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Stellingen

. De complexe interactie van geoxideerde LDL-partikels met Kupffercellen eidt tot een

zeer efficiénte galuitscheiding van de cholesterolesters van de partikels.
(dit proefschrift)

. Het fysiologische belang van de LDL-receptor voor de opname van VLDL-remnants

door parenchymcellen lijkt gering.
(dit proefschrifi)

. Gedurende een economische recessie zijn in analogie met de evolutietheorie van Darwin

generalisten beter toegerust om te overleven dan specialisten.

. De huidig vereiste flexibele inzetbaarheid van personeel is strijdig met de negatieve

houding van personeelsfunctionarissen ten opzichte van "part-time" werken.
(Intermediair 1993, 11: 47)

. Financigle sancties lijken zwaarder te wegen dan de persoonlijke belangen van AIO’s en

OIO’s om promotie-projecten binnen de gestelde termijn af te ronden.
{Mediator 1993; 3: 3)

. Het verschil tussen spel en sport bestaat uit het respectievelijk eindig en oneindig aantal

statistische mogelijkheden.

(Ing. Th.M. Laurman, wiskundige 1938-1988)

Een belangrijk deel van de tijdsbesteding van werknemers moet dan ook als sport worden
betiteld en niet als het spelen van spelletjes.

. De houding ten opzichte van materiéle zaken in een wegwerpmaatschappij mag niet los

gezien worden van een verandering in de attitude ten opzichte van de waarde die
toegekend wordt aan leven.

. De kunde van mensen is vaak hun beperking.

(J. Reeberg, oud-wereldkampioen karate)

‘Leiden, 13 december 1993 Sebastiaan Esbach
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Chapter 1

General Introduction

1 Introduction

Epidemiological data have indicated the relation between lipoproteins and the development
of coronary artery disease, establishing the clinical relevance of these particles and their
metabolism. In the last decade it appeared that especially the liver plays a prominent role in
lipoprotein synthesis and metabolism. The present thesis is focused on the liver uptake and
processing of atherogenic lipoproteins with special attention given to the role of the various
liver cell types. Visualization techniques are used in order to obtain a detailed description of
the mechanisms involved in binding, internalization and processing, both in human and rat
liver. In this chapter some aspects of lipoproteins, liver cells and visualization techniques will
be introduced.

1.1  Lipoproteins

Plasma lipoproteins are water soluble particles with a high molecular weight. Their function
is to transport water insoluble lipids, such as triglycerides and cholesterol, from the site of
synthesis or uptake through the blood and lymph to the site of degradation or storage (see
for review 1). In order to transport lipophilic substances through a hydrophylic environment,
the triglycerides and cholesteryl esters are localized in the core of the lipoprotein particles
surrounded by a hydrophylic shell. The shell contains specific proteins, the so-called
apolipoproteins, which are embedded in a monolayer of phospholipids. Unesterified
cholesterol is present in the core as well as at the surface of the lipoprotein particles (2).
Four major classes of plasma lipoproteins can be distinguished based on the buoyant
density of the particles as determined by ultracentrifugation (3,4). The classes differ in size
and in the relative composition of cholesterol, triglyceride and apolipoproteins (Table 1) (5).
The larger particles contain relatively more lipid, especially neutral lipids, explaining why
the density of the particles decreases with increasing size. It is important to realize that the
apolipoproteins do not only have a structural function in stabilizing the lipoproteins, but also
perform a major role in mediating cell recognition (see 1.3.2), and enzyme activation (1).
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Table 1. Physical properties and composition of human plasma lipoproteins.

Lipoprotein

Chylomicrons VLDL LDL HDL
Density (g/ml) < 0.95 0.95 - 1.006 1.019 - 1.063 1.063 - 1.21
Size (nm) 80 - 1000 35-60 20-25 8-12
Triglycerides (%) 90 60 10 5
Phospholipids 5 15 22 25
Cholesterol esters 2 13 38 25
Cholesterol 1 7 8 4
Protein 2 5 22 41

Chylomicrons (d < 0.950) are the largest lipoproteins, varying in size from 80 to 1200
nm (6). Their function is the transportation of dietary lipids. Dietary lipids are taken up from
the intestine by the enterocytes, which incorporate the fatty components into chylomicrons
(7). These triglyceride-rich particles (Table 1) are secreted into the lymph and subsequently
enter the blood compartment where they are metabolized into chylomicron remnants (8).
During circulation the chylomicrons acquire apolipoprotein E and C (9), which are important
for receptor recognition of the particles and activation of the enzyme lipoprotein lipase (LPL)
(10). Lipoprotein lipase, which is located on the surface of vascular endothelial cells of
extrahepatic tissues (11), hydrolyses the triglycerides of the chylomicrons. The free fatty
acids are used as an energy source by muscle or taken up into adipose tissue were they are
re-esterified and stored as triglycerides. The eventually-formed chylomicron remnants are
rapidly internalized by the liver (12).

Very low density lipoprotein (VLDL) (0.950 < d < 1.006) is in comparison to
chylomicrons a smaller triglyceride-rich fraction ranging in size from 35 to 60 nm (Table 1).
VLDL is synthesized in the liver and carries endogenously synthesized triglyceride as well
as cholesterol (13). Similar to the chylomicron metabolism, part of the VLDL particles is
metabolized in the circulation into VLDL remnants, while some are metabolized into low
density lipoprotein (LDL). Triglycerides are hydrolysed leading to VLDL remnants which
contain relatively less triglyceride than VLDL, and to LDL which is almost completely
depleted of triglycerides. VLDL remnants are rapidly removed from the circulation by the
liver (14).

LDL (1.019 < d < 1.063) particles range in size from 20 to 25 nm. LDL predominantly
contains cholesterol(esters) (Table 1) and only one apolipoprotein, apolipoprotein B-100. In
man, LDL is the main cholesterol-carrying lipoprotein in the blood compartment. LDL is
only slowly removed from the circulation; the circulatory period lasting a few days. The liver
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CHAPTER 1

is the predominant site of uptake of LDL (15,16).

High density lipoprotein (HDL) (1.063 < d < 1.21), the smallest of the lipoprotein
classes (8-12 nm), forms a very heterogenous group of particles which originate from liver,
intestine and also from the metabolism of triglyceride-rich particles (17-20). They are mainly
synthesized as a discoidal precursor which is thereafter metabolized by the enzyme lecithin-
cholesterol acyl transferase (LCAT), resulting in vesicular particles which transport
cholesteryl esters in the circulation (see for review 20). Besides in cholesteryl esters, HDL
particles are rich in protein and phospholipid (Table 1). There are strong indications that in
general LDL transports cholesterol to the peripheral tissues, whereas HDL performs the
opposite function. Several lines of evidence demonstrated that HDL is able to pick up
cholesterol from cells (21-23) and to deliver cholesterol to the liver directly (24) or via an
indirect pathway by transfer of cholesteryl esters to other lipoprotein subspecies.

1.2  Lipoproteins and atherosclerosis

Clinical and animal studies confirmed epidemiological studies that showed a strong positive
correlation between serum cholesterol levels and the incidence of coronary artery disease in
man. Especially the serum LDL cholesterol level was demonstrated to be an important risk
factor in the development of atherosclerosis, while HDL cholesterol levels showed a negative
correlation, although at first little attention was focused on the latter finding (see for review
25).

Atherosclerotic lesions, as they appear in man or as induced by high cholesterol diets in
experimental animals, show many common properties. The narrowing of the vessel lumen
is characterized by deposition of cholesterol in and around cells of the arterial wall. The
cholesterol that accumulates in the arterial wall is derived from plasma lipoproteins (26,27).
One of the early characteristics of the atherosclerotic lesion, both in human and animals, is
the appearance of macrophage derived foam cells (28-31). In vitro studies showed that native
lipoproteins, like LDL, did not provoke excessive accumulation of cholesteryl esters in tissue
macrophages, even when exposed to high concentrations of LDL for prolonged periods
(32,33). In the late 70’s, Brown and Goldstein described a modified form of LDL, acetylated
LDL, which was taken up by macrophages with high efficiency, leading to a massive
cholesterol accumulation within the cells. This suggested that modification of LDL is an
important prerequisite in order to become atherogenic (34). Various modifications of LDL
were described, obtained by acetylation (34), malondialdehyde treatment (35), and oxidation
(36), all leading to severe cholesterol accumulation in macrophages. The relevance of these
modified forms of LDL was evidenced in vivo by the group of Steinberg who demonstrated
that oxidized LDL was present in atherosclerotic lesions of rabbit and man (37).

Besides the modified forms of LDL mentioned above, another lipoprotein is of interest
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because of its atherogenic potential, namely 8-migrating VLDL. 8-VLDL is a cholesterol-
rich particle which has been demonstrated in patients with familial hypercholesterolemia type
IIT and cholesterol-fed animals (38-40). 8-VLDL is able to induce an excessive accumulation
of cholesteryl esters in macrophages, inducing a foam like appearance (41). In patients with
type III hypercholesterolemia an abnormal form of apolipoprotein E, disturbing the normal
recognition through its binding site, seems responsible for the high serum levels noticed
(42,43). In animals fed a cholesterol-rich chow over a prolonged period, overloading of the
hepatic clearance system or increased synthesis may cause the accumulation of 8-VLDL in
the circulation.

To study the relation between lipoproteins and atherosclerosis several animal models have
been used. Although similarity exists in the appearance of the (patho)physiology of
atherosclerotic lesions, it is very important to analyze the relevance of animal studies in the
human situation. Several differences have been reported between man and animals, not only
with respect to the physicochemical characteristics of their plasma lipoproteins and
apolipoproteins (see for review 44), but also with regard to receptor expression on cell types
(45) and the presence of transfer proteins, like cholesteryl ester transferases. Although these
differences may complicate the direct translation of animal studies to the human situation,
they can also be of advantage in some aspects. The differences noticed between species in
amino acid composition of certain apolipoproteins, which do not effect the receptor-mediated
recognition of the apolipoprotein, allow the production of species-specific antibodies. With
these antibodies, endocytotic pathways can be distinguished from exocytotic pathways by an
experimental approach in which animals and lipoproteins from different species are used
which do not show any immunological cross-reaction in their apolipoprotein profiles (see
chapter 2).

1.3  Lipoproteins and liver

The most important organ in lipoprotein metabolism is the liver. The liver is involved in the
catabolism of lipoproteins, involving uptake and degradation, while also lipoproteins and their
constituents are synthesized. One of its unique properties is the ability to subtract cholesterol
from the body by excretion into the bile. In Fig. 1 the central role of the liver in the
lipoprotein metabolism and its relation to the different lipoprotein classes is schematically
represented.

Chylomicrons which transport dietary lipids from the intestine, are after metabolic
conversion to chylomicron remnants rapidly internalized by the liver following binding to
specialized receptors (46,47). As mentioned before the chylomicrons loose most of their
triglycerides to fat and muscle tissue before they reach the liver as relatively cholesterol-
enriched particles (48).
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EXOGENOUS PATHWAY

CHYLOMICRON
CHYLOMICRON REMNANT

LPL

INTESTINE

oD

VLDL LIVER
E remnant BILE
receptou
4 ol © L S
o receptor @
(0]
VLDL scavenger
- REMNANT receptor
E (B-vLDL)
N
(o)
s
A -
THwaAY modified
LDL

Figure 1. Schematic representation of the central role of the liver in lipoprotein metabolism and its relation
to the different lipoprotein classes.

In the liver cholesterol can be excreted into the bile (mostly as bile acids) or repacked
into VLDL particles (49,50). In addition to the package of cholesterol, the liver is
responsible for the package of triglycerides and the synthesis of the apolipoproteins of
VLDL. Subsequently, the different moieties of VLDL are joined together in VLDL particles
which are excreted into the blood (49,50), entering the so-called endogenous pathway. VLDL
particles are, in the same way as chylomicrons, metabolized into VLDL remnants which are
then rapidly internalized by the liver. VLDL can also be metabolized into LDL particles,
which process involves, in addition to lipoprotein lipase (LPL) activity, also the liver enzyme
hepatic lipase. In man a relatively large portion of the VLDL is metabolized into LDL,



compared to the situation in most animals (see for review 44). There is a strong relation
between the amount of LDL in the circulation and the number of LDL receptors expressed
in the liver (51). In rabbits and dogs maintained on low-fat diets, the number of LDL
receptors is high, while on a high cholesterol diet, a strong suppression of LDL receptor
activity was noticed (51).

HDL metabolism also involves an important liver component. The liver plays a role in
the synthesis and secretion of HDL precursors and is also involved in the binding of
circulating HDL, as part of the so-called reverse cholesterol transport (52).

Besides the important role in synthesis and metabolism of native lipoproteins, the liver
is also important for the removal of modified lipoproteins (52). In rat, oxidized LDL and
acetylated LDL are rapidly cleared from the circulation by the liver, leading to lysosomal
degradation of the particles (53,54). Synthesis, uptake and processing of lipoproteins by the
liver can be considered as a highly complex multi-compartment system involving various
liver cell types. Therefore, an introduction to some relevant aspects of the liver cells and
lipoprotein binding sites will be presented. Current knowledge on the uptake and processing
of the different lipoprotein classes by the various liver cells will be discussed in 1.3.3.

1.3.1 Liver cells

The smallest functional unit of the liver is generally considered to be the liver acinus. The
major cell types of the liver acinus are parenchymal cells, endothelial cells, Kupffer cells,
fat-storing cells and pit cells (Fig. 2). Parenchymal cells are the major cell type with respect
to their contribution to cell number and protein mass of the liver which are respectively 67%
and 90% in the rat, based on previous studies on volume contributions and protein/volume
ratios (55-57). Parenchymal cells are arranged in one layer cords, separated by the sinusoids,
radiating from portal veins to central veins. They are in direct contact with the bile
canalicular system and perform a major role in most metabolic liver functions.

Non-parenchymal cells only contribute to a minor extent to liver protein mass but they
contribute considerably to the total number of liver cells (30-35%) (57,58). Endothelial cells
form a continuous lining which separates the parenchymal cells from the sinusoidal lumen
(Fig. 2). The interaction of the parenchymal cells with the blood plasma is, however,
optimalized by numerous pores in the liver endothelial cells, with a diameter of about 100
nm (59). Because of this pore size, chylomicrons with sizes up to 1200 nm have to be
metabolized to smaller particles before they can interact with the parenchymal cells.
Endothelial cells contain several morphological structures which point to involvement in
uptake and processing, like pinocytotic, tubular and lysosomal structures (55).
Micropinocytotic vesicles and macropinocytotic vesicles were described, and it was suggested
that both directly arise from plasma membrane invaginations (59-61).
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CHAPTER 1

Figure 2. Electron micrograph of part of a rat liver acinus. PC = parenchymal cell, EC = endothelial cell,
KC = Kupffer cell, FSC = fat-storing cell, and S = sinusoid. Magnification 2000x.

Kupffer cells are localized inside the sinusoidal lumen (Fig. 2), anchored to the
endothelial and parenchymal cells. Their appearance is very characteristic by the presence
of all kinds of endocytotic and lysosomal structures. Often in one Kupffer cell pseudopodia,
micropinocytotic vesicles, coated macropinocytotic vesicles and worm-like structures are
noticed, which are all involved in internalization (61-63).

Kupffer cells and endothelial cells both contribute to the so-called RES clearance system,
which protects the organism against all kinds of circulating foreign substances, including
bacteria, endotoxins and various macromolecules (64-66). Biochemical data obtained with
isolated rat liver cells demonstrated the level of several lysosomal enzymes in endothelial



cells and Kupffer cells to be comparable, while the level of these enzymes in parenchymal
cells is much lower (67-69). The diversity of endocytotic mechanisms noticed in the Kupffer
and endothelial cells reflects the specialized function of these cell types in clearance from the
blood compartment.

Fat-storing (Ito) cells and pit cells or large granular lymphocytes contribute to a minor
extent to liver cell numbers and protein mass. Pit cells, localized in the sinusoidal lumen, are
probably involved in the protection against metastatic cancer cells because of their natural
cytotoxic activity against tumor cell lines (70-72). Fat-storing cells, localized in recesses
between parenchymal cells (Fig. 2), contain characteristic fat droplets in their cytoplasm. The
number and size of the fat droplets are directly related to the amount of vitamin A which is
stored in this cell type (73). Furthermore, fat-storing cells synthesize extracellular matrix
components (74), which under pathological conditions might lead to excessive collagen
deposition, as noticed in liver fibrosis (see for review 75).

1,3.2 Lipoprotein binding sites

The LDL receptor is a cell surface protein which was first identified on cultured human
fibroblasts (76). The receptor is a transmembrane glycoprotein with a molecular weight of
164 kD. It contains several domains involved in binding, clustering into coated pits and
subsequent internalization (77,78). The receptor is able to recognize apo B-100 and apoE.
The high affinity of lipoproteins containing apoE for the LDL receptor is thought to be
caused by the multivalent binding of apoE to the receptor. Most apoE containing lipoproteins
do contain several apoE molecules which may interact with several LDL receptors (79).
Alternatively, since the LDL receptor contains several repeats which are thought to interact
with apoE (80), several apoE molecules of one lipoprotein particle may bind to one receptor
multivalently. In vivo studies demonstrated that LDL receptors are predominantly expressed
in the liver as evidenced by LDL uptake (16,81-83). The expression of the receptor on the
parenchymal cells is regulated by cellular cholesterol (84,85), as originally described for
cultured human fibroblasts and other cultured cells (86). Studies on animals and humans with
genetically deficient LDL receptors showed high blood cholesterol levels and severe
atherogenesis at a young age (87,88).

Interestingly, studies performed in LDL receptor deficient animal strains showed that
chylomicron clearance was unaffected (89). From these studies it was suggested that another
receptor, the so-called remnant receptor, was involved in the clearance of chylomicron
remnants. This receptor, localized in the liver, was demonstrated to interact with apoE (90-
92), while opposing effects of apoC were noticed (93,94). The presence of apoC’s on the
lipoproteins probably induces conformational changes in the apoE, which will disturb the
receptor recognition. Recently a protein which showed structural and biochemical similarities
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CHAPIER 1

to the LDL receptor, the so-called LDL-receptor related protein (LRP), was isolated and
suggested to function as remnant receptor (95). Further characterization, however,
demonstrated that this function is rather doubtful. The isolated protein appears to function
as a2-macroglobulin receptor and a:2-macroglobulin binding to rat liver parenchymal cells
showed different characteristics as compared to the chylomicron and VLDL remnant binding
(96-98). In chapter 5 and 6 the remnant receptor will be further characterized, both in human
and rat liver using 8-VLDL as a ligand.

Studies by Brown and Goldstein in the early 80’s showed the existence of a third
lipoprotein receptor, the so-called scavenger receptor (33). The apparent paradox that LDL
was not able to cause a severe accumulation of cholesterol in macrophages, while
epidemiological data showed a strong correlation between the incidence of coronary artery
disease and LDL serum cholesterol levels, was explained by the fact that LDL has to be
modified before it is recognized by the scavenger receptors leading to unregulated cholesterol
accumulation in the cell. Several high-molecular mass (~ 250 kD) acetylated LDL (Ac-LDL)
binding proteins were isolated by different groups (99-101). Since several binding proteins
were identified and several ligands showed cross-reactivity with the binding proteins, the
presence of a family of scavenger receptors is suggested, each with their specific
characteristics (102).

Besides the involvement of scavenger receptors in the formation of foam cells, a
beneficial role of this receptor system in the liver is suggested (53,54). In vivo Ac-LDL is
rapidly cleared from the blood compartment by the liver by a scavenger receptor mediated
mechanism (54,103). Recent evidence indicated that rather oxidative modified LDL (Ox-
LDL) is the (patho)physiological representative of modified LDL (see for review 27). In vitro
cross-competition studies with isolated liver cells demonstrated that two binding sites were
involved in Ox-LDL recognition, one recognizing exclusively Ox-LDL, and another
recognizing both Ox-LDL and Ac-LDL (53). Further characterization of the Ox-LDL and
Ac-LDL scavenger receptors is the subject of study in chapters 2 and 4.

The HDL receptor or binding site is the most puzzling lipoprotein binding site. Specific
high affinity binding sites for HDL were found on liver cells of various species (104-106).
Binding to the putative receptor seems predominantly mediated by the apolipoprotein Al
(24,107,108), the major apolipoprotein of HDL. From porcine liver, two HDL binding
proteins were isolated (109). Histological localization of these binding proteins demonstrated
that the 90 kD binding site was present in the bile canalicular area of the liver parenchymal
cells, while the 180 kD binding protein was present at the plasma membrane. Purification
and characterization of HDL binding sites from rat liver membranes also demonstrated two
binding sites for HDL of 100 and 120 kD (110). Recently, Oram et al. described the cloning
of an HDL binding protein with a molecular weight of 150 kD (111). Although the
expression of this protein could be increased several fold when cells were loaded with
cholesterol, the predicted structure does not conform to that of any known receptor,
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suggesting that it does not function as a classic membrane receptor.

One of the interesting phenomena concerning the HDL interaction with cells is the
preferential transfer of cholesteryl esters relative to apolipoprotein Al (112). Extracellular
processing of HDL might facilitate such a selective uptake. In this respect we studied in
chapter 7 the potential role of a recently described neutral cholesteryl ester hydrolase, which
was synthesized by the liver and subsequently secreted into the blood compartment.

1.3.3 Uptake and processing of lipoproteins by liver cells
Three general intracellular routes are associated with receptor recognition.

1) The ligand can be transported through polarized cells without actual degradation. This
process of transcytosis was demonstrated for polymeric IgA in endothelial cells and
hepatocytes (113,114). Polymeric IgA appeared to be rapidly and actively secreted from
blood to bile by rat liver (115).

2) The ligand can be taken up and exocytosed without degradation of the ligand-receptor
complex as demonstrated for transferrin. Transferrin is an iron carrier which is
endocytosed via a transferrin receptor-mediated mechanism (116). Following endocytosis,
the iron is lost from the complex during acidification of the endocytic vesicles. The
transferrin and receptor are subsequently recycled to the membrane from a prelysosomal
compartment (117).

3) Ligand and receptor can be internalized and subsequently directed to lysosomes where
both are degraded as demonstrated for epidermal growth factor (118), or solely the ligand
is degraded and the receptor is returned to the plasma membrane for re-use. One of the
model systems used to demonstrate the last pathway is the LDL receptor-mediated
processing of LDL in cultured fibroblasts (119). Following endocytosis, LDL is
transported to the lysosomes and degraded. After internalization, the LDL receptor is,
however, recycled to the membrane from a prelysosomal compartment, functionally
comparable to the Compartment for Uncoupling of Receptor and Ligand (CURL) as
described by Geuze et al. in liver parenchymal cells (120).

With respect to the contribution of the different liver cell types to the uptake and processing
of lipoproteins, several biochemical and some morphological studies have been reported.
In rats, chylomicron- and VLDL remnants are rapidly taken up from the circulation by
the liver via a receptor-mediated mechanism (12,14). The lipoprotein remnants are
predominantly taken up by the liver parenchymal cells and, to a small extent, by the non-
parenchymal cells (14,47,121,122). Autoradiography and cell fractionation studies showed
that remnants were internalized via coated pits, and subsequently transported via a CURL
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compartment and multivesicular bodies into lysosomes (122,123). The protein part of the
remnants was degraded while cholestcfyl esters are hydrolysed and subsequently excreted into
the bile, primarily as bile acids (124).

The major site of uptake of LDL is the liver (16,81-83). In rat and man, parenchymal
cells and Kupffer cells are involved in the uptake of LDL. In contrast to man, in untreated
rats LDL is predominantly taken up by Kupffer cells (16,83,125). Parenchymal cells
internalize and process LDL via a similar intracellular pathway, as described for lipoprotein
remnants, involving coated pits, CURL, multivesicular bodies and lysosomes (126,127).
Biochemical experiments in estradiol-treated rats, leading to a marked upregulation of LDL
receptors on the liver parenchymal cells, however, demonstrated that part of the administered
LDL could be transferred into the bile without actual degradation, suggesting also a non-
lysosomal intracellular pathway comparable to that described for IgA (127).

Ac-LDL and Ox-LDL are both rapidly cleared from the circulation by the liver (53,54).
In rat, Ox-LDL is predominantly taken up by Kupffer cells, while Ac-LDL is predominantly
taken up by endothelial cells. In both cell types a rapid degradation of the protein part of the
particles occurs (53,54). It was suggested that the pathological deposition of cholesterol in
arterial wall macrophages depends on the internalization of aggregated LDL by phagocytosis
(128-130). In vitro experiments showed that modification of LDL led to an increased
tendency to aggregate, especially when the concentration of the lipoproteins was high,
ranging from 500 pg/ml up to 3 mg/ml.

Internalization of Ac-LDL by endothelial cells involves coated vesicle formation, but also
macropinocytosis may facilitate the highly efficient uptake and degradation of this ligand
(131). Cholestery! esters from Ac-LDL are rapidly hydrolysed by liver endothelial cells, and
subsequently appear in the parenchymal cells (132). Re-secretion of cholesterol into the
circulation and association with HDL in the serum compartment indicated that transport of
cholesterol from the endothelial cells to the parenchymal cells can be mediated by HDL
(132). In this thesis the internalization mechanisms involved in the uptake of modified
lipoproteins is addressed in chapters 2 and 4, whereas in chapter 3 the Ac-LDL processing
by the liver endothelial cells and the Ox-LDL processing by Kupffer cells are compared with
respect to the cholesterol handling.

HDL is predominantly taken up by the liver (24). Cell isolation procedures demonstrated
that HDL interacts primarily with parenchymal cells and to a small extent with Kupffer and
endothelial cells (133). Several mechanisms of binding and subsequent processing of HDL
may be present. In bovine aortic endothelial cells and human skin fibroblasts HDL binding
induced a cholesterol efflux from plasma membrane and intracellular cholesterol pools, while
no actual HDL internalization was noticed (134). In peritoneal macrophages, gold-conjugated
HDL was demonstrated to follow a non-lysosomal pathway and re-secretion was noticed from
an endosomal compartment after close contact with lipid vacuoles (135-137). Morphological
characterization of the interaction of apoE-free HDL with cultured human parenchymal cells
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showed that HDL was only bound to the parenchymal cell plasma membrane without any
evidence of internalization (138,139). In addition there is no biochemical evidence that
binding of HDL to the high affinity binding site on the human parenchymal cells is coupled
to internalization and lysosomal degradation (139).

1.4  Methods of visualization

Several morphological, biochemical and subcellular fractionation techniques can be applied
to examine the uptake and processing of lipoproteins. In the present thesis we mainly focus
on the use of microscopical techniques, which allow the visualization of tissue heterogeneity
as well as a detailed analysis of the structures involved or directly related to binding,
internalization and processing of the ligands. Although lipoprotein particles can be visualized
directly by staining techniques (125,140), a specific localization at the light and electron
microscopic level can only be achieved with the use of cytochemical markers. Such markers
can be conjugated to a ligand before the actual processing, or applied to visualize the ligand
after it has been physiologically handled.

The adequate utilization of a marker pre-conjugated to a ligand depends on the solubility
and stability of the conjugate, and whether conjugation of the marker to the ligand interferes
with receptor recognition or intracellular processing (141,142), When liver uptake is studied,
special caution is needed, since introduced foreign substances can be rapidly cleared from
the circulation by this organ (64-66).

Several markers can be associated with a number of ligands to allow a light microscopical
localization. Horse radish peroxidase (HRP) produces in combination with diaminobenzidine
(DAB) a visible, insoluble reaction product (143); radioactive labels can be detected by
autoradiography (144), colloidal gold can be visualized by a silver enhancement technique
(145); and fluorescent probes (146-148) can be applied. When HRP is used, endogenous
peroxidatic activity should be considered (62). Autoradiography is the only method available
which allows the specific detection of lipophilic substances like cholesterol and vitamin A
(144,149). Localization of a fluorescent marker can be complicated due to autofluorescence,
while some fluorescent markers rapidly fade out. However, fluorescent markers allow the
visualization of structures even if they are below the light microscopic resolution limits.

All markers mentioned above can also be used for electron microscopical detection, with
the exception of fluorescent probes. In addition, ferritin can be applied to allow the
ultrastructural localization of a number of ligands (150,151). Ferritin, however, occurs also
naturally in the liver and is, in comparison to gold label, more difficult to detect due to its
relatively low electron density. Gold-conjugated ligands have the advantage that rather harsh
fixation and embedding procedures may be used, which are not allowed when certain
structural aspects of the tissue, as for immuno-histochemical detection, must be maintained.

