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SAMENVATTING 

Uitgebreid bevolkingsonderzoek naar het verband tussen cholesterol

niveau's in het bleed en het ontstaan van hart- en vaatziekten enerzijds 

en de ontdekking van de "low density lipoprotein (LDL) receptor" ander

zijds hebben geleid tot de overtuiging dat er een oorzakelijk verband 

bestaat tussen een hoog LDL cholesterol gehalte in het bleed en het ont

staan van atherosclerose. Uit onderzoek met pati~nten die geen functio

nerende LDL receptor bezitten is naar voren gekomen dat de LDL receptor 

een sleutelrol speelt in de afbraak van LDL en in het handhaven van 

normale cholesterol niveau's. Men probeert op allerlei manieren de ver

hoogde LDL concentraties in het bleed van hypercholesterolemische pati~

ten te verlagen. Veel behandelingen zijn er op gericht de afbraak van LDL 

te stimuleren. Daar de lever het enige orgaan is dat in belangrijke mate 

cholesterol uit het lichaam verwijdert, wordt vooral een stimulatie van de 

opname van LDL door de lever nagestreefd. 

Het in dit proefschrift beschreven onderzoek handelt over de rol van 

de lever en de verschillende levercel typen in de afbraak van "low density" 

lipoprote!nen, waarbij de rat als proefdier is gebruikt. De kwantitatieve 

rol van de lever in de afbraak van LDL werd in vivo bepaald. Daar we de 

rol van de LDL receptor {oak wel apolipoprote!ne-B,E receptor genoemd) 

wilden ophelderen, werd humaan LDL gebruikt omdat dit uitsluitend apolipo

prote!ne-B (apo-B) bevat. Hiermee wordt voorkomen dat er een interactie 

met de ook in de lever aanwezige apo-E receptor optreedt. Na intraveneuze 

inspuiting van met I 14c]sucrose gemerkt LDL werd de tijdsafhankelijke 

opname van radioactiviteit door de lever bepaald. Na opname en afbraak van 

het LDL blijft het [ 14c]sucrose in de eel aanwezig en vormt daarmee een 

maat voor de kwantitatieve opname van LDL. Gevonden werd dat 70-80% van 

het LDL dat uit het serum verdwijnt, door de lever wordt opgenomen. De 

herkenning van LDL door de LDL receptor kan worden verhinderd door de 

lysine residuen van het LDL apoprote!ne te methyleren. De opname van het 

gemethyleerde LDL (Me-LDL) door de lever is ongeveer 65% lager dan de 

c.- 1ame van het natieve LDL. Geconcludeerd kan worden dat 65% van de LDL 

opname door de lever via de receptor verloopt. 

De bijdrage van de parenchymale en niet-parenchymale cellen aan de 

opname van LDL in vivo is bepaald door de verschillende leverceltypen op 

verschillende tijdstippen na I 14 c) sucrose LDL injectie te isoleren. De 
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niet-parenchymale cellen blijken voor tenminste 70% van de totale leverop

name verantwoordelijk te zijn. Proeven met gemethyleerd LDL geven aan dat 

79% van de niet-parenchymale celopname via de receptor verloopt. Wanneer 

de niet-parenchyrnale celfractie met behulp van centrifugale elutriatie 

verder wordt gescheiden in endotheel en Kupffercellen dan blijkt dat 

alleen de Kupffercellen verantwoordelijk zijn voor de receptor afhanke

lijke opname van LDL. Met de parenchymale cellen werd evenals met de 

endotheelcellen geen receptor afhankelijke opname van LDL vastgesteld. 

De eigenschappen van de herkenningsplaatsen voor LDL zijn bepaald 

door gejodeerd LDL in te spuiten in ratten en vervolgens de levercellen na 

een relatief korte circulatietijd van LDL (30 min) te isoleren. om te 

voorkomen dat er tijdens de leverperfusie en celisolatie een herverdeling 

van het geassocieerde radioactieve jodium plaats vindt, werden de lever

perfusie en celisolatie uitgevoerd bij lage temperatuur (8°C). 

De arginine en lysine residuen van het apoproteine van LDL zijn van 

essentieel belang zijn voor de herkenning door de LDL receptor van fibro

blasten. Deze herkenning kan worden verhinderd door de arginine residuen 

te modificeren met cyclohexaandion of de lysine residuen te modificeren 

door middel van reductieve methylering. De associatie van deze gemodifi

ceerde LDL deeltjes met de lever werd nu vergeleken met de associatie van 

het natieve deeltje. Gevonden werd dat de interaktie van LDL met de niet

parenchymale cellen wordt geremd door methylering maar niet door cyclo

hexaandion behandelin~ Dit wijst erop dat de specifieke herkenningsplaats 

voor LDL op niet-parenchymale levercellen unieke LDL herkenningseigen

schappen bezit. De regulatie van de LDL receptoren op parenchymale en 

niet-parenchymale cellen werd onderzocht door de ratten te behandelen met 

ethinyl estradiol of ethyl oleaat. Ethinyl estradiol behandeling van de rat

ten verhoogt { 17-voudig) specifiek de associatie van LDL met de paren

chymale cellen, terwijl het geen effect heeft op de associatie van LDL met 

niet-parenchymale cellen. De verhoogde interaktie van LDL met de paren

chymale cellen wordt door zowel methylering als cyclohexaandion behande

ling van LDL geremd, waaruit blijkt dat zowel arginine als lysine residuen 

nodig zijn voor de herkenning van LDL door de estradiol-geinduceerde LDL 

receptor. De herkenning van LDL door de niet-parenchymale cellen was ook 

in deze experimenten alleen afhankelijk van de lysine residuen. De speci

fieke herkenningsplaats voor LDL op niet-parenchymale cellen verdwijnt na 

voorbehandeling van de ratten met ethyl oleaat. De herkenning van LDL door 
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parenchymale levercellen wordt daarentegen door deze behandeling niet 

befnvloed. De specifieke be!nvloeding van de LDL herkenning door paren

chymale cellen tengevolge van estradiol behandeling en door niet-paren

chyrnale cellen tengevolge van ethyl oleaat behandeling wijzen erop dat er 

een onafhankelijke regulatie van de LDL receptoren op de verschillende 

leverceltypen bestaat. 

De cellulaire verwerking van LDL werd onderzocht door levercellen die 

in vivo LDL hebben opgenomen te isoleren, waarna deze in vitro bij 37°c 

werden ge!ncubeerd. LDL blijkt voornamelijk afgebroken te worden door de 

niet-parenchymale cellen. Deze afbraak wordt gedeeltelijk geremd door 

chloroquine en ammonia, zodat aangenomen kan worden dat de lysosomen een 

rol spelen bij de afbraak. Na de oestrogeen behandeling van de ratten 

kon oak met de ge!soleerde parenchymale cellen een lysosomaal afbraakpad 

voor LDL worden vastgesteld. 

Hoewel er een relatie is tussen het LDL niveau en atherosclerose is 

het niet mogelijk om schuimcellen, zeals aangetroffen in de atherosclero

tische plaque, te verkrijgen door natief LDL met macrofagen te incuberen& 

Dit is wel mogelijk met biologisch of chemisch gemodificeerd LDL {bijvoor

beeld met azijnzuuranhydride) en er is dan ook gesuggereerd dat vooral de 

gemodificeerde vormen van LDL atherogeen zijn. Wanneer chemisch gemodifi

ceerd LDL {acetyl-LDL) intraveneus wordt ingespoten in ratten, leidt dit 

tot een snelle opname door de lever en vooral de niet-parenchymale cellen 

blijken hiervoor verantwoordelijk. De opname van acetyl-LDL verloopt met 

behulp van de zogenaamde "scavenger" of "acetyl-LDL receptor" die vooral 

in de endotheelcelfractie van de lever verrijkt wordt aangetroffen. Of 

deze atherogene LDL deeltjes oak in vivo kunnen voorkomen is onduidelijk. 

Een aanwijzing voor het bestaan van een atherogene subklasse is afkomstig 

uit epidemiologisch onderzoek. Hierbij is aangetoond dat er een deeltje 

bestaat, "lipoprotein{a)" (Lp{a}) genaamd (een lipoprotefne met zowel 

apolipoprotefne-B als apolipoprote!ne( a)) dat een risikofaktor voor 

atherosclerose vormt. Opnamestudies met Lp(a) in vivo en verdringingsproe

ven in vitro laten zien dat Lp(a) een interaktie kan aangaan met de ace

tyl-LDL receptor van leverendotheelcellen. Deze eigenschap van Lp{a) zou 

mogelijk een verklaring kunnen vormen voor het atherogene karakter van 

Lp(a). 

De gevonden, kwantitatief belangrijke, receptor afhankelijke opname 

van acetyl-LDL en Lp(a) door de leverendotheelcellen, en van LDL door de 
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Kupffercellen leidt tot de conclusie dat een goed functioneren van de 

niet-parenchymale celtypen binnen de lever van groat belang kan zijn voor 

de bescherming van het lichaam tegen atherosclerose. 
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SUMMARY 

Extensive epidemiological studies on the relation between plasma 

cholesterol levels and atherosclerosis and the discovery of the low densi

ty lipoprotein (LDL) receptor have led to evidence for a causal relation 

between a high LDL cholesterol level in the blood and coronary heart 

diseasese The key role of the LDL receptor in LDL catabolism and choles

terol homeostasis has become clear from studies with patients which lack a 

functional LDL receptor. Many attempts have been performed to decrease the 

elevated LDL levels from hypercholesterolemic patients. In this respect 

the attention is focused on treatments which stimulate LDL catabolism. An 

important beneficial role of the liver is expected because the liver is 

the only organ which can remove cholesterol irreversible from the circula

tion. 

This thesis deals with the role of the liver and the various types of 

liver cells in the catabolism of low density lipoproteins, whereby the rat 

has been taken as experimental animal. The quantitative role of the liver 

in LDL catabolism was determined in vivo. As we wanted to clarify the role 

of the LDL receptor (also called apolipoprotein-B,E receptor) without 

interference with the apolipoprotein-E receptor, the solely apolipopro

tein-B (apo-B) containing human LDL was used. The time dependent uptake of 

LDL by the liver was determined after intravenous injection of ( 14c]sucro

se-labelled LDL into rats. After uptake and degradation of LDL, [ 14c]

sucrose remains entrapped in the lysosomes and so forms a cumulative 

measure for the uptake of LDL. It is found that from the LDL which is 

removed from serum, 70-80% is present in liver. Reductive methylation of 

the lysine residues of the LDL apoprotein blocks the interaction with the 

LDL receptor. The uptake of reductive methylated LDL (Me-LDL) with the 

liver is about 35% of that of native LDL, indicating that 65% of the liver 

uptake is receptor- dependent. 

The quantitative contribution of the parenchymal and non-parenchymal 

liver cells to the in vivo uptake of LDL by the liver has been assessed by 

separation of the various liver cells at different times after injection 

of [14c] sucrose-labelled LDL. The non-parenchymal cells are responsible 

for at least 70% of the total liver uptake. Experiments with methylated 

LDL indicate that 79% of this uptake is receptor-dependent. Separation of 

the non-parenchymal cell fraction into endothelial and Kupffer cells by 
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centrifugal elutriation makes it clear that the receptor-dependent uptake 

has been located solely on the Kupffer cells. With endothelial and paren

chymal cells no receptor-dependent liver uptake of LDL could be observed. 

The characteristics of the recognition sites for LDL has been deter

mined by injection of iodine-labelled LDL and isolation of the cells at a 

relatively short time after injection (30 min). To minimalize loss or 

redistribution of [ 125I]label 1 a low temperature (8°C) liver perfusion and 

cell isolation procedure was applied. 

As the arginine and lysine residues of the apolipoprotein are essen

tial for the recognition of LDL by the LDL receptor on fibroblasts~ either 

the arginine residues in LDL were modified by cyclohexadione treatment or 

the lysine residues were modified by reductive methylation. The associa-

tion of native LDL was compared with that of the modified forms and the 

data show that the non-parenchymal cell-association of LDL is inhibited 

upon methylation but not upon cyclohexadione treatment of LDL. This indi

cates that non-parenchymal liver cells do possess a unique specific recog

nition site for LDL. In order to investigate the relation between the LDL 

receptors on parenchymal and non-parenchymal cells, rats were pretreated 

with ethinyl estradiol or ethyl oleate. It is found that ethinyl estradiol 

treatment of rats specifically increases the association of LDL to paren

chymal cells (17-fold) and have no effect at all on the association to 

non-parenchymal cells. The interaction of LDL with the estrogen- induced 

recognition site on parenchymal cells is blocked by methylation or cyclo

hexadione treatment of LDL so indicating that the recognition of LDL by 

the induced recognition site is dependent on both the lysine and arginine 

residues. In the same experiments the recognition of LDL by non-paren

chymal cells was only dependent on lysine residues. The specific recogni

tion of LDL by the non-parenchymal cells disappeared upon ethyl oleate 

treatment of the rats, while the parenchymal cell recognition of LDL was 

not influenced under these conditions. The specific modulation of the LDL 

recognition by parenchymal cells upon estrogen treatment and by non

parenchymal cells upon ethyl oleate treatment indicate an independent 

regulation of LDL receptors in the various liver cell types. 

The cellular processing of LDL was investigated by incubating the 

isolated cells in vitro while the cells were preloaded with LDL in vivo. 

It appears that in control rats mainly the non-parenchymal cells degrade 

LDL. The degradation of LDL by non-parenchymal cells was inhibited by 
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lysosomotropic agents suggesting that degradation at least partly occurs 

in the lysosomal compartment. In estrogen-treated animals a lysosomal 

degradation pathway was evident for both cell types. 

Although LDL itself can be considered as atherogenic, in vitro forma

tion of foam cells cannot be induced by incubating macrophages with native 

LDL. In contrast biologically or chemically modified LDL (for instance 

with acetic anhydride) can convert macrophages to cells with a foam cell 

like appearance and therefore it has been suggested that especially such 

modified forms of LDL are atherogenic. When chemically modified LDL (ace

tyl-LDL) is injected into rats, the liver and specifically non-parenchymal 

liver cells do clear these particles very fast from the circulation. The 

uptake of acetyl-LDL is mediated by the so-called scavenger or acetyl-LDL 

receptor which is highly enriched on liver endothelial cells. The in vivo 

occurrence of such atherogenic LDL particles is unclear. However, epidemic-

logical studies have indicated that a certain lipoprotein subclass (called 

Lp(a), a lipoprotein which contains both apolipoprotein-B and apolipo

protein(a)) forms a risk factor for atherosclerosis. In vivo injection of 

Lp(a) into rats and in vitro competition studies indicated that Lp(a) can 

interact with this acetyl-LDL receptor in the liver. This property of 

Lp(a) might be related to the action of Lp(a) as an atherogenic lipopro-

tein. 

The described quantitatively important, receptor-dependent uptake of 

acetyl-LDL and Lp(a) by the liver endothelial cells and LDL by the Kupffer 

cells lead to the conclusion that a proper functioning of the non-paren

chymal celltypes inside the liver can play a crucial role in the protec

tion of the body against atherosclerosis. 
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1. DRBODUCTIOH 

1.1. LOW DENSITY LIPOPROTEINS AND ATHEROSCLEROSIS 

Plasma neutral lipid transport is exerted by at least four discrete 

classes of lipoproteins: chylomicrons, very low dens: .. ty lipoproteins 

(VLDL), low density lipoproteins (LDL) and high density lipoproteins 

(HDL). The lipoproteins are composed of lipids and specific protein compo

nents, called apo(lipo)proteins (table 1 ). The lipoprotein molecule con

sists of two distinct domains, a lipid core of triglycerides and choles

terolesters with an outer shell of apoproteins, phospholipids and free 

cholesterol. 

Table 1. 

CompOsition of human lipoproteins * 

Lipopro- Triglyc- Phospho- Free Ester!- Proteins Major 
tein erides lipids Choles- fied (% wt) apopro-
class (% wt) (% wt) terol choles- teins 

(% wt) terol 
(% wt) 

Chylomi- 80-95 3-6 1-3 2- 4 1- 2 A-I, A-
crons IV, B, CI, 

CIII, E 

VLDL 45-65 15-20 4-8 16-22 6-10 B, E, 
CI,CII, 
CIII 

LDL 4- 8 18-24 6-8 45-50 18-22 B 

HDL 2- 7 26-32 3-5 15-20 45-55 A-I, A-II, 
E 

* From ref. 1. 

During the last decade it has become clear that the plasma lipopro

teins must be regarded as interrelated parts of one or more metabolic 

cycles. The pathways of lipoprotein formation, interconversion and catabo

lism in the body are complex, as summarized in some recent reviews (2-5). 

The major metabolic cycles are illustrated in fig. 1. Chylomicrons are 

produced in the intestine from dietary fat and contain mainly triglycer-
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Exogenous Pathway Endogenous Pathway 

Dietary Bile Acids 
Cholesterol l ':.t ) ~ LDL Receptor 

[0( 
. 8 ''''""'"'''''''''"'"' C:. liver 1~ 

;;;,,, """ 
Intestine Extrahepatic j f' Roc•otms &100 

Tissues l R•moaot 

+ 
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E 

{~ &48 £ &48 E C B-100 E t &100 

J ~ Gapillaries l Captllanes J) - Plasma 

Lipoprotein Lipase Lipoprotein Lipase LCAT 

Fig. 1. Separate path..,ays for receptor-mediated metabolism of lipoproteins carrying endogenous and exogenous 

cholesterol. Abbreviations are as follows: LPL, lipoprotein lipase; VLDL, very low density lipoprotein; IDL, 

intermediate density lipoprotein; LDL, lo"' density lipoprotein; HDL, high density lipoprotein; LCAT, lecith1n

chcleste•ol acyltransfet"ase (scheme from ref. 6.). 

ides. Chylomicrons are secreted in the lymph, enter the blood circulation 

through the thoracic duct and pass into the peripheral circulation. Here 

lipoprotein lipase (LPL) located on the surface of vascular endothelium, 

hydrolyses most triglycerides. After lipolysis, the remaining chylomicron 

remnants are rapidly cleared by the liver. VLDL is produced by the liver 

and just like the chylomicrons, the triglycerides are hydrolyzed by lipo

protein lipase and smaller VLDL-remnants are formed (also called interme

diate density lipoproteins (IDL)). In normal humans about half of the VLDL 

remnants are directly removed by the liver. The remainder is converted to 

LDL, the major cholesterol carrier in human plasma. This particle is 

cleared from plasma by liver and extra hepatic cells. HDL serves as accep

tor of the excess surface materials from the triglyceride depleted chylo

micron and VLDL particles. The excess free cholesterol is esterified in 

the lecithine-cholesterol acyltransferase {LCAT) t·eaction and is transfer

red back to lower density lipoproteins through the action of a plasma 

cholesterylester exchange/transfer protein (3, 5). Furthermore it has been 

postulated that HDL is directly involved in the reverse transport of 



18 

cholesterol from various tissues to the liver (4). 

As early as in 1913 Anitschkow (7) demonstrated that a high blood 

level of cholesterol in rabbits can produce atherosclerosis. Animal 

studies have shown that when plasma cholesterol levels are raised by 

cholesterol feeding this results in atherosclerosis {8, 9), Two thirds of 

the cholesterol in human plasma is present in LDL. Epidemiologic data 

support a relation between elevated LDL levels and the incidence of 

coronary heart disease in the human population (10, 11). The role of high 

LDL levels in the genesis of atherosclerosis is established by the human 

genetic disorder familial hypercholesterolemia (FH). It is inherited as an 

autosomal dominant disease. The homozygous form in which two abnormal 

genes are inherited is rarei about one per million people. Plasma choles

terol can reach 1000 mg/dl as a consequence of a six to eight times higher 

LDL level. Coronary atherosclerosis develops before the age of 20 years. 

Heterozygotes for this disorder are relative common, about one in 200-500 

people. The heterozygote individuals have LDL levels that are two to 

three fold above normal. Severe atherosclerosis often becomes manifest in 

the third to fifth decade. 

The molecular mechanism by which LDL or other lipoproteins are ather

ogenic is not elucidated. However several possible mechanisms are pro

posed: ..:!..:._Elevated LDL levels may damage vascular endothelial cells (12, 

13) whereafter the smooth muscle cells will be directly exposed to LDL and 

other blood constituents. Platelet aggregation causes release of a growth 

factor which can stimulate smooth muscle cells to proliferate and secrete 

connective tissue matrix elements. Together with lipid infiltration, an 

atherosclerotic plaque might be generated. ~ Foam cells have been recog

nized as a characteristic feature of the atheroma. These cells are sup

posed to be derived from circulating monocytes (14, 15). Monocyte derived 

macrophages cannot readily catabolize native LDL but a chemically modified 

form (acetyl-LDL) is rapidly internalized with a concurrent change of the 

cells to a form which resembles the foam cells (16). Recently it has been 

demonstrated that LDL can be modified biologically by cultured endothelial 

cells, whereafter the modified LDL shows uptake characteristics by mono

cytes, similar to chemically modified LDL (17). Also uptake of B-VLDL 

(beta migrating VLDL) (a form of VLDL which accumulates in plasma of 

cholesterol-fed animals {18, 19) and patients with familial dysbetalipo

proteinemia {Type III hyperlipoproteinemia) (20)) by macrophages leads to 
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accumulation of cholesterol (21, 22). These findings suggest that besides 

the major lipoproteins certain subclasses of lipoproteins can exist (modi

fied LDL, S-VLDL) which can be considered as specifically atherogenic. 

Firm evidence exists that lowering of plasma LDL will reduce the risk 

for coronary heart diseases in hypercholesterolemic patients (23, 24). 

