finally interbreeding of these hererozygous mice

carrying the mutant allele can give rise to mice homozygous for the desired mutation.

Af though gene targeting is a very elegant technique to study the in vivo function of the

gene of interest, it also has its limitations. Site-specific mutagenesis of the gene of interest

may lead to an avalanche of compensatory processes (back-up system) and resulting

secondary phenotypical changes. Clearly, a knockout mouse might not only lack the product

of the gene of interest, but might also possess a number of developmental or physiological

processes that have been altered to compensate for the effect of the knockout-gene and

therefore might not directly be related to the functions of the gene of interest. In addition,

disruption of vital genes may lead to embryonic lethality which may preclude any analysis of
the in vivo functions of the gene. These limitations have to be kept in mind when analysing

specific knockout mice or when choosing the strategy for investigating the iri vivo function of
a certain gene.

1.3.3 Adenovirus-mediated gene transfer.
Recombinant adenoviruses (Adv) represent one of the most powerful vector systems for the

in vivo delivery of genes for therapy of inherited and acquired diseases. In addition to their
use in gene therapy, Adv also have a more general use, i.e. to study the effect of a particular

gene on the lipoprotein metabolism in an intact animal. The specificity. of systematically

administering Adv to the liver has been demonstrated widely (85,140,141,312).

The adenoviral vector is derived from the Adv wild type progenitors by deletion of
portions of their early El region (responsible for expression of the adenoviral genes) and/or

the E3 region. These deletions create space for the insertion of a cassette containing the

transgene of interest and additional regulatory sequences. As a result of the E1-deletion, the

adenoviral vector containing the transgene is replication-deficient. However, through the use

of a complementary cell line expressing El, replication will occur. The most widely used

helper cell line for the propagation of E-l deleted Adv is number 293, which has been

generated by the transformation of human embryonic kidney cells with Ad5 DNA (3 13,3 l4).
For the generation of Adv that will be described later on in this thesis, the newly generated

911 helper cell line was used. This helper cell line was generated by the transformation of
human embryonic retinoblasts with a plasmid containing base pairs 79-5789 of the Ad5
genome (315). This 911 helper cell line performs especially well in plaque assays. The actual

production of Adv requires homologous recombination between the adapter plasmid
(containing the gene of interest) and pJMlT (containing the remainder of the Adv genome)

(3 l6) in the El-expressing helper cell line. The efficacy of this method is highly dependent

on the frequency of recombination in the helper cells, as well as the transfection efficiency.
The viral vector particles generated are infectious to target cells, where they can express the

transgene of interest (3 I 7).
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The use of adenoviral vectors in the delivery of particular genes to cells has its

advantages and disadvantages. A major advantage of adenoviral vectors is that they are

structurally stable and can be prepared at high titres (l0e-l0rrplaque-forming units per ml).

Another advantage is that these vectors do not integrate within the target cell and thus are not

known to be associated with malignancies. However, due to their inability to integrate in the

target cell, the expression of the transgene is only temporary. In addition, the immune

response of the host (mice) upon transfection with recombinant Adv will curtail the duration

of transgene expression. This immune response was shown to be directed at the Adv proteins,

despite the deletions in the El region of the adenovirus genome (3 18,3 l9). The generation of

antibodies against Adv proteins also makes a second administration of the gene construct

containing Adv ineffective.

However, whereas the transient nature of transgene expression in mice using Adv

vectors is ineffective for long-term in vivo gene replacement, the duration of expression is

long enough to study the effect of a particular gene on lipoprotein metabolism. The use of

Adv-mediated gene delivery creates the possibility of effectively overexpressing any gene to

any desirable gene knockout background in mice. This certainly has its advantages due to the

fact that the extensive time-consuming interbreeding between . mice with stable

overexpression ofa transgene and knockout for a certain gene is not neccesary. On the other

hand, the results of these experiments need to be treated with care. Besides expression of the

respective transgenes, Adv may induce inflammation and cell death in liver tissue of mice at

the high titres used. This liver tissue damage may strongly influence liver function and

subsequently may affect a variety of processes in lipoprotein metabolism. Therefore, to study

the effect of a certain gene on lipid metabolism through Adv transfections, transfections with

Adv containing for instance the B-Galactosidase gene as a control have to be performed as

well to correct for possible unwanted side-effects.

1.3.4 Mouse Models.

The technologies of transgenesis and gene targeting as described above, make it possible to

study the functions of genes encoding for apolipoproteins, lipoprotein receptors and

important enzymes in lipoprotein metabolism (for review see; 281-283,320-325). An

overview of the phenotypical changes in mice that either overexpress or are knockout for

specific genes involved in lipoprotein metabolism is given in Table IIIA and IIIB.

Almost all apolipoproteins have been overexpressed or knocked out in mice.

Particulary significant results were obtained with transgenic mice either overexpressing or

lacking apoA's. ApoAl is the major protein constituent of HDL, comprising 70Vo of the total

HDL protein. ApoA2 is the second most abundant HDL protein, comprising 20Vo of the total
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HDL protein. Transgenic mice overexpressing apoAl exhibited increased HDl-cholesterol

levels and had dramatically reduced lesion development in response to atherogenic diets

(326,327). In contrast to these results, apoAl knockout mice exhibited marked reduction in

levels of HDL cholesterol but did not show enhanced susceptibility to atherosclerosis when

fed a high fat diet (328,329). Transgenic mice overexpressing apoA2 showed increased levels

of HDL cholesterol and accelerated aortic lesion development (330,33 l).
ApoA4 is an apolipoprotein found to be associated with HDL, but is easily dissociated

from lipoproteins by ultracentrifugation (332). Since the in vivo role of apoA4 in lipoprotein

metabolism is unclear, transgenic mice were generated overexpressing apoA4. Human

APOA4 transgenic mice exhibited elevated levels of VlDl-cholesterol and TG (333).

Furthermore, both human APOA4 transgenic mice on an apoE-deficient atherogenic

phenotype and mouse ApoA4 transgenic mice on a high fat diet showed a substantial

reduction in the size of atheroSclerotic lesions, suggested to be due to an increased cholesterol

efflux by HDL and increased cholesterol esterification rates by plasma from these mice

(334,355). These data indicate that apoA4 may have a significant role in the reverse

cholesterol transport and protection against aortic lesion formation.

ApoB is present on chylomicrons, VLDL, IDL and LDL. Transgenic mice

overexpressing the human apoB gene accumulated high plasma levels of apoB containing

lipoproteins (chylomicrons, VLDL, IDL and LDL), and developed much larger and more

advanced lesions than their wild type littermates (336-338). Targeted modification of the

apoB gene in mice resulted in the synthesis of a truncated apoB protein (apoB70) which

caused reduced VLDL-, IDL-, LDL-, and HDl-cholesterol levels and abnormalities of the

central nervous system (339). Mice that were completely knockout for the apoB gene were

not viable (340). The apoB overexpressing animals were also used to study the role of apo(a)

in lipoprotein metabolism and atherosclerosis. Lp(a) is a lipoprotein particle that is found to

be associated with coronary artery diseases in some,. but not all epidemiological studies. Lp(a)

is an LDL-like particle that contains, in addition to apoB, also a large polypeptide termed

apo(a). Mice do not naturally produce this apo(a). Transgenic mice overexpressing human

apo(a) exhibit an enhancement in atherosclerotic lesion development (341,342). These

transgenic mice, however, failed to assemble intact Lp(a) particles due to the inability of
human apo(a) to form complexes with mouse apoB. This problem was overcome by breeding

human apo(a) mice with mice overexpressing human apoB (343,344). These apoB/apo(a)

mice indeed showed high Lp(a) particle levels but did not exhibit significantly increased

atherosclerotic lesions (345).

Several enzymes involved in the processing of lipoproteins were also overexpressed

or knocked out in transgenic mice to study their role in lipoprotein metabolism in vivo. LPL
plays a major role in the catabolism of TG-rich lipoproteins. Overexpression of human LPL

in transgenic mice showed that these mice were resistant to a dief induced

24



General Intoduction

hypertriglyceridemia and hypercholesterolemia (346-348). Homozygous LPl-knockout mice

died approximately 18 h after birth, presumably due to cyanosis caused by the massive

accumulation of chylomicrons in the capillaries of the lung. Heterozygous LPl-knockout

mice were viable and displayed increased levels of serum triglycerides and an impaired

enzyme activity (349,350). These results indicate that the presence of LPL is of vital

importance for the proper processing of TG-rich lipoprotein particles in the circulation.

Hepatic lipase (HL), a 60 kDa protein, is another enzyme that is postulated to be

involved in lipoprotein metabolism. HL is mainly synthesized in the liver and hydrolyses both

TG and phospholipids (351). The importance of HL in human lipoprotein metabolism has

been indicated by patients with HL deficiency. These patients develop marked dyslipidemia,

including hypercholesterolemia, hypertriglyceridemia and an accumulation of B-VLDL (352-

354). Unlike humans, Hl-deficient mice exhibit normal triglyceride levels and increased

HDL levels in response to dietary stress (355). Remarkably, Hl-deficient mice exhibit a

reduced susceptibility to atherosclerosis on a apoF-deficient atherogenic phenotype,

suggested to be due to an increased cholesterol efflux by HDL from these mice (356)

Overexpression of HL in transgenic mice decreased HDl-cholesterol levels and HDL

particles size (357). These data suggest that in mice, HL may be involved in the remodelling

of HDL, rather than playing a role in the metabolism of TG-rich lipoproteins. However, it is

possible that other lipases may bind to sites in the liver normally occupied by HL and thus

participate in the clearance of TG-rich particles in these mice.

CETP exchanges cholesterol ester in HDL for TG in VLDL and IDL. Normally'

CETP activity is not detectable in mouse plasma. However, transgenic mice were generated

which overexpress human CETP (358). These mice exhibited reduced HDL cholesterol

levels, which became more apparent when these mice were cross-bred with apoAl transgenic

mice (359). Transgenic mice overexpressing simian CETP showed an increased susceptiblity

to atherosclerosis (360). In contrast, CETP/apoAl transgenic mice which overexpressed

human apoC3 revealed that the presence of CETP inhibited the development of early

atherosclerotic lesions in these hypertriglyceridemic mice (361,362). From these result it can

be concluded that CETP may play a role in the development of atherosclerosis, which is

dependent on the metabolic context of the animal.
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Table IHA. Transgenic mouse models for studying the Iipoprotein metabolism 

Genes encoding for: Overexpression 

Apolipoproteins: 

apoAl 

apoA2 

apoA4 

apoB 

apo(a) 

Enzymes: 

LPL 

HL 

CETP 

LCAT 

PLTP 

Receptors: 

LDLR 

LRP 

VLDLR 

ScR' 

HDL-TC l 1, lesions l l 

HDL-TC 1 1, lesions 1 

TC !, HDL-TC I, lesions ! 

chylomicrons, VLDL,IDL,LDL 1,lesions 1 

lesions l 

VLDL-TG l ,HDL-TC I 

HDL-TC l 

HDL-TC ! ,les ions- 1 l 
(dependent on metabolic context) 

HDL-TC I, lesions I 

HDL-TC I, pref3-HDL1 

LDL-TC l 

VLDL-TC,LDL-TC l ,HDL-TC 1 

knockout 

HDL-TC l, lesions-

HDL-TC l l 

not viable 

TG 1 i 1 , die 18 hr after birth 

HDL-TC I, lesions! 

VLDL-TG I, HDL-TC l 

IDL-TC,LDL-TCI, lesions 1 

not viable 

- , lesions l 

references 

326-329 

330,331,372 

333-335 

336-338,340 

341,342 

346-350 

355-357 

358-362 

364-366 

367 

85-88,268 ,269 

121 

139 

370,371 

An overview of the phenotypical changes in mice that either overexpress or are knockout for specific genes is depicted. The changes in very low density 
lipoprotein (YLDL), intermediate density lipoproteins (IDL), low density lipoproteins (LDL), high density lipoproteins (HDL), total cholesterol (TC) and 
triglycerides (TG) are indicated as follows: - , normal; 1, increased; 11 , strongly increased; 111, severely increased; l, decreased . 
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LCAT mediates the esterificaton of free cholesterol in HDL, which is suggested to be

essential for an efficient cholesterol efflux from peripheral cells to HDL particles and

subsequent transport to the liver (363). Overexpression of LCAT in transgenic mice caused

elevated levels of HDl-cholesterol (364) but enhanced the diet-induced aortic atherosclerosis

in these mice (365). LCAT-deficient mice exhibited markedly reduced HDL cholesterol

levels on a normal chow diet, and a less pronounced elevation in VlDl-cholesterol on a high

fat diet as compared to their non-transgenic littermates (366). From these data it was

concluded that LCAT can modulate the lipoprotein response to dietary cholesterol, although

the underlying mechanism by which LCAT modulates lipoprotein processing in transgenic

mice remains to be elucidated

Several lines of evidence indicate that human plasma phospholipid transfer protein

(PLTP) mediates both the net transfer and exchange of phospholipids between different

lipoproteins. To study its in vivo function, transgenic mice were generated overexpressing

human PLTP. Human PLTP transgenic mice overexpressing human apoAl, displayed

elevated levels of HDl-phospholipid, -cholesterol and increased levels of preB-HDL (367).

From these results it is suggested that in vivo, PLTP increases the influx ofphospholipids and

secondarily cholesterol into HDL, leading to an increase in potentially anti-atherogenic preB-

HDL particles

. The transgenic animal studies as discussed above indicate the complexity of HDL

metabolism and its relatign to atherosclerosis. Further studies with these transgenic mice will

be useful in analysing the properties of HDL, i.e. apolipoprotein composition, cholesterol

efflux potential and size, that are responsible for protection against atherosclerosis.

To gain more insight into the receptors responsible for the clearance of a variety of

lipoprotein classes, transgenic animal studies were performed in which the respective

receptors were either overexpressed or knocked-out. Transgenic mice ovexpressing the

LDLR showed an enhanced clearance of both apoB and apoE-rich lipoproteins, concomittant

with a decrease in these plasma lipoproteins (268,269). LDlR-knockout mice had elevated

plasma levels of cholesterol, due to an accumulation of IDL/LDL-sized lipoproteins in their

circulation (85-88). These studies indicate the importance of the LDLR for the clearance of

lipoprotein particles. However, LDlR-deficient mice do not accumulate chylomicron and

VLDL remnants, indicating that there must be an alternative clearance pathway for these

lipoproteins.

To study whether LRP acts as an alternative receptor for the clearance of remnant

lipoproteins, mice were generated that were knockout for the LRP. Unfortunately, mouse

embryos that were homozygous for the disrupted LRP allele die in utero (l2l). To
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circumvent this problem, animals were generated that overexpress RAP, a 39 kDa protein

which inhibits all ligand binding to LRP. These studies demonstrated that LRP can provide

an efficient backup mechanism for the clearance of remnant lipoproteins when the LDLR is

absent (1 l9).

To investigate the in vivo role of the macrophage scavenger receptors (ScR), mice

were created that overexpressed the ScR-type I in the liver. These ScR-type I mice

accumulated less apoB-containing lipoprotein particles on an atherogenic diet as compared to

wild type mice, indicating that the ScR can bind apoB-containing lipoproteins (370). Mice
that were knockout for the ScR were viable, had a normal appearance, bred normally and had

similar lipid levels as compared to wild type mice. However, when bred onto an apoE-

knockout background, ScR-knockout/apoE-knockout mice developed considerably less

atherosclerotic lesions than mice which are only E-knockout (371). In addition, ScR-knockout

mice were highly susceptible to bacterial infections, indicating that the ScR may play an

important role in host defence against pathogens.

1.3.4.1 Mouse models for apolipoprotein C
The in vivo role of apolipoprotein C's in lipoprotein metabolism has been studied using the

technologies of transgenesis and gene-targeting in mice (Table IIIB). Transgenic mice

overexpressing APOCI have been shown to be mildly hypertriglyceridemic (373). Mice that

were deficient for the ApoCl gene have been shown to display normal levels on a chow diet

and develop hyperlipidemia on an atherogenic diet (304). The generation and characrerization

of human APOCI transgenic mice and ApoCl-deficient mice will be further discussed in the

following chapters of this thesis.

Transgenic mice overexpressing human APOC2 were found to be

hypertriglyceridemic, due to an accumulation of VLDL-sized particles with an increased

apoC:apoE ratio (374). These mice displayed a delayed VLDL clearance without increased

VLDL production. Furthermore, the apoC2-enriched VLDL had markedly decreased binding

affinity to heparin-sepharose, suggesting that these particles may be less accessible to cell

surface lipases or receptors within the glycosaminoglycan matrices. Thus, whereas apoC2-

deficiency causes hypertriglyceridemia in humans (215-218); it appears that overproduction

of apoC2 in tiansgenic mice might do this as well.

Several laboratories have reported the generation of transgenic mice overexpressing

human APOC3 (375-377). APOC3 transgenic mice were shown to be hypertriglyceridemic

due to an accumulation of large TG-rich VLDL particles. Metabolic studies indicated that the

primary metabolic defect was a decreased VLDL fractional catabolic rate, with a small

increase in VLDL-TG but not in apoB production rate (376). Cross-breeding human APOC3

mice with transgenic mice overexpressing human apoE normalized serum lipid levels,
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Table IIIB. Transgenic mouse models for studying the lipoprotein metabolism 

Genes encoding for: Overexpression 

Apolipoprotein C's 

apoC l 

apoC2 

apoC3 

apoC4 

Apolipoprotein E's 

apoE 

apoE*3Leiden 

apoE(Arg- I I 2,Cys-142) 

apoE2 

VLDL-TG l 

VLDL-TG l I 

VLDL-TG l I 

VLDL-TG l 

YLDL-TC,LDL-TC l, lesions l 

VLDL-TC I, VLDL-TG I, lesions 1 

VLDL-TC 1,YLDL-TG I, lesions I 

VLDL-TC,YLDL-TG- 1 l 
(dependent on expression level) 

knockout 

VLDL-TC l 

VLDL-TG, VLDL-TC l 

VLDL-TC,IDL-TC I I l ,lesions l I I 

references 

373,304 

374 

247 ,375-378 

379 

380-392 

393-395 

396,397 

398,399 

An overv iew of the phenotypical changes in mice that either overexpress or are knockout for specific genes is depicted. The changes in very low density 
lipoprotein (VLDL), low density lipoprotei ns (LDL) and total cholesterol (TC) and triglycerides (TG) are indicated as fol lows: -, normal; I, increased; 11, 
strongly increased; l l l, severely increased; l , decreased. 
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indicating that apoC3 inhibits the apoE-mediated clearance of lipoprotein particles by the

liver (377). Recently, it was reported that overexpression of the mouse ApoC3 gene in

transgenic mice caused hypertriglyceridemia very similar to overexpression of the human

APOC3 gene (247). The generation of ApoC3-deficient mice has also been reported (378).

Mice that were knockout for the ApoC3 gene showed reduced serum lipid levels and were

protected from postprandial hypertriglyceridemia. Furthermore, ApoC3-knockout mice

showed increased levels of cholesterol after being fed an atherogenic diet, but this was less

pronounced than observed for control mice.

To complete the list of C apolipoproteins, the recently identified apoC4 protein was

also overexpressed in transgenic mice (379). These mice were hypertriglyceridemic as

compared to nontransgenic controls, due to an accumulation of VLDL particles. There was

little change in serum cholesterol levels in these APOC4 transgenic mice. By immunoblot

analysis, apoC4 was not detected in normal adult human plasma, indicating that in humans

apoC4 plays no physiological role in lipoprotein metabolism.

From these studies in transgenic mice it can be concluded that overexpression of all C

apolipoprotein leads to hypertriglyceridemia due to interference with the clearance of VLDL
particles. Whether the observed hypertriglyceridemia in these APOC transgenic mice

substantially reflects the specific inhibitory effect of the apoC protein itself, or is secondary

to other compositional or conformational changes of the lipoprotein particle, remains to be

further established.

1.3.4.2 Mouse models for apolipoprotein E

The role of apoE in lipoprotein metabolism has been extensively studied through targeted

disruption of the ApoE gene and transgenesis in mice (Table IIIB). Several laboratories have

generated mice that were knockout for the ApoE gene (380-383). ApoE knockout mice had

strongly elevated levels of plasma cholesterol levels due to a severe defect in the clearance of
remnant lipoproteins from the plasma (381,382). On a normal chow diet, ApoE knockout

mice spontaneously developed atherosclerotic lesions, which were further enhanced upon an

atherogenic diet (381,382). In addition, heterozygous ApoE knockout mice were also more

susceptible to hyperlipidemia and atherosclerosis when f'ed a high-fat diet (383,384).

In contrast to apoE-deficiency. transgenic mice overexpressing apoE (385-387) have

reduced plasma cholesterol levels due to an increased clearance rate of VLDL and LDL

lipoproteins (388). Furthermore, overexpression of apoE protects against diet-induced

hypercholesterolemia (389) and atherosclerosis (390). Selective overexpression of human

apoE in the arterial wall of mice was also shown to reduce the development of atherosclerotic

lesions (391). Overexpression of apoE in the intestine of transgenic mice, a site were

normally apoE is not synthetized, resulted in a rapid clearance of chylomicron particles from

the circulation, indicating that postprandial hyperlipidemia can be prevented by intestinal
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gene expression of apoE (392).

Besides the generation of transgenic mice overexpressing the wild type allele of apoE,

transgenic mice have also been generated overexpressing mutant alleles of apoE. One rare

dominant apoE variant that has been extensively studied in transgenic mice is the

APOE*3Leiden mutation (153). Transgenic mice.overexpressing the human APOE*3Leiden

gene exhibit hyperlipidemia and develop atherosclerosis when fed a high-cholesterol diet

(393-395). Transgenic mice which overexpress another dominant variant of apoE are the

APOE (Arg-112,Cys-142) transgenic mice (396). These mice display elevated levels of

cholesterol and TG, depending on their levels of transgene expression and develop enhanced

atherosclerosis when fed an atherogenic diet (397). The phenotype of both the

APOE*3Leiden and APOE (Arg-l l2,Cys-142) transgenic mice resembles that of type III

hyperlipoproteinemia and both transgenic mouse strains will be useful models for studying

the genetic and environmental factors underlying this lipoprotein disorder'

Recently transgenic mice have been generated that overexpress the human

APOE2(Arg158-Cys) gene (398,399). The APOE2(Arg158-Cys) allele is the most frequent

cause of type III Hyperlipoproteinemia and segregates in humans as a recessive trait.

Transgenic mice with moderately elevated plasma levels of human apoE2 (<10 mg/dl) in the

presence of endogenous mouse apoE display normal lipid levels and are not susceptible to

diet-induced hyperlipidemia (398,399). Transgenic mice with high plasma apoE2 levels (20-

40 mg/dl) showed a 507o decrease in plasma cholesterol levels due to a decrease in the HDL-

sized fiactions. Strikingly, when plasma apoE2 levels were further elevated to about 50

mg/dl, transgenic mice developed hyperlipoproteinemia due to an increase in cholesterol and

TG in the VLDL-sized fractions (398). Overexpression of the human APOE2 gene on an

apoE-knockout background showed that the high levels of apoE2 as present on particles in

the circulation (20 mg/dl) could not rescue the hyperlipidemic phenotype of apoE-knockout

mice, which was due to a defective binding of apoE2 to the LDLR (399).

In summary, all studies as discussed above, unequivocally provide evidence that apoE

plays a critical role in the clearance of remnant lipoprotein particles.

1.4. Outline of this Thesis

Since increased plasma levels of VLDL remnant lipoproteins predispose to atherosclerosis, it

is of great importance that these lipoproteins are efficiently cleared from the circulation.

Previous in vitro studies have suggested that the clearance of VLDL is effectively regulated

by a balance between the amounts of apoCl and apoE on the particle. However, at the time

when this work was initiated little was known about the in vivo function of the apoC I protein.

Therefbre, we decided to study the role of apoCl in lipoprotein metabolism in vivo, using

transgenic mice either overexpressing or lacking apoCl.In Chapter 2, we investigated the
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function of apoCl under condition of hyperlipidemia, i.e. in human APoE*3leiden
transgenic mice coexpressing the human APOCl gene. To further elucidate the interference

of apoC I with VLDL-TG production, lipolysis and clearance, in vivo turnover studies were

performed with labeled VLDL particles in apoCl-deficient mice (Chapter 3) and transgenic

mice overexpressing human APOCI (Chapter 4). The hyperlipidemia in APOCI transgenic

mice appeared to be primarily due to an inhibitory action of apocl on the uptake of VLDL by

hepatic receptors, most likely the LRP (Chapter 4). To investigate whether apoCl could also

modulate the binding of VLDL to the recently identified VLDL receptor, the VLDL receptor

was overexpressed ln vivo in APOCI transgenic mice (Chapter 5). After the first APOCI

transgenic mice had been generated it became apparent that transgenic mice with high

expression of human APOCI in the liver and skin exhibited several abnormalities including

lack of hair, a thickened skin, and reduced amounts of adipose tissue. These abnormalities

were identified and further characterized in Chapter 6.

In addition to apoCl, we also studied the role of apoE in VLDL metabolism. ApoE

has been demonstrated to play a central role in the metabolism of TG-rich lipoprotein

particles in that it functions as ligand for the receptor-mediated uptake of lipoprotein

particles. In the present thesis we found that apoE can also modulate the lipolysis (Chapter 7)

and production (Chapter 8) of nascent VLDL.

Finally, we reviewed several important in vitro and in vivo studies on apoCs and came

to the conclusion that each of the individual C apolipoproteins serves a distinct role in

lipoprotein metabolism and human disease (Chapter 9).
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Running title: VLDL Metabolism in APOE*3Leiden-APOCI Transgenic Mice.

Abstract

Transgenic mice overexpressing human APOE*3Leiden are highly susceptible to diet-

induced hyperlipoproteinemia and atherosclerosis due to a defect in hepatic uptake of

remnant lipoproteins. In addition to the human APOE*3Leiden gene these mice carry also the

human APOCI gene (APOE*3Leiden-Cl). To investigate the possible effect of simultaneous

expression of the human APOCI gene, we examined the phenotypic expression in these

APOE*3Leiden-Cl mice in relation to transgenic mice expressing the APOE*3Leiden gene

without the APOCl gene (APOE*3Leiden-HCR). APOE*3Leiden-Cl and APOE*3leiden-

HCR mice had comparable liver expression for the APOE*3Leiden transgene and high total

cholesterol levels on a sucrose-based diet compared to control mice (4.3 and 4.3 vs 2.1

mmol/l). In addition, on this diet APOE*3Leiden-Cl mice displayed significantly higher

serum triglyceride (TG) levels than APOE*3Leiden-HCR mice and control mice (4.4 vs 0.6

and 0.2 mmol/l). Elevated TG and cholesterol levels were mainly in the VLDL-sized

lipoproteins. In vivo turnover studies with endogenously TG-labeled VLDL showed a

reduced VLDL-TG fractional catabolic rate (FCR) for APOE*3Leiden-C1 and

APOE*3Leiden-HCR mice compared to control mice (3.5 and 11.0 vs 20.4 pools/hr). To

study whether the difference in FCR between APOE*3Leiden-Cl and APOE*3Leiden-HCR

mice was due to an inhibiting effect of apoCl on the extra-hepatic lipolysis or hepatic

mediated uptake of VLDL, turnover experiments were performed in functionally

hepatectomized mice. Strikingly, both APOE*3Leiden-Cl and APOE*3Leiden-HCR mice

showed a decreased lipolytii rate of VLDL-TG in the extra-hepatic circulation compared to

control mice (1.5 and 1.8 vs 6.3 pools/hr). We conclude that next to an impaired hepatic
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uptake, overexpression of the APOE*3leiden gene influences the extra-hepatic lipolysis of
VLDL-TG, whereas simultaneous overexpression of the APOC I gene leads to a further

decrease in hepatic clearance of VLDL.

Keywords: apolipoproteins C; apolipoprotein E; hyperlipoproteinemia; transgenic mice.

Abbreviations used in this paper: Apo, apolipoprotein; TG, triglyceride; VLDL, very low

density lipoproteins; LDL, low density lipoproteins; LRP, LDL receptor-related protein;

HCR, hepatic control region; SRM-A, standard rat mouse diet (chow); LFC, low fatllow

cholesterol diet; HFC, high fat/high cholesterol diet; FFA, free fatty acids; LPL, lipoprotein

lipase; BSA, bovine serum albumin; FCR, fractional catabolic rate; SR, secretion rate; LR,

lipolytic rate.

In humans carrying the APOE*3Leiden gene, the accumulation of chylomicron and VLDL
remnant lipoproteins in the circulation is inherited in a dominant fashion (l). The underlying

mechanism is assumed to be a defect of this variant in binding to the hepatic lipoprotein

receptors (2). We have studied the effect of the apoEx3leiden protein in lipoprotein

metabolism in more detail by using transgenic mice expressing the human APOE*3Leiden
gene. The high expressing APOEx3Leiden transgenic mouse lines showed accumulation of
remnant lipoproteins in the plasma and the development of atherosclerotic lesions, especially

after consuming fat- and cholesterol- containing diets (3,4). As expected, in vivo vLDL-apoB
turnover studies showed that the hypercholesterolemia in these mice is indeed due to a defect

in hepatic uptake of remnant lipoproteins (5).

Since at the time of generation of these mice the exact location of the hepatic control

region (HCR) of the APOE gene was unknown, except that it lies about 9 kb downstream of
the APoCI gene (6), we used a 27 kb DNA construct covering the APoE*3leiden and

APOCI genes and the HCR element. Western blot analysis showed that these

APOE*3Leiden transgenic mice express both genes (designated APOE*3Leiden-Cl
transgenics) (3). Thus, we cannot exclude that the hyperlipidemia and atherosclerosis

observed in these transgenic mice is (partly) due to the co-expression of the human APOCI
gene.

Little is known about the in vivo function of the apoCl protein, although in vitro
studies showed that apoCl can inhibit the lipoprotein lipase (LPl)-mediated hydrolysis of
VLDL-TGs (7,8). Studies involving the addition of purified human apoCl to chylomicrons
(9) and TG emulsions (10) showed inhibition of their uptake by perfused rat livers.

Furthermore, apoCl prevents apoE-mediated VLDL binding to the low density lipoprotein
(LDL) receptor (l l) and the LDL receptor related protein (LRP) nz vitro (12,13), presumably
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by displacing apoE from the VLDL particle (14).

The observation that transgenic mice with high liver-specific expression of the human

APOCI gene exhibitqd hypertriglyceridemia (15) suggests that a direct inhibiting effect of

apoCl on either apoE-mediated remnant clearance or in vivo VLDL-TG lipolysis holds true

for the in vivo situation as well. However, such a role for apoCl could not be deduced from

the results we obtained recently with ApoCl deficient mice (16). Although a lower level of

plasma lipids was expected in these mice, we observed that mice with total apoCl deficiency

have normal plasma cholesterol levels on regular chow diet, whereas after a severe

hypercholesterolemic diet, ApoCl deficient mice exhibit mildly elevated plasma cholesterol.

Thus, the exact role apoCl plays in remnant lipoprotein metabolism in vivo can not be

deduced from these studies with genetically modified mice.

In the present article we report on our study of the effect of APOCI gene

coexpr€ssion on the phenotype of APOE*3Leiden transgenic mice by comparing the above

described APOE*3Leiden-C1 mice with transgenic mice carrying only the APOE*3Leiden

gene directly linked to the HCR element, thus without co-expressing the APOCI gene

(designated APOE*3Leiden-HCR transgenics). By performing in vivo turnover studies with

TG-labeled autologous VLDL samples, we found that additional apoCl protein indeed

inhibits the hepatic uptake of remnant lipoproteins in vivo, whereas apoCl does not inhibit

VLDL-TG lipolysis. More strikingly, besides an inhibitory effect on hepatic uptake, we found

that enrichment of VLDL particles with the apoE*3leiden protein also resulted in a disturbed

extra-hepatic lipolysis of VLDL-TGs.

Methods

DNA construct.The APOE*3Leiden-HCR construct was generated from plasmid pJS276 (kindly
provided by Dr J.D. Smith The Rockefeller University, New York, USA), which carries both the

APOE*3 gene (from the -650 bp BgIII-site to the +1.9 kb Hindlll-site) and a 5.5 kb BamHI fragment

from the 5'region of APOCI', including the hepatic control region (HCR) (17). The APOE*3Leiden
gene was introduced into pJS2?6 by exchanging a 2 kb EcoRI fragment encompassing exon 4 of the

APOE*3 gene with the similar fragment from a cosmid carrying APOE*3Leiden. The resulting insert

(APOE*3Leiden-HCR) was excised from the plasmid using the restriction enzymes Kpnl and Hindlll.

Generation and analyses of transgenic mice. APOE*3Leiden-C1 mice were generated previously
(3,4). Transgenic and nontransgenic littermates were obtained by breeding with C57BL/6J mice. Mice

of the F7 generation were used for the present experiments.

APOE*3Leiden-HCR were generated according to Hogan et al. (18) with some minor

modifications. In brief, a DNA solution was micro-injected into male pronuclei of fertilized mouse eggs

taken from superovulated (C57BL/6J*CBA/J) Fl females. Transgenic offspring were identified by

polymerase chain reaction analysis and Southern-blot analysis on genomic tail-derived DNA (3). Six

founders were obtained from which one line with high liver expression of the APOE*3Leiden

transgene was bred with C57BL/6J mice. Mice of F4 generation were used for the experiments.
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All mice in this study were females housed under standard conditions with free access to water
and food. Non-transgenic littermates were used as control group. All experiments were performed at 1

PM with food withdrawn at 9 AM.

Northern-blot analyses. Transgenic mice were anesthetized with an intraperitoneal injection of 0.5
ml/kg hypnorm (Janssen Pharmaceutica) and 12.5 mg/kg midazolam (Roche Netherlands bv), and the
livers were excised for quantification of APOE*3Leiden and APOCl mRNA. Total RNA was isolated
from liver by using the RNAZOL procedure (Cinna./Biotecx). RNA samples (7.5 Ug per lane) were
separated by electrophoresis through a denaturing agarose gel (lVo w/v) containing 7.57o formaldehyde
and transferred to a nylon membrane (Hybond N, Amersham) according to the manufacturer's
recommendations. Blots were subsequently hybridized with Ir?]-labeled probes of human APOE
cDNA, human APOCI cDNA (19), mouse ApoCl cDNA (20) and a rat GAPDH cDNA (21) in a
solution containing 507o formamide. The intensity of the hybridization signal was quantified with a
Phosphor Imager (Molecular Dynamics). The amounts of APOE+3Leiden and APOCI mRNA were
related to the level of GAPDH mRNA.

Diets and dietary treatment. After weaning at 28 days of age, mice were fed a standard rat mouse
(SRM-A) chow diet. After 7 weeks of age, two different diets (Hope Farms) were administered to
groups of each strain (at least 8 mice per group). These diets were semi-synthetic and composed
essentially according to Nishina et al. (22). First, mice were fed a low fatlcholesterol (LFC) diet
containing 50.57o sucrose, l2.2Vo corn starch, 5Va cornoil and57o cellulose, (by weight) (4), for 3
weeks. Thereafter, the same mice were fed a high fatlcholesterol (HFC) diet for 3 weeks containing
l5Vo cocoa butfer, 0.25Vo cholesterol and, 40.5Vo sucrose, (by weight) (23). After each dietary
treatment, 100 pL whole blood was obtained from each fasting mice via tail bleeding.

Analyses of lipid and lipoprotein. Levels of total serum cholesterol, serum TG (without free glycerol)
and free fatty acids (FFAs) were determined using enzymatically commercially available kits # 236691
(Boehringer Mannheim GmbH), # 337-B (Sigma GPO-Trinder kit, St Louis, MA, USA) and a Nefa-C
kit (Wako Chemicals GmbH, Neuss, Germany), respecrively.

For fast protein liquid chromatography (FPLC) fractionation of lipoproteins, 200 pL pooled
serum from at least 8 fasted mice per group was injected on to a 25 mL of Superose 6 preparation-grade
column (Pharmacia), and eluted at a constant flow rate of 0.5 mllmin with phosphate-buffered saline
(PBS), pH 7.4. Fractions of 0.5 mL were collected and assayed for cholesterol and TG levels as
described above.

Protein concentrations in lipoprotein fractions were determined by using the method of Lowry
et al. (24) with bovine serum albumin (BSA) as a standard.

VLDL fractions (d<1.006 g/ml) were isolated from pooled serum of at leasr l0 mice by
ultracentrifugation at 40,000 rpm in a SW-40 swingout rotor (Beckman, Geneva, Switzerland) for t8
hours at 5"C.

Quantification of human apoE. Serum human apoE*3leiden concentrations were measured by using
a sandwich enzyme-linked immunosorbent assay (ELISA) (4). Affinity purified polyclonal goar anri-
human apoE antibodies were used for coating and polyclonal rabbit anti-human apoE was used as the
secondary antibody. After incubation of the plates with swine anti-rabbit IgG antibodies conjugated to
horseradish peroxidase, detection was done by the immunoperoxidase procedure using
tetramethylbenzidine as substrate. Pooled plasma from healthy human subjects with known apoE level
was used as a standard.

SDS-polyacrylamide gel electrophoresis and Western-blot analysis. From each lipoprotein
fraction, samples of 7.5 gg of protein were analyzed for apolipoproteins by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) with 4 to 20Eo $adient gels. Proteins were either stained with Serva blue
R or transferred to nitrocellulose membranes (Schleicher and Schuell) followed by incubation with
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polyclonal rabbit antisera against mouse apoCl or apoE and human apoCl or apoE. Goat anti-rabbit

IgG conjugated to peroxidase (Nordic Immunology, Tilburg, The Netherlands) was used as secondary

antibody, and detection was done by the immunoperoxidase procedure using 4-chloro-l-naphtol as

substrate.

Preparation of endogenous labeled VLDL. Fasted mice were anesthetized with an intraperitoneal

injection of 0.5 mt-/kg hypnorm (Janssen Pharmaceutica) and 12.5 mg/kg midazolam (Roche

Netherlands bv). Body temperature was maintained with the use of heat lamps. [H] palmitate

dissolved in ethanol (Amersham) was evaporated under nitrogen and redissolved in 0.97o NaCl

containing 2 mglmL bovine serum albumin (BSA). Mice were injected intravenously via the tail vein

with I 00 pCi of the prepared [ 
]Hl palmitate. To determine the efficiency of the i,x uiuo I Hl palmitate

incorporation into VLDL-TGs, 50 pL blood samples were drawn at 2, 10,20, 30 and 60 min after ['H]
palmitate injection. Lipids were extracted from the serum according to the method of Bligh and Dyer
(25), and the amount of radioactivity in the TG fraction was determined after separation of the TGs

fiom the other lipid components by thin layer chromatography (TLC) on silica gel 60 plates (Merck) by

using hexane/diethylether/acetic acid (83:16: l, vol/vol/vol) as resolving solution. Irt]-tripalmitate
(Amersham) was used as an internal standard, and the proportion of the radioactivity in the plasma TG
fracrion was calculated in relation to the body mass of the mice (26). To obtain VLDL radio-labeled in

its TG moiety, anesthetized mice were injected as described above and bled from the retro-orbital
plexus 25 minutes after injection. Radiolabeled VLDL (d<1.006 g/ml) used for clearance studies was

isolated from the serum of 6 mice per group by ultracentrifugation. These VLDL samples were

dialyzed against PBS, pH7.4 at 4'C and subjected to lipid extraction and TLC analysis. In all the

VLDL fractions used, > 95Vo of the radioactive label was bound to TGs.

Itt vivo ttrnover studies using []HI-TG labeled VLDL.
A. Whole animat. To study the in vivo clearance of labeled VLDL-TGs, due to both

peripheral lipolysis and hepatic uptake of the remnant particle, fasted mice were anesthetized and

injected inrravenously with 80 000 dpm t3Hl-TG labeled VLDL (autologous injections). The

disappearance of the radiolabeled VLDL was determined from 40-pL blood samples drawn at times

after the injection as indicated. Total plasma radioactivity was used to represent VLDL-TG
radioactivity as a pilot study showed that the disappearance of radioactivity as measured after lipid
exrracrion followed by TLC TG analysis did not differ from the disappearance of total plasma

radioactivity (not shown). The radioactivity at each time point was multiplied by the plasma volume of
the animal (26) and divided by the injected dose. The data were modeled by a biexponential curve from
which the fractional catabolic rate (FCR) was calculated using the reciprocal area under the curve. The

secretion rate (SR) was calculated by multiplying the FCR with the plasma VLDL-TG pool size as

measured in each mice during the experiment.
B. Functionally hepatectomized animal. To investigate the in vivo clearance of radiolabeled

VLDL due to peripheral lipolysis only, mice were functionally hepatectomized to exclude hepatic

VLDL-TG production and uptake (27). Mice were anesthetized and the hepatic portal vein and the

hepatic artery were ligated prior to injections. [3H]-TG labeled VLDL was injected, and blood samples

were drawn and analyzed as described above. The data were kinetically modeled to calculate the

Iipolytic rate (LR) by using the reciprocal area under the curve. To ensure total exclusion of the liver
from the circulation, the liver radioactivity was measured at the end of the experiment using a sample

oxidizer (Packard Instrument Co). For each hepatectomized mouse used in this study < O.5Vo of the

injected dose was found in the liver.

In vivo hepatic VLDL-TG production by Triton WR1339 injection. Fasted mice were injected

with Triton WRl339 (500 mgikg body wt IV) by using l5Va (wt/vol) Triton solution in 0.97a NaCl.
Plasma VLDL clearance is virtually complctely inhibited under these circumstances (28). Blood
samples were drawn at appropriate times (upto 60 minutes) after the Triton WRI339 injection. TGs

were measured in the plasma and related to the body mass of the mice as descrided above. Production
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of hepatic TGs was calculated from the slope of the curve and expressed as mmol/hr/kg body weight.

LPl-mediated in vitro lipolysis of VLDL. In vitro lipolysis assays with isolated VLDL fractions
(d<f .006 g/ml) were performed at37'C in a 0.1 mmol/l Tris-buffer pH 8.5, for l0 minutes with
commercially available LPL (Sigma) in the presence of 2?o (wlv) essentially FFA-free albumin. The
reaction was stopped by the addition of stop buffer containing 50 mmol/l KHfO4 0.17o Triton-Xl00,
pH 6.9, and placed on ice. To obtain a time zero control, the reaction was prevented by adding stop
buffer prior to the addition of LPL and placed on ice. FFAs were measured as described above. The
rate of FFA release by LPL was linear for the 10 minutes used in this assay. The assay was performed
on 5 different concentrations of VLDL (d<1.006 g/ml-) in the range of 0.05 to 0.5 mmol/l with
duplication of FFA determination. Apparent K. and V,," of VLDL as substrate for LPL were
calculated from Lineweaver-Burk plots.

Results

Characterization of APOE*3Leiden-HCR and APOE*3Leiden-Cl mice.

Six founder mice carrying the APOE*3Leiden-HCR construct (Figure 1) were generated.

Two strains showed high-level expression in the liver. For the present study, one of these

strains was further characterized that showed hepatic APOE*3Leiden mRNA levels

comparable with the previously generated APOE*3Leiden-Cl mice of line 2 (Table l). In
addition, APOE*3Leiden-Cl mice exhibited also hepatic expression of human APOCI

mRNA (3), whereas the hepatic mouse Apocl mRNA levels of APOE*3Leiden-HCR and

APOE*3Leiden-C I mice did not differ from that of control mice (99+25 and 109+-26 Vo of

control value).

E*3L-CI

5'APOCI'

KpnI BgIII

E*3L.HCR,

BamHI

... HCR

BamHI

llkb

Figure l.Schematic representation of the APOE-APOCI gene cluster. Top; 27 kb construct used for
the APOE*3Leiden-Cl (E*3L-Cl) transgenic mice. Bottom; I I kb construct used for APOE*3Leiden-
HCR (E*3L-HCR) transgenic mice. Open boxes indicate genes; black boxes, the HCR.
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Human apoE*3leiden levels, as quantified in individual mouse serum, were significantly

elevared in APOE*3Leiden-Cl mice compared with APOE*3Leiden-UiR mice (Table l).

The two transgenic mouse strains were further characterized by analyzing the apolipoprotein

composition of VLDL fractions (d<1.006 g/ml). SDS-PAGE and Western-blot analysis

showed that both strains had equal amounts of human apoE*3leiden protein on VLDL

(Figure 2A).The amount of mouse apoE on VLDL was similar in both APOE*3Leiden-HCR

and APOE*3Leiden-Cl mice compared with control mice (Figure 28). As expected, human

apoCl was found only on APOE*3Leiden-Cl VLDL (Figure 2Q. Furthermore, mouse

apoCl (showing cross-reactivity with mouse apoC3) was not different between

APOE*3Leiden-HCR, APOE*3Leiden-Cl and control mice (Figure 2D). Serva blue R

staining showed that the total amount of apoE was increased (=2 fold) in both

APOE*3Leiden-HCR and APOE*3Leiden-Cl mice compared to control mice (figure 2E;.

Analysis of lipid composition of APOE*3Leiden-HCR and APOE*3Leiden-Cl VLDL

(d<1.006 g/ml) revealed no differences (not shown).

Serum lipids were measured in fasting transgenic mice and non-transgenic littermates

as control animals. When kept on a chow SRM-A diet, both APOE*3Leiden-Cl and

APOE*3Leiden-HCR mice showed significantly elevated levels of serum cholesterol

compared with control mice. Furthermore, serum TG levels were significantly elevated, being

most pronounced in APOE*3leiden-C I mice (Table I ).

{a) Human E (b) Mouse E (c) Total E

dffiffi
3

tdt Human C1 {e) Mouse C1

Figure 2. Western-blot analyses of mouse lipoproteins. VLDL (d<1.006 g/ml) was isolated by

ultracentrifugation from pooled serum of 9 control (lane l), 9 APOE*3Leiden-HCR (lane 2), and 9

APOE*3Leiden-Cl (lane 3) mice. VlDl-protein (7.5-pg) was subjected to SDS-PAGE (4 to 207o

gradient gels) and transferred to a nitrocellulose membrane. The membrane was incubated with
polyclonal antisera against human apoE (Figure 2A), mouse apoE (Figure 2B), human apoCl (Figure

2C) and mouse apoCl (Figure 2D). Total apoE was stained with Serva blue R (Figure 2E). Note the

double band in Figure 2D,which is due to crossreactivity of the mouse apoCl antiserum with mouse

apoC3.
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Table 1. Characterization of APOE*3Leiden and control mice. 

Mouse strain 

E*3L-CI 

E*3L-HCR 

Control 

aizoE*3Leiden 

mRNA protein 
in liver in serum 

% mg/di 

100±30 53±13t 

110±25 35±11 

ND ND 

SRM-A 

TC TG 

mmol/l 

3.0±0.6° 1.9±0.6., 

2.8±0.6. 0.8±0.3. 

1.8±0.1 0.4±0.l 

Diet 

LFC HFC 

TC TG TC TG 

mmol/l mmol/1 

4.3±0.9. 4.4± 1.1 ·• 8.5± 1.1 ·• i .3±0.7. 