12



CHAPTER 1

Since the introduction of immuno-histochemical techniques in the early 40’s (152) there
is a wide spread use of this technique with all kinds of antibodies, visualization techniques
and markers. The visualization techniques based on the use of antibodies can be separated
into pre- and post-embedding labeling techniques.

Pre-embedding labeling implies that the labeling procedure is performed before the tissue
is embedded, like in freeze etching and freeze fracturing. These techniques allow a detailed
analysis of the lateral distribution of cell surface located antigens in combination with gold
markers.

Post-embedding labeling techniques are performed on biological tissue which is embedded
in plastics such as epon or lowicryl (153), or on frozen material (154). Several requirements
have to be met with respect to tissue handling, like maintenance of antigenicity,
immobilization of the antigen, preservation of the overall structure, accessibility of antigens,
and fixation of fast processes. The basic problem is to compromise between maintenance of
antigenicity and proper tissue preservation.

For analyzing the localization of antibodies, several techniques are available: 1) Direct
labeling of the antibody, 2) an indirect labeling using labeled secondary antibodies to detect
the primary antibody, and 3) three step labeling procedures, including avidin-biotin
complexes and enzyme-anti-enzyme complexes (see for review 155). Commonly used
markers are fluorescent probes, HRP, alkaline phosphatase (AP), ferritin, and colloidal gold.
Each labeling technique and marker has its specific advantages and disadvantages concerning
detection, sensitivity, and background labeling, as indicated above. At the EM level currently
gold markers are preferred for their visibility and since gold particles of different sizes can
be produced, double and even triple labeling experiments can be performed (120).

In the present thesis various strategies are used to visualize several aspects of uptake and
processing. Tissue was fixed and embedded in plastic to study optimally preserved tissue for
morphological characteristics related to uptake and processing. The cell types which were
involved in the uptake of a certain lipoprotein were visualized by detection of fluorescently
labeled lipoproteins or by immuno-histochemical detection of the lipoproteins. The LDL
receptor was directly visualized by the use of a specific antibody, while the remnant receptor
activity was demonstrated by the localization of its ligand, since no specific antibodies for
this receptor are presently available. The specificity and nature of the binding were visualized
by selective up-regulation of a specific receptor, like for the LDL receptor by estradiol
treatment of rats and by competition experiments using unlabeled ligands. Tracer studies
were used to visualize the different internalization and processing steps, while internalization
mechanisms were visualized by specific membrane staining techniques which discriminated
between extracellular and intracellular structures. Intracellular structures were characterized
by morphological description and also by double-labeling procedures as for lysosomal
enzymes (156).

i3



1.5 Scope of the thesis

The present thesis focuses on the analysis of the processing of lipoproteins by various liver
cell types in rat and man. To study the interaction of the lipoproteins with their binding sites,
the internalization mechanisms and the intracellular handling, several complementary light
microscopical, electron microscopical, biochemical and cell isolation techniques were
employed. Modified LDL and 8-VLDL were used as ligands because of their atherogenic
nature. From biochemical studies it was already quantified to what extent the different liver
cell types contributed to the uptake of these lipoproteins. Furthermore, from cross-
competition studies, performed with isolated purified liver cells, the specificity of the
receptors was already indicated. Experiments performed with isolated human parenchymal
and Kupffer cells indicated that in principle the receptors demonstrated on the rat liver cells
are also expressed on the human liver cells, although some differences in relative number of
receptors per cell are evident.

The mechanisms of binding, internalization and cellular processing of Ox-LDL in Kupffer
cells were hitherto unexplored, while the mechanisms of internalization and processing of
Ox-LDL and Ac-LDL by the liver endothelial cells with respect to the involvement of the
different scavenger receptors needed clarification. The handling of cholesterol of oxidized
LDL by the liver is of clinical interest in order to verify if the predominant uptake of this
atherogenic particle by the Kupffer cells can be considered as protective for the body. The
mechanism of atherogenic 8-VLDL handling may involve extracellular interaction with
membrane bound apoE. Studies on the recognition and kinetics of uptake were aimed to
clarify the potential extracellular processing and the relative importance of the remnant and
LDL receptor for the uptake. Extracellular processing of HDL might facilitate selective
cholesteryl ester delivery to liver parenchymal cells, leading to the potential possibility that
a neutral cholesteryl ester hydrolase, as recently identified in the liver, might be involved.
Localization and fate of this enzyme were studied in order to investigate its possible
involvement in HDL-metabolism.
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Summary

The interaction of oxidized human low density lipoproteins (Ox-LDL) with human and rat
liver was analyzed by light and electron microscopy. At the light microscopic level Ox-LDL
was visualized by the fluorescent dye 1,1’ dioctadecyl 3,3,3’,3’ tetramethyl indocarbocyanine
perchlorate (Dil), whereas at the electron microscopic level, an indirect immuno-labeling
procedure was used that detected the apoprotein B of the Ox-LDL. In rats, Ox-LDL was
administered intravenously, while uptake by human liver was studied by perfusion of tissue
blocks.

Both in human and in rat liver, Dil-Ox-LDL was mainly found to become concentrated
in Kupffer cells, and, to a lesser extent, in endothelial cells. In both species the cell
association of Dil-Ox-LDL could be inhibited by pre-administration of polyinosinic acid,
indicating a scavenger receptor-mediated process.

At the electron microscopic level, Ox-LDL was found to bind mainly to areas of the
plasma membrane of the Kupffer cells without clathrin coating, although binding to coated
regions was also noticed. Internalization of the ligand occurred through coated vesicle
formation, and through membrane folding of interacting lamellipodia and worm-like
structures. No indication for phagocytosis of aggregated Ox-LDL particles was noticed.
Following internalization, the immuno-reactive Ox-LDL was detected in relatively electron
lucent endosomes, and, subsequently, in lysosomes. Endothelial cells internalized Ox-LDL
solely through coated pits, after which the particles were transferred through endosomes into
lysosomes. The endosomes often contained tubular extensions, which were devoid of
immuno-label. In human Kupffer and endothelial liver cells, essentially the same organelles
were demonstrated to be involved in the internalization and processing of Ox-LDL as in the
rat.

Our morphological results confirm earlier biochemical data on the relative involvement
of the various liver cell types in the uptake of Ox-LDL in rats, and the relevance of these
data for the human situation is indicated. The uptake process, coupled to Ox-LDL recognition
by Kupffer cells, as presently analyzed, indicates that both rat and human Kupffer cells are
equipped with a similar removal system to protect the body against the occurrence of the
atherogenic Ox-LDL particles in the blood.

Introduction

Macrophage-derived foam cell formation is characteristic in the early atherosclerotic lesion
(1). Although the level of serum LDL cholesterol is positively correlated with the occurrence
of atherosclerotic lesions, native LDL does not provoke excessive accumulation of cholesteryl
esters in tissue macrophages, even when exposed to high concentrations of LDL for
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prolonged periods (2, 3). Modified forms of LDL, however, are taken up with high
efficiency by macrophages through interaction with the so-called scavenger receptor, resulting
in massive cholesterol accumulation within the cells (4). Various types of modification of
LDL have been described. These modifications include acetylation (4), malondialdehyde '
treatment (5) and oxidation (6). '

In rats, it was previously demonstrated that acetylated LDL (Ac-LDL) is rapidly cleared
from the circulation by the liver through the scavenger receptor on liver endothelial cells (7).
More recently, evidence has been obtained which suggests that oxidized LDL is the real
(patho)physiological form of modified LDL. Ox-LDL was detectable in, and even extractable
from, rabbit and human atherosclerotic lesions (8). The possible mechanisms responsible for
LDL oxidation and the atherogenic characteristics of Ox-LDL have been recently reviewed
by Witztum and Steinberg (9).

On being injected into rats Ox-LDL is rapidly cleared from the circulation by the liver,
as is Ac-LDL (10). However, biochemical data indicate that Kupffer cells rather than
endothelial cells are responsible for the liver uptake of Ox-LDL (10). Studies with isolated
endothelial and Kupffer cells showed evidence for the presence of an additional scavenger
receptor, which is specific for Ox-LDL and highly concentrated on Kupffer cells (10). In our
study we used a morphological approach with light and electronmicroscopical techniques to
determine to what extent recognition by scavenger receptors uses a phagocytotic or another
endocytotic mechanism. Furthermore, the morphological approach also allowed the
visualization of the uptake of Ox-LDL in human liver tissue, which has hitherto not been
described.

Materials and Methods

Materials

Human serum albumin (HSA) and polyinosinic acid were purchased from Sigma (St. Louis,
MO, USA). Gelatin and glycine were obtained from Merck (Darmstadt, West Germany).
Tylose (MH 300) was purchased from Fluka (Buchs, Switzerland) and gold-conjugated
antibodies from Aurion (Wageningen, Netherlands). Dulbecco’s DMEM was obtained from
Flow Laboratories (Irvine, Scotland, UK) and Dil was obtained from Molecular Probes
(Eugene, OR).

Lipoprotein isolation and modification

LDL (1.024 < d < 1.055) was isolated from human plasma plus 1 mM EDTA by density
gradient centrifugation according to Redgrave et al. (11). LDL was dialysed against
phosphate-buffered saline (PBS) containing 10 uM EDTA before being oxidized (200 ug of
protein/ml) by exposure to CuSO4 (5 uM free Cu2+ concentration) as described by Van
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Berkel et al. (10). Oxidation was arrested by cooling and addition of 200 xM EDTA.
Oxidation of LDL was tested by assessing the electrophoretic mobility on agarose gel. In
comparison to native LDL, the Rf value of Ox-LDL was increased from 0.21+0.01 to
0.54+0.01, in accordance to the data of Van Berkel et al. (10).

Oxidized LDL was fluorescently labeled with Dil according to Pitas et al. (12). The
density of the Dil and lipoprotein mixture was subsequently raised to 1.21, and the
lipoproteins were re-isolated according to the above described procedure. During the isolation
of the labeled lipoproteins by density gradient centrifugation Ox-LDL was seen to be of a
higher density in comparison to native LDL in accordance to previous data (13).

Animals and perfusion studies

For the visualisation studies on ir vivo endocytosed Ox-LDL, 3-month-old male Wag/Rij rats
were used, weighing about 200 grams. Following centrifugation (1 minute, 1200 g), oxidized
LDL (50 ug/ml plasma) was injected into the vena cava inferior of overnight fasted rats
under halothane anaesthesia and was allowed to circulate 2 or 10 minutes for light
microscopical examination and 0.5, 2, 6 and 30 minutes for electron microscopic studies. For
practical reasons Ox-LDL was injected into the portal vein to allow localization studies after
30 seconds of circulation. To study the involvement of the scavenger receptors in the uptake
of Ox-LDL, polyinosinic acid, when indicated, was injected 1 minute prior to the
lipoproteins in a concentration of 4 mg/kg body weight. Subsequently, rat livers were rinsed
shortly with PBS up to 1 minute, or directly fixed with 4% paraformaldehyde (PF) and 0.1%
glutaraldehyde (GA) in PBS by in siru perfusion via the portal vein for 10 minutes. Livers
were stored in 2% PF in PBS. Rat livers that were only used for ultrastructural examination
were fixed and stored according to the above described procedure using 2% GA in PBS.

Light- and electronmicroscopical studies
Fixed liver tissue was dissected and 200 um vibratome slices were prepared. Specimens that
were used for immuno-histochemical study were embedded in 5% gelatin, and immersed in
2.3 M sucrose in PBS, overnight. Specimens that were used for fluorescence microscopy
were directly immersed in 2.3 M sucrose. To prepare cryosections, small pieces were placed
on a specimen holder and frozen in liquid nitrogen. Semithin or ultrathin cryosections were
cut using a Reichert FC-4D Ultracut cryomicrotome at a temperature of -100°C. To localize
Dil-fluorescence, semithin sections were placed on a glass cover slip and after being mounted
with glycerol viewed with a Leitz ortholux microscope with standard rhodamine excitation
and emission filters. Ultrathin sections were placed on carbon coated nickel grids for
immuno-labeling.

To differentiate between intracellular and extracellular compartments in order to study
the internalisation mechanisms, 200 um vibratome sections were stained en bloc with the
membrane mordant stain ruthenium red according to Handley et al. (14) and, subsequently,
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dehydrated in a graded series of ethanol and embedded in epon.

Livers that were used only for ultrastructural examination were postfixed in 1% OsO4
in 0.15 M sodium cacodylate buffer for 45 minutes, dehydrated, and, embedded in epon.
Ultrathin sections were examined in a Philips EM 410 electron microscope.

Antibodies and immuno-labeling procedure

Antibodies against human apolipoprotein B (apoB), raised in rabbits, were kindly donated by
Dr. L. Havekes (IVVO-TNO, Leiden, the Netherlands). The antibody was tested for
reactivity with native and modified LDL using the double radial immuno-diffusion method
as described by Crowle (15). Results showed that Ox-LDL had sufficiently retained
antigenicity to allow use of the antibody against native LDL for immuno-cytochemical
studies. Cross-reactivity with the rat lipoproteins LDL, VLDL and HDL, and lipoprotein-
deficient rat serum was absent (16). In some cases, mouse antibodies against ED2 were used
in double-labeling experiments to detect Kupffer cells. Antibodies against ED2 were kindly
donated by Dr. C. Dijkstra (VU, Amsterdam, the Netherlands). The specificity has been
described previously (17). '

For the immuno-labeling procedure, antisera and gold conjugates were diluted in PBS
containing 0.1% gelatin, 0.5% BSA and 0.1% Tween 20. The dilutions used were: anti-
apoB, 600 fold, anti ED2, 100 fold, goat anti-rabbit IgG-gold (6nm), 30 fold, and protein
A-gold (10 nm), 50 fold. For the washing steps the same medium was used, unless otherwise
indicated.

Cryosections were incubated with 0.05 M glycine in PBS, washed, incubated with 10%
non-immune rat serum followed by incubation with the primary antibody, washed, incubated
with the secondary antibody coupled to colloidal gold, washed, washed again with aqua dest,
stained with uranylacetate and covered with tylose according to Tokuyasu (18). Double-
labeling experiments were done according to the procedure described by Slot et al. (19). In
control sections, the primary antibodies were omitted from the procedure and, non-immune
rabbit serum was used instead.

Processing and labeling of human liver tissue

Human liver tissue (n = 6, 4 female, 2 male, age between 44 and 74) was obtained from
patients undergoing partial hepatic resection for liver tumors (Academic Medical Centre and
Anthonie van Leeuwenhoek Hospital, Amsterdam, The Netherlands) under protocol of the
Medical Ethical Commissions. Tissue blocks with apparently normal liver morphology were
used for perfusion experiments within four hours after resection, while during this period
liver tissue was preserved at 4°C. Fluorescently labeled Ox-LDL (20 pg/ml DMEM
containing 1% HSA) was perfused (5 ml/min) through the pieces of liver via a portal vein
for 2 or 10 minutes at 37°C, as previously described (20). To study the involvement of the
scavenger receptor polyinosinic acid was perfused simultaneously, in some cases. The liver
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pieces were shortly rinsed by perfusion with PBS and fixed with 4% PF and 0,1% GA in
PBS for 12 minutes. Control tissue was only rinsed with PBS and subsequently fixed
according to the above procedure. After fixation, liver tissue was processed for light and
electron microscopic examination as described for rat tissue to allow respectively detection
of fluorescence and immuno-detection of apoB.

Results and Discussion

Light microscopy
At 2 minutes after intravenous injection of Dil-Ox-LDL into rats, Dil-fluorescence is found
to be mainly concentrated with Kupffer cells, whereas to a lesser extent, fluorescence is
noticed with liver endothelial cells (Fig. 1a). At 10 minutes, the fluorescence intensity has
increased with both cell types (Fig. 1b). Neither parenchymal cells nor fat-storing cells
contain any fluorescent signal at the indicated time points. The intensity of fluorescence
concentrated with Kupffer cells is in accordance to previous biochemical data (10), which
showed Kupffer cells to be the major cell type in the rat liver involved in the uptake of Ox-
LDL. The association of fluorescence is greatly reduced for both Kupffer and endothelial
cells when, 1 minute before Ox-LDL administration, polyinosinic acid was pre-injected (Fig.
1c). This demonstrates that the association of fluorescence with both cell types is subject to
inhibition by polyinosinic acid and can be defined as scavenger receptor-mediated (3, 10).
With human liver, a very similar visualization pattern is observed, showing DiI-Ox-LDL
to be highly concentrated with Kupffer cells, while a less intensive fluorescent signal is found
with endothelial cells (Fig. 1d, le). In contrast to rat liver, auto-fluorescence in human liver
is found to be associated with lipid vacuoles of parenchymal cells. Perfusion of polyinosinic
acid together with Dil-Ox-LDL strongly reduces fluorescent signal with both human liver
Kupffer and endothelial cells (Fig. 1f), demonstrating the involvement of scavenger
receptors. In addition to those in Fig. 1 liver tissue blocks from S other donors were
analyzed. Although donors differed in gender, age and health status, the labeling pattern is
very reproducible between the different donors. Earlier studies with human liver
demonstrated considerable differences between donors in the relative uptake of the various
liver cell types for native LDL (20). The amount of uptake of native LDL by human
hepatocytes by a similar approach was found to correlate with the amount of LDL receptors
(20). The receptors involved in the binding and uptake of Ox-LDL are, therefore, suggested
to be consistently present in sufficient amounts on liver Kupffer and endothelial cells thereby
allowing an adequate removal of Ox-LDL from the blood circulation. Our results with ex situ
perfusion of human liver tissue blocks are sustained by recent biochemical data with isolated
human Kupffer cells, which demonstrated that various recognition sites for modified LDL,
including a specific Ox-LDL receptor, are present at a relatively high concentration (21).
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Figure 1. Fluorescence microscopy of rat (a, b) and human (d, e) liver respectively 2 and 10 minutes after
intravenous injection or after ex siru perfusion of Dil-Ox-LDL. Fluorescence is mainly concentrated with
Kupffer (arrow), and to a smaller extend with endothelial cells (arrowhead). Addition of polyinosinic acid
clearly diminishes the amount of fluorescence present both in rat (c), and human liver (f). Some
autofluorescence is present in fat vacuoles of human parenchymal cells (thick arrowhead). Bars = 6 um.

Kupffer cells do not constitute a homogeneous population. Differences in size and
endocytotic capacity of these cells in dependence of their position along the sinusoid have
been reported (22, 23). In our experiments, Kupffer cells in portal as well as in central areas
of the liver in both rat and human appear to participate in the uptake of Ox-LDL, suggesting
that all liver macrophages do contain the receptor needed for the processing of Ox-LDL.

Electron microscopy

In rat liver, 30 seconds after portal vein injection, Ox-LDL, as demonstrated by immuno-
labeling of apoB, is mainly bound to the exterior of the plasma membrane of Kupffer cells.
Immuno-label is localized in small clusters at regions without clathrin coating (Fig. 2a),
occasionally in coated membrane invaginations (Fig. 2b), and bound to lamellipodia (Fig.
2c). At this early time point, immuno-label is also found inside structures localized in the cell
periphery that are surrounded by membranes in cross-sections (Fig. 2d). These apparent
vacuoles in reality represent cross-sections of ‘sponge-like’ structures, in which channels of
extracellular fluid are surrounded by complex associations of organelle-free lamellipodia.
This becomes evident on staining with the membrane mordant stain ruthenium red, which
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only stains the plasma membrane which is in direct contact with the extracellular medium
(Fig. 2e). Although more than one type of scavenger receptor is present on Kupffer cells,
as also demonstrated for other cell types (24-26), the majority of Ox-LDL binds to the Ox-
LDL-specific receptor (10). The low frequency of label in clathrin coated structures suggests
that the Ox-LDL-specific binding site on the Kupffer cells is predominantly localized outside
coated pits.

Figure 3a shows that, besides the apparent vacuoles in the areas extended from the cell
body, also tubular structures and apparent vesicles in the peripheral part of the cell body are
surrounded by plasma membrane. The tubular structures are often demonstrated to be
connected to the apparent vesicles. Similar structures are demonstrated to contain immuno-
label at 6 minutes after the administration of Ox-LDL (Fig. 3b). It appears that, without
actual internalization, bound ligand is transported into the cell body by movements of
lamellipodia. In routinely plastic embedded liver tissue lamellipodia are demonstrated in
continuity with worm-like structures (Fig. 4), suggesting that the lamellipodia arise from
worm-like structures. The function of worm-like structures and their role in endocytosis of
colloids have been debated previously (27). Our observations suggest that worm-like
structures are involved in the formation of lamellipodia, and sponge-like structures by
widening its enclosed space, and thereby allow binding and subsequent internalization of
ligand.

Internalization of Ox-LDL occurs partly through coated vesicle formation, as
demonstrated by the occasional presence of labeled coated vesicles 2 and 6 minutes after
administration of Ox-LDL (Fig. Sa, inset). Coated vesicle formation is also involved in the
uptake of other modified forms of LDL (24, 28-31). However, internalization of Ox-LDL
predominantly seems to occur through membrane folding involving lamellipodia and worm-
like structures on the basis of the amount of immuno-label associated with these structures.
The ultrastructure of Kupffer cells was described in detail two decades ago with particular
emphasis on endocytosis and phagocytosis (27, 32-35). Although involvement of lamellipodia
in endocytosis has not yet been described, similar membrane folding and plasma membrane
extensions have been described in peritoneal macrophages to be involved in the
internalization of 8-VLDL conjugated to colloidal gold (36, 37). The interaction of the
lamellipodia with Ox-LDL is clearly different from pseudopodia engulfing particular matter
during phagocytosis. Previous studies showed pre-aggregated modified LDL to be
internalized by macrophages through phagocytosis (38, 39, 40). In these studies aggregates
ranging in size up to several um were demonstrated in different stages of engulfment.
Phagocytosis of aggregates was never seen to occur in vivo in our studies.

At 6 minutes after injection of Ox-LDL, label is mainly demonstrated to be dispersed
over vesicles rangihg in size up to 0.6-0.7 um. The label is assoqciated with spherical
particles of about 23 nm in diameter, probably representing still intact Ox-LDL (Fig. 5a).
These particles are only observed in livers of animals that were injected with Ox-LDL, and
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Figure 2. Immuno-labeling with anti-apoB of an ultrathin cryosection 30 seconds after injection of Ox-LDL
(a-d). Immuno-gold is localized with Kupffer cells at regions of the plasma membrane without clathiin coating
(a), in coated pits (b), bound to lamellipodia (c), and d-in close proximity to the membrane of apparent vacuoles
(asterisk). The latter structures are demonstrated in Fig. 2e to be in contact with the extracellular space by
ruthenium red stain of subsequently epon embedded specimens (asterisk). Large gold particles in Fig. 2d
represent the Kupffer cell marker ED2 (arrowheads). Bars = 0.1 um.

Figure 3. Electron micrograph of an ultrathin epon section of specimen contrasted with ruthenium red. Plasma
membrane and membrane invaginations (arrowheads) of the Kupffer cell are stained (a). These structures
(arrowheads) can be demonstrated in Kupffer cells on ultrathin cryosections to contain 1mmuno-label 6 minutes
after administration of Ox-LDL (b). Bars = 0.1 um.

Figure 4. Electron micrograph of rat liver, after fixation with 2% GA. Worm-like structures characterized by
the electron dense central line are demonstrated in continuity with lamellipodia (arrowheads). Bars = 0.1 um.
Figure 5. Appearance of immuno-reactive apoB in Kupffer cells on ultrathin cryosections associated with
lipoprotein-like particles in coated vesicles (a, inset), endosomes (a) and lysosomes, which also contain lipid
inclusions (b), 6 minutes after injection of Ox-LDL. Bars = 0.1 um.
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not in untreated animals. Vesicles of this size are not stained by ruthenium red (not shown),
suggesting that these structures represent the first intracellular compartment. The apparent
detachment of particles and immuno-label from the vesicular membrane, may represent
uncoupling of Ox-LDL from its receptor, a process that is known to take place in endosomes.
Together with the ruthenium red exclusion and timing, we define this compartment as
endosomal.

Transport of ligand through endosomes to lysosomes is apparent from the presence of
immuno-reactive apoB in vesicles that contained not only label and ligand detached from the
vesicle membrane, but also membranous material and lipid inclusions (Fig. 5b). Lysosomes
as defined by their capacity to degrade biological material, are the final compartment of the
Ox-LDL particles, as demonstrated by biochemical experiments (10). The appearance of
labeled lysosomal structures already at 6 minutes after injection of Ox-LDL is in agreement
with the rapid degradation of Ox-LDL by Kupffer cells (10). The appearance of lipid in the
lysosomes has been previously demonstrated in peritoneal macrophages by Fukuda et al.
(29). At 30 minutes after administration, immuno-label is exclusively localized in endosomes
and lysosomes and is no longer bound to the plasma membrane or to apparent vesicular or
tubular structures.

Ox-LDL is also observed in the endothelial cells of the rat liver. Thirty seconds after
portal vein injection of Ox-LDL, some label is detectable bound to uncoated regions of the
plasma membrane, but most label is present in coated pits (Fig. 6a). The scavenger receptors
involved in binding of Ox-LDL by endothelial cells are apparently mainly localized in coated
pits, comparable with the Ac-LDL scavenger receptor (31). At 2 minutes after injection less
label is detectable at the plasma membrane than at 30 seconds, and most of the immuno-gold
is present dispersed over large electron lucent vesicles ranging in size up to 0.7 um (Fig.
6b). These structures are intracellular, because similar structures are excluded from the
ruthenium red staining. In analogy to the Kupffer cells, these observations support the idea
of the endosomal nature of these early label-containing vacuoles. These structures often show
tubular membrane extensions, which are not labeled (Fig. 6b). This compartment might be
functionally comparable to the Compartment of Uncoupling Receptor and Ligand (CURL),
as described by Geuze et al. for liver parenchymal cells (41). Detachment of Ox-LDL
particles from their receptor is indicated by the appearance of ligand in the vesicular lumen.
The absence of immuno-label in the tubular extensions may indicate that the extensions are
more likely to be involved in the recycling of the (scavenger) receptors to the plasma
membrane than in ligand delivery. At 6 and 30 minutes after injection of Ox-LDL, the
number of the vesicles that contain immuno-label increased. Besides in large electron lucent
vesicles, immuno-label is present in more electron dense vesicles (Fig. 6¢c). The gradual
increase in electron density of the endosomal structures is in accordance to the maturation
of endosomes into lysosomes (27, 31, 42, 43), consistent with biochemical data that
demonstrated lysosomal degradation of Ox-LDL (10) in liver endothelial cells.
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Figure 6. Ultrathin cryosections of rat liver
endothelial cells after injection of Ox-LDL
respectively for 30 seconds (a), 2 (b) and 6
minutes (c). Immuno-label is localized, 30
seconds after administration bound to uncoated
and coated areas of the plasma membrane. After
2 minutes immuno-label is localized dispersed
over vesicles, which often contained membrane
extensions which were devoid of immuno-label
(arrowheads). Increasing with time immuno-label
is noticed dispersed over vesicles of a higher
electron density (c). Bars = 0.1 ym.

Besides Kupffer and endothelial cells, no other cell types in the rat liver could be
demonstrated to contain significant amounts of immuno-label.

In human liver, because anti-apoB antiserum recognizes also apoB from endogenous
origin, parenchymal cells contained substantial amounts of immuno-label, also when the liver
was not perfused with Ox-LDL. This endogenous apoB was mainly localized in the bile
canalicular zone in multi-vesicular structures and associated with the Golgi-apparatus. Some
label was also seen close to the plasma membrane in multi-vesicular structures and
extracellularly (not shown). These observations are in accordance with synthesis of apoB and
VLDL excretion as morphologically illustrated by Alexander et al. (44). Endothelial and
Kupffer cells were never found to contain any immuno-label with control livers.

At 2 minutes after the beginning of Ox-LDL perfusion, immuno-reactive apoB was
localized in Kupffer cells in small clusters bound to the plasma membrane, to lamellipodia
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Figure 7. Electron micrograph of ultrathin cryosections of human liver cells 2 (a, b) and 10 minutes (c, d) after
the beginning of perfusion. a-Immuno-gold is localized bound to the exterior of the plasma membrane of
Kupffer cells to lamellipodia (a), and b-in close proximity to the membrane of apparent vacuoles, which are
connected to more electron dense tubular structures (asterisk). c-At 10 minutes after perfusion immuno-label
representing apoB is also localized in electron lucent vesicles in Kupffer cells. Endothelial cells contained
immuno-reactive apoB, localized in vesicles of different electron densities (d). Bars = 0.1 um.