1.2. CATABOLISM OF LOW DENSITY LIPOPROTEINS 

1.2.1. The LDL receptor 

Comparison of the interaction of LDL with cultured fibroblasts of FH 

patients and healthy persons have led to the discovery of a specific 

binding site for LDL, the LDL receptor (2). This important observation, 

established by the studies of Goldstein and Brown, has advanced our under

standing of lipoprotein metabolism and cholesterol homeostasis. Receptor 

mediated endocytosis of LDL is initiated by binding of LDL to a specific 

protein (fig .. 2.), located in regions of the plasma membrane called 

"coated pits". The binding process of LDL is followed by invagination of 

the LDL containing pits into the cell, whereafter the formed vesicles 

migrate towards the lysosomes. After fusion with the lysosomes the protein 

component of LDL is degraded by proteases to amino acids while the choles-

LD L binding 

1. tHMG-CoA 
reductase 

~Internal-_.. Lysosomai_..Regulatory 
ization hydrolysis actions 

Fig. 2. The intracellular LDL pathway in cultured ma01malian cells. HMG-CoA reductase denotes 3-hydroxy 3-

methylglutaryl coenzyme A reductase; ACAT denotes acyl-CoA-cholesterol acyltransferase; vertical arrows sug

gest r.,gulatory effects (sc::he"'e fro01 ref. 25). 
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terylesters are hydrolysed by an acid lipase to fatty acids and choles

terol. When the need for cholesterol in the cells is met, the free choles

terol mediates feedback regulatory actions, whereby the further synthesis 

of LDL receptors is inhibited and the intracellular synthesis of choles

terol is blocked by the suppression of hydroxymethylglutaryl-CoA reductase 

(HMG-CoA reductase). Furthermore the esterification of free cholesterol 

for storage is stimulated by an increase in the activity of acyl-CoA: 

cholesterol acyltransferase (ACAT) {for review see refs. 2, 3). 

The number of LDL receptors on cells is an important determinant in 

the regulation of the LDL level in blood as clearly demonstrated by the 

increased LDL levels found in FH patients. In healthy persons two thirds 

of the LDL particles are metabolized by the specific receptor of liver 

cells and other body cells {26). In FH heterozygotes which possess half of 

the normal number of functional LDL receptors, LDL is removed from plasma 

at two thirds the normal rate, while in the homozygous form of FH no 

functional LDL receptors are present, resulting in an LDL removal from 

plasma at only one third the normal rate {26). 

Elucidation of the role of LDL receptors for the turnover of LDL was 

also facilitated by the availability of a strain of rabbits with a genetic 

defect apparently identical to the LDL receptor defect in FH patients 

(27). This rabbit strain with spontaneous hypercholesterolemia and athero

sclerosis was first described by Watanabe and therefore called Watanabe 

heritable hyperlipidemic {WHHL) rabbits (28). It has been demonstrated 

that these rabbits lack the LDL receptor also in the liver (29, 30). As a 

consequence changes in hepatic cholesterol metabolism occur; the recep

tor-independent uptake of LDL is not accompanied by a decrease in HMG-CoA 

reductase activity (30). 

The LDL receptor has been purified to apparent homogeneity from 

membranes of the bovine adrenal cortex (31 ). In its functional form the 

receptor is a glycoprotein With an apparent moleculair weight of 160,000. 

Initially a precurser form is synthesized with an apparent molecular 

weight of 120,000. After synthesis, the 120,000 dalton precursor is con

verted to a 160,000 dalton mature form, which is inserted into the plasma 

membrane (32). The mature receptor on the cell surface recognizes the 

apoprotein-B component of LDL with high affinity. The receptor also in

teracts with apoprotein-E (33), hence the LDL receptor is also called the 

apo-B,E receptor. Apo-E is found in various lipoprotein subclasses namely 
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IDL, chylomicron remnants and in a subtraction of HDL called HDL 1 or 

HOLe· 

The importance of the apoproteins B or E for the interaction of 

lipoproteins with the apo-B,E receptor is established by determination of 

the effect of apoprotein modification on the receptor binding. Modifica

tion of a limited number of arginine residues of apo-B or E by 1,2-

cyclohexanedione (34) or of lysine residues by acetoacetylation, reductive 

methylation or carbamylation (35) totally prevents LDL or HDLc binding to 

the LDL receptor of fibroblasts. It must be mentioned that the 1,2-cyclo

hexanedione modification is completely reversible and it was shown that 

the binding properties of the LDL were reintroduced again after reversal 

of the modification (34). 

1.2.2. The remnant receptor 

In addition to the LDL receptor the liver contains a second lipopro

tein receptor which recognizes apo-E. The presence of such a receptor was 

already suggested by the apparant normal clearance of of chylomicron

remnants in FH patients while also the apo-E levels in such patients were 

virtually normal. These observations suggested that a genetic distinct 

remnant (ape-E) receptor might exist for the uptake of apo-E containing 

lipoproteins (36). Binding studies with cell membranes established the 

existence of liver receptors that bind apo-E-HDLc (HOLe with only apo-E as 

apoprotein constituent), chylomicron remnants and HDL with apo-E btit not 

apo-E free HDL or LDL (36-38). Further evidence for a distinct lipoprotein 

receptor, different from the apo-B,E receptor, has been derived from 

lipoprotein binding studies with intact liver cells (39). Studies with the 

WHHL rabbit finally confirmed the distinct genetic origin (40) of the apo

B,E and remnant receptor. 

1.2.3. Lipoprotein receptors on macrophages 

on macrophages two different lipoprotein receptors are suggested to 

play a role in the conversion of these cells to foam cells. By these two 

receptors. the macrophages are able to internalize a lot of cholesterol 

which can accumulate in the cytoplasm as cholesterylester droplets (21, 

22, 41, 42 }. These droplets give the cytoplasm a foamy appearance in the 

electron microscope. 



22 

The two independent receptors are: 

1. The acetyl-LDL receptor which interacts with acetylated LDL {16) 

malondialdehyde treated LDL (43) and biologically modified LDL { 17) 

but not with unmodified IDL or S-VLDL. 

2. A specific receptor for S-VLDL which does not interact with native 

LDL or acetyl-LDL (21, 22) 

Ade 1) Specific chemical modifications that abolish positive lysine resi

dues and increase LDL's net negative charge can convert the lipoprotein 

into a ligand for the acetyl-LDL receptor. In addition, the ability to 

bind to the classic LDL receptor is inhibited (44). Binding to the acetyl

LDL receptor leads to a rapid internalization and degradation of the 

lipoprotein. However, cellular cholesterol accumulation does not lead to 

down regulation of the acetyl-LDL receptor so that the excessive choles

terylester accumulation can be induced (16). Ad. 2) S-VLDL is supposed to 

be generated from remnant particles when these particles are not adequate

ly catabolized. This may be due to an overloading of the hepatic clearance 

mechanism, which happens in cholesterol-fed animals (18. 19), or to an 

abnormal recognition mark (apo-E) as observed in patients with familial 

dyslipoproteinemia (Type III hyperlipoproteinemia) (45). Upon in vitro 

incubation of rnacrophages with S -VLDL, cholesterylester accumulation is 

observed similarly as in in macrophages of cholesterol-fed animals or type 

III patients {4). 

1.3. SCOPE OF THE THESIS 

The quantitative role of the liver in LDL uptake was unclear at the 

start of the present investigations. Currently the liver was considered as 

a homogeneous tissue and a possible role of the non-parenchymal liver 

cells in lipoprotein catabolism was ignored. Although only 7.5% of liver 

protein is attributed to non-parenchymal cells, as many as 26.5% of the 

liver plasma membranes and 43% of the liver lysosomes are located in non

parenchymal cells (46). The non-parenchymal cells themselves also form a 

heterogeneous population of Kupffer cells, endothelial cells, fat storing 

cells and pit cells (46, 47). The Kupffer and the endothelial cells are in 

direct contact with the circulating blood, including lipoproteins. Initial 

studies from our laboratory (48) had indicated that after LDL injection in 

rats, non-parenchymal liver cells accumulate LDL 12 times as much LDL per 
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mg cell protein as parenchymal cells. The recovery of the total liver 

associated radioactivity in the isolated cells was however not quantita

tive and the relative importance of receptor-dependent and receptor

independent uptake was not indicated. Furthermore it was not possible to 

measure the accumulation of LDL at longer circulation times, as the ra-

dioactive degradation products of the iodinated lipoproteins escape rapid

ly from the cells. To elucidate the role of the apo-E,E receptor in the 

liver and the various liver cell types in LDL catabolism, without inter

ference with the apo-E (remnant)receptor (38, 39, 49), we have studied the 

fate of an LDL particle which contains only apo-B. For reasons that rat 

LDL cannot be obtained in sufficient quantities in an apo-E free form, we 

used human LDL. In order to characterize the recognition sites on the 

various liver cell types, both in vivo and in vitro studies are performed. 

To discriminate between receptor-dependent and independent interaction, 

LDL was chemically modified. To indicate the independent regulation of the 

apo-B,E receptor activity on the various liver cell types, the rats were 

treated with various effectors. The degradation of LDL was taken into 

account, by labelling LDL with a radioactive marker ( [ 14c] sucrose) which 

accumulates in the lysosomes when the apoprotein is hydrolysed. By fol

lowing the time-dependent cell-association of [ 14c]sucrose it can be 

determined which cell types form an active catabolic site for LDL. 

As mentioned before initial studies suggested that the non-parenchy

mal liver cells could play a quantitative important role in LDL cata

bolism. In addition also an important role of these cell types can be 

expected in acetyl-LDL or S-VLDL degradation. The non-parenchymal cells 

represent the greatest population of macrophages in the body (50), and 

some types of macrophages express active receptors for acetyl-LDL and 8-

VLDL (section 1.2.3.). In this study we used acetyl-LDL to test the possi

bility that the liver could play an important role in the uptake of this 

potentially atherogenic lipoprotein. Furthermore, the interaction of liver 

cells with another potentially atherogenic lipoprotein, lipoprotein(a) 

(Lp(a)), was investigated. This minor lipoprotein can be demonstrated in 

the blood of most people and its level is positively correlated with the 

occurence of coronary heart disease (51-54). It resembles LDL in lipid 

composition and apo-B content, however it possesses in addition a unique 

apolipoprotein{a) (55-57). 
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In summary: The thesis describes the role of the apo-B,E receptor, in the 

liver and the various liver cells, in the catabolism of low density lipo

protein. Furthermore the effectivity of liver in the uptake of potentially 

atherogenic lipoproteins like acetyl-LDL and lipoprotein(a) has been de

termined in order to establish to what extent the liver can be considered 

as a protection system for these lipoproteins. The specificity of the 

receptors, involved in the in vivo uptake of these lipoproteins, has been 

verified in vitro by studying the binding characteristics of the isolated 

liver cell types for LDL, acetyl-LDL and Lp(a). 
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2 • EXPRRDIERTAL WORK 

2.1. QUANTITATIVE ROLE OF THE LIVER IN LDL CATABOLISM 

Until recently no quantitative method was available to assess in vivo 

the contribution of the liver to LDL catabolism. The initial cell-associa

tion rate of radioiodinated LDL is not necessarily correlated with overall 

LDL uptake and catabolism. At longer circulation times of iodinated lipo

proteins the degradation products (iodinated tyrosine or free iodine) will 

escape from the cell, and therefore determination of the radioactivity in 

the steady-state condition underestimates the total contribution of cells 

which avidly degrade LDL. Recently a technique became available which 

circumvents these problems (58). This technique is based on a method used 

to measure fluid endocytosis in cultured cells (59, 60). Radiolabelled 

sucrose is internalized by cells, once in the lysosomes it remains entrap

ped because it does not readily cross the lysosomal membrane while there 

is little sucrase activity in lysosomes (60, 61 ), According to this ap

proach we coupled [ 14c]sucrose covalently to the LDL apoprotein (58). 

After injection into rats the radioactive sucrose inside the cells then 

forms a cumulative measure for the uptake of LDL (58, 62, 63). 

A discrimination between receptor-dependent and receptor-independent 

uptake can be made by modification of lysine residues of the LDL apolipo

protein by methylation~ because the residues are involved in the recogni

tion of the particle by the receptor. It has been reported that such a 

modification of the lysine residues prevents the association of LDL to the 

classical apo-B,E receptor (35). By comparing the uptake of native LDL and 

methylated LDL the difference in uptake will represent the quantitative 

contribution of this receptor. 

After in vivo injection of [ 14c]sucrose-labelled LDL or [14c]sucrose

labelled reductive methylated LDL ([ 14c]sucrose-labelled Me-LDL) the time 

dependent decay from serum and accumulation of [ 14cJ sucrose by the liver 

is determined (paper I). At the indicated time-intervals the liver is 

perfused with a cold (8°C) Hanks' buffer, whereafter a lobule is tied off 

for determination of the uptake in whole liver. Table 2 shows the per

centual uptake of LDL by the liver at various times after intravenous 

injection. At 24 hours after LDL injection 47% of the LDL which has been 

disappeared fom serum, can be found in liver. This value is comparable 



26 

Table 2 .. 

Relative importance of the liver in accumulating screened [14c]sucrose

labelled LDL at different times after injection. 

Time after 
injection 
(h) 

2 

4.5 

12 

24 

LDL cleared 
from serum 
(%) 

25.1 

48.7(30.8*) 

70.4 

86.7 

LDL accumulat
ed in liver 
(%) 

20.1 

33,7(12.1*) 

34.7 

40.5 

*value for [ 14c]sucrose-labelled Me-LDL 

Relative impor
tance of the 
liver for the LDL 
decay (%) 

80.1 

69.3(39.4*) 

49.3 

46.8 

with that reported by others (63, 64). For pig (65) and rabbit (66) the 

contribution of the liver to total LDL catabolism at 24 h after injection 

was also about SO%. However when the uptake of [ 14cJ sucrose LDL in liver 

is determined at respectively 2 and 4.5 h after injection, we observed 

that from the LDL which is removed from serum, 80% respectively 70% is 

present in liver. It appears that the linear uptake phase of r14clsucrose 

LDL during the first 4.5 h after injection is followed by a steady state 

level of [ 14cJsucrose at prolonged circulation of LDL, probably indicating 

that the continuing uptake of [ 14c]sucrose- labelled LDL is accompanied by 

a release of label from the cells (paper I, ref. 67). Release of r14c]

sucrose from the total rat liver has been measured by Pittman et al. (63) 

and was reported to account for a loss of 10% of the total label per day 

from this organ to the bile. In addition release can be due to retro-

endocytosis of LDL (68), a process by which LDL after uptake escapes 

degradation by re-excretion from the cells. A third possiblity is that a 

low sucrase activity in the lysosomes (61) will lead to hydrolysis of 

r14 c] sucrose to metabolizable products. Furthermore uptake of c14c]

sucrose LDL may occur in cell types which show an active secretion of 

lysosomal constituents (69 ). 
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Although these aforementioned processes may influence the quantita

tive approach to assess the liver contribution in LDL catabolism at pro

longed circulation time, it is clear that, as compared to iodine-labelled 

LDL, the liver accumulation of [ 14c]sucrose-labelled LDL is substantially 

higher. With iodine-labelled LDL at any time after injection never more 

than 4% of the injected dose is recovered in liver. It can be argued that 

at circulation times of LDL up to 4.5 hours a quantitative determination 

of the liver contribution is possible, a time point at which about half of 

the LDL is cleared from the blood. 

The quantitative importance of the LDL receptor for the uptake of LDL 

by the liver was determined at two time points after injection (30 min and 

4.5 h). For both time points the association of methylated LDL to total 

liver is about 35% of that of unmodified LDL, indicating that 65% of the 

liver uptake is receptor-dependent. 

2.2. INTERACTION OF LDL WITH PARENCHYMAL AND NON-PARENCHYMAL LIVER CELLS 

In liver two different receptors for native lipoproteins are identi

fied, the apo-B,E receptor and the apo-E receptor (for reviews see refs. 

70, 71). In rabbits it was demonstrated that the apo-B,E receptor in liver 

can be regulated by the liver's demand for cholesterol. Receptor suppres

sion occurs when a high cholesterol diet is consumed (37, 72 ), Conversely 

the amount of LDL receptors increase when hepatic cholesterol synthesis is 

blocked by the drugs compactin or mevinolin (73, 74), or when bile acid 

binding resins are given (75, 76). However, on isolated liver membranes of 

untreated rats it was impossible to demonstrate a high affinity receptor 

for LDL and only after treatment of the rats with 17a-ethinyl estradiol a 

specific binding site for human LDL was induced (77, 78}. This binding 

site had similar properties as the apo-B,E receptor from fibroblasts (79). 

It must be mentioned that these binding studies were performed at 

0°c, a condition which not necessarily reflects the cell-association 

characteristics of LDL in vivo. We decided to characterize the properties 

of cell-association of LDL in vivo by intravenous injection of iodinated 

LDL preparations into the rats. Subsequently after a short circulation 

time (30 min) the liver cells are isolated by a procedure which prevents 

release of label from the cells and the amount of cell-associated radioac-

tivity is determined. To assess the role of the various liver cells in the 
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processing of LDL, [ 14cJ sucrose-labelled LDL was used and the uptake of 

radioactivity was determined at a prolonged circulation time {4.5h). 

The specificity of the interaction of human LDL with the various 

liver cell types and the saturation kinetics of cell-association were 

determined in vitro with freshly isolated cells. In addition, studies were 

performed in which the LDL was allowed to interact with the liver cells 

in vivo 1 whereafter in vitro the processing of the particle was followed. 

2.2.1. In vivo association of LDL to liver cells. 

Chemical modification of the arginine or lysine residues of apolipo

protein- B in human LDL with cyclohexanedione treatment or reductive 

methylation respectively, prevents LDL association to the apo-B,E receptor 

from fibroblasts (34, 35). We used cyclohexanedione-treated LDL (CHD-LDL) 

and reductive methylated LDL (Me-LDL) to investigate the nature and speci

ficity of the recognition site for LDL on both parenchymal and non-paren

chymal liver cells in vivo. 

After intravenous injection of the radioiodinated lipoproteins into 

rats, the various liver cell types were isolated at 30 min after injection 

by a low temperature cell isolation technique 1 based on (80) and exten

sively described in paper I and (81). This low temperature technique was 

used in order to prevent degradation or redistribution of the lipoproteins 

during cell isolation. Pure parenchymal and pure non-parenchymal cells are 

obtained as checked microscopically and by determining the absence or 

specific presence of M2-type pyruvate kinase in cell preparations (82). 

The validity of this newly developed techniquer is further discussed at 

the end of this chapter. 

It is found that reductive methylation of LDL inhibits the associa

tion of LDL to both parenchymal (66%) and non-parenchymal cells (44%) 

(Table IV in paper II), indicating that lysine residues are important for 

LDL recognition by both cell types. In contrast§ cyclohexanedione treat

ment of LDL did not inhibit the cell association of LDL to non-parenchymal 

cells. These data indicate that apparently lysine residues on apo-B are 

important for the recognition of LDL by the non-parenchymal cells whereas 

arginine residues are not involved. 

For reason that in rats 17a-ethinyl estradiol treatment leads to 

induction of a LDL receptor with characteristics similar to the fibroblast 

receptor {77-79) F we decided to compare the properties of this receptor 
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with those of untreated rats. 17a-ethinyl estradiol treatment selectively 

increases the cell association of LDL to parenchymal cells (17-fold) 

leaving the non-parenchymal cell asssociation uninfluenced (paper III). 

The increased cell association of LDL to parenchymal cells is almost 

completely blocked by cyclohexanedione treatment of LDL (for 82%) or by 

reductive methylation of LDL (for 97%) (paper II). These data indicate 

that the arginine and lysine residues of LDL are essential for the recog

nition of LDL by the estrogen-induced LDL receptor on parenchymal cells, 

whereas in estrogen-treated rats for the recognition of LDL by the non

parenchymal cells still only lysine residues are essential. Furthermore 

these data indicate that an LDL receptor can be found in rats, with 

properties comparable to the LDL receptors on human fibroblasts, provided 

that the rats are pretreated with ethinyl estradiol. The difference in the 

interaction of Me-LDL and CHD-LDL with non-parenchymal cells might explain 

the slower decay of Me-LDL as compared to CHD-LDL as reported several 

times (75, 83-85). 

The relative importance of the parenchymal and non-parenchymal liver 

cells for the receptor-dependent cell-association to total liver can be 

calculated on the basis of the cell-associated radioactivity and taking 

into account the composition of the liver. In estrogen-treated rats, 

parenchymal cells form the major tissue site for receptor-dependent cell

association of human LDL (92%). In contrast, in untreated rats the non

parenchymal cells are quantitatively more important and contribute for 57% 

to the total receptor-dependent cell-association of the liver. 

Autoradiographic studies (86) also indicate an increased LDL uptake 

by parenchymal liver cells upon estrogen treatment of rats. Under these 

circumstances the total LDL uptake by non-parenchymal cells was only 10% 

of the total liver uptake, data comparable to ours. In the untreated liver 

the quantitatively important role for non-parenchymal liver cells could 

not be demonstrated in this system. The relative insensitivity of the 

autoradiographic method force the use of large doses of labelled LDL 

leading to serum LDL levels 10 times above the physiological range. Under 

these circumstances the cell-association may be largely unspecific. With 

our method, trace amounts of labelled LDL are used, whereafter both the 

receptor-dependent and independent cell-association of LDL to the various 

liver cells can be easily quantified. Similar results have been obtained 

when we injected 10 times more LDL (still in the physiologically range) 
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(see paper III). 

Packard et al (83) and Slater et al (87) suggested that the reti

cula endothelial cells could play a quantitatively important role in the 

receptor-independent catabolism of LDL {They defined the catabolism of 

CIID-LDL as receptor-independent). By blockade of the reticulo-endothelial 

system by ethyl oleate {88, 89), the LDL cholesterol level in rabbits 

increases by 33% (87). We determined the effect of ethyl oleate on the 

cell-association of LDL to both parenchymal and non-parenchymal cells. 

The association of native LDL and CHD-LDL with non-parenchymal cells 

appears to be selectively decreased by ethyl oleate treatment and a cell

association level is measured comparable to that of Me-LDL. No effect of 

ethyl oleate treatment was observed on the association to parenchymal 

cells. These findings indicate that the LDL recognition sites on paren

chymal and non-parenchymal cells differ in respect to both their regula

tory respons and recognition properties. 

The specific effect of estrogen on the cell-association of LDL to 

parenchymal cells and ethyl oleate on the cell-association to non-paren

chymal cells form further evidence for the validity of the cold perfusion 

and cell isolation method. The validity of the applied low temperature 

method can now be justified on the following grounds: at 8°C, collagenase 

(0.05%) reduced minimally the amount of membrane associated lipoprotein to 

total liver in contrast to the situation at 37°C (see table I in paper 

II), while processing of lipoproteins hardly occurs at 8°C (69, 90). 