4.3±0.6. 0.6±0.2' 6.8±0.6' 0.6±0.4' 

2. 1±0.4 0.2±0.2 2.8±0.3 0.2±0.1 

mRNA concentrations are relative to an internal standard GAPDH and are expressed as a percentage of APOE*3Leiden-C I mice.Human apoE*3Leiden was 
quantified in mouse serum by using a sandwich ELISA. Values for mRNA and protein are from mice fed an SRMA chow diet. Total cholesterol (TC) and TGs 
values are expressed in mmol/I and were measured in serum of APOE*3Leiden and control mice fed an SRM-A chow, LFC, or HFC diet for 3 weeks. Values 
for all measurements are mean ± SO (n=8 mice per group) . 'p<.05 , control vs transgenic animals on the same di i t; P<.05 APOE*3Leiden (E*3L-C I) vs 
APOE*3Leiden-HCR (E*3L-HCR) on the same diet by nonparametric Mann-Whitney U tests. ND; not detectable. 
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Feeding sucrose is known to stimulate hepatic VLDL-TG production (22). To

investigate the response of both transgenic mouse lines on a sucrose-rich diet, mice were fed

an LFC diet containing 50.5 7o sucrose. After 3 weeks on the LFC diet, the total serum

cholesterol levels of both APOE*3Leiden-Cl and APOE*3Leiden-HCR mice were elevated

compared with their respective levels on the SRM-A diet and significantly different from

control mice. In addition, upon sucrose feeding the serum TG level further increased in

APOE*3Leiden-Cl mice, whereas, remarkably, it remained unaltered in APOE*3Leiden-

HCR mice (Table 1). This increase in serum TG for APOE*3Leiden-Cl mice was confined

to the VLDL-sized fractions, as determined by FPlC-superose 6 chromatography (not

shown).

We also compared both transgenic lines and control mice regarding their response to

cholesterol feeding. After 3 weeks on the HFC diet (0.25Vo of cholesterol), total serum

cholesterol levels were increased among all groups compared with the LFC and SRM-A diet

but more pronounced in the transgenic mice. Serum TG levels in the APOE*3Leiden-C I

mice were lower on the HFC diet than on the SRM-A and LFC diet (4). TG levels in

APOE*3Leiden-HCR and control mice remained unchanged upon cholesterol feeding (Table

1).

TG turnover studies in APOE*3Leiden transgenic and control mice.

To investigate the mechanisms underlying the pronounced hypertriglyceridemia in

APOE*3Leiden-Cl mice relative to APOE*3Leiden-HCR and control mice, we performed

VLDL-TG turnover studies. Prior to these experiments, all mice were fed for three weeks

with the sucrose-containing LFC diet because the hypertriglyceridemia of APOE*3Leiden-C I

mice was most pronounced when fed this diet.

APOE*3Leiden-Cl, APOE*3Leiden-HCR and control mice were injected with IrH]

palmitate and the appearance of label in plasma TG was'followed over time. Almost all the

[3H] palmitate (99.4 Vo) was cleared from the plasma for all groups 2 minutes after injection

(results not shown). The initial rate of appearance in the plasma of [H] labeled TG was

similar for both transgenic and control mice (Figure 3). However, the larger area under the

curve suggests that the clearance from the plasma was delayed in APOE*3Leiden-Cl mice

compared with APOE*3Leiden-HCR and control mice.
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Figure 3, Line graph show TC turnover studies in APOE*3Leiden-CI 1.;, APOE*3Leiden-HCR ("),
and control mice (+). Mice fed the LFC diet for 3 weeks were fasted and injected intravenously with
100 pCi []Hl palmitate. The appearance of the label in plasma TG was expressed as a percentage of rhe
injected dose (see "methods"). Each timepoint represents mean t SD (n=6 mice per group).
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. Figure 4. Line graph shows clearance of labeled VLDL in APOE*3Leiden-Cl (.), APOE*3Leiden-
HCR (.), and control mice (+). Mice fed the LFC diet for 3 weeks were fasted and injected
intravenously with 80 000 dpm in vivo labeled autologous VLDL. The disappearance of the labeled
VLDL was followed by counting the plasma radioactivity expressed as the percentage of the injected
dose. Values are mean + SD (n= 7 mice per group). Curves were calculated from the mean data by
using a biexponential curve fit model.
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Endogenously labeled VLDL (d<1.006 g/ml) was isolated from serum collected from mice 25

minutes after injection of [rH] palmitate. After autologous injection, the labeled VLDL-TGs

were cleared at a reduced rate in APOE*3Leiden-Cl mice compared with APOE*3Leiden-

HCR and control mice (34 Vo vs 14 Vo and 7 Vo of the injected dose was still present in the

plasma 12.5 min after injection; Figure 4). From these data the FCR and SR were calculated

(Table 2). In APOE*3Leiden-Cl and APOE*3Leiden-HCR mice the VLDL FCRs were

significantly decreased compared with that in control mice (3.5 and I 1.0 vs 20.4 pools/hr).

VLDL SRs were significantly elevated for both APOE*3Leiden-Cl and

APOE*3Leiden-HCR mice compared with that in control mice (Table 2). Direct assessment

of the ln vivoYLDL-TG production rate by injecting Triton WR 1339 gave similar results

(0.23-10.10 and 0.17t0.07 vs 0.14t0.08 mmol/hr/kg for APOE*3Leiden-HCR,

APOE*3Leiden-Cl and control mice, respectively). These differences in VLDL production

rate were not highly significant and can only partly explain the strongly decreased FCRs

observed in both transgenic mice.

The VLDL-TG FCR in APOE*3Leiden-Cl mice was much lower than that in

APOE*3Leiden-HCR mice (3.5 vs ll.0 pools/hr). A disturbed extrahepatic LPl-mediated

lipolysis in the APOE*3l-eiden-C I mice could explain this difference. To test this hypothesis,

control and transgenic mice were functionally hepatectomized to rule out VLDL-TG

clearance via the liver lipoprotein receptors. The rate of clearance from the extra-hepatic

circulation of []HI-TG labeled autologous VLDL was hampered in both transgenic lines

compared with control mice (Figure 5). By calculating the LR from these experiments we

could observe no significant difference between the two transgenic mouse strains. However,

the LRs of both APOE*3Leiden-HCR and APOE*3Leiden-C1 mice were significantly lower

than that of control mice ( 1.5 and I .8 vs 6.3 pools/hr; Table 2).

These results indicate that the presence of human apoE*3leiden on the VLDL

particle inhibits the lipolysis of VLDL-TG in the extra-hepatic circulation in vivo. However,

this is not true for in vitro lipolysis. Lineweaver-Burk plot analysis with VLDL samples

isolated by ultracentrifugation (d<1.006 g/ml-) from pooled serum from APOE*3Leiden:Cl,

APOE*3Leiden-HCR and control mice revealed no differences among the different VLDL

samples in suitability as substrate for LPL in vitro. No significant differences could be

observed between the respective VLDL samples in both the apparent K. and V.,, values

(Table 3).
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Figure 5. Line graph shows clearance of labeled VLDL APOE*3Leiden-Cl (.), APOE*3Leiden-HCR
(.) and control mice (+). Mice fed the LFC diet for 3 weeks were functionally hepatectomized and 80
000 dpm of in vivo labeled autologous VLDL was injected. The disappearance of the labeled VLDL
was followed by counting the plasma radioactivity expressed as the percentage of the injected dose.
Values are mean t SD (n=7 mice per group). Curves were calculated from the mean data using a
biexponential curve fit model.

Table 2. VLDL triglycerides Fractional Catabolic Rates, Secretion Rates and Lipotytic Rates for
APOE*3Leiden and control mice.

Mouse strain FCR LRSR

E*3L-CI

E*3L-HCR

Control

pools/hr

3.5+0.3"

I1.0+1.8-

20.4+3.2

mmol/trr/kg

0.28t0.07*

0.26+0.08.

0.17t0.04

pools/hr

1.5+0.9-

1.8+l.l'

6.3+2.1

Fractional catabolic rates (FCR) were calculated from in vivo clearance studies of labeled autologous
VLDL in transgenic and control mice (Figure 4). From these data the secrection rates (SR) were
calculated by multiplying the FCR by the poolsize. The lipolytic rates (LR) were calculated from in
vivo clearance of labeled VLDL in hepatectomized transgenic and control mice (Figure 5). Values are
mean a SD (n=7 mice per group). ?<.05, control vs transgenic mice; P<.05, ApOE*3Leiden-Cl
(E*3L-Cl ) vs APOE*3Leiden-HCR (E*3L-HCR) mice by nonparametric Mann-Whitney U tests.
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Table 3. Apparent kinetic parameters of vLDL for LPl-mediated lipolysis in vitro.

VLDL K-

E*3L-CI

E*3L-HCR

Control

Values for apparent kinetic parameters for serum VLDL preparations (d<1.006 g/ml-) of
APOE*3leiden-Cl (E*3L-Cl), APOE*3Leiden-HCR (E*3L-HCR) and control mice were calculated

from Lineweaver-Burk plots and are mean + SD of four independent experiments per VLDL sample.

Discussion.

From our previous findings with APOE*3Leirien transgenic mice we cannot definitely

conclude that the observed hyperlipidemia and atherosclerosis in these mice is due

exclusively to the expression of the APOE*3Leiden gene, since these mice also express the

human APOCI gene. In yirro studies suggest that the function of the apoCl protein is related

to LPl-mediated lipolysis in the extra-hepatic circulation (7,8). However, apoCl may also

inhibit the receptor-mediated uptake of VLDL remnants by the liver (9-13). The recent

finding that APOCl transgenic mice display hypertriglyceridemia (15) sustains these in vitro

data but does not discriminate between the suggested functions for apoCl, since in these

studies in vivo YLDL-TG or VLDL apoB turnover studies have not been performed.

We generated ApoC I deficient mice in order to clarify the in vivo role of apoC I ( I 6).

However, the data obtained with these mice did not accord with an inhibitory effect of apoC 1

on VLDL catabolism. Although lower plasma lipid levels were expectedin ApoCl deficient

mice, no overt effect of apoCl deficiency on plasma lipid levels could be observed. We

reasoned that the low plasma lipid levels usually found in normal mice, which are due to a

highly efficient iipoprotein metabolism, are already too low to be further decreased. We

therefore decided to study the role of apoCl under conditions of hyperlipidemia in the

APOE*3Leiden mice by comparing the formerly described APOE*3Leiden mice with

transgenic mice carrying only the APOE+3leiden gene directly linked to the HCR element.

In the present paper we compared the formerly described APOE*3Leiden-Cl mice

with transgenic mice carrying only the APOE*3Leiden gene directly linked to the HCR

element (APOE*3Leiden-HCR). The generation of the APOE*3Leiden-HCR DNA construct

was made possible by the recent isolation of the HCR element by Shachter et al. (17). To

discriminate between an effect of apoC I on either extra-hepatic lipolysis or hepatic uptake of

mmol/lTG

0.65t0.26

0.40t0.05

0.59t0.30

mmol/l FFA/min/unit LPL

1.00+0.49

L09t0.39

0.45+0. l7
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VLDL, we performed in vivo tumover studies using autologous TG-labeled VLDL samples.

In both APOE*3Leiden-Cl and APOE*3Leiden-HCR transgenics the FCR was

significantly lower than in the control animals. For both transgenic mice the lower FCR can

only partly be explained by a slightly increased VLDL production rate (Table 2). It is obvious

from these VLDL tumover studies that the actions of apoE*3leiden and apoCl in inhibiting

the overall in vivo VLDL-TG clearance rate are additive. By performing turnover studies in

functionally hepatectomized animals we were able to show that overexpression of the

APOCI gene, in addition to the APOE*3Leiden gene indeed leads to a further inhibition of
the hepatic uptake of remnant lipoproteins, since apoCl does not affect in vivo lipolysis.

In vitro experiments suggest (9,10, I l) that the inhibitory effect of apoCl on the

hepatic uptake of VLDL remnants is independent of the amount of apoE present on the

particle, but possibly due to an effect of apoCl on the conformation of apoE. Other studies

suggest that apoCl displaces apoE from the particle, thereby decreasing the affinity of the

particle for the receptor (12,13,14). From our results a displacement of apoE by apoCl.is not

likely to occur (Figure 2).

We have recently generated transgenic mice overexpressing the human APOCl gene

only. Preliminary results show that the Fl generation of these APOCI mice are also

hypertriglyceridemic due to a decreased VLDL-TG FCR, whereas the ln vlvo lipolysis and

production rate are not affected (unpublished results). Thus, these results support our

conclusion that overexpression of APOCI rather than in vivo lipolysis inhibits hepatic uptake

of VLDL remnants.

Transgenic mice overexpressing the human APOC2 or APOC3 gene are also

hypertriglyceridemic (28,29).In APOC3 tra4sgenic mice the accumulation of VLDL-TG may

be due mainly to a decreased ratio of apoE/apoC3 on the VLDL particle, leading to a

decreased apoE-mediated hepatic irptake of VLDL. In APOC2 transgenic mice the relative

amount of apoE on the VLDL particle is also decreased. As VLDL from these APOC2

transgenic mice was found to be less efficient in binding to heparin-Sepharose, it has been

suggested that in APOC2 transgenic mice VLDL particles are less accessible to cell surface-

bound LPL, thus leading to an inefficient in vivo lipolysis (30).

In addition to an inhibiting effect of apoCl on the hepatic uptake of VLDL remnants,

we also conclude from our results that enrichment of VLDL particles with apoE*3leiden

protein results in a disturbed in vivo lipolysis of VLDL-TGs. ApoE has an inhibitory effect on

the LPL catalytic activity (31). Furthermore, a synthetic pepride (residues 139-153),

corresponding to the receptor-binding domain of apoE also inhibits LPL activity (32).

Although apoE*3leiden differs from apoE by an additional repeat ofresidues 120-126 (3), it

might still show the inhibitory action similar to that described for the synthetic peptide with

residues 139-153.
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Another explanation for the inhibiting effect of apoE*3leiden on the in vivo lipolysis

might be that apoE*3leiden containing B-VLDL displays decreased binding affinity to

heparan sulphate proteoglycans (33). A decreased interaction of apoE*3leiden VLDL with.

the extra-cellular matrix of endothelial cells would imply a less accessibility of apoE*3leiden

VLDL to the LPL enzym residing on this matrix, thus resulting in a disturbed in vivo lipolysis

of apoE*3leiden VLDL-TG.

The finding that both isolated apoE*3leiden VLDLs are strongly enriched in apoE

protein but do not differ from control VLDL in apparent K. value for in vitro LPL lipolysis,

(using LPL in solution, Table 3), strongly argues for the inability of apoE*3leiden to bind to

proteoglycans as the direct cause for the inhibiting effect of the excess of this protein on in

vivo lipolysis. These results also indicate that future studies concerning the suitability of

VLDL samples as substrate for LPL should be performed in a system in which the LPL

enzyme is immobilized on a, eg, heparin-Sepharose column as described by Clark and

Quarfordt (34). This will resemble the in vivo situation of VLDL-TG lipolysis much more

than the system that is reported in Table 3. Experiments with immobilized LPL are currently

being performed with the present VLDL samples:

In conclusion, we showed that excess of apoC 1 on the VLDL particle in vivo leads to

a further impaired hepatic uptake of these particles from the circulation of APOE*3Leiden-

Cl transgenic mice. In addition, an excess of apoE*3leiden but not of apoCl on the VLDL

particle hampers the in vivo lipolysis of VLDL-TGs. Thus, the absolute and relative amounts

of both apoE and apoCl on VLDL particles might be strong factors for the underlying

metabolic defect in hypertriglyceridemia.
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Running title: APOE*3Leiden Inhibits the Lipolysis of VLDL

Abstract

Recently, we reported that transgenic mice overexpressing human apolipoprotein (APO)

E*3leiden develop hypertriglyceridemia due to an impaired in vivo lipolysis [Jong et al.

(1996) Arterioscler. Thromb. Vasc. Biol. 16:934-9401. However in vitro, no differences were

observed in the hydrolysis of triglycerides (TG) with lipoprotein lipase (LPL) in solution

between APOE*3leiden and wild type very low density lipoproteins (VLDL). To investigate

whether the apoE*3leiden protein may cause a diminished interaction of VLDL with

heparan sulphate proteoglycans (HSPG) leading to impaired hydrolysis of TG, an in vitro

lipolysis assay was pertbrmed in which LPL was bound to HSPG. In contrast to the lipolysis

assay in solution, the HSPG-LPL mediated release of tiee fatty acids (FFA) from serum

APOE*3Leiden VLDL was significantly decreased as compared to the FFA release from

serum control VLDL (30 t 47o vs 100 + 23Vc at TG concentrations of 0.2 mmol/l,

respectively). Furthermore, the presence of apoCl on the APOE*3Leiden VLDL did not

further decrease the HSPC-LPL-midiated FFA release (41 x. 7Vo of control at TG

concentrations of 0.2 mmol/l). In competition experiments, the binding efficiency to HSPG-

LPL of APOE*3Leiden and APOE*3Leiden-Cl VLDL was decreased as compared to wild

type VLDL. We conclude that APOE*3Leiden VLDL exhibits decreased lipolysis by HSPG-

bound LPL due to a defective binding of these lipoproteins to the HSPG-LPL complex.

Keywords: Apolipoprotein E, transgenic mice, lipoprotein lipase, heparan sulphate

proteoglycans

Abbreviations used in this paper are: VLDL, very low density lipoproteins; apo,

apolipoprotein; LPL, lipoprotein lipase; HSPG, heparan sulphate proteoglycans; FFA, free

fatty acids; LFC, low fat low cholesterol; TG, triglycerides; LDL, low density lipoproteins.
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Lipoprotein lipase (LPL) plays a key role in the metabolism of lipoproteins by catalysing the

hydrolysis of triglycerides (TG) of chylomicrons and very low density lipoprotein (VLDL),

thereby delivering free fatty acids (FFA) to various tissues (1,2). LPL is synthesized in

parenchymal cells and subsequently secreted and transported to the luminal surface of
capillary endothelial cells where it binds to heparan sulphate proreoglycans (HSPG) (3,4).

LPL is active in its dimeric form and requires apolipoprotein (apo) C2 as a cofactor (5-7).

Several studies have reported that apolipoproteins can modulate LPL activity.

Whereas high amounts of human apoCl (8) and human apoC3 (9-12) inhibited the LpL-
mediated hydrolysis of human plasma VLDL-TG, the influence of apoE on VLDL lipolysis

has been subject to controversy. Previous studies showed that apoE had a stimulatory effect

on the LPl-mediated hydrolysis of TG (13-15). However, more recently it was shown that

apoE impairs the LPl-mediated lipolysis of human plasma VLDL and TG-rich emulsions

(16-18).

It has been proposed that apoE variants interfere with VLDL lipolysis as well. Earlier
studies by others and by our group showed an impaired conversion of VLDL into low density

lipoprotein (LDL) in homozygous APOE2 (19-21) and APOE*2(Lysl46-Gln) (22) subjects.

Recently, we reported on our findings of an impaired in vivo lipolysis of VLDL-TG in

transgenic mice overexpressing the human APOE*3Leiden gene (23). However, in the latter

study APOE3*Leiden VLDL did not differ from control VLDL in apparent K- value for in
uirro lipolysis as performed with LPL in solution. Since in vivo, LPL is attached to heparan

sulphate proteoglycans (HSPG), we hypothesized that the possible decreased binding affinity
of APOE*3Leiden VLDL to HSPG could account for the impaired in vivo lipolysis as

observed in APOE*3Leiden transgenic mice.

In the present study we investigated the influence of apoE*3leiden on the LPL-

mediated TG hydrolysis in more detail using VLDL (d<1.006 g/ml) isolared from

APOE*3Leiden transgenic mice and wild type mice. The generation and characterization of
APOE*3Leiden-HCR and APOE*3Leiden-Cl transgenic mice has previously been described

(23). All mice were fed a semisynthetic low fat low cholesterol (LFC) diet (24), composed

essentially according to Nishina et al. (25), for a period of three weeks. As shown in Table I,

VLDL (d<1.006 g/ml) isolated from pooled serum of APOE+3Leiden-HCR and

APOE*3Leiden-Cl transgenic mice was very similar in lipid composition to VLDL isolated

from wild type mice.

APOEx3Leiden and wild type VLDL was tested as a substrate for LPL using two

different lipolysis assays. First, to 0.2 units of LPL in solution, different amounts of VLDL-
TG were added and the release of FFA was measured as previously described (27). As

depicted in Figure l, the FFA release as mediated by LPL in solution was similar for both

APOE*3Leiden-HCR, APOE*3Leiden-Cl and wild type VLDL-TG at all VLDL-TG
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concentrations measured.

Table I. Relative lipid composition of control,
VLDL (d<1.006 g/ml)

APOE*3Leiden-HCR and APOE*3Leiden-Cl

PLCEFCTCVLDL

7c of total lipid (bv weight)

6.7 + 0.6 17.7 + 1.0Wild type

APOEX3L

APOE*3L-CI

56.8 + l.l

52.4 + 2.4

56.9 + 2.2

10.0 + 0.2

10.3 + 0.4

17.4 + 1.1

12.8 + I .0

18.7 + 0.8

20.2 + 1.3

20.0 + l.l

VLDL (d<1.006 g/ml) was isolated by ultracentrifugation from pooled serum of at least l5 fasted wild

type mice and l0 fasted APOE*3Leiden-HCR (APOE*3L) and APOEx3Leiden-Cl (APOE*3L-Cl)

rransgenic mice. All mice aged 8-10 weeks were fed the LFC diet for a period of three weeks. The

relarive triglyceride (TG), fiee cholesterol (FC), cholesterol ester (CE) and phospholipid (PL) content

of the diff'erent VLDL samples was measured enzymatically as previously described (26). Values are

the mean + SD of three individual VLDL samples of each group.

I ll ri
Wild type APOE*3L APOE*3L-CI

LPL in solution

I t T

0.05 0.r0 0.20 0.30

Triglycerides (mmoUl)

Figure 1. Lipolysis'of APOE*3Leiden and wild type VLDL by LPL in solution. VLDL (d<1.006

girnl) was isolated by ultracentritugation from pooled serum of fasted APOE*3Leiden-HCR
(APOE*3L), APOE*3Leiden-APOC I (APOE*3L-C I ) and wild type mice. Lipolysis assays with LPL
in solution were performed at 37"C for l0 minutes as previously described (27). The assay was

performed on 4 different concentrations of VLDL-TC as indicated. Values are the means + SD of three

experiments and are expressed as a percentage of control values (FFA-release of wild type VLDL).
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Second, since in vivo LPL is bound to HSPG on the surface of endothelial cells, we also

performed an in vitro lipolysis assay using LPL bound to HSPG in order to restore the

interaction between the lipoprotein and HSPG-LPL complex. As shown in Figure 2, the FFA

release mediated by the HSPG-bound LPL was strongly decreased for APOE*3Leiden-HCR

VLDL as compared to wild type VLDL. In addition, the lipolysis of APOE*3Leiden-Cl

VLDL was also impaired in this assay system using HSPG-LPL complexes (Figure 2).

Wild type APOE*3L APOE*3L-CI
200

150

100

50

0 0.2 0.3 0.s 0.6

Triglycerides (mmoUl)

Figure 2. Lipolysis of APOEt3Leiden and wild type VLDL by HSPG-bound LPL. VLDL (d<t.006
g/ml) was isolated by ultracentrifugation from pooled serum of fasted APOE*3Leiden-HCR
(APOE*3L), APOE*3Leiden-APOCI (APOE*3L-Cl) and wild type mice. Lipolysis assays were
performed at 37'C for 20 minutes in 96-well microtitre plates with I unit of LPL (Sigma) and 0.5 pg
HSPG (Sigma) per well at pH 8.5. The rate of FFA released by LPL bound to HSPG was linear for rhe
20 min as used in this assay. The assay was performed on 4 different VLDL-TG concentrations as
indicated and FFA concentrations were measured enzymatically in duplo. Values are the means + SD
of three experiments and are expressed as a percentage of control values (FFA-release of wild type
VLDL).

To study whether the observed decrease in APOE*3Leiden VLDL lipolysis by HSPG-

bound LPL was due to a reduced binding efficiency of the VLDL to the HSPG-LPL complex,

we determined the binding of the different VLDL samples to the HSPG-LPL complex at 4'C
through competition with r2sl-labelled wild type VLDL. Figure 3 shows that unlabelled

VLDL isolated from APOE*3Leiden-HCR and APOE*3l-eiden-Cl transgenic mice was less

efficient in competing with r2sl-labeled wild type vLDL for the binding to HSpG-LpL as

compared to unlabeled wild type VLDL self.

L

s
q)q
q)
q)

tufr

80



APOE*3lziden Inhibits the Lipolysis of VLDL

r00

APOE*3L.C1

APOE*3L
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025
Competitor (pg VLDL protein/ml)

Figure 3. Competition of APOE*3Leiden VLDL with rrl-labelled wild type VLDL for the binding to

HSPG-bound LPL. Wells were incubated with 0.5 pg HSPG and 1.5 pg LPL and incubated for 3

hours at 4"C with l0 pg/ml of '"I-labeued wild type VLDL in the presence of the indicated amounts

of unlabelled ApOE*3Leiden_HCR (ApOE,k3L) VLDL (o), APOE*3Leiden-APOCI (APOE*3L-Cl)
VLDL (+), and wild type VLDL (.). Each value is the mean + SD of three experiments and values are

expressed as the percentage of control binding, which is the binding in the absence of unlabelled

lipoprotein (lOO%o).

From these results it can be concluded that the impaired lipolysis of VLDL in

rransgenic mice overexpressing APOEx3Leiden (23) is due to a defective binding of

APOE*3Leiden VLDL to HSPG which subsequently decreases its accessibility to LPL. In

line with these results, it has previously been shown that apoE+3leiden was not able to

enhance the binding of B-VLDL to HSPG (28). ApoE*3leiden, which encompasses an

additional repeat of residues 120 through to 126, results in humans in a dominantly heritable

form of lamilial dysbetalipoproteinemia (FD) (29). Since a defective conversion of VLDL to

LDL has been described in FD patients (19-21), an impaired interaction of VLDL with the

HSPG-LPL complex as presently observed for APOE*3Leiden VLDL, may also underlie a

defective VLDL lipolysis in FD patients.

In summary, VLDL isolated from APOE*3Leiden transgenic mice exhibit impaired

lipolysis by HSPG-bound LPL. These low lipolysis rates were paralleled by a defective

binding of VLDL to the HSPG-LPL complex, suggesting an important role for the

proteoglycan-LPL complex in lipoprotein metabolism.
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Abstract

The function of apolipoprotein (apo) Cl in vivo is not clearly defined. Because transgenic

mice overexpressing human APOCl show elevated triglyceride (TG) levels [Simonet et al.

(1991) J. Biol. Chem.266. 8651-86541, an as yet unknown role for apoCl in TG metabolism

has been suggested. Here we investigated directly the effect of the complete absence of

apoC I on VLDL-TG lipolysis, clearance and production, by performing studies with the

previously generated apoCl-deficient mice. On a sucrose-rich, low fat/low cholesterol (LFC)

diet apoCl-deficient mice accumulate in their circulation VLDL particles, which contain

relatively lower amounts of lipids when compared with VLDL isolated from control mice.

Lipolysis assays in vitro on VLDL from apoCl-deficient and control mice showed no

difterences in their apparent Kn, and V.,, values (0.27t0.06 versus 0.24+0.03 mmol TG/litre

and 0.40+0.03 versus 0.36-10.03 mmol non esterified fatty acid (NEFA)/min per litre,

respectively). To correct for potential differences in the size of the VLDL particles, the

resulting K. values were also expressed relative to apoB concentration. Under these

conditions apoCl-deficient VLDL displayed a lower, but not significant, K. value when

compared with control VLDL (3.44+0.71 versus 4.44t0.52 mmol TG2/g apoB per litre).

VLDL turnover studies with autologous injections of 3H-TG YLDL in vivo showed that the

VLDL fractional catabolic rate (FCR) was decreased up to 50Vo in the apoCl-deficient mice

as compared with control mice (10.5+3.4 versus 21.0x.1.21h of pool TG). No significant

differences between apoCl-deficient and control mice were observed in the hepatic VLDL

production as estimated by Triton WRl39 injections (0. 19t0.02 versus 0.21+0.05 mmol/tr of

Tg per kg) and in the extra-hepatic lipolysis of VLDL-TG (4.99x.1 .62 versus 3.46t1 .521h of

pool TG) in vivo. Furthermore, 't'I-VLDL-apoB turnover experiments in vivo also showed a

507o decrease in the FCR of VLDL in apoCl-deficient mice when compared with control
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mice on the LFC diet ( l.l+0.3 versus 2.lto.llh of pool apoB). When mice were l'ed a severly

high fatlhigh cholesterol (HFC) diet the VLDL-apoB FCR was furtherdecreased in apoCl-
deficient mice (0.4+0. I vs 1.4+0.4/h of pool apoB).

We conclude that in apoCl-deficient mice the FCR of VLDL is reduced because of
impaired uptake of VLDL remnants by hepatic receptors, whereas the production and

lipolysis of VLDL-TG are nor affected.

Keywords: hyperlipoproteinemia, LDL receptor, apolipoprotein C, lipoprotein lipase.

Abbreviations used in this paper: Apo, apolipoprorein; TG, triglyceride; VLDL, very low

density lipoproteins; LDL, low density lipoproteins: HDL, high density lipoproteins; LDLR,

low density lipoprotein receptor; LRP, LDL receptor related protein; LFC, low fat/low

cholesterol diet; HFC, high fat/high cholesterol diet; LPL, lipoprotein lipase; FCR, fractional

catabolic rate; SR, secretion rate; PR, production rate; LR, lipolytic rate; FFA, free fatty
acids.

Apolipoprotein (apo) Cl is a component of chylomicrons, very-low-density lipoproteins

(VLDL) and high-density lipoproteins (HDL). Serum apoCl consists of 57 amino acid

residues (l), and is mainly synthesized in the liver (2).

Work in vitro has shown that apocl moderately activates lecithin:cholesterol

acyltransferase, to about 257o of that achieved with apoAl (3). In the isolated rat liver
perfusion model, it was demonstrated that apoCl inhibits the catabolism of TG-rich

emulsions and chylomicron remnants (4,5). In addition, excess of apoCl blocks the apoE-

mediated binding of B-VLDL to the low density lipoprotein (LDL) receptor and the LDL
receptor-related protein (LRP) (6,7). This inhibitory action of apoCl can be explained either

by displacement of apoE from the remnant particle or by a direct interaction of apoCl with

apoE on the lipoprotein surface. Furthermore, it is suggested that apoCl inhibits the

lipoprotein lipase (LPl)-mediated hydrolysis of VLDL-TG (8). These observations indicate

that apoCl can interfere with both the hepatic uptake and lipolysis of VLDL-TG.
In line with these experiments in vitro, transgenic mice that express human APOCI

show hypertriglyceridaemia (9), sustaining the postulation that apoC I interferes with
lipoprotein remnant removal or lipolysis in vivo. In an attempt to understand the role of
apoCl in lipoprotein metabolism in vivo, we previously generated mice deficient in apoCl

(10). Mice with total apoCl deficiency have normal serum lipid levels when maintained on a

regular chow diet but developed hypercholesterolemia on a very high fatlhigh cholesterol diet

when compared with control mice. In addition, binding competition studies in virro revealed

that VLDL from apoCl-deficient mice is a poor competitor fbr LDL in binding to the LDL
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receptor on HepG2 cells (10). These results were unexpected in the light of published work

showing that the increased amounts, in vitro, of apoCl relative to apoE lead to a lower

binding efficiency (6, I 1).

Although apoCl deficiency may impair the receptor-mediated uptake of remnant

lipoproteins by .the liver, the direct effect of apoC I deficiency on the VLDL-TG metabolism

in vivo has not been investigated so far. Therefore, in the present study the effect ofapoCl

deficiency on VLDL metabolism was investigated by directly performing VLDL turnover

studies with apoCl-deficient and control mice in vivo-We found that apoCl-deficient mice

show decreased VLDL fractional catabolic rates (FCR) compared with control mice, because

of a hampered hepatic uptake of VLDL remnants, whereas VLDL-TG production and

lipolysis were not affected.

Methods

Mice and Diet. ApoCl-deficient mice and control mice (10) aged 8-10 weeks were used. All mice in
this study were females housed under standard conventional conditions with free access to water and

fbod. Two different semi-synthetic diets, composed essentially according to Nishina et al. (12)
(purchased from Hope Farms, Woerden, The Netherlands), were administered to groups of each strain
(at least l5 mice per group). Mice were fed either the low fat/low cholesterol (LFC) diet (13) or the

severe high fat/high cholesterol (HFC) diet (10) for three weeks before the start of the experiment. All
experiments started at l3:00 h after the mice had been fasted for 4 h. The LFC diet contained 50.57o

sucrose, l2.2Vo cornstarch,SEo corn oil and 57o cellulose, by weight. The HFC diet contained l57o

cocoa butter, I7o cholesterol,0.5% cholate,4O.5Vo sucrose, l07c cornstarch, l7o cornolland4.7 7o

cellulose, by weight.

Lipid and lipoprotein analysis. Levels of total serum cholesterol and TG (without measuring free
glycerol) were measured enzymatically using commercially available kits (Boehringer,

Mannheim,Germany; Sigma, St. Louis, MO, USA). Serum non-esterified fatty acid (NEFA)
concentrations were determined with the NeFa-C kit from WAKO (WAKO Chemicals GmbH, Neuss,

Germany) according to the manufacturer's recommendation. TG and free cholesterol in the VLDL
preparations were measured with enzymatically assay kits (Boehringer Mannheim) and phospholipids
was estimated using an analytical kit (WAKO). Esterified cholesterol was calculated by the difference
between total and unesterified cholesterol. Protein concentrations in lipoprotein fractions were
determined by the method of Lowry et al. (14) with bovine serum albumin (BSA) as a standard.

VLDL (d<1.006 g/ml) was isolated from pooled serum of apoCl-deficient and control mice.
Isolation was achieved by ultracentrifugaton at 285000 g at 4"C overnight, using a SW-40 rotor
(Beckman, Geneva, Switzerland), followed by dialysis against 2 changes of phosphate-buffered saline
(PBS), pH 7.4 at 4"C.

ApoC I -deficient and control serum VLDLs (d<1.006 g/ml) were analysed for apoB
composition by SDS-PAGE using 4-2OVo gradient gels. Proteins were stained with Serva Blue R and

apoB was quantified by scanning the gels with a Phosphor-Imager.

Lipolysis in vitro. VLDL (d<1.006 g/ml), isolated by ultracentrifugation from the pooled serum of at

least l6 mice per group, was assayed for lipolysis by LPL at different concentrations of VLDL-TG in

the range of 0.075 to 0.40 mM (at least 5 concentrations per VLDL sample). VLDL was incubated at

37"C in 0.1 M Tris/HCl, pH 8.5 in the presence of 3Vo (wlw) NEFA-free BSA (Sigma) and 0.2 Units
of commercial bovine LPL (Sigma) in a total volume of tl0 prl, for 5 and l0 min. Each reaction was
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stopped by the addition of 50 pl of ice cold stopbuffer (50 mM KHPO lo.lEo (v/v) Triton X-100, pH
6.9), and the reaction tubes were placed directly on ice. A blank sample was prepared for each
concentration by adding the stop-buffer prior to the LPL, and the difference was regarded as the
amount of VLDL-TG hydrolysed. NEFA were quantitled as described above. Rates of lipolysis under
these experimental conditions were linear. For each individual apoCl-deficient and control VLDL
fraction, the apparent Michaelis constants (K,,), expressed as TG ccincentration in mmol/litre, and
maximal enzyme activities (V*,,^) for LPL were calculated from Lineweaver-Burk plots. To correct for
potential differences in size of VLDL, K,n values were also expressed relative to apoB concentration
(mmol TG?l per gram of apoB). Therefore the concentration of TG was calculated by multiplying the

assay TG concentration by the TG/apoB ratio as determined by SDS-PAGE, exactly as described by
Connelly et al ( I 5).

Preparation of []HI-TG tabelled VLDL. TG-labelled VLDL was produced essentially as described
in (16). []Hl-palmitic acid dissolved in toluene (Amersham, Little Chalfbnt, UK) was evaporated under
nitrogen and redissolved in 0.97o NaCl containing 2 mglml BSA at a final concentration of 500
pCi/ml. Mice were anaesthetized with an intraperitoneal injection of 0.5 ml/kg hypnorm (Janssen

Pharmaceutica, Tilburg, The Netherlands) and 12.5 mg/kg midazolam (Roche Netherlands b.v.,
Mijdrecht, The Netherlands). Six mice per group were injected into their tail vein with 100 trrCi of
[3H]-palmitic solution and bled from the retro-orbital plexus 25 min after the injection. Radiolabelled
VLDL (d<1.006 g/ml) was isolated from the serum by ultracentrifugation at 285000 g at 4'C overnight,
using a SW-40 rotor (Beckman), followed by dialysis against PBS aI 4'C overnight. To ascertain that
the radioactive label had been incorporated into TG, a sample of the VLDL was subjected to lipid
extraction (17), followed by thin layer chromatography (TLC) on silica gel 60 plates (Merck,
Darmstadt, Cermany) using hexane/diethyl ether/acetic acid (83:16:l by vol) as the solvent. In all
VLDL samples used, more than 95Vo of the radioactive label was associated with TGs.

VLDL clearance rate ir vivo. A.Whole animal. VLDL removal, due to both peripheral lipolysis and
hepatic uptake of the remnant panicles, was studied by injecting anaesthetized mice intravenously with
80 000 dpm of [3H]-TG labelled VLDL (autologous injections). At the indicated time points after
injection, 40 prl blood samples were withdrawn and total radioactivity in l0 pl of serum was estimated.
The radioactivity found in serum primarily represents VLDL radioactivity, as shown in a pilot
experiment in which lipids were extracted from serum, separated by TLC, and TG-associated
radioactivity was measured (results not shown). The data were modelled using a bi-exponential curve
from which the fractional catabolic rate (FCR) and the secretion rate (SR) were determined. The FCR
was calculated using the reciprocal area under the curve, and the SR by multiplying the FCR by the
VLDL-TG pool size in serum for each mouse during the course of the experiment.

B.Functionally hepatectomized animal. VLDL removal, due to peripheral lipolysis only,
was determined in essentially the same way as described for the whole animal, with the exception that
the mice were hepatectomized before injection by ligating the hepatic portal vein and the hepatic artery
( I 8). Liver radioactivity was measured with a saniple oxidizer (Packard Instrument Company, Meriden,
CT) at the end of the experiment to ensure that the liver was excluded from the circulation. The
lipolytic rate (LR) was calculated using the reciprocal area under the curve.

TG production rate rn viva. Fasted mice were injected intravenously with 500 mg Triton WR 1339
per kg body weight as a l5 g/dl solution in 0.9Vo NaCl. Serum VLDL clearance is virtually completely
inhibited under these circumstances ( l6). Blood samples (50 Ul) were drawn 0, 30, 60 and 90 min after
the Triton injection and serum TGs were determined and related to the body mass of the mice. The
production rate of hepatic TGs was calculated from the slope of the curve and expressed as mmol/h per
kg body weight.
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Labelling and removal of [t'?s]I-VLDL-apoB iz vivo. Blood was collected from 16 apoCl-deficient

mice and 32 control mice. Sera were pooled and VLDL (d<1.006 g/ml) was obtained by

ultracenrrifugarion as described above. VLDL was Ir'?5]I labelled by the ICL method (19). The specific

radioactivity of Ir':5U-VLDL ranged from 80-500 c.p.m. per ng of protein. The fraction oF1 ]I-label
present in apoB was determined by propan-2-ol precipitation (20,2l) and ranged from 30 to 657o of
total label. After iodination the VLDL samples were dialysed extensively against PBS, pH 7.4, stored

at 4"C and used within one week.

Fasred mice were injected into theirtail vein with Ir2sl]-labelled autologous VLDL (10 gg of
rracer in 200 1tl 0.9Va NaCl containin! 2 mg/ml BSA). Blood samples of approx. 25 pl were collected

from the tail vein at indicated times after the injection. The serum content of ['"U-labelled apoB was

determined following propan-2-ol precipitation and measuring the Ir2sl]-content of the pellet. Under

these conditions of precipitation, apoB was exclusively found in the pellet and no other apoliproteins

were present. A bi-exponential model was used to estimate the area under the I 
r'?I]-apoB decay curve

and subsequent calculation of VLDL-apoB FCR.

Results

Serum lipid levels and VLDL lipid composition

To investigate the response of the APOCI-deficient mice to a sucrose-rich diet, mice were

fed the LFC diet, which is known to increase the VLDL-TG production by the liver (12).

After 3 weeks on the LFC diet, levels of serum total TGs and cholesterol were similar in

apoCl-deficient and control mice (Table l). Furthermore, the lipid distribution among the

lipoprotein classes, determined by FPLC analysis using a Superose 5 column, was the same in

apoC I -deficient mice when compared with control mice (results not shown).

As reported previously (10), after three weeks on the HFC diet (17o (wlw) of

cholesterol plus l57o (w/w) cocoa butter), total serum cholesterol levels were significantly

increased in apoCl deficient mice compared with control mice (Table l). This increase in

serum cholesterol for apoCI-deficient mice on the HFC diet, as determined by FPLC, was

confined to the VLDL-sized fractions (results not shown). Serum TG levels were below the

limits of detection in both groups of mice on the HFC diet.

To investigate the effect of apoCl-deficiency on the lipoprotein lipid composition,

VLDL (d<1.006 g/ml) was isolated by ultracentrifugation from the pooled serumtf mice fed

the LFC and HFC diet. The VLDL from apoCl-deficient mice on the LFC contained less TG

and free and esterified cholesterol when compared with VLDL from control mice (Table l).

The cholesterol content of VLDL from apoCl-deficient mice on the HFC diet was slightly

increased compared with VLDL fiom controls, whereas both apoCl-deficient and control

mouse VLDL contained vdry low amounts of TG. As shown in the last column of Table l, the

rotal amount of lipid in VLDL was decreased in apoCl-deficient mice to about half the level

of lipid in VLDL of control mice.
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Table l. Serum lipid levels and VLDL lipid composition 

Serum lipid VLDL (d< 1.006 g/ml ) li pid 

Mice Diet TG TC TG TC FC CE PPL Total 

1111110//l mg/mg VLDL-protein 

Control LFC 0.4 ± 0. 1 2.5 ± 0.4 5.9 I. I 0.8 0.6 1.8 9 .1 

apoC I-defi c ient LFC 0.4 ± 0 .1 2.2 ± 0.4 3.9 0.5 0.4 0.2 0.9 5.3 

Control HFC nd 5.0 ± 0.5 0. 1 5 .7 0.9 8. 1 1.5 10 .5 

apoC I-defi c ient HFC nd 7.8 ± 0.7* 0 .2 6.6 I. I 9.4 1.7 12.4 

Serum lipid concentrations were measured in fasted mice fed the low fat/ low cholesterol (LFC) d iet and high fat/high cholesterol (HFC) d iet. Values are the 
means ± SO (11 = 15). VLDL (d< 1.006 g/ml) was isolated from pooled serum by ul tracentrifugation and the li pid levels were measured as described in the 
Methods section. TG, triglyceride; TC, total cholesterol; FC, free cholesterol; CE, cholesterol ester; PL, phospholi pids. nd, not detectab le. *P<0.05, ind icati ng 
the di ffe rence between cont ro l and apoC I-deficient mice using the non-parametric Mann-Whitney U test. 
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Lipolysis of VLDL in vitro

To determine whether apoCl deficiency affects the lipolysis of serum TG, the suitability of

VLDL-TG as substrate for LPL in vitro was assessed. The apparent K. and V.u, of apoCl-

deficient and control mouse VLDL were calculated from Lineweaver-Burk plots.. Neither the

K. for LPL nor the maximal enzyme activity (V.,, ) was affected by the absence of apoCl on

the VLDL particle (Table 2). To correct for differences in size between the apoCl-deficient

and control VLDL particles, the concentration of TG was adjusted by the TG/apoB ratio of

each fraction (15), determined by SDS-PAGE. ApoCl-deficient VLDL contained less TG per

apoB (means -r SD) compared with control YLDL (12.7t0.2 and 18.6t0. I mmol TG/g of

apoB, respectively). After correction the K. value was lower for apoCl-deficient VLDL, but

not significantly different from control VLDL (Table 2). These results suggest that the

complete lack of apoCl does not essentially influence the lipolysis of VLDL-TG in vitro.

Table 2. Kinetic parameters for lipolysis of nascent YLDL in virro

Mice K.rc t'l Kmilrx'8 
(b)v."_

Control

apoC I -deficient

tnntol TG/l

0.24 t 0.03

0.27 + 0.06

mmol NEFA/Umin

0.36 + 0.03

0.40 t 0.03

mmol TG2/g ttpoB/l

4.44 + 0.52

3.44 + 0.11

VLDL (d<1.006 g/ml) was isolated by ultracentrifugation from pooled serum of at least l6 mice per

group. The apparent K,and V.," for the release of NEFA by LPL from control and apoCl-deficient
VLDL preparations are calculated from Lineweaver-Burk plots and are given as mean + SD 0r = 3).

The K,, values are shown for ''TG concentration and relative to 'h)apoB concentration ( I 5).

VLDL-TG metabolism in vivo

To investigate the effect of apoCl deficiency on the VLDL-TG metabolism in vlvo, we

performed VLDL-TG turnover studies in vivo using apoCl-deficient and control mice fed the

LFC diet. The clearance of VLDL particles from serum was followed by injecting tUl-TG
labelled VLDL intravenously into control and apoCl-deficient mice (autologous injections).

Figure I shows that the clearance of labelled VLDL-TG is reduced in apoCl deficient mice

when compared with control mice. These tumover data were used to calculate the VLDL-TG

FCR and SR (Table 3). The VLDL FCR was significantly decreased in apoCl-deficient mice

to about half the level observed in control mice (10.5 + 3.4 vs 21 .0 x. 1.2 pool TG/h,

respectively).
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To determine whether the reduced VLDL-TG FCR in apoCl-deficient mice was due to an

enhanced VLDL-TG production, mice were injected with Triton WRl339. As is shown in
Figure 2, the increase in TG over time was equal for control and apoC I -defic,ient mice. From

these experimental data the production rate (FR) was calculated (Table 3). The PR was not

significantly different in.apoCl-deficient mice and cohtrol mice, indicating that the TG
production rate is not affected by apoCl deficiency..similar results were obtained when the

VLDL-TG production rate was extracted frorn the bi-exponential curve fitting of 'turnover

data (not shown).

10

Time(min)

Figure 1. Clearance of VLDL-TG in apoCl:deficient and control mice. Autologous.injections
were performed with 80 000 d.p.m. of [II]-TG WDL labelled in vivo.Bloodwas withdrawn at 1,2.5,
5,7.5, 10, 12.5 and 15 min after injections, and the radioactivity of the serum sample was measurdd
and related to the injected dose. The values shown are means (t SD) of 8 mice per group. The curves
were calculated from the mearl data using d bi+xponential curve fit model. Control mice, o; apoCl-
deficient mice, ..
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Figure 2. VLDL-TG production in apoCl-deficient and control mice iz vivo. Triton WR 1339

(500 mg/kg body weight) was injected into 8 fasted mice per group. Serum TG levels were determined

at 30, 60 and 90 min and corrected for the TG level at thb time of injection (0 min). The values shown

are means + SD. Control mice, o;apoCl-deficient mice, ..