(Fig. 7a), and in electron lucent roundish structures (Fig. 7b). The electron lucent roundish
structures were often seen to continue into more electron dense, tubular-shaped structures,
showing great similarity to the earlier described tubulo-vesicular structures from rat liver
Kupffer cells (Fig. 2d). After 10 minutes, immuno-label is still localized in the above
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mentioned structures, but is now also found dispersed over vesicles of a higher electron
density (Fig. 7c). Lysosomes did not contain immuno-reactive apoB at any of the time points
studied. Neither coated vesicles nor coated vesicle formation was noticed.

After 2 and 10 minutes of circulation, human liver endothelial cells showed immuno-
staining, mainly dispersed over relatively electron lucent vesicles, whereas part of the label
was also bound to the plasma membrane. After 10 minutes, low amounts of label were
detectable at the plasma membrane, but immuno-label was mostly restricted to the relatively
electron lucent vesicles and to some vesicles of a higher electron density (Fig. 7d),
comparable with structures labeled in the rat endothelial cells (Fig. 6b-c).

Although not all described structures, that were found to be involved in the processing
of Ox-LDL in rat liver Kupffer and endothelial cells, could be demonstrated in the human
liver endothelial and Kupffer cells, all Ox-LDL-containing structures found in human liver,
were also seen in rat liver. Coated pits and coated vesicles could not be demonstrated in
human tissue, probably because some delay occured in actual fixation, which might have
allowed some continuation of internalization after Ox-LDL has been removed from the
perfusate. Immuno-label was not observed in lysosomal structures of human Kupffer cells,
probably because of a slower processing of the Ox-LDL particles in this ex situ perfusion
system. A more rapid degradation in human liver versus rat liver is not likely because lipid
or membranous material would then be expected to accumulate in the lysosomes as noticed
with rat liver (Fig. 5b).

In conclusion, our results show that Ox-LDL, intravenously injected into rats, or perfused
through human liver tissue becomes rapidly concentrated in Kupffer cells and to a lesser
extent in endothelial liver cells, Characterization of the in vivo interaction of Ox-LDL in rats
by immuno-electron microscopy indicates that binding of Ox-LDL to Kupffer cells occurs
primarily to regions of the plasma membrane without clathrin coating. For internalization,
different mechanisms occurred simultaneously a) by coated vesicles, and b) by lamellipodia
and worm-like structures. Subsequently immuno-reactive Ox-LDL was detected in relatively
electron lucent endosomes, whereafter finally the lysosomal compartment was reached. For
rat endothelial cells the mechanism of uptake exhibited a mechanism clearly different from
that of Kupffer cells. Binding of Ox-LDL to liver endothelial cells is mainly observed in
coated pits, whereas cellular processing involves large electron lucent endosomes (size up to
0.7 um) before the lysosomal compartment is reached. The mechanism of uptake and
processing of Ox-LDL by human liver involves similar ultrastructural features as observed
with rat liver cells. These observations allow an extension of the animal studies to the human
situation establishing that liver cells, particularly Kupffer cells, form a highly effective
protective system against the occurrence of atherogenic Ox-LDL particles in the blood.
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Summary

Human low density lipoprotein (LDL) was labeled in its cholesteryl ester moiety with *H-
cholesteryl oleate or *H-cholesteryl oleoyl ether and oxidized by exposure to 10 uM of
CuSO;. The in vivo metabolism of cholesteryl esters of oxidized LDL (Ox-LDL) was
determined after injection into rats. When Ox-LDL was labeled with *H-cholestery! oleoyl
ether, a non-hydrolysable analog of cholesteryl oleate, Kupffer cells contributed for 55.1 £
4.1% to the total liver uptake at 10 min after injection. When 3H-cholesteryl oleate labeled
Ox-LDL was injected, the radiolabeled cholesteryl esters were nearly completely hydrolysed
within 1 h after injection. Within this time, the Kupffer cell associated radioactivity declined
to 32% of the maximal uptake value. In serum the highest specific resecreted *H-cholesterol
(esters) were associated with the serum HDL fraction, thus suggesting a role for HDL as an
in vivo cholesterol acceptor. The kinetics of biliary secretion were studied in rats equipped
with catheters in the bile, duodenum and heart. At 1 h after injection of *H-cholesteryl oleate
labeled Ox-LDL, 4.15 + 0.67% of the injected dose was secreted in the bile, mainly as bile
acids. At 6 h after injection this value was 19.2 + 1.2%. These values are 3-fold higher than
for injected *H-cholesteryl oleate labeled Ac-LDL, which is initially mainly taken up by liver
endothelial cells. The rapid processing of cholesteryl esters derived from Ox-LDL to bile
acids, indicate that Kupffer cells form an efficient protection system against the atherogenic
action of Ox-LDL in the blood compartment.

Introduction

It has been well established that in vitro modification of LDL by acetylation (1),
acetoacetylation (2), malondialdehyde treatment (3) or oxidation (4) all lead to the formation
of atherogenic particles. In the artery wall, the uptake of modified LDL by macrophages
mediated by the scavenger receptor leads to lipid accumulation (5) and eventually to the
formation of foam cells, an important event in the developing atherosclerotic plaque.

We have shown previously by using iodinated oxidized LDL (Ox-LDL), that in the rat
the liver is highly effective in removing Ox-LDL from the circulation. We provided evidence
that on various liver cell types different scavenger receptors do exist, recognizing acetylated
LDL (Ac-LDL), Ox-LDL or both (6). By scavenging atherogenic particles from the blood
compartment, the liver forms a major protection system of the body. It has been established
that oxidized LDL rather than acetylated LDL is the physiological representative for modified
LDL (7). Therefore, in this study, we focused on the in vivo fate of the cholesterol ester
moiety from Ox-LDL in the rat.

The possible involvement of high density lipoproteins (HDL) as transport vehicles for
intercellular transport of cholesterol (esters) was also studied. The potential role of HDL in
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the so-called “"reverse cholesterol transport”, the transport of peripheral cholesterol to the
liver as proposed by Glomset (8), is generally accepted. The exact mechanism however, by
which HDL removes cholesterol from the cells is still not clear. It has been stated that
cholesterol efflux from the cell is based on passive diffusion ((9), for review see (10)). It has '
also been reported that binding of HDL induces the activation of a signal-transduction
pathway which results in the translocation of intracellular cholesterol to the plasma membrane
(11,12). Recently, it has been suggested that in cells cholesterol is present in slow and fast
kinetic pools. Increased cholesterol efflux from cells upon binding of apoAl was proposed
to be linked to a higher participation of the fast kinetic cholesterol pool in the efflux (13).

In a study with Ac-LDL we have shown previously (14) that the uptake of radiolabeled
cholesterol esters by liver endothelial cells is followed by a resecretion of radiolabeled free
cholesterol into the serum. The results indicated that HDL is necessary for an efficient
transport of cholesterol from liver endothelial cells to parenchymal cells, thus providing
evidence for the role of HDL in reverse cholesterol transport. HDL has been shown to
selectively deliver its cholesteryl ester moiety to hepatic (15-17), steroidogenic (16,17) and
extrahepatic tissues (18). We have provided evidence that hepatic selective delivery of HDL
cholesteryl esters is restricted to the liver parenchymal cells and efficiently coupled to bile
acid formation and secretion (19). In the present study we investigated therefore also the role
of HDL as an in vivo cholesterol acceptor for Kupffer cell associated cholesterol (esters).
Furthermore we followed the kinetics of appearance of radiolabeled bile in order to test the
efficiency of biliary secretion of metabolized cholesteryl esters initially associated with
Kupffer cells.

Materials and Methods

Isolation, labeling and oxidation of LDL

Human LDL was isolated from plasma of healthy volunteers as described by Redgrave et al.
(20). After density ultracentrifugation LDL (1.024 < d < 1.055) and lipoprotein deficient
serum (LPDS, d > 1.21) were collected and dialysed against 8 mM-phosphate-buffered
saline/1 mM EDTA, pH 7.4. *H-Cholesteryl oleate was incorporated into LDL according to
Blombhoff et al. (21). In short, 25 uCi of [1a,2c(n)-*H]-cholesteryl oleate (Amersham, USA)
was dried under N, and dissolved in 100 ul acetone. 1 m! of human LPDS was added, placed
under a stream of N, for 10 min, and incubated for 10 min at 37°C. Then, 1 ml of LDL was
added and incubated at 37°C during 5 h. *H-Cholesteryl oleate labeled LDL was re-isolated
by density ultracentrifugation and dialysed against phosphate-buffered saline containing 10
¢M EDTA, pH 7.4. LDL (0.2 mg/ml) was then oxidized by exposure to CuSO, (10 uM of
free copper ions) during 20 h at 37°C. The oxidation of LDL was stopped by the addition
of EDTA (1 mM final concentration). 3H-Cholesteryl oleate labeled LDL was filtrated
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through a Millipore Millex-GV4 0.4 um filter to remove possible aggregates and its relative
electrophoretic mobility checked on agarose gelelectrophoresis ( Ox-LDL: R, = 0.52 + 0.01
(n = 6, + S.E.M.; Control LDL: R; = 0.21 £+ 0.01 (n = 6, + S.E.M.). Specific activity
of *H-Ox-LDL was 12.5 + 1.5 dpm/ng (n = 6, + S.E.M.). 79.4 + 3.6% of the radiolabel
could be recovered as *H-cholesteryl esters as determined by Bligh and Dyer extraction (22)
and thin layer chromatography (23). For some experiments *H-cholesteryl oleoyl ether, a
non-hydrolysable analog of cholesteryl oleate, was incorporated into LDL, similarly to
described above, and subsequently oxidized (specific activity 7.9 dpm/ng, R = 0.54). °H-
Ox-LDL was used for experiments within 3 weeks after oxidation. Acetylation of *H-
cholesteryl oleate labeled LDL was carried out as described by Basu et al. (24). Specific
activity of *H-Ac-LDL was 15.2 + 1.7 dpm/ng (n = 3, + S.E.M.). 95.8 + 0.9% of the
radiolabel could be recovered as cholesteryl esters after lipid extraction and thin layer
chromatography.

Serum decay and liver association

Throughout this study 12 week old male Wistar rats were used. Rats were anaesthetized by
an intraperitoneal injection of Nembutal (1 ml/kg body wt.). The abdomen was opened and
*H-cholesteryl oleate labeled Ox-LDL was injected in the vena penis. At the indicated time
points blood and liver samples were taken. Corrections were made for the contribution of
entrapped serum to the liver uptake (90 ul serum/g wet tissue) as described previously (25).
In order to separate *H-cholesteryl esters from *H-free cholesterol, liver lobules were put on
fluid nitrogen immediately after excision in order to stop further hydrolysis. Liver samples
were homogenized and extracted according to Bligh and Dyer (22). To separate free
cholesterol from cholesteryl esters, the lipid fraction of the Bligh and Dyer extraction was
subjected to thin layer chromatography with n-heptaan/di-ethylether/glacial acetic acid as
eluens (60:40:1 by vol.) (23). To determine serum radioactivity at time points longer than
1 h after injection, rats were anaesthetized with diethylether and injected in the vena penis.
Blood samples were taken by capillary puncture of the orbital plexus.

Cell Isolation

For determination of the hepatic cellular distribution in vivo, *H-cholesteryl oleate or *H-
cholesteryl oleoyl ether labeled Ox-LDL were injected into the vena penis. At the indicated
time points the vena porta was cannulated and the liver perfused with oxygenated Hanks’
buffer plus Hepes (2.4 g/l), pH 7.4 at 8°C. In order to determine the total liver uptake a
liver lobule was tied off after 8 min perfusion (flow rate 14 ml/min). The various liver cell
types were then isolated by a low temperature (8°C) perfusion method with 0.05%
collagenase in Hanks’/Hepes buffer. The separation of parenchymal cells was carried out as
described earlier (26). The non-parenchymal liver endothelial and Kupffer cells were isolated
by centrifugal elutriation (27). The purity of isolated cell fractions (> 90%) was checked
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light microscopically after staining for peroxidase activity. Calculation of the contribution of
the different cell types to total liver uptake was performed as described previously (27). In
these calculations parenchymal cells contributed for 92.5%, liver endothelial cells for 2.5%
and Kupffer cells for 3.3% to the total liver uptake.

Bile sampling

Bile was collected from unrestrained 3-month-old male Wistar rats (28). Rats received tap
water and standard chow ad libitum. Rats were equipped with permanent catheters in the bile
duct, the duodenum and the heart. Bile duct and duodenum catheters were connected immedi-
ately after surgery in order to maintain an intact enterohepatic circulation. Rats were allowed
to recover from surgery for 1 week. 40-50 ug *H-cholesteryl oleate labeled Ox-LDL (app.
500,000 dpm) was injected via the heart catheter. The bile duct catheter was then connected
to a fraction collector and bile samples were collected hourly. 100 ul bile was de-colorized
by adding 10 ul 30% H,0, solution. The samples were counted for radioactivity after
addition of hionic fluor scintillation fluid (Packard) in a Packard Liquid Scintillation
Analyzer. To separate bile acids from the lipid fraction, bile samples were extracted
according to Bligh and Dyer (22). The aqueous layer containing the bile acids was counted
for radioactivity. Cholesterol and cholesterol esters were separated by thin layer
chromatography as described above.

Protein was determined as described by Lowry et al. (29), with BSA as standard.
Cholesterol and cholesteryl esters were quantified by using a commercial kit (Boehringer,
Mannheim).

Results

Serum decay and liver association

The serum decay and liver association of 3H-cholesteryl oleate-labeled Ox-LDL is shown in
Fig. 1. The rapid decay of *H-cholesteryl oleate labeled Ox-LDL from the serum resembles
the clearance of iodinated Ox-LDL (6). At two min after injection 91.8 + 0.2% of the
injected dose has been removed from the serum. Radioactivity of *H-cholesteryl oleate
labeled Ox-LDL was almost quantitatively recovered in the liver. At 15 min after injection
89.6 + 7.0% of the injected dose was liver associated. At later time points the liver
associated radioactivity decreased, indicating processing of the Ox-LDL derived *H-
cholesteryl esters. Figure 2 shows the percentage of *H-free cholesterol in the liver at
different times after injection of *H-cholesteryl oleate labeled Ox-LDL. At 5 min after
injection already 50% of the liver associated radioactivity was present as free cholesterol.
Subsequently, the percentage of free cholesterol in the liver increased up to 80% at 45 min
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Figure 1. Serum decay and liver association of *H-
cholesterol oleate labeled oxidized LDL. 40-50 ug
(app. 500,000 dpm) of H-cholesteryl oleate Ox-
LDL was injected into the vena penis of
anaesthetized rats. At the indicated time points
serum was drawn from the vena cava inferior and
serum decay (©) was calculated. In order to
determine liver association (®) a liver lobule was
tied off, weighed, combusted in a Hewlett Packard
sample oxidizer 306 and counted for radioactivity.
A correction was made for the contribution of
serum to the total liver associated radioactivity
(25). Data are expressed as percentage of injected
dose + S.EM. (n = 4).

Figure 2. Percentage of free cholesterol of total
liver associated radioactivity. Anaesthetized rats
were injected with 40-50 ug *H-cholesteryl oleate
labeled Ox-LDL. At the indicated time points liver
lobules were tied off and immediately put in fluid
nitrogen in order to stop hydrolysis. Liver samples
were extracted according to Bligh and Dyer (22)
and subjected to thin layer chromatography. Spots
corresponding with free cholesterol and cholesterol
esters were scraped off and counted for radio-
activity. Data are presented + S.E.M. (n = 4).

after injection. The data also indicate that the liver is still able to hydrolyse cholesteryl esters

of LDL after oxidation.

Cellular distribution studies of *H-Ox-LDL in the liver

We have shown previously that Ox-LDL iodinated on its apolipoprotein moiety is mainly
taken up by Kupffer cells (6). When 3H-cholesteryl oleate labeled Ox-LDL is injected into
the rat the highest specific activity is also found to be associated with Kupffer cells (Fig. 3).
At first sight, a discrepancy between Kupffer cell involvement seems to exist in the uptake
of the apolipoprotein and the cholesteryl ester moiety of Ox-LDL. At 10 min after injection
the specific activity (% of injected dose (ID) *10°/mg cell protein) of Kupffer cells is 1163
+ 202 and 764 + 65 for the apolipoprotein and cholesteryl ester part respectively.
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Figure 3. Cellular distribution of Ox-LDL in the
liver. 40-50 ug of Ox-LDL Ilabeled on the
apolipoprotein ('], open bars, from (6)) or
cholesteryl ester moiety (cholesteryl oleoyl ether,
hatched bars or cholesterol oleate, filled bars) was
injected into rats and a low temperature perfusion
was carried out at 10 min after injection. Cells
were separated into parenchymal cells (PC), liver
endothelial cells (EC) and Kupffer cells (KC). LOB

Figure 4. Cellular distribution of *H-cholesteryl
oleate labeled Ox-LDL at different times after
injection. 40-50 ug cholesteryl oleate labeled Ox-
LDL was injected into rats and parenchymal cells
(PC), liver endothelial cells (EC) and Kupffer cells
(KC) were isolated at 10 (open bars), 60 (hatched
bars) and 120 min (filled bars) after injection. LOB
represents the total liver uptake. Data are expressed
as specific activity + S.E.M. (n = 4).

represents the total liver uptake. Data are expressed
as specific activity + S.E.M. (n = 4).

Consequently the calculated relative contribution of the Kupffer cells to the total liver
radioactivity is less for *H-cholesteryl ester labeled Ox-LDL than for '*I-Ox-LDL (Table 1).
However, when LDL is labeled with a non-hydrolysable cholesteryl ester analog (cholesteryl
oleoy! ether), the involvement of Kupffer cells (966 + 77) is similar as for the iodinated Ox-
LDL. The significant difference (p < 0.05, Student’s t-test) between the *H-cholesteryl ester
and *H-cholesteryl oleoyl ether uptake suggests a rapid hydrolysis of cholesteryl esters and
a rapid secretion of *H-free cholesterol by the Kupffer cells. Within 1 h after injection a
further reduction of Kupffer cell associated radioactivity can be observed (Fig. 4). At 60 min
after injection of *H-cholesteryl oleate labeled Ox-LDL the specific activity of Kupffer cells
declined to 32% of the maximal uptake as determined with *H-cholesteryl oleoyl ether labeled
Ox-LDL. After the rapid secretion of *H-free cholesterol from Kupffer cells in the first hour,
the Kupffer cell associated radioactivity remained constant upto 2 h after injection.
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Table 1. Relative contribution of the different liver cell types to the total liver uptake of Ox-LDL labeled in
its apolipoprotein or cholesteryl ester moiety at 10 min after injection

Parenchymal cells (PC) contribute for 92.5% to the total liver, endothelial cells (EC) for 3.3 % and Kupffer cells
(KC) 2.2%. The amount of radioactivity per mg cell protein was multiplied with the amount that each cell type
contributes to the total liver volume in order to calculate the relative contribution (27). Values represent the
mean of 4 experiments + S.E.M.

Ox-LDL labeled with
cell type 1251 SH-chol. H-chol.
oleate oleoyl ether
PC (%) 6.9 + 1.2 16.8 + 3.5 12.7 + 2.4
EC (%) 36.3 + 4.2 40.3 £ 3.1 319 + 24
KC (%) 6.8 + 3.0 43.0 + 2.2° 55.1 + 4.1

Resecretion of *H-radioactivity into the serum
When the serum radioactivity was determined at different time points after injection of *H-
cholesteryl oleate labeled Ox-LDL, the initial rapid decay is followed by a re-appearance of
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Figure 5. Serum radioactivity after the injection of *H-cholesteryl oleate labeled Ox-LDL or Ac-LDL. *H-Ox-
LDL (Fig. 5A) or *H-Ac-LDL (Fig. 5B) (120-160 ug, 2,000,000 dpm) was injected into rats via the vena penis.
At the indicated time points blood was drawn from the orbital plexus. Serum was counted for radioactivity and
serum decay was calculated. Results are the mean of 4 experiments + S.E.M.
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radioactivity (Fig. 5). In Fig. 5 the serum radioactivity upto 72 h after injection of *H-
cholesteryl oleate labeled Ox-LDL or *H-cholesteryl oleate labeled Ac-LDL can be
compared. At 30 min after injection of *H-cholesteryl oleate labeled Ox-LDL only 1.5 +
0.4% of the injected dose was present in the serum. Subsequently, serum radioactivity
increased up to 3% of the injected dose (significantly different from 1.5% at 30 min after
injection, (p < 0.01, Student’s t-test) and remained constant for upto 12 h after injection.
When *H-cholesteryl oleate labeled Ac-LDL was injected, the serum radioactivity decreased
to 0.7% of the injected dose and subsequently increased upto 5%. In the serum the re-
appearance of radiolabel after injection of *H-cholesteryl oleate labeled Ox-LDL (Fig. 6) was
initially mainly in the form of free cholesterol. This indicates that after hydrolysis of
cholesteryl esters in the liver, H-free cholesterol is secreted into the serum compartment.
Serum density ultracentrifugation at 3 h after injection (Fig. 7A) revealed that 55.5 + 1.1%
of the radioactivity could be recovered in the HDL density range (1.05 < d < 1. 13). For
LDL and VLDL these values were 11.9 + 2.0 and 11.2 + 2.8%, respectively (n = 4 +
S.E.M.). Evidence for re-esterification in the serum compartment can be derived from the
relative decrease of free cholesterol associated radioactivity at the later time points (Fig. 6).
The specific activity of radioactivity of free cholesterol and cholesteryl esters in the different
lipoprotein fractions is indicated in Fig. 7B. The specific radioactivity of free cholesterol is
similar for HDL, LDL and VLDL. The specific radioactivity of cholesteryl esters however,
was in HDL 3.7-fold and 3.5-fold higher than for LDL and VLDL respectively.

Biliary secretion of °H radioactivity
In order to study the kinetics of biliary secretion after injection of *H-cholesteryl ester labeled
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Figure 7. Density gradient distribution of *H radioactivity in the serum and specific activities in serum fractions
at 3 h after injection of *H-cholesteryl oleate labeled Ox-LDL. *H-cholesteryl oleate labeled Ox-LDL (150-200
#g) was injected into the vena penis of a rat. At 3 h after injection, serum was obtained and subjected to KBr
density-gradient centrifugation at 4°C. The gradient was subdivided into 500 l fractions, starting from the
bottom (7A). The profile is a representative for 4 experiments. Specific activity of *H in the different serum
fractions were measured and expressed as dpm/ug free (open bars) or esterified cholesterol (hatched bars) (7B).

Ox-LDL, we used rats catheterized in bile duct, duodenum and heart. Immediately after the
administration of SH-Ox-LDL via the heart catheter, bile collection was started. The biliary
secretion of *H-radioactivity is illustrated in Fig. 8. Figure 8A shows the kinetics of biliary
secretion expressed as percentage of injected dose secreted per hour. The immediate rapid
secretion of radiolabeled bile resulted in a high initial peak during the first hours after
injection of *H-cholesteryl ester labeled Ox-LDL. At 6 h after injection already 19.2% of the
injected dose could be recovered in the bile. For *H-cholesteryl oleate labeled Ac-LDL the
initial biliary secretion rate was much lower. Upto 6 h after injection only 6.3% of the
injected dose was secreted into the bile (14). Most of the biliary radioactivity (91.3 + 2.6%)
could be recovered in the aqueous layer after Bligh and Dyer extraction (12), indicating that
radioactivity was present as bile acids. The remainder was recovered as labeled free
cholesterol. When the biliary secretion is expressed cumulatively (Fig. 8B), it appears that
the great initial difference in biliary secretion after injection of *H-cholesteryl oleate labeled
Ox-LDL or Ac-LDL is diminished at later time points. Especially in the first 24 h after
injection, the biliary output of *H-cholesteryl oleate labeled Ox-LDL derived radioactivity is
higher than with *H-cholesteryl oleate labeled Ac-LDL. At 72 h after injection of Ox-LDL
56.8 + 1.5% of the injected dose has been secreted in the bile while for *H-cholesteryl oleate
labeled Ac-LDL this value is 50.5 + 2.2%.
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Figure 8. Biliary secretion of *H radioactivity after injection of *H-cholesteryl oleate labeled Ox-LDL (©) or
Ac-LDL (O). Bile was collected for 72 hour in 1 hour time intervals after injection of 40-50 pg of *H-
cholesteryl oleate labeled Ox-LDL or Ac-LDL in unrestrained cannulated rats. Values are expressed as
percentages of injected dose per hour (8A) or as cumulative percentage of injected dose (8B) and represent the
mean of 4 experiments + S.E.M. Black horizontal bars indicate the dark periods.

Discussion

In a previous study with Ac-LDL we provided evidence for the role of HDL in reverse
cholesterol transport in vivo. It appeared that HDL could act as an acceptor for liver
endothelial cell associated cholesterol with subsequently transport of cholesterol to liver
parenchymal cells and bile (14). Since oxidized LDL rather than acetylated LDL is the
(patho)physiological representative for atherogenic LDL particles, we investigated in the
present study the in vivo fate of 3H-cholesteryl oleate labeled Ox-LDL.
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H-cholesteryl oleate labeled Ox-LDL was rapidly cleared from the serum and almost
quantitatively recovered in the liver. The appearance of 3H-free cholesterol in the liver
indicated that the liver rapidly hydrolyzed the cholesteryl esters derived from Ox-LDL. Ox-
LDL particles are taken up as integral particles from the blood circulation as indicated by the
similar cellular distribution of the apolipoprotein and cholesteryl ether moiety. When Ox-
LDL labeled with *H-cholesteryl oleate was injected, it appeared that already in the first 10
min after injection cholesteryl esters were processed and some *H-free cholesterol was
released from the Kupffer cells. The specific radioactivity of Kupffer cells at 10 min after
injection of *H-cholesteryl oleate labeled Ox-LDL was 79% of the specific activity after
injection of *H-cholesteryl oleoyl ether labeled Ox-LDL. At 1 h after injection of *H-
cholesteryl oleate Ox-LDL the Kupffer cell associated radioactivity was declined to 32% of
the maximal uptake value. The rapid hydrolysis and rapid secretion of *H-free cholesterol
was reflected by a modest increase in serum radioactivity. The increase in serum
radioactivity reached a value of approximately 3% of the injected dose and remained at this
level during 12 h after injection. The ratio of radiolabeled free cholesterol to cholesteryl
esters in the serum initially rapidly increased, which indicates that free cholesterol is secreted
into the serum compartment. By gradient ultracentrifugation most of the radioactivity could
be recovered in the HDL range. Subsequently the relative proportion of cholesteryl esters to
the total radioactivity increased, a process consistent with serum conversion of cholesterol
to cholesteryl esters by the enzyme lecithin cholesteryl acyl transferase. The specific
radioactivity of HDL was 3.7- and 3.5-fold higher than for other lipoproteins which supports
the role of high density lipoproteins as initial cholesterol acceptors and serum site for
conversion into cholesteryl esters. We have shown previously, that HDL cholesteryl esters
are in vivo selectively delivered to liver parenchymal cells and efficiently processed into bile
acids (19). In the present study, the rapid secretion of *H-free cholesterol from Kupffer cells
appeared to be linked to a rapid biliary secretion of radioactivity. Almost all of the
radioactivity could be recovered in the aqueous phase after extraction, indicating an almost
complete intracellular processing into bile acids in the parenchymal cells. Collection of bile
at shorter time intervals showed that the lag-phase of biliary secretion of radioactivity was
only 15 min (data not shown). After this time point biliary secretion rapidly increased. Upto
6 h after injection, the biliary secretion of radioactivity from *H-cholesteryl oleate labeled
Ox-LDL was much higher than for *H-cholesteryl oleate labeled Ac-LDL. It thus appears that
the Kupffer cell mediated uptake as compared to liver endothelial cells, is more efficiently
coupled to bile acid formation. The molecular mechanism for this more efficient appearance
of bile acids radioactivity from *H-cholesteryl oleate labeled Ox-LDL might be explained in
two ways.