Consequently the recovery of the radioactivity in the isolated cells 

increases as compared to the method performed at 37°C and is now 100% (see 

table 1 in paper III). Specific modulation of the LDL association to the 

various liver cell types by 17a-ethinyl estradiol (parenchymal cells) or 

ethyl oleate treatment (non-parenchymal cells) can be demonstrated, 

forming circumstantial evidence for the absence of cross-contamination in 

the cell-preparations. 

2.2.2. Catabolism of LDL by liver cells. 

The cell association of lipoproteins is not necessarily coupled to 

cellular uptake and degradation of the apolipoproteins or may be coupled 

to it with varying efficiency. For instance during the vascular catabolism 

of chylomicrons, the apoproteins are not taken up by the endothelial cells 

while the lipid core is readily metabolized (91 ). To investigate to what 
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extent the initial cell-association of LDL is coupled to cellular uptake 

of the apolipoprotein we determined the processing of the in vivo inter

nalized LDL. Thirty minutes after intravenous injection of the ( 125 r]

labelled LDL, the extracellulair associated LDL was removed by a short 

collagenase perfusion (37°C) of the liver (paper II). Subsequently the 

parenchymal and non-parenchymal cells were isolated, incubated in a Ham F-

10 medium (37°C) and the release of LDL and the degradation products of 

LDL into the medium were measured. It appears that in control rats, mainly 

the non-parenchymal cells degrade LDL, and per mg of cell protein at least 

a 30-fold greater amount of degradation products of LDL are released into 

the medium than with parenchymal cells. This degradation is inhibited for 

about 50% by chloroquine, suggesting the involvement of the lysosomes. No 

effect of estrogen treatment is noticed on the release of intact or de-

graded LDL from non-parenchymal cells. In contrast, after estrogen treat

ment the parenchymal cells degrade LDL at a 15-fold increased rate, which 

degradation is for 30% inhibited by chloroquine, suggesting that at least 

partly it occurs in the lysosomes. 

The important role of non-parenchymal liver cells in the degradation 

of LDL is further established in vivo by studies on the time dependent 

uptake of [ 14c] sucrose-labelled LDL by the various liver cells (paper I). 

As mentioned before [ 14c]sucrose LDL can be used in vivo; at least up 

to 4.5 h after injection, as a cumulative measure for cell-association and 

uptake of LDL. When the time-dependent cell-association of [ 14cl sucrose

labelled LDL is determined ~ith parenchymal and non-parenchymal cells, it 

is clear that with both cell types the binding is about similarly coupled 

to uptake (Fig. 3, paper I). A calculation on the relative importance of 

the non-parenchymal cells for the uptake of LDL by total liver, indicates 

that these cells are for at least 70% responsible for the uptake. A 

comparison of the cellular uptake of [14c]sucrose-labelled LDL and [ 14c]

sucrose-labelled Me-LDL after 4.5 h circulation indicates that 79% of the 

uptake of LDL by non-parenchymal cells is receptor dependent. Within the 

non-parenchymal cells the Kupffer cell is the single cell type responsible 

for this receptor-dependent uptake. For parenchymal cells similarly as for 

endothelial cells no receptor-dependent uptake of LDL could be demon

strated. 

Although the data on the receptor-dependent uptake of LDL by total 

liver are in agreement with the data of Pittman and coworkers (63, 64), 
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the distribution of the label between the various liver cell types is 

completely at variance. Pittman et al. (63 1 64) suggest that the hepato

cytes are quantitatively the most important cell type for LDL degradation. 

Unfortunately the authors do not report LDL uptake values for the non

parenchymal cells. Moreover no data are presented on the purity of their 

cell preparations. Our data on the relative importance of the non-paren

chymal cells for LDL uptake are supported by the findings that in rabbits 

after blockade of the reticulo-endothelial system a rapid 33% increase in 

LDL cholesterol occurs {87 ). 

In conclusion our in vivo and in vivo-in vitro data on the catabolism 

of LDL indicate that non-parenchymal liver cells (mainly Kupffer cells) 

not only bind, but also actively catabolize the apolipoprotein of LDL 

(about 70% of the total liver uptake of LDL). Furthermore we established 

that in untreated rats only the catabolism of LDL by Kupffer cells can be 

defined as receptor-dependent. The recognition site for LDL on non-paren

chymal cells shows a unique recognition property, in that the arginine 

residues on LDL are not important for recognition, in contrast to the 

lysine residues. In this respect this recognition site differs from the 

classical LDL or apo-B,E receptor which can also be expressed in rats, 

specifically on hepatic parenchymal cells after estrogen treatment. 

2.2.3. In vitro determination of binding sites for LDL on liver cells. 

In order to determine the specificity and affinity of the LDL binding 

sites on both parenchymal and non-parenchymal cells we performed in vitro 

binding studies with freshly isolated parenchymal and non-parenchymal 

liver cells. These cell types were dissociated according to Seglen (92). 

The collagenase perfusion of the liver at 37°C was followed by differen

tial centrifugation of the crude cell suspension at 8°C in order to sepa

rate parenchymal and non-parenchymal cells (48). There is a striking 

difference between human LDL and rat LDL in the interaction with both 

parenchymal or non-parenchymal rat liver cells. Cell association of rat 

LDL to both cell types reaches at least a 6 times higher level than with 

human LDL (paper IV, V and ref. 93). The difference in cell-association 

between rat and human LDL is probably due to a difference in apo-E content 

as it is shown that apo-E is an important determinant in the hepatic 

uptake of plasma lipoproteins (94) and can mediate an interaction with the 

so-called apo-E receptor (38, 39, 93, 95 ). In addition,apo-E containing 
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particles can interact with much greater affinity with the apo-B,E recep

tor than solely apo-B containing particles (96). The concentration depen

dency of the cell-association of human LDL with both parenchymal and non

parenchymal cells, clearly shows that high affinity binding sites for the 

only apo-B containing human LDL are present on these cells. The high 

affinity binding site on rat hepatocytes possesses a Kd of 2.6 x 1o-8M, a 

value comparable to that found with the receptor of liver membranes iso

lated from the estradiol-treated rat {79). However, the high-affinity 

binding of human LDL on rat hepatocytes is not very efficiently coupled to 

uptake and subsequent degradation of LDL because after one hour of incuba

tion at 37°C still less than 30% of the cell-associated LDL is inter

nalized and no evidence for any subsequent high affinity degradation is 

obtained (paper IV), In contrast, the cell-assocation of LDL with non

parenchymal cells, reaches a 6 times higher level as with parenchymal 

cells (expressed per mg cell protein), and is followed by degradation of 

the apolipoprotein (paper V). The high-affinity degradation of LDL by non

parenchymal cells is largely inhibited by 100 pM chloroquine or 10 mM 

NH 4Cl, indicating the involvement of the lysosomes in this process. 

The properties of the human LDL binding site on rat hepatocytes are 

very similar to those of the human fibroblast receptor (2) in that the 

interaction of LDL with the cells is dependent on the extracellular ca2+ 

concentration and that lipoproteins with either apo-B or apo-E compete 

with the association of the radiolabelled LDL. These in vitro studies give 

evidence that the binding site for human LDL as observed in vivo (paper I 

and II) is indeed a high-affinity binding site which shows an interaction 

both with apo-E and apo-B containing lipoproteins and can thus be defined 

as an apo-B,E receptor. 

2.3. ROLE OF LIVER AND LIVER CELLS IN TijE CATABOLISM OF ACETYLATED LDL AND 

LIPOPROTEIN (A). 

The atheromatous lesions in patients with (familial) hypercholester

olemia are rich in cholesterol containing foam cells. Most of these cells 

are supposed to be derived from circulating monocytes (14). Since patients 

with homozygous FH lack the LDL receptor, the question arises how these 
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foam cells do obtain these cholesterol levels. When monocytes or macro

phages are incubated with normal LDL, this lipoprotein is taken up very 

slowly and by in vitro incubations no cholesterol accumulation could be 

induced (16, 41). However, when LDL is modified by acetylation, malondial

dehyde treatment or prolonged incubation with umbilical vein endothelial 

cells the modified lipoprotein is readily internalized and produces a 

cholesterol deposition comparable to that seen under pathological con

ditions (16, 41). Although acetylation of LDL destroys the ability of the 

lipoprotein to interact with the LDL receptor on fibroblasts (44), in 

macrophages this modified lipoprotein is recognized by the acetyl-LDL 

receptor which, due to its absent feedback regulation (16), can mediate 

excessive cholesterol deposition (41 ). 

Untill now, no direct evidence is available for the presence of these 

potentially atherogenic lipoproteins in the circulation. However, Lp(a} a 

lip~protein which can be demonstrated in small quantities in the blood of 

most people is positively correlated with the occurence of coronary heart 

disease (51-54), and no mechanism is known to indicate the reason why 

Lp(a) is a risk factor. A number of in vitro studies have shown that 

Lp(a), which contains both apo-B and apolipoprotein{a), binds to the apo

B,E receptors on fibroblasts (97-99), but also a contrasting view is 

reported (100). Until! now it is not clear to what extent, binding of 

Lp{a) to the apo B,E-receptor determines the in vivo turnover of this 

interesting lipoprotein, or that also other binding sites are involved. 

The potential role of the liver as protection system against cir

culating atherogenic lipoproteins, made it interesting to investigate the 

uptake of Lp{a) and acetyl-LDL by the liver and the various liver cells. 

2.3.1. Acetylated LDL. 

Three minutes after intravenous injection of [ 125r]-labelled acetyl

LDL into rats, already 94% of the [ 125r]-label is removed from serum while 

at 10 min this value is 98% (paper V). The bulk of the radiolabelled 

acetyl-LDL is recovered in the liver. Subsequent separation of the liver 

cells into a parenchymal and non-parenchymal cell fraction indicates that 

the non-parenchymal cells contain a more than 30-fold higher amount of 

radioactivity per mg cell protein than the parenchymal cells. The separa

tion of the cells was however effected by a liver perfusion at 37°C with 

collagenase. Because at 37°C the degradation or release from the cell-
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membrane of the lipoproteins is not blocked, the recovery of the total 

liver-associated label in the subsequently isolated cells is low. Sub

sequent experiments performed in our laboratory (81) however confirm the 

already suggested important role of the non-parenchymal cells in acetyl

LDL uptake and it was reported that especially the liver endothelial cells 

actively metabolize this modified LDL. 

In vitro experiments with isolated cells show that the degradation of 

acetyl-LDL by non-parenchymal cells is 50-fold higher per mg cell protein 

than by parenchymal cells. When the degradation of LDL or acetyl-LDL by 

non-parenchymal cells is compared, it appears that non-parenchymal cells 

degrade acetyl-LDL at a SO times higher rate than native LDL (see also 

ref. 101 ). The very active degradation of acetyl-LDL by non-parenchymal 

cells occurs in the lysosomes because it is blocked by either chloroquine 

(SO p.M) or NH 4cl (10 mM). Competition experiments show that an excess of 

unlabelled human LDL, rat LDL or rat HDL does not compete for the r12Sr]

labelled acetyl LDL binding in contrast to an excess of unlabelled acetyl

LDL, indicating that the acetyl-LDL binding site on non-parenchymal cells 

is specific for the modified lipoprotein. Recent studies {81, 102) have 

shown that within the non-parenchymal cell preparation also in vitro the 

endothelial liver cell is the main cell type that interacts with acetyl

LDL. 

2.3.2. Lipoprotein(a) 

Lp(a) is a rather labile lipoprotein and the properties of an Lp(a) 

preparation are easily influenced by the isolation method employed {103). 

we tested the properties of Lp(a) which was isolated by two different 

procedures (103, 104, paper VI). Lp{a) was isolated from pooled human 

sera; obtained from about 5-7 persons who were screened in advance, and 

appeared to be highly Lp(a) positive. The following experiments were 

performed in order to determine to what extent Lp{a) could interact in 

vivo with the apo-B,E receptor and/or acetyl LDL receptor. For a determi

nation of the possible interaction of Lp(a) with the apo-B,E receptor the 

number of receptors was selectively increased in parenchymal liver cells 

by estrogen treatment of the rat. As mentioned before the interaction of 

LDL with apo-B,E receptor can be blocked by reductive methylation or 

cyclohexanedione treatment of the lipoprotein {34, 3S). Cyclohexanedione 

treatment of Lp(a) results in a complete loss of specific binding to human 
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fibroblasts (99). This indicates that the apolipoprotein-B part of Lp{a) 

is responsible for the in vitro binding to the apo-B,E receptor. We used 

reductive methylation of Lp(a) to determine the role of lysine residues in 

the interaction of Lp(a) with the different cell types. 

The different Lp(a) preparations were injected into rats and after 30 

min circulation, variable amounts of Lp(a) were found to be associated to 

total liver (paper VI}. To some extent the employed Lp(a) isolation method 

may be responsible for such a variation. However, independent of any 

isolation procedure it is clearly shown that Lp(a) is taken up to a higher 

extent than LDL by the liver endothelial cells. Because especially acetyl

LDL is rapidly taken up by liver endothelial cells (81), the observed 

change might be related to an acetyl-LDL like character of the particle. 

To investigate this possibility more clearly , in vitro competition 

studies between radiolabelled Lp(a) and unlabelled LDL or acetyl-LDL were 

performed {paper VI). For these studies an Lp{a) preparation was used with 

the highest uptake in endothelial cells. The data clearly indicate that 

the cell-association of Lp{a) to non-parenchymal cells can be inhibited 

even more efficiently by acetyl-LDL than by Lp(a) itself. These data at 

least allow the conclusion that Lp{a) can show a character which leads to 

recognition by the acetyl-LDL receptor. This behaviour appears to be 

influenced by the lysine residues of Lp(a) because methylation of Lp(a) 

largely blocks the high uptake of Lp(a) by the non-parenchymal liver 

cells. Upon estrogen treatment of the rat, the cell-association of Lp{a) 

to parenchymal cells is increased (paper VI), suggesting that Lp(a) is 

also recognized by the apo-B,E receptor, although much less efficiently 

than LDL. This conclusion is also derived from studies with fibroblasts 

( 97-99 I. 

The aforementioned data suggest that for Lp(a) a situation may exist, 

which can be compared with the malondialdehyde modification of LDL. Malon

dialdehyde modification of a few lysine residues of LDL strongly inhibits 

the interaction with the apo-B,E receptor. After modification of an in

creased number of lysine residues of LDL, an acetyl-LDL like character 

could be demonstrated (105). A comparable process has been demonstrated 

with the carbamylation of LDL (106). An analogous process might explain 

the present results. As compared to LDL, Lp(a) might be more susceptible 

to subtile changes in the environment of the lysine residues of the apoli

poprotein leading to a more readily conversion of Lp(a) to an atherogenic 
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form which can be recognized by the acetyl-LDL receptor. Also Gianturco et 

al. (107) recently showed that unfiltered or aggregated Lp(a) can cause 

lipid accumulation in macrophages in contrast to filtered Lp(a). A ready 

induction of an acetyl-LDL character in Lp(a) in vivo might explain the 

positive correlation between the Lp(a) level in serum and coronary heart 

diseases. 
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3 • CONCLUDING REMARKS 

The most marked conclusion is the establishment of the important role 

of non-parenchymal cells in the catabolism of the low density lipoproteins 

by the rat liver. Because the liver is responsible for 70-80% of the 

removal of LDL from blood this conclusion can be extended to total LDL 

turnover. The relatively important role of the non-parenchymal liver cells 

in LDL uptake might be due to the low interaction of rat hepatocytes with 

human LDL, both in vivo and in vitro. This is in contrast to results 

obtained with hepatocytes from pig (108) and rabbit (30, 109). The role of 

non-parenchymal cells from pig, rabbit or human liver in LDL catabolism is 

unknown at the moment. 

Beside the important role of the non-parenchymal cells in LDL cata

bolism, we also illustrate an important role of these cells in the uptake 

and degradation of the potentially atherogenic lipoproteins acetyl-LDL and 

lipoprotein{a). Just like acetyl-LDL and biologically modified LDL (110) 1 

Lp( a) is taken up by the endothelial liver cells to a higher extent than 

LDL, probably due to its interaction with the acetyl-LDL receptor. The 

receptor-dependent uptake of acetyl-LDL and Lp(a) by the liver endothelial 

cells and LDL by the Kupffer cells can have important consequences for the 

cholesterol metabolism in liver, because specifically receptor-dependent 

uptake regulates cholesterol synthesis and esterification (30, 108, 111). 

The low temperature perfusion and cell isolation techniques have 

greatly improved the recoveries of the total liver-associated radioactivi

ty in the isolated liver cell types. The applied method may be an impor

tant aid in future experiments on the role of parenchymal and non-paren

chymal cells in lipoprotein catabolism, in which the consequence of the 

receptor-dependent and independent uptake of lipoproteins for cholesterol 

metabolism in the various liver cell types can be studie~ 
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1. In order to assess the relative importance of the receptor for low-density lipoprotein 
(LDL) (apo-B,E receptor) in the various liver cell types for the catabolism of lipo
proteins in vivo, human LDL was labelled with (1 4 C]sucrose. Up to 4.5h after intra
venous injection, [14C]sucrose becomes associated with liver almost linearly with 
time. During this time the liver is responsible for 70-80% of the removal ofLDL from 
blood. A comparison of the uptake of [14C]sucrose-labelled LDL and reductive
methylated [14C]sucrose-labelled LDL ((l 4 C]sucrose-labelled Me-LDL) by the liver 
shows that methylation leads to a 65% decrease of the LDL uptake. This indicated 
that 65% of the LDL uptake by liver is mediated by a specific apo-B,E receptor. 
2. Parenchymal and non-parenchymal liver cells were isolated at various times after 
intravenous injection of [14C]sucrose-labelled LDL and [14C]sucrose-labelled Me
LDL. Non-parenchymalliver cells accumulate at least 60 times as much [14C]sucrose
labelled LDL than do parenchymal cells when expressed per mg of cell protein. This 
factor is independent of the time after injection of LDL. Taking into account the 
relative protein contribution of the various liver cell types to the total liver, it can be 
calculated that non-parenchymal cells are responsible for 71% of the total liver uptake 
of [14C]sucrose-labelled LDL. A comparison of the cellular uptake of [14C]sucrose
labelled LDL and [14C]sucrose-labelled Me-LDL after 4.5h circulation indicates that 
79% of the uptake of LDL by non-parenchymal cells is receptor-dependent. With 
parenchymal cells no significant difference in uptake between [14C]sucrose-labelled 
LDL and (1 4 C]sucrose-labelled Me-LDL was found. A further separation of the non
parenchymal cells into Kuptfer and endothelial cells by centrifugal elutriation shows 
that within the non-parenchymal-cell preparation solely the Kupffer cells are 
responsible for the receptor-dependent uptake ofLDL. It is concluded that in rats the 
Kupffer cell is the main cell type responsible for the receptor-dependent catabolism of 
lipoproteins containing only apolipoprotein B. 

The liver plays a key role in lipoprotein 
metabolism because it is the only organ that can 
eliminate cholesterol from the body (Langer eta!., 
1970; Lindstedt, 1970). Studies on the contribution 
of the various tissues to LDL catabolism indicate 
that the liver is responsible for about 50% of the 
LDL turnover in rat (Pittman et al., 1982) and in 
the pig (Pittman et a1., 1979a). In those studies the 
apolipoprotein B in LDL was labelled with 

( 14C]sucrose, and it was suggested that upon 
apolipoprotein B degradation the [14C)sucrose 
remains trapped intracellularly and forms a cumu
lative measure for the uptake of LDL (Pittman er 
al., 1979b; Tolleshaug &Berg, 1981; Pittman et al., 
1982). By comparing the uptake of native [14C]
sucrose-labelled LDL and [14C)sucrose-labelled 
Me-LDL it is possible to assess the involvement 
of specific LDL receptors in the cellular uptake, 
because methylation of LDL blocks recognition by 
these receptors (Weisgraber et al., 1978). By 
application of this method, Carew et al. (1982) 

Abbreviations used: LDL, low-density lipoprotein; 
Me-LDL, reductive-methylated LDL. 
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found that in rats about two-thirds of the hepatic 
uptake of human LDL can be attributed to specific 
LDL receptors. 

More recently we have compared the initial 
rates of cell association of iodine-labelled human 
LDL to the various liver cell types (Harkes & Van 
Berkel, 1984). A comparison of the cell association 
in vivo of LDL, methylated LDL and cyclohexane
dione-treated LDL determined 30min after injec
tion indicated that non-parenchymal liver cells do 
contain an LDL-recognition site. However, LDL 
recognition is blocked by methylation but not by 
cyclohexanedione treatment of LDL. This unique 
property is in contrast with the recognition 
characteristics of the oestrogen-induced LDL 
receptor on parenchymal cells, where recognition 
of LDL is blocked by both modifications (Harkes 
& Van Berkel, 1984), as with the classical LDL 
receptor on fibroblasts (Mahley et a!., 1977; 
Weisgraber et a/., 19"/8). The present work was 
performed in order to assess the quantitative 
importance of this unique LDL-recognition site on 
non-parenchymal liver cells for the catabolism of 
LDL in vivo. For this purpose the time-dependent 
accumulation of[14C]sucrose-labelled human LDL 
and [14C]sucrose-labelled Me-LDL by the various 
liver cell types was determined. 

Experimental 

Materials 
Collagenase (type I) was obtained from Sigma 

Chemical Co. (St. Louis, MO, U.S.A.), Pronase (B 
grade) from Calbiochem-Behring Corp. (La Jolla, 
CA, U.S.A.), metrizamide from Nyegaard A/S 
(Oslo, Norway) and [U- 14C]sucrose from Amer
sham International (Amersham, Bucks., U.K.). 