The observed reduced clearance of VLDL-TG from the serum of apoCl-deficient mice can

be due to a disturbed extra-hepatic lipolysis, a defect in hepatic uptake of VLDL-TG or both.

The lipolysis assay in yirro showed that apoCl-deficient VLDL is hydrolysed by LPL in a

similar way to control VLDL. However, the affinity of LPL for VLDL tended to be enhanced

in the absence of apoCl, after corrections had been made for the VlDl-particle size. Since it

is suggested that lipolysis of VLDL-TG in vivo involves an interaction of the lipoprotein with

the extra-cellular matrix of endothelial cells where LPL is found, lipolysis in vitro (Table 2)

may differ from the situation in vivo. Therefore, in order to study extra-hepatic lipolysis in

vivo, mice were functionally hepatectomized, and the removal of [3H]-TG VLDL from serum

was monitored over time (Figure 3). Because the liver was excluded from the circulation, the

clearance was due entirely to peripheral lipolysis. The lipolytic rate (LR) was calculated from

these curves, and was found to be slightly increased for APOCl-deficient mice but not

statistically different from control mice (Table 3).
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Table 3. Fractional catabolic rate, production rate and lipotytic rate in vivo of VLDL

FCR

Mice FCR LRPR LFC HFC

Control

apoCl -deficient

pool TG/h

2l .O + 1.2

10.5 + 3.4*

mntol TG/Mkg

0.21 + 0.05

0.19 t 0.02

pool TG/h

3.5 + 1.5

5.0 + 1.6

pool upoB/h

2. l+0. I 1.4+0.4

l.l + 0.3* 0.4 + 0.1*

The VlDL+riglyceride (VLDL-TG) fractional catabolic rate (FCR) was calculated from the clearance
studies in vivo of [3H]-Tc-labelled.autologous VLDL in control and apoCl-deficient mice fed the low
fat/low cholesterol (LFC) diet (Figure l). The hepatic VLDL-TG production rate (PR) was measured
by injecting the mice with Triton WRl339 (Figure 2). The lipolytic rate (LR) was calculated from the
in vivo clearance of labelled VLDL-TG in hepatectomized mice (Figure 3). Values are expressed as
mea.n + SD (n = 8). The VLDL-apoB FCR was measured by following the disappearance of
autologous Ir:5l]-apoB-tabeled VLDL protein in the circulation of mice fed the LFC diet or a high
fat/high cholesterol (HFC) diet for a period of 3 weeks (Figure 4). The values are the means + SD (n =
6). *P<0.05, indicating the difference between control and apoCl-deficient mice using rhe non-
parametric Mann-Whitney U test.

10

Time (min)

Figure 3. Clearance of VLDL-TG in hepatectomized apoCl-deficient and control mice. Before
autologous injection with 80 000 dpm 3H-TG VLDL labelled in vivo, mice were functionally
hepatectomized. Blood was drawn at 1,2.5,5, 7.5, 10, 12.5 and 15 min after injections, and the
radioactivity of the serum sample was measured and related to the injected dose. The values shown are
the means (t SD) of 7 apoCl-deficient and 8 control mice. The curves were calculated from the mean
data using a bi-exponential curve fit model. Control mice, o; apoCl-deficient mice, ..
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In vivo VLDL-apoB turnover

Since the VLDL-TG production and lipolysis were not significantly different in apoCl-

deficient mice relative to control mice, an impaired hepatic particle uptake seemed to be the

primary cause for the lower VLDL-TG FCR in apoCl-deficient mice. To further sustain this

hypothesis, VLDL-apoB turnover studies were performed as a marker for whole particle

clearance. After autologous injection of Ir25I]-apoB-VLDL, Ir2sI]-VLDL-apoB was cleared at

a slower rate in apoCl-deficient mice compared with control mice on both ttre LFC diet

(Figure 44) and HFC diet (Figure 48). The FCRs were calculated from these data (Table 3).

On the LFC diet, the VLDL-apoB FCR (means tSD) in apoCl-deficient mice was decreased

to about half the level observed in control mice (1.1+0.3 versus 2. 1+0. l/h of pool apoB). On

the HFC diet, the VLDL-apoB FCR in apoCl-deficient mice was turther decreased (3 to 4-

fold) compared with control mice (0.4+-0. I versus 1.4-r0.4/h of pool apoB).

Time (min)

Figure 4. Clearance of VLDL-apoB in apoCl-deficient and control mice. Mice were fed the low
fatllow cholesterol (LFC) diet (figure 44) or high fat/high cholesterol (HFC) diet (Figure 4B). Fasted

mice were anaesthetized and injected intravenously with l0 pg of autologous Ir2sl]-labelled VLDL
protein. Blood was withdrawn at 5, 10, 30,60, and 90 min after injections, and the ['rl]-apoB of the
serum sample was measured (see Methods section). The values shown are means (+ SD) of 6 mice per
group. The curves were calculated from the mean data using a bi-exponential curve fit model. Control
mice, o; apoCl-deficient mice, ..
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Discussion

Transgenic mice overexpressing the human APOCI, APOC2 and APOC3 gene are all

hypertriglyceridemic (9, 16, 22,23). Both APOC2 and APOC3 transgenic mice show a

decreased FCR for VLDL-TG, concomittant with a decreased ratio of apoE/apoC on the

VLDL particle, whereas the production and lipolysis of VLDL-TG invito are normal (16,

22,23). Studies in vitro have shown that apoCl can inhibit the apoE-mediated binding of B-

VLDL to the LDLR and LRP (6,7). Furthermore, it has recently been reported that

overexpression of human APOC I in APOE*3Leiden transgenic mice also resulted in a lower

VLDL-TG FCR without affecting the production and lipolytic rate (24). Therefore excess

amounts of all the three C apolipoproteins may act similarily on TG metabolism by

modulating the apoE-mediated uptake of remnant lipoproteins by the liver.

In a previous etfort to shed more light on the function of apoCl in vivo, we disrupted

the APOC gene in mouse embryonic stem cells and generated mice lacking apoCl (10).

Although decreased serum lipid levels were expected in the apoCl-deficient mice, no overt

changes in serum lipid levels were found when the mice were maintained on a normal chow

diet. On the HFC diet, apoCl-deficient mice displayed elevated levels of cholesterol and, in

vitro, defective binding of VLDL (d<1.006 g/ml) to the LDL receptor. However, the HFC

diet was too extreme to investigate any effect of apoCl-deficiency on total TG metabolism

since serum TG levels were very low under these dietary conditions (Table I and l0).

Therefore in the present study, we used mice in which the VLDL-TG production was

enhanced by feeding a sucrose-rich diet (12). In these mice the effect ofapoCl deficiency on

TG metabolism was investigated directly, by performing VLDL-TG turnover studies in vivo.

Clearance studies with []HI-TG VLDL showed that the VLDL-TG FCR was reduced

in apoC 1 -deticient mice abott 50Vo of that of control mice. The decreased VLDL FCR can be

explained solely by impaired hepatic uptake of the VLDL remnants by the liver since no

significant differences were observed in lipolysis of VLDL-TG in vitro or ilt vivo.

Furthermore, no significant differences were found in the hepatic VLDL-TG production rate

when calculated by Triton WRl339 injections. Finally, VLDL-apoB turnover experiments (as

a marker for whole particle clearance) also showed a reduced VLDL-apoB FCR in apoCl-

deficient mice to approx. half the rate of control mice. Therefore in line with our previous

observation in vitro, that apoC 1-deficient VLDL does not bind efficiently to the LDL receptor

(10), the present results indicate that apoCl deficiency reduces the binding efficiency of

VLDL remnants to hepatic lipoprotein receptors also in vivo.

Although the VLDL FCR in apoCl-deficient mice was reduced by 50Vo, no detectable

evidence of remnant accumulation was fbund when evaluated by serum lipid levels of mice

fed the LFC diet (Table l). However, serum VLDL (d<1.006 g/ml) isolated from apoCl-
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deficient mice contained approx. half the amount of lipid per mg VlDl-protein when

compared with serum VLDL isolated from control mice (Table l). Thus apoCl-deficient

mice do accumulate VLDL remnants in their circulation but, due to the considerably lower

lipid/protein ratio, it is not reflected by higher levels of total serum lipids. The relatively low

amounts of TG observed in apoCl-deficient serum VLDL may be due to their longer

residence time and extensive lipolysis in the circulation. On the HFC diet, apoCl-deficient

mice had significantly elevated levels of serum cholesterol compared with control mice,

concomitant with a further reduction (3-4 fold) in the VLDL-apoB FCR. These data indicate

that the lipoprotein metabolic system needs to be severly stressed before the defective binding

of apoCl-deficient VLDL to the LDLR results in a detectable elevation of total serum lipid

levels in the circulation of apoCl-deficient mice.

Recently, the generation of apoC3-deficient mice has been reported (25). Mice with

total deficiency of apoC3 show reduced serum lipid levels and are protected from

postprandial hypertriglyceridemia. ApoC3-deficient mice showed increased levels of

cholesterol after feeding an HFC diet, but was less pronounced than observed in control mice

(25). For apoCl-deficient mice the opposite appears to be true. Thus whereas the absence of

apoC3 seems to accelerates the clearance of remnant lipoproteins, in the present study the

absence of apoC I is shown to impair this process.

The impaired hepatic uptake of apoC I -deficient VLDL remnants migfrt ie due to the

changes in the apolipoprotein composition of these particles. As reported, apoCl-deficient

VLDL was enriched with apoAl (10), an apolipoprotein normally not abundantly present in

VLDL. The presence of apoA I on the VLDL particle in apoC I -deficient mice may modulate

irs receptor-mediated uptake by the liver. It is not known whether apoC3-deficient VLDL also

shows enrichment with apoAl. Further studies are necessary to address the functional

differences between the C apolipoproteins and to investigate how both their absence or over-

representation may aft'ect the clearance of TG-rich particles in vivo. More insight into the

functional roles of the different apoCs lead to a greater understanding of the underlying

metabolic defect in hypertriglyceridemia.
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Running title: VLDL Metabolism in Apolipoprotein Cl Transgenic Mice.

Abstract

To study the role of apoCl in lipoprotein metabolism, we have generated transgenic mice

expressing the human APOCI gene. On a sucrose-rich diet, male transgenic mice with high

APOCI expression in the liver showed elevated levels of serum cholesterol and triglyceride

compared with control mice (5.7+0.7 and 3.3t2. I mmol/l vs 2.7t0. I and 0.4+0. I mmol/I,

respectively). These elevated levels were mainly confined to the VLDL fraction. Female

APOCI transgenic mice showed less pronounced elevated serum lipid levels. ft vivo YLDL

rurnover studies revealed that, in hyperlipidqmic APOCI transgenic mice, VLDL particles

are cleared less efficiently from the circulation as compared with control mice. No

differences were observed in the hepatic production and extra-hepatic lipolysis of VLDL-

triglyceride. Also, VLDL isolated from control and APOC 1 transgenic mice were found to be

equally good substrates for bovine lipoprotein lipase (LPL) in vitro. These data indicate that

the hyperlipidemia in APOCI transgenic mice results primarily from impaired hepatic VLDL

particle clearance, rather than a defect in the hydrolysis of VlDl-triglyceride.

To investigate which hepatic receptor is involved in the apoCl-mediated inhibition of

VLDL clearance, APOC I transgenic mice were bred with an LDL receptor deficient

(LDLR/) background. In addition, control, LDLR| and LDLR|/APOCI mice were

transfected with adenovirus carrying the gene for the receptor-associated protein (Ad-RAP).

Borh serum cholesterol and triglyceride levels were strongly elevated in LDLRTTAPOCI

mice compared with LDLR/'mice (52+19 and 36-rl9 mmol/l vs 8.4+0.9 and 0.5+0.2 mmolfl,

respectively), indicating that apoCl inhibits the alternative VLDL clearance pathway via the

remnant receptor. Transfection of LDLR-/- mice with Ad-RAP strongly increased serum

cholesterol and triglyceride levels, but to a lesser extent than those found in LDLRJTAPOCI

mice (39+8 and l7+8 vs 52t19 and 36+19 mmol/I, respectively). However, in LDLR'/'
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/APOC I mice the transfection with Ad-RAP did not further increase serum cholesterol and

triglyceride levels (52+19 and 36+19 vs 60+10 and 38+7 mmol/I, respectively). From these

studies we conclude that, in the absence of the LDLR, apoCl inhibits the hepatic uptake of

VLDL via a RAP-sensitive pathway.

Keywords: Apolipoprotein C1, LDL receptor, LDL receptor-related protein (LRP),

hyperlipoproteinemia, lipoprotein lipase.

Abbreviations used in this paper: LDLR, low density lipoprotein .receptor; LRP, LDL
receptor related protein; SRM-A, standard rat mouse diet (chow); LFC, low fatllow

cholesterol diet; HFC, high fat/high cholesterol diet; LPL. lipoprotein lipase; FFA, free fatty

acids; FCR, fractional catabolic rate; SR, secretion rate; LR, lipolytic rate; LDLR/-, LDL
receptor deficient; RAP, receptor associated protein; Ad, adenovirus; PFU, plaque-forming

units; nr-M, ar-macro-globulin.

Human apolipoprotein (apo) C1 is a 6.6-kDa protein that is present on chylomicrons, very

Iow density lipoproteins (VLDL) and high density lipoproteins (HDL) (l). Ir has been

suggested that apoCl inhibits the lipoprotein lipase (LPl)-mediated hydrolysis of VLDL-
triglyceride (2,3). In virro studies showed that the addition of purified human apoCl to
chylomicrons (4) and triglyceride emulsions (5) inhibits their uptake by perfused rar livers.

Studies by Sehayek and Eisenberg (6) revealed that apoCl impairs the apoE-mediated
'binding of VLDL to the low density lipoprotein receptor (LDLR), whereas Weisgraber er a/.

(7).showed that the addition of apoCl to apoE-enriched B-VLDL inhibits its binding to the

LDLR related protein (LRP). Thus, invitro studies indicate that apoCl interferes with both

the peripheral lipolysis of VLDL and the hepatic uptake of VLDL remnants. Although the

underlying mechanism by which apoCl inhibits the apoE-mediated binding to hepatic

receptors in vitro is still unclear, it is assumed to be due to either a shift in the conformation

of apoE (4,6) or to the displacement of apoE from the VLDL particle (7,8).

The observation that transgenic mice overexpressing the human APOCl gene showed

2- to 3-fold higher plasma triglyceride levels than control mice (9), suggests that the direct

inhibiting effect of apoCl on either VlDl-triglyceride lipolysis or the binding of VLDL to
the LDLR and LRP holds true for the in vivo situation as well. However, such a role tbr

apoCl could not be concluded from the results we obtained with Apocl deficient mice (10).

These mice have normal serum lipid levels on a regular chow diet, whereas, suprisingly, on a

severe hypercholesterolemic diet they display mildly elevated levels of serum cholesterol due

to a decreased binding of apoCl-deficient VLDL to the LDLR.

In the present paper we describe in vivo VLDL turnover studies with transgenic mice

expressing human APOCI at different levels. These studies showed that apoCl indeed
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inhibits the hepatic clearance of VLDL, but does not affect the VlDl-triglyceride hydrolysis.

By a combination of breeding these APOCI transgenic mice on homozygosity for LDLR

deficiency (APOCIiLDLR/-) and transfection with adenovirus containing the receptor-

associated protein gene (Ad-RAP), we were able to show that at least in the absence of the

LDLR, apoCl inhibits the hepatic uptake of VLDL via a RAP-sensitive pathway, most

probably LRP.

Methods

DNA construct. The APOC I construct was generated by the excision of a l8 kb EcoRI fragment from
a cosmid carrying the APOE*4/APOCI/APOCI'gene region. The fragment contained a 5 kb region

upstream from APOCI and a 8 kb region downstream from APOCI, including the hepatic control

region element and part ofAPOCl pseudo gene.

Generation and analysis of transgenic mice. Transgenic mice, expressing human APOCI were

generated according to Hogan et al. (l l). Tiansgenic offspring were identified by polymerase chain

reaction analysis and Southern blot analysis on genomic tail-derived DNA (12). Two founders were

characterized according to which one low-expressor and one high-expressor were bred with C57BL/6J
mice. APOC I transgenic mice of the F3 generation have been used in all the experiments. Female high-

expressor APOCI transgenic mice were cross-bred with male LDlR-deficient mice, purchased from
the Jackson laboratory (Bar Harbor). All mice in this study were housed under standard conditions
with free access to water and food. Non-transgenic litter mates were used as the control group. All
experiments were performed at 1300 h with food withdrawn at 0900 h.

Preparation and analysis of RNA. Total RNA was isolated from the livers of transgenic mice using

the RNAZOL procedure (Cinna./Biotecx, Friendswood, TX,). Human APOC I , mouse Apoc I and' Apoe

transcripts were detected by Northern blotting after electrophoresis of RNA samples (7.5 gg per lane)

on a denaturing agarose gel (l%o wt/vol) containing 7.5Vo formaldehyde and transferred to a nylon
membrane (Hybond N, Amersham Corp. Arlingon Heights, IL) according to the manufacturer's

recommendations. Blots were subsequently hybridized with a r?-labeled probe of human APOCI
cDNA (13), mouse Apocl cDNA (14), mouse Apoe cDNA (15) and a rat glyceraldehyde-3-phosphate

dehydrogenase (CAPDH) cDNA (16) in a solution containing 507o formamide. The intensity of the
hybridization signal was quantified with a Phosphor Imager (Molecular Dynamics Inc., Sunnyvale,
CA) and the amounts of human APOC I mRNA, mouse Apocl mRNA and mouse Apoe mRNA were

related to the level of GAPDH mRNA.

Diet study. Mice were fed a standard rat mouse (SRM-A) diet (chow) immediately after weaning at 4
weeks of age. After 7 weeks of age, two different semi-synthetic diets, composed essentially according
to Nishina et al. (17) (purchased from Hope Farms, Woerden, The Netherlands), were administered
subsequently to groups of each strain (at least 7 mice per group). First, mice were fed a low fatllow
cholesterol (LFC) diet containing 50.57o sucrose, l2.2%o corn starch, 57o corn orl and 5Vo cellulose by
weight ( l8), for three weeks. The same mice were fed a high fatArigh cholesterol (HFC) diet containing
l5Vo cocoabutter, O.25Va cholesterol and sucrose by weight (19) for another 3 weeks . After each

dietary treatment, 100 pl of whole blood was obtained from each mouse via tail bleeding.

Analysis of serum lipids and lipoproteins. Levels of total serum cholesterol and serum triglyceride
(without measuring free glycerol) were determined using commercially available enzymatic kits
(236691;, Boehringer Mannheim GmbH, Mannheim, Germany and 337-8 GPO-Trinder kit, Sigma
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Chemical Co. St Louis, MA), respectively. Triglyceride, free cholesterol and phospholipid in the
individual lipoprotein fractions were measured with enzymatic assay kits (701904 and 310328;
Boehringer-Mannheim) and an analytical kit (B) from Wako Chemicals GmbH (Neuss, Germany),
respectively. Cholesterol esters are total cholesterol minus free cholesterol. Serum free fatty acids
(FFA) were determined with the NeFa-C kit from WAKO according to the manufacturer's
recommendation.

Pooled serum (200 pl) collected from at least 7 fasted mice per group was subjected to fast
protein liquid chromatography (FPLC) gel filtration on two (connected in series) 25 ml Superose 6
preparation-grade column (Pharmacia, Uppsala, Sweden), and eluted at a constant flow rate of 0.5
ml/min with PBS, pH 7.4. Fractions of 0.5 ml were collected and assayed for cholesterol and
triglyceride as described above.

The individual lipoprotein fractions (VLDL, d<1.006 g/ml; intermediate-density lipoprotein
(lDL) + LDL, 1.006<d<1.063 g/ml; HDL, 1.063<dcl.2l g/ml) were isolated from pooled serum of at
least 9 fasted mice per group. Isolation was achieved by sequential ultracentrifugation at the respective
densities at 40,000 rpm in a Ti-50 fixed-angle rotor (Beckman Instruments, Inc., Geneva, Switzerland)
for I 8 hours at 5 "C, followed by dialysis at 4'C overnight against PBS, pH 7.4. Protein concentrations
in lipoprotein fractions were determined by the method of Lowry et al. (20) with bovine serum albumin
IBSA) as a standard.

SDS-gel electrophoresis and Western blotting. Each lipoprotein fraction was analyzed fbr
apolipoprotein composition by SDS-gel electrophoresis using 4-2O7o gradient gels. Proteins were
transferred to nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) followed by
incubation with polyclonal rabbit antisera against human apoCl, mouse apoCl, apoB and apoE.
Donkey anti-rabbit '"I-IgG (Amersham Corp.) was used as a secondary antibody, and detection was
performed by scanning the blots with a Phosphor Imager. Serum of virus-injected mice was collected 2

days after injection and samples (2 pl per lane) were separated on 4-20Vo polyacrylamide gels and the
proteins were transferred to nitrocellulose membranes. The membranes were incubated with rabbit
antisera against RAP and donkey anti-rabbit ':sI-IgC was used as a secondary antibody. Detection was
performed as described above.

Preparation of endogenously labeled VLDL. Fasted mice were anesthetized with an intraperitoneal
injection of 0.5 ml/kg hypnorm (Janssen Pharmaceutica, Tilburg, The Netherlands) and 12.5 mglkg
midazolam (Roche, Mijdrecht, The Netherlands). Body temperature was maintained with the use of
heat lamps. 3H palmitate dissolved in ethanol (Amersham Corp.) was evaporated under nitrogen and
redissolved in 0.97o NaCl containing 2 mglml BSA. Mice were injected intravenously via the tail vein
with 100 pCi of the prepared 3H palmitate and bled from the retro-orbital plexus 25 minutes after
injection. Radiolabeled VLDL used for clearance studies was isolated from serum of 6 mice per group
by ultracentrifugation (d<1.006 g/ml). The VLDL samples obtained were dialyzed against PBS, pH 7.4
at 4"C. A sample of the endogenously labeled VLDL was subjected to lipid extraction according to
Bligh and Dyer (21). The amount of radioactivity in the VlDl-triglyceride fraction was determined
after separation of the triglyceride from the other lipid components by thin layer chromatography
(TLC) on silica gel 60 plates (Merck, Darmstadt, Germany) using hexane:diethylether:acetic acid
(83:16:1, by vol) as resolving solution. rttripalmitate (Amersham) was used as an internal standard.
In all the VLDL fractions used, > 95Vo of the radioactive label was bound to triglyceride.

In vivo turnover studies using 'rH-triglyceride labeled VLDL. A, Whole animal. To study the irr
vivo clearance of labeled VlDl-triglyceride, due to both peripheral lipolysis and hepatic uptake of the
remnant particle, fasted mice were anesthetized and injected intravenously with 80;000 dpm of II-
triglyceride labeled VLDL (autologous injections). The disappearance of the radiolabeled VLDL was
determined from 40 pl blood samples of mice drawn at time points after the injection as indicated.
Total serum radioactiriity was used to represent VLDl-triglyceride radioactivity, since a pilot study
showed that the disappearance of radioactivity as measured after lipid extraction followed by TLC
triglyceride analysis did not differ from the disappearance of total serum radioactivity (not shown). The
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radioactivity at each time point was multiplied by the serum volume of the animal (22) and divided by

the injected dose. The data were modeled by a bi-exponential curve from which the fractional catabolic

rate (FCR) was calculated using the reciprocal area under the curve. The secretion rate (SR) was

calculated by multiplying the FCR with the serum VlDltriglyceride pool size as measured in each

mouse during the experiment.
B. Functionally hepatectomized animal. To investigate the in vivo clearance of radiolabeled

VLDL due to peripheral lipolysis only, mice were functionally hepatectomized to exclude hepatic

VlDL-triglyceride production and uptake (23). Therefore, mice were anesthetized and the hepatic
portal vein and the hepatic artery were ligated prior to injections. H-triglyceride labeled VLDL
(prepared as described above) was injected and blood samples were drawn and analyzed as described

above. The data were kinetically modeled to calculate the lipolytic rate (LR) using the area under the

curve. To ensure total exclusion of the liver from the circulation, the liver radioactivity was measured at

the end of the experiment using a sample oxidizer (Packard Instrument Co., Meriden, CT, USA). For
each hepatectomized mouse used in this study, < than lVo ofthe injected dose was found in the liver.

In vitro lipolysis. VLDL (d<1.006 giml), isolated.by ultracentrifugation from pooled serum of at least

7 fasted mice pergroup, was incubated at3'7"C in 0. lM Tris/HCl, pH 8.5, for l0 minutes with bovine
LPL (0.2 units, Sigma Chemical Co.) in the presence of 37o (by w0 BSA (essentially FFA free). The

reaction was stopped by the addition of 50 mM KH.POu 0. l7a Triton-X100 with pH = 6.9, and placed

on ice. A blank sample was prepared for each concentration by adding the stopbuffer before the LPL,
and the difference was regarded as the hydrolyzed amount of VlDl-triglyceride. FFA were measured

using an enzymatic colorimetric method as described above. The rate of FFA release by LPL was linear
for the l0 minutes as used in this assay. The assay was performed on 4 different concentrations of
VLDL (d<1.006 g/ml) triglyceride in the range of 0. I to 0.4 mM with duplication of FFA
determination. Apparent K,, and maximal enzyme activities (Y,,,,-) for LPL assayed with APOCI
transgenic and control VLDL were calculated fiom Lineweaver-Burk plots.

In vivo hepatic VlDl-triglyceride production by Triton WR1339 injection. Fasted mice were

injected intravenously with Triton WRl339 (500 mg&g body wt) using l57o (wt/vol) Triton solution
in 0.9Va NaCl. Plasma VLDL clearance is virtually completely inhibited under these circumstances
(24). At appiopriate time points after injection of Triton (up to 60 minutes) blood samples were drawn.
Triglyceride were measured in the serum and related to the body mass of the mice as described above.

Production of hepatic triglyceride was calculated from the slope of the curve and expressed as mmol/hr
per kg body wt.

Adenovirus transfections. The generation of Ad-RAP and recombinant adenoviral vectors expressing
B-galactosidase (Ad-B-Gal) under the control of the cytomegalovirus promotor has been described and

were kindly provided by Dr. T. Willnow and Dr. J. Herz (25,26). The recombinant adenovirus was

propagated and titrated on the Ad5 E1-transformed human embryonic kidney cell line 9l I as described
(27). Briefly, for large scale production of recombinant adenovirus lots, ten 175 cmr flasks of nearly
confluent 9l I monolayers were infected with adenovirus at a multiplicity of infection of 5-10 per cell.
After 48 to 60 hr, the nearly completely detached cells were harvested and collected. in I ml PBS/ I 7o

Horse Serum. Virus was released from the producer cells by three rounds of f'reeze thawing and

centrifugation. The lysate was subjected to two rounds of purification by CsCl centrifugation. The
CsCl was removed from the isolated virus bands by extensive dialysis against TD (25 mM Tris, 137

mM NaCl, 5 mM KCl, 0.73 mM Na,HPO., 0.9 mM CaClr, 0.5 mM MgCl, (pH 7.45)), at 4'C. Mouse
serum albumin was added to 0,.2Vo and glycerol 1o llvo and the virus stocks were flash frozen in
aliquotsinliquidN,,andstoredat-80'C. Routinevirustitersof the stocks varied from l-5xl0r(7m1.
For in vivo adenovirus transfection, on day zero, 3.0x1O'qplaque forming units (PFU) in a total volume

of 200 pl (diluted with PBS) were injected into the tail vein of the mice. Blood samples were drawn
from the tail vein offasted mice at 2, 3 and 5 d after virus injection.

107



Chapter 4

Labeling and activation of or-macro-globulin. Unactivated human c;macro-globulin (a,M) was
radioiodinated and activated as described previously (28). In briel 350 pg of o,M was radiolabeled
with r2sI in the presence of chloramine-T and after 2 minutes the reaction was stopped by addition of 4
mg/ml NarSrO, and 4 mg/ml KI. r25l-o,-M was directly activated by incubation with a l5-fold molar
excess of trypsin for 5 min, followed by the addition of a 5-fold molar excess of soybean trypsin
inhibitor relative to trypsin. In a subsequent step, r25l-o-M was purified by gel filtration on a 0.7 cm x
25 cm Bio-Gel A-l.5m column at 4"C with PBS, pH 7.4, as the eluent.

In vivo turnover studies using r2sl-ar-macro-globulin. Five days after injection with either Ad-B-Gal
or Ad-RAP (3.0x1O'qPFU), mice were anesthetized as described above and injected intravenously via
the tail vein with IrsI labeled human o,-M (5 pg of tracer in 200 pl 0.9% NaCl containing 2 mglml
BSA). Blood samples (80 Ul) were collected at the indicated time points and the amount of
trichloroacetic acid (TCA)-precipitable radioactivity in serum was determined as described previously
(26)

Results.

Characterization of APOCl transgenic mice.

Two founder mice carrying the human APOCI construct were characterized. One strain

showed low expression for the human APOCI gene (designated low-expressor) in the liver,

while another strain showed high liver expression (designated high-expressor) for the human

APOCI gene (Fig. l). As quantified using Northern blotting, hepatic human APOCI mRNA

levels were four to five-fold elevated in high-expressor mice compared with low-expressor

mice (Table I). In addition, the hepatic mouse Apocl mRNA levels of low- and high-

expressor APOCI transgenic mice were not significantly diflerent from that of control mice.

whereas the hepatic mouse Apoe mRNA was slightly, but significantly elevated fbr female

high-expressor APOCl transgenic mice (Table I).

Serum lipid levels were measured in fasting APOCI transgenic and non-transgenic

littermates as control mice. When kept on a normal chow (SRM-A) diet, serum triglyceride

levels were increased three-fold for the male high-expressor mice compared with female

high-expressor, low-expressor and control mice (Table II). In addition, serum cholesterol

levels were only slightly elevated in male high-expressor mice on a normal chow diet.

To investigate the response of the APOCI transgenic mice to a sucrose-rich diet,

which is known to stimulate hepatic VlDl-triglyceride production (17), mice were fed an

LFC'diet (containing 50.57o) of sucrose. After 3 weeks on the LFC diet, there was no

significant difference in serum triglyceride and cholesterol levels among control and low-

expressor mice (Table II). As determined by FPLC, almost all of the serum cholesterol in

control and low-expressor mice was confined to the HDl--sized fractions (results not shown).

On this LFC diet, female high-expressor mice showed significantly elevated levels of serum

cholesterol and triglyceride compared to control mice, whereas both cholesterol and

triglyceride levels were strongly elevated in male high-expressor mice (Table II). This
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increment in serum cholesterol and triglyceride for high-expressor APOCI transgenic

was confined to the VLDL-sized fractions (results not shown).

- apo c1

- GAPDH

Figure l. Northern blot analysis of livers from APOC I transgenic mice. Total RNA was isolated fiom

the livers of transgenic mice using the RNAZOL procedure. Human APOC I transcripls were detected

using a t'P-labeled probe of human APOCI cDNA (13). The autoradiogram was exposed overnight

and scanned. Lane l, control micei lane 2, low-expressor female mice; lane 3, low-expressor male

mice; lane 4, high-expressor female mice; lane 5, high-expressor male mice.

Table I. Hepatic mRNA levels in APOC1 transgenic and control mice.

hepatic mRNA

Mouse strain human APOCI mouse Apocl mouse Apoe

mice

5437I

Control
f'emale + male

Low-expressor
female + male

High-expressor
female

High-expressor
male

ND

I 00t43

447+l l5i

410t1091

100+13

106+20

109+14

109+13

100+18

100+17

137+25-

I l0+18

Livers were isolated from fasted mice on the LFC diet to quantify mRNA. mRNA concentrations

(means + SD of 6 livers per group) are relative to internal standard GAPDH. Values are expressed as

percentage of low-expressor mice (human APOCI) or control mice (mouse Apocl and Apoe). ND, not

detectable..P<0.05, indicating the difference between control and APOCI transgenic mice and

'iP<0.05, indicating the difference between low-expressor and high-expressor APOCI transgenic mice,

using nonparametric Mann-Whitney tests.
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Table II. Serum lipid levels in APOCI transgenic and control mice.

Diet

HFCLFC

TGTCTGTCTGTC

SRM-A

Mouse strain

Control
female + male

Low-expressor
male + female

High-expressor
female

High-expressor
male

2.1+0.3 0.4+0.2

2.1+0.2 0.4+0. I

2.1+0.4 0.5+0.1

3.6+0.7'i 1.5+0.6.i

mmol/l

2.7+0.1 0.4+0. I

2.7+0.3 0.6+0.2

2.9+0.5 0.2+0.1

3.'1+0.3' 0.2+0.1

3.0+0.1' 0.7t0.I. 4.4+0.6- 0.4+0.1

5.7+0.7-1 3.3+2.1'i 7.5+l .4'! 1.0+0.3-i

Total cholesterol (TC) and triglyceride (TG) values were measured in serum of control and ApOCI
transgenic mice fed an SRM-A diet, and low fatllow cholesterol (LFC) diet or a high fatlhigh
cholesterol (HFC) diet for a period ofthree weeks. Values are expressed as the means + SD ofat least 7
mice per group. ?<0.05, indicating the difference between control and APOCI transgenic mice on the
same diet.lP<0.05, indicating the difference between low-expressor and high-eipressor ApOCI
transgenic mice on the same diet, using nonparametric Mann-Whitney tests.

We further compared low and high-expressor APOCI transgenic mice and control
mice regarding their response to cholesterol feeding. After 3 weeks on the HFC diet (0.25Vo

ofcholesterol plus l57o ofcocoa butter, by wt), total serum cholesterol levels were increased

among all groups compared to the LFC and SRM-A diets, but most pronounced'in male high-
expressor mice (Table II). Serum triglyceride levels in high-expressor mice were lowered on

the HFC diet compared with the LFC and SRM-A diets, a phenomenon previously described

for APOE*3Leiden-APOCI transgenic mice (l 8,29,30).

Effects of APOC1 overexpression on the composition of the individual lipoprotein
fractions.

To investigate whether the effect of APOCI overexpression on semm lipid levels was

accompanied by a change in the lipid and apolipoprotein composition of the different
lipoprotein fractions, the respective lipoproteins from high-expressor female and male

APOCI transgenic and control mice on the LFC diet were isolated by sequential

ultracentrifugation. The relative lipid composition of the individual lipoprotein fractions are

shown in Table III. In the APOCI transgenic mice, the d<1.006 g/ml fractions were enriched
in total cholesterol, both free and esterified cholesterol, as compared to the d<1.006 g/ml
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fraction of control mice. Furthermore, the d<1.006 g/ml and 1.006<d<1.063 g/ml fractions of

APOCI transgenic mice were enriched in triglyceride as compared to control mice. No clear

differences between the groups were observed in the 1.063<d<l .21 glml fractions.

The effect of the high expression levels of transgenic human APOCI on the

apolipoprotein composition of the different lipoprotein fractions was investigated by

immunoblot analysis (Fig. 2). APOCI transgenic mice accumulate mainly apoB48 containing

particles, whereas there was a small increase in apoBl00 particles. The d<1.006 g/ml

fiactions of APOC I transgenic mice clearly showed a decrease in the amount of mouse apoE

(Fig. 2 A). No differences were observed in the apoE content on the other lipoprotein

flractions (Fig. 2 B and C). Furthermore, the lipoprotein fractions of all groups contained

similar amounts of mouse apoCl, whereas human apoCl was present on all lipoprotein

fractions of the APOC I transgenic mice, as expected.

(A) d<'1.006 g/ml (B) 1.006<d<1.063 glml (C) 1.063<d<1.21 giml

mouse aoo. * IF *r E t

mouseapoE ffiXffir rsdr*

mouseapocl m fr**
human apoC l

Figure 2. Apolipoprotein composition of VLDL by Western blotting. The individual lipoprotein
fractions (A. VLDL, d<1.0069/ml; B. IDL-LDL, 1.006<d<1.063 g/ml; C. HDL, 1.063<d<l .21 glml)
were isolated by sequential ultracentrifugation at the respective densities. 7 1tg of VlDl-protein from
control mice (lane l), female high-expressor APOCI transgenic mice (lane 2) and male high-expressor

mice (lane 3) was subjected to SDS-gel electrophoresis (4-2OVo gradient gels) and transferred to a

nitrocellulose membrane. The membrane was incubated with polyclonal antisera against mouse apoB
(upper band, apoB I 00; lower band, apoB48), mouse apoE, mouse apoC I and human apoC I . Donkey

anti-rabbit '2sl-lgG lAmersham) was used as a secondary antibody, and detection was performed by

scanning the blots with a Phosphor Imager.
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VlDl-triglyceride turnover studies in APOC1 transgenic and control mice.

To investigate the mechanisms underlying the hypertriglyceridemia in APOCI transgenic

mice, VlDl-triglyceride turnover studies were performed. Before these experiments. all

mice were fed a sucrose-containing LFC diet, since the hypertriglyceridemia in APOC1

transgenic mice was most pronounced on this diet (Table II).

Turnover studies were performed in male high-expressor APOCI transgenic mice and

in male control mice that were matched for age. Endogenously labeled VLDL (d<1.006 g/ml)

was isolated from serum collected from mice 25 minutes after injection of fi palmitate. After
autologous injection, the labeled VlDl-triglyceride was cleared at a reduced rate in high-

expressor mice compared to control mice (Fig. 3 A). From these data the tiactional catabolic

rates (FCR) and secretion rates (SR) were calculated (Table IV). In high-expressor mice the

VLDL FCR was sigrtificantly'decreased as compared with that in control mice (3.2+1.8 vs

13.7+2.9 pools/h).

Table lII. Lipid composition of serum lipoproteins in APOC1 transgenic and control mice.

Lipid composition

Mouse strain
Serum density
fract'ion CE PLFCTCTG

Control

g/ml

d<1.006

L006<d<1.063

t.063<d<1.21

High-expressor d< I .006

female 1.006<d<1.063

1.063<d<l.21

High-expressor d< I .006

male 1.006<d<1.063

I .063<d< I .21

pmol/mg protein

0.86 0.71

3.37 t.Oz

I .05 0. 15

3.24

0.2t

0.0r

5. l4

0.83

0.0r

6.86

0.66

0.01

2.31

3.08

1.24

4.12

3.0s

t.l5

1.32

0.93

0.20

0. l5

2.35

0.89

1.00

2.t5

1.04

2.24

2.23

0.96

0.66

t.42

0.36

2.06

t.15

0.40

r.88

0.82

0.r9

2.87

t.97

0.81

Lipid levels were measured in lipoprotein fractions, derived from pooled serum of at Ieast 9 fasted mice

Per group on the LFC diet, as described in the Method section. TG, triglyceride; TC, total cholesterol;
FC, free cholesterol; CE, cholesterol ester; PL, phospholipid.
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Figure 3. Clearance of labeled VLDL in APOCI transgenic and conrrol mice. 80,000 dpm of in vivo
labeled rH-VLDL triglyceride was injected intravenously into fasted mice on the LFC diet (A) or in
mice that were functionally hepatectomiz.ed (B) prior to injection. The disappearance of the labeled
VLDL was followed in time by counting the serum radioactivity expressed as a percentage of the
injected dose. Values are the mean + SD for 6 male control mice (.) and 6 male high-expressor
APOC^I tran-sgenic mice (o). The curves were calculated from the mean data using a bi-exponential
curve fit model.

As presented in Table IV, male high-expressor mice displayed an elevared VLDL SR,

but not significantly different from that of control mice (0.26+0. l6 vs 0. I I t0.03 mmol/h per
kg). Since the VLDL SR was estimated indirectly by bi-exponential curve fitting of turnover
data' the in vivo VlDl-triglyceride production rate in APOCI transgenic and control mice
was measured more directly by injecting mice with Triton WRl339. This direct assessment

revealed no differences in both groups of mice with respect to VlDl-triglyceride production
(Table IV) although the values were higher than those calculated from the turnover dara
(0.32t0.08 vs 0.23+0.04 mmol/h per kg).

To investigate whether the decreased FCR of vlDl-triglyceride in ApoCl
transgenic mice is due to a disturbed extra-hepatic lipolysis, rather than a defective hepatic
uptake, control and high-expressor APoC I transgenic mice were functionally
hepatectomized to rule out VlDL-triglyceride clearance via the Iiver lipoprotein receptors. 77z

vivo clearance of VlDl-triglyceride in the extra-hepatic circulation was similar for ApOCI
transgenic and control mice (Fig. 3 8). By calculating the lipolytic rates (LR) from rhese

experiments, no significant difference could be observed between high-expressor ApOCI
transgenic and control mice (Table IV).
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Table IV. VlDl-triglyceride Fractional Catabolic, Secretion, Production, and Lipolytic Rates

for APOC1 transgenic and control mice.

Mouse strain FCR LRPRSR

Control

pools/h

13.7+2.9

mrnol/h per kg

0. I I t0.03

mmol/h per kg Pools/h

0.23t0.04 3.30+l.46

2.24t0.62

Fractional catabolic rates (FCR) were calculated from lhe in vivo clearance studies of labeled

autologous VLDL in 6 male high-expressor APOCI transgenic and 6 male control mice (Fig.3A).

From these data the secrection rates (SR) were calculated by multiplying the FCR with the pool size.

The hepatic VlDl-triglyceride production rate (PR) was measured by injecting 5 transgenic and 5

control mice with Triton WRl339. The lipolytic rates (LR) were calculated from the irt vivo clearance

of labeled VLDL in 6 hepatectomized transgenic and 6 control mice (Fig. 3B). Values are expressed as

the means t SD..p<0.05, indicating the difference between high-expressor APOCI transgenic and

control mice, using nonparametric Mann-Whitney tests.

Table V. Serum lipid levels in APOC1 transgenic and control mice before and after the

intravenous administration of heparin.

Preheparin Postheparin

Mouse Strain TCTG TG TC

nutrol/l

Control 0.62+0.21 2.52t0.08 0. I6+0.02 2.12t0.35

Fasting male ApOCI transgenic and control mice were administered heparin at 5 IU/30 g of body wt

by injelction into the tail vein. Serum was collected l5 min after injection and total cholesterol (TC) and

triglyceride (TG) levels were measured (see Methods). All values are expressed as the means + SD of 5

mice per group.

The administration of heparin, that releases lipase activity into the plasma, resulted in

a 5- and 4-fold decrease in serum triglyceride for APOCI transgenic and control mice,

respectively (Table V). These results suggest that the suitability of VLDL as substrate for

LpL in APOC I transgenic mice is not significantly affected by the high levels of apoC 1 .

To further investigate if impaired hydrolysis of serum triglyceride might contribute to

the observed elevated levels of triglyceride in APOCI transgenic mice,'VLDL (d<l'006

g/ml) was isolated from pooled serum of high-expressor male APOC I transgenic and control

mice, and the suitability as substrate for bovine LPL was investigated (Table VI)'

Lineweaver-Burk plot analysis revealed no differences between the APOCI transgenic and
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control VLDL samples in both

the presence of excess apoCl

VLDL-triglyceride.

apparent K. and V,,,, values. These results indicate that

the VLDL particle does not influence the lipolysis of
the

on

Table vI. Apparent kinetic parameters of vLDL for LPl-mediated lipolysis in vitro.

VLDL

Control

x

Apparent kinetic parameters for serum VLDL preparations (d<1.006 g/ml) of high-expressor male

APOCI transgenic and control mice. Values were calculated from Lineweaver-Burk plots and are

given as means r SD of four independent experiments with VLDL isolated from 4 different pools of
serum (at least l0 mice per group). TG, triglyceride; FFA, free tatty acids; LPL, lipoprotein lipase.

APOCI overexpression in combination with LDL receptor-deficiency.

To determine whether apoCl enriched VLDL shows impaired binding to hepatic receptors

other than the LDLR, high-expressor APOC1 transgenic mice were mated with LDLR-

deficient (LDLRT) mice. The serum lipid levels in all groups are shown in Table VII. Total

serum cholesterol in wild-type mice, having both functional alleles for the LDLR, was

confined to rhe HDl-sized fractions (Fig.4A), whereas high expression of APOCI in these

mice showed elevated levels of serum cholesterol and triglyceride that were mainly conflned

to the VLDL-sized fractions (Fig. 4 B). Mice heterozygous for the LDLR defect (LDLR')

showed elevated levels of cholesterol compared with wild-type mice, whereas serum

triglyceride levels were not different. FPLC patterns showed that this increase in serum

cholesterol was due to an accumulation of IDLiLDL sized particles in the circulation (Fig. 4

C). Overexpression of APOCI leads to a further increase of both serum cholesterol and

triglyceride in these heterozygous LDLR deficient mice that was confined to the VLDL/IDL-

sized fractions (Fig. 4 D). Mice homozygous for the LDLR defect showed increased levels of

cholesterol but not triglyceride. Overexpression of APOCI in these mice caused a dramatic

increase of both serum cholesterol and triglyceride. FPLC patterns showed that the increase

of cholesterol in LDLRJ' mice is confined to the IDL/LDL sized fractions (Fig. a D, whereas

overexpression of APOC I in these mice caused a massive accumulation of VLDL containing

cholesterol and triglyceride (Fig. 4 F). These results indicate that when the LDLR is absent,

overexpression of APOCI has a pronounced inhibiting effect on the clearance of VLDL-

sized lipoproteins via an alternative clearance pathway.

ntntol TG/liter

0.15 t 0.06

0.19+0.12

mmol FFMliter per tnin

0.24 + 0.14

0.20 t 0. l5

lt5
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Table VII. Serum lipid levels in APOCl/LDLR-deficient mice and adenovirus-RAP injection.

Ad-RAP iniection

Before After

TGTCTGTCMouse strain

Wild-type

APOCI

LDLR,-

LDLR,./APOCI

LDLRJ.

LDLRT/APOCI

2.2 + 0.1

3.6 + 0.4

4.6 + 0.8

l0+4

8.4 + 0.9

52+ 19

mntoUl

0.4 + 0.2

1.7 + 0.4

0.2 + 0.1

3.0 + 2.2

0.5 t 0.2

36+ 19

3.1 + 0.6

'7.1 + 3.7

2.2 + 0.3

ll +9

ntmol/l

5

5

l0

l0

6

t0

9

l8

39+8

60 + l0

l7 + 8

38+7

High-expressor APOC1 transgenic mice were mated with LDlR-det'icient (LDLR '; mice to obtain
mice heterozygous (LDLR*/ ) or homozygous (LDLR / 

) for the LDLR defect with or without APOCI
overexpression. Total serum cholesterol (TC) and triglyceride (TG) levels of fasted male mice on a
normal chow diet were measured before, and 5 days after Ad-RAP (+3xl0e pFU) injection. (N =
number of mice, mean a SD; -, not performed). Injection with Ad-B-Gal (+3xl0rpFU) did not affect
serum lipid levels in wildtype and LDLRTTAPOCI mice. RAP was detected in serum of Ad-RAP
injected mice, two days after injections, using SDS-gel electrophoresis followed by Western blotting
using rabbit anti-RAP as first antibody.

Adenovirus-mediated transfection of mice with RAP cDNA.