In case of *H-cholesteryl oleate labeled Ac-LDL, the minimal serum value (at 30 min
after injection) is two times lower than after injection of *H-cholestery! oleate labeled Ox-
LDL (0.7% versus 1.5%). Furthermore, resecretion percentages in the serum are higher for
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Ac-LDL as for Ox-LDL (5% versus 3%). Comparing the kinetics of biliary secretion, it is
clear that radiolabeled bile acids derived from Ox-LDL are secreted at an initially 3-fold
higher rate than for Ac-LDL. Anatomically, biliary secretion is linked to liver parenchymal
' cells. Thus, cholesterol transport from liver endothelial cells and Kupffer cells to
parenchymal cells is obligatory. It is possible that Kupffer cells secrete vesicles containing
cholesterol and other lipids, which are rapidly taken up by liver parenchymal cells. It has
been reported that mouse macrophages and human monocyte-macrophages secrete
apolipoprotein E (apoE), which can be incorporated in lipoproteins (30). Increases in cellular
cholesterol content markedly stimulate the apoE production (31). Immunogold labeling of rat
liver showed that also Kupffer cells do stain for apoE (32). ApoE, secreted by Kupffer cells,
may be associated with a lipid vesicle and evoke an apoE-mediated uptake by parenchymal
cells. A high turnover of these vesicles would explain the pattern of serum radioactivity for
Ox-LDL. We tried to test this hypothesis by blocking apoE-mediated parenchymal cell uptake
by lactoferrin (33). However, no effect of lactoferrin on the biliary secretion rate was noticed
(M.N. Pieters et al., unpublished). The second explanation is related to the difference in
localisation of liver endothelial cells and Kupffer cells. Liver endothelial cells are separated
from parenchymal cells by the space of Disse. Therefore, cholesterol from liver endothelial
cells has to be transported through the serum compartment in order to reach the parenchymal
cells. Kupffer cells are located in the sinusoids, but micropodia of Kupffer cells are able to
penetrate through the endothelial fenestrac and can be in direct contact with the microvilli
of parenchymal cells. This would enable the Kupffer cell to directly transport cholesterol
from the Kupffer cell to the parenchymal cell. To discriminate between these possibilities and
to explain the molecular mechanisms of the rapid cholesterol transport from Kupffer cells to
parenchymal cells further experiments will be necessary.

In conclusion, cholesteryl esters from oxidized LDL are in vivo mainly taken up by
Kupffer cells and rapidly hydrolyzed to free cholesterol. Resecretion of cholesterol to serum
HDL occurs, supporting a role of HDL in reverse cholesterol transport. A relative rapid
secretion of radiolabeled bile acids is noticed after injection of *H-Ox-LDL which was 3-fold
higher than for H-Ac-LDL. The rapid processing of cholesteryl esters from Ox-LDL by
Kupffer cells and the efficient conversion to bile acids and secretion into bile indicate that
Kupffer cells form an efficient major protection system against the atherogenic action of Ox-
LDL in the blood compartment.
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Summary

Scavenger receptor-mediated processing by rat liver endothelial cells in vivo is studied by
using acetylated and oxidized low density lipoproteins (LDL) as ligands. The cellular
localization of acetylated LDL (Ac-LDL) is visualized both by immuno-histochemistry, and
by silver enhancement of ultra small gold particles conjugated to Ac-LDL.

Scavenger receptor-mediated internalization by the endothelial cells only involves coated
vesicle formation. Subsequently, three stages of processing are noticed, as represented by 1)
large electron lucent vesicles, with ligand in close association to the membrane, 2) relatively
electron lucent structures, with Ac-LDL dispersed over the vesicular lumen, while tubular
membrane extensions did not contain ligand, and, 3) electron dense vesicles in which the
non-degradable gold particles of the conjugate accumulate, while the immuno-reactivity for
Ac-LDL is low. Addition of chloroquine, an inhibitor of lysosomal degradation,
demonstrated that the relatively electron lucent and electron dense structures represent
subsequent stages of the lysosomal pathway of Ac-LDL, which was also verified by detection
of the lysosomal enzyme cathepsin D. Evaluation of the processing of Ac-LDL and oxidized
LDL, labeled with different fluorochromes, demonstrated that both ligands follow apparently
the same intracellular pathway in the liver endothelial cells, since the fluorescent probes are
predominantly localized in the same structures.

It is concluded that the scavenger receptor-mediated processing of modified LDL by rat
liver endothelial cells involves four morphologically distinguishable stages which represent
a highly effective catabolic route, sustaining the important role of the liver endothelial cells
in the protection against circulating atherogenic lipoproteins.

Introduction

Liver endothelial cells have been demonstrated to be responsible for the uptake of several
ligands, including modified low density lipoproteins (1-4). Modification of LDL is considered
to be of great importance in the development of atherosclerosis. In contrast to native LDL,
modified LDL is able to provoke foam cell formation, which is an early characteristic of the
atherosclerotic lesion (5). Several modifications of LDL have been described including
acetylation (6), biological modification (7), and oxidation (8).

Ac-LDL is demonstrated to be rapidly cleared from the blood by the liver by a receptor-
mediated mechanism (1,2). This so-called scavenger receptor is predominantly localized on
liver endothelial cells (1,2), and is suggested to form an important protection against the
occurrence of atherogenic lipoproteins in the circulation. More recently, the
(patho)physiological representative of modified LDL was suggested to be oxidized LDL (Ox-
LDL) (9). Ox-LDL is rapidly cleared from the circulation by the liver, but in contrast to Ac-
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LDL, mainly by Kupffer cells, although the liver endothelial cells still account for about 40%
of the uptake of Ox-LDL (4). Cross-competition experiments showed that two scavenger
receptors are present on liver endothelial cells and Kupffer cells, one recognizing exclusively
Ox-LDL, and another receptor recognizing both Ox-LDL and Ac-LDL (4).

We recently visualized the uptake and processing of Ox-LDL in the rat liver by immuno-
electron microscopy, and noticed in the liver endothelial cells, scavenger receptor-mediated
uptake via coated vesicle formation. Subsequently Ox-LDL is processed via a compartment
in which uncoupling of receptors and ligands seemed to occur, before the lysosomes are
reached (10). Earlier studies suggested that the uptake of a number of ligands, including Ac-
LDL, by the liver endothelial cells can result from direct invagination of the plasma
membrane, leading to macropinocytotic vesicles (11-13). The position and shape of these
macropinocytotic structures would allow a rapid transport of the internalized receptors to the
plasma membrane.

In the present work we address the question whether macropinocytosis does explain the
extremely rapid processing of scavenger receptor-mediated uptake of Ac-LDL by the liver
(1,2). Two independent labeling techniques, immuno-staining and recently developed ultra
small (1 nm) gold particles (14) conjugated to Ac-LDL were used to describe the intracellular
processing of Ac-LDL. Furthermore, a specific staining technique, which allows the
discrimination between intracellular and extracellular compartments is used to identify the
early stages of Ac-LDL processing at the ultrastructural level. At the light microscopical
level we evaluated by a direct comparison whether Ac-LDL and Ox-LDL are processed via
different intracellular pathways, using a double-labeling fluorescence technique.

Materials and Methods

Materials

Bovine serum albumin (fraction V), polyinosinic acid (PIA), and chloroquine were purchased
from Sigma (St. Louis, MO, USA). Gelatin and glycine were obtained from Merck
(Darmstadt, Germany). Tylose (MH 300) was purchased from Fluka (Buchs, Switzerland).
Gold-conjugated antibodies were purchased from Aurion (Wageningen, Netherlands), and the
monoclonal antibodies mouse anti-rabbit and rabbit anti-mouse peroxidase from Dakopatts
(ITK Diagnostics, Netherlands). 1,1’-dioctadecyl-3,3,3’,3’-tetramethyl indocarbocyanine
perchlorate (DiI) and 3,3’ dioctadecyloxacarbo-cyanine perchlorate (DiO) were obtained from
Molecular Probes (Eugene, OR, USA).

Lipoprotein isolation, acetylation and oxidation
LDL (1.024 < d < 1.055) was isolated from human plasma plus 1 mM EDTA by density
gradient centrifugation according to Redgrave et al. (15). LDL was dialysed against
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phosphate-buffered saline (PBS) plus 1 mM EDTA and acetylated by repetitive addition of
acetic anhydride as described by Basu et al. (16). LDL was dialysed against PBS containing
10 uM EDTA before being oxidized (200 ug of protein/ml) by exposure to CuSO, (5 uM
free Cu2+ concentration) as described by Van Berkel et al. (4). Oxidation was arrested by
cooling and addition of 200 uM EDTA. Acetylation and oxidation of LDL" were tested by
assessing the electrophoretic mobility on agarose gel. In comparison to native LDL, the Rf
value of Ac-LDL and Ox-LDL were increased from 0.21 + 0.01 to 0.52 + 0.01 and 0.54
+ 0.01 respectively, in accordance to the data of Van Berkel et al. (4).

Conjugation of fluorescent- and gold probes to modified LDL

Ac-LDL and Ox-LDL were fluorescently labeled with Dil or DiO according to Pitas et al.
(17). The density of the fluorescent dye and lipoprotein mixture was subsequently raised to
1.21, and the lipoproteins were re-isolated by ultracentrifugation according to the above
described procedure.

Conjugation of Ac-LDL to ultra small gold (I nm) was performed by Aurion
(Wageningen, Netherlands). The Ac-LDL particles conjugated to colloidal gold will be
referred to as Ac-LDL-Au. To study whether conjugation of the colloidal gold to the Ac-
LDL particles interfered with the specific cell-recognition of Ac-LDL, non-parenchymal cell
fractions, isolated according to the below described procedure, were incubated with Ac-LDL-
Au in the absence or presence of excess unlabeled Ac-LDL.

Non-parenchymal liver cell suspensions from untreated rats, containing about 20%
Kupffer cells, 45% endothelial cells and 29% lymphoid cells as determined by morphological
characterization at the electron microscopic level, were obtained by the warm collagenase
method described previously (21). Non-parenchymal cells were separated from parenchymal
cells by differential centrifugation (0.5 min., 50 g, three times). The viability of the cell
suspensions was more than 90% as determined from trypan blue exclusion.

The cell suspensions (0.5 x 10%ml) were incubated at 37°C with 30 ug Ac-LDL-Au/ml
for 10 minutes. When indicated 500 ug/ml unlabeled Ac-LDL was added to the medium 5
minutes prior to the incubation with Ac-LDL-Au. Cells were fixed with 4%
paraformaldehyde (PF) and 0.1% glutaraldehyde (GA) in phosphate-buffered saline (PBS)
for 10 minutes at 4°C. Following centrifugation the cell pellets were post-fixed in OsO, and
subsequently dehydrated and embedded in epon.

Ac-LDL-Au preferentially bound to the liver endothelial cells and only to a small extent
to Kupffer cells, confirming previous biochemical data (1). Binding of the Ac-LDL-Au
particles to endothelial cells (Fig. 1a) was strongly reduced by 17 fold excess of unlabeled
Ac-LDL (Fig. 1b), demonstrating the interaction to be scavenger receptor-mediated. Gold-
conjugation has been described previously to influence receptor recognition (18,19), and also
to interfere with intracellular processing (20), probably due to the net negative charge and
size of the conjugates. The size of the conjugate depends on the ratio of gold particles and
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Figure 1. Electron micrographs of isolated liver endothelial cells. Cells were incubated for 10 minutes with
Ac-LDL-Au in the absence (a) or presence of excess unlabeled Ac-LDL (b). Ac-LDL-Au particles were
visualized by silver enhancement. Incubation with Ac-LDL-Au results in an association of label to the plasma
membrane, and vesicles. The latter in close proximity to the vesicle membrane (arrowheads)(a). In the presence
of excess unlabeled Ac-LDL a clear overall decrease of labeling of the endothelial cells is observed (b). Note
the presence of gold label in coated pits (large arrowhead). Bars = 2 pm.

lipoprotein particles, and the size of the gold particles used. For example conjugation of 1
nm gold to Ac-LDL (g 23 nm) leads to a conjugate with a size of approximately 24 nm. The
use of 20 nm gold particles leads to Ac-LDL conjugates of about 66 nm in diameter, since
several lipoprotein particles will bind to one gold granule (13). It can be concluded from the
competition studies depicted in Fig. 1 that Ac-LDL-Au used in our experiments still interacts
with its original binding site.

Animals and perfusion studies

For the visualisation studies on in vivo endocytosed Ac-LDL, 3-month-old male Wag/Rij rats
were used, weighing about 200 grams. When indicated rats were pre-treated with chloroquine
according to Hornick et al. (22). As confirmed by routine electron microscopy, pre-treatment
of rats with chloroquine resulted in an increase in the number of (pre-)lysosomal structures
in endothelial cells.

Ac-LDL or Ac-LDL-Au (50 pg/ml plasma) was injected into the vena cava inferior of
overnight fasted rats under halothane anaesthesia and was allowed to circulate 2, 10 and 30
minutes. For practical reasons Ac-LDL was injected into the portal vein to allow localization
studies after 30 seconds of circulation. To study the co-localization of Ac-LDL and Ox-LDL
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both were labeled with Dil or DiO, injected simultaneously in an equal dose, and allowed
to circulate for 10 minutes. Control liver was obtained from rats intravenously injected with
PBS only, following a 10 minute incubation. Subsequently, rat livers were rinsed with PBS
(1 minute), or directly fixed with 4% PF and 0.1% GA in PBS by in situ perfusion via the
portal vein for 10 minutes at room temperature. Livers were stored in 2% PF in PBS at 4°C.

Light- and electron microscopical studies
Ruthenium red staining. To differentiate between intracellular and extracellular compartments
in order to study the internalisation mechanisms, 200 xm vibratome sections of fixed liver
tissue were stained en bloc with the membrane mordant stain ruthenium red according to
Handley et al. (23) and, subsequently, dehydrated in a graded series of ethanol and embedded
in epon. Ultrathin sections were viewed in the electron microscope without further
contrasting.
Fluorescence microscopy. Liver tissue which was used for fluorescence microscopy was after
fixation dissected, and 200 um vibratome slices were immersed in 2.3 M sucrose. To prepare
cryosections, small pieces of liver tissue were placed on a specimen holder and frozen in
liquid nitrogen. Semithin cryosections were cut using a Reichert FC-4D Ultracut
cryomicrotome at a temperature of -100°C. To localize Dil- and DiO-fluorescence, semithin
sections were placed on a glass cover slip and after being mounted with glycerol viewed with
a Leitz ortholux microscope with standard rhodamine and FiTC excitation and emission
filters.
Visualization of Ac-LDL-Au. Livers that were used for ultrastructural localization of Ac-LDL-
Au were postfixed in 1% OsO, in 0.15 M sodium cacodylate buffer for 45 minutes,
dehydrated, and, embedded in epon. Silver enhancement (10 minutes) of ultrathin sections
was performed according to the procedure of Danscher (24). Subsequently, sections were
contrasted with lead citrate and examined in a Philips EM 410 electron microscope. Control
silver enhancement on liver tissue injected with unlabeled Ac-LDL showed no label at all
after the indicated silver enhancement time.
Immuno-histochemistry. Antibodies against human apolipoprotein B (apoB), raised in rabbits,
‘were kindly donated by Dr. L. Havekes (IVVO-TNO, Leiden, the Netherlands) (25). The
antibody was tested for reactivity with native and modified LDL using the double radial
immuno-diffusion method as described by Crowle (26). Results showed that Ac-LDL had
sufficiently retained antigenicity to allow use of the antibody against native LDL for immuno-
cytochemical studies (27). Cross-reactivity with the rat lipoproteins LDL, VLDL and HDL,
and lipoprotein deficient rat serum was absent (27). Rabbit antibodies against cathepsin D
was kindly given by R. Willemsen (Dept. of Cell Biology, Erasmus University, Rotterdam
the Netherlands). Their specificity has been described by Reuser et al. (28).

Specimens that were used for immuno-histochemical studies were embedded in 5%
gelatin, and immersed in 2.3 M sucrose in PBS, overnight. Semithin or ultrathin cryosections
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were cut of small pieces of liquid frozen liver tissue a temperature of -100°C. Semithin and
ultrathin sections were placed on glass cover slips and carbon coated nickel grids
respectively.

For the immuno-labeling procedure, antibodies and gold conjugates were diluted in PBS
containing 0.1% gelatin, 0.5% BSA and 0.1% Tween 20. The dilutions used were: anti-
apoB, 600 fold, anti cathepsin D, 100 fold, goat anti-rabbit IgG gold (6 nm), 30 fold, mouse
anti-rabbit, 100 fold, rabbit anti-mouse peroxidase, 100 fold. For the washing steps the same
medium was used, unless otherwise indicated.

Cryosections were incubated with 0.05 M glycine in PBS, washed, incubated with 10%
non-immune rat serum followed by incubation with the primary antibody, washed, incubated
with the secondary antibody coupled to colloidal gold, washed, washed again with aqua dest,
stained with uranylacetate and covered with tylose according to Tokuyasu (29), or following
the primary antibody, washed, incubated with the secondary antibody, washed again,
incubated with the peroxidase conjugated antibody, washed, incubated with diaminobenzidine
and H,0,, washed with aqua dest, counterstained with hematoxyline, washed again with
aquadest, and finally embedded in entellan. Endogenous peroxidatic activity was quenched
by a 10 minute incubation in 0.3% H,0, in methanol preceding the light microscopical
incubation procedure. Control incubations with non-immune rabbit serum resulted in a low
number of randomly distributed gold label over the liver endothelial cells, seemingly not
associated with particular structures. With respect to the light microscopical procedure, no
reaction product was noticed.

Results and Discussion

Immuno-electron microscopical detection of Ac-LDL showed that 30 seconds after
administration Ac-LDL is bound to the plasma membrane of liver endothelial cells, mainly
in coated membrane invaginations (Fig. 2a). Similar findings were noticed in epon-embedded
liver tissue after the enhancement of Ac-LDL-Au at the same time interval (Fig. 2b). The
initial binding of Ac-LDL to the plasma membrane is in agreement with previous data which
demonstrated that Ac-LDL binds in coated pits but also to uncoated areas of the plasma
membrane of endothelial cells and macrophages (30,31), suggesting that the scavenger
receptor is localized inside, but also outside coated pits. Sometimes two or more coated pits
are in close proximity to each other, thereby forming "multiple coated pits" (Fig. 2 insets).
Multiple coated pits were demonstrated in liver endothelial cells of isolated perfused livers,
involved in the uptake of latex beads (g 230 nm) (32). Ac-LDL (2 23 nm), is 10 fold smaller
and did not appear to be aggregated. It might be that the concentration of scavenger receptors
on the liver endothelial cells is so high that simultaneous coated vesicle formation in close
proximity of each other leads to the observed coalescence. On negatively stained cryo-
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Figure 2. Cryosection (a) and epon section (b) of rat livers 15 seconds after injection of Ac-LDL or Ac-LDL-
Au respectively. Gold particles representing immuno-reactive apoB (a)or Ac-LDL-Au (b) are located in coated
pits, which are in different stages of vesicle formation. Due to negative staining, labeled Ac-LDL particles can
be noticed in the cryosection (arrowheads)(a). Inset; Gold particles, representing Ac-LDL (a) or Ac-LDL-Au
(b), are also noticed in multiple coated pits. S = sinusoid. Bars = 0.05 pum.

Figure 3. Electron micrographs of liver endothelial cells 2 minutes after injection of Ac-LDL (a) or Ac-LDL-
Au (b) respectively. Immuno-localization of Ac-LDL (a) and localization of Ac-LDL-Au both show that Ac-
LDL is present in close proximity to the membrane of large electron lucent vesicles (asterisks). Some Ac-LDL
is noticed at the plasma membrane bound to coated (arrowhead) and uncoated areas (arrow)(a). S = sinusoid.
Bars = 0.05 ym.

sections, immuno-reactive lipoprotein-like particles with an average diameter of 23 nm are
recognizable in the coated pits (Fig. 2a). In accordance to their size, the immuno-reactivity,
and the fact that these particles are only detectable in livers of animals that were injected
with Ac-LDL, these particles most probably represent intact Ac-LDL.
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Figure 4. Electron micrograph of a liver endothelial cell, 2 minutes after injection of Ac-LDL, contrasted with
ruthenium red and subsequently embedded in epon. Plasma membrane and membrane invaginations are stained,
surprisingly, even when the structure is completely surrounded by cytosol (arrowhead). The membrane of large
electron lucent vesicles (asterisk) is not contrasted. N = cell nucleus, S = sinusoid. Bars = 0.1 um.

At two minutes after injection of Ac-LDL, immuno-detection of Ac-LDL demonstrated
that Ac-LDL is still detectable at te plasma membrane but also in large electron lucent
vesicles, in close proximity to the vesicle membrane (Fig. 3a), and inside vesicles of a higher
electron density. Similar observations were made following the fate of the Ac-LDL-Au in the
plastic-embedded tissue (Fig. 3b). In order to verify whether the electron lucent structures
are really intracellular, the extracellular membrane mordant stain ruthenium red was used.
As shown in Fig. 4 only the plasma membrane and few small vesicles are stained, while
large electron lucent vesicles are not contrasted by ruthenium red. No indications of
invagination of large areas of plasma membrane were noticed, strongly suggesting that the
large electron lucent vesicles represent the first intracellular compartment involved in the Ac-
LDL processing. Internalization of Ac-LDL by liver endothelial cells therefore seems to
occur only by coated vesicle formation, in accordance with previous indications of Pitas et
al. (17). The immuno-localization of Ac-LDL (Fig. 3a) and silver enhancement of Ac-LDL-
Au (Fig. 3b) demonstrated that Ac-LDL was present close to the membrane of electron
lucent vesicles suggesting that the particles are still associated with their receptor.

At 10 minutes after injection of the ligand, only few Ac-LDL particles are associated with
the plasma membrane of the liver endothelial cells as demonstrated by immuno-histo-
chemistry, and, occasionally, the previously described electron lucent vesicles were noticed
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to contain immuno-label (not shown). The majority of Ac-LDL, as identified by immuno-
histochemistry is present in roundish relatively electron lucent vesicles at 10 minutes after
injection (Fig. 5a). The immuno-gold particles are not in close association with the
membrane, but are dispersed over the vesicles associated with Ac-LDL particles. The
detachment of the Ac-LDL, as shown by immuno-histochemistry, from the vesicular
membrane indicates uncoupling of Ac-LDL from its receptor. The vesicles sometimes showed
tubular membrane extensions, in which no Ac-LDL was observed by immuno-histochemical
detection (Fig. 5a). Similar observations were made in the plastic embedded tissue; following
silver enhancement, Ac-LDL-Au could be demonstrated dispersed over the vesicles, and also
the tubular membrane extensions, which were devoid of Ac-LDL-Au were clearly detectable
(Fig. 5b). Tubular structures in liver endothelial cells have been suggested to be involved in
the early processing of several ligands like ferritin, a nonspecific fluid-phase marker (33),
horse-radish-peroxidase (HRP) which is specifically endocytosed via its mannose-terminated
oligosaccharide chains (34), and ovalbumin also internalized by the mannose receptor (35).
Tubular structures which contained ovalbumin were suggested to be involved in retro-
endocytosis (35), since, biochemical experiments showed that a substantial amount of
ovalbumin was retro-endocytosed from an early endocytotic compartment (36). It is,
therefore, conceivable that the relatively electron lucent vesicular structures with the tubular
membrane extensions noticed in the present study, represent a compartment, which is
functionally comparable to CURL as described by Geuze et al. (37). The dispersed labeling
of the vesicular part of the structure supports the idea of uncoupling of receptor and ligand,
the tubular structures devoid of ligand may suggest sorting of receptors and ligand, and from
the experiments of Geuze et al. (37) it is known that morphologically similar tubular
extensions were involved in the recycling of receptors to the plasma membrane. Future
experiments, detecting the scavenger receptors by specific antibodies could confirm whether
sorting of receptor and ligand actually takes place in these tubulo-vesicular structures.

At 30 minutes after injection of Ac-LDL, Ac-LDL, as evidenced by immuno-
histochemical detection, is present inside the liver endothelial cells dispersed over the
previously described relatively electron lucent vesicles, but also over more electron dense
vesicles (Fig. 6a). The electron dense vesicles were smaller than the relatively electron lucent
structures. The size of the electron dense vesicles varied considerably ranging from 250 nm
up to 500 nm. Both structures contain the lysosomal marker cathepsin D as evidenced by
immuno-histochemistry (Fig. 6b), demonstrating them both to be involved in the lysosome-
directed pathway of Ac-LDL. In the more electron dense vesicles, the intact Ac-LDL
particles could be detected less clearly by negative staining, suggesting loss of integrity due
to degradation. The gradual increase in concentration of the Ac-LDL-Au in the more electron
dense structures of epon-embedded tissue (Fig. 6¢), sustains this notion, since it suggests a
lysosomal accumulation of the non-degradable gold particles of the Ac-LDL-Au (Fig. 6¢
inset). The gradual increase of the electron density of the Ac-LDL containing vesicles, is in

60



CHAPTER 4

Figure 5. Localization of Ac-LDL in liver endothelial cells, 10 minutes after injection of Ac-LDL (a) or Ac-
LDL-Au (b). Immuno-localization of Ac-LDL and silver enhancement of Ac-LDL-Au show that Ac-LDL is
‘ dispersed over relatively electron lucent vesicles (asterisks). Unlabeled tubular membrane extensions are noticed
in connection to these vesicles (arrowheads). Bars = 0.05 pum.

Figure 6. Cryosections (a, b) and epon section (c) of rat livers 30 minutes after injection of Ac-LDL (a, b)
or Ac-LDL-Au (c). Gold particles representing Ac-LDL or Ac-LDL-Au are present dispersed over vesicles,
of which the electron density ranges from relatively electron lucent (asterisk) to electron dense (a, c). In
comparison to the relatively electron lucent vesicles the electron dense vesicles contain less immuno-reactive
apoB, while the non-degradable gold particles of Ac-LDL-Au get concentrated inside these vesicles (c inset).
Immuno-localization experiments with the same livers show structures with similar electron densities to contain
cathepsin D (arrowheads) (b). S = sinusoid. Bars = 0.05 um.
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Figure 7. Micrographs of livers of chloroquine treated (a) and untreated (b) rats, 30 minutes after injection
of Ac-LDL. An overall increase in staining product representing immuno-reactive apoB (arrowheads), is noticed
following chloroquine treatment in the liver endothelial cells in comparison to untreated rats. Note the presence
of reaction product in Kupffer cells (arrows) following chloroquine treatment. S = sinusoid. Bars = 30 um.

agreement with morphological studies of Wisse (11,12), who described the transitional stages
between endosomal and lysosomal structures in liver endothelial cells with other ligands.
Pretreatment with chloroquine, an inhibitor of lysosomal degradation, strongly increases the
amount of immuno-reactive apoB in the liver endothelial cells at 30 minutes, as is shown at
the light microscopic level by an indirect immuno-peroxidase staining technique (Fig. 7). At
the electron microscopic level, treatment with chloroquine results in an increase in the size
of the relatively electron lucent structures and a concomitant increase in the amount of apoB
as evidenced by immuno-histochemical detection, while only few electron dense structures
are noticed to contain immuno-label (not shown). The increase of immuno-staining for apoB
at the light microscopic level confirms that the lysosomal degradation of Ac-LDL is delayed
by chloroquine. This is also in accordance with studies by Hornick et al. (22) and
Kleinherenbrink-Stins et al. (23), who examined the effect of chloroquine on degradation in
liver parenchymal and Kupffer cells. It is, therefore, suggested that the electron dense
structures are lysosomes which represent the final destination for Ac-LDL as a particle.
Whether the relatively electron lucent vesicles should be considered as late-endosomal or
early-lysosomal structures is still a matter of debate, since previous reports showed that
lysosomal enzymes can be transported to lysosomes via endosomes as also demonstrated for
cathepsin D in HEPG?2 cells (38).