Lipoproteins 

Human LDL (1.024<d< 1.055) was isolated by 
the method of Redgrave eta!. (1975) as previously 
described (Harkes & Van Berkel, 1983). The 
isolated LDL was subjected to a second identical 
centrifugation. Apolipoprotein E content of this 
LDL fraction was less than 0.03% of total apolipo
protein (Harkes & Van Berkel, 1982), as tested in a 
radial immunodiffusion system (Mancini et a!., 
1965). Labelling of LDL with [U- 14C]sucrose 
(specific radioactivity 552Cijmol) was performed 
exactly as described by Pittman eta!. (l979b). A 
0.2J.Lmol portion of [U- 14C]sucrose was activated 
with cyanuric chloride, whereafter 7mg of LDL 
protein in 0.5ml of 0.15M-NaCl/20mM-sodium 
phosphate/1 mM-EDT A buffer, pH 7 .2, was added. 
After 2h at room temperature the [14C}sucrose
labelled LDL was separated from free [14C]sucrose 
by dialysis twice against 0.15M-NaC1/20mM-
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sodium phosphate/! mM-EDTA buffer, pH6.8, 
then against the same buffer at pH 7.0 and finally 
against 0.15M-NaCl/0.3mM-EDTA, pH7.0. The 
extent of labelling was 0.014pmol of (1 4C]~ 
sucrose/mg ofLDL apoprotein. Reductive methyl
ation of[ 14C]sucrose-labelled LDL was carried out 
as described by Weisgraber et a!. (1978). The 
extent of methylation of the lysine residues as 
determined by the trinitrobenzenesulphonic acid 
method was greater than 80%. 

The [14C]sucrose-labelled LDL and [' 4 C]
sucrose-labelled Me-LDL were screened by in
jectih.g 2mg of protein of either preparation intra
venously into rats. After 2.5 h of circulation total 
serum was collected and directly used, without 
prior isolation of the [14C]sucrose-labelled LDL or 
[ 14C]sucrose-labelled Me-LDL. 

Methods 

Male Wistar rats (l2 weeks old) were used 
throughout the study. Rats were anaesthetized by 
intraperitoneal injection of 20mg of Nembutal. 
The abdomen was opened, and screened [14C]
sucrose-labelled LDL was injected as a 0.5ml 
serum sample into the inferior vena cava at the 
level of the renal veins. In experiments with 
circulation times of LDL of more than 30 min, the 
sample was injected in a tail vein under diethyl 

:her anaesthesia. 
At the indicated circulation time, the vena porta 

was cannulated and the liver perfused with 
oxygenated Hanks' medium {8.0g of NaCl, 0.4g 
of KCl, 0.2g of MgS04 ,7H20, 0.06g of 
Na2HP04 ,2H 20, 0.06g of KH2PO .. , l.Og of 
glucose and 4.77 g of Hepes [4-(2-hydroxyethyl)-1-
piperazine-ethane sulphonic acid] per litre, pH7.4} 
at 8°C. After 8min perfusion (flow rate 14mljmin) 
a lobule was tied off for determination of the total 
liver uptake. In order to separate the various ce11 
types, the liver was further subjected to a low
temperature (8°C) perfusion with 0.05% collagen
ase (Harkes & Van Berkel, 1983; Nagelkerke eta/., 
1983). After 20min of perfusion with collagenase, 
the liver was minced and the crude cell suspension 
was filtered (90 J.Lm mesh) from debris. The filtrate 
(containing parenchymal and non-parenchymal 
cells) was subjected to differential centrifugation 
exactly as described previously (Van Berkel & Van 
Tol, 1978). The parenchymal cells were completely 
free from non-parenchymal cells, as judged by 
microscopy and the absence of M 2-type pyruvate 
kinase (Van Berkel eta!., 1977) from this prepara
tion. The non-parenchymal cells were collected 
from the first two supernatants of the paren
chymal-cell cr!ntrifugations. In order to increase the 
recovery of non-parenchymal cells from the liver, 
the residue on the 90,um-mesh filter was incubated 
for 20min at 8°C with 0.25% Pronase (which 
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destroys parenchymal cells), and the non-paren
chymal cells were collected and washed (twice) by 
centrifugation at 400g for Smin. The non-paren
chymal-cell fractions (both from the supernatants 
from the parenchymal-cell isolation and the Pron
ase-treated filter residue) were combined. The cells 
were suspended in Sml of Hanks' medium, mixed 
with 7.2ml of 30% (wjv) metrizamide and divided 
over two Sorvall tubes. Then I ml of Hanks' 
medium was layered on top of the mixture, and the 
tubes were spun at iSOOg for 15min. The cells that 
floated into the top phase were aspirated. and 
subjected to a 30s 50g centrifugation to reffiove 
any remaining parenchymal cells. The non
parenchymal-cell preparation was collected and 
washed by two 400g centrifugations. The non
parenchymal-eel! preparation was completely free 
from parenchymal cells or parenchymal-cell
derived particles, as judged by phase-contrast 
microscopy and the exclusive presence of Mrtype 
pyruvate kinase in this preparation (Van Berkel et 
a/., 1977). The purity of the parenchymal-cell and 
non-parenchymal preparations is also indicated by 
the specific modulation of LDL association to the 
various cell types by oestrogen (parenchymal cells) 
or ethyl oleate treatment (non-parenchymal cells) 
(Harkes & Van Berkel, 1984). By peroxidase 
staining with diaminobenzidine (Fahimi, 1970), 
about 30% of the isolated non-parenchymal cells 
were peroxidase-positive, indicating that about 
30% of these cells are Kupffer cells and about 70% 
endothelial cells. This relative proportion is similar 
to that in vivo (Knock & Sleyster, 1980). Because a 
Kupffer cell contains twice as much protein as an 
endothelial cell (Knock & Sleyster, 1980), the non
parenchymal-cell preparation contains, calculated 
on a protein basis, SO% Kupffer cells and SO% 
endothelial cells. 

In some experiments endothelial and Kupffer 
cells were obtained by subjecting the liver to a 
direct 8°C Pronase perfusion, whereafter the cells 
were purified by centrifugal elutriation exactly as 
described previously (Nagelkerke et at., 1983). The 
Kupffer-cell preparation contained 70~90% 
Kupffer cells, the remainder being endothelial 
cells; the endothelial-cell preparation contained 
more than 9S% endothelial cells, with less than S% 
white blood cells, as determined by the method of 
Nagelkerke et at. (1983). 

The amount of 14C in the liver samples (0.2-
0.3g) and celi preparations (O.S-l.Oml) was deter
mined after digestion in I ml of Soluene-350 and 
bleaching with 0.2ml of 30% H~02 in a Packard 
Tri-Carb liquid-scintillation spectrometer. The 
relative proportion of protein-linked and small
peptide-bound [ 14C]sucrose was determined by 
heating the various samples for 15min at 95°C. 
After centrifugation (IOOOOg for lOmin), the 
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radioactivities of the precipitate and supernatant 
were counted. 

Liver wet weight was taken as 3.75% of total 
body weight (Van Berkel & Van To!, 1978). 
Protein determination was determined by the 
method of Lowry eta/. (l9Sl). 

Results 

Initial studies indicated a quantitatively impor
tant role for the non-parenchymal liver cells in the 
uptake of [14C)sucrose-labelled LDL. As the 
Kupffer cells especially are known for their 
effective uptake of denatured protein (Buys eta/., 
1975), we decided to subject the LDL preparations 
to a screening procedure (2.S h) in order to remove 
any possible denatured protein. Determination of 
the decay in serum after injection of the screened 
[

14C]sucrose-labelled LDL into rats revealed bi
phasic kinetics (Fig. I) similar to those for the 
unscreened preparation. During the rapid phase 
(t\ about Sh) about SO% of the LDL is removed 
frOm serum. During the first 4.5 h after injections 
of [ 14C]sucrose-labe\led LDL, the liver radio
activity increases almost linearly with time (Fig. 
2). Thereafter a steady-state value is observed. 

From the results shown in Figs. 1 and 2 we can 
calculate the relative importance of the liver in 
accumulating LDL at different times after injec
tion (Table I). This contribution is 80.1% after 2h 
and 69.3% after 4.5 h. This indicates that the liver 
is by far the most important site for LDL uptake. 
After 4.5h the calculated relative importance of 
the liver in LDL uptake apparently decreases, 
probably as a consequence of release of [14C]
sucrose from the liver (see the Discussion section). 
The uptake of[ 14C]sucrose-labelled LDL in paren
chymal and non-parenchymal liver cells at differ
ent times after injection of the labelled LDL is 
shown in Fig. 3. During the total time course after 
LDL injection (24h). the LDL uptake in non
parenchymal cells is at least 60 times higher than in 
parenchymal cells (expressed per mg of protein). 
Taking into account that parenchymal cells consti
tute 92.5% of the total liver protein (Blouin eta/., 
1977), it can be calculated that the parenchymal 
cells are responsible for 29% of the LDL uptake by 
liver and the non-parenchymal cells for 71%. This 
proportion is fairly constant at the various times 
after LDL injection. On the basis of the radio
activity found in the parenchymal cells and in the 
non-parenchymal cells, it can be concluded that 
non-parenchymal cells are quantitatively the most 
important site for LDL uptake in liver. 

The role of a specific recognition site for 
apolipoprotein B in the uptake of LDL by the 
various liver cell types was determined at two time 
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Fig. L Decay in serum o.f[1 4C]sucrose-labe/led LDL and 
[! 4 C]sucrose-labelled Me-LDL in rats 

[ 14C}Sucrose-labelled LDL (Q, O) or [1 4 C]sucrose
labe\led Me-LDL (£.., A) preparations were injec
ted as a 0.5ml serum sample for the screened 
lipoprotein, or as a 0.5ml saline sample for the 
unscreened lipoprotein, into a tail vein, and the 
radioactivity was determined in 0.05ml samples of 
serum. The results are expressed as fraction of the 
Jmin value. Q, fl, Screened preparations; e. A,, 
unscreened preparations. 

points after injection. For this purpose the cellular 
uptake of[ 1 .~.C]sucrose-Jabelled Me-LDL was com
pared with that of the native particle (Fig. 4). The 
time intervals chosen represent the initial associ
ation (30min) and the uptake at a time point when 
about 50% of the total LDL has disappeared from 
serum (4.5h). It can be determined that at 30min 
after injection the Me-LDL association with total 
liver is 35% of that of unmodified LDL. After a cir
culation time of 4.5 h the liver uptake of Me-LDL is 
36% of that of LDL. For non-parenchymal cells 
especially the uptake of LDL (4.5 h value) is greatly 
diminished upon methylation (by 79%), indicating 
the essential role of lysine residues in the uptake 
of LDL by these cell types. The total non-paren
chymal-cell preparation contains, on a protein 
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Time (h) 

Fig. 2. Association of[ 14C}sucrose-labelled LDL with /ir;er 
at different times after injection 

After injection of the screened [ 14C]sucrose-labelled 
LDL, a perfusion of the liver with an 8°C Hanks' 
medium was started at the indicated times. Then 
8min later a liver sample was taken. Values are 
means±S.E.M. for three experiments and expressed 
as percentages of the injected dosefliver. 

0400 

3600 

lSOO 

L--c--c.,:---c,c, --,,c0:---",.o 

Time (h) 

Fig. 3. Cdf association o/[1 4 C}sucrose-labelied LDL with 
parenchymal cells and non-parenchymal cells at different 

rimes after intravenous injection 
[ 14C}Sucrose-labelled LDL association with paren
chymal C6J and non-parenchymal (D) liver cells 
was determined after a low-temperature (8°C) 
isolation and purification procedure started at 
different times after LDL injection. Results are 
expressed as I 04 x percentages of the injected 
dose/mg of cell protein and are means±S.E.M. for 
two or three experiments. 

basis, about 50% endothelial and 50% Kupffer cells 
(see the Experimental section). A purification of 
the non-parenchymal cells into Kupffer and endo
thelial cells shows that within the non-paren
chymal cell population the Kupffer cells are 
responsible for this receptor-dependent uptake. 
The endothelial-cell uptake of LDL is unaffected 
by methylation of LDL. For parenchymal cells the 
initial recognition is inhibited by 33% by methyla-
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Fig. 4. Distribution of[I4 C]sucrose-labelled LDL or (! 4 C]sucrose-labelled Me-LDL between the various liver cell types at 

30min and at 4.5h after injection 
The cell association of[14C)sucrose-labelled LDL (0) or (! 4 C]sucrose-labelled Me-LDL (@I) with liver parenchymal 
(PC) and non-parenchymal cells (NPC) was determined 30min (a) and 4.5h (b) after intravenous injection of the 
screened lipoproteins. In panel (b), two additional experiments show the distribution of the labelled lipoproteins 
between endothelial (EC) and Kupffer cells (KC). In panel (c) the parenchymal-cell values obtained at 30min and 
4.5h after injection are directly compared. Values are the means±S.E.M. for two or three experiments and are ex
pressed as 104 x percentages of the injected dose/mg of cell protein. 

tion of LDL. However, binding to this specific 
recognition site is apparently not effectively 
coupled to uptake, as at the longer circulation time 
(4.5h) the LDL accumulation in parenchymal cells 
(Fig. 4c) is inhibited only to a low extent by 
methylation. 

The relative proportion of heat-soluble and heat
precipitable (1 4 C]sucrose label was determined in 
order to decide whether intracellular degradation 
of LDL occurs. With both parenchymal and non
parenchymal liver cells, isolated 30min after LDL 
injection, 60% of the total radioactivity is precipi
tated by this treatment. When the cells are isolated 
4.5h after LDL injection, this percentage de
creases to 35%. 

Discussion 
We previously reported that non-parenchymal 

liver cells do contain a specific recognition site for 
LDL; this recognition site differs from the classical 
LDL receptor from fibroblasts or the oestrogen
stimulated LDL receptor from parenchymal rat 
liver cells (Harkes & Van Berkel, 1984). Modifica
tion of arginine or lysine residues in LDL by 
respectively cyclohexanedione treatment or reduc
tive methylation both blocks the interaction of 
LDL with the LDL receptor (apo-B,E receptor) on 
human fibroblasts or oestrogen-stimulated rat 
hepatocytes, whereas with non-parenchymal cells 
only methylation appears to inhibit the recogni
tion. In the present study we evaluate the impor
tance of this unique recognition site for LDL on 
(56%). However, when calculated in the linear 
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non-parenchymal cells for LDL catabolism in vivo. 
LDL was labelled with [14C]sucrose because it was 
reported (Pittman er al., I979b, 1982; Tolleshaug & 
Berg, 1981) that, on degradation ofLDL, the [14C]
sucrose-containing degradation products accumu
late inside the cells. Furthermore, studies by 
Pittman et al. (1982) have shown that in the rat the 
decay rates of [14C]sucrose·labelled and 1251-
labelled LDL are identical. The decay of [! 4 C]
sucrose-labelled LDL as observed in the present 
studies is identical with what was shown by Pittman 
eta!. (1982) and Carew eta!. (1982). In contrast with 
those previous studies, where the liver uptake of 
[ 14C]sucrose-labelled LDL or [14C]sucrose-labelled 
Me-LD L was only determined at 24 h after injection, 
we measured the accumulation of [14C]sucrose in 
liver at different times after injection of [14C]
sucrose-labelled LDL. The data indicate that up to 
4.5h after LDL injection the accumulation of[ 14C]
sucrose-labelled LDL in liver is linear with time. 
This linear uptake phase is observed in both paren
chymal and non-parenchymal cells. At longer 
circulation times, however, a near-equilibrium 
situation is reached, and apparently the uptake of 
[ 14C]sucrose-labelled LDL is compensated by a 
release oflabel from the cells. Release oflabel from 
liver will result in an underestimation of the con
tribution of this organ to LDL catabolism at the 
longer time intervals, as indicated in Table I. After 
24h the measured contribution of the rat liver to 
human LDL catabolism is47%, a value comparable 
with that reported for[ 14C]sucrose-labelled LDL by 
Carew et al. (1982) (44%) or Pittman eta!. (1982) 
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Table 1. Relative importance of the liver in accumulating screened {14C)sucrose-labelled LDL at different times after injection 
The percentages are calculated from the data plotted in Figs. 1 and 2. 

Time Relative importance 
after LDL cleared LDL accumulated of the liver 

injection from serum 
(h) (%) 

2 25.1 
4.5 48.7 {30.8*) 

l2 70.4 
24 86.7 

~Value for [' 4 C]sucrose-labe!!ed Me-LDL. 

(56%). However, when calculated in the linear 
uptake phase, the liver contribution is much 
higher, and up to 80% of the LDL that is cleared 
from the circulation is found in the liver. 

By using a low-temperature perfusion and cell
separation method, the liver can be subdivided 
into parenchymal and non-parenchymal cells, with 
a quantitative recovery of the label (Harkes & Van 
Berkel, 1983; Nagelkerke eta!., 1983). Further
more the specific effects of oestrogen treatment on 
parenchymal cells or ethyl oleate on non-paren
chymal cells indicate that no redistribution of 
label occurs during the cell-separation procedure 
(Harkes & Van Berkel, 1984). At all time intervals 
after injection, the amount of [14C]sucrose label 
found associated with non-parenchymal liver cells 
appears to be 60 times (per mg of cell protein) that 
with parenchymal cells. The uptake of LDL by the 
non-parenchymal-cell preparation can primarily 
be ascribed to the Kupffer cells. It can be argued 
that the high uptake ofLDL in Kupffer cells is the 
consequence of a denaturation of LDL during 
labelling or storage, as Kupffer cells are general 
consumers of modified proteins (Buys eta!., 1975). 
However, on several grounds we think that it is 
justified to exclude such a possibility. (l) The [14C]
sucrose-labelled LDL was screened, and after this 
screening was directly injected without further 
isolation. Although the decay rate of[14C]sucrose
labelled LDL was not influenced by screening, and 
identical decay curves and liver uptake values were 
measured, as reported previously (Carew et a!., 
1982; Pittman et a!., 1982), we routinely still 
subjected the LDL preparation to a screening 
procedure. (2) The uptake of [14C]sucrose-labelled 
LDL by non-parenchymal cells was greatly 
diminished (by 79%) by methylation of the lysine 
residues of LDL. As methylation does not lead to 
any charge changes in LDL, this shows that the 
lysine residues in LDL are mainly responsible for 
the LDL uptake by Kupffer cells. (3) It is not a 
small part of the LDL fraction that is initially 
rapidly taken by the non-parenchymal cells, 

in liver for the LDL decay 
(%) (%) 

20.1 80.1 
33.7 (12.1'") 69.3 (39.4*) 
34.7 
40.5 

49.3 
46.8 

because up to 4.5h the uptake of LDL is almost 
linear with time (as with parenchymal cells), and at 
this time point half of the LDL is cleared from the 
circulation. Even at 24h, when 87% of the LDL is 
cleared, the uptake in non-parenchymal cells 
appears to be 60 times that in parenchymal cells 
(expressed per mg of cell protein). This value is 
similar to that at the short circulation time (0.5 and 
2h). Taking into account the relative protein 
contribution of the various liver cell types to total 
liver, it can be calculated that non-parenchymal 
cells are responsible for 71% of the total liver 
uptake of LDL. A comparison of the cellular 
uptake of [1 4 C]sucrose-labelled LDL and [' 4 C]
sucrose-labelled Me-LDL after 4.5 h circulation 
indicates that 79% of the uptake of LDL by non
parenchymal cells is receptor-dependent. With 
parenchymal cells no significant difference in 
uptake between [1 4 C]sucrose-labelled LDL and 
[ 14C]sucrose-labelled Me~LDL was found. A 
further separation of the non-parenchymal cells 
into Kupffer and endothelial cells by centrifugal 
elutriation shows that within the non-parenchymal 
cell preparation solely the Kupffer cells are 
responsible for the receptor-dependent uptake of 
LDL. 

The importance of the non-parenchymal-cell 
fraction in LDL uptake is further sustained by the 
findings by Slater eta!. (1982a,b) and Packard eta{. 
(1982). They showed in rabbits that the reticulo
endothelial system in liver and spleen plays a 
quantitative important role in LDL catabolism. 
Blockade of the reticulo-endothelial system by 
ethyl oleate leads to a rapid 33% increase in LDL 
cholesterol (Slater eta!., 1982a). Our data, together 
with those obtained by Slater eta!. (1982a,b) and 
Packard eta!. (1982), indicate that the quantita
tively important specific uptake of the apolipo
protein of LDL by the reticulo-endothelial system 
of the liver has also quantitatively important 
implications for serum cholesterol metabolism. 
Further studies on the regulatory aspect of this 
uptake are therefore required. 
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IN VIVO CHARACTERISTICS OF A SPECIFIC RECOGNITION SITE FOR LDL ON NON
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INDUCED LDL RECEPTOR ON PARENCHYMAL LIVER CELLS 
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Chemical modification of lysine or arginine residues of apolipoprotein B-100 in human low-density lipopro
tein (LDL) with respectively reductive methylation (Me-LDL) or cyclohexanedione treatment (CHD-LDL) 
was applied to determine the role of these amino acids in LDL recognition by the various liver cell types. The 
cell association of native human LDL, Me~LDL and CHD-LDL to parenchymal and non-parenchymal cells 
was determined in vivo by isolating the various cell types 30 min after intravenous injection of the 
lipoproteins. In order to prevent degradation or release of cell-bound apolipoproteins during cell dissociation 
and purification, a low-temperature (8°C} liver perfusion and cell isolation procedure was performed. It was 
found that reductive methylation of LDL inhibits the association of LDL to both parenchymal and 
non-parenchymal cells, indicating that lysine residues are important for recognition of LDL by both these cell 
types. In contrast, cyclohexanedione treatment of LDL did not influence the cell association of LDL to 
non-parenchymal cells. 17a-Ethinyl estradiol treatment selectively increases the cell association of LDL by 
parenchymal cells (16-fold), leaving the non-parenchymal cell association uninfluenced. The increased 
cell-association of LDL to parenchymal cells is almost completely blocked by cyclohexanedione treatment of 
LDL (by 81%) or by methylation of LDL (by 97%). These data indicate that the arginine residues in LDL are 
not important for the recognition of LDL by non-parenchymal cells, whereas for the cell association of LDL 
to the estrogen·stimulated binding site on parenchymal cells both arginine and lysine residues are essentiaL 
The in vivo ceil association of CHD-LDL or native LDL to non~parenchymal cells was lowered to the level of 
Me-LDL by ethyl oleate treatment of the rats, while no effect of eth)·l oleate on parenchymal cells was 
noticed. These data suggest that the specific site for LDL on non-parenchymal cells, which need lysine 
residues on LDL for recognition, can be down-regulated by ethyl oleate treatment. The LDL, internalized by 
non-parenchymal cells, is effectively degraded. This degradation occurs at least parti)' in the lysosomes. It is 
suggested that the unique recognition site for LDL on non-parenchymal cells may be quantitatively important 
for serum LDL catabolism. 