To investigate whether apoCl enriched VLDL shows impaired binding to a RAP-sensitive

pathway, RAP was overexpressed via injection of recombinant adenovirus containing RAP
cDNA (Ad-RAP) in wild-type, APOC I transgenic, LDLR/' and LDLRTTApOC I mice. Ad-B-

Gal injections were used as a control. It has been shown previously that injection of Ad-RAP
efficiently blocks ligand clearance via the LRP (25). To determine whether in the present

study Ad-RAP transfection completely blocked ligand clearance via the LRP, rr5l-cr,-macro-

globulin (crM) turnover studies were performed. Five days after Ad-RAP transfection, Ad-
RAP injected mice, but not Ad-B-Gal injected mice, were unable to clear r25l-aM from their
circulation (Figure 5). Five days after Ad-RAP injections wild-type mice showed slightly
elevated serum cholesterol and triglyceride levels compared to the not injected wild-type
mice, similar to the lipid values of APOCI transgenic mice (Table VII). Transfection of
APOCI transgenic mice with Ad-RAP further increased serum cholesterol and triglyceride
levels. Treatment of LDLR'/- mice with Ad-RAP strongly increased both serum cholesterol

and triglyceride. However, in rhe extremely hyperlipidemic LDLR/TAPoCI mice the

transfection with Ad-RAP did not result in a further increase in serum cholesterol and

triglyceride levels (Table VII).
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Figure 4. Lipoprotein profiles. Sera from at least 7 fasted control mice (A), APOCI mice (B), LDLRA'
mice(C), LDLRYAPOCI mice (D), LDLR/- mice (E),andLDLRr/APOCI mice(lc)werepooled
and separated on the basis of size by FPLC. Mice were fed the chow diet. The cholesterol (solid line)
and triglyceride (dotted line) content of each individual fraction was measured enzymatically as

described above. Note the difference in scale of figure E and F relative to A and D. Fractions 10-25

represent VLDL, fractions 25-40 represent IDL/LDL and fractions 40-50 represent HDL.
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Figure 5. r2sl-4,-macroglobulin (or-M) clearance. Human a"-M was activated and labeled as described
in the Methods. Five days after LDLR'/'mice had been transfected with Ad-B-Gal (solid line) or Ad-
RAP (dotted line;, I25I-a,-M was injected intravenously via the tail vein. The dissappearance of the
label was followed in time by counting the TCA-precipitable radioactivity in serum and expressed as

the percentage of radioactivity present at I min. Values are the mean + SD of 5 mice per group.

Discussion

In the present study we report the generation of two different APOC I transgenic mouse lines

with low and high expression of the transgene. These mice show elevated levels of serum

cholesterol and triglyceride, which were positively correlated with the level of expression of
the transgene. In vivo turnover studies revealed that the clearance of VLDL-triglyceride was

reduced in APOCI transgenic mice. Since in vitro, VLDL samples of APOCI transgenic

mice were as good as a substrate for bovine LPL as VLDL samples from control mice, and

both the in vivo extra-hepatic lipolysis rate and production rate of APOC I VlDl-triglyceride
were not significantly different from control mice, an impaired hepatic uptake of VLDL
remnants seems to be the primary catabolic defect in APOCI transgenic mice.

These results are in line with recent studies by our group, in which APOE*3Leiden

transgenic mice overexpressing human APOC I, simultaneously show enhanced

hypertriglyceridemia as compared with APOE*3Leiden transgenic mice without

coexpression of the APOCI transgene (30). 1n vivo tumover studies indicated that in the

hyperlipidemic APOE*3Leiden mice, APOCI expression leads to a further decrease in

I l8
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hepatic clearance of VLDL-triglyceride, without affecting peripheral lipolysis.

Apolipoprotein analysis by SDS-PAGE and immunoblotting revealed that increased

amounts of human APOCI on VLDL of APOCI transgenic mice was accompanied by a
decrease in apoE. Previous studies showed that hypertriglyceridemia in transgenic mice

overexpressing the human APOC3 or APOC2 gene (24:,31) is caused by an impaired hepatic

uptake of VLDL, concomitant with a decreased VLDL apoE/apoC ratio. In line with this,

cross-breeding of APOC3 transgenic mice with APOE overexpressing mice resulted in

normal levels of plasma triglyceride (32). Similarly, transgenic mice overexpressing the

human APOCI and APOE gene simultaneously. showed normal lipid levels (9). Thus, these

studies and our present study indicate that overexpression of all three C apolipoproteins

impair the hepatic clearance of remnant lipoproteins in vivo, most probably as a consequence

of low amounts of apoE relative to the C apolipoprotein.

Recently, we found that simultaneous expression of APOCI in APOE*3Leiden

transgenic mice further inhibits the hepatic uptake of VLDL without displacing apoE (30). In

line with these results, previous in vitro studies showed that triglyceride-rich particles

enriched with apoCl are cleared less efficiently by perfused rat livers than control particles,

independent of the amount of apoE on the particle (4,5). Whether rhe observed

hyperlipidemia in APOCI transgenic mice substantially reflects the specific inhibitory effect

on hepatic particle uptake of apoCl by conformational changes of apoE, or the displacement

of apoE, is subject to further investigations.

Previous studies showed that pretreatment with an anti-LDLR antibody reduced in

vlvo hepatic remnant uptake in wild-type mice upto 50Vo (33), whereas activated a,-M and

RAP injections reduced remnant uptake by only l5Vo (34). From these studies it was

concluded that under normal conditions the LDLR plays a substantially greater role in the

removal of remnant particles than LRP. Thus, since LRP seems relatively inefficient under

normal condition, the mild increase in serum cholesterol and triglyceride levels with APOCI

overexpression may be ret'lected by partial inhibition of the LDLR. This is in line with in
virro studies by Sehayek and Eisenberg (6), showing that apoCl impairs the apoE-mediated

binding to the LDLR. However, it was reported by Weisgraber et al. that apoC I inhibits the

apoE-mediated binding to LRP (7). To discriminate which receptor is predominantly

inhibited in binding VLDL by an excess of apoC I in vivo, APOC I transgenic mice were bred

with a LDlR-deficient (LDl/)background and RAP was overexpressed through transfection

with adenovirus containing Ad-RAP. LDLRJ' mice accumulate significant amounts of LDL
in their plasma with little or no accumulation of triglyceride (remnants) (35). Thus the

alternative pathway (LRP) provides a backup mechanism for the clearance of remnants when

the LDLR is genetically deficient. In the present study, overexpression of APOCI in these

LDLR'i- mice causes a massive further accumulation of VLDL cholesterol and triglyceride in

ll9
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the circulation, indicating that. apoC I in the absence of the LDLR has a pronounced inhibiting

effect on the uptake of VLDL via an alternative clearance pathway.

Recently, considerably interest has been given to the LRP as an alternate receptor for

hepatic uptake of remnant lipoproteins (36,37). Structurally the LRP is closely related to the

LDLR, and it can bind apoE-enriched remnant lipoproteins (38). RAP, a 39-kDA polypeptide

that is suggested to stabilize LRP within the secretory pathway, when added extracellularly

inhibits the binding of all known ligands to this receptor (39). Studies by Wilnow et al (25)

showed that overexpression of RAP via adenovirus-mediated transfection in LDLR'/- mice

resulted in a marked accumulation of remnants in these mice. These data indicate thal in vivo

remnant clearance is achieved via a RAP-sensitive receptor pathway, most probably the LRP

pathway. To investigate whether apoCl-enriched VLDL in vivo shows impaired binding to

the LRP, or possibly other receptors sensitive to RAP, RAP was overexpressed in wild-type,

APOCI transgenic, LDLRJ-and LDLR^/APOCI transgenic mice by Ad-RAP transfection.

Ad-RAP transfection in wild-type mice slightly increased both serum cholesterol and

triglyceride levels (Table VII). Since RAP binds weakly to the LDLR, Willnow et al (25)

proposed that this mild accumulation of remnants in Ad-RAP injected wildtype mice was

probably due to a partial inhibition of the LDLR at high RAP expression levels in addition to

the total block of the alternative remnant clearance pathway. The further elevation in serum

cholesterol and triglyceride observed in Ad-RAP transfected APOCI transgenic mice might

therefore also be explained by partially blockage of the LDLR by RAP. However, the

observation that Ad-RAP transfection greatly enhanced serum cholesterol and triglyceride

levels in LDLRr' mice, whereas it had no additional effect of serum lipid levels in LDLR I

/APOCI mice, let uSto conclude that RAP and APOCI overexpression act on the same

pathway in inhibiting the clearance of VLDL remnants by the liver. Since under these

conditions the clearance of c,-macro-globulin (as a ligand for LRP) was completely inhibited,

most likely apoCl inhibition acts upon the LRP pathway at least in the absence of the LDLR.

In the present study, LDLR deficiency resulted in the elevation of serum cholesterol

only, whereas both APOC1 and RAP overexpression had a pronounced effect on the

elevation of serum triglyceride as well. Therefore, we cannot exclude that the mildly

phenotype in APOCI transgenic mice in the presence of the LDLR may also be due to an

inhibition of the alternative pathway (LRP). Further research is neccesary to estimate the

exact contributions of the two receptor pathways in remnant clearance.

In homozygous LDLR'/- mice the expression of the RAP gene causes a less severe

hyperlipidemia than overexpression of the APOCI gene in these mice (Table VII). Therefore,

next to its inhibitory effect on LRP, an effect of apoCl on serum VLDL metabolism through

other mechanisms can not be ruled out. It has previously been shown that VLDL isolated

from hypertriglyceridemic apoC2 transgenic mice is defective in its interaction with heparin-

Sepharose (31), suggesting that apoC2 overexpression may hamper the interaction of VLDL
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with cell surface proteoglycans. Whether apocl interferes in vivo with the binding of

lipoproteins to heparan sulfate proteoglycans and thereby hampers the enrichment of

lipoproteins with surface bound apoE thought to be involved in the hepatic uptake of VLDL

remnants by the LDLR or LRP (40), needs to be further adressed. In addition, APOCI

transgenic mice show a tendency towards enhanced hepatic VLDL production (Table IV),

which could also explain the more severe hyperlipidemia in LDLR'/TAPOCl mice compared

to Ad-RAP injected LDLRJ'mice.

In summary, transgenic mice overexpressing human APOCI are hyperlipidemic due

to an impaired hepatic clearance of VLDL from the circulation. At least in the absence of the

LDLR, this appears to be the result of an inhibition by apoCl of VLDL clearance through

RAP-sensitive pathways, like the LRP, whereas an effect on other processes in VLDL

metabolism cannot be excluded. Although a role for apoCl in human disease remains to be

established, APOCl transgenic mice are an instructive model of hypertriglyceridemia and

elucidate a possible mechanism of how C apolipoproteins act upon lipoprotein metabolism.
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Chapter 5

The Binding of Triglyceride-rich Lipoproteins to the VLDL

receptor is Effectively Inhibited by Apolipoprotein Cl Which Cannot Be

Reversed by an Excess of Apolipoprotein E
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Running title: APOC I Inhibits Lipoprotein Binding to the VLDL Receptor

Abstract

In the present study we investigated whether the binding of lipoprotein particles to the VLDL

receptor (VLDLR) could be modulated by apolipoprotein (apo) Cl. Therefore, the VLDLR

was overexpressed in vivo in low density lipoprotein receptor-deficient (LDLR'/') mice

overexpressing human APOCl, and LDLR-/-mice as a positive control, through adenovirus-

mediated transduction of the VLDLR gene (Ad-VLDLR). Total cholesterol levels were

reduced by about 6OVo in Ad-VLDLR transducted LDLRJ mice as compared to LDLR'/' mice

transducted with adenovirus containing the B-Galactosidase gene (Ad-B-Gal) (4.3 -r 0.5 vs

10.4 + 1.2 mmol/l). Suprisingly, Ad-VLDLR transduction could not reduce the

hypercholesterolemia in LDLRJ'mice overexpressing human APOCI (43.5 +'19.5 vs 36.5 +

17.3 mmol/l). In addition, both in low and high APOCI overexpressing transgenic animals,

Ad-VLDLR transduction did not affect cholesterol levels (4.8 + 0.6 vs 4.9 -r 0.7 and 8.7 +- 1.5

vs 8.7 + 3.4 mmol/I, respectively).

To investigate whether the lack of reduction in cholesterol upon ir vivo

overexpression of the VLDLR in APOCI transgenic mice was due to an impaired binding

affinity of apoCl-enriched lipoproteins to the VLDLR, in vito binding studies were

performed using LDlR-deficient Chinese hamster ovarian (CHO) cells overexpressing the

VLDLR (CHO-VLDLR+/+). These experiments showed that VLDL as isolated from APOCl

transgenic mice was a poor competitor for rabbit B-VLDL as compared to VLDL isolated

from wild type mice.. Furthermore, binding of APOCI transgenic VLDL to CHO-VLDLR+/+
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cells was decreased as compared to the binding of wild type VLDL. Whereas enrichment of
wild type VLDL with apoE dose-dependently enhanced its uptake by CHO-VLDLR+/+ cells,

enrichment with apoE did not enhance the binding of APOCI transgenic VLDL to these

cells.

From these studies we conclude that excess of apoCl on the lipoprotein particle

effectively inhibits the apoE-mediated binding of these lipoproteins to the VLDLR, that

cannot be circumvented by simultaneous enrichment of the VLDL particle with apoE.

Keywords: VLDL receptor. apolipoprotein C. hyperlipidemia, rransgenic mice.

Abbreviations used in this paper: Apo, apolipoprotein; VLDL, very low density

lipoproteins; IDL, intermediate density lipoprotein; LDL, low density lipoproteins; LDLR,

low density lipoprotein receptor; LRP, LDL receptor-related protein; VLDLR, very low

density lipoprotein receptor; TG, triglycerides; LFC, low fat low cholesterol diet; RAP,

ieceptor-associated protein: LPL, lipoprotein Iipase; FFA, free tatty acids; B-Gal, B-

galactosidase; Ad-VLDLR, adenovirus containing the VLDLR gene; Ad-B-Gal, adenovirus

containing the B-galactosidase gene.

Apolipoprotein (apo) C1 is a small (6.6 kDa) protein component of chylomicrons, very low

density lipoproteins (VLDL) and high density lipoproteins (HDL). Previous in vitro studies

showed that the addition of human apoCl to chylomicrons (l) and triglyceride (TG)

emulsions (2) inhibits their uptake by perfused rat livers. In line with these studies, others

found that apoC I hampers the apoE-mediated binding of VLDL to the low density lipoprotein

receptor (LDLR) (3) and the low density lipoprotein receptor-related protein (LRP) (4,5),

either by displacing apoE from the particle or by changing the conformation of apoE.

Recently, the in vivo role of apoCl in lipid metabolism has been extensively studied

in transgenic mice overexpressin_g human APOCI. Transgenic mice overexpressing human

APOCI have pronounced elevated levels of cholesterol and TG due to an impaired hepatic

uptake of VLDL (6,7,8). Thus, a direct inhibiting effect of apoCl on the remnant clearance

holds true for the in uivo situation as well. [n the absence of the LDLR, this inhibitory action

of apoCl on,hepatic VLDL uptake was mediated via the hepatic remnant receptor, most

likely LRP (8).

Recently, the VLDL receptor (VLbLR) has been identified as a new meniber of the

LDLR family (9). The VLDLR is highly homologous to the .LDLR but has a different

expression pattern in human tissues. Whereas the LDLR is abundantly transcribed in the

liver, the VLDLR was found to be highly transcribed in heart, skeletal muscle and adipose

tissue (l0,ll). Immuno-localization studies showed that the.VLDLR is present on the en-

dothelium of capillaries and small arterioles (12). The VLDLR binds with high affinity to
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particles containing apolipoprotein E, like chylomicrons, VLDL and intermediate density

lipoprotein (IDL), but not LDL (9, 13). In addition to apoE, lipoprotein lipase (LPL) was

found to enhance the binding of lipoproteins to the VLDLR (13,14). The 39 kDa receptor-

associated protein (RAP), which is shown to inhibit ligand binding to all members of the

LDLR family (15), was also endocytosed by the VLDLR (16) and inhibited ligand binding to

ir (17). Due to its localization and ligand specificity, it is hypothesized that the VLDLR

facilitates the binding of TG-rich particles and subsequent delivery of free fatty acids (FFA)

to the tissues active in FFA metabolism (10,13,18). In line with this hypothesis, mice

deficient in the VLDLR have a 15-207o lower body mass index, due to a 50Vo lower adipose

tissue mass as determined by the weights of epididymal fat pads (19).

To investigate whether the binding of lipoproteins to the VLDLR can be modulated by

apoCl, the VLDLR was overexpressed in vivo in APOCI transgenic mice. Furthermore,

binding experiments werg.performed with APOCI transgenic VLDL and wild type VLDL on

LDLR negative Chinese hamster ovary (CHO) cells with or without overexpression of the

VLDLR. Our data show that both in vivo and in vitro apoCl can effectively inhibit the

binding of TG-rich lipoproteins to the VLDLR, which cannot be corrected by the enrichment

of the particle with apoE.

Methods

Animals. Transgenic mice with high expression of human APOCI were generated as described
previously (8). APOCI transgenic mice were bred with C57BL|6J mice from which line I l/3 and line
ll/l of the F3 and F4 generation were used in all experiments. Female transgenic mice of line I l/3
were cross-bred with male LDLRr-mice, purchased from the Jackson laboratory (Bar Harbor, Maine,
USA), to obtain I l/3 x LDLRi- mice. AlI mice in this study were housed under standard conditions
with free access to water and a standard mouse-rat (chow) diet. Experiments were performed at L00
p.m. with food withdrawn at 9.00 a.m.

Human APOCI mRNA measurements. Total RNA was isolated from the liver of APOC I transgenic
mice using the RNA Instapure System (Eurogentec s.a., Seraing, Belgium). RNA samples (7.5 pg per
lane) were separated by electrophoresis through a denaturing agarose gel (lVo w/v) containingT.5Vo
formaldehyde and transferred to a nylon membrane (Hybond N, Amersham) according to the
manufacturer's recommendations. Blots were subsequently hybridized with a r?-labeled probe of
human APOCI (20) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (21) at 53'C
in a solution containing 507o formamide. The intensity of the hybridization signal was quantified with
a Phosphor Imager (Molecular Dynamics, Sunnyvale, CA) and the amounts of human APOCI mRNA
were related to the levels of GAPDH.

Serum lipid and lipoprotein analysis. Levels of total serum cholesterol and TG (without measuring
free glycerol) were determined using commercially available enzymatic kits N" 236691 (Boehringer
Mannheim GmbH, Mannheim, Germany) and N" 337-8 (Sigma GPO-Trinder kit, St Louis, MA,
USA). TG, free cholesterol and phospholipid in the VLDL fractions were determined using Boehringer
Mannheim enzymatic assay kits N"701904 and 310328 and an analytical kit (B) (Wako Chemicals),
respectively. Esterified cholesterol was calculated by the difference between total and unesterified
cholesterol.
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For fast protein liquid chromatography (FPLC) fractionation, 200 pl of pooled serum per
group was injected onto two 25 ml Superose 6 preparation-grade columns (connected in series)
(Pharmacia, Uppsala, Sweden), and eluted at a constant flow rate of 0.5 ml/min with PBS, pH7.4.
Fractions of 0.5 ml were collected and assayed for total cholesterol and TC as described above.

Lipoprotein isolation and labeling. VLDL (d< I .006 g/ml) fractions were isolated from pooled serum
of at least 8 mice per group by sequential ultracentrifugation at density I.006 g/ml at 40,000 rpm in a

SW-40.swingout rotor (Beckman, Geneva, Switzerland) for l8 hours at 5'C. Similarly, B-VLDL
(d<1.006 g/ml) was isolated by ultracentrifugation from serum ofrabbits fed a cholesterol-rich diet for
a period of one week. Each VLDL fraction was dialyzed hgainst phosphate-buffered saline (PBS)
(pH=7.4) at 4'C overnight. Protein concentrations in the lipid fractions were determined by the method
of Lowry et al. (22) with bovine serum albumin (BSA) as a standard.

For in vitro binding studies, VLDL fractions were radiolabeled with '2sI by the iodine
monochloride method (23). The specific activity of |25I-VLDL and |25I-B-VLDL ranged from 124-253
cpm per ng of protein. After iodination the VLDL samples were dialyzed four times against PBS,
pH=l.4, stored at 4"C and used within one week.

SDS-gel electrophoresis. VLDL (d<1.006 g/ml) fractions of each group were analyzed for
apolipoprotein composition by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 4-25Vo

gradient gels. Proteins were either stained with Sbrva Blue R or transfened to nitrocellulose membranes
(Schleicher and Schuell) followed by incubation with polyclonal rabbit antisera against human apoE
and apoCl, and mouse apoE. Donkey anti-rabbit '25I-IgG lAmershamCorp.) was used as a secondary
antibody, and detection was performed by scanning the blots with a Phosphor Imager (Molecular
Dynamics, Sunny-vale, CA).

Enrichment of VLDL with apoE. APOCI transgenic and wild type VLDL fractions were incubated
with increasing amounts of recom-binant apoE3 as indicated at 37"C for one hour. Thereafter, apoE
enriched VLDL was reisolated by ultracentrifugation as described above, to remove all apoE that was

not associated with the VLDL fractions.
The amounts of apoE associated with VLDL were measured by Sandwich-Elisa (6). Brietly,

affinity purified polyclonal goat anti-human apoE antibodies were used for coating the plates. Afier
incubation with the lipoprotein fractions, affinity purified polyclonal goat anti-human apoE antibodies
conjugated to horseradish peroxidase were used as second antibodies. Detection was done by the

immunoperoxidase procedure using tetramethylbenzidine as substratei Pooled plasma from healthy
human subjects with known apoE level, was used as a standard.

Adenovirus transductions. The generation of the recombinant adenoviral vectors expressing either the

human VLDLR (24) or the B-galactosidase gene (Ad-B-Gal) (25) under the control of the CMV
promoter have previously been described. The Ad-B-Gal was kindly provided by Dr. J. Herz. The
recombinant adenovirus was propagated and titrated in a similar way to that already described (8). For
in vivo adenovirus transduction, the virus was purified twice via CsCl gradient centrifugation followed
by extensive dialysis against TD (25 mM Tris, 137 mM NaCl,5 mM KCI,0.73 mM NaflPOr 0.9 mM
CaClr, 0.5 mM MgCl. (pH 7.a5)), at 4'C. After dialysis, mouse serum albumin was added to 0.2qo and
glycerol to lOEa and the virus stocks were frozen in aliquots in liquid N,, and stored at -80'C. Routine
virus titers of the stocks varied from l-5xl0r()/ml. On day zero,3xld plaque forming units (PFU) in a

total volume of 200 pl (diluted with PBS) were injected into the tail vein of the respective mice. Blood
samples were drawn from the tail vein of fasting mice at days 3 and 5 after virus injection.

Binding of VLDL to CHO cells overexpressing the VLDLR. VLDL binding was studied in LDLR-
deficient CHO cells either with (CHO-VLDLR +i+) or without (CHO-VLDLR -/-) overexpression of
the VLDLR. CHO cells were cultured in HAM's Fl0 medium, supplemented with l0Vo fetal calf serum
(FCS), streptomycin (200 pglml), penicillin (200 U/ml) and L-glutamine (2 mM). The CHO cells were
incubated at 37'C in an atmosphere containing 5Vo CO-in air and grown for each uptake experiment in
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l2-well plares. Then,24 h before the start of the experiment, HAM'S Fl0 supplemented with 5Vo (vlv)
lipoprotein deficient serum (LPDS) instead of FCS was added.to the cells.

To study whether the respective VLDL samples bind the VLDLR, competition experiments

were performed using CHO-VLDLR +/+ cells. Therefore, cells were incubated for 3 h at 4"C with l0
pglml of 'rsl-labeled rabbit B-VLDL in the presence of the indicated amounts of unlabeled APOCI
transgenic and wild type VLDL. Thereafter, the cells were washed four times with 1.5 ml of PBS

containing 0.17o BSA, followed by one wash with PBS alone. Binding at 4'C was measured as

previously described (26).

The recepror-mediated binding of '2sl-labeled VLDL to CHO-VLDLR +/+ cells and CHO-

VLDLR -/- cells as a control, were determined after a 3 h incubation at 4'C with l0 pg/ml of the

respective '2sl-labeled lipoproteins, either in the presence or in the absence of a 2O-fold excess of
unlabeled lipoproteins. The binding at 4"C was determined.as described above.

Results.

Serum lipid and lipoprotein analysis.

Transgenic mice overexpressing human APOCI show elevated serum cholesterol and TG

levels as compared to wild type mice, which is dependent on the level of human APOCI gene

expression in the liver (Table l). APOCI transgenic mice of line I l/3 had a 3-fold increase in

chofesterol (4.4+0.6 vs 1.5+0.3 mmolfl) and a l0-fold increase in serum TG (3.7+1.2 vs

0.4t0. I mmol/l) as iompared to wild type mice. APOCI transgenic mice of line I l/l

Table l. Serum lipid and hepatic APOCI mRNA levels.

Serum lipids mRNA

Strain human APOCITGTC

mmoUl Vo

NDWild type

l|t3

I l/l
LDLRJ.

I l/3 x LDLRJ

1.5 + 0.3

4.4 + 0.6

7.1+ 1.9

8.5 + 1.8

36.7 + 9.8

0.4 + 0.1

3.7 + 1.2

8.4 t 2.5

0.9 + 0.2

11 .l x.7.3

100 t l3

188 + 68

ND

Total cholesterol (TC), and triglycerides (TG) were measured in wild type, APOCI transgenic (line

I I /3 and I l/ I ) and LDL receptor-deficient (LDLR /) mice with or without overexpression of APOC I .

AII mice were aged 2 months and fed a normal chow diet. Values are expressed as the mean a SD of at

least 7 mice per group. Human APOCI mRNA concentrations in liver of APOCI transgenic mice were

determined as described in the Methods section and are relative to internal standard GAPDH. Values

are expressed as a percentage of line I I /3 (means + SD of 7 mice per group). ND, not detectable; -, not

determined.

showed increased cholesterol levels up to 5-fold and TG levels up to 20-fold as compared to

wild type levels (Table l). Whereas LDlR-deficient (LDLRJ) mice displayed elevated levels
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of cholesterol and low levels of TG (8.5t1.8 and 0.9+0.2 mmol/l), a further increase

(36.7+9.8 and l7.l+7.3 mmolfl) was observed in LDLR'/'mice overexpressing Apocl
(Table l).

FPLC patterns showed that the elevation in serum cholesterol and TG levels in

APOCI transgenic mice was mainly due to the accumulation of VLDL-sized particles in the

circulation (results not shown). To further analyze VLDL particle composition, VLDL
(d<1.006 g/ml) was isolated from pooled serum of at least 5 mice per group through

ultracentrifugation at the respective densities.

As shown in Table 2, the relative TG content of VLDL from APOCI transgenic mice

was increased as compared to VLDL isolated from wild type mice. In addition, the free

cholesterol content of APOCI transgenic VLDL was decreased, whereas the cholesterol ester

was increased as compared to VLDL isolated from wild type mice. No major differences

were observed in the phospholipid content. Furthermore, both the free cholesterol and

cholesterol ester content were strongly increased in VLDL of I l/3 x LDLR-/'transgenic mice

as compared to VLDL of LDLR-/- mice (Table 2), most likely as a consequence of their

longer residence time in the circulation.

Table 2. Relative lipid composition of VLDL (dc1.006 g/ml).

Lipids

PLCEFCTG
VLDL

Vo of total lipid (by weight)

Wild type

t l/3

It1
LDLRJ.

I l/3 x LDLR-/

5l .6 + 4.4

58.0 + 3.0

59.5 t 1.5

40.1 x,4.6

13.0 + 3.0

16.l x,2.2

6.5 t 0.5

8.5 + 1.5

10.9 x,2.1

16.5 + 4.5

10.8 + 5.3

15.5 + I.5

15.0 + I .0

30.8 + 2.8

50.0 + 3.0

2l .5 ! 3.4

19.0 + 1.0

17.0 + 1.0

18.2 + 0.3

20.5 + 1.5

Triglycerides (TG), free cholesterol (FC), cholesterol ester (CE) and phospholipids (PL) were measured
in VLDL fractions isolated by ultracentrifugation from pooled serum of fasted wild type, APOCI
transgenic and LDL receptor-deficient mice (LDLRJ) with or without overexpression of APOCI.
Values are the mean + SD of3 individual lipoprotein fractions.

The apolipoprotein composition of the different VLDL fractions was analysed by

SDS-gel electrophoresis and protein staining. All APOCI transgenic lines had increased

amountsof apoCl ontheirVLDJ (notshown)andtheapoC/apoEratioof VLDLfrom ll/3
and I l/l mice was two-to three-fold increased when compared with the apoC/apoE ratio of
VLDL from wild type mice (0.9 and 1.5 vs 0.5, respectively).
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Adenovirus-mediated VLDLR gene transfer in APOCl transgenic mice.

To study whether apoCl-eniiched lipoproteins bind to the VLDLR in vivo, the

VLDLR was overexpressed in.LDLR-/'mice overexpressing human APOCI and in LDLR/'

miceas a positive control by injecting adenovirus containing the VLDLR gene (Ad-VLDLR)

(3.lO'qPFU). Ad-B-Gal injections (3.lO'qPFU) were used as a control.FivedaysafterAd-

VLDLR transduction, serum cholesterol levels were reduced by 60Vo in LDLR'/- mice as

compared to LDLR'/- mice transducted with Ad-B-Gal (Table 3), which is in line with

previous studies (24,27). TG levels in LDLR]- mice were not affected upon adenovirus

transductions. Overexpression of the VLDLR in the liver of 1ll3 x LDLR'/-mice did not

reduce serum cholesterol levels (Table 3). In addition, no effect of the Ad-VLDLR

transduction was observed in both APOCI transgenic mice of line I l/3 and I l/l (Table 3).
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Figure l. Lipoprotein profiles of mice transdccted with Ad-B-Gal or Ad-VLDLR. Serum of 4 LDLR'
mice (A), 4 lll3 x LDLR/'mice (B), 4 APOCI transgenic mice of line I l/3 (C), and I l/l (D) were
pooled and separated on the basis of size by FPLC. After Ad-VLDLR (dotted line) and Ad-B-Gal
(solid line) transductions, the total cholesterol content of each indivivual fraction was measured

enz.ymatically as described in the methods section. Note the difference in scale of Figure lB relative to
Figure lA, C and D. Fractions 10-25 represent VLDL, fractions 25-40 represent IDL/LDL, and

fiactions 40-50 represent HDL.
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Table 3. Serum lipid levels in mice transducted with adenovirus-VlDlR and B-Gal.

Virus

Ad-B-Gal Ad-VLDLR

Strain TGTCTGTC

LDLR,

I l/3 x LDLR'/'

tv3

tvI

ntmoUl

10.4 + 1.2 1.2 + 0.3

36.5 x 17 .3 18.3 t l3.l

4.9 + 0.7 1.3 + 0.6

8.7 + 3.4 7.5 + 3.0

ntmol/l

4.3 + 0.5

43.5 + 19.5

4.8 + 0.6

8.7 + 1.5

l.l + 0.2

21.3 + l5.l

2.5 + 1.6

9.5 + 2.8

Total cholesterol (TC) and triglycerides (TG) were measured in the plasma of fasted LDL receptor
deficient (LDLRT), LDLR/- mice overexpressing human APOC1 (11/3 x LDLR ), and APOCI
transgenic mice (line I l/3 and I l/l) five days after adenovirus transduction with B-Gal (Ad-R-Gal) or
the VLDL receptor (Ad-VLDLR). All mice were at the age of 2 months and fed a regular chow diet.
Values are expressed as the mean + SD of four mice per group

FPLC analysis showed that the 60Vo reduction in serum cholesterol of Ad-VLDLR

transducted LDLRJ mice was due to a lowering of the IDL/LDL-sized particles (Figure lA).

As expected from the serum lipid levels data, overexpression of the VLDLR in I l/3xLDLR-

/-mice(Figure lB),'aswellasinAPOCl transgenicmiceof line lll3(Figure 1C)andstrain

I l/1 (Figure lD), did not change the lipoprotein profiles at all.

Binding of VLDL by CHO-celIs with or without overexpression of the VLDL receptor.

To investigate whether the lack of reduction in cholesterol upon in vivo overexpression of the

VLDLR in APOCI transgenic mice was due to a defective binding of apoCl-enriched

lipoproteins to the VLDLR, we determined the VlDlR-mediated binding of VLDL isolated

from APOCI transgenic mice of line l1l1 and wild type mice through competition with rabbit

'251-labeled B-VLDL. Competition experiments were performed with LDlR-deficient CHO

cells overexpressing the VLDLR (CHO-VLDLR+/+). Previous studies have reported

that B-VLDL is a well-established ligand for the VLDLR (9,28). As shown in Figure 2,

unlabeled VLDL isolated from wild type mice was most effective in competing with

'2tl-labeled B-VLDL for the binding to CHO-VLbLR+/+ cells, whereas unlabeled APOCI

transgenic VLDL was a poor competitor in this respect. These results indicate that

APOCI transgenic VLDL binds less efficiently to the VLDLR as compared to wild type

VLDL.
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transgenic and wild type mice that had been enriched with different amounts of apoE. As

shown in Figure 3 by Westernblot analysis, both APOCI transgenic and wild type VLDL

fractions were enriched with increasing amounts of human apoE (top panel). The amount of

endogenous mouse apoE on all APOCI transgenic VLDL fractions was decreased as

compared to wild type VLDL (Figure 3, top panel). In addition, the amounts of human

APOCI on APOCl transgenic VLDL remained unaltered upon the addition of apoE (Figure

3. bottom panel).

100

80

0s1015
competitor (pdml)

Figure 2. Competition for binding of rzsl-labeled rabbit R-VLDL to CHO cells overexpressing the

VLDLR by VLDL from wild type and APOCI transgenic mice. Competition studies were performed

by incubating CHO cells overexpressing the VLDLR with l0 pglml r'?I-labeled-rabbit B-VLDL for 3 h

at 4'C in the presence of the indicated amounts of B-VLDL 1o), wild type mouse VLDL (o) and

APOCI rransgenic VLDL (line I l/l) (f). The binding is expressed as a percentage of the value in the

absence of a competitor, and is determined as described in the methods section. Values are the mean +

SD of four measurements.

Binding experiments for 3 h at 4'C with '"I-labeled VLDL that had not been enriched

with apoE, showed that CHO-VLDLR+/+ cells bind wild type VLDL considerably better

than APOCI transgenic VLDL (132.6t1.9 vs 78.2+1O.3 ng VLDL protein/mg cell protein,

respectively) (Figure 44, first lane). Although VLDLR negative CHO cells (CHO-

VLDLR-/-) bound less wild type VLDL than CHO-VLDLR+/+ cells (58.1t2.0 vs 132.6+l'9

ng VLDL proteir/mg cell protein), a similar decrease in binding of APOC I transgenic VLDL

as compared to wild type binding was also observed in these CHO-VLDLR-/- cells (Figure

48, first lane). Enrichment of wild type VLDL with apoE, strongly enhanced its binding by

CHO-VLDLR+/+ cells in a dose-dependent manner (Figure 4A). Remarkably, enrichment of

APOCI transgenic VLDL with apoE could not stimulate its bindini to cHo-vLDLR+/+
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cells, implying that apoCl inhibits the apoE-mediated binding to the vLDLR in an

irreversible manner. The specificity of this effect for the VLDLR is shown in Figure 48, in
which both the binding of wild type and APoc I transgenic vLDL to cHo-vLDLR-/- cells

was not affected by enrichment of the VLDL particle with human apoE. Only at the highesr

amount of apoE per mg VLDL protein of wild type mice, a modest increase in its binding to
CHO-VLDLR-/- cells was observed (Figure 48, last lane).

0
/*r

1002010

- human apoE
- mouse apoE

- human apoCl
{} * }.._*:}

WT WT WT WT

Figure 3. Western blot analysis of human apoE-enriched wildtype and APOCI transgenic VLDL
(d<1.006 g/ml) fractions. VLDL was isolated from fasted pool serum of chow-fed wild type (W) (lane
l) and APOCI transgenic mice of line llll (T) (lane 2).VLDL fractions were subsequently enriched
with apoE and re-isolated through ultracentrifugation as described in the methods section. Some 1.2 gg
of VLDL protein was subjected to SDS-gel electrophoresis (4-25Vo gradient gels) and transferred to a
nitrocellulose membrane. The membrane was incubated with polyclonal antisera against human and
mouse apoE (top panel) and human apoCl (bottom panel).

Discussion

Several studies have demonstrated that apoC I inhibits the catabolism of apoE-containing TG-
rich lipoproteins in the perfused rat liver model (1,2). Furthermore, apoCl is shown to block
the apoE-mediated binding of VLDL to the LDL receptor (3) and to the LRP (4,5). It was

suggested that the inhibition of binding by apoCl was due to either a shift in the

conformation of apoE (1,3) or to the displacement of apoE from the vLDL particle (4,5).

Studies with transgenic mice overexpressing human APOCI (6,7,8) have shown that also.rn

vivo apoCT hampers the catabolism of VLDL due to an impaired uptake of these particles by

the liver. At least in the absence of the LDLR, this inhibitory action of apocl was mediated

via a RAP-sensitive vLDL clearance pathway, most probably LRP (8). Thus summarized, the
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binding of lipoprotein particles to hepatic receptors may be regulated by a balance on the

lipoprotein particle between the amounts of apoC I and apoE.
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Figure 4. Binding of VLDL isolated from wild type and APOCI transgenic mice to LDLR negative

CHO cells with or without overexpression of the VLDLR. The binding of VLDL isolated from wild

type mice (closed bars) and APOC I transgenic mice of line I l/l (open bars) to CHO-VLDLR positive

(CHO-VLDLR+/+; Figure 4.{) and CHO-VLDLR negative (CHO-VLDLR-/-; Figure 48) was

measured upon incubation of the cells with l0 gg/ml of the respective ''I-labeled VLDL fraction at

4"C fbr a period of 3 hours. Wild type and APOCI transgenic VLDL wereenriched with the amounts

of human apoE indicated (see Figure 3). As measured with an apoE-Sandwich ELISA, wild type and

APOC I transgenic VLDL were enriched with 1.4 and 2.4 pg apoE/mg VLDL protein (lane 3 and 4),

3.6 and 5.7 pg apoE/mg VLDL protein (lane 5 and 6), and 19.6 and 37.8 pg apoE/mg VLDL protein

(lane 7 and 8), respectively, prior to being added to the CHO cells. Binding was determined as

described in the methods section. Values represent the specific binding and are the mean t SD of four

measurements.

Recently, it has been hypothesized that the VLDLR may act as a docking protein for

efficient TG-rich lipoprotein lipolysis and subsequent delivery of FFA into muscles and fat

cells (18,28). To investigate whether the VlDlR-mediated binding of TG-rich lipoproteins
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can be modulated by the amounts of apoCl on the particle, we determined the VLDLR
recognition of apoCl transgenic lipoproteins in vivo through adenovirus-mediated

overexpression of the VLDLR in the liver of LDLR-/', 1ll3 x LDLR-/'and APOCI transgenic

(line lll3 and l1/1) mice. Ad-VLDLR transduction reduced cholesterol levels by 60Vo in

LDLRJ mice. A similar decrease in serum cholesterol levels concomittant with an enhanced

lipoprotein clearance in these mice upon Ad-VLDLR transduction has previously been

described (24,27). However, overexpression of the VLDLR did not lower serum lipid levels

in LDLR-/- mice overexpressing human APOCI (11/3 x LDLR|), nor in APOCI transgenic

mice of line l1/3 and llll (Table 3). Since lipoproteins as isolated from APOCI transgenic

mice showed a strong increase in their apoC/apoE weight ratio, it can be suggested that

apoCl-enriched lipoprotein particles are defective in binding to the VLDLR in vivo, possibly

because of their high amounts of apoCl relative to apoE.

To further investigate the effect of both apoC 1 and apoE on lipoprotein binding to the

VLDLR, in vitro binding experiments were performed with CHO cells overexpressing the

VLDLR (CHO-VLDLR+/+). Previous studies have shown that these CHO-VLDLR+/+ cells

bind and internalize rabbit B-VLDL, VLDL and IDL from Watanabe heritable hyperlipidemic

rabbits, human chylomicrons and VLDL, but not LDL (9,13,14). Therefore, in the present

study, binding experiments were performed with VLDL particles (d<1.006 g/ml) as isolated

from pooled serum of APOCI transgenic mice and wild type mice.

It was demonstrated that the binding of APOCl rransgenic VLDL to CHO-VLDLR
+/+ cells was decreased as compared to wild type VLDL, indicating that apoCl indeed

inhibits lipoprotein binding to the VLDLR (Figure 4A). The observation that CHO cells

negative for the VLDLR (CHO-VLDLR-/-) were still able to bind wild type and APOCI

transgenic VLDL (Figure 4B), suggests that other receptors on CHO cells participate in

lipoprotein binding as well. Since these CHO cells are deficient in the LDLR as well, binding

of VLDL can possibly be mediated by LRP (29). An inhibitory effect of apoC 1 on lipoprotein

binding via LRP has previously been reported (4,5,8) and may thus explain the decreased

binding of APOCI transgenic VLDL to these CHO-VLDLR-/- cells as compared to the

binding of wild type VLOL to these cells.

The binding of wild type VLDL to CHO-VLDLR+/+ cells was strongly enhanced

upon enrichment with apoE, whereas apoE was not able to enhance the binding of APOCI

transgenic VLDL. Since apoE enrichment of APOCI transgenic VLDL did not displace

human apoCl from the particle (Figure 3), we conclude that apoCl specifically inhibits the

apoE-mediated binding of lipoproteins to the VLDLR. The underlying mechanism of
inhibition may involve a conformational change in apoE as induced by apoCl or possibly

other ways in which apocl can prevent a proper association of apoE with the VLDLR.

Enrichment with apoE did not stimulate the binding of either wild type VLDL or APOCI

transgenic VLDL to CHO-VLDLR-/- cells (Figure 4B). Since VLDL binding to CHO-
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VLDLR-/- cells is suggested to be mediated by LRP, such a lack in the stimulation of VLDL '

binding by apoE enrichment is in agreement with previous studies showing that high amounts

of apoE are needed in order to stimulate binding of VLDL to LRP (4,5)'

The previous reported inhibitory action of apoCl on the apoE-mediated binding of

VLDL to the LDLR (3) and LRP (4,5,8), and an impaired recognition of apoCl-enriched

lipoproteins by the VLDLR as observed in the present study, suggest that apocl may regulate

the delivery of lipoprotein constituents to specific tissues. In this respect, the presence of the

VLDLR on the endothelium of capillaires and small arterioles is suggested to play an

important role in the binding of TG-rich lipoproteins to facilitate its lipolysis and subsequent

delivery of FFA into muscles and fat cells. Preliminary results show that high expressor

APOC I transgenic mice have elevated levels of plasma free fatty acids (FFA) and similary to

VlDlR-deflcient mice, show reduced amounts of adipose tissue which is especially apparent

in the subdermal skin layer (unpublished results). Whether these elevated FFA levels and

impaired adipose tissue formation in APOCI transgenic are indeed due to the hampered ln

vlvo binding of APOCI transgenic VLDL to the VLDLR is currently under investigations.

Further studies are needed to elucidate a physiological role for the VLDLR in vivo in the

binding of TG-rich lipoproteins and subsequent delivery of FFA to the underlying tissues.

Apart from its postulated role in the delivery of FFA to extra-hepatic tissues, the

VLDLR has also been implicated in the pathogenesis of atherosclerosis. Incubation of rabbit

B-VLDL with CHO-VLDLR+/+ cells caused the accumulation of cholesteryl esters which

resulted in the formation of foam cells (30). Since lipoproteins containing excess of apoCl

show a decreased binding affinity for the VLDLR, it would be suggested that APOCI

transgenic mice are less susceptible to atherosclerosis. Whether indeed, 11/3 x LDLRJ'

transgenic mice develop less atherosclerosis as compared to LDLR-/- mice when maintained

at similar serum lipid levels, is culrently under investigation.

In conclusion, whereas apoC I is reported to inhibit the apoE-dependent interaction of

TG-rich lipoproteins with the LDLR and LRP, the present study shows that apoCl can also

hamper the binding of these particles to the VLDLR as observed both in vivo and in vitro.

Strikingly, enrichment of the lipoprotein particle with apoE did not succeed in overcoming

this inhibition by apoC1.
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Running title: Characterization of APOC I Transgenic Mice

Abstract

Transgenic mice were generated with different levels of human apolipoprotein Cl (APOCI)

expression in liver and skin. At two months of age, serum levels of cholesterol, triglycerides

(TG) and free fatty acids (FFA) were strongly elevated in APOCI transgenic mice as

compared to wild-type mice. These elevated levels of serum cholesterol and TG were mainly

due to an accumulation of VLDL particles in the circulation. In addition to hyperlipidemia,

APOCI transgenic mice developed a dry and scaly skin with loss of hair, dependent on the

amount of APOCI expression in the skin. Since these skin abnormalities appeared in two

independent founder lines, a mutation as related to the specific insertion site of the human

APOCI gene as the cause for the phenotype can be excluded. Histopathological analysis of

high expressor APOCI transgenic mice revealed a disorder of the skin consisting of

epidermal hyperplasia and hyperkeratosis, and atrophic sebaceous glands lacking sebum. In

line with these results, epidermal lipid analysis showed that the relative amounts of the sebum

components TG and wax diesters in the epidermis of high expressor APOC I transgenic mice,

were reduced by 60Vo and 45Vo, respectively. Besides atrophic sebaceous glands, the

meibomian glands were found to be severely atrophic in APOC1 transgenic mice as well.

High expressor APOCI transgenic mice also exhibited diminished abdominal adipose tissue

stores (a 60Vo decrease as compared to wild-type mice), and a complete deficiency of

subcutaneous fat. These results indicate that, in addition to the previously reported inhibitory

role of apoC I on hepatic remnant uptake, overexpression of apoC I affects the lipid synthesis

in the sebaceous gland and/or epidermis as well as adipose tissue tbrmation. These APOCI

trans-eenic mice may serve as an interesting in vivo model for the investigation of lipid

homeostasis in the skin.
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Abbreviations used in this paper: Apo. apolipoprotein; VLDL, very low density

lipoproteins; LDL, low density lipoproteins; HDL, high density lipoproteins; LDLR, LDL

receptor; LRP, LDL receptor-related protein; LPL, lipoprotein lipase; FFA, free fatty acids;

TG, triglycerides; VLDLR, VLDL receptor.

Introduction

Apolipoprotein (apo) Cl, a 6.6 kDa protein, is a protein constituent of triglyceride (TG)-rich

chylomicrons and very low density lipoproteins (VLDL) as well as high density lipoproteins

(HDL). The human APOCI gene is located 5 kb downstream of the human APOE gene on

chromosome 19 in the same transcriptional orientation (1,2). Both genes are expressed

primarily in the liver under the control of the hepatic control region element (3,4), whereas

moderate levels of APOCI expression are also found in skin, spleen and lung (2,5).

To investigate the role of apoCl in lipoprotein metabolism, knockout mice were

generated for the APOCI gene (6). On a high fat, high cholesterol diet, apoCl-knockout mice

have elevated levels of cholesterol and a delayed clearance of VLDL particles from the

circulation (7). Since no effect on VLDL-TG production and lipolysis was found, the absence

of apoCltsolely seems to impair the uptake of lipoprotein particles by the liver. With the

generation of transgenic mice overexpressing human APOC I in the liver it was shown that an

excess of apoCl on the VLDL particle also impaired hepatic uptake of VLDL (8,9,10).