As we found ultrastructurally similar structures of liver endothelial cells to be involved
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Figure 8. Fluorescence microscopy of rat liver following simultaneous administration of Dil-Ac-LDL (a) and
DiO-0x-LDL (b). Ox-LDL is predominantly associated with Kupffer cells (large arrows) while Ac-LDL is
predominantly associated with liver endothelial cells (large arrowheads). Inside the endothelial cells Ox-LDL
is always noticed together with Ac-LDL (small arrows), while some structures only contain Ac-LDL (small
arrowheads). When DiO-Ac-LDL and Dil-Ox-LDL were applied the reverse was noticed (not shown), indicating
that the applied fluorescent dye was responsible for this apparent difference. S = sinusoid. Bars = 20 um.

in the processing of Ac-LDL and Ox-LDL (10), we evaluated whether actually the same
intracellular pathway is utilized by both ligands. Simultaneous administration of Dil-Ac-LDL
and DiO-Ox-LDL clearly demonstrates the difference between the cell types involved,
showing DiO-fluorescence to be predominantly localized in Kupffer cells and Dil-
fluorescence mainly in endothelial cells (Fig. 8), which is in accordance with earlier
biochemical data (4). In endothelial cells, DiO, representing Ox-LDL, is always co-localized
with Dil, representing Ac-LDL. In addition, single labeled organelles only contained dye
representing Ac-LDL. Labeling of Ox-LDL and Ac-LDL with Dil and DiO in the reverse
way, showed Ox-LDL and Ac-LDL to be associated with Kupffer and endothelial cells
similarly to described above. In the liver endothelial cells, Ox-LDL and Ac-LDL are
predominantly co-localized. Single labeled organelles appeared only to contain Dil-Ox-LDL,
which is probably related to the relative brightness of the fluorescent probes used, since the
above described reverse labeling demonstrated single labeled organelles to contain Dil-Ac-
LDL. It is therefore assumed that Ox-LDL and Ac-LDL are processed via the same
intracellular pathway by the liver endothelial cells.

In conclusion the scavenger receptor-mediated processing of modified low density
lipoproteins by rat liver endothelial cells involves four morphologically distinguishable stages
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1) coated vesicles 2) large electron lucent vesicles 3) relatively electron lucent structures
representing CURL and 4) electron dense structures, representing a highly effective catabolic
route for modified lipoproteins, sustaining the important role of the liver endothelial cells in
the protection against circulating atherogenic lipoproteins.
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Summary

Beta-migrating very low density lipoproteins (8-VLDL) are atherogenic lipoproteins, which
accumulate in the plasma of cholesterol-fed animals and patients with type III
hyperlipoproteinemia. 8-VLDL is predominantly taken up from blood in rats by a lactoferrin
inhibitable binding site on liver parenchymal cells, presumably the remnant receptor. In the
present study we visualized the in vivo interaction of 8-VLDL with the parenchymal cells,
the possible involvement of endogenous apolipoprotein E (apoE), and the mechanism of
inhibition by lactoferrin.

To study the interaction of 8-VLDL with the liver, fluorescently labeled rat 8-VLDL was
injected into untreated rats in the absence or presence of lactoferrin. The localization of
lactoferrin and apoE was examined by immuno-histochemical light and electron microscopy.
The specificity of inhibition of the remnant receptor by lactoferrin was evaluated by studying
its effect in control and in estradiol-treated rats, which show enhanced LDL receptor
expression.

B-VLDL shows an avid interaction with parenchymal liver cells of control and estradiol-
treated rats, as observed by fluorescence microscopy and by immuno-electron microscopy.
Intracellular concentration of fluorescence around the bile canaliculi in the parenchymal cells
of control rats was followed by perisinusoidal lipid accumulation. Pre-injection of lactoferrin
blocked the interaction of 8-VLDL with the parenchymal cells of control liver, but not in
estradiol-treated rats. Immuno-localization of lactoferrin and apoE showed that lactoferrin
binds to the parenchymal cell membrane without affecting the amount and localization of
endogenous apoE. .

These data show that the initial binding and subsequent uptake of 3-VLDL by rat liver
parenchymal cells is independent of endogenous plasma membrane bound apoE, and can be
blocked by lactoferrin. Furthermore, since no effect of lactoferrin is noticeable on the LDL
receptor-mediated uptake of 3-VLDL in estradiol-treated rats it is concluded that lactoferrin
and B-VLDL compete for the same binding site, presumably the remnant receptor.

Introduction

Beta-migrating very low density lipoproteins are cholesterol enriched lipoproteins which
accumulate in the plasma of cholesterol fed animals and patients with type III
hyperlipoproteinemia (1-3). Upon injection into rats, 8-VLDL is rapidly cleared from the
blood by the liver, and the liver parenchymal cells are predominantly responsible for this
uptake (4,5).

The essential component for recognition of lipoprotein remnants by liver cells has
previously been shown to be apolipoprotein E (apoE) (6). Two distinct receptors, the LDL
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(apo B/E) receptor and the remnant (apoE) receptor, have been described to be able to bind
apoE containing lipoproteins like §-VLDL (7-9). In rats, parenchymal cells hardly express
active LDL receptors (10,11), and previously obtained biochemical data (9) indicated that an
LDL receptor-independent pathway, presumably the remnant receptor, is responsible for the
parenchymal cell uptake of 8-VLDL in the rat. The in vivo interaction of 8-VLDL with rat
liver parenchymal cells can be blocked by lactoferrin (12). The structural resemblance of the
N-terminal domain of lactoferrin with the arginine rich LDL receptor binding sequence of
apoE (13) suggests that this sequence is an essential component for liver recognition.
Recently it was suggested, that apoE associated with VLDL remnants is not sufficient for an
interaction with the liver, but that additional apoE, present on the microvilli of the
parenchymal cells is necessary for binding and subsequent endocytosis (14). From these data,
it might be speculated that lactoferrin blocks the liver uptake of S-VLDL by replacing the
endogenous apoE on the microvilli.

LDL receptor expression in rat liver can be induced by treating rats with pharmacological
doses of 17a-ethinyl estradiol (EE), wherewith the amount of LDL receptors on the
parenchymal cells is selectively upregulated 17 fold (15,16), without affecting the remnant
receptor expression (17). A comparison of the interaction of 8-VLDL with livers from
estradiol-treated rats vs control rats will allow a direct comparison of the in vivo properties
of the LDL receptor with those of the remnant receptor.

In the present study we used a visualization approach in order to study the remnant
receptor-mediated interaction of S-VLDL with rat liver and the possible role of plasma
membrane-bound apoE in the initial binding, while these data were compared with the LDL
receptor-mediated interaction by treating rats with estradiol. Furthermore, the mechanism of
inhibition of B-VLDL interaction with rat liver by lactoferrin was investigated by visualizing
the lactoferrin binding, studying its effect upon the localization of endogenous apoE and
analyzing the effect of excess lactoferrin on the binding and uptake of 8-VLDL.

Materials and Methods

B-VLDL isolation and labeling

For isolation of 8-VLDL, male wistar rats (200-220 g) were maintained on a cholesterol
rich chow for 14 days, that included 2% cholesterol, 5% olive oil, and 0.5% cholic acid
(Hope Farms, Woerden, The Netherlands). Rats were fasted for 18 h and blood was collected
by punction of the abdominal aorta. 8-VLDL (d < 1.006 g/ml) was isolated from the pooled
plasma plus 1 mM EDTA by density gradient centrifugation according to Redgrave et al. (30)
as described in Ref. 5. The isolated lipoprotein fraction was routinely checked for its
electrophoretic mobility on agarose gel, and appeared as a single band with B-mobility in
agreement with previous data (5). 8-VLDL was labeled with 1,1’ dioctadecyl 3,3,3’,3’
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tetramethyl indocarbocyanine perchlorate (Dil) (Molecular Probes, Eugene, OR) according
to Pitas et al. (31). The density of the Dil and lipoprotein mixture was subsequently raised
to 1.21, and the lipoproteins were re-isolated according to the above described procedure.

Animals and perfusion studies

For the visualisation studies on the in vivo binding and internalisation of fluorescently
labeled 8-VLDL, 3-month-old male Wag/Rij rats (200-250 g) were used. When indicated,
rats were pretreated subcutaneously with 5 mg/kg of body weight of estradiol dissolved in
propylene glycol for 3 successive days as previously described (22). Plasma samples were
drawn for determination of cholesterol before and during estradiol-treatment. Low levels of
cholesterol (0.15 3 0.05 mg/ml) were detected after estradiol-treatment in comparison to the
values before (0.70 + 0.08 mg/ml), similar to previously reported (22), and in agreement
with previous biochemical and morphological data (15,16,22), which indicated a strong
increase in the amount of LDL receptors on the plasma membrane of the liver parenchymal
cells.

Dil-3-VLDL (50 pg/ml plasma) was injected into the vena cava inferior or vena jugularis
of untreated and estradiol-treated, overnight fasted rats under halothane anaesthesia, and was
allowed to circulate for 2, 10, 20 and 45 minutes. Body temperature was kept at 35°C by
alamp. When indicated lactoferrin (Serva, Heidelberg, Germany) was injected 1 minute prior
to the lipoproteins, or without subsequent administration of 8-VLDL in a concentration of
70 mg/kg bodyweight, similar to previously reported (12). At the described circulation time,
rat livers were rinsed shortly with phosphate-buffered saline (1 minute), and subsequently
fixed with 4% paraformaldehyde (PF) and 0.1% glutaraldehyde (GA) in phosphate-buffered -
saline (PBS) by in siru perfusion via the portal vein for 10 minutes. Fixed liver tissue was
stored in 2% PF in PBS at 4°C.

General histology

Part of the liver, which was used for morphological examination was dissected, and 200 um
sections were postfixed in 1% OsO, in 0.15 M sodium cacodylate buffer for 45 minutes,
dehydrated in a graded series of ethanol and embedded in epon. Semithin and ultrathin
sections were stained or contrasted, respectively with toluidine blue, and uranyl acetate and
lead citrate according to standard procedures.

Fluorescence microscopy

Liver tissue that was used for fluorescent examination was following fixation dissected, and
200 pm vibratome slices were embedded in 2.3 M sucrose in PBS, overnight. Small pieces
of liver tissue were placed on specimen holders and frozen in liquid nitrogen. Semithin
cryosections (1-1.5 um) were cut using a Reichert FC-4D Ultracut cryomicrotome at a
temperature of -100°C. Sections were placed on a glass cover slip, and after being mounted
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with glycerol viewed with a Leitz ortholux microscope with a standard set of excitation and
emission filters used for TRITC, to localize the Dil-fluorescence.

Immuno-histochemistry

Antibodies. Antiserum against rat apolipoprotein E, raised in goat, was kindly donated by Dr.
P. Roheim (Louisiana State University, New Orleans, USA). The antibody was tested for
cross-reactivity with other lipoproteins using the double radial immuno-diffusion method as
described by Crowle (32). The antibody showed a strong reactivity with rat 8-VLDL, and
no reaétivity with human VLDL, LDL, HDL and lipoprotein deficient serum (not shown).
IgG fraction against human lactoferrin, raised in rabbit, was obtained from Sigma (St. Louis,
MO, USA). Gold-conjugated antibodies (6 nm) were obtained from Aurion (Wageningen,
The Netherlands), and peroxidase-conjugated antibodies from Dakopatts (ITK diagnostics,
The Netherlands). Rabbit anti-goat immunoglobulins (RAG) were purchased from Nordic
(Tilburg, The Netherlands), and protein A-gold (10 nm) was obtained from Janssen Life
Sciences Products (Beerse, Belgium). For the immuno-labeling procedure antisera were
diluted in PBS containing 0.1% gelatin, 0.5% BSA and 0.1% Tween 20. The dilutions used
were: goat anti-apoE, 1:2000 fold; rabbit anti-lactoferrin, 1:1000; RAG, 1:5000; Goat anti-
rabbit IgG gold (6 nm), 1:30; Swine anti-rabbit Peroxidase, 1:50; protein A-gold (10 nm),
1:50. For the washing steps the same medium was used unless otherwise indicated.

Light microscopy. Semithin cryosections were incubated with 0.05 M glycine in PBS pH 7.4,
washed, incubated with 10% non-immune goat serum, followed by incubation with the
primary antibody, washed, incubated with antibody coupled to HRP, washed, washed again
with aqua dest and after administration of the substrate DAB with H,0,, the interaction with
the enzym resulted in a brown polymerized product of DAB. When the primary antibody was
omitted from the procedure and non-immune rabbit serum was used instead, no reaction
product of DAB was detectable, demonstrating the reaction product to be specific for the
used primary antibodies and no aspecific or endogenous peroxidatic activity to be present.

Electron microscopy. Ultrathin cryosections (0.1 um) were incubated similar to semithin
cryosections. To detect primary antibodies, rabbit anti-goat antibodies, and subsequently
colloidal gold-conjugated antibodies were used. Sections were washed, washed again with
aqua dest, and stained with uranylacetate and covered with tylose according to Tokuyasu
(33). In case of a double-labeling procedure, the first antibody (goat anti-apoE) was detected,
following RAG incubation with an antibody coupled to colloidal gold particles (6 nm),
washed, incubated with an excess protein A (Pharmacia, Uppsala, Sweden), before
incubating with the second primary antibody (rabbit anti-lactoferrin) and final detection with
protein A-gold (10 nm), as described by Slot et al. (34). In control sections, non-immune
goat or rabbit serum was used instead of the primary antibodies. This provoked a random
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distribution of only very few gold particles over the sections.
Ultrathin sections were examined in a Philips EM 410 electron microscope.

Results

In vivo binding and internalization of 8-VLDL

Two minutes following the injection of Dil-3-VLDL into untreated rats, fluorescence is
concentrated around sinusoids, in the portal region of the liver lobules (Fig. 1a). At 10 and
20 minutes after administration, Dil is present around sinusoids in portal as well as in central
areas, and at the latter time, some fluorescence is also noticeable inside parenchymal cells,
in the portal regions (Fig. 1b). At 45 minutes after administration, fluorescence is
concentrated mainly inside the parenchymal cells in portal as well as in central areas of the
liver lobules, while, in the central areas, low amounts of fluorescence are still present around
the sinusoids (Fig. 1c). Intracellular fluorescence is localized as bright spots around bile
canaliculi. Besides parenchymal cells, Kupffer cells, as recognized by their preferential
localization in periportal areas inside the sinusoids, also contain Dil-fluorescence at the
indicated time points (Figs. 1a-c).

Histological examination of the morphology of toluidine blue stained sections of the rat
livers, shows that 8-VLDL administration has a remarkable effect on the lipid content of the
parenchymal cells. In comparison to control liver (Fig. 2a), an increase in the number of
lipid vacuoles was noticed already at 20, and more clearly at 45 minutes after injection of
B-VLDL (Fig. 2b). Ultrastructural examination of the epon-embedded liver tissue showed
that the lipid droplets are situated inside the parenchymal cells closely to the sinusoid (Fig.
2¢), distinct from the light microscopic pericanalicular concentration of Dil-fluorescence
described above. However, around the bile canaliculi more frequently electron dense
structures were noticed following 8-VLDL administration (Fig. 2c).

Similar experiments performed in estradiol-treated rats show that 2, 20 and 45 minutes
after the administration of Dil-8-VLDL, fluorescence is concentrated around sinusoids in
portal as well as in central areas of the liver lobules (Fig. 3). Relatively lower amounts of
fluorescence are found inside the parenchymal cells in comparison to what was observed in
the untreated rats, particularly at 45 minutes after injection of 8-VLDL (Fig. 3c). Kupffer
cells contained fluorescence at all time points studied (Fig. 3a-c), with no noticeable
difference between control livers and livers from estradiol-treated rats.

Histological examination of the estradiol-treated rat livers at the light and electron
microscopic level showed neither a perisinusoidal lipid accumulation nor an increase of
electron dense structures around bile canaliculi in the parenchymal cells at any time point
after 8-VLDL administration (not shown).
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Figure 1. Fluorescence microscopy of rat liver at 2 (a), 20 (b), and 45 (c) minutes after intravenous injection
of Dil-3-VLDL. Fluorescence is mainly concentrated around periportal sinusoids 2 minutes after injection of
Dil-3-VLDL (a), while at 20 minutes after injection, fluorescence is also present around pericentral sinusoids
(b). Concentration of fluorescence inside parenchymal cells is noticed predominantly in periportal regions
(arrowheads), at both 20 and 45 minutes after administration of 3-VLDL (b,c). Kupffer cells (arrows) also
contain Dil-fluorescence (a-c). PA = portal area, CA = central area. Bars = 25 um.

Figure 2. Micrographs of semi- and ultrathin epon sections of control liver (a) and liver 45 minutes after 8-
VLDL administration (b,c). Following 8-VLDL administration an increase in the number of perisinusoidal lipid
vacuoles is noticed (arrows), as is most evident in the central regions of the liver lobules (compare a to b).
Some of the lipid vacuoles appear empty in Fig. 2b due to extraction, especially in central areas of the liver
(arrowheads). Note the presence of significant numbers of electron dense structures (arrowheads) around the
bile canaliculi, and of perisinusoidal lipid droplets (L) in Fig. 2c, some of which are extracted (magnification:
5500x). CV = central vein, BC = bile canaliculus. Bars = 35 pm.
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Figure 3. Fluorescence microscopy of liver of
estradiol-treated rats at 2 (a), 20 (b), and 45 (c¢)
minutes after Dil-G-VLDL administration.
Fluorescence is localized predominantly around
the sinusoids, both in portal and in central areas
of the liver (a-c). In comparison to untreated rats
(Fig. 1c), small amounts of Dil-fluorescence
accumulate intracellularly (arrowheads) in the
parenchymal cells (c). Kupffer cells contain Dil-
fluorescence at all time intervals studied
(arrows). PA = portal area, CA = central area.
Bars = 25 um.

Immuno-electron microscopic localization of apolipoprotein E
A prominent localization of endogenous apoE is found at the microvilli of parenchymal cells
(Fig. 4a), in agreement with earlier data published by Hamilton et al. (14). In addition,
immuno-label is demonstrated intracellularly in Golgi stacks, multi-vesicular bodies (Fig. 4b),
and peroxisomes (Fig. 4b, inset) of parenchymal cells, as also described by Hamilton et al.
(14). N

Injection of 8-VLDL in untreated rats provoked a strong increase in the amount of
immuno-reactive apoE in the space of Disse, from two minutes after injection upto 45
minutes after injection (Table 1). This increase in apoE immuno-label is less prominent for
central regions at the 2 minute time interval, and for portal regions at the 45 minute time
interval (Table 1). In addition to immuno-label associated with the microvilli of the
parenchymal cells, a strong association with electron lucent roundish particles, with a
diameter of 35-60 nm, is found (Fig. 4c). For reason that these structures are found in large
amounts only in rats that were injected with 8-VLDL, it is reasonable to assume that these
structures represent 3-VLDL particles containing apoE.
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Figure 4. Immuno-labeling with anti-apoE on an ultrathin cryosection of control liver tissue (A,B), and liver
tissue 10 minutes after injection of 3-VLDL (C). Immuno-gold is associated with microvilli of parenchymal cells
(A), with the golgi-apparatus (GA), and multi-vesicular bodies (MVB) (B), and with peroxisomes (P) (B-inset).
Following injection of §-VLDL strongly increased amounts of immuno-label, representing apoE, are found on
microvilli in the space of Disse, predominantly associated with lipoprotein-like particles (arrowheads) (C). Bars
= 0,1 um.
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Table 1. Apolipoprotein E presence in the space of Disse under the experimental conditions indicated.

time after untreated rats estradiol-treated rats
8-VLDL — lactoferrin + lactoferrin — lactoferrin + lactoferrin
injection PA CA PA/CA PA CA PA/CA

0 min + + + + + +

2 min +++ + + +++ +++ +++
10 min +++ +++ + +++ +++ +++
20 min +++ +++ + +++ +++ +++
45 min + +++ + +++ +++ +++

Representation of the amount of apoE immuno-label present in the space of Disse, following 8-VLDL
administration in the absence or presence of lactoferrin, in control and estradiol treated rats. Semi-quantitative
evaluation was done on immuno-stained ultrathin cryosections by TEM. + = The amount of immuno-gold as
represented by Fig. 4a, showing relatively low amounts of immuno-label associated with microvilli. +++ =
The amount of immuno-gold as represented by Fig. 4c, associated with microvilli, but predominantly with 8-
VLDL particles. PA = portal area, CA = central area.

Estradiol-treatment of rats does not lead to a different localization of immuno-label for
endogenous apoE. Notably, the amount of immuno-label present in the space of Disse did
not change (Table 1). Following injection of 3-VLDL into estradiol-treated animals, a strong
increase in the amount of apoE-immuno-label in the space of Disse is noticed (Table 1). Gold
label is associated with microvilli and 8-VLDL particles, in portal and central areas of the
liver lobules, at all time intervals studied (Table 1).

Influence of lactoferrin administration

Immuno-histochemical detection of lactoferrin at the light microscopic level in the liver of
untreated and estradiol-treated rats demonstrates that lactoferrin is present around all
sinusoids, bound to the parenchymal cells from the 2 minute time point onwards, at least up
to 45 minutes after injection of lactoferrin (Fig. 5A). At 45 minutes after injection, small
amounts of lactoferrin are localized also intracellularly in parenchymal cells, in portal as well
as in central areas, mainly around the bile canaliculi (Fig. 5A). No other liver cell types
showed any specific reaction product.

Injection of lactoferrin does not influence the amount and localization of endogenous apoE
in the liver, neither in the untreated nor in the estradiol-treated rats. Notably, the amount of
apoE present in the space of Disse was unaffected (Fig. SB-C).

Injection of lactoferrin 1 minute prior to Dil-8-VLDL administration into untreated rats,
has a clearcut effect on the amount of fluorescence present in the liver, and a change in
relative involvement of the cell types with which 8-VLDL becomes associated is particularly
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Figure 5. Immuno-histochemical detection of lactoferrin (A) and electron microscopic immuno-detection of
endogenous apoE (B,C) in liver of untreated (A,B) and estradiol-treated rats (C), all at 45 minutes after the
injection of lactoferrin. Lactoferrin is abundantly present in the space of Disse (large arrowheads), but
intracellularly only in low amounts (arrowheads) (A; magnification: 450x). Similar amounts of immuno-label
representing immuno-reactive apoE are noticed in the space of Disse in untreated and estradiol-treated rats
(B,C), and in liver of rats not injected with lactoferrin (c.f. Fig. 4a). Bars = 0,1 um.

Figure 6. Fluorescence microscopy and histology of liver tissue of untreated (A,B) and estradiol-treated rats
(C), at 20 minutes after injection of Dil-3-VLDL and lactoferrin. No fluorescence is associated with paren-
chymal cells of untreated rats, while Kupffer cells (arrows) show an avid interaction with Dil-3-VLDL (A,
compare to Fig. 1b). No accumulation of lipid in parenchymal cells is noticed in central areas (B). Pre-injection
of lactoferrin does not alter the localization of Dil-fluorescence in parenchymal and Kupffer cells (arrows) of
estradiol-treated rats (C, compare to Fig. 3b). PV = portal vein, CV = central vein. Bars = 25 pm.

evident. No fluorescence is found to be associated with the parenchymal cells at any of the
time points studied up to 45 minutes (Fig. 6A). In contrast, Kupffer cells do contain
fluorescence, which even seems to be somewhat increased as compared to the same time
points in rats which have not been pre-injected with lactoferrin (Fig. 6A). The histological
changes in lipid content (Fig. 6B), and the accumulation of electron dense structures around
the bile canaliculi of the parenchymal cells, as described for untreated rats, were prevented
by pre-injection of lactoferrin. Lactoferrin administration prior to B-VLDL injection in
untreated animals diminished the amount of apoE in the space of Disse to a similar amount
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and localization as found in livers of rats not injected with 3-VLDL, at all the time intervals
studied (Table 1).

In the estradiol treated rats, no alteration in the fluorescent pattern was observed
following administration of lactoferrin 1 minute prior to Dil-3-VLDL: fluorescence is mainly
concentrated at the sinusoidal surface of the parenchymal cells and also present in Kupffer
cells at all time intervals studied (Fig. 6C). Pre-injection of lactoferrin into estradiol-treated
rats did not affect the localization of apoE, nor did it affect the amount of apoE immuno-
label in the space of Disse compared to estradiol-treated rats, which were injected only with
B-VLDL (Table 1).

Figure 7. Electron micrographs of ultrathin cryosections of liver tissue of untreated (A) and estradiol-treated
rats (B), at 10 minutes following the administration of lactoferrin (A) and of 3-VLDL and lactoferrin (B).
Double-labeling experiments detecting apoE (6 nm gold) and lactoferrin (10 nm gold) show apoE to be present
in the space of Disse associated with microvilli (A,B) and 3-VLDL particles (B, arrowheads), while lactoferrin
is noticed in the space of Disse along the sinusoidal plasma membrane of the parenchymal cells. No specific
relation between the localization of lactoferrin and apoE is noticed, whether 3-VLDL was injected (B) or not
(A). Bar = 0,1 pm.

Double-labeling experiments, after injection of lactoferrin, showed that lactoferrin and
endogenous apoE are present in the space of Disse, randomly distributed along the sinusoidal
membrane of the parenchymal cells in untreated (Fig. 7A), as well as in estradiol-treated rats
(not shown). The mutual distance of the gold particles representing lactoferrin and those
representing apoE does not point to a specific relation between these two labeled components.
Detection of lactoferrin and apoE following injection of lactoferrin and 3-VLDL, showed in
untreated rats a similar random distribution along the sinusoidal membrane of the
parenchymal cells of both ligands as described above. In estradiol-treated rats, administration
of B8-VLDL following lactoferrin injection, provoked a clear increase in the amount of apoE-
immuno-label in the space of Disse (Fig. 7B), at all the time points studied similar to the
single-labeling results (Table 1). Lactoferrin-immuno-label showed no specific association
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with the 8-VLDL particles, and was localized randomly along the plasma membrane of the
parenchymal cells, without any relation to apoE (Fig. 7B).

Discussion

Fluorescently labeled 8-VLDL is used in this study to examine the interaction of 8-VLDL
with rat liver in vivo. The relative proportion of the remnant and the LDL receptor in the
interaction of liver with 8-VLDL could be modulated by lactoferrin administration and by
estradiol-treatment of rats. In untreated rats pre-injection of lactoferrin inhibited specifically
the interaction of fluorescently labeled 8-VLDL with the liver parenchymal cells and not with
the Kupffer cells, in agreement with previously reported biochemical data (12). Immuno-
localization of lactoferrin in the space of Disse up to 45 minutes after injection, suggests that
the blockade of the interaction of 3-VLDL with the parenchymal cells by lactoferrin is caused
by its persistent presence at the plasma membrane. Such slow internalization is in agreement
with previous biochemical data that showed that lactoferrin is internalized and degraded only
slowly by the liver (13). As the interaction of 8-VLDL with the parenchymal cells in the
estradiol-treated animals could not be blocked by lactoferrin, it can be concluded that
lactoferrin acts on a recognition system different from the LDL receptor. These data add to
previous biochemical data which suggested 8-VLDL to interact in rat liver with an LDL
receptor-independent binding site, presumably the remnant receptor (5,9).

When Dil-8-VLDL is used to identify the remnant receptor localization, it appears that
the remnant receptor is present in portal as well as in central areas of the liver lobules. This
localization is in agreement with previous autoradiography data of Jones et al. (18), who
showed that VLDL remnants and chylomicron remnants are evenly distributed over the liver
lobules in the space of Disse at 3 minutes after injection. However, the observed differences
in the presence of fluorescence in the space of Disse between portal and central areas (Fig.
1), strongly suggest that the remnant receptor preferentially binds and internalizes 8-VLDL
in portal areas of the liver lobules.

Internalization of Dil-3-VLDL and subsequent pericanalicular accumulation of
fluorescence are consistent with other data that showed Dil to be retained within the
lysosomes (19). Also, our electron microscopic observations that showed an increase in
electron dense vesicles around the bile canaliculi following 8-VLDL administration confirm
this notion (Fig. 2c). Uptake of 8-VLDL was also followed by an accumulation of lipid in
the parenchymal cells (Fig. 2). The fact that the fluorescence accumulates at a different site
than the lipid may indicate that re-allocation of lipid, i.e. hydrolysis and re-esterification,
forms part of the processing route of 8-VLDL by parenchymal cells. The lipid accumulation
is not a long lasting effect of 8-VLDL administration, as can be concluded from a pilot
experiment that showed that 24 hours after injection no such accumulation is present
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anymore.