Abbreviations: LDL, low-density lipoprotein: Me-LDL. reduc
tively methylated LDL; CHD-LDL, cyclohexaoedione-treat<:d 
LDL. 

0005-2760j84/S03.00 D 1984 Elsevier Science Publishers B.V. 

Introduction 

The liver plays an important role in lipoprotein 
metabolism and is the only organ where cholesterol 
can be removed from the body and degraded to 



bile acids [1.2]. Recent evidence indicates that 
various distinct types of high-affinity receptors are 
responsible for the uptake of apolipoprotein B,E
containing lipoproteins. The receptors are tenta
tively named 
(1) the remnant (apolipoprotein E) receptor [3-6]; 
(2) the LDL (apolipoprotein B,E) receptor [3.7]. 
Mahley et 'al. [3] indicated that in dogs. swine and 
man the apolipoprotein B.E receptor is metaboli
cally independent from the apolipoprotein E re
ceptor. In rats the apolipoprotein B.E receptor in 
liver can be increased by 17o:-ethinyl estradiol 
treatment [8,9). which increase is specific for 
parenchymal liver cells [10]. Human LDL, pre
pared free from apolipoprotein E [7.10] can be 
used to discriminate between the apolipoprotein 
B.E and apolipoprotein E receptor. Specific mod
ification of the arginine or lysine residues of hu
man LDL with respectively cyclohexanedione or 
reductive methylation prevents the association of 
LDL to the apolipoprotein B.E receptor [11.12]. 
This allows discrimination between the receptor
dependent and independent cell-association of 
LDL both in vitro and in vivo. 

In the present study we have used CHD-LDL 
and Me-LDL to investigate the nature and 
specificity of the recognition site for LDL on both 
parenchymal and non-parenchymal cells in vivo. 
The possibility of an independent regulation of the 
parenchymal and non-parenchymal cell recogni
tion sites for LDL was explored by l7a-ethinyl 
estradiol [8-10] or ethyl oleate treatment [13] of 
the rats. 

Materials and Methods 

Materials 
17o:-Ethinyl estradiol was obtained from 

Brocacef B.V .. Maarssen, The Netherlands; col
lagenase (type I) and ethyl oleate from Sigma, St. 
Louis, U.S.A.; pronase B-grade from Ca!Bio
chem-Behring Corp., La Jolla, U.S.A.; Ham's F-10 
medium from Gibco-Europe, Hoofddorp, The 
Netherlands: sodium [125 I]- and [131 I]iodine (car
rier-free) was purchased from Amersham Interna
tional, Amersham. U.K .. and metrizamide from 
Myegaard & Co. A/S. Oslo, Norway. 

Am.'v 1s 
1 L-week-old male Wistar rats were used 
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throughout the study. 17a-Ethinyl estradiol in pro
pylene glycol at a dose of 5 mg/kg body weight [8] 
was injected subcutaneously every 24 h during 3 
days; control rats received equal volumes of the 
solvent. Ethyl oleate was injected 96 and 48 h (14J 
before lipoprotein injection as a 10% emulsion in 
0.15 M NaCJ with 0.7% Tween-20 as stabilizer [13) 
in a tail vein at a dose of 1 ml of lipid/kg body 
weight; control rats received an equal volume of 
0.7% Tween-20 in 0.15 M NaCI. 

Lipoproteins 
Human LDL (1.024 < d < 1.055 g/ml) was iso

lated by two repetitive centrifugations according 
to Redgrave eta!. [15] as previously described [10]. 
The human LDL preparation used in this study 
contains mostly apolipoprotein B (99.97%) and no 
degradation products were noticeable as checked 
by electrophoresis in SDS (sodium dodecyl sulfate) 
gels. With a high LDL concentration (5 mg apoli
poprotein/ml) in a radial immunodiffusion system 
according to Mancini et al. [16], apolipoprotein E 
was noticeable at the detection limit and contrib
uted maximally 0.02-0.03% of the total 
apolipoprotein. 

Radioiodination of LDL was done according to 
a modification [17] of the ICl method described by 
McFarlane [18]. Reductive methylation of LDL 
was carried out as described in Ref. 12. The extent 
of methylation of lysine residues of Me-LDL as 
determined by the trinitrosulfonic acid method 
was greater than 80%. 1,2-Cyclohexanedione treat
ment of LDL was done according to Ref. 1 L 
which results in a derivatization of at least 50% of 
the arginine residues. Radioiodinated human LDL. 
Me-LDL and CHD-LDL were always prepared 
from the same LDL preparation. 

Methods 
Lipoprotein preparations (about 40 p.g) were 

injected in the inferior vena cava as described [10]. 
After the indicated circulation time the liver was 
perfused with an oxygenated Hanks buffer at 8°C. 
After 8 min perfusion a lobule was tied off for 
determination of the total liver uptake. To de
termine the uptake by the various cell types. the 
cell types were isolated by low-temperature proce
dures. After the 8 min perfusion at goe, the liver 
was subjected to a low-temperature (8°C) perfu-



sion with 0.05% collagenase [10,19]. After 20 min 
of perfusion with collagenase the liver was minced 
and the crude cell suspension filtered (90-ftm mesh) 
from debris. The filtrate (containing parenchymal 
and non-parenchymal cells) was subjected to dif
ferential centrifugation exactly as described earlier 
[20]. The parenchymal cells were completely free 
from non-parenchymal cells as judged by mi
croscopy and the absence of M 2-type pyruvate 
kinase [21] in this preparation. The non
parenchymal cells were collected from the first two 
supernatants of the parenchymal cell centrifuga
tions. In order to increase the recovery of non
parenchymal cells from the liver the residue on the 
90-p.m mesh was incubated for 20 min at 8°C with 
0.25% pronase (which destroys parenchymal cells), 
and the non-parenchymal cells were collected and 
washed (two times) by centrifugation at 400 X g 
for 5 min. The non-parenchymal cell fractions 
(both from the supernatants from the parenchymal 
cell isolation and the pronase-treated filter re
sidue) were combined. The cells were suspended in 
5 ml Hank's buffer, mixed with 7.2 ml 30% 
metrizamide and divided over two Sorvall tubes. 
1 ml Hank's buffer was layered on top of the 
mixture and the tubes are spun for 15 min at 
1500 X g. The cells which floated into the top 
phase were aspirated and subjected to a 30 s 
50 X g centrifugation to remove any remaining 
parenchymal cells. The non-parenchymal cell pre
paration was collected and washed by two 400 X g 
centrifugations. The non-parenchymal cell pre
paration was completely free from parenchymal 
cells or parenchymal cell-derived particles, as 
judged by phase-contrast microscopy and the ex
clusive presence of M2-type pyruvate kinase in th:is 
preparation [21]. The purity of the parenchymal 
and non-parenchymal cell preparations is also in
dicated in the paper by the specific modulation of 
LDL association to the various cell types by 
estrogen (parenchymal cells) or ethyl oleate treat· 
ment (non-parenchymal cells). By peroxidase 
staining with diaminobenzidine [22] about 30% of 
the isolated non-parenchymal cells were per
oxidase-positive, indicating that about 30% of these 
cells are Kupffer cells and about 70% endothelial 
cells. This relative proportion is similar to that 
found in vivo [23]. 
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The degradation of the in vivo internalized lipo
proteins was determined by isolating the various 
cell types by a short, warm (37°C) recirculating 
perfusion method based upon the method in Ref. 
24 (perfusion flow: 40 ml/min). 10 min after 
intravenous injection of the labelled lipoproteins. 
perfusion of the liver was started at 37°( for 10 
min with Hank's solution, 9 min with Hank's 
solution plus 0.05% collagenase and again 1 min 
with Hank's solution in order to remove the col
lagenase. As shown earlier [5,7] and also indicated 
in the paper, ceil-bound LDL will be removed by 
collagenase. Hereafter the parenchymal and non
parenchymal cells were isolated and purified as 
described above, except that the pronase treatment 
of the filter residue was omitted because with the 
applied procedure at 37°C no residue is left. Sub
sequently the cells were incubated in vitro at 37°( 
in a Hams F-10 medium supplemented with 5% 
human lipoprotein-deficient serum during 2 h, and 
the cell-association and degradation was de
termined at the indicated times. Cell-association, 
trichloro-acetic acid-soluble degradation products 
and trichloroacetic acid-precipitable products were 
determined as described before [5]. 

Results 

Cell isolation conditions 
A quantitative recovery of the total liver-associ

ated radioactivity with the isolated parenchymal 
and non*parenchymal cells is necessary in order to 
perform a reliable determination of the character
istics of the lipoprotein receptors on these cells. 
Because a perfusion with collagenase is obligatory 
for cell preparation, we investigated conditions in 
which collagenase should not influence the amount 
of liver-associated LDL, but is still able to sep
arate cells. From Table I it can be seen that the 
conditions are fulfilled at a perfusion temperature 
of go c. As compared to the condition at 37°C + 
collagenase, the amount of liver-associated LDL 
or Me*LDL is only minimally reduced during the 
perfusion at goc. During the further purification 
steps, as shown before [10], no cell-associated ra
dioactivity is lost and a quantitative recovery of 
the total liver-associated radioactivity in the subse
quently isolated cells is obtained. 
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TABLE I 

LIVER-ASSOCIATED LDL OR Me-LDL UNDER THREE DIFFERENT PERFUSION CONDITIONS 
1 
Jl 1-lab_elle_d LDL and 

12~ 1-labelled Me-LDL were injected intravenously into rats. 10 min after injection a liver perfusion was started 
at the _mdJcated tempe~ature _and aft~r 8 min (time point 18) a liver lobule was tied off and the liver-associated radioactivity 
determmed (100%). At t1me pomt 20 mm. co!lagenase (0.05%) was added to the perfusion medium when indicated. After an additional 
10 min of _perfusio_n plus or_minus coll~genase at time ~oint 30 min a second liver lobule was taken and the amount of radioactivity in 
the perfu_swn me~tum and hver ~etermmed. The perfuswn flow was 40 mljmin (identical to that for the cell separation for the in vitro 
degradanon st~d1es_; _see Matenals and Methods). Values are means of two experiments ± S.E. The perfusate radioactivity is the 
amount of rad!Oacllvlty that accumulated m the perfusate from l!me pomt 18 to 30 min. 

Time after lipoprotein injection 

IS min 

LDL 

Perfusion at 37°C minus collagenase 
Liver-associated 100 
Perfusate: TCA-precipitable 

TCA-soluble 
Perfusion at 37°C plus collag~nase 

Liver-associated 100 
Perfusion at S°C plus collagenase 

Liver-associated 100 

In vivo recognition 
Administration of 17a-ethinyl estradiol to rats 

leads to an induction of apolipoprotein B,E recep
tors in liver [8,9]. The properties of the induced 
receptor are comparable to those of the classical 
LDL receptor, as originally described in fibro
blasts [25]. In a previous study [10] we showed that 
the increased interaction of human LDL with the 

TABLE II 

30 min 

Me-LDL LDL Me-LDL 

100 76±3 77±4 
14±4 15±5 
10±1 8±1 

100 55±2 54±7 

100 93±7 S7+4 

liver occurs selectively in parenchymal cells. In the 
present study we used estrogen-treated rats to 
compare the in vivo characteristics of the 
estrogen-stimulated interaction site for LDL on 
parenchymal cells with the LDL interaction site on 
non-parenchymal cells. As shown in Table II, a 
22-fold stimulation in the receptor-dependent cell 
association of LDL occurs (receptor-dependent as-

EFFECT OF 17c.-ETHINYL ESTRADIOL UPON THE DlSTRIBUTION OF NATIVE LDL, Me-LDL AND CHD-LDL 
BETWEEN PARENCHYMAL AND NON-PARENCHYMAL RAT LIVER CELLS IN VIVO 

Native LDL, Me-LDL and CHD-LDL were labelled with 125 I or Dll. Each rat was intravenously injected with both a 125 I- and a 
I:>! !-labelled lipoprotein. 30 min after injection a liver perfusion was started with Hank's balanced salt solution at S0(. After 8 min of 
perfusion a liver lobule was taken {whole liver} and subsequently the different cell types were isolated with a low-temperature 
procedure. The rats were treated with l7a-ethinyl estradioL control rats received the solvent {propylene glycol). Values, expressed as% 
injected dose X 10 4jmg cell protein. are means± S.E. with N in parentheses. 

LDL Me-LDL CHD-LDL 

Whole liver 
Control 19.1± 5.5 {5) 5.8:!;0.4{3) 17.4± 3.1 {5) 
Estradiol 107.2± 8.9 {6) 7.0±0.6 {3) 30.1 ± 2.3 (6) 

Parenchymal cells 
Control 7.3± 2.0 {5) 2.0±0.3 {3) 4.3± 0.7 (5) 
Estradiol 120.1 ± 5.4 {6) 4.2±0.7 (3) 22.7 ± 1.4 (6) 

Non-parenchymal cells 
Control 188.8±65.6 {5) 55.0± 9.6 {3) 225.9±46.7 {6) 
Estradiol 163.8±21.3 (6) 43.0±3.8{3) 193.1±20.7(6) 
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TABLE Ill 

EFFECT OF ETHYL OLEATE UPON THE DISTRIBUTION OF NATIVE LDL. Me-LDL AND CHD-LDL BETWEEN 
PARENCHYMAL AND NON-PARENCHYMAL RAT LIVER CELLS IN VIVO 
Native LDL, Me-LDL and CHD-LDL were labelled with ml or 1

·
11 1. Each rat was intravenously injected with both a 125-1- and a 

131 !-labelled lipoprotein. 30 min after injection a liver perfusion was started with Hank's balanced salt solution at 8°C After 8 min of 
perfusion a liver lobule was taken {whole liver) and subsequently the different cdl types were isolated with a low-temperature 
procedure. The rats were treated with ethyl oleate; control rats received the solvent (0.7% Tween-20 in 0.15 M NaCl). Values. 
expressed as % injected dose X 10 4/mg cell protein, are means ± S.E. with N in parentheses. 

LDL 

Whole liver 
Control 18.8± 3.4 (5) 
Ethyl oleate 12.7± 2.0 (5) 

Parenchymal cells 
Control 8.2± 1.0 (5) 
Ethyl oleate 8.0± 0.8 (5) 

Non-parenchymal cells 
Control 164.5±26.1 (5) 
Ethyl oleate 67.2± 15.3 (5) 

sociation is defined as the difference in native 
LDL and Me-LDL interaction). The estrogen
stimulated LDL interaction with parenchymal cells 
is not only blocked by methylation (97%) but also 
largely by cyclohexanedione treatment (81% ). This 
indicates that for the estrogen-stimulated receptor 
both arginine and lysine residues in LDL are 
important for recognition. Furthermore, the data 
do indicate that during the circulation time chosen 
(30 min) the modification of LDL by cyclohe
xanedione is stable. In contrast with the estrogen
treated parenchymal cells, there is no effect of 
cyclohexanedione treatment of LDL on the inter
action with non-parenchymal cells in estrogen
treated nor in control rats. As methylation of LDL 
leads to a strong inhibition of the interaction of 

TABLE IV 

Me-LDL CHD-LDL 

8.2± 0.6 (3) 22.6± 1.6 (6) 
8.0± 1.5(4) 10.5± 0.9 {5) 

3.3± 0.3 (3) 7.3± 0.7 (5) 
4.4± 0.4 (4) 6.7± 0.7 (5) 

106_3 ± 19.8 (3) 317.4± 29.4 (5) 

77.6±35.9 {3) 94.7±16.6 (5) 

LDL with non-parenchymal cells, indicating the 
importance of lysine residues for the recognition, 
it is clear that arginine residues in LDL do not 
participate in the interaction of LDL with these 
cell types. 

As suggested by Slater et a!. [13] and Packard et 
a!. [26], the role of the reticuloendothelial system 
in the decay of LDL can be determined by block
ing this system with ethyl oleate, whereafter the 
change in decay is quantified. We used an ethyl 
oleate treatment to determine its specific cellular 
effect on the liver association of LDL, CHD-LDL 
and Me-LDL (Table III). It appears that both 
treatment with Tween-20 (solvent for ethyl oleate 
and used here as control) and treatment with ethyl 
oleate specifically modify the LDL uptake by 

DISTRIBUTION OF NATIVE LDL Me-LDL AND CHD-LDL BETWEEN PARE:-.ICHYMAL AND NON-PARENCHYMAL 
LIVER CELLS JN UNTREATED RATS 30 MIN AFTER INTRAVENOUS INJECTION 

Native LDL Me-LDL and CHD-LDL were labelled with 125 ! or 131 1.' Each rat was intravenously injected with both a 125 !- and a 
131 !-labelled lipoprotein. 30 min after injection a liver perfusion was started with Hank"s balanced salt solution at 8°C. Aher 8 min of 
perfusion a liver lobule was taken (whole liver) and subsequently the different cell types were isolated with a low-temperature 
procedure. Values, expressed as% injected doseX10 4jmg cell protein, are means ±S.E. with N in parentheses. 

Whole liver 
Parenchymal cells 
Non-parenchymal cells 

LDL 

19.2± 4.0 (5) 

90+ 2.4(5) 
223.7 ± 21.5 (5) 

Me-LDL 

7.3 ± 0.5 (4) 
3.1± 0.3(4) 

125.9± 16.5 (3) 

CHD-LDL 

11-0±1.1 (2) 
4.1 ±0.1 (2) 

219.0±6.9 (2) 



non-parenchymal cells (cf. Table IV, which shows 
data with untreated rats). This enhanced cell as
satiation of CHD-LDL (as compared to native 
LDL. P < 0.01) by Tween-20 treatment is just like 
the cell association of native LDL, fully reduced to 
the level of Me-LDL by ethyl oleate treatment: 
indicating a loss of specific binding sites for LDL 
on non-parenchymal liver cells by ethyl oleate. No 
significant effect of Tween-20 or ethyl oleate on 
the interaction of LDL or Me-LDL with 
parenchymal liver cells is observed. 

In vitro processing 
Cell-association of lipoproteins is not neces

sarily coupled to cellular uptake and degradation 
of the apolipoproteins. Because cell isolation with 
collagenase might affect internalization steps we 
decided to follow the intracellular route of the 
lipoproteins in vitro after initial in vivo binding 
and internalization of the particle. The extracellu
lar LDL was removed by a short collagenase per
fusion at 37°C (Table I). Previously we applied 
such a collagenase incubation of cells to de
termine the amount of cell-bound versus internal
ized lipoprotein [5, 7]. This allow us to follow the 
fate of LDL once it is internalized. As indicated 
by the '37°C plus collagenase' liver perfusion data 
(Table I). the amount of liver-associated radioac
tivity rapidly decreases and this condition is ap
parently due to release of not-internalized LDL 
(compared with data at '37°C minus collagenase'). 
After isolating the different cell types the fate of 
the internalized lipoproteins was followed by mea
suring the amount of trichloroacetic acid-soluble 
radioactivity released into the medium by 
parenchymal cells as well as non-parenchymal cells 
(Fig. 1). Furthermore the effect of chloroquine was 
determined. It appears that in control rats mainly 
non-parenchymal cells degrade LDL to trichloro
acetic acid-soluble products and that this degrada
tion is inhibited by about 50% by chloroquine. 
Also Me-LDL is degraded and also here chloro
quine addition leads to an inhibition of the de
gradation, although the extent of inhibition is 
somewhat less (35%) than with LDL. No effect of 
estrogen-treatment is noticed on non-parenchymal 
cells. in contrast to parenchymal cells. After 
estrogen treatment also parenchymal cells degrade 
LDL at a significant rate and also with these 
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Fig. L Processing of native LDL (0. •l and Me-LDL (Ll., A) by 
non-parenchymal (a) and parenchymal (b) liver cells from 
control and 17a-ethinyl estradiol-treated rats. Representative 
experiments are shown. The cells were isolated 10 min after 
intravenous injection of LDL or Me-LDL by the 37°C col
lagenase method (see Materials and Methods). The cells were 
incubated for the indicated times and the amount of trichloro
acetic acid-soluble product was measured in the cell super
natant. Incubations with 100 11M chloroquine are indicated 
with closed symbols. The initial amount of cell-associated 
lipoprotein after isolation is expressed in % injected dose 
X 10 4jmg cell protein: For control non-parenchymal cells; 0, 
82.4; e, 84.8; Ll., 65.6; A, 68.0. For estrogen-treated non
parenchymal cells; 0, 79.0; •· 79.0; Ll., 63.3; A, 63.6. For 
control parenchymal cells: 0. 1.74: e. 1.90; t:.. 0.86: A, 0.90. 
For estrogen-treated parenchymal cells; 0. 42.6; e, 38.8; Ll., 

2.12; .6., 1.91. 

parenchymal cells an inhibition (about 30%) of the 
degradation of LDL is observed in the presence of 
chloroquine. 