Human APOCI transgenic mice have both elevated levels of cholesterol and TG. In the

absence of the low density lipoprotein receptor (LDLR), this inhibitory action of apoCl on

hepatic VLDL uptake was mediated via a receptor-associated protein (RAP)-sensitive

pathway, most likely the LDlR-related protein (LRP) (10). Thus since both apoCl-knockout

and APOCI transgenic mice exhibited delayed clearance of VLDL, apoCl seems to dose-

dependently influence the clearance of lipoprotein particles but in a discontinuous way.

Besides its influence on hepatic particle uptake, previous in vitro studies have shown

that apoCl can also activate the enzyme lecithin-cholesterol acyltransferase (LCAT) (11). So

far, no mutations in apoCl are known to be associated with hyperlipidemia or other clinical

disorders of lipoprotein metabolism.

In the present study we report that APOCI transgenic mice, in addition to

hyperlipidemia, exhibit abnormalities of hair growth which are correlated to the level of
human APOCI gene expression in the skin. These abnormalities are associated with

epidermal hyperplasia and hyperkeratosis, atrophic glands, lack of sebum, and reduced

amounts of adipose tissue which was especially apparent in the subdermal skin layer.
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Methods

Animals. Transgenic mice with high expression of human APOCI in the liver were generated as

described previously (10). Two founder mice were characterized from which a low expressor strain
(line ll/3) and a high expressor strain (line ll/l) were bred with C57BL/6J mice. Through the

breeding of male APOCI transgenic mice (line ll/3) with female C57BL/6J mice, only female

transgenic mice were generdted. These findings indicate that in line ll/3 the human APOCI gene is

integrated into the X-chromosome. In the present study, females (F5 generation) were used that were

hemizygous carriers (lI13 +l-) for the transgene. The males of line I l/3 (F5 generation) as used in this
study were by definition hemizygous carriers of the APOCI gene (11/3 +/0). Approximately half of the
generated male I l/3 +/0 mice exhibited cutaneous abnormalities, whereas the other half appeared

similar to the female l1l3 +l- mice. These differences may be explained by their variable genetic

background or by other factors as introduced with transgene linkage to the X-chromosome.

Hemizygous males and females of line I l/1 (F5 generation) were cross-bred to generate mice that were

either hemizygous (l l/l +/-) or homozygous (11/l +/+) for the transgene. Furthermore, hemizygous
males of line I l/3 (F5 generation) were cross-bred with hemizygous females of line I l/l (F5

generarion) ro obtain APOCI transgenic mice carrying copies of both line I l/3 and I l/l (l l/3xl l/l).
All mice were housed under standard conditions with free access to water and a standard rnouse/rat
(Chow) diet. The microbiological status of these mice was checked regularly by routine serological,

bacteriological, and histological procedures.

Serum lipid analysis. Levels of total serum cholesterol and TG (without measuring free glycerol) were

determined using commercially available enzymatic kits N'236691 (Boehringer Mannheim GmbH,
Mannheim, Germany) and N" 337-8 (Sigma GPO-Trinder kit, St Louis, MA, USA). For serum FFA
determination, blood samples were kept on ice and stored at -80"C before measurements with the
NEFA-C kit fiom WAKO chemicals GmbH, according to the manufacturer's recommendation.

For fast protein liquid chromatography (FPLC) fractionation, 200 pl of pooled serum per

group was injected onto two 25 ml Superose 6 preparation-grade columns (connected in series)

(Pharmacia, Uppsala, Sweden), and eluted at a constant flow rate of 0.5 ml/min with phosphate-

buffered saline (PBS), pH7.4. Fractions of 0.5 ml were collected and assayed for total cholesterol and

TG as described above.

Human APOCI mRNA measurements. Total RNA was isolated from brain, heart, kidney, liver,
muscle, skin and spleen using the RNA Instapure System (Eurogentec s.a. Seraing, Belgium). RNA
samples (7.5 pg per lane) were separated by electrophoresis through a denaturing agarose gel(l.0Vo
w/v) containingl.5To tbrmaldehyde and transferred to a nylon membranb (Hybond N, Ainersham)

according to the manufacturer's recommendations. Blots were subsequently hybridized with a 3?-

labeled probe of human APOC I ( l2) at 53 "C in a solution containing 507o formamide and l8 S ( l3) at

65"C in a solution containing 0.5 M Na.HPO4AIaHrPO4, I mM EDTA and77o SDS (w/v).
In a different set of experiments, the amounts of human APOCI mRNA in liver and skin of

APOC I transgenic mice were quantified with a Phosphor Imager (Molecular Dynamics, Sunnyvale,
CA). The amounts of human APOCI mRNA were related to the level of glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA (14).

Histological analysis. Wild+ype and APOCI transgenic mice fed the chow diet were sacrificed and

complete necroscopy including microscopic examination was performed. Tissues were fixed in lOVo

neutral-buffered formalin, processed and embedded in paraffin. Three-micrometer sections were
routinely stained with hematoxylin-phloxine-saffron (HPS).

For immunohistochemical analysis, pieces of skin tissue of wild-type and APOCI transgenic
mice were tiozen in liquid nitrogen and stored at -80'C. Cryostat sections of 8 pm thickness were fixed
in acetone for l0 min and air-dried for at least 30 min. After washing in 0.01 M PBS (pH'l .4) the
sections were incubated for I hour with the polyclonal rabbit antisera against human apoCl, followed
by a peroxidase-conjugated swine antirabbit IgG for 30 min. After washing, the peroxidase activity

t47



Chapter 6

was demonstrated with 3,3'-diaminobenzidine-tetrahydrochloride (Sigma) in 0.5 mg/ml Tris HCI buffer
(pH 7.6) containing 0.017o H.O..

Hyperinsulinemic, euglycemic clamp study. Fasted mice were anesthetized with an intraperitoneal
injection of sodium pentobarbital (30 pglg of body weight, nembutal, Sanofi Sante b.v., Maassluis, The
Netherlands) and the right jugular vein was cannulated. Body temperature was maintained with the use

of a warming pad. The protocol for measurement of insulin stimulated gludose uptake was as described
previously (15). Briefly, insulin was infused for 120 min at a constant rate of 6 mU/kg.min, and a

variable 257o D-glucose solution was infused to maintain plasma glucose levels at 7 mmol/I.3-H-
glucose (0.1 pCi/min, Amersham) was infused throughout the experiment to determine the glucose
turnover rate (15). Blood samples were collected from the tail tip and steady state glucose turnover was

determined from t=90- 120 min.

Isolation and lipid analysis of mouse epidermis, Wild-type and APOCI transgenic mice fed the

chow diet were sacrificed and the skin (dorsal) was dissected. To separate the epidermis from the

underlying tissue, skin preparations were heated for I min at 60'C. Epidermal lipids were extracted
using the method of Bligh and Dyer (16), dissolved in chloroform/methanol 2:l (v/v) and stored at -
20"C under nitrogen until use. The extracted lipids were separated by one-dimensional high
performance thin-layer chromatography (TLC), as described previously (17) and standards (Sigma)
were run in parallel. The quantification was performed after charring using a photodensitometer with
automatic peak integration (Desaga, Germany).

Results

Characterization of APOCI transgenic mice.

Two founder mice carrying the human APOCI construct (line ll/3 and line ll/l) were

generated and partly characterized as previously described (10). In this study, the effect of

APOCI expression levels was examined in closer detail. As described in the Methods

section, mice of line 1l13 showed X-linked transgene transmission. APOCI transgenic mice

of line I l/l showed autosomal transmission. Through breeding of APOCI trandgenic ll/l +l-

male and female mice, wild-type mice (347o), hemizygous llll +l- mice (477o) and

homozygous mice (11/l +l+) (l9Vo) were obtained (offspring of 79 mice). The hemi- and

homozygous I l/l mice were identified through quantitative Southern blot analysis using liver

DNA. In addition, cross-breeding of l1/3 +/- males with 11/l +/- females generated an

offspring (21 mice) which consisted of wild-type males (38Vo), 11/3 females (197a), llll
males (l9%o), and I l/3xl l/l females (24Vo). The latter offspring did not include wild-type

females, I l/3 males and I l/l females due to the X-linked transgene transmission of line I l/3.

Northern blot analysis of a series of different tissues from APOCI transgenic mice of
line ll/3 demonstrated that human APOCI mRNA expression in these mice was mainly

confined to the liver, whereas low but significant levels of expression were also fbund in

other tissues (Fig. I ). A similar distribution of human APOC I mRNA was found in mice of

line I l/l (results not shown). The APOCI transgenic mice of the various strains, displayed
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diff'erent levels of human APOCI mRNA in the liver and in the skin (Fig.2). More

specifically, as quantified with a Phosphor Imager, llll +l- mice had 1.7-fold elevated levels

of human APOCI mRNA in the liver as compared to I l/3 +/- mice (Table I). No further

significant elevation in APOCI expression was observed in the livers of ll/3xll/1, male

1l/3 +10 and I l/l +/+ mice (Table I). Human APOCI mRNA levels in the skin were elevated

1.3-fold in llll +/- mice as compared to lll3 +/- mice. However, in contrast to APOCI

mRNA levels in the liver, APOCl expression in the skin was further elevated in I l/3xl l/1,

lll3 +10 and l1/l +/+ mice (approx.3-4 fold as compared to lll3 +/- mice) (Table I). This

gene dose-dependent increase in human APOCI mRNA levels in the skin of APOCI

transgenic mice was reflected by the amount of the human apoCl protein in the dermis as

shown by immunohistochemical analysis using polyclonal antibodies against human apoCl

(results not shown).

eo'"$"""(.."trtt{."t*""a.""

Human APOC1

18S

Figure l. Tissue transgene expression pattern in APOCI transgenic mice. Total RNA was isolated
from brain, heart, kidney, liver, muscle, skin and spleen of APOC I transgenic mice ( I I /3 +/-) using the
RNA Instapure System. Some 7.5pg RNA sample was used for Northern blot analysis followed by
hybridization with a probe for human APOCI cDNA (top panel) and l8 S (bottom panel).
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Figure 2. Northern blot analysis of livers and skin from APOCI transgenic mice. Total RNA was

isolated from the liver (left panel) and skin (right panel) of wild-type and APOCI transgenic mice
using the RNA Instapure System. Human APOCI transcripts were detected using a probe of human
APOC I cDNA ( l2) (Top) and a rat GAPDH cDNA ( l3) (bottom) as a reference.

Serum lipid levels in APOCI transgenic and wild-type mice.

Table I summarizes the serum lipid levels in fasted APOC I transgenic and wild-type mice on

a Chow diet. Mice of line I l/3 +/- showed slightly elevated levels of serum cholesterol, TG

and FFA as compared to wild-type mice. In mice of line lli I (llll +l-), serum lipid levels

were further elevated. In addition, 11/3xll/1, lll3 +/0 and I l/l +/+ mice showed strongly

elevated levels of serum cholesterol, TG and FFA on a normal chow diet (Table I). As

determined by FPLC analysis, all of the serum cholesterol in wild-type mice was confined to

the HDl-sized particles, whereas the elevated serum cholesterol and TG levels in APOCI

transgenic mice was mainly due to an accumulation of VLDL-sized particles (results not

shown).

To investigate whether the elevated levels of TG and FFA in the homozygous APOC I

transgenic mice were associated with insulin resistance, the glucose turnover rate in llll +l+

and wild-type mice was measured by means of the hyperinsulinemic clamp. As shown in

Tabfe I, llll +l+ mice showed an increased glucose turnover rate, as measured under

conditions of physiological hyperinsulinemia, as compared to wild-type mice. These results

indicate that insulin resistance does not develop in APOCI transgenic mice with severe

hypertri glyceridemia.
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Table I. Human APOCl mRNA levels, serum lipid levels and whole body glucose uptake in APOCl transgenic and wild-type mice. 

APOClmRNA Serum LiEids 

Mice Gender liver ski n TC TG FFA Glucose Uptake 

% mmolll mg/kg.min 

Wild-type Female ND ND 1.8 ± 0.2 0.3 ± 0.2 1.3 ± 0.3 36.2 ± 3.5 

11/3 +/- Female 100 ± 36 100 ± 47 2.4 ± 0.5h 0.8 ± 0.3h 1.8 ± 0.9 

11/1 +/- Female 169 ± 25" 133 ± 34 5.2 ± I.Oh 4.6 ± l.7h 2.8 ± 0.9h 

11/3 +/- x 11/1 +/- Female 177 ± 13" 295 ± 78"* 8.0 ± l .3h 7.3 ± l.2b 3.9 ± 0.3h 

11/3 +/O Male 170 ± 30" 398 ± 109"* I 0.5 ± l.7h 14.3 ± 5.2h 3.2 ± 0.4h 

11/l +/+ Female 188 ± 22" 292 ± 22"* 20.4 ± 7.4h 21.4 ± 9.3h 5.5 ± l .5h 55.5 ± 5.3h 

Liver, skin and serum were collected from fasted wild-type mice and the respective APOC I transgenic mice. All mice were 2 months of age, and fed a regular 
Chow diet. Human APOC I mRNA concentrations are relative to an internal standard GAPDH and are expressed as a percentage of 11/3 +/- mice. Total 
cholesterol (TC), trig lyceride (TG), free fatty acids (FFA) and whole body glucose uptake were measured as described in the methods section. Values are 
expressed as the mean of at least 5 mice per group± SO for mRNA and serum lipid measurements and 3 mice per group for glucose turnover studies. ND, not 
detectable. *transgenic mice exhibiting cutaneous abnormalities. 'P<0.05, indicating the difference between 11 /3 +/- mice and other APOCI transgenic lines 
and bP<0.05, indicating.the difference between APOCI transgenic and wi ld-type mice using the non-parametric Mann-Withney U test. 



Chapter 6

Gross pathology and histological examination of APOC1 transgenic and wild-type mice.

Macroscopically, APOC I transgenic mice with high levels of APOC I expression in their skin

(l l/3x1111, lll3 +/0 and l1/1 +l+; Table I) exhibited cutaneous abnormalities. These

abnormalities started at young age with a dry skin, fine epidermal scaling and hair loss, which

became more severe upon aging. The hair loss was apparent throughout the whole skin area.

In addition, these mice developed extensive crusts around the eyes and pruritus, often causing

self-inflicted wounds which necessitated euthanasia before the age of 3 months (acccording

to institutional guidelines concerning ethics of experimentation). Gross examination revealed

that the cutaneous abnormalities in APOCI transgenic mice as described above were also

apparent in mice that were kept under specific-pathogen-free breeding conditions. Since

APOCI transgenic 11/3x1111,1113 +10, and I l/1 +/+ mice all exhibjted identical cutaneous

abnormalities on gross appearance, further characterization and analysis of skin tissues were

performed on wild-type and APOC I transgenic mice of strain I I /l .

WT
+l-

1111

+/+
11/ 1

Figure 3. Gross pathology in APOCI transgenic mice at 2 months of age. Mice hemizygous for the
APOCI gene (TG, llll +l-) have a thin haircoat as compared to wild-type mice (WT, -/-). Mice
homozygous for the APOCI gene (TG, llll +l+) appear almost hairless and exhibit a thickened, dry
and scaly skin.

As presented in Figure 3, hemizygous APOCI transgenic mice displayed a thinner

hair coat as compared to wild-type mice, whereas homozygous carriers of the human APOC I

transgene appeared almost hairless. Furthermore, homozygous APOCI transgenic mice

appeared smaller than their hemizygous and wild-type littermates (Figure 3). However, the

body weights as determined at two and a half months of age, were similar for homozygous

APOCl transgenic and wild-type mice (Table II). Several tissues were dissected tiom female
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Characterization of APOCI Transgenic Mice

homozygous APOCI transgenic and wild-type mice and weighed. Remarkably, abdominal fat

pads were decreased in the APOCI transgenic mice as compared to wild-type mice (Table

II). In addition, APOCI transgenic mice exhibited an enlarged liver, heart, and spleen (Table

II).

Table II. Tissue weight of APOCI transgenic and wild-type mice.

Tissues, e Wild-type llll +l+

Total Body Weight

Abdominal Adipose Tissue

Liver

Heart

Spleen

24.73 t 1.06

0.92 x.0.24

1.53 t 0.09

0. l6 t 0.03

0.13 + 0.02

25.52 + 2.12

0.38 t 0.06'

2.35 + 0.27'

0.23 t 0.04"

0.29 + 0.03"

Tissues from female llll +l+ mice and female wild-type mice (2.5 months of age) were dissected and

weighed. All mice were fed a regular Chow diet. Values are expressed as the mean + SD of 6 mice per
group.'P<0.05, indicating the difference between ll/l +l+ and wild-type mice using non-parametric
Mann-Withney U test.

On histological examination, atrophic sebaceous glands were observed in the skin of

the severely affected APOC I transgenic mice ( I l/l +l+) (compare Fig. 4A for wild-type with

Fig.48 for APOCI transgenic mice; arrowheads indicate the sebaceous glands). Similar

observations were made in the skins of I l/3xl l/l and lll3 +/0 mice and to a lesser extent in

llll +l- mice (not shown). Fig. 4C shows a higher magnification of the sebaceous glands in

wild-type mice, with the foamy appearance of the cytoplasm that indicates the presence of
lipid droplets (sebum). In contrast, at higher magnification the cytoplasm of the atrophic

sebaceous glands in APOCI transgenic mice had completely lost its foamy appearance (Fig.

4D).

The epidermis of the affected APOCI transgenic rnice was considerably thicker as

compared to the epidermis of wild-type mice (compare Fig. 4A with 48). Remarkably, the

skin of the affected APOCI transgenic mice lacked subcutaneous adipose tissue, in contrast

to the presence of many large fat cells in the subcutis of wild-type mice (compare Fig. 4A

with 48; f, indicates the fat cells in wild{ype skin). Furthermore, homozygous APOCI

transgenic mice exhibited skin lesions that varied from a mild folliculitis to a mild mixed

cellular infiltration in the dermis (Fig. 48; arrows indicate cellular infiltration of
predominantly macrophages, granulocytes and mast cells). At older age these lesions

developed into a severe dermatitis with a moderate epidermal hyperplasia with hyper- and

parakeratosis. Being multifocal, the epidermis was necrotic with extensive infiltration of
inflammatory cells (macrophages and granulocytes) in the dermis (not shown).
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Chapter 6

The modified sebaceous glands of the eyelids, the so-called meibomian glands, were

also severely atrophic in the APOCI transgenic animals (compare Fig. 54 for wild-type with

Fig. 58 for APOCI transgenic mice; arrowheads indicate meibomian glands). As shown in

Fig. 5C, at higher magnification the cytoplasm of the meibomian glands of wild-type mice

appeared foamy due to the presence of meibum. The meibomian glands of APOCI transgenic

mice lacked this foamy appearance (Fig. 5D). Furthermore. no inflammation was observed

around the meibomian glands of APOCI transgenic mice. However, the outer surface of the

eyelids showed sebaceous gland atrophy and cellular infiltrations of inflammatory cells

similar to those described for the skin (Fig. 58; arrows indicate cellular infiltration of
inflammatory cells)

The male preputial gland, another modified sebaceous gland in mice, was not affected

in APOC I transgenic mice (not shown).

Lipid composition of APOC1 transgenic and wild-type mouse epidermis.

Lipids were extracted from the epidermis of wild-type and APOCI transgenic mice and

analyzed by high performance TLC. Polar epidermal lipids, including phospholipids,

cholesterol sulfate and glucosphingolipids, made up about 8-20 Vo of the total epidermal

lipids (by weight). Furthermore, the epidermal lipids contained different ceramides (5-lUVo of
total lipid, by weight), whereas the largest amount consisted of nonpolar (neutral) lipids

including TG, sterols, wax diesters (WDE) and FFA (70-87Vo of total lipid, by weight). No

major differences were found in the polar lipids and ceramides upon TLC analysis between

wild-type and APOCI transgenic mice (not shown). The analysis of the neutral lipids in the

mouse epidermis of APOCI transgenic mice and wild-type mice are presented in Table III.

The relative TG and WDE contents of epidermal lipids fitrm APOCI transgenic mice

(lltl+l-) were strongly reduced as compared to the relative TG and WDE contents of wild-

type mice. Furthermore, the relative proportions of FFA and free cholesterol were increased

and the lanosterol proportions were decreased in the epidermis of APOCI transgenic mice.

No differences were observed in the relative cholesterol ester content. In the homozygous

APOC I transgenic mice ( I lll +l+),similar changes in epidermal lipids were found, but more

profound than those found in hemizygous llll +l- mice (Table III).
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Table tII. Neutral lipid composition of the mouse epidermis.

Mice FCTG WDE FFA CE LAN

Wild-type

llll +l-

llll +l+

32.9 :t6.5 29.9 t6.6

15.4 + 5.8" 2l .9 + 2.2

12.6 + 2.9 16.6 + 1.7'

Skins were dissected from wild-type female mice and female hemizygous (+/-) and homozygous (+/+)

APOCI transgenic mice of strain I l/1. All mice were 2 months of age and fed a regular Chow diet.

Epidermal Triglycerides (TG), Wax diesters (WDE), Free fatty acids (FFA), Free cholesterol (FC),

Cholesterol ester (CE) and Lanosterol (LAN) were measured through high performance TLC as

described in the methods section. Values are the mean + SD of three mice per group. ?<0.05,
indicating the difference between APOCI transgenic and wild+ype mice using the non-parametric

Mann-Withney U test.

Discussion

Transgenic mice overexpressing human APOCI have elevated levels of serum cholesterol

and TG due to an accumulation of VLDL (remnants) in their circulation (8,9. l0). Since the

extra-hepatic lipolysis rate of VLDL-TG is not inhibited, an impaired uptake of VLDL

remnants by the liver is considered to be the primary metabolic defect in APOCl transgenic

mice (10).

The extent of the hyperlipidemia in APOC I transgenic mice was related to the level

of transgene expression in the liver (9,10). In the present study we examined the effect of

APOC I expression levels in more detail and observed that in one transgenic mouse line (line

I l/3) the human APOCI gene was linked to the X-chromosome. Due to random inactivation

of one of their X-chromosornes, female l1l3 +l- mice were expected to carry only half the

copies of the transgene in the active state when compared with I l/3 male mice. As shown in

Table I, female l113 +l- mice indeed exhibited lower levels of human APOCl mRNA in the

liver than males of line I l/3 (Table I). Suprisingly however, was the observation that hepatic

human APOCI mRNA levels in homozygous 1111 +/+ mice and lll3xll/l mice were not

further elevated as compared to I l/l +/- mice (Table I). These data strongly suggest that

overexpression of human APOCI in mice may be subjected to feed-back regulation, which

can prevent excessive levels of human APOC I mRNA in the liver by reducing transcription

rates or mRNA stability.

APOCI transgenic mice also displayed human APOCI expression in the skin,

although to a much lowei extent than in the liver (Figure l). The observation that the

hyperlipidemia and human APOC I expression in the skin were further elevated in I 1/l +/+

and ll/3xll/l mice compared with hemizygous ll/l +/- mice (Table I), suggests that the

7o of total lipids (by weight)

3.0 t 0.4 6.4 + 1.8 lO.2 + 2.2 3.9 + 0.6

8.0+2.4' 13.9+3.1' 10.8+0.8 1.3+0.4"

10.2+0.9' 14.8+l.l' 11.9t2.5 0.4+0. l"
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presence of human apoCl in the skin may contribute to the elevated serum lipid levels in

APOCI transgenic mice. Whether apoCl originating from the skin may actually be

transported into the blood circulation, to give rise to a further inhibition of remnant uptake

and subsequently hyperlipidemia, is unknown at present time.

In addition to hyperlipidemia, high expressor APOCI . transgenic mice (Table I)

exhibited cutaneous abnormalities that included hair loss at young age, epidermal

hyperplasia/hyperkeratosis, and atrophic sebaceous glands. Since these cutaneous

abnormalities appeared in two independent founder lines (line lll3 and line ll/l), with

different integration sites of the human APOCI gene, it can be excluded that the observed

skin abnormalities in APOCI transgenic mice are due to aberrant expression as related to the

specific transgene insertion site. In addition, it was demonstrated that the cutaneous

abnormalities were clearly associated with the level of human APOC I expression in the skin

and became apparent in all mice carrying copies of both line I l/3 and I l/l (l l/3xl l/l mice).

On histological examination it appeared that the atrophic sebaceous glands in the skin

of the high expresser APOCI transgenic mice lacked sebum (Figure 4B). These findings

were confirmed by the analysis of mouse epidermal lipids showing that the relative TG and

WDE contents, which are reported to be the major components of sebum (18,19), were

strongly reduced in the epidermis of the high expressor APOCI transgenic mice (Table III).

Since sebum is suggested to (i) prevent bacteria from persisting in the hair canal and (ii)

prevent water loss from the skin (18), a scaly and dry skin with excessive hair loss and

infiltrations of inflammatory cells may be caused by the absence of sebaceous outflow of

sebum onto the skin of these mice.

APOCI transgenic mice also showed atrophic meibomian glands. The meibomian

glands are found in the border of the eyelid and secrete meibum that is somewhat similar to

sebum (20). It has been reported that under normal conditions meibum forms a lipid layer

around the eyes to protect them from excessive de-hydration (21). Thus in high expressor

APOI transgenic mice, lack of meibum may cause eye de-hydration, reflected by the

extensive crusts as observed around their eyelids.

The mechanism behind the development of cutaneous abnormalities in high expressor

APOCI transgenic mice could be that apoCl disturbs lipid synthesis in the sebaceous glands

and/or the epidermis. Previous studies in humans have shown that the amount of lipid derived

from the blood circulation may become rate-limiting for the synthesis of sebum lipid

components in the skin (22,23).In these studies it was reported that within a few days after

commencing a fast, the incorporation of FFA into sebum components such as TG and wax

diesters was reduced by 50Vo. Thus from this point of view, it is tempting to speculate that the

high amounts of apoCl as present in the serum or skin of APOCI transgenic mice may

prevent FFA transport from the circulation to the skin tissue, leading to a poor sebum

production (Table III). In agreement with such a hypothesis is the finding that APOCI
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transgenic mice exhibit strongly elevated levels of serum FFA (Table I). Since afier

sampling, serum fractions of mice were immediately stored on ice, these elevated FFA levels

are most likely due to overexpression of APOCI, rather than to spontaneous hydrolysis of

their high serum TG after collecting the blood sample. Furthermore, it has been shown that

the glucose turnover rate as measured with the hyperinsulinemic clamp, is increased in

APOCI transgenic mice as compared to control mice (Table I). According to the Randle

cycle (24), this increased glucose turnover rate in APOCI transgenic mice indicates that the

FFA oxidation is reduced in these mice.

Further observations pointing towards an interference of apoCl with FFA transport to

tissues were made through gross and histological examinations showing that the affected

APOCI transgenic mice exhibited reduced amounts of adipose tissue in the abdomen (Table

II), and developed no adipose tissue in the subdermal skin layer. Similar findings have

recently been reported in lipoprotein lipase (LPl)-deficient mice by Weinstock et al (25).

During their short life-span of about l8 h after birth, LPl-deficient pups failed to develop

normal amounts of adipose tissue which was especially apparent in the subdermal skin layer.

Furthermore, mice deficient for the VlDl-receptor (VLDLR) have also been reported to

exhibit reduced amounts of adipose tissue (26). These findings are in line with the hypothesis

that the VLDL receptor (VLDLR) may act as a docking protein for efficient TG-rich

lipoprotein lipolysis and subsequent delivery of FFA into muscles and fat cells (27,28).

Previous studies have shown that apoCl-enriched lipoprotein particles are defective in

binding to the VLDLR in vivo (29). Whether the impaired binding of APOC1 transgenic

Iipoproteins to the VLDLR may contribute to the elevated serum FFA levels and reduced

amounts of abdominal adipose tissue in APOCI transgenic mice, is currently under

investigation.

The abnormalities as observed in high expressor APOC1 transgenic mice are

somewhat similar to those seen in the mutant mouse asebia (ab) (30-32). The pathological

changes in the aD mice were suggested to be caused by an inherited defect in the metabolism

of branced-chain fatty acids, as reflected by the presence of crystal-filled macrophages

(composed of unusual branched-chain fatty acids) in their dermis (33). However, the APOC I

transgenic mice as described in the present study, clearly lack these crystals in macrophages.

Furthermore, the observations that (i) the ab mutation is located on mouse chromosome l9
(34), whereas the mouse ApoCl gene is located on chromosome 7 and (ii) only mice that are

homozygous for the ab mutation develop the specific asebian characteristics, while in

APOCl transgenic mice the cutaneous abnormalities are dependent on the levels of APOCI

expression, make it highly unlikely that the abnormalities as described for the ab mice are

due to defects in apoCl or vice versa.

The hyperkeratosis and epidermal hyperplasia in high expressor APOCI transgenic

mice are similar to those observed in a variety of dermatopaties, including human psoriasis.
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However, in contrast to what is seen in psoriasis, APOCI transgenic mice have atrophic

sebaceous glands and an acute dermal inflammation. Furthermore, the high expressor

APOC I transgenic mice share several characteristics with a very complex and rare syndrom

in humans, the AREDYLD syndrome (35,36). Briefly, patients with this syndrome display a

dry skin, abnormalities of hair growth, a generalized deficiency of subcutaneous fat, and

several other dental, nail and skeleton anomalies. However, in contrast to AREDYLD

syndrome subjects (35,36), APOCl transgenic mice do not develop insulin resistance (Table

r).

In summary, APOCI transgenic mice develop hyperlipidemia and skin abnormalities,

dependent on the levels of human APOCI expression. These abnormalities are characterized

by epidermal hyperplasia and hyperkeratosis, atrophic sebaceous/meibomian glands, reduced

amounts of sebum and meibum in the skin, and a reduction in adipose tissue mass. Although

a direct experimental link with an analogous human disease remains to be established, these

mice may provide an useful animal model to study the barrier function and lipid homeostasis

in the skin.
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Abstract

In rhe present study it was investigated whether apolipoprotein (apo)E can inhibit the

lipoprotein lipase (LPl)-mediated hydrolysis of very low density lipoprotein (VLDL)-

triglyceride (TG). Previous studies have suggested such an inhibitory role for apoE by using

as a substrate for LPL either serum VLDL or artificial TG-emulsions. To more fully mimic

the in vivo situation, we decided to investigate the effect of apoE on the LPl-mediated TG

hydrolysis by usin_e VLDL from apoE-deficient mice that had been enriched with increasing

amounts of apoE. Furthermore, since serum VLDL isolated from apoE-deficient mice was

relatively poor in TG and strongly enriched in cholesterol as compared to VLDL from wild

type mice, we used naicent VLDL obtained by liver pertusions.

Nascent VLDL (d<1.006 g/ml) isolated from the perfusate of the apoE-deficient

mouse liver was rich in TG. Addition of increasing amounts of apoE to apoE-deficient

nascent VLDL eff'ectively decreased TG lipolysis as compared to that of apoE-deficient

nascent VLDL without the addition of apoE (63 + 6Vo and 2l + ZVo of control value at 3gg

and 30;.rg apoE per mg TG added, respectively). Since in vivoLPL is attached to heparan

sulfate proteoglycans (HSPG) at the endothelial matrix, we also performed lipolysis assays

with LPl--bound to HSPG in order to preserve the interaction of the lipoprotein particle with

the HSPG-LPL complex. In this lipolysis system a concentration-dependent decrease in the

TG lipolysis was also observed with increasing amounts of apoE on nascent VLDL, although

to a lesser extent than with LPL in solution (72 + 4Vo and 57 + 2Vo of control value at 3pg and

30 pg apoE per mg TG added, respectively).

In conclusion, the enrichment of the VLDL particle with apoE decreases its suitability

as a substrate for LPL, in a dose-dependent manner.

Keywords: Apolipoprotein E, heparan sulfate proteoglycans, lipoprotein lipase, nascent

VLDL.

165



Chaprer 7

Abbreviations used in this paper: Apo, apolipoprotein; VLDL, very low density

lipoproteins; TG, triglycerides; LDL. low density lipoproteins; LFC, low fat low cholesterol

diet; LPL, lipoprotein lipase; FFA, free fatty acids; HSPG, heparan sulfate proteoglycans.

Apolipoprotein (apo) E, a 34 kDa protein, plays a central role in the metabolism of VLDL
trillyceride (TG). Its most well-defined function is to mediate the high-affinity binding of
chylomicron and VLDL remnants to the low density lipoprotein (LDL) receptor [ ], the LDL
receptor-related protein (LRP) [2] and VLDL receptor [3]. In addition, apoE is postulated to

play a role in the secretion-recapture process [4,5]. In this process, the binding and

internalization of circulating lipoproteins by hepatic receptors is facilitated through binding of
the particle to heparan sulfate proteoglycans (HSPG) and subsequent enrichment with apoE

in the hepatic sinusoidal space of Disse. Furthermore, studies by Schwie-velshohn et al [6]
have shown that apoE may modulate the intracellular metabolism of TG and cholesterol ester

in macrophages. Altogether, these studies show that apoE is a multifunctional protein

involved in several steps of lipoprotein metabolism.

It has also been proposed that apoE may be involved in the lipoprotein lipase (LPL)-

mediated hydrolysis of VLDL-TG. An inhibitory role for apoE on TG-hydrolysis was

suggested by using as a substrate fbr LPL either plasma VLDL [7] or artificial TG emulsions

containing apoE [8,9]. However, both substrates are not fully representative of the in vivo

situation: (i) VLDL isolated from plasma is relatively poor in TG due to its exposure to LPL

during its presence in the circulation and (ii) artificial TG emulsions are shown to be

removed from the plasma with little or no preceding lipolysis [0] or have been reported to be

extensively processed by LPL [9]. These differences in the LPl-mediated processing of
artificial TG emulsions may highly depend on their individual lipid composition, since the

type of FFA and phospholipids, as well as the amounts of cholesterol in lipid emulsions have

been reported to have pronounced effects on their metabolism in the circulation (l l-14).

To circumvent these limitations, in the present study we investigated more directly

whether apoE could modulate the lipolysis of TG-rich VLDL. Therefore, as a substrate for

LPL, we used nascent apoE-deficient VLDL, obtained by perfusion of livers from apoE-

deficient mice, that had been enriched with increasing amounts of apoE. By this approach we

clearly show that the presence of apoE on the VLDL particle inhibits TG hydrolysis in a

concentration-dependent manner.

Methods

Animals and diets. Homozygous apoE-deficient mice were generated as previously described [15].
C57BL|6 mice were used as controls. Experiments were performed with female mice of age 8-10
weeks. All mice in this study were housed under standard conditions with free access to water and
food. Mice were fed either a regular chow diet or a semisynthetic low fat low cholesterol (LFC) dier,
composed essentially according to Nishina et al. |61 (purchased from Hope Farms, Woerden, The
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Netherlands). The LFC diet contained 50.57o sucrose, l2.2%o corn starch, 5Vo corn oil and 5Vo

cellulose, by weight I I 7], and was fed for a period of three weeks.

Plasma lipid and lipoprotein analysis. Levels of total plasma cholesterol and TG (without measuring

free glycerol) were determined using commercially available enzymatic kits N"236691 (Boehringer

Mannheim CmbH, Mannheim, Germany) and N" 337-8 (Sigma GPO-Trinder kit, St Louis, MA,
USA). Free fatty acids (FFA) were measured enzymatically with a NeFa-C kit (Wako Chemicals

G.M.B.H., Neuss, Germany). TG and phospholipid in the isolated VLDL fiactions were determined

using a Boehringer Mannheim enzymatic assay kit N'701904 and an analytical kit (B) (Wako Chemi-

cals). Total cholesterol and free cholesterol in lipoprotein fractions were measured fluorimetrically
(excitation: 325 nm; emission: 415 nm) in a phosphate buffer (pH=7.4) using cholesterol oxidase and

peroxidase (Boehringer-Mannheim), O.5ToTriton X-100 (Merck, Darmstadt, Germany),20 mM cholic

acid and 4 mgtdl para-hydroxy-phenyl-acetic acid (Sigma, St. Louis, MO, USA). Before measure-

ments, total cholesterol was extracted using KOH/ethanol/hexane and free cholesterol using etha-

nol/hexane. Esterified cholesterol was calculated by the difference between total and unesterified

cholesterol.
Protein concentrations in lipoprotein fractions were determined by the method of Lowry et al.

[ 8] with bovine serum albumin (BSA) as a standard.

Liver Perfusion, Experiments were always started between l0 and ll a.m. Fed mice were

anaesthetized with an intraperitoneal injection of 0.5 ml/kg hypnorm (Janssen Pharmaceutica, Tilburg,

The Netherlands) and 12.5 mg/kg midazolam (Roche Netherlands b.v., Mijdrecht, The Netherlands).

After cannulation of the portal vein with an Abbocath-T cannule (26cxl9 mm, Abott laboratorics,

Kent, England), livers were isolated surgically and perfused ( 1.5 ml/min) in vito in a recycling fashion

as described previously for rats [9,20] with some minor modifications. Briefly, the liver and perfusate

were maintained at 37"C rhroughout the experiment. The recirculating perfusate (20-30 ml) was a

RPMI buffer (RPMI 1640 medium, ICN Biomedicals, Costa Mesa CA, USA), pH 7.5, containing I

mM vitamin C, 5 mM glutathion, and 2.57o (w/w) BSA. Oleate was added as an albumin complex to

the perfusate in a final concentration of I mM in all experiments and was perfused throughout the

remainder of the perfusion period. The perfuSate was gassed with95(7o O.and 57o CO.. All perfused

livers were still functionally viable by gross appearance after a period of 3-hour perfusion. The 20-30

ml perfusate was collected at the end of the experiment and used to isolate nascent VLDL.
In one set of experiments, 500 IE of heparin (LEO Pharmaceutical Products, Weesp, the

Netherlands) was injected in to the spleen of each mouse 5 min prior to the beginning of the liver
perfusion.

Lipoprutein Isolation. VLDL fractions (d<1.006 giml) were isolated from pooled plasma of l5 mice

per group by ultracentrifugation at 40,000 rpm in a SW-40 swingout rotor (Beckman, Geneva,

Switzerland) for 18 hours at 5"C. Before isolation of nascent VLDL, the 20-30 ml perfusate was

concentrated to l0 ml (Centriprep. 30 ; Amicon Division, Danvers MA, USA). Each VLDL sample

was dialysed against 0.1 M of 2-Amino-2 (hydroxy methyl)-1,3-propanediol (Tris)-buffer (pH=8.5) at

4"C.

Apolipoprotein analysis of nascent VLDL. Nascent VLDL fractions (50 pg of TG) were analysed

for apolipoprotein composition by using SDS-PAGE with 4Vo to 257o gradient gels. Proteins were

either stained with Serva blue R or transferred to nitrocellulose membranes (Schleicher and Schuell)

followed by incubation with polyclonal rabbit anti sera against mouse apoAl, apoE, apoC3 and apoCl
(kindly provided by Dr. Weisgraber, Gladstone Foundation Laboratories for Cardiovascular Disease,

San Francisco, CA, USA). Donkey anti-rabbit rrsI-IgG 
lAmersham Corp.) was used as a secondary

antibody. Detection of protein bands was performed by scanning the gels with a Phosphor Imager
(Molecular Dynamics).

Enrichment of apoE-deficient VLDL with apoE. Nascent apoE-deficient VLDL obtained through
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liver perfusion of apoE-deficient mice was incubated with increasing amounts of recombinant apoE3 as
indicated (kindly provided by Dr. Siest, Centre du M6dicament et Centre de M6decine Prfventive,
Nancy, France) at 37'C for one hour. Thereafter, apoE-enriched nascent VLDL was reisolated by
ultracentrifugation as described above, to remove apoE that was not associated with nascent VLDL.

The amounts of recombinant apoE associated with VLDL were measured by Sandwich-Elisa
[21]. Briefly, affinity-purified polyclonal goat anti-human apoE antibodies were used for coating the
plates. After incubation with the lipoprotein fractions, affinity-purified polyclonal goat anti-human
apoE antibodies conjugated to horse radish peroxidase were used as second antibodies. Detection was
done by the immunoperoxidase procedure using tetramethylbenzidine as a substrate. Pooled plasma
from healthy human subjects with known apoE level, was used as a standard.

The amounts of endogenouse mouse apoE on VLDL were measured by using SDS-PAGE with
4Vo to 25Vo gradient gels and Serva blue R protein staining as described above. Samples with known
human apoE concentrations (measured by the Sandwich-Elisa) were used as a standard.

Assay of lipolysis with LPL in solution. Lipolysis assays were performed at 37'C in a 0. I M
Tris(hydroxymethyl)-aminomethane (Tris) buffer, pH 8.5, for l0 minutes with bovine LPL (0.2 unit,
Sigma, St Louis, USA) in the presence of ZVo (wlv) albumin (essentially FFA-free). The reacrion was
stopped by the addition of 50 mM KH2PO4,0. l7o Triton-XlO0 with pH 6.9, and placed on ice. To
obtain a time zero control, the reaction was prevented by adding Triton prior ro the addition of LPL
and placed on ice. FFA were measured using an enzymatic colorimetric method as described above.
The rate of FFA release by 0.2 unit LPL was linear for the l0 minutes as used in this assay. The assay
was performed on 3 different concentrations of VLDL-TG (d<1.006 g/ml) in the range of 0. I to 0.3
mmol/l with duplication of FFA determination.

Assay of lipolysis with HSPG-bound LPL. Wells of a 96-well microtitre plate (Greiner GmbH,
Frichenhausen, Germany) were incubated with 0. I pg of HSPG (Sigma) in 75 pl phosphate-buffered
saline (PBS) for l8 h at 4"C. Aspecific binding sites were blocked by incubation with l7o (w/v) bovine
serum albumin in 100 gl PBS for I h at 37'C. Subsequently, wells were incubated with I unit LPL
(Sigma) in 75 pl Tris-glycerol buffer (0.1 M Tris, 20Eo (VN) gtycerol, pH 8.5) for I h at 4.C.
Unbound LPL was removed by washing the plates three times with 0.1 M Tris. The reaction was
started upon the addition of a VLDL TG sample to the well and placing the plate in a shaking
incubator at37"C. The reaction was stopped after20 min by the addition of l%o (vlv) Triton X-100 in
0.1 M Tris, vortexing and cooling on ice. Under these assay conditions, the rate of FFA released by
LPL bound to HSPG was linear for 20 min. The assay was performed on 3 different concentrations of
VLDL TG (d<1.006 g/ml) in the range of 0.1 to 0.3 mmolfl and FFA concentrations were measured
enzymatically in duplo as described above.

Results.

Plasma lipid levels and VLDL lipid composition

As shown in Table l, apoE-deficient mice have elevated levels of plasma cholesterol and TG
as compared to wild type mice on a regular chow diet. However, on a chow diet apoE-

deficient plasma VLDL (d<1.006 g/ml), as isolated by ultracentrifugation, was relatively poor

in TG and strongly enriched in cholesterol ester as compared to plasma VLDL isolated fiom
wild type mice (Table 2).
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Table 1. Plasma lipid levels in apoE-deficient and wild type mice.

Diet

Chow LFC

Mice TGTGTC TC

ntntol/l

Wild type

ApoE-deficient

2.4 + 0.4

14.3 + 3.9

0.5 t0.2

0.9 + 0.4

2.8 + 0.2

ll.7 +2.2

0.3 t 0.1

1.7 + 0.5

Total cholesterol (TC) and triglycerides (TC) were measured in plasma of wild typa mice and apoE-

deficient mice fed a regular Chow diet or a low fat low cholesterol sucrose-based (LFC) diet for a

period of 3 weeks. Values are the means + SD of ten mice per group.

Table 2. Relative lipid composition of plasma VLDL.

Plasma VLDL Diet PLCEFCTG

Wild type

ApoE-deficient

Wild type

ApoE-deficient

51.6 x.4.4

6.7 t 0.8*

65.2 + 7.2

9.2 + 1.2*

4.4 + l.l

18.0 + 3.6*

Chow

7o of total lipid (by weight)

16.l +2.2 10.8+5.3 21.5+3.4

t 3.0 + 0.5* 64. I + I .8* 16.3 + 0.9

LFC 10.5 + 3.5 19.9 + 3.8

47.5 + 10.9* 25.3 + 8.8

Mice were fed a normal Chow diet or a low fat low cholesterol (LFC) diet for a period of three weeks.

VLDL (d<1.006 g/ml) was isolated by ultracentrifugation from pooled plasma of at least l5 wildtype

mice and l0 apoE-deficient mice. The lipid levels were measured enzymatically as described in the

methods section and are the means + SD of three different VLDL pool samples. TG, triglycerides; FC,

fiee cholesterol; CE, cholesterol ester; PL, phospholipids. 
.P<0.05, 

indicating the difference between

wild type and apoE-deficient VLDL using non-parametric Mann-Whitney tests.

The low TG level in apoE-deficient VLDL could be a consequence of its prolonged

residence time and concomittant lipolysis in the circulation. In order to obtain apoE-deficient

VLDL with a higher TG content, mice were fed a low fat low cholesterol (LFC) sucrose-

based diet which is known .to enhance hepatic VLDL-TG production [6]. On this diet,

plasma TG levels were slightly elevated in apoE-deficient mice as compared to the chow diet,

whereas plasma lipid levels were not affected in wild type mice (Table l), However, as

shown in Table 2, on the LFC diet apoE-deficient plasma VLDL was still poor in TG as

compared to plasma VLDL from wild type mice. Furthermore, it was found that apoE-
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deficient plasma VLDL contained relatively high levels of FFA, a phenomenon that was nor

observed for plasma VLDL of normal mice. As measured enzymatically, the molar TGIpFA

ratio of apoE-deficient plasma VLDL was strongly decreased as compared to the molar

TG/FFA ratio of wild type plasma VLDL (0.7 + 0. I vs 13.4 -r 0. l, respectively). This low

TGFFA ratio of apoE-deficient plasma VLDL made it impossible to adequately monitor FFA

release as a result of lipolysis by LPL. Thus, both the relatively low TG content as well as its

association with high FFA levels make apoE-deficient plasma VLDL less suitable to
investigate as a substrate for the LPl-mediated lipolysis.

Production and characterization of nascent VLDL

Previous studies have shown that perfused rat livers secrete nascent VLDL that is rich in TG

due to the fact that, in contrast to plasma VLDL, nascent VLDL has not been exposed to LPL
in the circulation [9]. Thus, in order to obtain Tc-rich VLDL from apoE-deficienr mice, we

decided to isolate nascent VLDL obtained by liver perfusions with mice.

Our first objective was to characterize the properties of nascent VLDL as produced by

mouse livers in wild type mice. The rate of VLDL-TG production by mouse livers was

constant during 3 hours of perfusion (results not shown), indicating that the liver is

functionally viable during 3 hours of perfusion. Furthermore, wild type mice were fed either a

normal chow diet or a sucrose-rich (LFC) diet for a period of three weeks prior to the liver
perfusion experiments. After 3 hours of perfusion, livers of mice fed the LFC diet had

secreted 3 times as much VLDL-TG in the perfusate as livers from chow-fed mice (300 -r 86

vs 109 t- 22 Vg TG/g wet liver). To investigate whether the presence of hepatic lipase in the

liver would affect nascent VLDL production, a heparin injection was given to the spleen prior

to the beginning of the liver perfusions. Previous studies have shown that most of the hepatic

lipase activity on liver cell surfaces can be displaced by heparin injection [22]. Under LFC-

fed conditions, the output of VLDL-TG of livers from mice pre-injected with heparin was not

significantly different from untreated livers (228 x.45 vs 300 + 86 pg TG/g wet liver). Thus,

these data indicate that the hepatic VLDL-TG production is not affected by hepatic lipase in

the liver.