Internalization of B-VLDL in estradiol-treated rats appears to happen more slowly than
in control animals as no morphological changes (lipid accumulation) were noticed, and the
localization of fluorescence did not change as rapidly as in the untreated rats between 2 and
45 minutes after injection (Fig. 3). These differences indicate that, in estradiol-treated rats,
B-VLDL binds predominantly to the induced LDL receptor, as was previously suggested also
for chylomicron remnants (20). The fact that lactoferrin is not an effective competitor for 8-
VLDL interaction in the estradiol-treated rats, sustains this notion. Other studies, in which
B-VLDL was labeled with iodine, demonstrated that in estradiol-treated rats the protein part
of the B-VLDL is cleared from the blood (21), and internalized, as shown by cell
fractionation studies, as rapidly as LDL (8). In previous work we observed that Dil-LDL,
which was administered to estradiol-treated rats, in similar amounts, on protein base, as 8-
VLDL, is internalized as rapidly by the parenchymal cells (22) as noticed in the present study
for B-VLDL in the untreated rats. Previous autoradiography data showed the same for '*I-
VLDL remnants (18), and 'ZI-8-VLDL (20) in comparison to '*I-LDL. Although 8-VLDL
and LDL bind mainly to the same receptor in estradiol-treated rats, they are apparently
processed differently. Recent reports by Tabas et al. (23,24) also show differences in
intracellular processing of LDL and 8-VLDL after binding to the LDL receptor on peritoneal
macrophages. It has been suggested that particle size and multiple apoE-receptor interactions
may influence the intracellular processing (23,24).

ApoE is generally accepted to be of major importance in the receptor-mediated interaction
of lipoprotein remnants with the rat liver (6,25,26). Until recently most attention was focused
on the apoE which is associated with the particles, particularly its conformation, and its
amount relative to apolipoprotein C (27-29). The morphological observation of Hamilton et
al. (14) who showed that a major part of endogenous apoE is localized at the microvilli of
the parenchymal cells, without being associated with lipoprotein particles, allowed
speculations on the role of this microvilli associated apoE. They suggested that apoE binds
to hepatic receptors, heparan sulfate, or hepatic lipase, thereby facilitating binding and
subsequent endocytosis of VLDL remnants (14). In our study we addressed whether the
lactoferrin blockade of remnant receptor mediated lipoprotein uptake would be the
consequence of a) replacing apoE on the microvilli, thereby reducing the amount of
endogenous apoE at this site or b) binding to, or in close proximity of endogenous apoE,
thereby hampering the interaction of 8-VLDL with the endogenous apoE. However, since
lactoferrin has no effect on the amount and localization of endogenous apoE, and since no
indication was obtained for any co-localization of lactoferrin and apoE, it is likely that
lactoferrin competes directly with 8-VLDL for binding to the remnant receptor. Furthermore,
it can be concluded that plasma membrane-bound endogenous apoE is not involved in the
initial binding of 8-VLDL to rat liver parenchymal cells.

It is concluded that the morphological characterization of the interaction of 8-VLDL with
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the liver strengthens the biochemical evidence that, in control rats, 8-VLDL does bind to a
receptor which is distinct from the LDL receptor induced in estradiol-treated rats. Both the
initial binding, which is predominantly in portal areas, and the internalization and
intracellular processing, indicate that differences exist between the remnant receptor and LDL
receptor-mediated interaction. The interaction of lactoferrin with liver parenchymal cells on
sites different from the localization of endogenous apoE and without any direct interference
with apoE suggests endogenous apoE not to be involved in the initial binding of §-VLDL.
The specific ability of lactoferrin to block the binding of 8-VLDL in control rats does
confirm that a binding site, which is different from the LDL receptor, presumably the
remnant receptor is responsible for the initial recognition and subsequent endocytosis of 8-
VLDL in the rat liver.
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Summary

The interaction of 8-VLDL with human liver cells was visualized in ex situ perfused liver
tissue by fluorescence microscopy and immuno-histochemistry. The participation of remnant
and LDL receptors in the binding of 8-VLDL was examined by competition experiments
using excess lactoferrin, a specific inhibitor of the remnant receptor, and high concentrations
of LDL, respectively.

During perfusion, 8-VLDL becomes predominantly associated with parenchymal cells and
to a lower extent with Kupffer cells. Simultaneous addition of lactoferrin and LDL to the
perfusion medium resulted in a strong inhibition of the association of B-VLDL with
parenchymal cells, in contrast to the addition of lactoferrin or LDL alone, suggesting that
both the LDL and remnant receptor must be blocked for an effective inhibition of the 8-
VLDL association with the human liver parenchymal cells. Immuno-staining for LDL
receptors showed that parenchymal cells do express LDL receptors, although the amount of
immuno-staining varied considerably between the different donors. Immuno-localization of
the administered lactoferrin demonstrated that this ligand bound predominantly to the
parenchymal cells, indicating a cell-specific binding site.

These results demonstrate that in the human situation 8-VLDL is able to interact with
human liver parenchymal cells by binding to LDL and remnant receptors. The fluctuation in
LDL receptor expression on the parenchymal cells and the noticed competition with binding
of B-VLDL to this receptor by physiological concentrations of LDL, suggests that remnant
receptor activity in human liver is very important for the uptake of circulating 8-VLDL,
especially under high LDL conditions.

Introduction

Beta-migrating very low density lipoproteins (3-VLDL) are cholesterol enriched lipoproteins
which accumulate in the plasma of cholesterol fed animals and patients with type III
hyperlipoproteinemia (1,2). Upon injection into rats, 8-VLDL is rapidly cleared from the
blood by the liver, mainly by the action of the liver parenchymal cells, and to some extent
by Kupffer cells (3).

Two distinct receptors, the low density lipoprotein (LDL) receptor and the remnant
receptor, both recognizing apolipoprotein E (apoE), are able to bind 8-VLDL (4,5). In rat,
the expression of active LDL receptors on the liver parenchymal cells is low (6), and, in
vitro data indicate that an excess of LDL is not able to block the interaction of 8-VLDL with
the parenchymal cells (3). It is therefore concluded that the uptake of 8-VLDL in rats is
predominantly mediated by the remnant receptor.

To identify remnant receptor-mediated processes, lactoferrin has been utilized (7).
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Lactoferrin is a glycoprotein with a similar amino acid sequence as the cellular recognition
site of apoE (8). Lactoferrin competes with 8-VLDL and chylomicron remnants for the
binding site on rat liver parenchymal cells (7), while lactoferrin has recently been
demonstrated to block the interaction of apoE enriched 8-VLDL with the LDL receptor-
related protein (LRP)/a,-macroglobulin receptor on nitrocellulose blot (9). LRP is abundantly
present in the liver and has been suggested to function as remnant receptor (10). Since the
liver cell interaction of B-VLDL in estradiol-treated rats, which show a cell specific up-
regulation of LDL receptors on the liver parenchymal cells, was not affected by lactoferrin,
the inhibitory effect of lactoferrin is indicated to be receptor-specific (7). This is confirmed
by findings of Huettinger et al. (11) who demonstrated that lactoferrin was not able to inhibit
the interaction of chylomicron remnants with human skin fibroblasts, described to possess
functional remnant- as well as LDL receptors. In a recent study (12) we showed, by a
morphological approach, that in rat liver lactoferrin binds to the plasma membrane of the
parenchymal cells, thereby specifically blocking the interaction of S-VLDL with the
parenchymal cells, while the 3-VLDL interaction with the Kupffer cells was not affected.

In human liver both LDL- and remnant receptor activity, are expected to be expressed
on parenchymal cells (13,14). The amount of LDL receptors was demonstrated to vary highly
between individuals, probably by differences in genetic background, hormone status and lipid
content of the diet (13). The presence of remnant receptor activity in human liver was
indicated by the unchanged capacity to clear chylomicron remnants in patients with familial
hypercholesterolemia, a disease which is characterized by the absence of LDL receptor
activity and high LDL blood levels (14).

In the present study we used a visualization approach in order to study the ex situ
interaction of 8-VLDL with human liver cells. The involvement of LDL receptors in the
binding of 8-VLDL was examined by analyzing the effect of an excess of LDL, while the
potential role of the remnant receptor was searched for by analysis of an additional effect of
lactoferrin.

Materials and Methods
Matzerials
Human serum albumin (HSA) was purchased from Sigma (St. Louis, MO, USA). Gelatin
and glycine were obtained from Merck (Darmstadt, Germany). Dulbecco’s DMEM was
obtained from Flow Laboratories (Irvine, UK) and 1,1’ dioctadecyl 3,3,3°,3’ tetramethyl
indocarbocyanine perchlorate (Dil) was obtained from Molecular Probes (Eugene, OR).

Lipoprotein isolation and labeling
For isolation of 8-VLDL, male wistar rats (200-220 g) were maintained on a cholesterol rich
chow for 14 days, that included 2% cholesterol, 5% olive oil, and 0.5% cholic acid (Hope
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Farms, Woerden, The Netherlands). 3-VLDL (d < 1.006 g/ml) was isolated from the pooled
plasma by density gradient centrifugation as described in detail in Ref. 3. The isolated
lipoprotein fraction was routinely checked, and appeared as a single band with 8-mobility on
agarose gel. 8-VLDL was labeled with Dil (Molecular Probes, Eugene, OR) as described in
detail in ref. 12. LDL (density between 1.024 and 1.055 g/ml) was isolated from human
plasma plus ImM EDTA by density gradient centrifugation, and, before use, dialysed against
phosphate-buffered saline (PBS) containing 10 uM EDTA (13).

Human tissue processing

Human liver tissue (n = 5, 3 female, 2 male, age between 46 and 72) was obtained from
patients undergoing partial hepatic resection for liver tumors (Academic Medical Centre and
Anthonie van Leeuwenhoek Hospital, Amsterdam, The Netherlands) under protocol of the
Medical Ethical Commission. Tissue blocks were used for perfusion experiments within four
hours after resection; during this period liver tissue was preserved at 4°C. Fluorescently
labeled B-VLDL (10 ug/ml DMEM containing 1% HSA) was perfused (10 ml/min) through
the pieces of liver via a portal vein for 10 minutes at 37°C, in the absence or presence of
400 pg/ml lactoferrin and/or of 180 pg/ml LDL. The liver pieces were shortly rinsed by
perfusion with PBS and fixed with 4% paraformaldehyde (PF) and 0,1% glutaraldehyde (GA)
in PBS for 12 minutes. Control tissue was rinsed with only PBS and subsequently fixed
according to the above procedure. After fixation liver tissue was stored in 2% PF in PBS at
4°C.

Liver tissue, which was used for morphological examination was dissected, and postfixed
in OsO,, dehydrated in a graded series of ethanol and embedded in epon according to
standard procedures. Semithin sections were stained with toluidine blue (Merck, Darmstadt,
Germany) and examined by a Zeiss light microscope. Ultrathin sections were contrasted with
uranyl acetate and lead citrate, and examined in a Philips EM 410 electron microscope.

Liver tissue that was used for fluorescence microscopy was embedded in 2.3 M sucrose
in PBS, overnight. Semithin cryosections (1-1.5 um) were cut using a Reichert FC-4D
Ultracut cryomicrotome, placed on glass cover slips, and after being mounted with glycerol
viewed with a Leitz ortholux microscope (Leica, Rijswijk, The Netherlands) with a standard
set of excitation and emission filters used for TRITC, to localize the Dil-fluorescence.

Immuno-histochemistry

Antiserum against rat apolipoprotein E, raised in goat, was kindly donated by Dr. P. Roheim
(Louisiana State University, New Orleans, USA). A strong reactivity of the antibody with
rat 8-VLDL was noticed by double radial immuno-diffusion, while no reactivity with human
VLDL, LDL, HDL and lipoprotein deficient serum was present (not shown). The IgG
fraction of an antiserum against human lactoferrin, raised in rabbit, was obtained from Sigma
(St. Louis, MO, USA). Chicken antibodies against the LDL receptor were kindly donated
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by Dr. P. Kroon (Merck Institute NJ, USA). Specificity of the chicken antibody has been
described by Kleinherenbrink-Stins et al. (13).

Cryosections (1-1.5 um), or cryostatsections (6 um) of unfixed liquid N, frozen tissue,
were incubated according to routine immuno-histochemical procedures as described in more
detail in refs. 12 and 13 to localize respectively apoE, lactoferrin and the LDL receptor.
Antibodies conjugated to peroxidase or alkaline phosphatase, purchased from Dakopatts (ITK
diagnostics, The Netherlands), were used in combination with respectively diaminobenzidine
(Sigma, St. Louis, MO, USA) and Fast red (Merck, Darmstadt, Germany) for immuno-
staining. In control experiments the primary antibody was omitted from the procedure and
non-immune serum was used instead.

Results
Morphology
To study the tissue preservation of the human livers, plastic embedded tissue was examined
by light and electron microscopy. As demonstrated in Fig. la parenchymal, Kupffer and
endothelial cells were clearly recognizable at the light microscopical level. Some

parenchymal cells only stained faintly with toluidine blue due to loss of material, indicating
severe cell damage. Electron microscopic evaluation of the liver tissue demonstrated that cell-
cell contacts of parenchymal cells and organelles like nuclei, RER and lysosomes were
generally well preserved (Fig. 1b). No changes in cell morphology or histology were noticed
after perfusion of the liver tissue blocks with 8-VLDL, LDL or lactoferrin.

Figure 1. Micrographs of semithin (a) and ultrathin (b) sections of epon embedded human liver tissue. (a)
Parenchymal (large arrowhead), Kupffer (small arrowhead) and endothelial cells (arrow) are easily recognizable.
(b) Ultrastructural examination shows that the tissue is well preserved as evidenced by cell-cell contacts between
the parenchymal celis (P) and by the appearance of nuclei (N), rough endoplasmatic reticulum (ER) and
lysosomes (L). K = Kupffer cell, F = fat-storing cell, S = sinusoid. bars = 4 um.
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Figure 2. Immuno-labeling with antibodies against apoE (a) and fluorescence microscopy (b) of semithin
cryosections after Dil-G-VLDL perfusion. Immuno-label and fluorescence are present around sinusoids (S) and
in recesses between parenchymal cells (arrows). Some association of immuno-label and fluorescence is noticed
with Kupffer cells (large arrowheads). Some autofluorescence is evident in parenchymal cells (small arrowheads)
bars = 10 um.

Figure 3. Immuno-labeling with antibodies against apoE (a,b,c) and fluorescence microscopy (d) of semithin
cryosections after Dil-G-VLDL perfusion in the presence of respectively excess lactoferrin (a), LDL (b), or
lactoferrin and LDL (c,d). Addition of LDL or lactoferrin to the perfusion medium does not affect the
perisinusoidal presence (arrows) of B-VLDL (a,b) in comparison to Fig. 2, while simultaneous addition shows
a marked decrease of the parenchymal cell interaction of 3-VLDL, while the interaction with Kupffer cells
(arrowheads) is not affected or even slightly increased (c,d). S = sinusoid. bars = 10 um.
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Cellular distribution of 8-VLDL

Localization of Dil-labeled 8-VLDL by immuno-histochemistry, or by fluorescence
microscopy showed a similar cell distribution and localization of 8-VLDL (Fig. 2). 8-VLDL
was present around sinusoids of portal and central areas of the liver lobules and in recesses
between adjacent parenchymal cells. Some immuno-staining and fluorescence was associated
with Kupffer cells (Fig. 2). No immuno-staining of endothelial cells was evident. No staining
of liver tissue was noticed following immuno-staining of control tissue (not perfused with 8-
VLDL), or after control incubation with non-immune serum. Some autofluorescence inside
parenchymal cells, representing lipid, was noticed by fluorescence microscopy in accordance
to previous data (13).

Nature of recognition of 8-VLDL

Localization of 8-VLDL by immuno-histochemistry or by fluorescence microscopy after
perfusion in the presence of excess lactoferrin (Fig. 3a) or LDL (Fig. 3b) showed no
significant differences in the amount or cellular localization of 8-VLDL, in comparison to
livers only perfused with 8-VLDL (Fig. 2). Immuno-label and fluorescence (not shown) were
predominantly localized perisinusoidally, in recesses between parenchymal cells and to some
extend associated with Kupffer cells. However, if both lactoferrin and LDL were present in
the perfusion medium, the amount of 8-VLDL associated with the parenchymal cells was
strongly diminished as evidenced in Figs. 3c and 3d, while the Kupffer cell interaction
seemed comparable or even slightly increased in comparison to liver tissue only perfused
with 8-VLDL.

Immuno-localization of lactoferrin after perfusion, demonstrated a clear perisinusoidal
localization (Fig. 4). Immuno-staining present between adjacent parenchymal cells indicates
that lactoferrin binds to the parenchymal cells. Occasionally,individual parenchymal cells
were diffusely stained, indicating that the permeability of the cell had changed, probably due
to severe cell damage. Small amounts of immuno-label were associated with Kupffer and
endothelial liver cells. Liver tissue perfused only with 8-VLDL did not show any immuno-
staining for lactoferrin.

Immuno-localization of the LDL receptor in the different donor livers demonstrated that
both Kupffer and parenchymal cells express LDL receptors. In accordance to previous data
(13) the amount of immuno-label associated with the parenchymal cells fluctuated between
the individual livers, although staining at the plasma membrane was always present (Fig. 5).

Discussion

B-VLDL is shown in the present study to interact with parenchymal and Kupffer cells of the
human liver, very similarly as previously described for rat liver (12). In rat, parenchymal
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Figure 4. Immuno-localization of lactoferrin after perfusion on semithin cryosection. Lactoferrin is present
around sinusoids and between adjacent parenchymal cells (arrows). Occasionally parenchymal cells were
diffusely stained due to severe cell damage (small arrowheads). Note the small amount of lactoferrin associated
with Kupffer cells (large arrowheads). S = sinusoid. bars = 10 um.

Figure 5. Immuno-labeling with antibodies against the LDL receptor of a cryostat (6 um) section. LDL
receptors are noticed perisinusoidally (arrows). S = sinusoid. bars = 5 pm.

cells are responsible for about 95% of the total liver uptake of 3-VLDL, while Kupffer cells
contribute for about 4% to the liver uptake (3,7). Even this relative low contribution allows
the Kupffer cell interaction in the rat to be visualized, since the Kupffer cells only represent
2,1% of the total liver protein mass leading to a 2 fold higher specific activity than for
parenchymal cells (92,5% of liver protein). Based upon the similar amount of fluorescence
and immuno-label, noticed in Kupffer vs. parenchymal cells for human liver and rat liver
(12), it is conceivable that also in human liver, parenchymal cells will internalize the
majority of circulating 8-VLDL, while Kupffer cells only contribute to a minor extend to the
liver uptake.

In principle both the tentative remnant receptor and LDL receptor are able to bind 8-
VLDL (4,5). In contrast to rat liver (7,12), it is found that lactoferrin does not block the 8-
VLDL association to parenchymal cells. Also an excess of LDL, in order to block the LDL
receptor, did not affect the interaction of B-VLDL with parenchymal cells. Since
simultaneous administration of lactoferrin and an excess of LDL prevented the binding of 8-
VLDL to the parenchymal cells, it is conceivable that both the LDL receptor and a second
receptor inhibitable by lactoferrin (the remnant receptor) are involved in 8-VLDL binding.
Lactoferrin bound predominantly to the plasma membrane of the parenchymal cells in the
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human livers indicating that indeed a specific recognition site on human parenchymal cells
was present for this ligand, a similar finding as in rats. In estradiol-treated rats, which show
enhanced expression of LDL receptors on parenchymal cells, lactoferrin is not able to inhibit
the B-VLDL interaction with parenchymal cells (12), as the effect of lactoferrin is specific
for the remnant receptor (7,11). These findings are in agreement with the data with human
livers, because parenchymal cells always stained for LDL receptors.

Although in rat preferential binding of 8-VLDL to LDL receptors was noticed (12,15),
the physiological relevance of the LDL receptor in the uptake of 8-VLDL in human liver is
not certain, since recent data demonstrated that in vitro remnant receptor-mediated uptake of
B-VLDL by human parenchymal cells leads to a complete down regulation of LDL receptor
expression (16). The high fluctuation in the amount of LDL receptors and the inhibition of
the interaction of B-VLDL with parenchymal cells by physiological concentrations of LDL
further indicates that the remnant receptor activity in human liver, as evident from our
findings, is important to protect the body against circulating 8-VLDL particles, especially
under conditions that LDL receptors are down-regulated or possibly blocked by an excess
of circulating LDL.
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Summary

Intravenously injected rat pancreas bile salt-stimulated cholesterol esterase, serving as a
model for the secreted enzyme either from the liver or the pancreas, is associated in rat
serum with the high density lipoproteins. The enzyme is rapidly taken up by the liver and
after ten minutes a maximal uptake of 46.8 + 2.5% is observed. Besides the liver bones
adsorbed a considerable amount of activity (20.3 + 1.9% at 10 min and 31.4 + 2.3% at 30
min). No clear function for the presence of the enzyme associated with bones was found. In
the liver, the enzyme is subsequently degraded to trichloroacetic acid soluble activity. No
significant activity is found in the bile (6% in 72 hours). The Kupffer cells are found to be
the most active liver cells in the uptake of the esterase (77.4 1+ 0.9 of the liver associated
activity). In vivo morphological studies using antibodies specific for the enzyme show that
the endogenous enzyme is strongly present on Kupffer cells, mainly localized at the plasma
membrane. Besides on Kupffer cells, in parenchymatl cells, light microscopical studies show
that the enzyme is present in the cytosolic fraction.

We conclude that the bile salt-stimulated cholesterol esterase in rat serum is associated
with the high density lipoproteins and that the liver is the major site of uptake of circulating
enzyme. Kupffer cells and parenchymal cells play an important role in the metabolism of the
bile salt-stimulated cholesterol esterase. Light microscopical studies show that, the esterase
in Kupffer cells is mainly localized at the membrane compartment while the esterase in
parenchymal cells is mainly localized in the cytosolic compartment. The Kupffer cells are
the major site of uptake and catabolism of circulating bile salt-stimulated cholesterol esterase
in vivo.

Introduction

Excess of intracellular cholesterol can be esterified by the enzyme acylcoenzym A:cholesterol
acyl transferase and stored at the site of esterification, the membrane of the endoplasmic
reticulum, or in the cytoplasm as lipid droplets (1). Inside the liver cholesteryl esters can be
utilized for lipoprotein biosynthesis or converted to free cholesterol by a cholesteryl ester
hydrolase which may be coupled to conversion to bile acids. A neutral cholesterol esterase,
located in the endoplasmic reticulum (2), is thereby essential. In addition to a neutral
cholesterol esterase, localized in the endoplasmic reticulum, another neutral cholesterol
esterase, localized in the cytosol is described (3). This cholesterol esterase requires
millimolar concentrations of cholate or taurocholate for activity. The function of this bile
salt-stimulated cholesterol esterase in the rat liver, which is identical to the rat bile salt-
dependent cholesterol esterase as found in the pancreas (4,5), is unknown. The enzyme
activity appears to be highly variable among homogenates from the livers of individual rats
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and it was first proposed that the enzyme found in the liver might be due to pancreatic
enzyme that had been taken up by the liver (4). Recent studies indicate the presence of
mRNA corresponding to the cDNA for rat pancreatic enzyme in liver (6). Furthermore, liver
mRNA could be translated in bile salt-stimulated cholesterol esterase activity in Xenopus
oocytes (7). Synthesis of this enzyme maybe coupled to a secretory pathway as Winkler and
Harrison (8) found that the liver hepatoma cell line HEPG2 did secrete the esterase. In
addition, they showed that the enzyme is also released from rat liver in a perfusion system,

The fate of the enzyme, either secreted from liver or the pancreas, is unknown and its
possible role accelerating either selective cholesteryl ester delivery from HDL, or HDL
cholesteryl ester hydrolysis is an important option. In the present study we describe the
localization of endogenous cholesterol esterase and the possible association of the
recombinant bile-salt stimulated cholesterol esterase with lipoproteins and its subsequent fate
in the body.

Materials and Methods

Materials

Nycodenz was obtained from Nycomed, Oslo, Norway. Collagenase type I and bovine serum
albumin (BSA; fraction V) were purchased from Sigma, St. Louis, U.S.A. Na'”] (carrier
free) in NaOH was purchased from Amersham International, Amersham, Bucks, U.K.
Pronase was obtained from Boehringer Mannheim, Germany. All other chemicals were
analytical grade.

Throughout this study 12-week old male Wistar rats were used.

Methods, enzyme preparation

Recombinant rat pancreatic cholesterol esterase was prepared as described by Kissel et al.
(6). Iodination of the cholesterol esterase was performed using the iodogen method (9), the
lyophilized enzyme was taken up in a 10 mM Tris/HCI buffer, pH 8.3 and incubated for 15
min. at room temperature with I (carrier free) in NaOH. The preparation was extensively
dialysed against phosphate-buffered saline, tested for esterase activity and stored at -20°C.
Because it is known that the enzyme is unstable (8,10), we checked its integrity before every
experiment. Only enzyme preparations with less than 3% of the radioactivity present as
trichloroacetic soluble were applied.

Determination of the association of the bile salt stimulated cholesterol esterase with serum
lipoproteins in vitro

The radiolabeled esterase was incubated for 5 min. at 37°C with either rat serum, human
serum, LDL, HDL, albumin or phosphate-buffered saline and subjected to agarose

95



electrophoresis according to the method of Demacker (11), using HDL and LDL as
standards. The agarose plate was dried by a stream of hot air and subjected to
autoradiography.

In vivo serum clearance and liver association

Male Wistar rats (approximately 250 gram) were anaesthetized by intraperitoneal injection
of approximately 30 mg of sodium pentobarbital. The abdomen was opened and 100 ug of
radiolabeled ligand was injected into the inferior vena cava at the level of the renal veins.
Blood sampling and excising of liver lobules were performed at the indicated times as
described before (12).

Determination of association to liver cells

Rats were anaesthetized and injected with the radiolabeled ligand. At the indicated times after
injection, parenchymal, endothelial and Kupffer cells were separated by collagenase perfusion
(collagenase type I), followed by differential centrifugation and counterflow centrifugal
elutriation at 4°C as described in detail elsewhere (13). The contributions of the different
liver cell types to the total hepatic uptake of the injected ligands were calculated with the
assumption that parenchymal, endothelial and Kupffer cells account for 92.5, 3.3 and 2.5%
of the total liver protein mass, respectively (14).

Tissue distribution

Rats were anaesthetized and injected with the radiolabeled ligand. After 10 or 30 minutes rats
were sacrificed and the individual tissues were weighed and counted for radioactivity and
corrected for the contribution of blood to the total counts as described earlier (14).

Preparation of cholesterol esterase antibodies

Purified porcine cholesterol esterase (250 ug), was injected, subcutaneously, into a New
Zealand White rabbit at two-weeks intervals, as described by Camulli et al. (5). Blood was
collected from the ear vein and the IgG fraction was isolated from the blood serum by
affinity chromatography on a protein A-agarose column and stored at -70°C until use. Serum
and IgG-fractions were tested against the porcine cholesterol esterase, crude rat liver material
and rat serum in double-radial immuno-diffusion experiments and immuno-blotting
experiments. These experiments showed no cross-reactivity with other proteins.

Light microscopical studies

Rat liver was perfused for 10 minutes with 4% PBS buffered paraformaldehyde at room
temperature and stored in the same solution. Fixed liver tissue samples were immersed with
2.3. M sucrose, frozen in liquid nitrogen. Semithin cryosections (1 pM) were cut on a
Reichert FC 4 cryomicrotome. Sections were immuno-labeled, mounted with entellan and
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viewed on a Zeiss light microscope as described before (15).

Immuno-labeling procedure

The antibodies were diluted in PBS containing 0.1% gelatin, 0.5% BSA and 0.1% Tween
20. Mouse anti-rabbit IgG was labeled with the indirect alkaline phosphatase-anti-alkaline
phosphatase (APAAP) method as described by Cordell et al. (16). In short, samples were
incubated with the first antibody, rabbit anti bile salt-stimulated cholesterol esterase (dilution
1:100), rinsed, incubated with mouse anti-rabbit IgG (dilution 1:150), rinsed, incubated with
rabbit anti-mouse IgG (dilution 1:150), rinsed and incubated with the APAAP complex
(dilution 1:100) and developed in 1mM Naphthol A.S.M.X. phosphate in 0.1 M TRIS, pH
8.2. Endogenous alkaline phosphatase activity was inhibited by including 1 mM Levamisole
in the developer solution. Control incubations in which the primary antibody was omitted and
non-immune rabbit serum was used instead, demonstrated that no reaction product was
present.

Bile sampling

Bile was collected from unrestrained rats as reported previously (17). Rats received tap water
and standard chow ad libitum. Rats were equipped with permanent catheters in the bile duct,
the duodenum and the heart. In order to maintain an intact enterohepatic circulation, the bile
duct and duodenum catheters were connected immediately after surgery. Rats were allowed
to recover for 1 week. Iodinated bile salt-stimulated cholesterol esterase was introduced via
the heart catheter. The bile duct catheter was then connected to a fraction collector and bile
was collected for 72 h. Bile samples were counted for radioactivity.