Discussion 

Chemical modification of the arginine or lysine 
residues by respectively cyclohexanedione treat
ment or reductive methylation of LDL inhibits the 
interaction of apolipoprotein B-100 with the 
apolipoprotein B,E receptor on cultured fibro-



lasts [11,12]. In vivo the relative importance of 
apolipoprotein B,E receptors for the catabolism of 
LDL has been determined by measuring the dif
ference in decay between native and CHD-LDL or 
Me-LDL In most studies the decay rate of Me
LDL is slightly slower than for CHD-LDL 
[14,26~28]. This difference is occasionally ex
plained by the reversibility of the cyclohexaned
ione treatment [29]. However, during 30 min of 
circulation, as used in this study, no reconversion 
of CHD-LDL to LDL will occur [30], as is also 
illustrated by the inhibited association of CHD
LDL to the estrogen-stimulated receptor from the 
parenchymal cells. Packard et al. [26] suggested 
that the reticuloendothelial system is at least partly 
responsible for the difference in decay between 
CHD-LDL and Me-LDL, because especially liver 
and spleen show an increased uptake of CHD-LDL 
as compared to Me-LDL Our results, obtained by 
isolating the various liver cells with a cold perfu
sion and isolation method, specify the cell types 
which are responsible for the difference in uptake 
between CHD-LDL and Me-LDL in vivo. The 
data clearly show that indeed mainly the non
parenchymal cells appear to be responsible for a 
higher CHD-LDL uptake as compared to Me
LDL. Specific modification of the lysine residues 
in native LDL does greatly diminish the uptake of 
LDL by the non-parenchymal cells. This suggests 
that lysine residues in LDL are of critical impor
tance for recognition by non-parenchymal cells, 
implying a highly discriminating binding site for 
apolipoprotein B-100 on these cell types. 

When the difference in cellular uptake between 
native LDL and Me-LDL is defined as receptor
dependent uptake [12J we can conclude that non
parenchymal liver cells do contain a receptor for 
LDL (presumably an apolipoprotein B,E receptor) 
whereby the apolipoprotein B-100 recognition in
volves lysine residues and not arginine residues. 
This binding site is markedly influenced by ethyl 
oleate treatment of the rats, and no receptor-de
pendent uptake of LDL by non-parenchymal cells 
is noticed after this treatment. In contrast, the 
receptor-independent uptake, represented by Me
LDL, is not influenced by ethyl oleate treatment. 
The interaction of LDL, Me LDL and CHD-LDL 
with parenchymal cells is not affected at all by 
ethyl oleate. From studies on the effect of ethyl 
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oleate treatment with rabbits [13,26] it was con
cluded that the receptor-independent pathway was 
suppressed by ethyl oleate. Hereby, however, the 
decay of CHD-LDL is defined as receptor-in
dependent catabolism, which is questioned now. 
Furthermore, our data indicate that the effect of 
ethyl oleate, when compared to rabbits treated 
with Tween-20, may be exaggerated. as Tween-20 
treatment increases the uptake of CHD-LDL by 
non-parenchymal cells. Consequently the de
termination of the effect of ethyl oleate on the 
decay of CHD-LDL leads to an overestimation of 
the role of the reticuloendothelial cells in CHD
LD L clearance. 

The processing of the LDL, once bound and 
internalized in vivo, by the various receptor sites 
was compared by applying a newly developed 
system. This system reveals information as closely 
as possible related to the in vivo situation. The 
recognition and internalization of LDL or Me-LDL 
occur in vivo, cell-bound lipoprotein is removed 
by the short 37°C collagenase treatment and for 
both parenchymal and non-parenchymal cells the 
intracellular pathway is monitored in vitro. It is 
not likely that the collagenase treatment of the 
cells will interfere with LDL metabolism once the 
particle is internalized. The data indicate that in 
control rats the degradation of LDL to trichloro
acetic acid-soluble products is about 30-fold more 
active with non-parenchymal cells than with 
parenchymal cells (expressed per mg cell protein). 
With non-parenchymal cells a clearcut inhibition 
of LDL degradation by chloroquine is observed, 
suggesting at least the partial involvement of the 
lysosomes. 

Me-LDL is also degraded by non-parenchymal 
cells; however, the involvement of the lysosomes in 
its degradation . is somewhat less pronounced. 
Estrogen treatment does q.ot influence the LDL 
and Me-LDL catabolism by non-parenchymal 
cells. It is clear that the increased uptake of LDL 
by the parenchymal cells upon estrogen treatment 
is coupled to a proportional increase in degrada
tion. This degradation is not very effectively in
hibited by chloroquine. 

The aforementioned findings allow several con
clusions. It appears that the non-parenchymal liver 
cells not only form a quantitatively important liver 
site for LDL interaction in vivo, but also are able 



to degrade the cell-associated LDL efficiently. A 
similar conclusion is valid for LDL interaction 
with estrogen-stimulated parenchymal cells. The 
recognition site for LDL on non-parenchymal cells 
shows a unique recognition property in that the 
arginine residues on LDL are not important for 
recognition, in contrast to the lysine residues. In 
this respect this recognition site differs from the 
classical LDL or apolipoprotein B,E receptor which 
can also be expressed m rats on hepatic 
parenchymal cells after estrogen treatment. 
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The cellular localization in the liver of the receptor-dependent and -independent uptake of human low 
density lipoprotein (LDL) in normal and 17a-ethinyl estradiol-treated rats was investigated by the 
simultaneous in vivo injection of human B

1l-LDL and human reductive methylated 1251-LDL. The cells 
were subsequently isolated by a low temperature method. In untreated rats, after 30 min of in vivo 
circulation of human LDL, 57o/o of the receptor-dependent liver-association of human LDL occurs in non
parenchymal cells and 43o/o in parenchymal cells. Estradiol treatment of rats for 3 days selectively increases 
the receptor-dependent cell-association of human LDL with hepatocytes (17-fold), while the receptor-

dependent cell-association with non-parenchymal cells is not affected. 

Ethinyl estradiol Low density lipoprotein Non-parenchyma/liver cell 
Parenchymal liver cell Reductive methylated LDL 

1. INTRODUCTION 

Administration of 17a-ethinyl estradiol in phar
macological amounts to rats produces a profound 
hypolipidemia [1]. The hepatic uptake and 
catabolism of both rat and human low density 
lipoprotein is stimulated many-fold in these rats 
{2]. This enhanced uptake is associated with an in
creased number of high affinity binding sites on 
membranes derived from the whole liver [3]. The 
binding site involved is described to be a functional 
lipoprotein receptor that recognizes lipoproteins, 
containing apoprotein B or E [4]. From auto
radiographic studies it was concluded that 
estrogen-treatment enhances the normal mec
hanism by which LDL is taken up by the liver and 
that both in control and estrogen-treated rats the 
parenchymal cell is the predominant cell type for 
LDL interaction [5]. 

Abbreviations: LDL, low density lipoprotein; Me-LDL, 
reductive methylated LDL 

Published by Elsevier Science Publishers 

Here, we have applied a low-temperature cell 
isolation method to determine the tissue site of the 
estradiol-stimulated lipoprotein receptor in the rat 
liver. A discrimination between receptor
dependent and -independent association was made 
by the simultaneous injection of native human ml
LDL and human reductive methylated 1251-LDL 
(Me-1251-LDL). As reductive methylation of at 
least 300Jo of the lysyl residues blocks 
receptor~lipoprotein interaction [6], the difference 
between the amount of cell-association of native 
and Me-LDL can be defined as receptor-mediated 
cell-association or uptake. 

2. MATERIALS AND METHODS 

17a-Ethinyl estradiol was obtained from 
Brocacef BV (Maarssen); collagenase (type I) from 
Sigma (St Louis MO); pronase B-grade from 
CalBiochem Behring Corp. (La Jolla CA); sodium 
[
125!]- and [131 I]iodide (carrier-free) was purchased 

from the Radiochemical Centre (Amersham). 

00145793/83/0000-0000/$3.00 © Federation of European Biochemical Societies 
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12-Week-old male Wistar rats (250 g av. body 
wt) which had free access to water and food (stan
dard laboratory chow), were used. Rats were in
jected subcutaneously with 17a-ethinyl estradiol 
dissolved in propylene glycol at 5 mg/kg body wt 
[2] every 24 h for 3 days. At this time the maximal 
decrease in plasma cholesterol concentration [3,7] 
and increase in LDL receptor-activity [3] is attain
ed. Control rats received equal volumes of the 
solvent. 

2.1. Preparation of lipoproteins 
Human LDL (1.024 < d < 1.055 g/ml) was 

isolated as in [8], the isolated LDL was subjected 
to a second identical centrifugation to avoid any 
contamination with other lipoproteins. Apo E con
tent of this LDL fraction was < 0.030Jo of the total 
apoprotein [9]. Radioiodination of LDL was done 
by a modification [lO] of the ICI method in [11]. 
Reductive methylation of LDL was done as in [6]. 
About 800Jo of the lysyl residues from human LDL 
were methylated as determined by using the 
2,4,6-trin:itrobenzene sulfonic acid colorimetric 
assay [12]. Human 1311-LDL and human Me- 125!
LDL were always prepared from the same LDL
preparation, specific radioactivity of both prepara
tions varied from 100-500 cpm/ng apoprotein. 

2.2. Fate of LDL in rat serum and liver 
Rats were anesthesized by intraperitoneal injec

tion of 20 mg nembutal. The abdomen was opened 
and about 40 pg human 131!-LDL and 40 pg 
human Me- 1251-LDL in a measured volume (usual
ly 500 pi) of 0.15 M NaCI, 0.3 mM EDTA (pH 
7 .0) was injected in the inferior vena cava at the 
level of the renal veins. After 3, 8, 15 and 25 min 
0.2 ml blood was taken from the inferior vena cava 
at least 2 em distal of the injection point. 125 I and 
131 I were determined in the serum and the results 
expressed as percentage of the 125I or 131 ! in the 
sample taken 3 min after the injection. In some ex
periments 500 pll20Jo trichloroacetic add was add
ed to 100 pl serum samples to determine the serum 
add-soluble and acid-precipitable radioactivity. 

After 30 min circulation of the radiolabeled 
lipoproteins the vena porta was cannulated and the 
liver was preperfused with an oxygenated Hanks 
buffer at soc. After 8 min perfusion a lobule was 
tied off for determination of the total liver uptake. 
Subsequently, the liver was subjected to a low 

temperature (8°C) perfusion with 0.25% pronase 
for the isolation of nonparenchymal cells or a low 
temperature (8°C) collagenase (0.050Jo) perfusion 
for the isolation of parenchymal cells based upon 
[13] and extensively described in [28}. The paren
chymal cells were completely free from non
parenchymal cells as checked microscopically. The 
non-parenchymal cell preparation was completely 
free from parenchymal cells as checked 
microscopically and biochemically by the pyruvate 
kinase assay [14]. The purity of the cell prepara
tion is furthermore illustrated by the described 
selective increase of radioactivity in parenchymal 
cell preparations after estrogen treatment. 

2.3. Other determinations 
Protein determination was done as in [15]. Liver 

wet weight for the studied rats is 3.75% of the 
body weight [16] and as the protein concentration 
in both parenchymal and non-parenchymal cells is 
identical (in mg/ml cell volume) [17], the relative 
protein contribution of parenchymal and non
parenchymal cells to total liver will be 92.5% and 
7.5%, respectively [16,18]. These calculations bas
ed upon morphometric data are further sustained 
by our earlier studies on enzyme distribution bet
ween the different cell types [l9]. 

3. RESULTS 

The isolation of parenchymal and non
parenchymal cells was performed at a low 
temperature to prevent degradation of lipoproteins 
during the isolation procedure. 

A comparison of the low temperature procedure 
with the method exerted at 37°C [20] indicates that 
the recovery of radioactivity in the isolated cells, as 
compared to total liver, is quantitative for the cells 
isolated at low temperature (table 1). The increase 
in recovery from 39 to 105% is caused by a 2-fold 
higher amount of radioactivity recovered in paren
chymal cells and a 4-fold higher value in non
parenchymal cells leading to a doubling of the 
ratio of specific radioactivity of non-parenchymal 
over parenchymal cells. 

In ethinyl estradiol-treated rats the disap
pearance rate of human LDL from the plasma is 
markedly increased as compared to untreated rats 
(fig.1) while the uptake of human LDL in the liver 
is 5-fold higher (table 2). The removal from serum 
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Table 1 

Distribution of human 011-LDL between parenchymal Jou 
and non-parenchymal liver cells, isolated at low {So-q 
and high (37°C)a temperature 30 min after intravenous 

injection 

o/o x Hf of the injected dose/ 
mg cell protein b 

8"C method 37°C methoda 

Whole rat liver 15.0 ± 1.2 (6) 14 ± 
Parenchymal cells 

(PC) 5.8 ± 1.3 (3) ± 0 
Non-parenchymal 

cells (NPC) 138.3 ± 6.8 (3) 33 ± 6 
Ratio NPC/PC 23.8 11 
Recovery (llJo) 0 105.3 ± 3.3 (3) 39 ± 4 

a Values obtained from [20] 
h Mean ± SE, n in parentheses 
c The mean recovery of the radioactivity in the cells 

isolated by the soc method as compared to whole liver 
with inclusion of estradiol-treated rats and Me-LDL is 
104.5 ± 3.60Jo (n = IO) 

and uptake in liver of human Me-LDL is not in
fluenced by estradiol treatment. For human LDL 
and human Me-LDL the radioactivity in plasma is 
for 98.30Jo and 99.40Jo trichloroacetic acid
precipitable, respectively. This percentage remains 
constant during the 30 min of circulation both for 
control and estradiol-treated rats. 

Estradiol-treatment of rats leads to a 13-fold 
higher amount of human LDL associated with 
parenchymal cells, while no effect is seen on the 
association with non-parenchymal cells (table 3). 
For the human Me-LDL there is only a slight incre
ment in the parenchymal cell-associated radioac
tivity. The difference in the amount of cell
association of native LDL and reductive 
methylated LDL can be considered to represent the 
receptor-mediated uptake [6]. This receptor
dependent uptake is clearly present in both paren
chymal and non-parenchymal cells from untreated 
rats and increased 17-fold in parenchymal cells 
from estradiol-treated rats, while there is no 
significant effect of estradiol-treatment on the 
non-parenchymal cell uptake. The increased up
take of human LDL by parenchymal cells is not 
simply caused by the reduced mass of native rat 
LDL in ethinyl estradiol-treated rats, because the 
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Fig. I. Removal from blood plasma of human mi-LDL 
and reductive methylated human 1251-LDL in control 
and 17a-ethinyl estradiol-treated rats. Human 131 I-LDL 
(o,m) and reductive methylated human 1251-LDL (O,e) 

were injected intravenously in control (open symbols) 
and estradiol-treated rats (closed symbols). 
Radioactivity was determined in 50 pi samples of serum. 
Each point ± SE represents the mean value from 6 rats. 

simultaneous injection of a 10-fold excess of 
human LDL did not change the relative uptake in 
control and estradiol-treated rats (table 4). 

Taking into account the relative protein con
tribution of parenchymal and non-parenchymal 

Table 2 

Effect of estradiol treatment on the liver uptake of 
human 1311-LDL and human Me- 1251-LDL 30 min after 

intravenous injection 

Untreated 
Estradiol-treated 

llJo of the injected dosea 

Human LDL Human 
Me-LDL 

2.8 ± 0.2 (6) 1.0 ± 0.1 (7) 
13.5 ± 1.2 (7) 1.0 ± 0.0 (8) 

a Mean ± SE, n in parentheses 
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Table 3 

Distribution of human 131 I-LDL and human Me- 1251-LDL between parenchymal and non-parenchymal cells in control 
and l7a-ethinyl estradiol-treated rats 30 mi11 after intravenous injection 

OJo x 104 of the injected dose/mg cell proteina 

Whole liver 
untreated 
estradiol-treated 

Parenchymal cells 
untreated 
estradiol-treated 

Non-parenchymal cells 
untreated 
estradiol-treated 

a Mean ± SE, n in parentheses 

Human LDL 

15.0 ± l.2 (6) 
82.2 ± 5.4 (6) 

5.8 ± 1.3 (4) 
78.0 ± 3. 7 (4) 

138.3 ± 6.8 (3) 
126.7 ± 13.3 (3) 

Human Me-LDL Receptor-dependentb 
cell association 

5.8 ± 0.5 (6) 9.3 ± 1.0 (6) 
5.9 ± 0.2 (6) 75.4 ± 5.4 (6) 

1.5 ± 0.1 (3) 4.3 ± 1.2 (3) 
2.7 ± 0.1 (4) 75.0 ± 3.7 (4) 

67.4 ± 8.0 (3) 70.9 ± 8.7 (3) 
40.9 ± 6.8 (3) 85.9 ± 6.8 (3) 

b Receptor-dependent cell association is the difference between human 131 I-LDL and human Me- 125I-LDL 

cells to total liver it can be calculated that in the 
estrogen-treated rats, the parenchymal cells form 
the major tissue site for receptor-dependent liver 
uptake of human LDL (920Jo). In contrast, in un-

Table 4 

Effect of a IO-fold excess of unlabeled human-LDL on 
the uptake of human 131 I-LDL and human Me-u5I-LDL 
in parenchymal cells of untreated and 17a-ethinyl 
estradiol-treated rats, 30 min after intravenous 

Whole liver 
untreated 
estradiol-treated 

Parenchymal cells 
untreated 
estradiol-treated 

injectiona 

Oio x 104 of the injected dose 
/mg ceil proteinb 

Human LDL Human 
Me-LDL 

16.5 ± 0.8 8.9 ± 1.6 
86.1 ± 15.2 13.5 ± 3.9 

8.1 ± 0.2 3.9 ± 0.2 
102.9 ± 1.4 8.0 ± 4.4 

a Containing: (1st expt) 34 pg human 1311-LDL, 19 ,ug 
human Me- 1251-LDL and 335 pg unlabeled human 
LDL; (2nd expt) 51 pg human °11-LDL, 19 p.g human 
Me- 1251-LDL and 670 pg unlabeled human LDL 

b Mean ± SE, n = 2 

treated rats the non-parenchymal cells are quan
titatively more important with 57o/o of the total 
receptor-dependent cell-association for human 
LDL. 

4. DISCUSSION 

The cellular localization of the liver uptake of 
human LDL in vivo could be determined quan
titatively by taking 2 precautions to prevent loss of 
lipoprotein degradation products from the cells. 
(1) A circulation time of 30 min was chosen. In 

this time interval no increase of trichloroacetic 
add-soluble products in serum occurs, nor is 
there any difference in the amount of the acid
soluble products between treated and control 
rats. A similar lag phase for human LDL 
degradation in rats is found in [2]. 

(2) A cell isolation procedure for parenchymal 
and non-parenchymal cells was performed in 
which no loss of degradation products occurs. 
This was achieved by maintaining a low 
temperature during the initial liver perfusion 
and subsequent isolation of the liver cells. The 
data indicate that this procedure leads to a 
quantitative recovery of the total liver
associated radioactivity in the subsequently 
isolated cells. 
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The simultaneous circulation of native and Me
LDL enables us to discriminate between receptor
dependent and receptor-independent uptake. [6]. 
By applying a sucrose-label [27) in total liver 
67 .4crJo of the total LDL uptake was shown to be 
receptor-mediated. For whole rat liver we obtain a 
value of 61.30Jo. The present results indicate that in 
normal rats both in parenchymal and non
parenchymal cells a receptor-mediated uptake 
mechanism for human LDL is present. These data 
obtained in vivo, confirm data obtained in vitro, 
which showed the presence of a human LDL recep
tor in freshly isolated parenchymal cells [9] and 
non-parenchymal cells [21] from untreated rats. 
Estradiol treatment of the rats selectively increases 
the receptor-mediated uptake of human LDL in 
parenchymal cells, while the uptake in non
parenchymal cells is not affected. The paren
chymal liver cells are therefore solely responsible 
for the increased liver-association of human LDL 
in estradiol-treated rats and form then the major 
liver site for receptor-dependent cell-association of 
human LDL with 920Jo of the total liver amount. 
This value agrees with autoradiographic data [5], 
which indicated that 5-1511Jo of the grains of 
radiolabeled human LDL were seen over non
parenchymal cells after estrogen-treatment. In un
treated rats, however, the non-parenchymal cells 
are quantitatively an important liver site for 
receptor-dependent cell-association of human 
LDL with 57% of the total liver uptake. The 
receptor-independent uptake of human LDL in rat 
liver is not influenced by estrogen-treatment and is 
mainly exerted by the non-parenchymal cells. 

The properties of the estradiol-stimulated 
lipoprotein receptor of rat liver are extensively 
described in [2-4] and it appears that it reflects the 
LDL receptor characterized on extrahepatic cells 
(review {22]). However, in these studies membrane 
preparations from total liver or liver perfusions are 
used and it was not possible to decide if the 
estradiol-induced LDL binding sites and the 
enhanced LDL uptake occurs in parenchymal or 
non-parenchymal cells [3]. Our data indicate that 
selectively parenchymal cells show an increased up
take of human LDL as a result of estrogen
treatment and consequently the metabolism of 
LDL inside the liver is not only quantitatively but 
also in relation to cellular sites greatly changed. 

With parenchymal liver cells isolated from un-

treated rats, we investigated the properties of a 
binding site for human LDL [9]. It was found that 
human LDL is bound with high affinity and the 
binding site recognizes both apo B as well as apo 
E containing lipoproteins and resembles the in
ducible apo B,E receptor {23]. These properties 
differ from the receptor which mediates the uptake 
of rat very low density lipoprotein (VLDL)
remnants [24] or rat chylomicron-remnants 
[25,26]. This remnant receptor, recognizing apo E, 
does not interact with human LDL. The ability to 
induce selectively the apo B,E receptor in paren
chymal liver cells and not in non-parenchymal cells 
may form an important tool to determine the 
relative importance of the different cell types and 
receptors for liver lipoprotein metabolism. 
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A SATURABLE, HIGH·AFFINITY BINDING SITE FOR HLMAN LOW DENSITY 
LIPOPROTEIN ON FRESHLY ISOLATED RAT HEPATOCYTES 
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Freshly isolated rat hepatocytes bind the solely apolipoprotein B-containing human low density lipprotein 
(LDL) with a high-affinity component. After 1 h of incubation less than 30% of the cell-associated human 
LDL is internalized and no evidence for any subsequent high-affinity degradation was obtained. Scatchard 
analysis of the binding data for human 125 1-labeled LDL indicates that the high-affinity receptor for human 
LDL on rat hepatocytes possesses a Kd of 2.6·10- 8 M, while the binding is dependent on the extracellular 
Ca2 + concentration. Competition experiments indicate that both the apolipoprotein B-containing lipoproteins 
(human LDL and rat LDL) as well as the apolipoprotein E-containing lipoproteins (human HDL and rat 
HDL) do compete for the same surface receptor. It is concluded that hepatocytes freshly isolated from 
untreated rats do contain, in addition to the earlier described rat lipoprotein receptor which does not interact 
with human apolipoprotein B-containing LDL, a high-affinity receptor which interacts both with solely 
apolipoprotein B-containing human LDL and apolipoprotein E-containing lipoproteins. 