Our next step was to isolate nascent VLDL from perfused livers of apoE-deficient

mice. The apoE-deficient mice had been fed the LFC diet and livers were perfused for a

period of 3 hours. Strikingly, nascent VLDL of apoE-deficient mice was similar in lipid
composition as compared to nascent VLDL isolated from wild type mice (Table 3). In
contrast to plasma apoE-deficient VLDL, nascent VLDL of both apoE-deficient and wild
type mice contained low amounts of FFA relative to TG (iG/FFA molar ratio of 20.5 -r 0. I

and 21.0 -r 0.1, respectively). In addition, both apoE-deficient and wild type nascent VLDL
were more rich in TG as compared to VLDL isolated from plasma of these mice (compare
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Table 3.with Table 2), although the difference in TG content between plasma und nur."n,

wild type VLDL was not statistically significant.

Table 3. Relative lipid composition of nascent VLDL.

Nascent VLDL PLCEFCTG

Wild type

ApoE-deficient

'13.8 + 1.2

77.9 + 3.8

Vo of total lipid (by weighr)

3.1 + 1.0 3.4 x 1.3

2.5 t 0.8 6.4 x2.0

19.7 + 0.8

13.2 x3.6*

Nascent VLDL (d<1.006 g/ml) was isolated by ultracentrifugation from liver perfusates of wild type

mice and apoE-deficient mice fed the low fat low cholesterol (LFC) diet. The lipid composition of
nascent VLDL was measured enzymatically as described in the methods section and values are the

means + SD of three individual nascent VLDL samples. TG, triglycerides; FC, free cholesterol; CE,

cholesterol ester; PL, phospholipids. P<0.05, indicating the difference between wild type and apoE-

deficient VLDL using non-parametric Mann-Whitney tests.

The apolipoprotein composition of apoE-deficient and wild type nascent VLDL was

analysed using SDS-polyacrylamide gel electrophoresis. As expected, in VLDL isolated from

the liver perfusate of apoE-deficient mice, apoE was completely absent, whereas the amount

of apoA4 was increased as compared to that in wild type nascent VLDL (Figure l). The

relative amount of endogenous mouse apoE on nascent wild type VLDL was calculated and is

depicted in Table 4.

The effect of apoE on the LPl-mediated lipolysis of VLDL-TG.

A separate series of lipolysis experiments showed that the rate of FFA release from wild type

nascent VLDL-TG was linear for l0 minutes at an LPL concentration of 0.2 units. The

apparent K. and \0, values were calculated by Lineweaver-Burk analysis and were 0.22 +

0.05 mmol/l VLDL-TG and 80 t 50 prmol FFA/L/min, respectively. All lipolysis experiments

were further performed with substrate concentrations in the calculated K- value range,

varying from 0.1 to 0.3 mmol/l VLDL-TG.

To investigate the effect of apoE-deficiency on the in vito LPl-mediated hydrolysis

of TG, nascent apoE-deficient VLDL and wild type VLDL were lipolysed with LPL in

solution. The FFA release from nascent wild type VLDL upon treatment with LPL was

similar to the FFA release from nascent apoE-deficient VLDL (Table 4).
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Figure 1. Apolipoprotein composition of nascent VLDL. Nascent VLDL (d<1.006 g/ml) was isolated .

by ultracentrifugation from liver perfusates of wild type mice (WT) (lane l) and apoE-deficient mice
(E0) (lane 2) fed the LFC diet. VLDL-TG (50 pg of TG) was subjected to SDS-PAGE (4 to 257o
gradient gels) and the VLDL proteins were stained with Serva blue R.

To study directly the effect of apoE.on the in vitro LPl-mediated hydrolysis of TG,

apoE-deficient nascent VLDL was enriched with apoE. Therefore, nascent apoE-deficient

VLDL was incubated with various amounts of recombinant apoE for one hour at 37"C.

Thereafter, apoE-enriched nascent VLDL was re-isolated by density gradient

ultracentrifugaton to remove free apoE and the VLDL apoE content was measured by

Sandwich-Elisa analysis (Table 4). It wds determined by SDS-PAGE and Western blot

analysis that enrichment of the apoE-deficient nascent VLDL with apoE decreased the

amounts of apoA4 and apoAl on the particle (resirlts not shown). ApoE-enriched nascent

VLDL was tested as a substrate for lPL using two different lipolysis assays. First, to 0.2

units of LPL in solution, different concentrations of VLDL-TG were added and the release of
FFA was measured. As depicted in Table 4, increasing amounts of apoE on nascent apoE-

deficient VLDL resulted in a gradual decrease in FFA release.

Second, since in vivo LPL is bound to HSPG at the surface of endothelial cells [23],
we also performed an in vitro lipolysis assay using LPL bound to HSPG in order to.preserve

the interaction between the lipoprotein and HSPG-LPL complex. Increasing amounts of apoE

on nascent VLDL particles inhibited the hydrolysis of TG as mediated by the HSPG-LPL

complex, although to a lesser extent as compared to the assay with LPL in solution (Table 4).
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Table 4. The effect of increasing amounts of apoE on the hydrolysis of VLDL-TG with LPL in
solution and bound to HSPG.

Nascent VLDL ApoE LPL in solution HSGP.LPL

pg/mg VLDL-TG FFA release
(?o of apoE-deficient VLDL)

92.4 x 6.3Wild type

ApoE-deficient

ApoE-deficient + apoE

ApoE-deficient + apoE

ApoE-deficient + apoE

2.7

1 1.9

29.6

100.0 t 7.0

63.1 + 6.3*

54.5 + 5.8*

20.8 + 1.8*

100.0 t 7.4

72.3 + 3.6*

56.6 + 1.7*

Nascent VLDL (d<1.006 g/ml) was obtained through wild type and apoE-deficient mouse liver
perfusions. ApoE-deficient nascent VLDL was gradually enriched with the indicated amounts of
recombinant apoE upon incubation at 37"C for one hour. The VlDl-associated apoE levels were
measured using Sandwich-Elisa or SDS-gel electrophoresis (the amount of apoE relative to the amount

of TG is indicated). Both LPL in solution and LPL bound to HSPG, were used as described in the
methods section. Values are the means + SD with FFA-release at a TG concentration of 0.2 mmolfl.
Since three independent experiments are combined, all values are expressed as a percentage of control
values (no addition of apoE). The mean FFA release of apoE-deficient nascent VLDL was 29.7 + 2.1

pmol FFA/L/min with LPL in solution and 8.4 + 0.5 Fmol FFA,/L/min with LPL bound to HSPG at

0.2 mmolfl of the respective VLDI,-TG samples. Similar results were obtained with VLDL-TG
concentrations at 0. I and 0.3 mmol/I. P<0.05, indicating the difference between apoE-deficient VLDL
without and with the addition of apoE, using non-parametric Mann-Whitney tests.

Discussion

In the present study we assessed directly whether apoE would effect TG hydrolysis by using

apoE-deficient VLDL. ApoE-deficient VLDL as isolated from pooled plasma of apoE-

deficient mice was not suitable to investigate as a substrate for the LPl-mediated lipolysis

due to its relatively low TG content, as well as its association with high FFA levels.

Therefore, we decided to use nascent VLDL as obtained through mouse liver perfusions.

Interestingly, it was demonstrated that the livers of apoE-deficient mice secreted nascent

VLDL that was rich in TG and very similar in lipid composition as compared to nascent

VLDL as secreted by livers of wild type mice. Furthermore, the LPl-mediated FFA release

from nascent apoE-deficient VLDL and nascent wild type VLDL was not significantly

different (Table 4), indicating that in the total absence of apoE, TG-rich lipoproteins are not

more readily lipolysed. These results strongly suggest that the relatively low TG content of

VLDL remnant particles in plasma of apoE-deficient mice results from their longer residence

time and concomittant exposure to LPL in the circulation, as a consequence of the diminished

apoE-dependent VLDL clearance rate.

1.3
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Whereas the relatively low amount of endogenous mouse apoE on nascent wiid type

VLDL did not affect TG hydrolysis, larger amounts of apoE on the nascent VLDL particle

were shown to dose-dependently inhibit TG hydrolysis by LPL in solution (Table 4).

Furthermore, it was deinonstrated that enrichment of the nascent apoE-deficient particle with

apoE decreased the amounts of both apoAl and apoA4 on the particle. Therefore, the

possibility that a reduction in apoA4 and apoAl on nascent VLDL caused impaired VLDL
lipolysis, cannot be excluded. However, previous studies have not reported on an impaired

VLDL lipolysis in apoAl--deficient mice [24,25]. Furthermore, increasing amounts of apoAl

on artificial TG-emulsions did not alter its suitability as a substrate for LPL [9].

Increasing amounts of apoE on nascent VLDL were also shown to inhibit TG

hydrolysis when lipolysis experiments were carried out with LPL bound to HSPG (Table 4).

Previously, Clark et al t26l have reported that the addition of apoE to TG-rich emulsions

resulted in a stimulation rather than an inhibition of lipolysis using LPL inmobilized to

heparin. It was suggested that this stimulation was due to an increased binding affinity of
these emulsions to the column mediated by its high content of apoE (175 pg/mg TG). These

results suggest that in the present study, the impaired TG hydrolysis as observed afier the

addition of relatively low amounts of apoE (3-30 pg/mg TG) to nascent VLDL, is not

overwhelmed by an increased binding affinity of the particle to HSPG. Presumably, apoE

directly affects the interaction of LPL with VLDL-TG, which would also be in line with our

results obtained with LPL in the solution assay (Table 4). Similar findings have previously

been reported by other groups as well [8,9j. It was shown that a synthetic peptide (residues

139-153), corresponding to the Argenine/Lysine rich receptor-binding domain of apoE,

inhibited LPL activity [8]. More evidence that this domain was responsible for the inhibitory

action of apoE on LPL was provided by the observation that the inhibitory effect of apoE on

artificial emulsion-TG hydrolysis could be abolished by the modification of Arginine residues

in apoE through incubation with 1,2-cyclohexanedione [9].

The question whether the inhibition of LPL by apoE is of physiological importance in

plasma TG metabolism remains to be answered. It can be hypothesized that during the LPL-

mediated lipolysis, gradual enrichment of VLDL with apoE progressively inhibits lipolysis

and directs the partially lipolysed VLDL particles to receptor-mediated uptake in the liver.

From this point of view, the presence of apoE on the lipoprotein particle will not likely cause

elevated levels of plasma TG, since the inhibitory action of apoE on VLDL lipolysis will be

overwhelmed by the role of normal apoE in the mediation of particle uptake by the liver.

However, experimental evidence has also been provided by our group that the inhibitory

action of apoE on TG hydrolysis may contribute to elevated plasma TG levels. Preliminary

results show that overexpression of human apoE in apoE-deficient mice decreases plasma

lipid levels at lower levels of apoE expression, but strongly elevates plasma TG levels at

higher levels of apoE expression. These results suggest that the presence of human apoE on
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VLDL from apoE-deficient mice may also hamper the LPl-mediated lipolysis.of these

particles in vivo, and can elevate plasma TG levels providirig that the amount of apoE on the

lipoprotein particle is significantly increased. Furthermore, it has been reported that TG-rich

lipoproteins of subjects heterozygous for APOE*2(Lysl46-Gln) contained a relatively high

amount of apoE per particle concomittant with an impaired conversion of VLDL into IDL

[26]. More recently, we reported that overexpression of human APOE*3Leiden [21] and

human APOE2 (Argl58-Cys) [27] caused elevated levels of plasmaTG in transgenic mice,

well beyond that attributable to an impaired receptor-mediated clearance of lipoprotein

particles. In vivo turnover studies revealed an impaired lipolysis of VLDL-TG in human

APOE*3Leiden transgenic mice. However, since the FFA release from APOE*3Leiden

VLDL did not differ from control VLDL using the LPL in solution assay, it was suggested

that a possible decreased binding affinity of APOE*3Leiden VLDL to HSPG would account

for the impaired in vivo lipolysis as observed in APOE*3Leiden transgenic mice [21]. Thus

apoE variants may affect lipolysis in vivo by modulating the binding of the lipoprotein to the

LPL-HSPG complex, in addition to a direct inhibition of LPL activity as shown for normal

apoE in the present study.

In summary, in vitro enrichment of the VLDL particle with apoE effectively inhibits

the LPl-mediated hydrolysis of TG which is, at least partly, independent of its affinity for

proteoglycans. Thus, whereas apoE on VLDL facilitates its uptake by hepatic receptors, it

also modulates VLDL lipolysis, implying a dual role for apoE in the clearance of TG-rich

lipoproteins.
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Running Title: Role of apoE in VLDL production

Abstract

To explore mechanisms underlying triglycerides (TG) accumulation in livers of chow-fed

apolipoprotein (apo) E-deficient mice (Kuipers, F. er al., 1996, Hepatology 24:241-247), we

investigated the effects of apoE-deficiency on secretion of VlDl-associated TG (i) ln vivo in

mice, (ii) in isolated perfused mouse livers and (iii) in cultured mouse hepatocytes. ad (i).

Hepatic VLDL-TG production rate in vivo, determined after Triton WRl339 injection, was

reduced by 46Vo in apoE-deficient mice when compared to controls. To eliminate the

possibility that impaired VLDL secretion is caused by aspecific changes in hepatic function

due to hypercholesterolemia, VLDL-TG production rates were also measured in apoE-

deficient mice after transplantation of wild-type mouse bone marrow. Bone malrow-

transplanted apoE-deficient mice, that do not express apoE in hepatocytes. showed

normalized plasma cholesterol levels but VLDL-TG production was still reduced by 597o. ad

(ii). VLDL-TG production by isolated perfused iivers from apoE-deficient mice fed a sucrose-

based semisynthetic diet was 50Vo lower than production by livers from control mice. Lipid

composition of nascent VLDL particles isolated from the perfusate was similar for both

groups. ad (iii). Mass VLDL-TG secretion by cultured apoE-deficient hepatocytes was

reduced by 23Vo when compared to control values in serum-free medium and by 6l%o in the

presence of oleate in medium (0.75 mM) to stimulate lipogenesis. Electron microscopic

evaluation revealed a sntaller average size for VLDL particles produced by apoE-deficient

cells as compared to control cells in the presence of oleate (38 nm vs 49 nm, respectively). In
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short-term labeling studies, apoE-deficient and control cells showed a similar time-dependent

accumulation of 3H-TG formed from I H-glycerol, yet, secretion of newly synthesized VLDL-
associated ]H-TG by apoE-deficient cells was reduced by 60Vo and 73Vo in the absence and

presence of oleate, respectively. We conclude that apoE, in addition to its role in lipoprotein

clearance, has a physiological function in the VLDL assembly/secretion cascade.

Key words: transgenic mice; lipoproteins; triglyceride; cholesterol; apolipoprotein B

Abbreviations used in this paper: apo, apolipoprotein; BSA, bovine serum albumin; FCS,

fetal calf serum; TG, triglyceride; LFC, low fat low cholesterol; LDH, lactate dehydrogenase;

TLC, thin-layer chromatography.

Apolipoprotein E (apoE) is an important protein constituent of triglyceride (TG)-rich

chylomicrons and VLDL. ApoE functions as a ligand in the receptor-mediated uptake of these

lipoproteins by the liver (l) and may modulate their lipoprotein lipase-mediated processing

(2,3). lt has also been suggested that apoE plays a role in the secretion-recapture process

(4,5). In this process, the internalization of circulating proteins is facilitated through binding

of the particle to heparan sulfate proteoglycans and subsequent enrichment with apoE in the

hepatic sinusoidal space of Disse. Furthermore, recent in vitro studies have indicated that

apoE may serve a function in the intracellular metabolism and distribution of endocytosed

lipids in macrophages and hepatoma cells (6,7).

The generation of apoE-deficient mice has established the importance of apoE in

control of plasma cholesterol levels (8,9). ApoE-deficient mice show markedly elevated

plasma cholesterol levels when fed a normal chow diet due to an accumulation of
VLDL/LDL-sized particles in their circulation (10-12). These particles contain predominantly

apoB48 and are relatively enriched in cholesterol and cholesterol ester and depleted in TG
(10-12). As recently reviewed by Plump & Breslow (8), these particles are mainly remnants

of intestinal chylomicrons.

Data in the literature suggest that apoE may have a function in the assembly and/or

secretion of VLDL by the liver. Studies by Strobl et al. (13) showed that the stimulation of
hepatic VLDL production in rats by feeding sucrose-rich diets enhances apoE synthesis and

secretion by promoting transcription of the APOE gene. Hamilton et al. (14) demonstrated

that apoE is present in nascent VLDL particles within putatively forming Golgi secretory

vesicles of rat hepatocytes. Studies by Fazio et al. (15) showed that the majority of apoE as

secreted by human hepatoma cells (HepG2) becomes associated with large TG-containing

lipoproteins when lipogenesis and TG secretion are stimulated, whereas the total amount of
apoE as synthesized and secreted was not affected. More recently, these authors (16) reported
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that the association between apoE and TG-rich lipoproteins in HepG2 and rat hepatoma cells

(McA-RH7777) takes place intracellularly, rather than extracellularly after their secretion into

the medium. Finally, recent studies by our group demonstrated that ApoE-deficient mice

accumulate large amounts of TG in their livers (17). Altogether, therefore, scattered evidence

is available to suggest that apoE has a function in VLDL assembly and/or secretion.

In the present paper, we investigated the effects of apoE-deficiency on VLDL-TG

synthesis and secretion both in vivo as well as in vitro using apoE-deficient mice, perfused

apoE-deficient mouse livers and isolated apoE-deficient hepatocytes. These studies

unequivocally demonstrate that in the absence of apoE, VLDL-TG production is severli'

impaired, whereas TG synthesis in apoE-deficient hepatocytes is not affected. In addition,

impaired VLDL-TG production is also observed in apoE-deficient mice in which plasma

cholesterol levels are normalized by transplantation of wild-type bone marrow. These data

lead us to conclude that apoE has a modulating role in the VLDL secretion cascade,

representing a novel physiological function ofthis ubiquitous apolipoprotein.

Methods

Animals. ApoE-deficient mice were generated as previously described (12). ApoE-deficient and

control (C57BL/6J) mice were housed in a light- and temperature-controlled environment and had free

access to water and food.
To induce bone marrow aplasia, apoE-deficient and control mice (age 5-6 weeks) were exposed

to a single dose of 13 Gy (0.28 gylmin,200 kV,4 mA) X-ray total body irradiation using an Andrex
Smart 225 (Andrex Radiation Products AS, Copenhagen, Denmark) with a 4 mm aluminium filter, one

day before the transplantation. Bone marrow cell suspensions were isolated by flushing the femurs and

tibias from control mice with phosphate-buffered saline. Single-cell suspensions were prepared by
passing the cells through a 30 rrm nylon gauze. Inadiated apoE-deficient and control recipients recieved

1.5 x 107 bone marrow cells by intravenous injection into the tail vein. Mice used for bone marrow

transplantation experiments were housed in sterilized filter top cages and fed sterilized chow (SRM-A,
Hope Farms BV, Woerden, The Netherlands) containing 5.77o fat (wt/wt). Drinking water was supplied

with aniibiotics (83 mg/l ciprofloxacin and 67 mg/l polymyxin B sulphate) and 6.5 gfl glucose.

For liver perfusion studies, female apoE-deficient and control mice were used that were fed a

low fat low cholesterol (LFC) semisynthetic diet, composed essentially according to Nishina et al. (18)
(purchased from Hope Farms BV). The LFC diet contained 50.57o sucrgse, l2.2%o corn starch, sEo corn
oil and 57o cellulose, by weight, and was fed for a period of three weeks.

Male apoE-deficient and control mice were used for cell isolations. These mice were fed a

normal chow diet (RMH-B, Hope Farms BV), containing 6.2Vo fat and approximately 0.017o

cholesterol (wt/wt).
Experimental protocols were approved by the Ethics Committee for Animal Experiments of the

University of Groningen.

Serum lipid and lipoprotein analysis. Levels of total serum cholesterol and TG (with or without
measuring free glycerol) were measured using commercially available enzymatic kits N" 236691 and

701904 (Boehringer Mannheim GmbH, Mannheim, Germany) and N"337-8 (Sigma Chemical Co., St.

Louis, MO), respectively. The phospholipid content of nascent VLDL particles as secreted from the
perfused mouse liver was determined using an analytical kit (B) (Wako Chemicals G.M.B.H., Neuss,

Cermany). Total cholesterol and free cholesterol content in nascent VLDL fractions were measured
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fluormetrically (excitation: 325 nm; emission: 415 nm) in a phosphate buffer (pH=7.4) using
cholesterol oxidase and peroxidase (Boehringer Mannheim),0.5% Triton X-100 (Merck, Darmstadt,
Germany), 20 mM cholic acid and 4 mg/dl para-hydroxy-phenyl-acetic acid (Sigma). Before
measurements, total cholesterol was extracted using KOFVethanol/hexane and free cholesterol using
ethanol/trexane. Esterified cholesterol was calculated by the difference between total and unesterified
cholesterol.

Protein concentrations in VLDL fractions was measured according to Lowry el a/. (19) using
bovine serum albumin (BSA, Sigma) as standard.

In vivo hepatic VLDL-TG production by Triton WR1339 injections. Untreated and bone marrow-
transplanted mice were injected intravenously with 500 mg of Triton WR1339 (Sigma) per kg body
weight as a 15 g/dl solution in 0.9Vo NaCl after an overnight fast. Previous studies have shown that
plasma VLDL clearance is virtually completely inhibited under these conditions (20). Blood samples
(50 t:l) were taken at 0, l, 2,3, and 4 hours after Triton WRl339 injection and plasma TC were
measured enzymatically. Plasma TG concentrations were related to the body mass of the animals and
the hepatic TG production rate was calculated from the slope ofthe curve and expressed as pzmol/hr per
kg body weight.

Liver perfusion experiments. Experiments were always started between 10 and I I a.m. Fed mice were
anesthetized by intraperitoneal injection of 0.5 ml/kg Hypnorm (Janssen Pharmaceutica, Tilburg, The
Netherlands) and 12.5 mg/kg Midazolam (Roche Netherlands BV, Mijdrecht, The Netherlands). After
cannulation of the portal vein with an Abbocath-T cannula (26G x 19 mm, Abbott. Laboratories, Kent,
UK), livers were isolated and perfused (1.5 ml/min) in a recycling fashion. The liver and the perfusate
were maintained at 37'C throughout the experiment. The recirculating perfusate (20-30 ml) was a RPMI
buffer (RPMI 1640 medium, ICN Biomedicals, Costa Mesa, CA), pH 7.5, containing I mM vitamin C,
5 mM glutathione, and 2.57o (wtlwt) BSA. Oleate was added as a BSA-complex to the perfusate to
reach a concentration of I mM in all experiments. The perfusate was gassed wtth 957o O , and 5Vo CO ,
All the perfused livers were functionally viable by gross appearance after a 3 hour perfusion period. At
termination of the experiment, livers were perfused with blue dye (Polysciences Inc., Warrington, PA)
to assess grade of perfusion, cleansed of all extrahepatic non-perfused tissue and weighed.

Before isolation of nascent VLDL, the 20-30 ml of perfusate was concentrated to l0 ml
(Centriprep 30, Amicon Division, Danvers, MA). Nascent VLDL fractions (dcl.006 g/ml) were
isolated by ultracentrifugation at 40,000 rpm in a SW-40 swingout rotor (Beckman, Geneva,
Switzerland) for 18 hours at 5oC. Each VLDL sample was dialyzed extensively against phosphate-
buffered saline overnight at 4'C. The lipid composition of the nascent VLDL particles was analyzed as

described above.

Preparation and culturing of mouse hepatocytes. Hepatocytes were isolated from mouse livers as

previously described by Klaunig et al. (21). Briefly, the portal vein was cannulated with a 22 gauge
plastic cannula. The liver was first perfused with a calcium-free Hanks Balanced Salt Solution (HBSS)
containing glucose (10 mM) and HEPES (10 mM), pre-gassed with95Vo O.and 57o CO, and adjusted
to pH 1 .42, at a flow rate of 4 ml/min. Subsequently, the liver was perfused with a collagenase solution
(20 mg of collagenase (Sigma)/200 ml calcium-containing (5 mM) HBSS) for about l0-15 min until
swelling of tliLe liver was observed. Hepatocytes were then gently released from the surrounding capsule.
Isolated hepatocytes were washed 3 times with Williams'E medium (Life Technologies Ltd. Paisly,
Scotland, UK) containing 57o (wtlwt) BSA. Hepatocytes were isolated with similar yields from livers of
control and apoE-deficient mice, with average values of about 60 x 106 cells per liver. The viability of
hepatocytes was assessed by trypan blue (final concentration 0.2Vo) exclusion immediately after
isolation and varied between 65 and SOVo of the total amount of cells as isolated. No differences were
observed in this respect between cells isolated from apoE-deficient and control mice. Cells were plated
in 35 mm 6-well plastic dishes (Costar, Cambridge, MA), pre-coated with collagen (Serva, Heidelberg,
Germany), at a density of 1.0 x 106 viable cells/well in 2 ml culture medium. After a 2 h adherence
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period, non-viable cells were removed from the cultures by careful washing. The culture medium

consisred of Williams' E medium supplemented with llVo FCS (Bio Withaker, Verviers, Belgium), 100

pglml of penicillin and streptomycin (Life Technologies), 4 mUiml insulin and 0.02 pLglml

dexamethasone (both from Novo Nordisk Pharma BV, Amsterdam, The Netherlands) as previously
described by Princen et al. (22). Cells were incubated at 37'C in an atmosphere of 95Vo air and 5Vo CO 

=

and rapidly formed monolayers.
The total synthesis and secretion of proteins by cultured hepatocytes was determined by TI-

Leucine incorporation into trichloroacetic acid-precipitable proteins. Foi this purpose, H-leucine (2

pCilml per well, Amersham International, Amersham, UK) was added to the medium 3 hours before

termination of the cell incubation. Both the protein synthesis and the secretion of newly synthesized
protein were similar in overnight cultured hepatocytes as isolated from apoE-deficient and control mice.

The lactate dehydrogenase (LDH) activity in media and cells was determined as previoirsly
reported (23). No differences were observed in LDH leakage from hepatocytes as isolated from apoE-

deficient and control mice. In all cases more than 95Vo of lhe LDH activity was found intracellularly.

Experimental protocols for cultured hepatocytes. After an overnight culture, FCS-containing
medium was removed from the wells and cells were washed 2 times with FCS-hormone-free medium.
Cells were subsequently incubated with FCS-hormone-free medium (l ml/well, pH 7 .4) containing 0.25
mM BSA only, or BSA as complexed to oleate (0.75 mM oleate/O.25 mM BSA) at 37"C for either 4
hours or 24 hours. In all experiments oleate was used to stimulate hepatocytic lipogenesis. Medium
containing BSA-oleate complexes was freshly prepared at the day of each experiment.

To determine the glycerolipid synthesis and secretion rates, }I-glycerol(4.4 pCi,25 pM final
concentration, Amersham) or tH-oleate (2 pCi, in l0 prl ethanol, Amersham) was added to each well
according to different experimental protocols (see legends to the Figures in Results section). All
incubations were performed in triplicate and terminated by placing the culture plates on ice. Media were

collected and centrifuged at 10.000 rpm for 2 min to remove suspended cells. Cells were washed three

times with cold phosphate-buffered saline (PBS) and harvested using a rubber policeman in 2 ml PBS.

Samples were frozen at -20'C prior to analysis.
The cholesterol synthesis by cultured cells was estimated by measuring 't-acetate (Amersham)

incorporation into sterols. Previous studies have indicated that this method yields relative values for
cellular lipid synthesis similar to those obtained with rH,O in cultured hepatocytes (24).

Assessment of cellular and VLDL lipid content. Nascent VLDL particles (dcl.006 g/ml) were
isolated from the medium by ultracentrifugation at 41,000 rpm in a Kotron TST 41.14 rotor for 24
hours at 4"C. The radiolabeled lipids from VLDL and cells were extracted with chloroform/methanol
(112, vlv). Before lipid extractions, cells were first thawed and resuspended by passing through 26C x
l " (0.45 x 25 mm) needles frve times. Radiolabeled cellular TG, free cholesterol, cholesterol ester and

phospholipids were separated by thin-layer chromotography (TLC) on silica gel 60 plates (Merck) with
hexane/diethylether/acetic acid (80/2Oll, v/v/v) as resolving solution. Prior to TLC analysis, tripalntitin
(Sigma) in chloroform was added to each sample as a carrier for TG determination. After iodine
staining of the silica gel plates, the spots containing the lipids of interest were scraped into vials and

assayed for radioactivity by scintillation counting.
In another set of experiments, the TG content of VLDL and cells was measured using a

commercially available kit from Boehringer Mannheim as described above. The free cholesterol and

cholesterol ester contents were determined according to the methods developed by Gamble et arl. (25).

Phospholipids were determined by measuring the phosphorus content of lipid extracts after perchloric
acid treatment (26).

Electron microscopy. VLDL fractions were prepared for electron microscopy analysis within I hour
after their isolation by ultracentrifugation. The particles welre allowed to adhere to hydrophilic carbon
films and immersed in 27, potassium phosphotungstate (pH 7.4) as a negative stain. Electron
micrographs were obtained in a Philips 8M208 transmission electron microscope. Size distribution of
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VLDL particles was determined using Quantimet 520+ software (Leica, Cambridge, UK).
Western blotting of apoB. VLDL particles were isolated from the media by ultracentrifugation as
described above and adsorbed to Cab-O-Sil (hydrated colloidal fumed silica, particle size 0.011 pm,
Sigma) as previously reported (27). The VLDL apoB and apoE content was analyzed by
immunoblotting as described by Lin et al. (28) using rabbit anti rat-apoB serum showing cross
reactivity with murine apoE (a kind gift of Roger A. Davis, San Diego State University, CA, USA), and
rabbit anti mouse-apoE serum (kindly provided by Pieter H.E. Groot, SmithKline Beecham
Pharmaceuticals, The Frythe, Welwyn (Herts), UK).

Results

In vivo VLDL-TG production rate in apoE-deficient mice: effect of bone marrow
transplantatiorl.

The effect of apoE-deficiency on the in vivo VLDL-TG production rate was determined by

injecting apoE-deficient and control mice with Triton WRl339. Table I shows that the hepatic

TG-production rate was reduced in apoE-deficient mice when compared to controls (61.1 -r

3.6 vs I 12.6 +- 19.4 trrmol TG/h/kg, respectively). To verify whbther this effect is attributable

to the lack of apoE within the hepatocytes and not to aspecific changes in liver function

related to the hypercholesterolemia associated with apoE-deficiency, wild-type mouse bone

malrow cells expressing apoE were transplanted into apoE-deficient mice. In these mice, bone

marrow-derived macrophages are the only sources of apoE, i.e., there is no expression of
apoE in hepatocytes. Bone marrow transplantation effectively reversed hypercholesterolemia

in apoE-deficient mice (Table I), as previously reported by other groups (2g,30).Introduction

of wild-type bone marrow into control mice had no effect on plasma lipid concentrations

(Table I). In spite of normalized plasma lipid levels, VLDL-TG production rates rema{ned

inhibited in the transplanted apoE-deficienl mice (45.2 +- 14.2 vs 109.8 -r 23.3 Umol/h/kg,
respectively) (Table I). These results indicate that the reduced hepatic TG production as

observed in apoE-deficient mice is related to the absence of apoE in the liver per se.

Secretion of nascent VLDL by isolated perfused mouse livers.

To investigate the effects of apoE-deficiency on nascent VLDL-TG production by polarized

hepatocytes in their physiological environment, we performed studies with isolated perfused

livers from apoE-deficient and control mice. In order to stimulate the VLDL-TG production

(18), mice were fed the LFC diet for a period of 3 weeks prior to the liver perfusion

experiments.

The VLDL-TG secretion by isolated perfused mouse Iivers was linear during a 3 hour

period of perfusion (data not shown), indicating that the liver remains functionally viable

during this time-span. After 3 hours of perfusion, the VLDL-TG production by livers from
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apoE-deficient mice was reduced by 50Vo as compared to the VLDL-TG production by

control livers (Table II). In addition, the nascent VLDL particles as produced by perfused

apoE-deficient mouse livers had a lipid composition similar to nascent VLDL as secreted

from control mouse livers (Table II).

Table I. Plasma lipid levets and in vivo VLDL-TG production rates in apoE-deficient and control
mice: effects of bone marrow transplantation.

PRTGTCMice

control

apoE-deficient

control Tx

apoE-deficient Tx

1.8 + 0.2

l8.l + 1.4+

1.5 + 0.2

2.5 + 0.7

2.8 + 0.2

3.7 x,0.6

2.9 + 0.3

3.0 + 0.1

pntol TG/h/kg

112.6 x.19.4

6l.l r3.6*

109.8 t 23.3

45.2+ 14.2*

mmoUl

3

3

3

3

Total cholesterol (TC) and triglyceride (TG) levels were measured in the plasma of fasted apoE-

deficient and control (C57BV6J) mice using enzymatic kits No 236691 and 101904 of Boehringer
Mannheim, respectively. Inadiated apoE-deficient and control mice were given transplants (Tx) of
wild-type bone marrow cells as described in the Methods section. The hepatic VLDL-TG production
rate (PR) was measured by injecting mice with Triton WRl339 (500 mg/kg). For the transplanted

mice, Triton WRl339 was injected l6-20 weeks after bone-marrow transplantation had taken place.

The plasma TG were determined prior to injection (0 min) and at 30, 60, l2O, 180, and 240 min
following Triton injection. The hepatic VLDL-TG PR was calculated from the slope of the curve.
*P<0.05, indicating significant differences between untreated control and apoE-deficient mice or
between transplanted control and apoE-deficient mice, using Student's t{est.

Characteristics of nascent VLDL particles produced by mouse hepatocytes in primary

culture.

The TG and cholesterol content of apoE-deficient cells cultured for 24 h in the absence of

oleate (0.75 mM) were significantly elevated as compared to control cells, whereas no

differences in the cholesterol ester and phospholipid content were found (Table III). The

presence of oleate in the incubation medium resulted in a marked TG accumulation'in both

apoE-deficient and control cells when compared to oleate-free conditions (Table III).

The secretion of nascent VLDL by cultured hepatocytes was quantitated through lipid

content analysis of the d<I.006 g/ml fractions as obtained by density gradient

ultracentrifugation of media collected after 24 hours of incubation. As shown in Figure 1A,

apoE-deficient cells produce slightly but significantly less VLDL-TG as compared to control
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Table II. VLDL-TG production rate and relative lipid composition of nascent VLDL as secreted

by perfused livers from apoE-deficient and control mice.

Nascent VLDL VLDL-TG

Production

TG CE PLFC

control

apoE-deficient

pg TG/g liver

317 + 46

158 + 23*

80+4

75 x6

Vo of totaL lipid (by weight)

2+l 5+l l3+4

2+l 9+5 l7+5

Livers of female apoE-deficient and control (C57BL/6J) mice fed a sucrose-based semisynthetic (LFC)
diet for 3 weeks were perfused in a recirculating fashion as described in the Methods section. After 3

hours of liver perfusion, perfusates were collected and nascent VLDL was isolated by
ultracentrifugation and analyzed for its lipid composition. The triglyceride (TG), free cholesterol (FC),
cholesterol ester (CE) and phospholipid (PL) content of nascent VLDL particles was determined as

described in the Methods section. Values are given as the mean + SD of 4 individual liver perfusion
experiments per group. *P<0.05, indicating the difference between apoE-deficient and control perfused
liver preparations, using the Student's t-test.

Table III. Cellular lipid content of apoE-deficient and control mouse hepatocytes in primary
culture.

PLCEFCTG

no oleate

nmoUmg protein

34+3 4+ Icontrol

apoE-deficient

control

apoE-deficient

8l+9
142 + 5O*

277 t79t

304 +7lt

58+8*

39t6
51 + 4*

5+l

6+2

9+2

206 + 25

251 + 44

255 + 52

286 + 46

with oleate

Cells were cultured for 24 h in the absence or presence of oleate (0.75 mM) and were subsequently
washed and harvested for lipid analysis. The cellular triglyceride (TG), free cholesterol (FC),
cholesterol ester (CE) and phospholipid (PL) content was measured as described in the Methods
section. Values are expressed as the mean + SD of 4 individual hepatocyte preparations per group.
*P<0.05, indicating a significant difference between apoE-deficient and control preparations under the
same culture conditions and 1P<0.05, indicating a significant difference between hepatocyte
preparations in the absence or presence of oleate, using the Student's t-test.
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cells in the absence ofoleate (777o of control values). The total mass lipid secretion by control

cells was stimulated in the presence of oleate (compare Fig lA with Fig lB). In contrast, the

VLDL-TG production by apoE-deficient cells was strongly reduced in the presence of oleate

(397o of control values) (Figure I B). Furthermore, the relative lipid composition of VLDL as

secreted by apoE-deficient and control cells appeared to be similar under all conditions

(Figure 1).

Western blot analysis revealed that.apoB48 is the most important form of apoB

secreted by control and apoE-deficient mouse hepatocytes, which is in line with the high level

of apoB mRNA editing activity in mouse liver (31) (results not shown). As expected, apoE

could be detected in VLDL particles produced by control cells but not in those from apoE-

deficient cells (data not shown).

I ApoF{-/-) n ocrml

Figure 1. VlDl-associated lipid secretion by apoE-deficient and control mouse hepatocytes. Cells
were cultured for 24 h in the absence (Figure lA) or in the presence (Figure lB) of 0.75 mM oleate as

described in the Methods section. Lipoproteins were isolated from the d<1.006 g/ml fraction after
density gradient ultracentrifugation of medium samples and the triglyceride (TG), free cholesterol (FC),
cholesterol ester (CE) and phospholipid (PL) composition was analyzed as described in the Methods
section. Values are expressed as the mean + SD of four independent experiments in each group.
*P<0.05, indicates a significant difference between apoE-deficient and control cells during same culture
conditions, nP<0.05, indicates a significant difference between absence and presence ofoleate, using the
Student's t-test.
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The size of the particles as isolated from the d<1.006 g/ml fractions was determined

by electronmicroscopy. As shown in Figure 2A, no differences in size were found between

apoE-deficient and control particles when cells were cultured under oleate-free conditions

(41.8 t 0.7 vs 43.8 t 2.0 nm, respectively). In contrast, when cells were cultured in the

presence of oleate, the average diameter of apoE-deficient VLDL particles as isolated from

the media was smaller than that of control particles (38.3 -r 3.3 nm vs 49.5 + 1.9 nm,

respectively (Figure 28). The average size of the VLDL particles formed in the presence of

oleate was significantly larger for control cells when compared to oleate-free conditions

(compare Figure 2,\ with Figure 2B).

f ApoE (-/-) ! cuffol

s
P
0)5
E'
E

t4.o

12.0

10.0

8.0

6.0

4.0

2.0

0.0

I$ Oleate

50 70

nm
90 110 10

WrthOleate

30 50 70

iln
90 110

Figure 2. Frequency distribution of particle diameter of VLDL produced by apoE-deficient and control
mouse hepatocytes. ApoE-deficient and control (C57BLI6J) mouse hepatocytes were cultured for 24 h
in the absence (Figure 2A) or presence (Figure 28) of 0.75 mM oleate as described in the Methods
section. Lipoproteins (d<1.006 g/ml) were isolated from the media by ultracentrifugation and were
studied by electronmicroscopy as described in the Methods section. Values are expressed as the mean of
4 independent VLDL preparations per group. SD bars are not shown for clarity reasons. In each
preparation,. approximately 500 particles were analyzed.
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Since apoE-deficient VLDL exhibited a smaller size as compared to control VLDL under

oleate-stimulating conditions, it was investigated whether these particles could be recovered

in higher density fractions upon ultracentrifugation. Therefore, we performed cell incubation

experiments in the presence of 0.75 mM oleate and rH-glycerol to label the newly synthesized

lipids. After 24 hours of incubation the media was harvested and VLDL was isolated by

ultracentrifugation. Although the total amount of radiolabeled lipids as secreted by apoE-

deficient cells is decreased as compared to that by control cells, the majority of radioactivity is

recovered from the d<1.006 g/ml fractions for both control and apoE-deficient cells (Figure

3). These results thus indicate that the decreased recovery of apoE-deficient VLDL in the

d<1.006 g/ml fraction is due to an impaired VLDL secretion by apoE-deficient hepatocytes,

rather than to a shift in the density of apoE-deficient particles.
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Figure 3. Density gradient ultracentrifugation profiles of radiolabeled lipids accumulated in the culture
medium of primary hepatocytes isolated from control (open symbols) and apoE-deficient (closed
symbols) mice. Hepatocytes were incubated in serum-free media containing rH-glycerol and 0.75 mM
oleate complexed with BSA (0.25 mM) for 24 hours. After incubation, the media were collected,
centrifugated to remove any cell debris and extensively dialyzed. Immediately prior to
ultracentrifugation, 0.5 ml of normal human plasma was added as a carrier. Fraction were collected,
extracted and assayed for radioactivity as described in the Methods section. The data present the mean

of 3 independent experiments per group. The solid line represent the mean of 3 independent
experiments per group. The solid line represents the average density ofthe collected fractions.
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Secretion of newly synthesized TG by hepatocytes in primary culture.

To compare the cellular synthesis and secretion of newly formed lipids by control and apoE-

deficient cells, we performed incubation experiments with either 3H-glycerol or3H-oleate to

label the newly synthesized TG. Figure 4 shows a similar time-dependent cellular

accumulation of rH-TG formed from radiolabeled glycerol in apoE-deficient and wildtype

cells, both in the absence (Figure 44) and presence.(Figure 48) of oleate. Similar results were

obtained in 3 additional independent experiments in which 3H-TG secretion by apoE-deficient

cells and control cells was compared. On average, the cellular 3H-TG content was 307o

(without oleate) and 24Vo (with oleate) higher in apoE-deficient hepatocytes than in control

hepatocytes, after 3 hours of incubation. These differences, however, were not statistically

significant. In contrast, the rH-TG secretion by apoE-deficient cells was significantly

decreased by 60Vo in the absence of oleate (Figure 4C) and 73Vo in the presence of oleate

(Figure 4D) as compared to ]H-TG secretion by control cells. Similar results were obtained

when ]H-oleate was used to label the newly synthesized lipids.

Measurement of the incorporation of rt-acetate into cellular cholesterol, indicative

ior cholesterol biosynthesis, did not reveal any significant difference in this respect between

apoE-deficient and control cells, either in the absence or in the presence of oleate in the

incubation media (data not shown).

Discussion

Production of VLDL by the liver is an important determinant of plasma lipid levels in

humans. It is well-established that apoB is required for the assembly and secretion of these

TG-rich lipoproteins by liver cells and that each particle produced contains a single apoB

molecule (29). Although controversies still exist, the majority of available data as summarized

in recent reviews (33-36), indicates that regulation of apoB secretion is primarily a post-

translational event govemed by the efficiency of translocation of the protein across the ER

membrane and its association with lipids. Excess of apoB that does not appropriately associate

with lipids inside the ER lumen is rapidly degraded. There is a large body of experimental

evidence which indicate that both the availability of core (TG, cholesterol ester) and surface

lipid (phospholipid) can become rate-limiting for VLDL production. Furthermore, several

studies have shown that the microsomal triglyceride transfer protein (MTP) is essential for

adequate lipoprotein formation (37-39). In addition, other proteins have been identified that

may play a role in the assembly of VLDL (see review by Ginsberg, 35).
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Figure 4. Time-dependent accumulation of 3H-TG in apoE-deficient and control hepatocytes and
secretion of 3H-TG-VLDL by these cells. After their isolation, apoE-deficient hepatocytes (solid lines)
and control (C57BL/61) hepatocytes (dotted lines) were cultured overnight in FCS and hormone-
containing media. Cells were thoroughly washed and incubated for an additional 4 hours in FCS and
hormone-free medium. Subsequently cells were incubated with medium containing BSA in the absence
(Figure 4A and 4Q or presence (Figure 48 and 4D) of 0.75 mM oleate. H-Glycerol was added to label
newly synthesized TG, as outlined in the Methods section. At the indicated time points, cells and media
were harvested and the accumulation of cellular 3H-TG 

lFigure 4A and 48) and secretion d H-TG-
VLDL (Figure 4C and 4D) was determined as described in the Methods section. A representative
experiment is shown in which cells isolated from a single apoE-deficient and control mouse were
studied simultaneously. Values are expressed as the mean t SD of triplicate determinations at each time
point.

In the current study data are presented that identify apoE as an additional factor

involved in the regulation of VLDL assembly and secretion by hepatocytes. A pronounced

reduction in VLDL-TG secretion by apoE-deficient liver cells was observed in three different

experimental systems, i.e., in the intact animal, in the isolated perfused liver and in

hepatocytes in primary culture. It could be argued that the decreased VLDL-TG secretion by

apoE-deficient hepatocytes is not directly related to the lack of apoE, but rather to aspecific

changes in the livers of apoE-deficient mice as induced by the profound

hypercholesterolemia. To address this possibility. in vivo hepatic TG production studies were

performed with apoE-deficient mice in which the hypercholesterolemia was effectively
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reversed after transplantation of wild-type bone marrow. These studies showed that the

hepatic TG production is still severly impaired in the bone marrow-transplanted apoE-

deficient mice (Table I). In addition, no differences were observed between cultured apoE-

deficient and control hepatocytes with respect to cell viability, protein synthesis and LDH

leakage. Altogether these data strongly indicate that the reduced TG secretion by apoE-

deficient liver cells is primarily caused by the absence of apoE, per se.

To gain more insight in the mechanisms underlying the reduced TG secretion by apoE-

deficient liver cells, nascent VLDL-TG production studies were performed using isolated

perfused mouse livers and cultured hepatocytes. One of the major advantages of the perfused

liver model is that hepatocytes maintain their secretory polarity, a feature that is obviously lost

in cell culture. The secretion of VLDL-TG by livers from apoE-deficient mice was reduced by

50Vo as compared to control mice. In addition, the perfused mouse livers of either strain

produced nascent VLDL particles with a similar lipid composition (Table II), indicating that

apoE-deficient mouse livers essentially produce normal TG-rich VLDL.

_ Much of our knowledge on the VLDL production process is derived from in vitro

studies with hepatoma cell lines and primary hepatocyte cultures. Human (HepG2) and rat

(McA-RH7777) hepatoma cell lines (15,16) as well as SV40 large T antigen-immortalized

human hepatocytes (40) typically secrete apoB-containing particles in the LDl-density range,

probably as a consequence of their dedifferentiated state in which a number of liver-specific

functions are lost (40). In contrast, short-term primary cultures of rat (41), human (28) as well

as murine (20) hepatocytes secrete primarily VLDL, reflecting more closely the in vivo

situation. The data as depicted in Figure 3 demonstrate that apoE-deficient hepatocytes in

primary culture secrete newly synthesized lipids primarly in particles of the VlDl-density

range, similar to the situation observed for wild-type control cells.