Protein determination
Protein was determined according to Lowry et al. (18) with BSA as standard.

Results

Determination of the association of the bile salt-stimulated cholesterol esterase with serum
lipoproteins in vitro
The interaction of the bile salt-stimulated cholesterol esterase with serum fractions was
investigated by incubating the radiolabeled esterase for 5 min. at 37°C with either rat serum,
human serum, LDL, HDL or phosphate-buffered saline, followed by agarose electrophoresis.
Figure 1 shows that upon incubation with rat serum, the enzyme becomes mainly
associated with the HDL-fraction. Since in rats the predominant lipoprotein is HDL, we used
also human serum to study the enzymes preference for particular lipoproteins (Fig. 1). Upon
incubation with human serum the enzyme associate with the larger lipoproteins and not with
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Figure 1. The interaction of the bile salt-stimulated cholesterol esterase with serum fractions. The cholesterol
esterase was incubated for 5 min. at 37°C with either rat serum, human serum, LDL, HDL, albumin or
phosphate-buffered saline and subjected to agarose electrophoresis and autoradiography.

serum albumin. When both LDL and HDL are present, the enzym is mainly attached to the
LDL-fraction. The esterase alone (PBS) did not migrate into the agarose gel. The cholesterol
esterase appears however to be loosely bound to the lipoproteins, because upon isolation of
the lipoprotein fractions by ultracentrifugation, the enzym is solely found in the lipoprotein-
deficient fraction (not shown).

Serum decay and liver uptake

Upon injection of the bile salt-stimulated cholesterol esterase in the rat, the enzym is very
rapidly cleared from the circulation (Fig. 2). Five minutes after injection only 35 + 1.6%
of the activity is still present in the serum. The liver uptake is also very rapid and at ten
minutes a maximal uptake of 46.8 4+ 2.5% of the injected dose was observed, after which
the trichloroacetic acid (TCA) precipitable radioactivity disappeared gradually. At 45 minutes
still 15% of the precipitable radioactivity was present in the liver. The inset shows that the
disappearance of the trichloroacetic acid precipitable radioactivity is accompanied by an
increase in TCA-soluble radioactivity, indicative for degradation of the enzyme.

Intrahepatic cellular distribution of the bile salt-stimulated cholesterol esterase in the liver
In order to identify the cell type(s) responsible for uptake in the liver, rats were injected with
the radiolabeled enzym, and parenchymal, Kupffer and endothelial cells were isolated from
the at liver ten minutes after injection. The cell isolation procedure was performed at a low
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Figure 2. Serum decay and
liver uptake of iodinated bile
salt-stimulated cholesterol
esterase. Rats were injected
with radiolabeled bile salt-
stimulated cholesterol esterase,
at a dose of 40 pg protein/kg
body weight. At the indicated
times, radioactivity in serum
(©) and liver (®) were deter-
mined. The radioactivity in the
liver was corrected for the
activity present in blood. The
inset shows the amount of
TCA-soluble radioactivity
recovered in the liver. Values
are means + standard errors of
three rats.

Figure 3. Distribution of radiolabeled
bile salt-stimulated cholesterol esterase
between parenchymal, endothelial and
Kupffer cells from rat liver. Rats were
injected with '>I-bile salt-stimulated
cholesterol esterase at a dose of 40
ug/kg body weight. Ten minutes after
injection, parenchymal, endothelial and
Kupffer cells were isolated, and the
association of radioactivity to each cell
type was determined. The association is
expressed as percentage of the total liver
uptake. Values are means + standard
errors of three rats.

temperature in order to prevent degradation of the ligand. The results as shown in Fig. 3
indicate that the Kupffer cells were mainly responsible for the liver uptake of the esterase.
Taking into account the relative contribution of each cell type to the total liver, it can be
calculated that 77.4 + 0.9 of the liver associated esterase can be ascribed to Kupffer cells.
The remaining 22.6% is found in the parenchymal cells (14.1 + 2.8%) and the endothelial

cells (8.6 +

1.9%).

To investigate whether the labeled bile salt-stimulated cholesterol esterase was released
during the initial 8" perfusion, we collected the perfusate in 3 ml fractions. During the
perfusion only 1.5% of the injected radiolabel could be recovered in the perfusate.
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Figure 4. Visualization of bile salt-stimulated cholesterol esterase. Cryosections of livers from rats were labeled
with antibodies raised against porcine bile salt-stimulated cholesterol esterase and visualized using the indirect
alkaline phosphatase-anti-alkaline phosphatase (APAAP) method as described by Cordell et al. (15). Kupffer
cells are indicated with the large arrowheads. Perisinusoidal immuno-staining is indicated with arrows. The
nuclei of parenchymal cells are indicated with small arrowheads. PV: portal vein. The inset shows a control
incubations in which the primary antibody was omitted and non-immune rabbit serum was used instead.

In vivo visualization of bile salt-stimulated cholesterol esterase
To establish the cellular and intracellular localization of the endogenous bile salt-stimulated
cholesterol esterase, we used antibodies specific for porcine bile salt-stimulated cholesterol
esterase in combination with an indirect immuno-staining technique. As represented in Fig.
4, immuno-staining of the bile salt-stimulated cholesterol esterase is strongly positive with
Kupffer cells (large arrows), mainly at the plasma membrane.

Immuno-staining is also found perisinusoidal, although at a variable amount in different
rat livers (n = 11). Since the perisinusoidal staining is only noticed nearby the sinusoidal

100



CHAPTER 7

Figure 5. Tissue distribution of intra-
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lumen, and never between adjacent parenchymal cells, it is likely that the staining is due to
the presence of the bile salt-stimulated cholesterol esterase on the liver endothelial cells.

Although immuno-staining for the enzym in the parenchymal cells was also variable
between the livers studied, a significant amount was always found diffusely localized over
the cytosol of the parenchymal cells with exclusion of the nuclei. The inset in Fig. 4 shows
a control incubation in which the primary antibody was omitted and non-immune rabbit
serum was used instead. It is shown that no reaction product was present.

Tissue distribution of the bile salt-stimulated esterase in the rat in vivo
In addition to the liver also other organs may contribute to the serum uptake of the enzyme.
To investigate quantitatively the uptake by other organs and tissues, the distribution of
labeled bile salt-stimulated cholesterol esterase over a large number of tissues was determined
at 10 and 30 min after injection. Figure 5 shows that besides the liver, a considerable amount
of activity (20.3 + 1.9% at 10 min and 31.4 4+ 2.3% at 30 min after injection of the ligand)
becomes associated with bones. Lungs, kidney, skin and muscles were responsible for the
remainder. The recovery was at 10 min was 105.2 + 5.5% and at 30 min 103.9 + 4.1%
of the injected dose.

The association to the bones was not specific to any site in the body as the radioactivity
of bones recovered from various parts of the rat (18.8 + 2.2%) showed no significant
deviation from the value given above (20.3 + 1.9%).

Transport of iodinated bile salt-stimulated esterase to the bile

In order to investigate the possible transport of bile salt-dependent cholesterol esterase into
the bile, rats were equipped with permanent catheters in the bile duct, duodenum and heart.
The secretion of biliary radioactivity expressed as percentage of the injected dose/10 min is
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low and radioactivity is mainly present in the form of trichloroacetic acid soluble activity (see
inset Fig. 6). In the first hour after administration 1.34% of the injected activity was found
in the bile. As shown in Fig. 6, in which the secretion is expressed as percentage of the
injected dose/hour, after the first hour the secretion of activity in the bile decreased and 72
hours after injection only 6% of the injected dose was recovered in the bile.

Figure 6, Biliary accumulation
of 'PI-bile salt-stimulated
cholesterol esterase activity
during 72 hours after injection.
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Discussion

To investigate the fate of the bile salt-stimulated cholesterol esterase released from the
pancreas or the liver in the bloodstream, we followed its fate after intravenous injection into
the rat. In serum, enzym is associated with lipoproteins which can be explained by its lipid
interfacial binding site (6,10). In rat serum, the esterase is mainly associated with the high
density lipoprotein, the predominant lipoprotein in this species. However, if other
lipoproteins are present, like the low density lipoprotein, the enzyme prefers this lipoprotein.
This phenomenon is probably due to the surface composition of the lipoproteins (3,19,20).
After isolation of lipoproteins with ultracentrifugation techniques (21), the esterase was found
in the lipoprotein depleted fraction, indicating that it is only loosely bound to lipoprotein (not
shown).

Upon injection of the bile salt-stimulated cholesterol esterase in the rat, irrespective of
its association to lipoproteins, the enzyme is very rapidly cleared from the circulation which
is mainly explained by an avid interaction with the liver. At ten minutes after injection a
maximal liver uptake is observed, after which the liver-associated trichloroacetic acid (TCA)
precipitable radioactivity disappeared gradually. The disappearance of the trichloroacetic acid
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precipitable radioactivity from the liver can be explained by degradation of the ligand to
TCA-soluble radioactivity. A preincubation of the esterase with HDL prior to injection in the
rat had no effect on the serum decay and liver uptake (not shown) indicating that association
with the liver involves a site with higher affinity than the adsorption of the esterase to the
high density lipoprotein. The Kupffer cells were found to be the most active liver cells in the
uptake of the esterase. Using a low temperature isolation procedure in order to prevent
degradation of the ligand, we found that 77.4 + 0.9% of the associated esterase is attached
to the Kupffer cells.

The cellular localization of endogenous bile salt-stimulated cholesterol esterase in the
liver, was studied by using a morphological approach, in cryosections of the livers of eleven
individual rats. In all rat livers a strong immuno-staining is seen to be associated with
Kupffer cells, mainly localized at the plasma membrane. We also found a variable
perisinusoidal staining. Since the perisinusoidal staining is only noticed nearby the sinusoidal
lumen, and never between adjacent parenchymal cells, it can be suggested that the variable
staining is due to the variable presence of the enzym on the liver endothelial cells. The
immuno-staining as found in parenchymal cells was also variable between the livers of
individual rats. The localization in the parenchymal cells, is probably the cytosolic fraction
of the cell, since immuno-label was diffusely localized over the cytosol of the parenchymal
cells with exclusion of the nuclei. This localization of the enzyme would be in agreement
with the assumption that the bile salt-dependent cholesterol esterase is synthesized and
secreted from the liver parenchymal cell. Because Winkler et al. (8) showed that esterase
activity is released from the liver in a perfusion model, we investigated whether the radio-
labeled bile salt-stimulated cholesterol esterase which became associated to the liver could
be subsequently released during perfusion. Only 1.5% of the injected dose could be
recovered in the perfusate. This indicates that the esterase activity which is released by the
liver (Winkler et al.) may indeed originate from synthesis by the parenchymal cells, rather
then from esterase reversibly attached to the Kupffer cells. Furthermore, these data suggests
that the rate of synthesis and subsequent release of the esterase from rat liver cells may be
even greater than found by Winkler et al. since part of the secreted esterase maybe trapped
(and degraded) by Kupffer cells, especially if the esterase is released in the periportal area
of the liver.

To obtain a complete view of the sites of uptake of the injected esterase, we investigated
the uptake of the bile salt-stimulated cholesterol esterase by other rat organs and tissues and
the possible secretion into the bile. We found that besides the liver, bones, a negatively
charged matrix, took up a considerable amount of activity (20.3 + 1.9% at 10 min and 31.4
+ 2.3% at 30 min after injection of the ligand). The uptake by bones was defined by taking
into account the contribution of the radioactivity from bones recovered from various parts
of the rat (n = 5). It is possible that this high uptake is due to the positive charge of the
domain at amino acid residues 61-66 of the enzym which fits the charge distribution of the
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consensus heparin-binding domain (6,10). The negatively charged proteoglycans present in
bone may account for this adsorption. The function of the bile salt-stimulated cholesterol
esterase adsorbed by bones is not clear but might give a new insight in the significance of
the release of the enzym by the liver. Lungs, kidney, and muscles were responsible for most
of the remaining activity. Only 6% of the injected radioactivity was recovered in the bile
after 72 hours, mainly in the form of trichloroacetic acid soluble activity.

The data presented in this paper provide further evidence for the dual involvement of the
liver in the metabolism of the bile salt-stimulated cholesterol esterase. Kupffer cells are the
major site of uptake and catabolism of circulating bile salt-stimulated cholesterol esterase in
vivo while the presence of the enzym in the cytosolic compartment of the parenchymal cells
may represent newly synthesized enzym.
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Chapter 8

General Discussion and Conclusions

The experimental results presented in this thesis will be discussed with the emphasis on
respectively, the visualization techniques that were used, the uptake and processing of
modified LDL and 8-VLDL by the liver, and the role of HDL in reverse cholesterol
transport and the involvement of cholesteryl ester hydrolase in the selective uptake of
cholesteryl esters from HDL by the liver.

8.1 Visualization techniques

The microscopical techniques which were used in this thesis can be divided into three

categories;

1) standard plastic embedding and staining techniques for an adequate morphological
description of the liver tissue,

2) a specific staining technique to study the internalization mechanisms of the various liver
cell types, and

3) techniques for visualization of the lipoproteins.

Standard plastic, embedded and stained liver tissue was taken to study tissue preservation
using light and electron microscopy. Human liver needed special attention because of the
long period (up to 4 hours) between the moment of resection and the experimental use of the
tissue (chapters 2 and 6). Severely damaged tissue, as evidenced by the loss of organization
of the liver, or by the loss of integrity of the parenchymal cells, was excluded from the
analysis. Examination of the plastic embedded human tissue also allowed the detection of
minor abnormalities, like the widening of the space of Disse and the presence of blebs in the
sinusoids.

Furthermore, evaluation of the plastic embedded tissue contributed to the understanding
of the lipoprotein processing in the liver. At the light microscopical level, a significant
increase in the amount of lipid vacuoles was noticed in rat liver parenchymal cells following
B-VLDL administration (chapter 5). This increase is in agreement with biochemical data
which demonstrated the predominant role of this cell type in the uptake of 8-VLDL (1). At
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the electron microscopical level, besides an increase in the amount of extra-lysosomal lipid
vacuoles, a concomitant increase in lysosomal structures was noticed in the parenchymal
cells. The increase in the amount of lysosomal structures in the parenchymal cells is in
accordance with previous biochemical data which demonstrated that 8-VLDL is processed
by parenchymal cells via a route which involves the lysosomes (1). The morphological
changes in the liver after 8-VLDL administration, therefore, not only confirmed which cell
type is involved in the uptake of this lipoprotein, but also indicated that re-allocation of lipid,
i.e. hydrolysis and re-esterification, forms part of the processing route of 3-VLDL. by the
parenchymal cells. '

A special staining technique was used to study the internalization mechanisms of the
various liver cells. En bloc staining of liver tissue with ruthenium red leads to a selective
contrasting of plasma membranes which are in direct contact with the extracellular space.
Internalization mechanisms are therefore more easily definable. Endothelial liver cells can
internalize compounds via 1) coated vesicle formation, and 2) by so-called macropinocytosis
which is characterized by internalization of large areas of plasma membrane, leading to the
formation of macropinocytotic vesicles (2). Ruthenium red staining of endothelial cells
demonstrated that coated pits and coated vesicles which, in cross-sections, appeared
completely surrounded by cytoplasm, were in contact with the extracellular space (chapter
4). This latter finding is in accordance with previous data of Pastan and Willingham (3), who
demonstrated that coated vesicles can be connected to the extracellular space by long necks
ranging in size up to 1 um. Since no engulfment of large areas of plasma membrane was
noticed and macropinocytotic vesicles were never stained by ruthenium red, macropinocytotic
vesicles probably arise from a different mechanism as will be discussed in 8.2.

Kupffer cells contain 4 different structures involved in internalization 1) coated vesicles
2) worm-like structures, 3) pinocytotic vesicles with a fuzzy coat at the inside of the
membrane and 4) pseudopodia involved in phagocytosis (2). Ruthenium red staining of
Kupffer cells showed that besides plasma membrane extensions, coated pits and coated
vesicles, tubular structures and vacuoles at the periphery of the cell body were contrasted.
The connections noticed between the tubular structures and the vacuoles, both stained with
ruthenium red, and the number of stained structures in the cell periphery indicated that these
structures should not be considered separately, but rather as a specialized area of the Kupffer
cell. The results of chapter 2 demonstrate that these complex membrane foldings of the
Kupffer cells are involved in the internalization of oxidized LDL.

To allow the actual detection of lipoproteins, apoB and apoE were visualized by immuno-
histochemistry on semithin and ultrathin cryosections. Light microscopical localization of the
apolipoproteins indicated the cell types involved in the lipoprotein uptake. Localization of the
lipoproteins by electron microscopy at subsequent time points after administration
demonstrated which structures were involved in the actual uptake, like coated vesicles, and
in processing, like endosomes and lysosomes.
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Application of this technique also indicated whether lipoproteins were degraded and how
fast, based on the concomitant loss of the antigenicity of the protein part of the lipoproteins.
For example, pre-injection of chloroquine, an inhibitor of lysosomal degradation, led at 30
minutes after injection of Ac-LDL to a clear increase in the amount of apoB immuno-staining
in the liver endothelial cells (chapter 4). This suggests lysosomal processing, in accordance
with biochemical data obtained with isolated cells in suspension, which demonstrated a high
capacity for lysosomal degradation of Ac-LDL (4).

Immuno-histochemistry offered additional advantages by the use of species-specific
antibodies and the use of antibodies conjugated with gold particles of different sizes.
Interference of immuno-reactive endogenous apolipoproteins with the interpretation of the
uptake and processing of administered lipoproteins could be prevented by the use of species-
specific antibodies and lipoprotein donors and acceptors of different species (chapters 2 and
6). In chapter 5 antibodies coupled to gold particles of 6 and 10 nm were used in a double-
labeling procedure to examine whether administered lactoferrin and endogenous apoE were
localized in close proximity to each other.

An additional advantage of cryomicrotomy is the actual visibility of the lipoprotein
particles at the electron microscopical level due to the negative staining procedure used.
Localization of the negatively stained particles at subsequent time points after injection
indicated their intracellular processing route. In agreement with the lysosomal degradation
of Ac-LDL (4), Ac-LDL particles, as recognized by their size and characteristic roundish
appearance, were observed in several intracellular organelles (as discussed in 8.2), but not
in lysosomes (chapter 4).

A clear localization of apoB and apoE was demonstrated following immuno-histochemical
detection on semi and ultrathin cryosections (chapters 2, 4-6). Besides apolipoproteins this
technique allows the localization of other proteins like the LDL receptor (chapter 6),
cholesteryl ester hydrolase (chapter 7) and lactoferrin (chapters 5 and 6). A satisfactory
preservation of the antigenicity was obtained in combination with a satisfactory ultrastructure.

We also applied a pre-embedding labeling method in which lipoproteins were conjugated
with gold particles before they were injected into rats. This approach allows an electron
microscopical localization of the ligand as described in numerous studies. However,
increasing evidence indicates that the use of colloidal gold can interfere with both receptor
recognition and intracellular processing of lipoproteins (5-7). The increase in size and the
negative charge added to the conjugate may influence the behaviour of the ligand. To
circumvent this problem ultra small gold particles (1 nm) were conjugated with Ac-LDL in
a ratio of 1 gold particle per Ac-LDL particle. This conjugate was compared with "native"
Ac-LDL with respect to cell recognition by in vitro competition experiments and with respect
to intracellular processing by ultrastructural visualization of the intracellular handling in vivo
(chapter 4). Since, the in vivo cell distribution and intracellular processing as well as in vitro
competition studies showed no differences between Ac-LDL and Ac-LDL conjugated with
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1 nm gold particles it is indicated that conjugation with gold particles does not add an
additional modification to Ac-LDL. In comparison to cryomicrotomy this pre-embedding
labeling technique allowed a more vigorous fixation and embedding of the tissue without loss
of detectability of the ligand. The ultrastructural preservation allowed the visualization of
tubular structures in liver endothelial cells which were hardly recognizable in cryosections
(chapter 4). Whether pre-conjugation of ultra small gold particles is also applicable for the
visualization of other lipoprotein subclasses requires further study.

Pre-conjugation of the fluorescent probe Dil to lipoproteins was reported to allow an
adequate light microscopical localization, without interfering with receptor recognition (8).
Since the dye is non-degradable and accumulates in the lysosomal compartment not only a
qualitative description of the cell types involved in the uptake, but also a semi-quantitative
assessment is possible. Examination of the fate of Dil-labeled Ox-LDL showed that Ox-LDL
was predominantly associated with Kupffer cells and to a lesser extent with endothelial cells
(chapter 2). The results in chapter 4 demonstrated that the relative involvement of Kupffer
and endothelial cells in the uptake of Ox-LDL and Ac-LDL, which is predominantly taken
up by the liver endothelial cells, is even more pronounced after simultaneous injection of Ox-
LDL and Ac-LDL labeled with different fluorochromes. Localization of the different
fluorescent probes in endothelial cells allowed speculation about the intracellular pathways
of each ligand. )

Furthermore, incorporation of Dil into 8-VLDL enabled an estimation of the cellular
distribution of remnant receptor activity on basis of the localization of fluorescence. The time
dependency of label in periportal and pericentral areas of the liver lobules clearly contrasted
with the simultaneous appearance of label in periportal and pericentral areas in rats which
were treated with estradiol. Estradiol-treatment selectively upregulates LDL receptors, which
are also capable of interacting with 8-VLDL, leading to the conclusion that a zonal difference
in the activity of the remnant receptor exists.

8.2  Uptake and processing of modified LDL

Modification of LDL causes an important change in the metabolic fate of the particle.
Modification leads to enhanced uptake by macrophages via a scavenger receptor, resulting
in a foamy appearance of the macrophages as also observed in early atherosclerotic lesions
(9). Various modifications of LDL were described including acetylation, malondialdehyde
treatment, and oxidation. Although the physiological relevance of Ac-LDL has always been
disputed, Ac-LDL is a useful ligand to study scavenger receptor-mediated processes. Several
lines of evidence now indicate that oxidation is the (patho)physiologically relevant
modification of LDL. Oxidized LDL is localized in and can be extracted from atherosclerotic
lesions of rabbits and man (10). Furthermore, probucol, an antioxidant, can prevent the
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progression of atherosclerosis in rabbits by limiting the oxidative modification of LDL (11).

Comparison of the in vivo fate of Ac-LDL and Ox-LDL in the rat showed that both were
rapidly cleared from the blood by the liver (12). However, isolation of the various liver cell
types demonstrated that Ox-LDL was predominantly taken up by Kupffer cells, while Ac-
LDL was predominantly taken up by the endothelial cells. In vitro competition experiments
with purified liver cells demonstrated that two receptors are able to bind oxidized LDL. One
receptor which recognizes both Ox-LDL and Ac-LDL is mainly expressed on liver
endothelial cells. A second scavenger receptor, which recognizes Ox-LDL only, is mainly
expressed on Kupffer cells. The accumulation of oxidized LDL in tissue macrophages may
result from aggregation of the particles and subsequent phagocytosis (13, 14). Scavenger
receptor-mediated phagocytosis of aggregated Ox-LDL might also explain the involvement
of the liver macrophages, the Kupffer cells, in the uptake of this ligand.

In chapter 2 it is demonstrated that fluorescent labeled Ox-LDL becomes predominantly
associated with Kupffer cells while some fluorescence was also associated with endothelial
cells in accordance to the biochemical cell distribution observed with *I-Ox-LDL (12).
Immuno-localization of Ox-LDL at 15 seconds after injection, showed that some label was
present inside coated vesicles. However, the major part was associated with lamellipodia and
the sponge-like areas in the cell periphery of the Kupffer cells previously mentioned (8.1).
At later points in time, a shift of immuno-label was noticed, from the cell periphery into the
cell body. It appears that bound ligand was transported into the cell body by movements of
lamellipodia. This internalization mechanism is clearly different from phagocytosis.
Morphological examination of standard embedded and stained liver tissue showed that plasma
membrane extensions and vacuoles in the cell periphery were in continuity with worm-like
structures. We therefore propose that the internalization mechanism involved in the uptake
of Ox-LDL arises from worm-like structures, in agreement with previous suggestions that
worm-like structures represent a pool of spare-membrane (2). Following internalization,
immuno-label representing Ox-LDL was subsequently demonstrated in endosomal and
lysosomal structures in accordance to the previously demonstrated lysosomal directed
pathway of Ox-LDL in Kupffer cells in suspension (12).

Immuno-localization of Ox-LDL in endothelial cells at 15 seconds after injection showed
that Ox-LDL was primarily present in coated pits. The subsequent appearance of immuno-
label in macropinocytotic vesicles suggested that the macropinocytotic structures arise by
fusion from internalized coated vesicles and not by direct invagination of the plasma
membrane. At later points in time immuno-label appeared dispersed over endosomal
structures which were often connected to tubular structures devoid of immuno-label. Studies
by Geuze et al. (15) demonstrated that in liver parenchymal cells, morphologically similar
endosomal structures were present in which uncoupling of receptor and ligand, and
subsequent sorting occurred. The tubular structures are suggested as being involved in the
recycling of the receptors to the plasma membrane. 10 minutes following injection, immuno-

109



label also appears in low amounts in lysosomal structures, indicative of lysosomal
degradation.

Since endothelial cells contribute to the uptake of both Ac-LDL and Ox-LDL and since
two types of scavenger receptors are present on this cell type, we compared the
internalization and processing of Ox-LDL by liver endothelial cells with that of Ac-LDL. At
the electron microscopical level, immuno-localization of both ligands showed that similar
structures were involved in the processing (chapters 2, 4). Using gold-conjugated Ac-LDL
as a ligand, it could be established that at 30 minutes after injection the non-degradable gold
marker strongly accumulated in the lysosomal compartment (chapter 4), which confirmed that
the low amount of immuno-label noticed in the lysosomes reflected degradation of the
modified LDL. Localization of Ox-LDL and Ac-LDL labeled with different fluorescent
probes after simultaneous administration showed that the fluorescent probes appeared at the
same spots, indicating that actually the same intracellular organelles were involved in the
intracellular processing of both ligands in the liver endothelial cells.

The consequences of the involvement of different liver cell types in the uptake of Ox-
LDL and Ac-LDL for the processing of the cholesterol moiety of these particles were studied
(chapter 3). Ox-LDL labeled in its cholesteryl ester moiety was injected into rats which were
permanently equipped with catheters in the heart, duodenum and bile. In vivo, the cholesteryl
esters from [*H]cholesteryl oleate labeled Ox-LDL are taken up rapidly from the circulation
and almost quantitatively recovered in the liver (chapter 3). No differences were noticed in
clearance and liver cell interaction of Ox-LDL labeled in its protein moiety or labeled in its
cholesterol moiety. This indicates that Ox-LDL is internalized as an integral particle. At ten
minutes after injection, unesterified cholesterol was already present in the liver indicating a
rapid hydrolysis of the esterified cholesterol of Ox-LDL. This rapid hydrolysis is in
agreement with the rapid appearance of Ox-LDL in the lysosomes as demonstrated by
immuno-labeling techniques (chapter 2). At 1 h after injection of Ox-LDL the Kupffer cell
associated radioactivity had declined to 32% of the maximal uptake value.

The rapid secretion of radiolabeled bile acids in the bile after injection of Ox-LDL, with
a lag-phase of only 15 minutes, shows that cholesterol is rapidly transported from Kupffer
cells to parenchymal cells. Since the biliary secretion of radioactivity from radiolabeled Ox-
LDL up to 6 hours after injection was much higher than for radiolabeled Ac-LDL, we
postulate that Kupffer cells transport the cholesterol to the parenchymal cells more efficiently
than endothelial cells. Kupffer cells might utilize a more direct route to transport cholesterol
to the parenchymal cells. Morphological examination of tissue used for autoradiography
showed many contact areas between Kupffer cells and parenchymal cells which may enable
such a rapid direct transfer of cholesterol (16).

Immuno-histochemical detection of Ox-LDL and localization of Ox-LDL by fluorescence
microscopy showed that the same cell types and similar structures were involved in the
uptake and processing of Ox-LDL in human liver as in the rat. The very consistent
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fluorescent pattern observed in the different donors which differed in gender, age and health
status, indicates that sufficient amounts of scavenger receptors are expressed on liver Kupffer
and endothelial cells so that an efficient removal of this ligand is assured. It can therefore
be concluded that Kupffer and endothelial liver cells form a highly effective, protective
system against the occurrence of these atherogenic lipoprotein particles in the blood.