Introduction 

Low density lipoprotein (LDL) is the major 
carrier of plasma cholesterol in man and has been 
implicated as an independent risk factor in athero
genesis. The liver plays an important role in serum 
lipoprotein catabolism [I] and is the only organ 
where cholesterol can be removed from the circu
lation and degraded to bile acids [2]. A high~affin
ity receptor for LDL with a Kd of around 10- 9 M 
[3] has been found on the cell surface of a number 
of cell types of extrahepatic origin (for a review see 
Ref. 4). This receptor binds specifically apolipo
protein B~containing LDL and apoliprotein £-con
taining high density lipoprotein c (HDL c) [5], the 
latter with a much greater affinity [3J. The role of 

Abbreviations: LDL, low density lipoprotein (d 1.019-
1.063g/ml for human LDL, or 1.019-1.050 for rat LDL): 
HDL, high density lipoprotein (d 1.063-1.21 for human HDL. 
or 1.050-Ll3 for rat HDL); EGTA, ethyleneglycol-2·(2· 
aminoethyl)·tetracetic acid. 
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this high-affinity receptor in vivo is indicated by 
the much-elevated plasma LDL levels in patients 
[6,7] and rabbits [8,9] with genetically determined 
receptor deficiency. The importance of the liver in 
LDL catabolism is underlined by a rise in the 
plasma level of LDL of rabbits which lack the 
LDL recpetor in liver [9] and the reduction of the 
fractional catabolic rate of LDL apolipoprotein in 
rat proportional to the amount of liver removed 
[!OJ. 

The existence of hepatic high-affinity binding 
of LDL has been shown by studies with cultured 
rabbit hepatocytes [llJ and freshly isolated rat 
hepatocytes [12]. However, the aforementioned 
preparations contain not only apolipoprotein B, 
but also apolipoprotein E [ 12, 13], and it is sug
gested that apolipoprotein E is an important de
terminant in the hepatic uptake of plasma lipopro
teins [14.15]. With human LDL, which contains no 
apolipoprotein E, no high-affinity binding to rat 
liver membranes isolated from untreated rats could 



be found [16]. So whether normal rat liver contains 
a receptor analogous to those found in extrahe
patic tissues and which recognizes the solely 
apolipoprotein B-containing human LDL, is still 
questionable. Bachorik et al. [17,18] demonstrated 
high-affinity binding of homologous apolipopro
tein £-deficient LDL to porcine hepatic mem
branes with binding characteristics which differ 
from those of the extrahepatic LDL receptor [4]. 

The present studies were undertaken to in
vestigate the receptor binding of solely apolipopro
tein B-containing human LDL, using hepatocytes 
freshly isolated from untreated rats. This system 
allows the measurement of both binding and sub
sequent handling of the lipoproteins. In addition, 
isolated hepatocytes offer a homogeneous popula
tion of the predominant cell type of liver, in 
contrast to membranes isolated from total liver. 
from which the non-parenchymal cells can con
tribute up to 25-30% [19]. In this paper we report 
evidence for high-affinity binding of human LDL 
to rat hepatocytes. 

Materials and Methods 

Isolation and labeling of serum lipoproteins 
Human LDL and HDL were isolated exactly as 

described by Redgrave et al. [20]. Rat LDL and 
HDL were isolated as described in Ref. 21. The 
radioiodination of LDL, using a modification of 
the ICI method originally described by McFarlane 
[22], is described in Ref. 10. 

The distribution of the apolipoproteins and the 
radioactivity in rat LDL (containing apoli
poprotein E) is the same as described in Refs. 13 
and 10. The distribution of the radioactivity in 
human LDL is: 88% in protein; 8% in phospholi
pids and 4% free, determined according to the 
method of Folch et al. [23]. The human LDL 
preparation used in this study contains mostly 
apolipoprotein B (99.92%). With a high LDL con
centration (5 mg apolipoproteinjml) in a radial 
immunodiffusion system according to the method 
of Mancini [33], apolipoprotein E was noticable at 
the detection limit and contributed maximally 
0.06-0.1% of the total apolipoprotein. On some 
occasions, the isolated LDL was subjected to a 
second gradient centrifugation according to the 
method of Redgrave et al. [20] and in these pre-
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parations the relative amount of apolipoprotein E 
was approximately 2-3-fold lower. 

Isolation of rat hepatocytes 
Hepatocytes (parenchymal liver cells) were iso

lated from male Wistar rats of about 3 months old, 
according to the method of Seglen [24], with a few 
modifications. The whole perfusion procedure 
takes place in situ. First, the liver was pre-perfused 
during 10 min with a 37°C Carbogen (95% 02j5% 
C02 ) -saturated, Ca2+ -free Hank's buffer (8.0 g 
NaCI, 0.4 g KCI, 0.2 g MgS04 · 7H 20, 0.06 g 
Na 2 HP04 · 2H 20), 0.06 g KH 2 P04 , 1 g glucose, 
4.77 g 2-(4-(2-hydroxyethyl)l-piperazinyl)ethane
sulfonic acid and double-destilled H 20 per 1000 
ml, pH 7.4) with 10 ,uM MgEGTA at a rate of 14 
mljmin. Then, collagenase, finel concentration 
0.05%, and Ca2+, final concentration I mM, was 
added to the buffer and after 20 min perfusion the 
liver was removed and gently dispersed in the 
collagenase buffer. The crude cell suspension was 
incubated for 10 min at 37°C under a constant 
Carbogen supply, whereafter the cell suspension 
was filtered through a 250 11m and a 90 ,urn nylon 
mesh. 

Hepatocytes were isolated by differential 
centrifugation as described by Van Berkel and 
Van Tol [25]. After the second wash, the cell 
suspension was filtered through a 44 11m nylon 
mesh to obtain a cell suspension without cell ag
gregates. Cell washing was carried out with the 
preperfusion medium. 

Lipoprotein association and degradation 
Lipoproteinbinding, uptake and degradation 

was determined as described by Van Berkel et al. 
[13] with a few modifications. The incubations 
were carried out in plastic tubes under constant 
Carbogen supply. At the indicated time, 0.2-ml 
samples were withdrawn and the cells were ob
tained by centrifugation in an Eppendorf centri
fuge for 2 min at 1700 rpm. After washing the cell 
pellets three times with 1 ml 50 mM T ris
HClj0.15 M NaCI, pH 7.4 (twice with and once 
without 0.2% albumin), the pellets were counted in 
a LKB-Wallace ultrogamma counter. To 0.1 ml 
supernatant of the incubation sample, 0.5 ml 12% 
trichloroacetic acid was added to precipitate the 
protein present. The free 1- present in 0.5 ml 



trichloroacetic acid-soluble phase was oxidized and 
the formed I 2 was extracted with 0.75 ml CHCI 3 • 

0.4 ml of the aqueous and 0.5 ml of the chloroform 
phase were counted for 125 L 

Protein determination was carried out accord
ing to the method of Lowry et al. [26]. 

Results 

The cell association of rat LDL and human 
LDL is compared in Fig. 1. Although a rat LDL 
concentration 75% lower (2.7 f.Lg apoproteinjml) 
than that of human LDL (11.1 11g apoproteinjml) 
was used, double the amount of ceil-associated rat 
LDL is still found, compared to human LDL. 
after 60 min incubation at 37°C. After 60 min of 
incubation no further increase in cell-associated 
radioactivity occurred, so that equilibrium is ap
parently reached. Eight other experiments with 
different human LDL preparations, done under 
similar conditions, show that the association after 
60 min incubation with LDL (10 f.i.g apoli
poproteinjml) is rather constant (13.5::::: 1.7 ng 
apoiipoproteinjmg cell protein ( :± S.E.)). 

As reported earlier [13], hepatocytes show 
high-affinity degradation of rat LDL However. no 

0 

0 

l 50 

~ 
m 

' ~ 40 

.~ 

30 

-
0 

0 20 

" ~ 
g '0 

~ 

10 60 12C 
time iminuTes} 

Fig. 1. Time course of the cell association of rat and human low 
density lipoproteins. Hepatocytes (0.8 mg cell proteinjml) were 
incubated with 2.7 J.Lg rat 125 I·LDL apolipoproteinjml (.6) or 
ll.l J.Lg human !lSI-labeled LDL apoproteinjml (0}. Cell 
association is expressed as ng apolipoproteinjmg cell protein. 
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Fig. 2. The amount of cell-associated human 115 1-Jabeled LDL 
at increasing amounts of rat hepatocytes. Hepatocytes were 
incubated with 10.0 J.Lg 125 1-labeled LDL apo!ipoproteinjml. 
Incubations were carried out with three different cell prepara
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Fig. 3. The effect of incubation in a lipoprotein-free medium in 
the absence and presence of collagenase (0.05%) upon the 
amount of cell-associated human 125 J.]abeled LDL. Cells were 
preincubated for 60 min with 10 p.g 115 J.Jabeled LDL apoli
poproteinjml. The initial cell-associated 115 J.Jabded LDL (I"" 
0) was determined in three 0.2 ml samples at the end of the 
preincubation. The rest of the cells were centrifuged (30 s. 
50 X g), washed twice with medium A and subsequently in
cubated in medium A in the absence (0) or presence (e) of 
0.05% collagenase. 



evidence for the time-dependent appearance of 
trichloroacetic acid-soluble degradation products, 
originating from human LDL, under similar con
ditions was obtained, even when the time course of 
incubation was extended to 3 h. 

Fig. 2 shows the amount of cell-associated ra
dio-activity as a function of the amount of cell 
protein after a 60 min incubation with human 
125 !-labeled LDL (10 fJ.g apolipoprotein/ml). The 
obtained values are from three different cell pre
parations and it seems evident that the extent of 
association is linear with the amount of cell pro
tein up to 1.6 mg protein/mi. Evidence that up to 
I h of incubation only binding, instead of binding 
plus uptake, is measured can be derived from 
Fig. 3. Cells which were incubated for I h with 
125 1-labeled LDL were subsequently incubated in a 
lipoprotein-free medium. 56% of the associated 
radioactivity is the dissociated from the cells. When 
0.05% collagenase is included in the medium then 
this percentage increases up to 70% from the total 
associated radioactivity. When the same experi
ment was repeated in the absence and presence of 
a 20-fold excess of unlabled LDL. it was found 
that the amount of releasable radioactivity was 
also 70% for the high-affinity component. 

Fig. 4 shows the fate of the cell-associated hu-

Fig. 4. Release and degradation of cell-associated 1 ~.11-!abe!ed 
LDL in medium A in the absence (left) or presence (right) of 
0.05% collagenase. Isolated cells were preincubated with 10 f.(g 
125 1-!abe!ed LDL apolipoprotein for 60 min. Subsequently the 
cells were centrifuged (30 s, SOX g) and washed twice with 
medium A. These cells were incubated in medium A in the 
absence or presence of 0.05% collagenase. Cell-associated (0). 
trichloroacetic acid precipitable (LJ.), trichloroacetic acid-solu
ble (water-soluble (0) and CHCI 3-soluble (G)) radioactivity 
was determined. Calculated sum of the four different fractions. 
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man 125 1-labeled LDL No evidence for a time-de
pendent degradation to water-soluble amino acids 
could be obtained, and only little deiodination 
occurs. It appears that most of the cell-associated 
radioactivity is released from the cells in particle 
form. Adding 0.05% collagenase to the incubation 
medium results in an initial increase to the water
soluble degradation products, whjch stops after 60 
min. In the first 60 min more radioactivity is 
released from the cells but less in the trichloro
acetic acid-precipitable form. Unlike in Fig. 3, the 
zero time here includes the two washings of the 
cells with Ham's F-10 medium with 5% lipopro
tein-deficient serum (medium A) so that the initial 
cell-associated radioactivity was decreased as com~ 
pared to Fig. 3 (see also the legends of Figs. 3 and 
4). 

The amount of cell association as a function of 
the extracellular LDL concentration is shown in 
Figs. SA and B. The data obtained after 60 min of 
incubation, when equilibration is reached (see 
Fig. 1), can be analyzed in a Scatchard plot [27,28]. 
Two components can be detected, one that is 
saturable and possesses a high affinity for human 
LDL and non-saturable low-affinity one. The slope 
k 1 and the intercepts of the straight line (represent
ing the saturable association) indicate an apparent 
Kd of 15.3 p.g apolipoproteinjml (2.55 ·10- 8 M) 
and a maximal association of 32 ng apoli
poproteinjmg cell protein (32 000 LDL 
particlesjcell for the high-affinity binding (molec
ular weight apolipoprotein LDL 0.6 · 106 (29]). 

It was investigated to what extent the low 
amount of apolipoprotein E in human LDL pre
parations (0.06~0.1 %) could be responsible for this 
binding. Therefore LDL was subjected to a second 
gradient centrifugation according to the method of 
Redgrave et a!. [20]. Although the amount of 
apolipoprotein E of this LDL preparation was 
2-3-fold lower (tested by immunodiffusion 
according to the method of Mancini (33]), a simi
lar time-dependent association (not shown) and 
Kd (13.7 fJ.g/ml) was obtained. Table I indicates 
the competition of unlabeled rat and human lipo
proteins with the association of human LDL to rat 
hepatocytes. It can be seen that both the solely 
apolipoprotein B-containing unlabeled human 
LDL and the apolipoprotein E-containing rat LDL 
compete with the association of the radioactively 
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TABLE! 

EFFECT OF THE PRESENCE OF MgEGTA AND COM
PARISON OF THE ABILITY OF UNLABELED LIPOPRO
TEINS TO COMPETE WITH HUMAN 125 1-LABELED LDL 
FOR BINDING TO RA.T HEPA TOCYTES 

Each incubation contained 0.8 mg cell proteinjml and human 
125 I-labekd rat LDL at an apolipoprotein concentration of 10 

i-'8/mL The amount of cell-associated radioactivity without 
further additions. at 0.3 mM Ca1+. is taken as 100%. Figures in 
parentheses the amount of different experiments in which the 
unlnbeled lipoproteins were added. The concentrations of LDL 
and HDL were 190 1-1-g/ml. 

MgEGTA or 
unlabeled 
lipoprotein added 

None 
MgEGT A (0.3 mM) 
Human LDL 
Rat LDL 
Human HDL 
Rat HDL 

Amount of human 120 1-labeled 
LDL associated to cells ot S.E. 
after l h of incubation(%) 

\00 
55:::!:5 (3) 
48:;::;5 (5) 
46±6 (5) 
46±2 (2) 

42±5 (2) 

labeled human LDL. Furthermore, apolipoprotein 
B-deficient, apoiipoprotein £-containing, HDL 
also competes wirh the association of human LDL. 
The presence of 0.3 mM MgEGTA in the incuba
tion medium decreases the binding of the human 
125 I-labeled LDL by 45%. 

Discussion 

The data in this paper demonstrate that 
hepatocytes from untreated rat possess a binding 
site that recognizes human 125 I-labeled LDL It is 
unlikely that the presence of 0.06-0.1% apolipo
protein E in our human LDL preparation is 
responsible for the observed association. Further
more, a 2-3-fold decrease of the apolipoprotein E 
content does not change the association properties 
of the human LDL preparation. We used freshly 
isolated hepatocytes because we wanted to corre+ 
late in vivo uptake data [21] with the presence of 
specific receptors on the cells. Earlier in our 



laboratory it was shown that the in vivo uptake of 
rat very low density lipoprotein remnants, LDL 
and HD L can be explained by the presence of a 
rat lipoprotein receptor which recognizes all these 
three rat lipoproteins [13]. The in vivo uptake of 
human LDL by rat hepatocytes is, however, con
siderably less than that of the rat lipoproteins [21]. 
Two explanations are possible to explain this low 
uptake: l, The human LDL interacts with the rat 
lipoprotein receptor with a much lower affinity. 2, 
A different receptor for human LDL is present 
with a high affinity for LDL but much lower 
capacity than the rat lipoprotein receptor. 

The present paper shows that the second ex
planation is valid. Because of the low amount of 
high-affinity binding of human LDL and the small 
amount of the cell-associated lipoprotein that is 
internalized (less than 30% after 1 h of incubation), 
we could not demonstrate any high-affinity de
gradation. The presence of deiodinase in hepato
cytes [ 11], furthermore, complicates the sensitive 
detection of such specific degradation. However, if 
any high-affinity degradation of human LDL oc
curs, it can be concluded that it will be low. 

The properties of the human LDL receptor on 
rat hepatocytes are very similar to those of the 
human fibroblast receptor, originally described by 
Brown and Goldstein [34], and to those of a 
number of other cell types of extrahepatic origin 
(for a review, see Ref. 4), but dissimilar to the 
recently described rat lipoprotein receptor [13,30]. 
of which it was shown that the human LDL pre
paration did not compete with the binding of rat 
lipoproteins [13]. The human LDL receptor recog
nizes human apolipoprotein B, and shows also an 
interaction with apolipoprotein £-containing lipo
proteins such as rat LDL, rat HDL and human 
HDL Furthermore, it shows a high-affinity bind
ing with a Kd of 2.6 · 10- 8 M for human LDL, 
which value is similar to the high-affinity binding 
site for human LDL in liver membranes from 
ethinyl estradiol~treated rats (Kd = 3.8 ·10- 8M) 
[16). In untreated rats, Kovanen et al. [3 l J were 
unable to characterize such binding sites, probably 
because the concentration of the receptor is low 
and difficult to measure in a total liver membrane 
preparation. Using the freshly isolated hepato
cytes, we were able to show that these cells have a 
maximal high-affinity binding of 32 ng human 
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LDL apolipoproteinjmg cell protein (32000 LDL 
particlesjcell). This is only 10-15% of what can be 
bound to the rat lipoprotein receptor [ 12, 13]. Simi
lar to the properties of the extrahepatic receptor 
and the receptor on liver membranes of ethinyl 
estradiol-treated rats, the association of human 
LDL demonstrated here depends on the Ca2 ~ 
concentration. 

The physiologic significance of this receptor on 
rat hepatocytes is still unclear; however, recently 
Hui et al. [32] showed that under certain condi
tions, growth or drug treatment, expression of an 
apolipoprotein B, E receptor on canine liver mem
branes can be induced. It might be possible that 
the rat lipoprotein receptor, which probably recog
nizes apolipoprotein E, does not interact with hu
man apolipoprotein B function as a constitutive 
receptor, while the receptor characterized in this 
paper does accommodate its level to the metabolic 
requirements. Further studies on the inducible ex
pression of both receptors are clearly needed to 
correlate their presence with the cellular in vivo 
uptake of the various lipoproteins. 
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Processing of acetylated human low-density lipoprotein by parenchymal and 
non-parenchymal liver cells 

Involvement of calmodulin? 
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1. Modified lipoproteins have been implicated to play a significant role in the 
pathogenesis of atherosclerosis. In view of this we studied the fate and mechanism of 
uptake in vivo of acetylated human low~density lipoprotein (acetyl-LDL). Injected 
intravenously into rats, acetyl-LDL is rapidly cleared from the blood. At IOmin after 
intravenous injection, 83% of the injected dose is recovered in liver. Separation of the 
liver into a parenchymal and non~parenchymal cell fraction indicates that the 
non-parenchymal cells contain a 30-50-fold higher amount of radioactivity per mg of 
cell protein than the parenchymal cells. 2. When incubated in vitro, freshly isolated 
non-parenchymal cells show a cell-association of acetyl-LDL that is 13-fold higher per 
mg of cell protein than with parenchymal cells, and the degradation of acetyl-LDL is 
50-fold higher. The degradation of acetyl-LDL by both eel! types is blocked by 
chloroquine (10-SO.uM) and NH4Cl (lOmM), indicating that it occurs in the lysosomes. 
Competition experiments indicate the presence of a specific acetyl-LDL receptor and 
degradation pathway, which is different from that for native LDL. 3. Degradation of 
acetyl-LDL by non~parenchymal cells is completely blocked by trifluoperazine, 
penfluridol and chlorpromazine with a relative effectivity that corresponds to their 
effectivity as calmodulin inhibitors. The high-affinity degradation of human LDL is also 
blocked by trifluoperazine (lOO.uM). The inhibition of the processing of acetyl-LDL 
occurs at a site after the binding-internalization process and before intralysosomal 
degradation. It is suggested that calmodulin, or a target with a similar sensitivity to 
calmodulin inhibitors, is involved in the transport of the endocytosed acetyl-LDL to or 
into the lysosomes. 4. It is concluded that the liver, and in particular non-parenchymal 
liver cells, are in vivo the major site for acetyl-LDL uptake. This efficient uptake and 
degradation mechanism for acetyl-LDL in the liver might form in vivo the major 
protection system against the potential pathogenic action of modified lipoproteins. 

When the concentration of circulating lipo
proteins rises to high levels in the plasma of man or 
experimental animals, lipid is deposited in macro
phages throughout the body (Wurster & Zilversmit, 
1971; Fredrickson eta!., 1978). This is especially 
evident in patients with familial hypercholesterol
aemia (Goldstein & Brown, 1978). The cell types 
involved include the hepatic non-parenchymal cells 

and macrophages of the spleen, kidney, bone 
marrow, skin tendons and other organs (Chomette 
eta!., 1971; Goldstein & Brown, 1978). 

The mechanism of the lipid deposition in the cells 
present in the atherosclerotic plaque has not yet been 
elucidated (Wurster & Zilversmit, 1971). When 
incubated with normal lipoproteins macrophages do 
not accumulate large amounts of cholesterol (Gold
stein et aL, 1979; Brown eta!., 1980) and it has been 
proposed that modification of LDL, either by 
acetylation (Goldstein et al., 1979) or by malon
aldehyde treatment (Fogelman eta!., 1980; Shechter 
eta{., 1981), is necessary before the lipoprotein wiJJ 

Abbreviations used: VLDL, very-low-density lipo
protein (p< J.006g/ml); LDL, low-density lipoprotein 
(p= l.Oi9-l.050g/ml for rat LDL or 1.019-1.063g/ml 
for human LDL): HDL, high-density lipoprotein 
(p = 1.050-1.13g/ml for rat HDL). 
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produce a deposition of a similar magnitude as seen 
under pathological conditions. When modified pro
teins are injected into animals they are cleared 
mainly by the liver non-parenchymal cells, which 
thus serve as the major scavenger site in the body 
(Kooistra eta[., 1979; Van Berkel, 1982). In view of 
the possible relevance of modified lipoproteins for 
the development of the atherosclerotic lesion it 
becomes of special interest to study the fate and 
uptake mechanism in vivo of these lipoproteins. 