Experiments with apoE-deficient hepatocytes in culture showed an impaired VLDL-

TG secretion, both when mass "secretion" was determined over a24 hour period (Figure l)
and when secretion of newly synthesized TG from radiolabeled precursors was measured

(Figure 4C and 4D). This impaired VLDL-TG secretion by apoE-deficient hepatocytes was

not likely caused by a decreased intracellular TG synthesis, since the TG synthesis rate as

measured by 3H-glycerol incorporation was similar for apoE-deficient and control cells

(Figure 4A and 48). ln addition, apoE-deficient cells showed significantly higher TG and

cholesterol contents as compared to cells from wild-type mice (Table III). This is consistent

with our previous in vivo observations ( l3), although the difference in hepatic TG content was

larger under in vivo conditions. This may be due to selective isolation of relatively lipid-poor

cells from periportal areas (zone l), since it was found that TG-containing fat droplets are

predominantly localized in perivenous (zone 3) hepatocytes in apoE-deficient livers (13).

Alternatively, the lipid-laden zone 3 cells may have been lost more easily during isolation and
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subsequent washing procedures.

In the absence of oleate, cells from apoE-deficient mice secreted less VLDL-TG,

whereas the VLDL particles were of similar size and composition as those secreted by cells

from control mice (Figure I and 2). These data point to a significant reduction in the number

of VLDL particles as secreted by apoE-deficient hepatocytes. However, in the presence of

oleate, VLDL particles formed by apoE-deficient cells were significantly smaller than those

produced by control cells (Figure 2). A simple calculation shows that the 10.7 nm difference

between apoE-deficient and control particle size (Figure 2) results in a2.2-fold larger particle

volume for VLDL produced by control cells. This value relates reasonable well to the 2.6-fold

higher production of core lipids by control cells under these conditions (Figure 1). Thus under

oleate-stimulated conditions, it is suggested that apoE-deficient hepatocytes secrete smaller

VLDL particles without affecting their overall number. Clearly, further studies are necessary

to establish the modulating effect of apoE on VLDL particle size and secretion. Such

experiments, including detailed analysis of apoB synthesis and secretion, are currently being

performed in our laboratory.

Previous studies have shown that the synthesis rate of cholesterol in the liver may

affectVLDLsecretion (42).lnthepresentstudy,theincorporationof 'oC-acetateintocellular

cholesterol was similar in control and apoE-deficient cells both in the absence and presence of

oleate in the incubation medium. These results indicate that the impaired VLDL production by

apoE-deficient hepatocytes as observed in the present study is not caused by differences in

cholesterol biosynthesis.
' 

How does apoE influence VLDL particle assembly and secretion? As outlined in the

introductory section, Fazio et al. (15) have reported an enhanced association of apoE with

large, apoB containing lipoproteins during stimulation of lipogenesis in HepG2 cells, while

the total amount of apoE secretion did not change. Similar findings were also reported in a

study of Davis e/ al. (43) using rat hepatocytes in primary culture. Fazio and Yao (16)

speculated that this increased association reflects a physical preference of apoE for the larger

particles, providing an effective way to enrich these particles with apoE in order to facilitate

subsequent carrier-mediated uptake of their remnants from blood. Our data, however, strongly

suggest that apoE actually has a function in the assembly/secretion process at the intracellular

level, in particular when lipogenesis is stimulated by the presence of oleate in the culture

media. Although the exact mechanism(s) remain to be elucidated, our data seem to indicate

that apoE is involved in the incorporation of (newly synthesized) TG into VLDL particles

produced by mouse liver cells. At this point, it is tempting to speculate that apoE interferes

with the recruitment of newly synthesized TG into the small microsomal "secretion-coupled"

pool of TG that is suggested to be involved in the regulation of apoB secretion (44).

Interestingly, Gretch et al. (45) have recently found that the expression of human apoE in

193



Chapter 8

insect larvae leads to progressive conversion of the endogenous lipoproteins into more

buoyant species. Although there clearly are major differences in lipoprotein assembly

between the insect system and the mammalian system, this finding demonstrates that apoE

can influence the amount of lipid assembled into lipoproteins and thereby affect their size and

buoyant density. Thus, in conclusion, we propose that, in addition to its well-established

function in lipoprotein uptake by the liver, apoE plays an important physiological role in

lipoprotein formation by hepatocytes as well.
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Abstract

The human apoCs are often portraited as members of one consistent family, because of their

similar distribution among lipoprotein classes, their low molecular weights and coincident

purification. However, numerous in vivo and in vitro studies have indicated that the individual

apoCs: apoCl, apoC2 and apoC3, may serve distinct functions in lipoprotein metabolism.

Although apoCl has been proposed to modulate several enzymes involved in lipoprotein

metabolism, the only well-established in vivo metabolic function of apoCl sofar has been its

inhibitory action on the uptake of VLDL via liver receptors, particularly the LDL.receptor-

related protein (LRP). ApoC2 is an important activator of lipoprotein lipase (LPL), which is

required for an efficient processsing of TG-rich lipoproteins in the circulation. In contrast,

apoC3 effectively inhibits the LPl-mediated hydrolysis of TG-rich lipoproteins, resulting in a

delayed clearance of these lipoprotein particles from the circulation. From these data it can

thus be concluded that all apoCs specifically modulate the metabolism of TG-rich lipoproteins

which may cohtribute to the development of hyperlipidemia and other lipoprotein

abnormalities in humans.

Keywords: ApoC, LPL, VLDL, triglycerides, transgenic mice

l. Introductio

The human apoCs are protein constituents of chylomicrons, VLDL and HDL. In comparison

to the intensively studied apoE, apoB and apoAl, which appear to play an important role in

the development of hyperlipidemia and atherosclerosis, modest attention has been paid to the

roles of apoCs in lipoprotein metabolism. Much of the studies regarding the functional

properties of apoCs may have been hampered by methodological problems for their
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separation, quantification and their poorly understood association with hyperlipidemia and

other lipoprotein disorders. To date, several genetic mutations and restriction fragment length

polymorphisms (RFLP's) in or around the human APOC genes have been identified which are

associated with abnormal lipoprotein levels in humans. For example, patients with an

inherited apoC2-deficiency suffer from severe hyperchylomicronemia due to their inability to
hydrolyze TG-rich lipoproteins. Genetic defects in human apoCl and apoC3 are also found to

be associated with lipoprotein abnormalities, although the underlying mechanisms as related

to these abnormalities remains poorly understood. In the last few years, however, new insights

into the metabolic properties of apoCs have been provided by the technologies of transgenesis

and gene-targeting in mice.

The present review addresses the influence of apoCs on the major metabolic pathways

in Iipoprotein metabolism. Therefore, a number of important in vitro and in vivo studies will
be discussed that point to a distinct role for each of the individual apoCs in lipoprotein

metabolism and human disease.

2. APOC Genes and Proteins

The genes coding for human apoC I and human apoC2 are members of a 48 kb gene cluster on

chromosome 19, that includes the APOE and pseudo APOCI'gene as well (1-5). Recently a

fourth gene was identified within this gene cluster, which was called APOC4 (6). The APOC3

gene is located in a cluster on chromosome I l, together with the APOAI and APOA4 genes

(5,7,8).

When secreted into the circulation, C apolipoproteins rapidly exchange between

chylomicrons and VLDL on one hand, and HDL on the other hand (9,10). In the fasted state,

C apolipoproteins are mainly associated with HDL, while in the fed state they preferentially

redistribute to the surface of chylomicron and VLDL particles (11). At least for apoC3, there

is also a nonexchangeable pool present on both VLDL and HDL that accounts for 30-60Vo of
the total apoC3 mass in each lipoprotein fraction (12,13). Several properties of the human

APOC genes and proteins are summarized in Table I, and will be discussed in more detail in

the paragraphs below.

2.1. Tissue expression of the APOC genes

The human gene encoding for apoCl is located 4.3 kb downstream of the APOE gene on

chromosome l9 in the same transcriptional orientation (2,3) and is approximately 4.7 kb in

size (Table I). One copy of the APOCI gene, the so-called pseudo APOCI', is located 7.5 kb

downstream of APOCI (1,4). The human APOCI gene is primarily expressed in the liver, but

lower amounts are also found to be expressed in lung, skin, testis and spleen (4). No mRNA
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Table I. Properties of human APOC genes and proteins 

Properties APOCl APOC2 APOC3 APOC4 

Chromosomal localization 19ql3 .2 19ql3.2 l lq23-qter 19ql3.2 

Size of gene 4.7 3.4 3.1 3.3 
(kb) 

Tissue expression liver,lung,skin, liver,intestine liver,intestine low amounts in liver 
testis, spleen 

Length of mature protein 57 79 79 102 
(amino acids) 

Molecular weight 6.6 8.8 8.8 N 
(kD) 

Plasma concentration 6 4 12 ND 
(mg/di) 

References Lauer et al. (4) Wei et al. ( 19) Protter et al. (7) Allan et al. (6) 
Curry et al. (38) Das et al. (20) Nestel et al. (51) 

The chromosomal localization , ti ssue specific expression and other biological properties of the human APOC genes and proteins are depicted. N, not 
determined; ND, not detectable. 
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products of the pseudo APOCI' gene are detected in any tissue (4). The regulation of human

APocl expression, together with that of the APoE gene, is under control by an array of
elements found in the immediate 5'-flanking region of the APOE gene and throughout the

whole APoElcllcz gene cluster (review; 14,15). The hepatic control region, an element

located approximately 17 kb downstream of the APOE gene and about 9 kb downstream of
the APOCI gene, was found to regulate the expression of both the APOC.I and APOE gene in

the liver (16,17). A second hepatic controlling element within the APOEICI1C2 cluster was

recently identified at27 kb downsrream of the APOE gene (t S;.

The human APOC2 gene is also located on chromosome l9 and spans a region of 3.4

kb (Table I). The human APOC2 gene is primarily expressed in liver and intestine (19-21).

The human APOC3 gene is closely linked to the APOAI and APOA4 genes (22) on

the long arm of chromosome I l, and is approximately 3.I kb in size (Table l) (7,23-26). The

human APOC3 gene is expressed in the liver and intestine and is controlled by positive and

negative regulatory elements which are spread throughout the gene cluster (27,30).

Experiments with transgenic animals allowed the localization of an element in the proximal 5'

humart APOC3 region, controlling the intestinal expression of APOC3, APOAI and APOA4
(31,32).

An additional gene within the APOE/Cl lC2 gene cluster, designated APOC2 linked
(Acl) gene, was first discovered in mice (33). Recently, a similar gene was found in humans

(6). On the basis of its location (555 bp upstream of APOC2) and other characteristics, this

3.3 kb gene was designated APOC4. RNase protection analysis indicated relatively low

human APOC4 mRNA levels in the human liver (6).

2.2. Synthesis and structure of the apoC proteins

Nucleotide sequence analysis has indicated that apoCl is synthesized with a 26-residue signal

peptide which is cleaved co-translationally in the rough endoplasmic reticulum (34). The

remaining single-chain polypeptide of 57 amino acid residues has a molecular weight of 6.6

kD (Table D (35,36). ApoCl has a high content of lysine (16 mol 7o) and contains no

histidine, tyrosine and cysteine nor carbohydrate (37). It has been demonstrated that residues

7-24 and 35-53 of apoCl are important for the binding to lipoproteins, whereas the remainder

of the residues is suggested to be responsible for the biological functions of apoCl (37). The

plasma concentration of apoCl in humans is approximately 6 mg/dl (38).

ApoC2 is synthesized with a 22-residue signal peptide which is cleaved co-

translationally in the rough endoplasmic reticulum (39). The remaining single polypeptide

chain of 79 amino acid residues has a calculated molecular weight of 8.8 kD (21 ,39-41). The

structure ofapoC2 is predicted to contain three helical regions between residue 13 to22,29 to
40, and 43 to 52 which are thought to be involved in phospholipid binding (42). Studies using
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synrheric peptides of apoC2 have shown that lipoprotein lipase (LPL) interacts with the

COOH-terminal amino acids 56-79 of apoC2 (43). In line with these data, deletion of the

COOH-terminal tetra peptide residues 76-79,prevents the protein from activatingLPL @$.
ApoC2 is present in human plasma at a concentration of about 4 mgldl (20).

ApoC3 is synthesized in the liver and in minor quantities by the intestine as a 99

amino acid signal peptide. After removal of the 20 aririno alid signal peptide in the

endoplasmic reticulum, a mature apoC3 protein of 79 amino acids comprises a molecular

weight of 8.8 kD (Table I) (45). Thrombin cleavage of apoC3 results in a N-terminal domain,

residues l-40, and a Cterminal domain, residues 4l-79, corresponding to the products of

exon 3 and 4, respectively (46). Structural analysis demonstrated that the binding of apoC3 to

surface phospholipids of lipoproteins is mediated by an amphipathic helix at residues 50-69

residing in the C-terminal domain of apoC3 (47). Isoelectric focussing separates apoC3 into

three isoforms that differ in their degree of O-linked sialyation at the threonine residue in

position 74: apoC3-0 (no sialic acid), apoC3-1 (l mol sialic acid) and apoC3-2 (2 mol sialic

acid) (48-50). ApoC3 is the most abundant C apolipoprotein in human plasma at a

concentration of approximately 12 mg/dl (51).

The relatively low human APOC4 gene expression in the liver and the total lack of the

apoC4 protein in human plasma (Table I), suggests that apoC4 plays no major role in

lipoprotein metabolism. The apoC4 protein sequence was predicted to comprise 127 amino

acid residues, which contains a putative 25-residue signal peptide and two potential

amphipathic cr-helical domains. Amino acid sequence comparisons indicated a limited

homology between apoC4 and either apoCl or apoC2 (6). In other species such as the rabbit,

it has been demonstrated that apoC4 is secreted at a more substantial level (52). The rabbit

apoC4 protein is synthesized as a 124 amino acid protein, including a typical signal peptide of
27 residues and has a molecular weight of about 14 kDa. The mature rabbit apoC4 protein of
97 amino acids is primarily associated with VLDL and HDL (52).

3. ApoC and Human Disease

Several genetic mutations in the human APOC genes have been described that appear to be

associated with lipoprotein disorders or altered plasma lipid concentrations in humans (see

Table II). Much of the knowledge about the function of apoC2 has come from studies in

which patients were identified with an inherited apoC2-deficiency (53). These patients

suffered from hyperchylomicronemia which was phenotypically indistinguishable from

patients with LPL deficiency. Transfusion of normal plasma in these apoC2-deficient patients

normalized plasma TG levels, most likely due to the activation of LPL by apoC2 as present in

normal plasma. In contrast, the link between lipoprotein disorders and mutations in the human
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APOCI and APOC3 genes is poorly understood.

3.1. Molecular defects in human APOC genes and their association with lipoprotein

disorders

Little is known about natural occuring mutations in the human APOCI gene. Sofar, only one

study has reported on a c'ase of apoCl-deficiency in patients with familial chylomicronaemia

(54) (Table II). Since these patients suffered from apoC2-deficiency as well, the

chylomicronaemia is most likely caused by the apoC2 defect. Remarkably however, the

apoCl/apoC2-deficient patient exhibited strongly decreased levels of cholesterol ester,

especially apparent in HDL, which was much more severe than previously reported in cases

of apoC2-deficiency (54). These observations suggest that apocl-deficiency in HDL may

modulate lecithin-cholesterol acyltransferase (LCAT) activity; which is known to catalyze the

esterification of free cholesterol in plasma (55).

The importance of apoC2 as activator for LPL has unequivocally been demonstrated in

patients with genetic defects in the structure or production of apoC2, which all display high

circulating levels of TG (53,56-59). As summarized in Table II, sequence analysis of the

APOC2 gene in families with familial hyperchylomicroneamia has revealed a variety of
molecular defects in this particular gene. In 7 families (Nijmegen, Paris, Barcelona, Japan,

Venezuela, Padova and Bari), a single base change resulted in an introduction of a premature

stop that led to the synthesis of truncated forms of apoC2 that were either not secreted, or

rapidly cleared from the circulation (60-64) (Table II). In addition to a single base

substitution, the APOC2r"r," and APOC2v"n..,.ro geh€ exhibited several other distinct mutations

in APOC2 (62). A point mutation in the initiation methionine codon of the APOC2,,;.; ger€

caused a met22-val substitution which resulted in the inability to initiate apoC2 synthesis (65).

APOC2H,-b.i.r, a donor splice site mutation in the first base of the second intron causing

abnormal splicing of mRNA, was associated with low levels of apoC2 in plasma (66). A

similar mutation was also observed in a neonatal Japanese patient (APOC2r"kyJ (67).

Molecular defects in the APOCZ gene may also result in the expression of normal levels of
nonfunctional apoC2, as is the case with APOC2ro.on,o and APOC2sr Mi"ho.r (68,69).

Furthermore, a single amino acid substitution of trpru-arg in the APOC2wakayama gen€ woS

suggested to result in the secretion of a mutant apoC2 that is not able to bind to lipids and

subsequently rapidly cleared from the circulation (70). Another rare APOC2 mutant, the

APoc2sunF.un.isco gene, was found in three unrelated patients with hypercholesterolemia and

hypertriglyceridemia, but a direct relationship between this mutant form of apoC2 and the

hyperlipidemia as observed in these patients could not be established (71). Similarily, an

APOC2 variant as characterized by a lys,r-thr substitution was not clearly associated with

lipoprotein abnormalities, since this rare mutant form of apoC2 was described both in

204



Table II. Molecular defects in the human APOC genes 

Gene 

APOCl 

.APOC2 

APOC3 

Family 

N 

Nijmegen 

Paris2, Barcelona 

Japan, Venezuela 

Padova, Bari 

Pari s, 

Hamburg, Tokyo 

Toronto 

St. Michael 

Wakayama 

San Francisco 

N 

Turkey 

Molecular defect 

apoC l /C2 deficiency 

introduction stop codon (val 1K) 

introduction stop codon (arg, 9) 

introduction stop codon (gln 2) 

introduction stop codon (tyr37) 

met22- val 

iiltron 2 donor splice defect 

asp69-thr 

gln70- pro 

trp26- arg 

glu3K- lys 

lys5K-glu 

asp45 -asn 

Lipoprotein protein in References 
disorder/abnormalit~ Elasma 

familial chylomicronemia 0 Dumon et al. (54) 

familial chylomicronemia 0 Fojo et al. (60) 

familial chylomicronemia 0 Parrot et al. (61) 

familial chylomicronemia 0 Xiong et al. (62) 

familial chylomicronemia 0 Fojo et al. (63) 
Crecchio et al. (64) 

familial chylomicronemia 0 Fojo et al. (65) 

familial chylomicronemia I Fojo et al. (66) 
Okubo et al. (67) 

familial chylomicronemia - Connelly et al. (68) 

familial chylomicronemia - Connelly et al. (69) 

familial chylomicronemia 0 Inadera er al. (70) 

hyperlipidemia - Pullinger et al. (71) 

hyperalphalipoprotei nemia I von Eckarcistein et al. (82) 

? - LUttmann et al. (83) 

Structural analysis of the APOC genes in several families have identified a variety in mutations affecting the synthesis, secretion or structure of the respective 
apoC proteins. The molecular defect, the related lipoprotein disorder or lipoprotein abnormality and the presence of the apoC protein in plasma is indicated. 0, 
absence of apoC protein ; I , low amounts of apoC protein ; - , presence of apoC protein; N, not reported; ?, not known. 
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unrelated hypertriglyceridaemic patients (72,73), as well as in normolipidaemic individuals

(7 4).

Several lines of evidence have implicated that apoC3 may contribute to the

development of hypertriglyceridemia. A positive conelation has been observed between

plasma apoC3 levels and elevated levels of plasmaTG (75-77). However, natural mutations in

the human APOC3 gene fail to clearly show an association between the mutation and an

altered lipid/lipoprotein metabolism. Four genetic variants of apoC3 were identified by the

presence of additional bands after isoelectric- focusing of VLDL. Two of these variants

differed from normal apoC3 by their degree of sialyation, i.e. one was oversialyated (78),

while the other was not sialyated at all because of a thrro-ala mutation at the glycosylation site

(79-81). Carriers of these mutants were normolipidaemic, indicating that the degree of apoC3

sialyation has little impact on lipoprotein metabolism. The two remaining apoC3 variants

represented amino acid subsitutions within the lipid-binding domain of apoC3 (Table II). The

lysrr-glu mutation was associated with low plasma apoC3 concentrations and atypically large

HDL (82). The number of carriers for this mutation however, was to small to demonstrate a

direct relationship between the mutation and altered lipoprotein levels. The asp45-asn variant

was found in a Turkish patient that underwent coronary bypass surgery, but failed to show a

clear association between the mutation and an abnormal lipoprotein metabolism (83). Several

studies have reported on a complete apoC3-deficiency in families with increased prevalence

of premature coronary heart disease (84,85). In addition, one family with apoC3 deficiency

demonstrated an increased fractional catabolic rate of VLDL (86). However, in all cases

apoC3-deficiency was associated with apoAl deficiency, making it difficult to estimate the

exact contribution of lack of apoC3 to changes in lipoprotein levels.

3.2 Polymorphisms of the APOC gene clusters.

One population-based genetic association study has reported on a HpaI restriction fragment

length polymorphism (RFLP) in the APOCI promoter (87), located at a site 317 bp 5'to the

apoCl transcription initiation site (88). Recently it has been shown that a construct containing

both the HpaI site and the hepatic control region (HCR), causes enhanced expression of a

luciferase reporter gene in HEPG2 cells in culture (89). These results suggest that under

certain conditions, overexpression of APOCI as caused by the HpaI promoter variant may

contribute to the development of hyperlipidemia.

It has been demonstrated that a minor allele (S2 allele) of an SstI RFLP in the APOC3

gene is associated with hypertriglyceridemia in several distinct populations (90-100), but not

in all (101,102). Furthermore, Shoulders et al. (103) reported that healthy carriers of the 52

allele had higher plasma apoC3 levels than noncarriers. These results indicate that the 52

allele may influence plasnia TG levels through modulation of APOC3 gene eipression.
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However, the SstI RFLP is located in the noncoding region of exon 4 of the APOC3 gene,

suggesting that the 52 allele may modulate plasma TG levels by linkage disequilibrium with

other functional sequences in or nearby the APOC3 gene. Dammermatn et a/ ( 100) and Xu el

al (104) have identified several polymorphic sites in and around the APOC3 gene, that show

strong allelic association with each other and with the SstI site. A detailed overview of these

polymorphic sites has recently been published (105).

Other RFLP's within the APOAl/APOC3/APOA4 gene cluster such as XmnI and PstI

have also been reported to associate with hypertriglyceridemia (106) or coronary artery

disease (107). In one study of selected British families the XmnI RFLP within the

APOAl/C3lA4 gene cluster was shown to be linked with familial combined hyperlipidemia

(FCH) (108), but this finding has not been confirmed by others (109,110). FCH is a common

inherited disorder of lipid metabolism which is characterized by an overproduction of apoB-

100 containing lipoproteins and elevated levels of VLDL and LDL (ll1-ll3). Recently, it
was reported that the XmnI polymorphism together with MspI and SstI aggrevated

hypercholesterolemia and hypertriglyceridemia in FCH probands, i.e. a higher frequency of

these minor alleles was associated with elevated plasma cholesterol, TG, LDl-cholesterol,

apoB and apoC3 levels (114). Furthermore, a C,,*-T polymorphism in exon 3 of the APOC3

gene was fbund to be associated with an increased number of VLDL and IDL particles in the

circulation of FCH probands (1 l5). A more detailed analysis of a combination of haplotypes

within the APOAI/C3/A4 gene cluster showed two different susceptibility loci for FCH

within this cluster consisting of a S2-bearing haplotype behaving as a dominant trait and a

X2M2 haplotype behaving as permissive trait (116). These results suggests that the

APOAI/C3lA4 gene cluster contributes to FCH in a rather complex genetic manner, and acts

as a modifier gene rather than reflecting the primary cause of FCH.

Further evidence that APOC3 overexpression may underlie human hypertriglyce-

ridemia came from studies with fibrates, a hypotriglyceridemic class of drugs. It was shown

that fibrates eff'ectively decrease the apoC3 synthesis rates in humans (77) and APOC3

mRNA levels in rat livers and isolated human hepatocytes via a peroxisome proliferator-

activated receptor-dependent pathway (l 17-l l9).

In summary, substantial evidence has been provided to conclude that apocs may play a

role in human disease. The characterization of mutations in the APOC2 gene of patients with

hyperchylomicronemia has clearly established an important role for apoC2 as activator for

LPL. In contrast, the mechanisms underlying the hyperlipidemia and hypertriglyceridemia as

suggested to be associated with genetic mutations and RFLPs of the APOC1 and APOC3

genes, remain largely unknown.
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4. Effects of ApoC on Lipid Metabolism: In Vitro studies

Much of the in vitro work on the influence of apoCs on lipoprotein metabolism was

performed in the early 80's using the isolated rat liver perfusion system. Although all studies

reported that apoCs decreased the hepatic uptake of TG-rich lipoproteins and emulsions, little

consensus could be observed to which apoC was most effective in doing so. In addition,

considerable interest has been paid to the influence of apoCs on the different enzymes that are

involved in the processing of lipoproteins. The effects of apoCs on receptors and enzymes

involved in lipoprotein metabolism is briefly summarized in Table III, and will be discussed

in more detail in the following paragraphs.

4.1. Interaction of apoCs with lipoprotein receptors in vitro

Several studies have demonstrated that enrichment of chylomicrons and VLDL with a mixture

of apoCs significantly inhibits their uptake by the isolated perfused rat liver (120-123).

Addition of the individual apoCs to TG-rich lipoproteins and emulsions reported that apoC3

was the most effective apoC protein to inhibit their uptake by nonrecycling (124,125) and

recycling (126) perfused rat livers. However, it has also been reported that apocl was most

effective in inhibiting chylomicron and VLDL uptake by perfused rat livers (127). The apoE-

mediated uptake of TG-rich emulsions by HepG2 cells and rat hepatocytes in culture was

most effectively inhibited by low concentrations of apoC3 (125,128). At higher

concentrations, apoC3 and apoCl were equally effective. both demonstrating greater

inhibition than apoC2 ( 128).

As shown by ligand blotting assays, apoCs inhibited the apoE-mediated binding of B-

VLDL to the low density lipoprotein receptor (LDlR)-related protein (LRP) (129). In similar

studies, apoCl was a more effective inhibitor as compared to apoC2, whereas apoC3 had no

effect on the binding affinity of B-VLDL to LRP (130). The inhibitory action of apoCl on

lipoprotein binding to LRP was suggested to be due to displacement of apoE from the

lipoprotein particle. In line with these results, it was shown that synthetic peptides of apoCl,

corresponding to the lipid binding domain of apoC I , were able to displace significant amounts

of apoE from B-VLDL and inhibit the binding of B-VLDL to LRP (l3l). In addition, Sehayek

et al. (132) reported that apoCs strongly impaired the apoE-mediated binding of VLDL to the

LDLR in cultured fibroblasts. In line with the LRP ligand blotting assays, the strongest

inhibition on liprotein binding to the LDLR was observed with apoCl (132). From these

studies it was concluded that apoCl masks apoE or alters its conformation, preventing it from

mediating lipoprotein binding to the LDLR.

ApoC3 was by far less effective in inhibiting the apoE-mediated binding of (B-)VLDL

to the LDLR and LRP (130,132). In contrast, apoC3 completely abolished the interaction of
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apoB-containing lipoproteins to the LDLR, which was suggested to be due to a masking of the

receptor domain of apoB by apoC3 (133,134). An inhibitory effect was also observed for

apoC2, although to a lesser extent than with apoC3. ApoCl did not inhibit the binding of

apoB-containing lipoproteins to the LDLR (134).

Recent studies have shown that apoCs also interfere with the binding of lipoproteins to

the VLDL receptor (135) and lipolysis-stimulated receptor (LSR) (136). The binding of

lipoproteins to the VLDL receptor was completely inhibited by apoCl (135), whereas it was

reported that apoC3 inhibited the binding of VLDL to the LSR ( I 36).

Thus from these in virro studies it can be concluded that apoCs inhibit the uptake of

TG-rich lipoproteins by the liver due to an impaired binding of the respective lipoproteins to

either the LDLR or LRP. Whereas apoCl was shown to predominantly inhibit the apoE-

mediated binding of lipoproteins to hepatic receptors, apoC3 effectively inhibited the apoB-

mediated binding of lipoprotein particles to these receptors.

Table III. The effect of apoCs on receptors and enzymes involved in lipoprotein metabolism

Receptors and

Enzymes
ApoCl ApoC2 ApoC3 References

LRP

LDLR
apoE-mediated
apoB-mediated

LPL

HL

LCAT

CETP

1l I

0l

Kowal et al. (129)
Weisgraber et al.(130)

Sehayek et al. (132)
Clavey et al. (134)

Havel et al. (137)
LaRosa et al. (138)
Ekman etal. (140)

Brown et al. (141)
Wang et al. (144)

Landis et al. (141)

Soutar er al. ( 148)
Steyrer et a/. ( I 50)
Nishida et al. (l5l)
Liu et al. (153)

Kushwaha et al. (154)
Sparks etal. (155)

I

it

IIt tl!

IT

11

I

PLA, I ND ND Poensqen et al. (156\

The individual effects of apoCs on lipoprotein binding to the LDL receptor (LDLR), LDL receptor-
related protein (LRP), and enzym activities such as lipoprotein lipase (LPL), hepatic lipase (HL),
lecithin cholesteryl acyl transferase (LCAT), cholesteryl ester transfer protein (CETP) and

phospholipase A, (PLA!) is indicated. I i, strong inhibition; l, moderate inhibition; 0, no effect; l,
moderate activation; I 1, strong activation; ND, not determined
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4.2 Effects of apoCs on lipoprotein lipase in vitro

Numerous in vitro studies have investigated the influence of apoCs on the lipoprotein lipase

(LPl)-mediated lipolysis of TG-rich lipoproteins. As previously discussed in paragraph 3.1,

apoC2 is an essential activator of LPL. However, at high protein concentrations, apoC2 was

demonstrated to inhibit LPL activity as well (137). The mechanism by which apoC2 activates

LPL is not fully understood (138,139). It has been suggested that LPL binds to phospholipids

on the surface of TG-rich lipoproteins and is subsequently activated by apoC2. On the other

hand, apoC2 may transfer from HDL to other lipoproteins and bind directly to LPL. Goldberg

et al. (139) proposed that apoA4 is required for an efficient release of apoC2 from HDL,

which allows apoC2 to activate LPL and hydrolyze the TG of chylomicrons and VLDL.

Studies in the early 70's have indicated that both apoCl and apoC3 inhibit LPL activity

(137,140-142). Whereas apoC3 was reported to be the most effective inhibitor of bovine LPL

(137), apoCl was most effective in inhibiting LPL isolated from human adipose tissue (140).

Furthermore, the inhibitory action of apoC3 on bovine LPL could not be reversed by the

addition of apoC2 (141,142). Studies by Jackson et al. (143) demonstrated a correlation

between the dose-dependent inhibition of LPL by apoC3 and the degree of apoC2

displacement from the substrates. In another study it was found that plasma from

hypertriglyceridemic patients had normal LPL levels but exhibited an LPL inhibitory activity

(144). In this study, apoC3 was identified as one of the most specific inhibitors of LPL. A

further in vitro kinetic analysis with bovine LPL and purified apoC3 demonstrated that apoC3

displays noncompetitive inhibitory properties against both apoC2 and triolein, indicating that

apoC3 exerts its inhibitory effect directly at LPL (144). In line with these results, McConathy

et al. (145) used synthetic polypeptide fragments of apoC3 and observed that the N-terminal

domain of apoC3 is primarily responsible for modulation of LPL activity.

It can be concluded that apoC2 is required as activator for the'LPl-mediated

hydrolysis of TG, although large amounts of this protein are suggested to inhibit LPL activity.

Whereas both apoCl and apoC3 have been shown to inhibit the LPl-mediated hydrolysis of

TG-rich lipoproteins, apoC3 seemed to be more specific in doing so.

4.3. Interaction of apoCs with other enzymes in vitro

In addition to LPL, it has been demonstrated that apoCs can act on several other enzymes

involved in lipoprotein processing (see Table lll). Invitro, high concentrations of apoC3 have

been shown to inhibit hepatic lipase (HL) (146). In line with this study, apoC3 inhibited the

lipolysis of TG emulsions by heparin-immobilized HL in the presence of apoE (147). An

inhibitory effect on the Hl-mediated lipolysis of TG emulsions was also observed for apoC2,

although to a lesser extent when compared to apoC3 (147). In the latter study however, the

inhibitory action of apoC3 and apoC2 may be due to an interference of the apoCs with the
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apoE-mediated binding of the substrate to the lipase-loaded heparin Sepharose column, rather

than a direct inhibitory action of the apoCs on HL itself.

ApoCs also appeared to affect LCAT activity (Table III). ApoAl has been shown to

be the most powerful LCAT activator, followed by apoCl (approximately 78Vo of the activity

as compared to apoAl) (148-150). Both apoC2 and apoC3 were reported to inhibit LCAT

activity, probably by displacing the activator apolipoproteins from thg lipoprotein surface

( 15l ). . Furthermore, LCAT is also able to esterify lysophosphatidylcholine to

phosphatidylcholine (152). This lysolecithin acyltransferase (LAT) activity was found to be

activated by apoAl and apoCl as well. In this respect, apoCl was 70o/o as effective as apoAl

( r 53).

It has been reported that in a family of baboons with high plasma HDL-cholesterol

levels, the transfer of cholesteryl ester from HDL to lower density lipoproteins is inhibited by

a 4 kD protein (154). This 4 kD protein appeared to correspond to the N-terminal domain of

apoC l. Further in vitro studies demonstrated that a synthetic peptide comprising the 38 amino

acid N-terminal domain of apoCl, was able to inhibit the cholesteryl ester transfer protein

(CETP) activity (154). Furthermore, the 4 kD protein was shown to associate with apoAl on

HDL and to a lesser extent with apoE on VLDL, thereby resulting in a modification of these

apolipoproteins. From these data it was hypothesized that an association of the apoCl

tiagment with apoAl on the surface of HDL and with apoE on VLDL may hamper the

accesibility of CETP to these substrate lipoproteins (154). Sparks et al. (155) used

recombinant HDL particles to demonstrate that apoC3 stimulated CETP activity (Table III).

Studies by Poensgen showed that apoCl inhibits the phospholipases A, (PLA)-

mediated hydrolysis of phospholipids in liposomes and cell membranes by blocking the access

to the substrate (156) (Table III). PLA, are enzymes that hydrolyze phospholipids to yield

arachidonic acid or other free fatty acids (157), and are thought to play an important role in

membrane biosynthesis and peroxidation (158,159), cellular signaling (160) and a number of

clinical inflammatory processes (161,162).

In summary, in vitro studies have demonstrated that apoCs have an inhibitory or

stimulatory effect on a variety of receptors and enzymes involved in lipoprotein metabolism

(Table III). These data suggest a complex role for apoCs in human disease. However, it is
important to know which of these in vitro effects extend to the in vivo situation since several

in vitro effects of apoCs on receptor and enzymes may appear aspecific or secondary, i.e due

to the displacement of other activating or inhibiting components from the lipoprotein particle.
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5. Effects of apoC on Lipid Metabolism: In Vivo studies in transgenic mouse models

Studies relating to the in vivo metabolism of apoCs have been hampered in humans, due to its

highly complex lipoprotein metabolism which can be influenced by multiple genetic and

environmental factors. The use of animal models has circumvented these problems by

providing a model in which lipoprotein metabolism can be studied against a defined genetic

background and under strictly controlled environmental conditions. The mouse has become

the most attractive animal model system for the study of lipoprotein metabolism, because of
the ease by which its genome can be manipulated. In recent years, several laboratories have

investigated the in vivo functions of the individual apoCs in lipoprotein metabolism through

the technologies oftransgenesis and gene targeting (Table IV).

5.1. Transgenic mouse models overexpressing or lacking apoCl
As shown in Table IV, APOCI transgenic mice were generated using different DNA

constructs that all contained the 154-bp hepatic control region (HCR), directing the expres-

sion of the human APOC1 gene to the liver. Human APOCI transgenic mice exhibited

elevated levels of cholesterol and TG due to an accumulation of VLDL-sized particles in the

circulation ( I 63- I 66).

To investigate the mechanisms underlying the hyperlipidemia in human APOC1

transgenic mice, in vivo turnover studies were perflormed using labelled VLDL. The clearance

of both VLDL-TG and VLDL-apoB was severly hampered in hyperlipidemic human APOCI

transgenic mice (164-166), suggesting that apoCl interferes either with the lipolysis,

production or hepatic uptake of VLDL. The findings that (i) VLDL from APOCI transgenic

mice bound as efficiently to heparin-Sepharose as VLDL from wild-type mice (165), (ii) the

hydrolysis of VLDL-TG fractions as isolated from APOCI transgenic mice was not impaired

with LPL in solution and (iii) the extra-hepatic lipolysis of VLDL-TG in functionally hepatec-

tomized APOCI transgenic mice was not different from that in hepatectomized wild-type

mice (166), indicate that apoCl does not interfere with HSPG binding and subsequent

hydrolysis of VLDL-TG in vivo. Furthermore, it was demonstrated that the production-rate of
VLDL-TG in APOCI transgenic mice as estimated by Triton WRl339 injections was not

different from control mice (165,166). Thus from these results it is concluded that the

elevated lipid levels in plasma of APOCI transgenic mice is primarily due to an impaired

uptake of VLDL by the liver ( 164- 166).

To investigate which hepatic receptor was predominantly inhibited in binding VLDL
by an excess of apoC I in vivo. APOC i transgenic mice were cross-bred with LDlR-knockout
(APOCI/LDLR/-; mice. APOCl/LDLR' mice exhibited strongly elevated levels of plasma

cholesterol and TG (52 + 19 and 36 t l9 mmolfl, respectively), suggesting that apoCl inhibits

the alternative lipoprotein clearance pathway (166). In further experiments it was
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Table IV. APOC Transgenic Mouse Models. 

Gene 

Overexpression 

human APOCl 

human APOC2 

human APOC3 

mouse ApoC3 

human APOC4 

Knockout 

mouse ApoCl 

mouse ApoC3 

DNA construct 

20.8 kb; APOCl/APOCl '/HCR 

27 kb; APOE*3L/APOC1/APOC'/HCR 

10.4 kb; APOCl/HCR 

18 kb; APOCl/APOC'/HCR 

8.4 kb; CYPIAl promoter/APOC2 

6.7 kb; APOC3 

10.5 kb; APOC3 

4.7 kb; ApoC3 

APOE promoter/APOC4/HCR 

12 kb; hygro B'/HSV-tk 

12 kb; Neo'/HSY-tk 

Tissue expression Phenotype References 

liver TC I TG I Simonet et al. ( 163) 

liver TC t 1 TG 11 Jong et al. ( 164) 

liver TC ! TG I Shachter 'et al. ( 165) 

liver TC ! TG I Jong et al. ( 166) 

brain,li ver,intestine TC l- TG l 1 Shachter et al. ( 172) 

liver,intestine TG 11 Ito et al. (173) 

liver,intestine TC l- TG I 1 de Silva et al. ( 174) 

liver, intestine TC! TG !I Aalto-Setala et al. ( 175) 

1 i ver,kidney ,spleen, TC- TG I Alan et al. ( 180) 
brain,lung 

0 TC- TG I- van Ree et al. ( 170) 

0 TC ! TG l Maeda et al. ( 179) 

APOC transgenic and knockout mice were generated usi ng the constructs as indicated above. Transgenic mice with high expression of the specific APOC gene 
in predominantly the liver and/or intestine and ApoC knockout mice exhibited changes in plasma cholesterol (TC) and triglycerides (TG) levels: l, decrease;-, 
no change; 1, increase; 1 1, strong increase. 0, indicates not present; APOC l ', APOC 1 pseudo gene; HCR, hepatic control region; APOE*3L, APOE*3Leiden 
gene; CYPIA 1, cytochrome P450 IA 1; Hygro B ', hygromycin 8-resistance gene; Neb, neomycin resistance gene; HSV-tk, herpes simplex virus thymidine 
kinase gene. 
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shown that overexpression of the receptor-associated protein (RAP) greatly enhanced serum

cholesterol and TG levels in LDLRJ mice, whereas it did not alter serum lipid levels in

APOCI/LDLR-/- mice, indicating that RAP and APOCI overexpression act on the same

pathway in inhibiting the clearance of VLDL remnants by the liver. Since during RAP

overexpresssion the clearance of (I',-macroglobulin (as a ligand for LRP) was completely

inhibited, it was concluded that apoCl inhibits the uptake of lipoproteins via LRP in vivo

(166). These results sustain the previously discussed invitro findings, namely that it is apoCl

that most specifically inhibits binding of VLDL to LRP ( I 30, l3 I ).

The in virro observation that apoCl is a potent activator of LCAT suggests that the

increase in VLDL/IDL- and LDl-cholesterol as observed in human APOCI transgenic mice

(165,166) may also partly result from an increase in the cholesterol esterification rate.

Increased LCAT activity in transgenic mice overexpressing human LCAT has been reported

to elevated HDL cholesterol esters levels (167-169). However, the finding that the free/total

cholesterol ratios were unchanged in APOC I transgenic mice ( 165) 4nd that HDL cholesterol

esters were not significahtly elevated in APOCI transgenic mice as compared to wild-type

mice (166), argues against an LCAT-mediated elevation in cholesterol levels in APOCI

transgenic mice.

Since transgenic mice overexpresSing APOCI develop hyperlipidemia, a hypoli-

pidemic phenotype was expected in ApoCl-knockout mice. Suprisingly however was the

observation that apoCl-knockout mice had normal serum lipid levels on a chow diet (Table

IV) (170). Only when fed a high fat and high cholesterol (HFC) diet, apoCl-deficient mice

developed hypercholesterolemia. In vitro binding experiments revealed that apoCl-deficient

VLDL was a poor competitor for '2sl-labelled LDL binding to the LDLR, suggesting rhar toral

apoCl-deficiency leads to an impaired receptor-mediated clearance or remnant lipoproteins

(170). These results were confirmed in a more detailed characterization of these apoCl-

knockout mice, demonstrating that an impaired in vivo hepatic uptake of VLDL is the primary

metabolic defect in apoCl-deficient mice (l7l).
In summary, whereas overexpression of human APOCl in transgenic mice predomi-

nantly inhibits the uptake of VLDL particles by the liver, the absence of endogenous mouse

ApoCl in mice appears to have the same effect. The mechanisms by which an excess or

absence of apoCl on VLDL interferes with the hepatic uptake of the particle remains to be

elucidated. It has been suggested that apoCl may impair VLDL clearance either directly by a

specific interaction between apoCl and the hepatic receptor, or indirectly as caused by an

apoCl-induced displacement of apoE from the lipoprotein particle (165,166). In a similar

manner, the impaired interaction of apoCl-deficient VLDL with hepatic receptors is

suggested to be due to an enrichment of the VLDL particle with apoA I and apoA4 in apoC I -

deficient mice (170, l7 l).

214



Role of ApoCs in Lipoprotein Metabolism

5.2. Transgenic mice overexpressing human apoC?

Transgenic mice overexpressing human APOC2 were generated using a vector containing the

human APOC2 gene as joined to a cytochrome P-450 IAI (CYPIAI) promoter (172) (Table

IV). This promoter is normally silent in intrauterine life, but can lead to transgene expression

when induced by administration of B-naphtoflavone. Human APOC2 transgenic mice were

hypertriglyceridemic, due to an accumulation of TG-rich VLDL particles in the circulation.

This hypertriglyceridemia was shown to be caused by an impaired clearance of VLDL-TG

(172). These results would suggest'that high levels of apoC2 interfere either with the

peripheral lipolysis of VLDL or inhibit VLDL particle uptake by the liver. The observation

that APOC2 transgenic mice accumulate large TG-rich VLDL and have only minimally

elevated levels of plasma cholesterol, is most consistent with a defective LPl-mediated

hydrolysis of VLDL-TG rather than an impaired hepatic VLDL uptake. In agreement, VLDL

as isolated from APOC2 transgenic mice showed decreased binding affinity to heparin-

Sepharose, indicating that these lipoprotein fractions may be less accesible to cell surface

bound LPL (172). Thus in line with the previously discussed in vitro data (137), excess of

apoC2 on the VLDL particle inhibits LPL activity also in vivo. In contrast, as is clearly

evident from human studies, apoC2 activates LPL most likely at lower protein concentrations.

5.3. Transgenic mouse models overexpressing or lacking apoC3

Two laboratories have reported the generation of human APOC3 transgenic mice using DNA

fiagments of different sizes, which both resulted in high levels of human APOC3 mRNA in

liver and intestine (173,114) (Table IV). Human APOC3 transgenic mice exhibited strongly

elevated levels of VLDL-TG. Recently, it was reiported that mouse ApoC3 transgenic mice

are hypertriglyceridemic as well (175). Human and mouse APOC3 transgenic mice had an

impaired clearance of VLDL-TG, concomittant with a decreased VLDL apoE/apoC ratio

(174-176). Since cross-breeding of human APOC3 transgenic mice with human APOE

overexpressing transgenic mice normalized plasma TG levels (174,175), it was concluded that

the delayed clearance of VLDL-TG in APOC3 transgenic mice is due to the low amount of

apoE relative to apoC3 on the VLDL particle. However, recent studies showed that the

hypertriglyceridemia in APOC3 transgenic mice is specifically caused by an excess of apoC3,

rather than by the apoC3-induced displacement of apoE (177). Cross-breeding of APOC3

transgenic mice with apoE-knockout mice, which entirely lack apoE and have only modest

elevated levels of TG (178), resulted in a massive accumulation of TG-rich VLDL-sized

particles (177). Thus although excess of apoE may enhance VLDL clearance and normalize

plasma TG levels in APOC3 transgenic mice, it is more likely the amount of C3 apolipop-

rotein itself that causes the hypertriglyceridemia.

Since VLDL as isolated from APOC3 transgenic VLDL was found to be a poor
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competitor for r25l-labelled LDL binding to fibroblasts (174), and was raken up less efficiently

by fibroblasts as compared to normal wild-type VLDL (175), it was suggested that apoC3

inhibits the binding of VLDL to the LDLR. However, the prolonged residence time of
predominantly enlarged TG-rich VLDL particles in APOC3 transgenic mice implies that

apoC3 impairs the hydrolysis of VLDL-TG as has been suggested from in vitro studies. In

agreement, VLDL as isolated from APOC3 transgenic mice displayed a decreased binding

affinity to heparin-Sepharose (165,175). Additional evidence pointing to an inhibitory action

of apoC3 on VLDL lipolysis was the observation that ApoC3-deficient mice are protected

from post-prandial hypertriglyceridemia (179). Furthermore, ApoC3-deficient mice exhibited

reduced serum lipid levels on a normal chow diet and less pronounced elevated levels of
plasma cholesterol as compared to control mice after feeding a high cholesterol and high fat

diet (179).

Thus overexpression of apoC3 in transgenic mice causes a pronounced

hypertriglyceridemia which is most compatible with an specific inhibitory aclion of apoC3 on

VLDL-TG hydrolysis.