8.3  Uptake and processing of 3-VLDL

B-VLDL is considered to be atherogenic, because in vitro, 8-VLDL is able to induce an
extensive accumulation of cholesteryl esters in macrophages leading to a foamy appearance
(17). High levels of 8-VLDL in the circulation of patients with type III hyperlipoproteinemia
are accompanied by severe atherosclerosis at a young age (18).

Upon injection into rats, 8-VLDL is rapidly cleared from the circulation by the liver,
predominantly by liver parenchymal cells (1). 8-VLDL can bind both to remnant- as well as
to LDL receptors. Both receptors do recognize apoE which is abundantly present on §-
VLDL. In vivo, the potential contribution of LDL- and remnant receptors to the uptake of
B-VLDL is under debate, in the rat as well as in man. Furthermore, endogenous apoE,
situated at the plasma membrane of parenchymal cells, was recently suggested to be involved
in the rapid binding of 8-VLDL (19). To study remnant receptor-mediated processes,
lactoferrin was proposed as a very useful tool. Lactoferrin is able to inhibit the remnant
receptor-mediated binding of 8-VLDL and chylomicron remnants to parenchymal cells of
normal rats (20).

Visualization of the localization of 8-VLDL after injection into rats indicated an avid
interaction with the parenchymal liver cells. This was observed by fluorescence microscopy
and by immuno-electron microscopy (chapter 5). In accordance to previous biochemical data,
Kupffer cells contributed only to a small extent to the uptake of 8-VLDL (chapter 5). Pre-
injection of lactoferrin clearly diminished the interaction of 8-VLDL with the parenchymal
cells, while the Kupffer cell interaction was unaffected, as was also observed in biochemical
studies (20). Immuno-localization of lactoferrin showed a persistent presence of lactoferrin
at the plasma membrane of the parenchymal cells up to 45 minutes after injection, suggesting
that its presence on the microvilli of the parenchymal cells interferes with 8-VLDL
recognition. Since the amount of endogenous apoE on the parenchymal cells was not
influenced by lactoferrin administration and no co-localization of lactoferrin and apoE was
noticed excluding steric hindrance, we therefore concluded that the initial binding of 8-VLDL
by rat liver parenchymal cells is independent on the presence of apoE at plasma membrane.

To study the receptor specificity of the effect of lactoferrin, it was also applied in
estradiol-treated rats. Estradiol-treated rats showed a selective up-regulation of 17-fold of the
amount of LDL receptors on parenchymal liver cells (21). Administration of lactoferrin did
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not effect the interaction of 8-VLDL with parenchymal cells in estradiol-treated rats, while
lactoferrin was present in similar amounts at the plasma membrane of the parenchymal cells
as demonstrated by immuno-cytochemical staining. These data strongly suggest that in normal
rats B-VLDL binds to the remnant receptor, while in estradiol-treated rats 8-VLDL can
circumvent lactoferrin inhibition by binding to an additional receptor, the LDL receptor.

Studies performed with human liver tissue blocks demonstrate that 8-VLDL perfusion
leads to a similar cellular distribution as was noticed in the rat. S8-VLDL bound
predominantly to the parenchymal cells and to a smali extent to Kupffer cells (chapter 6). In
order to study the relative involvement of the remnant- and LDL receptor in the human liver,
tissue blocks were perfused with 8-VLDL in the absence or presence of excess LDL and\or
lactoferrin. Only addition of both excess LDL and lactoferrin was effective in inhibiting the
interaction of 8-VLDL with the parenchymal cells, suggesting that in human liver the LDL-
and remnant receptor are capable to interact with 8-VLDL. Immuno-localization of
lactoferrin showed that this ligand was predominantly bound to the plasma membrane of the
human parenchymal cells, which demonstrates the presence of a cell specific recognition site
for lactoferrin, similarly as in rats. Immuno-localization of LDL receptors showed that in all
human livers examined, variable, but significant amounts of LDL receptors were expressed
on the parenchymal cells.

Interestingly, localization of fluorescently labeled 8-VLDL in untreated and estradiol-
treated rats differed with respect to initial distribution over the liver lobules and with respect
to the time dependency of the intracellular appearance of fluorescence and the concomitant
perisinusoidal disappearance (chapter 5). It is suggested that 8-VLDL binds preferentially to
LDL receptors, if LDL- and remnant receptors are simultaneously available. The rather slow
appearance of fluorescence in the liver parenchymat cells of the estradiol-treated rats was in
agreement with the lack of lipid accumulation in parenchymal cells, as was noticed in
estradiol-treated rats following 8-VLDL administration. It is, therefore, suggested that
binding of 8-VLDL to the LDL- or remnant receptor strongly effects the intracellular
metabolism of 8-VLDL. Regulation of the LDL- and remnant receptor might, therefore, have
great consequences for the metabolic fate of 8-VLDL. The LDL receptor on several cell
types is regulated by intracellular cholesterol. 3-VLDL is able to down-regulate the LDL
receptor activity of the human parenchymal cells completely (22). The inhibitory effect
noticed for the 8-VLDL interaction with human parenchymal cells by physiological relevant
concentrations of LDL (chapter 6) further indicates that the remnant receptor has to be
present in order to clear atherogenic 8-VLDL from the blood. Future research is needed to
determine to what extent LDL- and remnant receptor levels are simultaneously regulated
under high LDL conditions, and which factors influence this expression under normal, but
also under pathological conditions,
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CHAPTER 8

8.4  Reverse cholesterol transport and selective uptake

According to the concept of Glomset (23), HDL transports cholesterol from peripheral tissues
to the liver from where cholesterol can be excluded from the body by secretion into the bile.
In an in vivo study (24), in accordance with this concept, evidence was provided that HDL
can accept cholesterol from liver endothelial cells "pre-loaded” with Ac-LDL. Cholesterol
was subsequently transported to the parenchymal cells and excreted into the bile as bile acids.
Following injection of Ox-LDL labeled with *H-cholesteryl oleate a similar process was
noticed, although Ox-LDL was predominantly internalized by Kupffer cells (chapter 3).
Already at 10 minutes after injection of Ox-LDL, cholesteryl esters were hydrolyzed, and
some *H-labeled unesterified cholesterol was already noticed in the circulation. Gradient
centrifugation of the serum demonstrated that most of the radioactivity could be recovered
in the HDL density range. The ratio of unesterified cholesterol to cholesteryl esters in the
serum initially rapidly increased, but subsequently returned to lower values sustaining the
uptake by HDL since HDL is the serum site of conversion of cholesterol into cholesteryl
esters. The specific radioactivity of HDL’s cholesterol was about 3.5 fold higher than for
other lipoproteins, which supports the role of HDL as initial cholesterol acceptor. The very
short lag-phase, of only 15 minutes, of the biliary secretion of radioactivity suggests,
however, that apart from reverse cholesterol transport involving HDL, a more direct route
is available for Kupffer cells to transport cholesterol to parenchymal cells (see 8.2).

In vivo, cholesteryl esters from HDL can be taken up by the liver in a so-called selective
way which means that cholesteryl ester uptake exceeds that of the protein moiety. This
phenomenon is only noticed in the parenchymal cells and not in liver endothelial and Kupffer
cells (25). Since the characteristics of the binding sites on the liver cell types do not differ
(26), it is clear that although the high affinity binding of HDL to cells may be a prerequisite,
additional cellular properties are needed for selective cholesteryl ester uptake. Recently it was
demonstrated that the liver secretes a neutral cholesteryl ester hydrolase into the circulation
(27). It might be that this enzyme is involved in the preferential uptake of cholesteryl esters
from HDL.

Light microscopic localization of the cholesteryl ester hydrolase revealed a strong
immuno-staining of Kupffer cells and parenchymal cells (chapter 7). Localization of the
enzyme in the cytosol of the parenchymal cells is in agreement with the synthesis and
subsequent secretion of the bile salt-dependent cholesteryl ester hydrolase by this cell type.
This should, however, be further evaluated at the electron microscopical level by localizing
which intracellular organelles are labeled for this enzyme. It might also be that the enzyme
in the parenchymal cells is involved in the intracellular processing of cholesteryl esters.
Hydrolysis of cholesteryl esters of HDL appeared to be necessary for biliary secretion, since
with *H-cholesterol oleyl ether labelled HDL the secretion of radioactivity into the bile was
very slow (25).
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The significance of the presence of cholesteryl ester hydrolase in Kupffer cells is even
less clear. The ability of this cell type to process large amounts of cholesteryl ester-rich
modified lipoproteins might be related to the presence of this enzyme, although also another
very active cholesterol esterase with an acid pH optimum is present in Kupffer cells (28).

To study the fate of secreted cholesteryl ester hydrolase, radiolabeled cholesteryl ester
hydrolase, obtained by recombinant DNA technology, was injected into the circulation.
Electrophoresis of the rat serum demonstrated that the radiolabel became predominantly
associated with HDL. However, cholesteryl ester hydrolase was rapidly cleared from the
circulation and degraded, indicating that HDL only functions as a temporary serum carrier.
The carrier function of lipoproteins might also explain the significant contribution of bone
{20%) to the uptake of cholesteryl ester hydrolase, since significant amounts of chylomicron
remnants are taken up by bone marrow macrophages (29). Further studies are required to
evaluate the function of this enzyme in liver parenchymal and Kupffer cells, and in bone.

8.5 Conclusions

To study the different aspects of binding, internalization and processing of lipoproteins by
the liver, a variety of complementary microscopical and biochemical techniques must be
used.

Ox-LDL, which is predominantly taken up by Kupffer cells, is internalized by a highly
complex membrane mechanism involving worm-like structures and lamellipodia. The
presence of similar internalization structures in human and rat Kupffer cells sustains the
general importance of this hitherto not described mechanism. An evaluation of the
internalization and processing of modified LDL by liver endothelial cells indicated that,
although several scavenger receptors might be involved, only one lysosomal directed pathway
is present, characterized by four, ultrastructurally distinguishable, structures. Following
internalization via coated vesicle formation, modified LDL is transported through an early
endosomal and subsequently through a CURL-like structure into the lysosomal compartment.

Kupffer and endothelial cells are both capable to clear significant amounts of modified
LDL which subsequently leads to lysosomal degradation of the apolipoproteins and secretion
of the cholesterol moiety into the bile. Kupffer cells are equipped with a more efficient
system to transport cholesterol to the parenchymal cells than endothelial cells.

Studies on the 8-VLDL interaction with rat liver show that endogenous apoE as present
at the plasma membrane is not involved in the initial recognition of 8-VLDL by parenchymal
cells. Furthermore, in rat the remnant receptor appears to be involved in the binding and
uptake of 8-VLDL while in man both the remnant- and LDL receptors are involved in the
binding of 8-VLDL as was evidenced from competition experiments. Although 8-VLDL does
preferentially bind to LDL receptors, the strong fluctuation noticed in the amount of LDL
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CHAPTER 8

receptors and the competition of physiologically relevant amounts of LDL indicate that also
in man the remnant receptor may be highly relevant for the uptake of 8-VLDL from the
circulation.

In general it is ultrastructurally demonstrated that the liver contains a highly effective

mechanism for the processing of atherogenic lipoprotein particles involving several receptors,
cell types, internalization mechanisms and processing pathways making it an important tissue
for preventing atherosclerosis.
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Summary

In the present thesis the uptake and processing of several atherogenic lipoproteins by the liver
were studied. Special attention was given to the use of light and electron microscopical
techniques to characterize the cell types and mechanisms involved in binding, internalization
and processing.

In chapter 2 the cell types and processing mechanisms responsible for the Ox-LDL uptake
by human and rat liver are described. Ox-LDL is considered to be highly atherogenic since
several lines of evidence indicated that LDL modified by oxidation accumulates in
atherosclerotic lesions. It was demonstrated that Ox-LDL is predominantly taken up by
Kupffer cells and to a lesser extent by liver endothelial cells. Kupffer cells internalized Ox-
LDL by a highly complex membrane mechanism involving worm-like structures and
lamellipodia. Endothelial cells internalized Ox-LDL by coated vesicle formation. Uptake of
Ox-LDL by both cell types led to a rapid lysosomal processing involving different kinds of
endosomal structures. No differences were noticed in the processing of Ox-LDL in human
and rat liver, indicating that both species exhibit an efficient mechanism to clear atherogenic
particles from the circulation.

In chapter 3 the processing of the cholesteryl ester moiety of Ox-LDL was studied in rats
equipped with permanent catheters in the heart, duodenum and bile. The cholesteryl esters
were rapidly cleared from the circulation predominantly by the Kupffer cells leading to a
rapid hydrolysis. Fifteen minutes after injection radiolabel appeared in the bile as bile acids,
indicating that Kupffer cells are able to transport cholesterol very efficiently to parenchymal
cells. HDL was demonstrated to function as a serum cholesterol acceptor for the radiolabeled
cholesterol, but, another mechanism might also be involved in the rapid transport of
cholesterol from Kupffer to parenchymal cells. The rapid processing of cholesteryl esters
from Ox-LDL leads to a cumulative biliary appearance of almost 60% of the injected dose
at 72 h after injection, indicating that uptake of Ox-LDL by the liver is efficiently coupled
with biliary secretion.

In chapter 4 the internalization and processing of modified LDL by liver endotheliai cells
were examined. Although different scavenger receptors are involved in the binding of Ox-
LDL and Ac-LDL, no differences were noticed at the ultrastructural level between the
organelles involved in the uptake and processing of Ox-LDL and Ac-LDL. Double-labeling
experiments with Ox-LDL and Ac-LDL, labeled with different fluorescent probes, indicated
that actually the same organelles were involved in the processing of both ligands. It was
concluded that the scavenger receptor-mediated uptake of modified LDL by rat liver
endothelial cells involved four morphologically distinguishable stages (coated vesicle
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formation, early and late endosomal processing, and lysosomal degradation) which represent
a highly effective catabolic route..

In chapter 5 the interaction of 3-VLDL with the rat liver was studied. 8-VLDL appears
to bind predominantly to parenchymal cells and to a lesser extent to Kupffer cells. The
interaction of 8-VLDL with the parenchymal cells was independent of endogenous apoE at
the plasma membrane of the parenchymal cells, and, furthermore, could be modulated by
estradiol treatment of rats. Estradiol treatment resulted in the selective up-regulation of LDL
receptors on liver parenchymal cells. The inhibitory effect of lactoferrin, an inhibitor of the
remnant receptor interaction, as evidenced in untreated rats, could not be demonstrated in
estradiol-treated rats, indicating that in rats, under normal conditions, 8-VLDL binds to
remnant receptors, while in estradiol-treated rats 8-VLDL is able to bind to LDL receptors.
Uptake by the remnant receptor led to lysosomal degradation and a concomitant increase in
the amount of lipid vacuoles, indicating that re-allocation of lipid, i.e. hydrolysis and re-
esterification forms part of the processing route of 8-VLDL in the liver parenchymal cells.

The involvement of remnant receptors and LDL receptors in the binding of §-VLDL was
demonstrated in human liver in chapter 6 by ex situ competition experiments with excess
lactoferrin and LDL, respectively. Since only simultaneous addition of excess LDL and
lactoferrin resulted in a strong inhibition of the parenchymal cell interaction of 8-VLDL, it
is suggested that both the LDL- and remnant receptor must be blocked for an effective
inhibition of the 8-VLDL association with parenchymal cells. Immuno-staining for LDL
receptors showed that parenchymal cells do express LDL receptors, although the amount of
immuno-staining varies considerably. Immuno-localization of administered lactoferrin
demonstrated that this ligand bound predominantly to the parenchymal cells, indicating a cell
specific binding site. The importance of the remnant receptor in the uptake of 8-VLDL in
humans was indicated by the strong fluctuation of LDL receptors on the parenchymal cells
and by the competition of physiological relevant LDL concentrations for the LDL receptor.

In chapter 7 the localization and fate of cholesteryl ester hydrolase were studied in the
rat. The enzyme was demonstrated to be present in parenchymal and Kupffer cells. The
function in the parenchymal cells could be related to the intracellular processing of
cholesteryl esters or to synthesis and subsequent secretion. In the blood compartment
cholesteryl ester hydrolase was associated with HDL. This might be a functional localization
related to the preferential uptake of cholesteryl esters of HDL by liver parenchymal cells,
or just a carrier function, since HDL is abundantly present in rat serum. Intravenously
administered cholesteryl ester hydrolase is predominantly taken up by the liver, mainly by
the Kupffer cells, and subsequently degraded, although unexpectedly, a significant amount
of the enzyme was taken up by bone.

In chapter 8 the most important results are summarized and discussed in the framework
of the role of the various liver cell types in the uptake and processing of atherogenic
lipoproteins.
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From the studies presented in this thesis it can be concluded that complementary
morphological and biochemical techniques have to be applied to understand the highly
complex mechanisms which are active in the liver. The liver internalizes and processes
several lipoproteins very efficiently by the involvement of parenchymal, endothelial and
Kupffer cells, by the expression of several receptors, and by the action of several
internalization and processing mechanisms, thereby protecting the body against circulating
atherogenic lipoproteins.
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Samenvatting

De in dit proefschrift beschreven studies hadden tot doel om inzicht te verwerven in de
opname- en verwerkingsmechanismen van lipoproteinen in de lever. Er is met name gebruik
gemaakt van licht- en electronenmicroscopische methoden om de celtypen en de mechanismen
in de lever van de rat en de mens te karakteriseren.

Lipoproteinen zijn bolvormige deeltjes die opgebouwd zijn uit vetten en eiwitten. De
functie van lipoproteinen is vetten te transporteren door het bloed en de lymfe. Om de vetten
(cholesterol en triglyceriden) oplosbaar te houden in het waterige milieu van het bloed en de
lymfe, worden ze omgeven door een mantel van fosfolipiden en eiwitten. Op basis van de
dichtheid van de lipoproteinen worden verschillende klassen onderscheiden. Uit
bevolkingsonderzoek is gebleken dat met name cholesterol uit de lage dichtheidsklasse, het
zgn. LDL, een belangrijke risicofactor vormt op de ontwikkeling van hart- en vaatziekten,
terwijl cholesterol in de hoge dichtheidsklasse, het zgn. BDL, een beschermende werking
lijkt te hebben. Dit hangt vermoedelijk samen met de functie van het LDL en het HDL. LDL
verzorgt het transport van cholesterol vanuit de lever naar de rest van het lichaam, terwijl
HDL, cholesterol in de periferie opneemt en vervolgens naar de lever transporteert, waar het
cholesterol hergebruikt of uitgescheiden kan worden. De lever is het enige orgaan dat in staat
is om cholesterol uit het lichaam te verwijderen. Naast HDL worden ook andere
lipoproteinen-klassen in de lever opgenomen, waarbij verschillende leverceltypen een rol
spelen, te weten parenchymcellen, Kupffercellen en endotheelcellen.

In hoofdstuk 2 zijn de leverceltypen en de verwerkingsmechanismen beschreven die
betrokken zijn bij de opname van geoxideerd-LDL (Ox-LDL). Ox-LDL wordt als zeer
gevaarlijk beschouwd, aangezien verschillende onderzocken hebben aangetoond dat Ox-LDL
in de vaatwand ophoopt in zgn. atherosclerotische plaques. Met behulp van microscopische
technieken werd in hoofdstuk 2 aangetoond dat Ox-LDL vnl. door lever Kupffercellen wordt
opgenomen en voor een deel door de endotheelcellen. Kupffercellen namen Ox-LDL op via
een zeer complex membraanmechanisme waarbij zgn. "worm-like structures” en lamellipodia
betrokken zijn. Endotheelcellen namen Ox-LDL op via een reeds cerder beschreven
mechanisme, de zgn. "coated vesicle" vorming. Opname van Ox-LDL door Kupffercellen
en endotheelcellen leidde tot een snel transport via verschillende endosomale structuren naar
de lysosomen waar de deeltjes vervolgens werden afgebroken. Er werden geen verschillen
waargenomen tussen de verwerking van Ox-LDL in de rat en in de mens, wat duidt op het
bestaan van een efficiént mechanisme om schadelijke lipoproteinen uit het bloed te
verwijderen in de beide species.
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In hoofdstuk 3 is de verwerking van het cholesterol deel van het Ox-LDL bestudeerd in
de rat. Het gemerkte-cholesterol van het Ox-LDL werd na injectie snel uit het bloed
verwijderd. Het grootste deel kwam in Kupffercellen terecht, waar het cholesterol omgezet
werd van de opslagvorm naar vrij cholesterol. Al vijftien minuten na injectie, werd
cholesterol in de gal waargenomen in de vorm van galzouten. Dat betekent op basis van de
leverstructuur dat Kupffercellen in staat zijn om het cholesterol op zeer efficiénte wijze naar
parenchymcellen te transporteren. HDL bleek in het bloed als tussengastheer voor het
cholesterol uit de Kupffercellen te fungeren, hoewel daarnaast ook een ander mechanisme
betrokken zou kunnen zijn bij het zeer snelle transport van het cholesterol van Kupffer- naar
parenchymcellen. 72 uur na inspuiting van Ox-LDL werd 60% van de geinjecteerde dosis
in de gal aangetroffen, wat betekent dat de opname van Ox-LDL door de lever gekoppeld
is aan een zeer efficiénte galuitscheiding.

In hoofdstuk 4 is de opname en verwerking van gemodificeerde LDL-partikels door de
leverendotheelcellen onderzocht. Hoewel verschillende bindingseiwitten betrokken zijn bij
de binding van geoxideerd en geacetyleerd-LDL (Ac-LDL), werden geen verschillen
gevonden tussen de organellen die betrokken waren bij de opname en verwerking van het Ox-
LDL en het Ac-LDL. Dubbel-labelingsexperimenten waarbij Ox-LDL en Ac-LDL gemerkt
werden met verschillende fluorescerende merkers, toonden zelfs aan dat dezelfde structuren
betrokken zijn bij de verwerking van de beide liganden. In de loop van de tijd verplaatste de
gemodificeerde LDL-partikels zich door de leverendotheelcellen via 4 morfologisch
onderscheidbare structuren, 1) "coated vesicles” 2) vroege endosomen 3) late endosomen en
4) lysosomen. Op basis van de snelheid waarmee de deeltjes werden afgebroken werd
geconcludeerd dat de beschreven structuren tezamen een zeer efficiénte afbraakroute
vertegenwoordigen. .

In hoofdstuk 5 is de interactie van 8-VLDL met de rattelever bestudeerd. 8-VLDL is een
deeltje dat voorkomt in mensen met een bepaalde genetische afwijking en in cholesterol-
gevoede dieren. Vanwege de extreme vetophoping die 8-VLDL kan veroorzaken, wordt dit
deeltje als zeer schadelijk aangemerkt. 8-VLDL kan door twee bindingseiwitten herkend
worden, te weten de LDL- en de remnant-receptor. In hoofdstuk 5 werd met behulp van
microscopische technieken vastgesteld dat 8-VLDL vnl. aan de parenchymcellen bindt en
slechts voor een klein deel aan Kupffercellen. Binding van 8-VLDL aan de parenchymcellen
bleck onafhankelijk te zijn van reeds aanwezig apoE op de plasmamembraan van de
parenchymcellen. Bovendien bleek de interactic van 8-VLDL met de parenchymcellen te
beinvloeden door ratten een hormoonbehandeling te geven met estradiol. Deze behandeling
leidt tot een selectieve toename van LDL-receptoren op parenchymcellen. De remming door
toevoeging van lactoferrine (een competatief deeltje voor de remnant-receptor) op de binding
van B-VLDL aan de parenchymcellen in onbehandelde ratten werd niet waargenomen in
estradiol-behandelde ratten. Dit wijst op het feit dat onder normale condities 8-VLDL aan
remnant-receptoren bindt, terwijl in estradiol-behandelde ratten 8-VLDL aan de LDL-
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receptor bindt. Opname via de remnant-receptor had een snelle lysosomale afbraak tot gevolg
in de parenchymcellen, terwijl tegelijkertijd een toename werd waargenomen in het aantal
vet-vacuoles. Dit wijst op de mogelijkheid dat de verwerking van de vetten van 8-VLDL in
de lysosomen en de daaropvolgende opslag in een ander deel van de cel, onderdeel vormen
van de verwerkingsroute van 8-VLDL in de leverparenchymcellen.

De betrokkenheid van remnant- en LDL-receptoren in de binding van 8-VLDL in de
humane lever is in hoofdstuk 6 aangetoond door competitie-experimenten uit te voeren met
ecn overmaat aan lactoferrine en LDL. Aangezien alleen toevoeging van beiden, LDL en
lactoferrine, de interactie van 8-VLDL met de leverparenchymcellen blokkeerde, lijkt het
erop dat beide receptoren, de LDL- en de remnant-receptor, geblokkeerd moeten worden
voor een effectieve remming van de binding van 8-VLDL aan de parenchymcellen optreedt.
Aankleuring van de LDL-receptoren toonde aan dat parenchymcellen deze receptor inderdaad
tot expressie brengen, maar bovendien dat de hoeveelheid receptoren sterk varieerde tussen
de verschillende leverdonoren. Localisatie van het aangeboden lactoferrine toonde aan dat dit
ligand voornamelijk aan de parenchymcellen bindt, wat duidt op een celspecificke
bindingsplaats. Het belang van de remnant-receptor in de opname van 8-VLDL in de mens
wordt aangegeven, ten eerste door de sterke fluctuatie die wordt waargenomen in het aantal
LDL-receptoren op de parenchymcellen en ten tweede doordat een van nature voorkomende
LDL-concentratie reeds in staat is om de interactie van 8-VLDL met de LDL-receptor te
verhinderen.

In hoofdstuk 7 wordt de localisatic en het lot van het enzym cholesterolesterase
bestudeerd in de rat. De aanmaak van dit enzym in de lever is pas kort geleden beschreven
en zou kunnen samenhangen met de opname van HDL-cholesterol in de lever. Het enzym
werd met behulp van microscopische technieken aangetoond op Kupffer- en parenchymcellen.
De functie in parenchymcellen kan samenhangen met de intracellulaire verwerking van
cholesterol of met de eerder gesuggereerde aanmaak. In het bloed is het enzym gebonden aan
HDL. Dit zou een functionele betekenis kunnen hebben in het licht van de verwerking van
cholesterol uit HDL of slechts wijzen op het feit dat HDL in staat is om het enzym te
transporteren, aangezien ook andere lipoproteinen-klassen in staat zijn om dit enzym te
binden. In het bloed toegediend cholesterolesterase wordt voornamelijk door de lever
opgenomen door de Kupffercellen waar het vervolgens werd afgebroken. Onverwacht bleek
dat ook een groot deel van het ingespoten enzym in botten terecht kwam. De functie in het
bot is momenteel onbekend.

In hoofdstuk 8 zijn de belangrijkste resultaten samengevat en bediscussieerd in het kader
van de rol van de verschillende leverceltypen in de opname en verwerking van schadelijke
lipoproteinen. Uit de in dit proefschrift gepresenteerde resultaten kan geconcludeerd worden
dat elkaar aanvullende biochemische en morfologische technieken gebruikt moeten worden
om de zeer complexe mechanismen in de lever te karakteriseren. Daarnaast bleek dat de lever
in staat is om verschillende typen lipoproteinen uit de circulatie op te nemen en te verwerken
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via zeer efficiénte mechanismen. De betrokkenheid van verschillende celtypen, receptoren
en opname- en verwerkingsmechanismen leidt tot een bescherming van het organisme tegen
circulerende schadelijke lipoproteinen.
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Ac-LDL
apo
BSA
8-VLDL
CE
CURL
DAB
Dil

DiO

FC
GA
HDL
HL
KC
LDL
LPL
LRP
Ox-LDL
PBS
PC

PF
PIA
VLDL
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Abbreviations

acetylated low density lipoprotein
apolipoprotein

bovine serum albumin

B-migrating very low density lipoprotein
cholesterol ester

compartment of uncoupling of receptor and ligand
diaminobenzidine tetrahydrochloride
dioctadecyl-tetramethyl indocarbocyanine percholate
dioctadecyloxacarbo-cyanine perchlorate
endothelial cell

unesterified cholesterol

glutaraldehyde

high density lipoprotein

hepatic lipase

Kupffer cell

low density lipoprotein

lipoprotein lipase

low density lipoprotein receptor-related protein
oxidized low density lipoprotein
phosphate-buffered saline

parenchymal cell

paraformaldehyde

polyinosinic acid

very low density lipoprotein
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