5.4. Transgenic mice overexpressing human apoC4

To complete the list of C apolipoproteins, the recently identified human APOC4 gene was

also overexpressed in transgenic mice (180) (Table IV). Under normal conditions the APOC4

gene is poorly expressed in human liver, most likely as a consequence of a TATA-les
promoter (6). Therefore, in order to enhance liver expression of the human APOC4 gene in

mice, a vector was constructed containing human APOC4 cDNA and the HCR element under

the control of the human APOE gene promoter. Human APOC4 transgenic mice were

hypertriglyceridemic as compared to nontransgenic littermates, due to an accumulation of TG-

rich VLDL particles. There was little change in serum cholesterol levels in these APOC4

transgenic mice (180). The observation that human APOC4 transgenic mice develop

hypertriglyceridemia suggests that apoC4 interferes with the clearance of VLDL-TG in a

similar way as discussed for apoC2 and apoC3 (180). Although in vivo turnover studies have

not yet been performed in APOC4 transgenic mice, its total absence in human plasma

indicates no major modulating role for apoC4 in VLDL-TG metabolism.

6. Conclusions

Clinical evidence, as well as in vito data and in vivo work on transgenic mouse models have

demonstrated that each of the individual human apoCs effgctively regulates lipoprotein

metabolism (Figure l). TG-rich lipoproteins as secreted by the intestine and liver acquire C

apolipoproteins upon entering the circulation. ApoCl has been demonstrated to inhibit the
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uptake of TG-rich lipoproteins via hepatic receptors, particularly LRP. As a consequence, the

presence of apoCl on the lipoprotein particle may prolonge their residence time in the

circulation and subsequently facilitate their conversion into higher density lipoprotein

particles. ApoCl also has been suggested to inhibit lipoprotein binding to the VLDLR. ApoC2

is an important activator of LPL and is required for an efficient processsing of TG-rich

lipoproteins in the circulation. Total absence of apoC2 or defects in its structure severely

hamper the LPl-mediated lipolysis of TG-rich lipoproteins, resulting in strongly elevated

levels of plasma TG. In contrast, excess of apoC2 on the lipoprotein particle has been

demonstrated to decrease the binding affinity of VLDL to the HSPG matrix in which LPL is

embedded, thereby hampering the LPl--mediated hydrolysis of TG. At least from in vivo

studies with APOC3 transgenic mice it appears that apoC3 inhibits the lipolysis of TG-rich

Iipoproteins by hampering the interaction of these lipoproteins with the HSPG-LPL complex.

Subsequently, the poorly lipolyzed apoC3-containing lipoprotein particles may accumulate in

plasma due to a lower binding affinity towards hepatic receptors as a consequence of their

lipid composition, large size or presence of apoC3 on the particle. In addition to an inhibitory

action on LPL, apoC3 has also been proposed to inhibit the Hl-mediated proccessing of

lipoprotein particles.

The human C apolipoproteins have also been demonstrated to modulate enzymes that

are involved in the transport of cholesterol from extra-hepatic tissues back to the liver (reverse

cholesterol transport) (Figure l). Whereas apoAl is known to be the most potent LCAT

activator, apoCl has been shown to act as an effective cofactor for LCAT as well. In contrast,

both apoC2 and apoC3 have been reported to inhibit LCAT activity, most likely as a

consequence of displacing the activating components of the HDL particle. CETP, which

mediates the transfer of cholesterol ester from HDL to apoB-containing lipoprotein particles

was shown to be inhibited by apoC I , whereas apoC3 was reported to activate this process.

In conclusion, apoCs have been demonstrated to have distinct effects on the major

metabolic pathways in lipoprotein metabolism, suggesting that changes in APOC gene

expression and protein synthesis may play an important role in the etiology of human

hyperlipidemia.
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Chapter 10

General Discussion and Future Perspectives

Premature atherosclerosis represents the major cause of mortality and morbidity in Western

societies. The general population in these societies live most of their life-span under non-

fasting conditions. As a result, there is a continuous release of newly synthesized intestinal

and hepatic lipoproteins into the circulation such as chylomicrons and VLDL. Since increased

levels of plasma remnant lipoproteins may serve as a high risk factor for the development of

atherosclerosis, an efficient clearance of these lipoprotein particles from the circulation is of

vital importance.

ApoC I and apoE are structural components of chylomicrons and VLDL and it is
suggested that they strongly modulate the metabolic fate of these lipoprotein particles.

Previous in vitro studies showed that the amounts of both apoCl and apoE on the lipoprotein

particle may be critical in their receptor-mediated clearance. Furthermore, it is suggested that

the LPl-mediated processing of TG-rich lipoproteins is influenced both by apoCl and apoE.

The aim of the present thesis was to study the in vivo role of apoCl and apoE in VLDL

metabolism. However, the metabolism of VLDL particles in humans is highly complex and

can either be directly or indirectly influenced by hormonal and nutritional status as well as

multiple genetic factors.'Because of this complexity in humans, transgenic mouse models

were generated and used to study the influence of apoCl and apoE on VLDL metabolism

against a defined genetic background and highly controllable environmental influences.

The role of apoCl in VLDL metabolism

At the time the work as described in this thesis was initiated, little was known about the

function of apoC I . In order to ghin a better understanding of the role of apoC I in lipoprotein

metabolism in vivo, we decided to generate transgenic mice overexpressing human APOCl

and to characterize in more detail the previously generated ApoCl-deficient mice (1). In

Chapter 2 and 4 it is shown that overexpression of human APOCI in transgenic mice causes

hyperlipidemia, primarily due to an inhibitory action of apoCl on the uptake of VLDL

particles by hepatic receptors. Thus, since excess of apoCl on VLDL has been demonstrated

to inhibit the uptake of these particles by the liver, a hypolipidemic phenotype and enhanced

clearance of lipoprotein particles was expected in ApoCl-deficient mice. Suprisingly

however, it is shown in Chapter 3 that in the absence of apoCl the hepatic clearance of VLDL

particles is hampered as well. These findings can be interpreted in several ways. First, the

gene-targeted disruption of the apoCl gene may have caused alterations in the regulation and

synthesis of other genes and proteins to compensate for the lack of apoCl. Possibly, the C3
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apolipoprotein in ApoCl-deficient mice may catch up on some of the functions of apoCl.In
this respect, the generation of mice that are deficient for both apoCl and apoC3 may

contribute to a better understanding of the individual roles of apoCl and apoC3 in VLDL
metabolism. Secondly, the space as created on the surface of VLDL by the absence of apoCl

may be filled by other apolipoproteins that may hamper a proper processing and clearance of
VLDL. For example, it has been demonstrated that VLDL from ApoCl-deficient mice

contains increased amounts of apoAl on its surface. A similar phenomenon was also observed

in apoE-deficient mice, in which the apoE-deficient VLDL particles were enriched with

apoAl and apoA4 (Chapter 9). A third possibility may point to an as yet unknown role for

apoCl in lipid metabolism. A function of apoCl that has not been explored ln vivo, is its
ability to activate the enzyme LCAT (2,3). LCAT is an enzyme which transesterifies a ^sn-2

fatty acid from phosphatidylcholine to cholesterol to yield cholesteryl esters. LCAT needs for

its action on lipid micelles the presence of activator proteins or cofactors. ApoAl serves as

the major natural LCAT cofactor under normolipidemic conditions, whereas apoCl is

reported to activate LCAT about 787o as effectively as apoAl (3). Patients with Tangier

disease, a lipoprotein disorder in which only 2Vo of the normal apoAl concentration is present

in plasma, exhibit a normal LCAT activity. These observations suggest that in patients with

Tangier disease, the LCAT cofactor activity of apoC I may be of great importance. To further

elucidate this possibly important role of apoCl in LCAT activation in vivo, it would be

interesting to cross-breed the apoCl-knockout mice on an apoAl-knockout background and

transiently overexpress human or mouse APOCI in these mice using the adenovirus-mediated

gene transfer technique.

The association between mutations in the APOCI gene and lipoprotein disorders in

humans has been poorly understood. One study has reported on a HpaI restriction fragment

length polymorphism in the APOCI promoterregion (4). Recently, it has been demonstrated

that this HpaI promoter variant may increase gene expression in vitro (5). From these data it

can be suggested that overexpression of APOCI may contribute to human hyperlipidemia,

most likely via a similar mechanism as observed in human APOCI transgenic mice, i.e.

through inhibition of the hepatic VLDL uptake. Furthermore, it is has been demonstrated in

our human APOCI transgenic mouse model that APOCI expression in the presence of one

functional LDLR allele, markedly increased VLDL-TG and cholesterol levels. In the total

absence of the LDLR, overexpression of human APOCI caused a massive accumulation of
VLDL remnants in the circulation (Chapter 4). These results indicate that the APOCI and

LDLR defects are synergistic, meaning that small differences in the amount of apoCl on

lipoproteins of patients with a dysfunctional LDLR (Familial Hypercholesterolemia, FH) may

have large effects on their serum lipid levels. Furthermore, it is shown in Chapter 2 that

overexpression of human APOC I in APOE*3Leiden transgenic mice leads to a pronounced
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further elevation in serum lipid levels providing that the hepatic VLDL production is

enhanced by sucrose feeding. Since these APOE*3Leiden/APOCI transgenic mice displayed

relatively low levels of human APOCI mRNA in the liver, similar to the low-expressor

APOCI transgenic mice as described in Chapter 4, we suggest that the APOE*3Leiden and

APOCI defects are synergistic as well. Thus small variations in APOCI gene expression in

patients with FH and FD may contribute to the great variability in the plasma lipids as

observed in these patients. Although the role of apoC I in human disease remains to be further

addressed, APOCI transgenic mice may present an instructive model of hyperlipidemia or

hypertriglyceridemia to elucidate possible mechanisms underlying these disorders and to test

the activity and mode of action of hypotriglyceridemic drugs. Previous studies have shown

that fibrates can lower plasma TG levels in human subjects (6). This hypotriglyceridemic

action of fibrates appeared to be due to a fibrate induced down-regulation of APOC3

transcription in the liver through a peroxisome proliferator-activated receptor-dependent

mechanism (for review see 7). Whether fibrates may actually affect hepatic APOCI

expression as well, is unknown at the present time.

In addition to an inhibitory action of apoCl on the binding of VLDL particles to

hepatic receptors, in particularly LRP (Chapter 4), we also provide evidence in this thesis that

apoCl impairs the recognition of lipoprotein particles by the VLDLR (Chapter 5). As widely

discussed in the paragraphs of Chapter l, the VLDLR differs in tissue specific expression

from the LDLR and LRP. Whereas both the LDLR and LRP are highly expressed in the liver,

the VLDLR is predominantly expressed in muscle and adipose tissue. The variability in

affinities of apoCl-containing lipoproteins for these specific receptors points to a regulatory

role for apoCl in the delivery of lipoprotein constituents to the different tissues on which

these receptors are residing. In line with such a hypothesis is the observation that transgenic

mice with high expression of human APOCI in the liver and skin have elevated levels of
serum FFA, reduced amounts of adipose tissue and lack sebum (Chapter 6). These results

suggest that apoCl may possibly hamper the transport of VLDL-derived fatty acids from the

liver to preadipocytes and the skin through an inhibition of lipoprotein binding to the VLDLR.

However, several other mechanisms can be proposed by which apoCl may interfere with the

transport of VlDl-derived fatty acids into the periphery. One possible mechanism is that

apoCl may interact with fatty acid transporter proteins (FATP), which have been

demonstrated to facilitate the cellular uptake of long-chain fatty acids (8,9). Furthermore,

apoC I may also inhibit the release of VlDl-derived fatty acids through a strong inhibition of
the enzym LPL. In favour of the latter mechanism is the observation that LPl-deficient mice

exhibit an impaired formation of adipose tissue as well (10). However, against such a

mechanism is the observatioi that both in vivo as well as in vitro apoC I is not clearly capable

of inhibiting the LPl-mediated hydrolysis of VLDL-TG (Chapter 2, Chapter 4). Finally, the
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possibility cannot be excluded that high amounts of human apoCl as synthesized in the skin

and liver may affect other proteins or enzymes involved in fatty acid homeostasis. It has been

demonstrated that apoCl inhibits the activity of Phospholipase A, (PL,\), an enzym that

.mediates the hydrolysis of phospholipids to generate free fatty acids and which is suggested to

be involved in membrane synthesis and a number of inflammatory processes. Remarkably, it

has recently been shown that transgenic mice with high levels of human Phospholipase A,
(PLAr) activity in their skin exhibit cutanuous abnormalities consisting of severe

hyperkeratosis and hyperplasia of the sebaceous glands (ll). These observations are in

contrast to the atrophic sebaceous glands as observed in the skin of human APOC I transgenic

mice, suggesting that an inhibitory action of apoCl on PLA, activity may possibly lead to the

cutaneous abnormalities in these mice. In summary, several observations have been made in

the present thesis that point to a modulating role for apoC I in the transport of fatty acids from

the liver to the periphery. Further research is definitely necessary to establish such a

modulating role for apoCl in fatty acid metabolism and to elucidate the possible mechanisms

underlying this modulation. A better understanding of the interactions between factors that

regulate fatty acid metabolism may lead to new insights into the mechanisms underlying

hyperlipidemia and other lipoprotein disorder-related syndromes such as insulin resistance

and obesity.

The predominant accumulation of atherogenic VLDL remnant particles in human

APOCI transgenic mice questions the role of apoCl in the development of atherosclerosis.

Previous stlrdies have shown that overexpression of human APOC3 on a LDlR-deficient

background caused increased levels of VLDL-sized particles in the circulation and a

significantly enhanced development of atherosclerosis (12). In contrast, overexpression of

human APOC3 on the atherogenic apoE-deficient phenotype increased VlDl-cholesterol and

TG levels without a further enhancement of atherosclerosis (13). These ditferences may be

explained by the fact that APOC3/LDLR-deficient mice accumulate IDL/LDL-sized particles

as well, whereas these particles are only moderately elevated in the plasma of APOC3/ApoE-

deficient mice. From these results it can be concluded that apoC3 may contribute to the

development of atherosclerosis dependent on the metabolic defect and phenotype of the mice

as studied. Whether similar findings hold true for overexpression of human APOCI as well

remains to be investigated. As discussed in Chapter 5, it has been suggested that APOCI

transgenic mice may be less susceptible to atherosclerosis due to an impaired uptake of

atherogenic lipoproteinS by the VLDLR. In this respect, it would be interesting to study the

.influence of apoCl on the development of atherosclerosis by comparing the atherosclerotic

lesions in LDlR-deficient mice and APOCI/LDlR-deficient mice as maintained on similar

plasma cholesterol levels. Further studies are thus necessary to elucidate a physiological role

for apoC.l in the atherosclerotic process.
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The role of apoE in VLDL metabolism

The most well-defined function of apoE is that it serves as a ligand for the receptor-mediated

clearance of chylomicrons and VLDL. Inherited defects in the structure of apoE (14) or total

absence of apoE ( 15,16) can lead to a gross accumulation of VLDL remnants in humans. One

defective form of apoE, the dominant human APOE*3Leiden mutation, has been extensively

investigated in transgenic mice. Like humans, transgenic mice expressing human

APOE*3leiden have elevated levels of VlDl-cholesterol and TG and develop

atherosclerosis depending on the amount of cholesterol in the diet (17-19;. These results

indicate that APOE*3Leiden transgenic mice represent a suitable experimental model to study

factors that affect VLDL metabolism and atherosclerosis.

In the present thesis we investigated the mechanisms underlying the

hypertriglyceridemia in APOE*3Leiden transgenic mice and demonstrated that the presence

of apoE*3leiden on the particle impairs the LPL-mediated hydrolysis of VLDL-TG (Chapter

2). That this observation holds true for normal apoE as well is demonstrated in Chapter 7, in

which addition of recombinant apoE3 to nascent VLDL dose-dependently decreased TG

hydrolysis. These results indicate that apoE plays an important role in the lipolytic processing

of lipoprotein particles, and may contribute to hypertriglyceridemia in the human population.

In line with these data, previous studies have been reported, suggesting that an inhibitory

action of apoE variants on VLDL lipolysis may underlie hypertriglyceridemia in Familial

Dysbetalipoproteinemia (FD). It has been demonstrated that the metabolic conversion of
VLDL into LDL is impaired in FD patients carrying the APOE*2|E*2 (20) and

APOEx2(Lysl46-Gln) allele (21). Similarly, apoE-deficient mice overexpressing human

APOE2 develop hypertriglyceridemia, indicating that apoE2 interferes with the hydrolysis of
VLDL-TG (22). Furthermore, an impaired lipolysis of TG-rich lipoproteins was also

suggested to underlie the hypertriglyceridemia in patients carrying the APOE*3

(Cysll2-Arg; Arg25l-Gly) allele (23). The mechanisms via which apoE can exerts its

inhibitory action on VLDL lipolysis was investigated. It appeared that the impaired VLDL
lipolysis upon the presence of apoE*3leiden is caused by a defective binding of the VLDL
particle to the HSPG-LPL complex (Chapter 2. l, addendum). Such a decreased binding

affinity of the VLDL particle for HSPG (24) or the HSPG-LPL complex (25) has recently

been reported for other apoE variants as well. However, the inhibitory action of
apoE*3leiden on VLDL lipolysis in APOE*3Leiden transgenic mice was more pronounced

when the clearance of VLDL was severly hampered, i.e. in hepatectomized mice or upon

introduction of apoCl (Chapter 2). Similarly, the hypertriglyceridemia in transgenic mice

overexpressing human apoE2 became only apparent when the clearance of remnant

lipoproteins was strongly impaired by breeding this mice on a apoE-deficient background

(22). From these data it can thus be concluded that an impaired LPl-mediated lipolysis of
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VLDL upon the action of apoE variants occurs secondarily to a defective binding of

lipoproteins to hepatic receptors. The amount of normal apoE on the lipoprotein particle

inhibits the hydrolysis of nascent VLDL-TG independently of VLDL binding to the HSPG-

LPL complex (Chapter 7), and is suggested to act directly at LPL as mediated by the

Argenine/Lysine-rich receptor-binding domain of apoE (26,27). These data indicate that

during the LPl-mediated hydrolysis of TG-rich lipoproteins, recruitment of apoE by the

lipoprotein particle decreases its affinity for the HSPG-LPL complex at the vascular wall,

which results in the subsequent uptake of the VLDL particle by the liver. From this point of

view, the presence of normal apoE on the lipoprotein particle will not likely cause

hypertriglyceridemia since the inhibitory action of apoE on VLDL lipolysis will be

overwhelmed by the role of normal apoE in the mediation of particle uptake by the liver. In

summary, it now becomes clear that apoE variants as well as normal apoE can interfere with

the LPl-mediated lipolysis of TG-rich lipoprotein particles in the circulation. Further studies

are needed to elucidate in more detail the different mechanisms underlying the impaired

VLDL lipolysis as mediated by apoE. Future research should not focus on the effects of the

individual VLDL lipid composition on TG hydrolysis but should also take into account the

amounts of defective apoE and normal apoE as present on the lipoprotein particle. In addition,

overexpression of the different apoE variants in transgenic mice via the adenovirus-mediated

gene transfer technique (chapter 1.3.3) will certainly lead to a better understanding of the

mechanisms underlying VLDL lipolysis, as well as other related metabolic defects in this

manner.

In addition to its role in lipoprotein clearance and lipolysis as discussed above, a novel

physiological function for apoE in the VLDL assembly/secretion cascade is presented in this

thesis (Chapter 8). It has previously been reporte.d that the assembly of VLDL requires the

synthesis of apoB and its subsequent association with TG, cholesterol and phospholipids to

form small HDL-like VLDL precursor particles. The precursor VLDL particle is further filled

up with TG through the action of microsomal TG transport protein IMTP) (28,29).ln Chapter

8 we found that the secretion of VLDL-TG is severly impaired in the absence of apoE,

whereas the TG-synthesis by apoE-deficient hepatocytes was not affected. These result

indicate that in addition to apoB and MTP, the intracellular presence of apoE may also play an

important role in the assembly and/or secretion of VLDL. Whether intracellular apoE

interferes with the transcription and translation of apoB, increases the association of lipid

constituents with apoB or stabilizes the transport of nascent VLDL through the secretory

pathway, is unknown at the present time. Overproduction of lipoprotein particles is one of the

major characteristics in lipoprotein disorders such as Familial Combined Hyperlipidemia (30),

Familial Hypertriglyceridemia (3 l), Familial Dysbetalipoproteinemia (32,33) and lipoprotein

disorder-related syndromes such as insulin resistance and obesity (34,35). Therefore, in recent
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years much attention has been given to the mechanisms underlying lh. VLDL

assembly/secretion cascade in order to develop new drugs that can modulate VLDL

production. Further studies on the mechanisms underlying the interference of apoE with

VLDL production and how the different apoE variants may differ in this respect, are thus

warranted.

The interaction between apoCl and apoE in VLDL metabolism

Throughout this whole thesis it becomes clear that apoCl and apoE have opposing effects on

the metabolism of VLDL, i.e. apoCl is shown to inhibit the receptor-mediated clearance of
VLDL, whereas apoE functions as an important ligand for the receptor-mediated uptake of

these particles. Furthermore, it has been demonstrated in Chapter 4 that overexpression of

human APOCI in transgenic mice displaces apoE from the VLDL particle, suggesting that the

inhibitory action of apoCl on VLDL clearance is due to the relatively low amounts of apoE

on the particle. However, it is reported in Chapter 5 that the binding of apoCl-rich VLDL to

the VLDL receptor cannot be enhanced by the addition of large amounts of apoE. In line with

these data, preliminary results show that overexpression of apoE in human APOCI transgenic

mice slightly enhances VLDL clearance, but is definitely not capable of completely reversing

the hypercholesterolemia as observed in these mice (Jong et al; unpublished results). Thus,

fiom these results it can be concluded that apoCl inhibits the binding of TG-rich lipoproteins

to specific receptors, independent of the amount of apoE present on the particle. Whether

apoCl acts directly on lipoprotein receptors or induces a conformational change in apoE to

prevent a proper association of the lipoprotein particle with the receptor, is subject to future

investigations.

Transgenic mouse models and lipoprotein metabolism

With the recent advantages in manipulating the murine genome, the use of the mouse as an

animal model in biomedical research has increased tremendously. The generation of

APOE*3Leiden transgenic mice and apoE- and LDlR-deficient mice have offered us

attractive models to study the genetic and environmental factors contributing to the

development of hyperlipidemia and atherosclerosis. In addition, our APOC 1 transgenic mouse

model appeared to be useful to elucidate the in vivo role of apoCl in lipoprotein metabolism,

since studies could be performed in a model that was easily manipulated and kept under

strictly regulated dietary and environmental conditions. For example, through a combination

of experiments with APOCI transgenic mice in which the LDLR was knocked out and

overexpression of the receptor associated protein (RAP) was established via adenovirus

transductions, it became clear that apoCl inhibits the clearance of VLDL particles by the LRP

(Chapter 5). These experiments lead to new insights into the function of apoCl in lipoprotein

235



Chapter l0

metabolism and obviously could have never been performed in human subjects.

Although extrapolation of experimental data obtained with transgenic mouse models

may extend our knowledge on lipoprotein metabolism in humans, one has to keep in mind that

they may approach, but not fully represent the human situation. As discussed in the

introduction section of this thesis, a major difference in the lipoprotein system of mice and

humans is that mice lack plasma CETP activity. whereas humans display relatively high levels

of CETP activity in plasma. CETP mediates the exchange of HDL cholesteryl esters with TG

in chylomicrons and VLDL. Subsequent lipolysis of the.TG-enriched HDL by hepatic lipase

leads to a reduction in HDL size and apoAl content. Previous studies have shown that

transgenic mice overexpressing CETP have reduced HDL cholesterol levels (36,31) and an

increased susceptibility to atherosclerosis (38). In contrast, the introduction of human CETP

into APOA1/APOC3 transgenic mice produced a high TG, low HDL cholesterol lipoprotein

phenotype (39) and reduced the development of early atherosclerotic lesions (40).

Introduction of CETP in LDLR-deficient/APOC3 transgenic mice did not affect the

atherosclerosis susceptibility of these mice at all (12). Thus altogether, it is concluded that

CETP can play an important role in the development of atherosclerotic lesions which largely

depends on the metabolic context of the transgenic mice. Introduction of human CETP

acitivity in transgenic mouse models may lead to a more reliable model to study

hyperlipidemia and atherosclerosis and may subsequently facilitate the extrapolation of the

generated results to the human situation.

Besides the use of transgenic mouse models in search for new functions of

apolipoproteins and enzymes in lipoprotein metabolism, transgenic mouse models are also

widely used in gene therapy and in the screening of new candidate genes involved in

lipoprotein metabolism and atherosclerosis. The suitability of adenoviral expression vectors or

other in vivo gene delivery vehicles tbr gene therapy of inherited lipoprotein disorders have

extensively been tested in transgenic mouse models. For example, overexpression of
"beneficial" genes such as the LDLR (41), VLDLR (42,43) and ApoE gene (44-46) via

adenovirus transductions, has been demonstrated to significantly lower plasma lipid levels in

several transgenic mouse models. However, the short-term expression of the specific genes as

achieved by this technique does not allows us to study the possible beneficial effects of gene

expression on atherosclerosis in these mice. At present time many studies are ongoing

regarding the generation of new adenovirus expression vectors that may achieve long-term

expression of the gene of interest.

Transgenic mouse models have also been used to test the power of the bone-marrow

transplantation technique as target for gene therapy. As shown in Chapter 8, transplantation of

bone marrow from normal mice into apoE-deficient mice can effectively reverse

hypercholesterolemi a.
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Another approach in which transgenic mouse models appear to be useful, is the so-

called candidate-gene approach in which new genes can be identifled that contribute to

elevated plasma lipid levels and increased susceptibility to atherosclerosis. The search for

candidate genes involved in lipoprotein metabolism can be achieved through extensive

breeding of transgenic mice with other inbred mouse strains in order to change the genetic

background of the respective transgenic mice. For example, previous studies have shown that

apoE-knockout mice with a l29J background have two-fold higher plasma cholesterol levels

as compared to apoE-knockout mice with a l29J x C57Bl/6 mixed background (47). These

phenotypic differences in mice with a variable genetic background may lead to the

identificaton of certain loci involved in the modification of plasma lipid levels and eventually

to the discovery of the underlying gene(s). The rapid progress on human and mouse genome

projects in the recent and upcoming years may facilitate the genetic mapping and testing of

candidate genes. Due to the sequence homology between humans and mice, the newly

identified mouse genes may lead to their human counterparts and can thereby provide new

insights in the genetic background of hyperlipidemia and atherosclerosis in humans.

In summary, all the examples as given above show the feasibility of using transgenic

mouse models for the development of new therapeutic strategies and identification of new

candidate genes in hyperlipidemia and other lipoprotein disorders. The knowledge as gained

through these transgenic mouse.models will lead to a better understanding of the mechanisms

underlying hyperlipidemia and atherosclerosis and may eventually lead to an improved

treatment tbr these diseases and subsequent lower rate of mortality and morbidity in Western

societies.
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Summary

Since increased levels of plasma VLDL remnant lipoproteins may serve as a high risk factor

for the development ofatherosclerosis, it is ofgreat importance that these lipoprotein particles

are efficiently cleared from the circulation. Previous in vitro studies have suggested that the

clearance of VLDL can be effectively modulated by the amounts of apoC I and apoE on the

particle. The primary aim of this thesis was to study the invivo role of apoCl and apoE in

VLDL metabolism. Therefore, we generated and characterized transgenic mice either

overexpressing or lacking the apoCl and apoE protein. These mice allowed us to study the

influence of apoCl and apoE on the production, lipolysis and clearance of VLDL in vivo,

against a defined genetic background and highly controlable environmental conditions.

Since at the time when this work was initiated little was known about the in vivo

function of the apoCl protein, we decided to study the role of apoCl in lipoprotein

metabolism by comparing human APOE*3Leiden transgenic mice coexpressing the human

APOCI gene with transgenic mice that carried the human APOE*3Leiden gene only (Chapter

2). Overexpression of APOC I in APOE*3Leiden transgenic mice impaired the hepatic uptake

of VLDL particles from the circulation, without significantly affecting VLDL production and

lipolysis. In addition, the presence of apoE*3leiden on the VLDL particle inhibited the in

vivo lipolysis of VLDL-TG (Chapter 2). This inhibitory action of apoE*3leiden on TG

hydrolysis appeared to be caused by a defective binding of APOE*3Leiden VLDL to the

HSPG-LPL complex (Addendum to Chapter 2). Thus the amounts of both apoCl and

apoE*3leiden on the lipoprotein particle may be strong factors for the underlying metabolic

defect in hyperlipidemia.

Since excess of apoC I on VLDL was shown to inhibit the uptake of these particles by

the liver, an enhanced VLDL clearance was expected in ApoCl-deficient mice. Remarkably

however, we demonstrated in Chapter 3 that in the absence of apoCl the hepatic uptake of
VLDL particles is impaired as well. Since the absence of apoC I on the VLDL particle had no

effect of VLDL-TG production and lipolysis we concluded that the amount of apoC I on the

particle influences VLDL clearance in a discontinuous way.

Transgenic mice overexpressing human APOCI only, developed hyperlipidemia due

to an accumulation of VLDL particles in their circulation (Chapter 4). In agreement with the

results as described in Chapter 2, in vivo turnover studies using labelled VLDL-TG showed

that apoCl primarily inhibits the uptake of VLDL particles by the liver. At least in the

absence of the LDLR, this inhibitory action of apoCl on VLDL uptake was mediated via an

RAP-sensitive pathway, most probably LRP (Chapter 4). In addition to LRP, apoCl was also

shown to inhibit lipoprotein binding to the VLDLR (Chapter 5). Since an excess of the apoCl

protein on the VLDL particle was found to decrease the amount of apoE on the particle
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(Chapter 4), we investigated whether the inhibitory action of apoCl on VLDL binding to the

VLDLR could be overcome by addition of apoE. Suprisingly however, enrichment of the

VLDL particle with apoE did not stimulate the binding of APOCl transgenic VLDL to the

VLDLR (Chapter 5). From these results we concluded that the binding of lipoproteins to

hepatic and peripheral receptors may be effectively regulated by the amount of apoCl on the

particle and is, at least for lipoprotein binding to the VLDLR, independent of the amount of

apoE on the particle.

Two individual transgenic mouse lines with high levels of human APOCI expression

in liver and skin were not only extremely hyperlipidemic, but demonstrated also a number of

pathological changes including hair loss at young age, epidermal hyperplasia, and atrophic

sebaceous and meibomian glands (Chapter 6). Mouse epidermal lipid analysis showed a

strong reduction in sebum in APOCI transgenic mice as compared to wild-type mice.

Furthermore, APOCI transgenic mice exhibited diminished subcutaneous and abdominal

adipose tissue. The mechanism by which overexpression of apoCl may cause these

abnormalities remains to be clarified. However, several lines of evidence point to an

inhibitory role of apoCl in the transport of FFA into specific tissues such as the skin and

adipose tissue storage sites (Chapter 6).

ApoE-deficient mice offered us an attractive model to study the role of apoE in

VLDL-TG hydrolysis and production. First, nascent VLDL was obtained by perfusion of

livers from apoE-deficient mice. Whereas in the absence of apoE, TG hydrolysis by LPL was

not different from nascent VLDL as isolated from the liver perfusate of wild-type mice,

addition of increasing amounts of apoE to nascent VLDL particle dose-dependently inhibited

TG hydrolysis (Chapter 7). This inhibitory action of apoE on VLDL-TG lipolysis appeared to

be directed at LPL itself, independent of VLDL binding to HSPG. Second, we demonstrated

that the production of nascent Vf ,DL-TG by apoE-deficient perfused mouse livers whs

decreased as compared to nascent VLDL-TG production by wild-type livers (Chapter 8).

Similarily, an impaired VLDL-TG production was also observed in hepatocytes as.isolated

from apoE-deficient mice and in apoE-deficient mice in vivo, as estimated by the Triton

WRl339 method. Since the TG synthesis was not impaired in apoE-deficient hepatocytes we

concluded tt ut upof interferes with the assemble and/or secretion of VLDL. Thus, in addition

to its well-known role in facilitating VLDL uptake by hepatic receptors, apoB is also involved

in VLDL lipolysis and VLDL assembly/secretion, implying a complex role for apoE in the

metabolism of TG-rich lipoproteins.

Finally, we addressed the influence of apoCs on the major metabolic pathways in

lipoprotein metabolism (Chapter 9). The human apoCs are often portraited as members of one

consistent family because of their similar distribution among lipoprotein classes, their low

molecular weights and coincident purification. However, by reviewing a number of important
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in vitro and in vivo studies the individual roles of apoCs in lipid metabolism begin to emerge.

As largely discussed in the present thesis, the only well-established in vivo metabolic function

of apoCl has been its inhibitory action on the uptake of VLDL via liver receptors. The most

well-defined function of apoC2 is that it functions as a crucial activator of LPL. In contrast,

apoC3 has been shown to effectively inhibit LPL activity, which results in the accumulation

of TG-rich lipoprotein pa(icles in the circulation. Thus all apoCs have been demonstrated to

specifically modulate VLDL metabolism, which may contribute to the development of
hyperlipidemia or other lipoprotein abnormalities in humans.
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Samenvatting

Omdat verhoogde plasma niveaus van VLDL 'remnant' lipoproteinen de kans op

atherosclerose vergroot, is het essentieel dat deze lipoproteinen deeldes efficiEnt uit de

circulatie geklaard worden. Uit vroegere in vito studies is gesuggereerd dat de klaring van

VLDL sterk beinvloedt wordt door de hoeveelheid apoCl en apoE op het deeltje. Het doel

van dit proefschrift was om de functies van apoCl en apoE in het VLDL metabolisme direct

in vivo te bestuderen. Daarom zijn transgene muizen gegenereerd en gekarakteriseerd die

apoC I and apoE tot overexpressie brengen of missen. Deze muizen maakten het mogelijk om

de invloed van apocl en apoE op de productie, lipolyse en klaring van VLDL nader in een in

uivo systeem te bestuderen, in een goed gecontroleerde omgeving tegen een homogene en

genetische gedefineerde achtergrond.

Bij het begin van dit onderzoek was er nog maar weinig bekend over de functie van

apoCl. Daarom besloten wij om de in vivo rol van apoCl in het lipiden metabolisme te

bestuderen door gebruik te maken van transgene muizen die zowel het humane

APOE*3Leiden gen, alsmede het humane APOCI gen tot overexpressie brengen. Uit deze

studies bleek dat een overmaat aan apoCl op VLDL de leveropname van deze deeltje5

verstoort, zonder de produktie en lipolyse van deze deeltjes significant te beinvloeden

(Hoofdstuk 2). Verder hebben wij aangetoond dat de aanwezigheid van apoE*3leiden op

VLDL de in vivo lipolyse van VLDL triglyceriden remt. Dit remmend effect van

apoE*3leiden op de lipolyse van VLDL bleek veroorzaakt te worden door een defect in de

binding van apoE*3leiden VLDL aan het HSPG-LPL complex (Bijlage Hoofdstuk 2). Dus de

hoeveelheid apoCl en apoE*3leiden op het lipoproteinen deeltje kan sterk bijdragen aan het

onderliggende mechanisme van hyperlipidemie.

Omdat een overrnaat van apoCl op VLDL de leveropname van deze deeltjes tegen

gaat, verwachtten we een versnelde verdwijning van VLDL deeldes uit de circulatie van

apoCl-deficidnte muizen. Opmerkelijk daarentegen was de bevinding dat in de afwezigheid

van apoCl de leveropname van VLDL deeltjes ook gestoord is (Hoofdstuk 3). De

afwezigheid van apoCl had geen effect op de productie en lipolyse van VLDL. Hieruit

kunnen we concluderen dat de hoeveelheid apoCl op VLDL de klaring van VLDL deeltjes

volgens een niet-lineaire, dosis-aftrankelijke relatie beinvloedt.

Transgene muizen die alleen het humane APOCI gen tot overexpressie brengen

ontwikkelen hyperlipidemie die veroorzaakt wordt door een ophoping van VLDL deeldes in

de circulatie (hoofdstuk 4). In overeenstemming met de resultaten in hoofstuk 2, laten studies

met gelabelde lipoproteinen zien dat apoCl primair de leveropname van VLDL deeldes remt.

Verder hebben wij aangetoond dat in de afwezigheid van de LDL receptor, apoCl de VLDL
opname remt via een RAP-gevoelig klaringsmechanisme (receptor), meest waarschijnlijk de
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LRP (Hoofdstuk 4). Naast LRP, bleek apoCl ook de binding van VLDL deeltjes aan de

VLDL receptor te verstoren (Hoofdstuk 5). Omdat we al eerder vonden dat een overmaat van

apoCl op het VLDL een afname van apoE op het deelde veroorzaakte (Hoofdstuk 4),

onderzochten we of het remmend effect van apoC I op de binding van VLDL aan de VLDLR

teniet kon worden gedaan door toevoeging van apoE. Verrassend was de bevinding dat

verrijking van het VLDL deeltje met apoE de binding van apoCl transgeen VLDL aan de

VLDLR niet kon stimuleren. We concluderen dus dat de bindirig van lipoproteinen aan

receptoren in de lever en periferie effectief gereguleerd kan worden door de hoeveelheid

apoCl op het deeltje en, voor wat betreft de VLDL binding aan de VLDLR, onafhankelijk is

van de hoeveelheid apoE op het deelde.

Twee individuele transgene muizenlijnen met hoge APOCI expressie in de lever en

huid vertonen niet alleen een extreme mate van hyperlipidemie, maar hebben ook

verschillende aandoeningen zoals haaruitval op jonge leeftijd, hyperplasie van de epidermis,

en verkleinde talgklieren (Hoofdstuk 6). Een grondige analyse van de huidlipiden van deze

muizen liet zien dat de hoeveelheid talg sterk gereduceerd is in APOC1 transgene muizen

vergeleken met controle muizen. Tevens bleek dat deze APOCI transgene muizen geen

onderhuidsvet hadden en sterk verminderd vetweefsel vertoonden in de buikholte. Hoe

overexpressie van APOC I in de huid en/of lever kan leidden tot al deze aandoeningen is nog

onduidelijk. Wij hebben echter verschillende aanwijzingen dat apoCl het transport van vrije

vetzuren over de membraan naar het achterliggend weefsel kan remmen, en op deze manier

ook de talgproduktie in de huid en de vorming van vetweefsel kan verstoren (Hoofdstuk 6).

De apoE-deficiente muis leek ons een geschikt model om de rol van apoE in de

lipolyse en produktie van VlDl-triglyceriden te bestuderen. Teneerste hebben wij perfusie

experimenten uitgevoerd met de levers van apoE-deficiente muizen om 'nascent' VLDL te

verkrijgen zonder apoE (Hoofdstuk 7). De lipolyse van apoE-deficidnt nascent VLDL bleek

niet te verschillen van nascent VLDL zoals geisoleerd uit leverperfusaat van controle muizen.

Daarentegen hebben wij gevonden dat een venijking van het apoE-deficiEnte VLDL deeltje

met een substantiEle hoeveelheid apoE, de lipolyse van VlDl-triglyceriden dosis-afhankelijk

remt. Dit remmend effect van apoE op de VlDl-triglyceriden lipolyse bleek gericht te zijn op

de activiteit van LPL, grotendeels onafhankelijk van de binding van VLDL aan HSPG

(Hoofdstuk 7). Ten tweede bleek uit de leverperfusie experimenten dat apoE-defici6nte levers

aanzienlijk minder nascente VlDl{riglyceriden produceren dan levers van controle muizen

(Hoofdstuk 8). Een verminderde VlDl{riglyceriden productie hebben wij ook gevonden in

vitro met apoE-deficiente hepatocyten in kweek, en in vivo met de Triton WRl339 methode in

apoE-deficidnte muizen. Omdat de synthese van triglyceriden niet veranderd was in apoE-

deficiEnte hepatocyten in kweek, concluderen wij dat apoE betrokken is bij de productie en/of

secretie van VLDL (Hoofdstuk 8). Dus, naast het algemeen bekende gegeven dat apoE
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essentieel is voor de klaring van VLDL deeltjes, blijkt nu ook dat apoE betrokken is bij de

lipolyse en assemblage/secretie van VLDL. Met andere woorden, apoE speelt een complexe

role in het metabolisme van triglyceriden-rijke deeldes .

Tenslotte, hebben we een review paper geschreven over de invloed van apoC's op de

belangrijkste metabole wegen in het lipoproterhen metabolisme. Er wordt vaak gedacht dat de

humane apoC's tot 66n grote consistente familie behoren. Dit komt waarschijnlijk door het

feit dat de apoC's op dezelfde lipoproteihen voorkomen, vaak samen geisoleerd worden en

alledrie een laag moleculair gewicht hebben. Daarentegen blijkt uit de literatuur dat de apoC's

wel degelijk van elkaar verschillen wat betreft hun rol in het lipiden metabolisme. Zoals

grotendeels in dit proefschrift beschreven staat, remt apoCl in vivo voomamelijk de

leveropname van VLDL deeltjes. ApoC2 staat vooral bekend als activator van het enzym

LPL. In tegenstelling tot apoC2 blijkt dat apoC3 LPL activiteit remt, hetgeen kan leidden tot

een accumulatie van triglyceriden-rijke deeldes in de circulatie. Dus alle apoC's beinvloeden

het VLDL metabolisme op hun specifieke manier en spelen'dus ieder een eigen rol bij de

ontwikkeling van hyperlipidemie of andere lipid-gerelateerde aandoeningen in de mens.
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Adv adenovirus

az-M cr-macroglobulin

Apo apolipoproteins

CETP cholesteryl ester transfer protein

FATP fatty acid transporter protein

FD familial dysbetalipoproteinemia

FFA free fatty acids

GAG glycosaminoglycan

HDL high density lipoproteins

HL hepatic lipase

HSPG heparan sulfate proteoglycans

IDL intermediate density lipoproteins

LCAT lecithin:cholesterol acyltransferase

LDL low density.lipoproteins

LDLR LDL receptor

.LPL lipoprotein lipase

LRP LDL receptor-related protein
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PLTP phospholipid transfer protein

RAP receptor associated protein
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Rijksuniversiteit Leiden (dr. M.H. Hofker). De resultaten van dit promotie onderzoek staan

beschreven in dit proefschrift. Op basis van deze resultaten ontving zij op 8 oktober 1997 de

Young Investigator Award op het XIth International Symposium on Atherosclerosis te Parijs.

Tevens behaalde zij in juni 1995 het NIMA-A diploma, en in juni 1996 het NIMA-B diploma,

beide te Utrecht. Vanaf I januari 1998 zal zij, in het kader van een door de Nederlandse

Hartstichting gesubsidieerd onderzoek, werkzaam zijn als postdoc bij TNO-Preventie en

Gezondheid, Gaubius Laboratorium, Leiden (prof. dr. ir. L.M. Havekes), om onderzoek te

verrichten aan de invloed van apoC en apoE op het transport van vrije vetzuren.
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Dankwoord

Het is me gelukt! Exact volgens planning heb ik binnen 4 jaar mijn proef.schrifi geschreven

en afgerond. Ik ben mij ervan bewust dat ik, om dit te bereiken, de druk soms aardig op de

ketel heb gezet. Mijn proefschrift is dus niet het werk van mil alleen, maar van vele andere
die ik hierbij graag wil bedanken.

Allereerst wil ik Vivian bedanken voor de afgelopen 4 jaar waarin we intensief, productief en

fantastisch met elkaar hebben samengewerkt. Je enorme inzet, enthousiasme, zelfstandigheid
en capaciteit om nieuwe methoden te ontwikkelen hebben een hele grote bijdrage geleverd
aan alle artikelen die in dit proefschrift beschreven staan. Vooral de vele middagen die we
hebben doorgebracht op het transgene dierenlabje, waar we turnoverstudies met persoonlijke
gesprekken combineerden. heb ik als zeer prettig en gezellig ervaren. Ik denk dat we in vele
opzichten elkaar goed aanvullen en ik hoop dan ook dat we onze samenwerking in de
toekomst zo kunnen voortzetten.

H6, Hoi, Patrick. Ik wil je ontzettend bedanken voor alle PCRs, Northern en Southern Blotjes
die je voor mijn proefschrift heb uitgevoerd. Je inzet, precisie en kennis van de genetica
waardeer ik enorm. Ik ben blij dat.je, samen met Vivian, mijn paranimf wilden zijn.

Louis, jouw kennis, inzicht, enthousiasme en goede begeleiding hebben mij gestimuleerd om
in het onderzoek verder te gaan. Ik hoop dan ook dat we onze prettige samenwerking kunnen
continueren. Ik weet nu dat je soms niet Roomser moet ziin dan de Paus, maar dat de bomen
toch ook niet tot in de hemel reiken. Grote letters, dikke hjnen, rustige kleuren en alleen
trakteren als de baas er is, ik zal het zeker niet vergeten. Tenslotte hebje me ook nog wat van
de Nederlandse taal bijgebrach (sorry, 't').

Beste Marten. ik wil je hierbij bedanken voor de goede begeleiding. brilliante ideeEn en
pittige discussies die we de afgelopen 4 jaar hebben -eevoerd. Ik heb het enorm gewaardeerd
dat je als copromotor altijd tiid had om het 'hoe en waarom' van de resultaten te bespreken.

Ko, we kunnen er toch zo langzamerhand wel een stelling van maken dat door jou en je
adenovirus-techniek de productiviteit . van de huidige AIO bij Havekes dramatisch is
toegenomen. Ontzettend bedankt voor je betrokkenheid en inzet bij mijn onderzoek.

Lieve Wendy, je goede humeur, fijne persoonhjkheid en loyaliteit maken jou tot een
tantastische collega. Je was er altijd om mij verhalen aan te horen, en ik hoop dat ik net
zoveel voor jou terug kan doen nu jij met je proefschrift bezig bent. We hebben vooral veel
steun aan elkaar gehad tijdens de congressen die we bezochten, waar we elkaar moesten
redden van dikke zwetende bier-buik dansende Duitsers en wanhopige Zweden.

Hans, je bent in 6.6n woord onbetaalbaar. Heel erg bedankt voor alle figuren en fbto's die je
voor mijn artikelen en proefschrift heb gemaakt.

De (ex) Gaubianen: Janine, Bart, Linda, Sylvia, Femke, Leonie, Monique, en Paola wil ik
bedanken voor de goede werksfeer binnen de groep. Ook ben ik veel dank verschuldigd aan
verschillende mensen op het Sylvius: Andr6, voor het maken van de constructen en het vele
viruswerk; Marjon, voor de histologie en pathologie; de dierverzorgers, Jaap van Rijn,
Hennie, John, Ihna en Joyce; Edwin, voor het maken van de foto's voor mijn boekje; Marco



voor het generereil .van de transgene muizen; Miranda, die toevallig net die resultaten had

liggen die ons artikel toeliet voor publicatie in JCI; en Patrick R. voor het terbeschikking
stellen van zijn kennis, enthousiasme en crematorium.

Ook wil ik graag Folkert Kuipers (RUG), Maya Ponec, Arij Weerheim en Sietse-Jan

Koopman (AZL) vermelden, die ieder hun eigen bijdrage hebben geleverd aan dit boekje.

Tenslotte wil ik al mijn vrienden en vriendinnen bedanken die me de afgelopen jaren hebben

gesteund en al mijn wilde verhalen hebben aangehoord.

Lieve Guurtje en Jaap, ook al begrepen jullie niets van mijn werk, jullie hebben altijd achter

me gestaan en met me meegeleefd

Last but not least, allerliefste Ed, al was ik hyperactief, wispelturig, humeurig of chaotisch, jij
wist met jou onverwoestbare liefde, steun en groot relativeringsverrnogen alles weer bij mij
in goede banen te leidden.

Alkmaar, 14 oktober 1997 Miek Jong