Recently we showed that the processing of 
acetyi-LDL by non-parenchymal liver cells is com
pletely inhibited by the phenothiazine tranquillizer 
trifluoperazine, an inhibitor of calmodulin (Van 
Berkel et al., 1981b). This suggested that cal
modulin, or a still unknown target of trifluoperazine, 
is involved in the receptor~mediated endocytotic 
process (Levin & Weiss, 1977; Van Berkel eta!., 
198lb). This idea is extended now by studying the 
effect of trifluoperazine on the processing of acetyi
LDL by parenchymal cells. Furthermore its effect 
on the handling of the unmodified LDL is studied. 
To specify the target for trifluoperazine in more 
detail, we determined the relative ability of two other 
potent inhibitors of calmodulin, penfluridol and 
chlorpromazine on the degradation of acetyl-LDL 
by non-parenchymal cells. 

Experimental 

Materials 
Acetic anhydride was obtained from Merck. 

Darmstadt, Germany. [ 125J]Iodide was purchased 
from NEN Chemicals, Dreieich. Germany and 
Ham's F-10 medium from Gibco (Europe) Paisley, 
Scotland, U.K. Penfluridol was a product of Janssen 
Pharmaceutica, Beerse, Belgium, and was dissolved 
in dimethyl su\phoxide. Trifluoperazine was a gift 
from Smith, Kline and French Laboratories. 
Philadelphia, PA, U.S.A .. and was dissolved in 20% 
propylene glycol. Another batch, in dihydrochloride 
form, was kindly donated by Rh6ne-Poulenc, Vitry, 
France. Pronase was obtained from Calbiochem, 
San Diego. CA, U.S.A. Collagenase (type I) and 
chloroquine were purchased from Sigma Chemical 
Co., St. Louis, MO, U.S.A. All other chemicals were 
reagent grade. 

Isolation, modification and labelling of LDL 
Human LDL was isolated exactly as described by 

Redgrave et a!. (1975). The density range was 
1.019-1.063 g/ml. LDL was acetyl a ted with 
repeated additions of acetic anhydride as described 
by Basu et a[. (1976). LDL (l ml: with a protein 
concentration between 1-!0mg/ml) in 0.15 M-NaC!/ 
lmM-EDTA/8mM-phosphate buffer. pH7.5. was 
added to 1 ml of a saturated solution of sodium 
acetate with continuous stirring in an ice/water bath. 

Next, acetic anhydride was added in multiple small 
portions (2.ul) over a period of l h. After the addition 
of a total mass of acetic anhydride equal to 1.5 times 
the mass of protein used. the mixture was stirred for 
an additional 30 min. The solution was then dialysed 
overnight at 6°C against buffer containing 0.15 M
NaCI, lmM-EDTA and 8mM-phosphate buffer, 
pH7.5. Both LDL and acetyl-LDL were iodinated 
at pH 10 by the ICI method (McFarlane. 1958) 
modified for lipoproteins by Langer et al. (1972). 
Free 1- was removed by Sephadex G-50 filtration. 
The iodine/protein ratio was between 0.6 and 0.8 
atoms/mol for both LDL and acetyl-LDL. Of the 
radioactivity in the preparation 3-4% was free, 
3-5% was present in phospholipids and 92-94% 
was protein-bound. The only apoprotein present in 
LDL is apo\ipoprotein B, as determined on sodium 
dodecyl sulphate/polyacrylamide-gel electrophoresis 
(Van Berkel et al., 198Ia). 

Measurement of acetyl-LDL uptake by the rat liver 
cef!s in vivo 

125I-Acetyl-LDL (15.ug) was injected at 09.00h 
in chow-fed rats (250-350 g) under nembutal 
anaesthesia. After 3 min a blood sample was drawn 
from the retro-ocular sinus. At 10 or 30min after 
injection, a liver perfusion with Ca2+-free Hank's 
medium was started. The liver was initially perfused 
at a flow rate of 4ml/min. The flow rate was 
increased to 14m!/ min after cannulation of the caval 
vein. At 8 min after the start of the perfusion, a liver 
lobe was tied off to determine the total hepatic 
radioactivity. The remaining liver was perfused 
with 0.05% collagenase. Subsequently, parenchymal 
and non-parenchymal cells were isolated as 
described in detail previously (Van Berkel et al .. 
1977; Van Berkel & Van Tol, 1978). The purity, 
composition and integrity of the different cell 
preparations were tested by phase-contrast light 
microscopy, by Trypan Blue exclusion, by peroxid
ase staining and by the relative distribution and 
specific activities of L- and M 2-type pyruvate kinase. 
On the basis of light microscopy the final paren
chymal-cell preparations were completely free from 
non-parenchymal cells and more than 95% of the 
isolated cells excluded Trypan Blue. The isolated 
cells were sensitive to glucagon in a similar way as a 
perfused liver system (Van Berkel et al., 1978). The 
non-pai-enchymal cell preparation (termed 'NPC 1': 

Pronase method) excluded Trypan Blue almost 
completely and no parenchymal cells were present. 
By peroxidase staining with diaminobenzidine about 
30% of the cells were peroxidase-positive. indicating 
that about 30% of these cells are Kupffer cells and 
about 70% endothelial cells (Knock & Sleyster. 
1976). The purity of every individual cell pre
paration was ·also checked by determination of the 
distribution and activity of L-type and M 2-type 
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pyruvate kinase. as described previously (Van 
Berkel et a!., 1977). In accordance with previous 
work (Crisp & Pogson, 1972; Van BerkeL 1974) the 
NPCl preparation contained solely M2-type pyru
vate kinase. The non-parenchymal cell preparation 
obtained by differential centrifugation (termed 
'NPC/) contained various amounts of parenchymal 
cell protein. This contamination by parenchymal cell 
protein can be corrected for, by measuring the 
pyruvate kinase activities of every individual cell 
preparation. The values for the uptake of acetyl
LDL in vivo in the NPC 1 fraction were corrected for 
the contamination by parenchymal cells as described 
by Van Berkel & Van To! (1978). Peroxidase 
staining indicates that the NPC 2 preparation con
tains Kupffer cells and endothelial cells in a ratio of 
1:7. Activity measurements of cathepsin D and 
peroxidase confirm the calculations mentioned 
above (Groot eta!., 1981). 

Lipoprotein binding, uptake and degradation in 
vitro 

Incubations of freshly isolated liver cells with the 
indicated amounts of lipoproteins and cells were 
performed in Ham's F-lO medium (modified), 
containing 5% (v/v) human lipoprotein-deficient 
serum (final protein concentration 2.5mg/ml). The 
binding, uptake and degradation measurements in 
vitro were performed with the parenchymal- and 
non-parenchymal-cell preparations separated by 
differential centrifugation only ['PC' and 'NPC 2' 

(Van Berkel & VanTol, 1978)]. No correction was 
made for the contamination of the NPC 2 prepara
tion by parenchymal-cell protein. The incubations 
were carried out either in plastic tubes in a total 
volume of lml or in 25m! Erlenmeyer flasks 
{silicone-treated) stoppered with rubber caps with a 
total incubation volume and time as indicated in the 
legends to the Figures. At the indicated time I m\ 
samples were withdrawn and the cell-associated 
radioactivity was determined as described by Van 
Berkel et al. {198la). Degradation of the lipo
proteins was measured by the method of Bierman et 
a!. (1974) as described previously (Van Berkel et al., 
198la). The degradation values represent radio
activity present in the acid-soluble water phase. In 
the corresponding blanks the lipoproteins were 
incubated in the absence of cells. 

The viability of the cells during the long-term 
incubations was checked and remained higher than 
85%. The viability was also checked after addition of 
chloroquine, NH4 C!, trifluoperazine, penfluridol or 
chlorpromazine. It was found that at higher 
chloroquine or trifluoperazine concentrations (above 
IOO,uM) the viability of the cel!s, especially at the 
longer incubation times, decreased significantly. 
With the concentrations reported in this paper no 
decrease in cell viability or cellular ATP level was 
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observed. When effectors were added, dissolved in 
dimethyl sulphoxide or propylene glycol, it was 
checked that a similar amount of the solvent did not 
influence the control values. 

Results 

Uptake of acetyl-LDL by parenchymal and non
parenchyma/liver cells in vivo 

In the rat. iodinated human LDL shows a 
monoexponential decay curve with a half-life of 
about lOh (Van To! et af., 1978). On acetylation vf 
human LDL the decay rate is strongly influenced 
and Table l shows that at 3 min after injection only 
6% of the ll> I is still present in serum, and at lO min 
this value is further decreased to 2%. The bulk of the 
radioactivity is recovered in the liver. Subsequent 
separation of the liver cells into a parenchymal and 
non-parenchymal cell fraction indicates that the 
non-parenchymal cells contain a more than 30-fold 
higher amount of radioactivity per mg of eel! protein 
than the parenchymal cells (Table 2). 

When the cells are isolated 30min after injection 
of acetyl-LDL, a similar distribution is found. The 
data obtained 30min after injection can be com
pared directly with the uptake of unmodified human 
LDL in vivo by the different cell types as reported 
previously (VanTol & Van Berkel, 1980). Such a 
comparison indicates that on acetylation of LDL the 
radioactivity found in the parenchymal cells is 
increased three times, whereas the non-parenchymal 
cell radioactivity is increased 14 times. 

Interaction of acetyl-LDL with parenchymal and 
non-parenchymal cefls in vitro 

Fig. l shows the time course of the cell-asso
ciation and degradation of acetyi-LDL by freshly 
isolated parenchymal and non-parenchymal cells. 
The initial cell-association rate of acetyl-LDL is 
rapid and slows down after 30min of incubation. 

With non-parenchymal ce!ls the time course of 
trichloroacetic acid-soluble radioactivity appearing 

Table l..Distribulion of radioactivity between liver and 
sernm 3. 10 and 30min after imra~'enous injecrion of 

acetylared human LDL 
Values are means of three different experiments 
±S-E.M. The liver samples were obtained after 8min 
pre·perfusion with Cal+-free Hanks balanced salt 
solution. 

Time after injection 
of acetyl-LDL (min) 

3 
10 
30 

Radioactivity distribution 
(%of injected dose) 

Liver 

83.4 ± 1.7 
18.0± 1.2 

Serum 
6.0:!:0.8 
2.2 ± 0.2 
8.4 ± 0.3 
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Table 2. Distribution of acetylated human LDL apoprotein between parenchymal and non-parenchymal liver cells 10 
and 30 min after intravenous injection 

Values are means of three to four different experiments ± S.E.M. The recovery values are expressed as percentages. 

104 x Distribution of acetylated 

Whole rat liver 
Parenchymal cells 
Non-parenchymal cells (method I) 
Non-parenchymal cells (method 2) 

LDL (%of injected dose/ 
mg of cell protein) 

30min 
89 ±2 
8±2 

Ratio of non-parenchymal ce!ls (method 1) 
to parenchymal cells 

!Omin 
450±19 

20± 6 
639±169 
453 ± 125 
32.9 ± 5.3 

454 ± 126 
268±71 

55.1 ± 8.1 
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Recovery of radioactivity in parenchymal 
and non-parenchymal cells (method l) 
compared with whole rat liver 
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'"' 
'" 

i 
1600 

c: 
" ~ 1200 

~ 
0 

' 2 '" 0 
0 
& 
8. 
~ 

'" 

Time (min) 

Fig. L Effect of chloroquine and NH,Cf on the time course ofcefl-associwion and degradation of acetyi-LDL by isolated 
parenchymal (a) and non-parenchymal (b) liver cells 

The cells were incubated with 10.1,ug of acetyl-LDL/ml in the absence (A and D.) or presence of !OO,uM-chloroquine 
(T and V') or IOmM·NH,Cl (0 and 0). The cell-association of acetyl-LDL is indicated with filled symbols. whereas 
for the degradation open symbols are used. The results are expressed as ng of apo!ipoprotein associated or 
degraded/mg of cell protein. 

in the water phase shows a clear lag phase 
(I0-30min) before it reaches a constant rate (up to 
3h). With parenchymal cells, such a lag phase is not 
readily observed. Owing to the much lower degra
dation rate, a short-term aspecific degradation 
masks such a lag phase (Van Berkel et al., 198la). It 
can be seen that the degradation of acetyl-LDL by 
non-parenchymal cells is about 50 times higher than 

by parenchymal cells, although the amount of 
cell-association is only 13-fold higher (per mg of cell 
protein). This very active degradation is totally 
blocked by both chloroquine (lOO,uM) or NH4C\ 
(lOmM) as is the degradation by the parenchymal 
cells. (There is no increase in trichloroacetic acid
soluble radioactivity between I and 2h of incu
bation.) 
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Processing of lipoproteins by rat liver cells 

When native human LDL is incubated with 
parenchymal cells no high-affinity degradation is 
noticed {not shown). On incubation with non
parenchymal cells a high-affinity binding and degra
dation of human LDL is observed (Fig. 2). Both the 
amount of cell-associated radioactivity and the 
appearance of radioactivity in the trichloroacetic 
acid-soluble water phase is inhibited by about 50% 

,,, 

30 50 "' '"' 
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by an excess of unlabelled human LDL. This 
high-affinity degradation is inhibited nearly com
pletely by NH4 CI (lOmM) and chloroquine (IOO,uM). 

The specificity of the acetyi-LDL processing by 
non-parenchymal cells was determined by investi
gating the effect of an excess of unlabelled acetyi
LDL native human LDL, rat LDL and rat HDL on 
the cell-association process and degradation (Fig. 3). 

'" 

30 60 

Time (min) 

Fig. 2. Effect qf chloroquine, NH4Cl and excess unlabelled LDL on the cefl-association and degradation of native 
human LDL by non-parenchymal liver cef!s 

The cells were incubated with 10.6pg ofLDL/ml in the absence (II and D) or presence of lOOpM-chloroquine (V and 
V). 10mM-NH4Cl (8 and O) or J03pg of unlabelled LDL/ml (A and .6.). At the indicated times samples were drawn 
and the amount of cell-associated radioactivity (a) as well as the radioactivity present in the acid soluble water phase 
were determined (b). Both cell-association and degradation are expressed as ng of apolipoprotein/mg of cell protein. 
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Fig. 3. Comparison of the ability of unlabelled lipoproteins to compete with the cell association (a) and degradation (b) of 
Ill !-labelled acety/ated human LDL by non-parenchyma/liver cells 

Non-parenchymal cel!s were incubated for 2 h with 5.0pg of nsi-labelled acetyl-LDL/ml and with the indicated 
amounts of unlabe!led human acetyl-LDL (.C:. and A). human native LDL (D and Ill), rat LDL (V and V) or rat HDL 
(0 and 0). 12SI-labelled apolipoprotein association or degradation is expressed as the percentage of the radioactivity 
obtained in the absence of unlabelled lipoprotein. The 100% value forthe cell association is 632ng of acetyl-LDL/mg 
of cell protein and for the degradation 876ng of acetyl-LDL/mg of cell protein. 
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It is found that there is a competition between 
1251-acetyl-LDL and the unlabeHed analogue both in 
the cell-association and degradation processes. 
These processes are not influenced by the presence 
of unlabelled native human LDL or rat LDL and 
HDL 

The dependency of the cell-association process on 
the concentration of both acetyl-LDL and un
modified LDL (Fig. 4) indicates that the non
parenchymal cells possess a high affinity for both the 
acetyl-LDL and native LDL with a half-maximal 
association rate at a concentration of about 20,ug of 
apolipoprotein/ml. 

Effect of chloroquine, trifluoperazine and Cal+ on 
the processing of acetyl-LDL 

The relative abilities of chloroquine and tri
fluoperazine to influence the cell-association and 
degradation of acetyl-LDL by parenchymal and 
non-parenchymal cells are plotted in Figs. 5(a) and 
5(b). Half-maximal inhibition of the degradation of 
acetyl-LDL occurs at 15 and 35,uM-chloroquine for 
non-parenchymal and parenchymal cells respec
tively. 

The phenothiazine tranquillizer trifluoperazine 
appears to be a very active inhibitor of the 
degradation of acetyl-LDL both by parenchymal 
and non-parenchymal cells. A half-maximal effect is 
seen at about 20pM, and with 50,uM-trifiuoperazine 
the maximal inhibitory effect is observed. The 
inhibitory effect of trifluoperazine on the degra
dation of acetyl-LDL is not caused by a blockade of 
the binding of acetyl-LDL to the cells, because the 
cell-association is only slightly influenced (Fig. 5a). 

~ 
~ 

~ 

000 

500 

1o 20 30 4o 5o so 10 a'o 90 100 

Apolipoprotrin (,ug/mi) 

Fig. 4. Relation of the concentration of acety!-LDL or 
native LDL to the extent of cell-association with 

non-parenchymal liver ceUs 
The amount of labelled acetvl-LDL (A) or native 
LDL (II) in the assay was v~ried as indicated and 
the amount of cell-associated radioactivity after 
lOmin of incubation was determined. 

Also the high-affinity degradation of native human 
LDL is blocked by lOO,uM-trifluoperazine (Table 3). 

If calmodulin is involved in the processing of 
acetyl-LDL it is possible that an extracellular CaH 
concentration change influences the degradation rate 
of acety!-LDL. Fig. 6 shows that in the presence of 
Mg1+-EGTA (2 mM) the degradation of acetyl-LDL 
is about half of that measured at 0.3 mM-Cah. With 
parenchymal cells in the absence of CaH or presence 
of Mg-EGT A a lower degradation rate is measured 
than that with 0.1-0.3 mM-Ca2-. 

Table 3. Comparison of the effect of trifluoperazine, 
NH4 Cl and chloroquine on the high-affinity degradation 

of human LDL by non-parenchyma! cells 
The cells were incubated for 2h with labelled human 
LDL (9.9!'g/ml) and the degradation was deter
mined as trichloroacetic acid-soluble radioactivity in 
the water phase. The values are means (±s.E.M.) for 
three to four experiments. The 100% value repre· 
sents 45 ± 6 ng of acetyl- LDL degradation/rug of 
cell protein. 

Addition 

None 

Degradation (%of control) 

100 
Trifluoperazine (100fJM) 
Chloroquine (lOOpM) 
NH,Cl (JOmM) 
Unlabe!led LDL (103fig/m!) 

51±5 
48 ±4 
53± 3 
54±5 

Table 4. Relative contributim1 of binding 10 the total 
ce!l-associated radioactivity after !0, 60 and 120min 
incubation of non-parenchymal cells with acety!-LDL in 
the absence and presence of rrifluoperazine or chloroquine 

The cells were incubated for 10,60 or 120min with 
labelled acetyl-LDL (10.1!Jg/ml). Subsequently the 
cells were centrifuged, washed and incubated in the 
absence and presence of collagenase (0.05%). The 
amount of cell-associated radioactivity was deter
mined and the relative percentage released by 
collagenase was taken as cell-surface-bound and the 
values represent this percentage cell-surface binding. 
For further details see Van Berkel el a!. (1981a). 
The values are means of at least two experiments. 
The 100% value for the incubation without further 
additions was for !Omin, 60min and 120min of 
incubation respectively 648 ± 112. 1150:!:: 121 and 
1694±80ng of acetyl·LDL/mg of cell protein 
(n = 5; means± s.E.M.). These values were not 
significantly different when trifluoperazine or chloro· 
quine was present. 

Addition 
Incubation time (min) . 

Cell-surface 
binding(%) 
~ 
10 60 120 

None 
Trifluoperazine 
Chloroquine 

50 
65 
60 

32 
37 
33 

17 
29 
19 
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Fig. 5. The effect of increasing chloroquine (a and c) or trifluoperazine (band d) concentrations on the cell-associalfon (a 
and b) and degradation (c and d) of aceryi-LDL by isolated parenchymal cells (PC) and non-parenchymal cells (NPC) 
The cells were incubated for 2h with IO.l,ug ofacetyl"LDL/ml in the presence of the indicated amount of chloro
quine or trifluoperazine. The results were obtained with three different acetyl"LDL and cell preparations and are 
given as mean percentages of the association or degradation in the absence of the effectors ± S.E.M. {indicated by the 
bars). The 100% value for cell-association with PC was 59± 7 and for NPC was 12! 1 ± 220ng of acetyi·LDLimg of 
cell protein. For the degradation the 100% value for PC was 44 ± 7 and for NPC 1462 ± !SOng of acetyl-LDL/mg 

of cell protein (n= 3; means± s.E.M.) 

To indicate more precisely the site of action of 
trifluoperazine we investigated to what extent the 
internalization of the acetyl-LDL particle is in
fluenced by this compound. 

Table 4 shows that internalization of acetyl-LDL 
still occurs in the presence of trifluoperazine. 
Furthermore we checked the possibility that tri
fluoperazine inhibits the excretion process of the 
degradation products of acetyi-LDL. The amount of 
cell"associated trichloroacetic acid-soluble radio· 
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activity was. however. not increased in the presence 
of trifluoperazine or chloroquine as compared with 
control incubations. 

Effect ofpenjfurido! and chlorpromazine 

As well as trifluoperazine. other antipsychotic 
drugs acting as inhibitors of calmodulin are avail
able (Levin & Weiss. 1979). Among these com
pounds penfluridol and chlorpromazine are most 
effective. 
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Fig. 6. The effect of Mg-EGTA and Cal+ on the cell-association (a and c) and degradation (b and d) of acetyf-LDL by 
parenchymal (a and b) and non-parenchymal (c and d) cef!s 

The cells were incubated for 2h with S.O,ug of acetyl-LDL/ml with the indicated IMg-EGTA I or the different )CaH]_ 
For the cells incubated with Mg-EGTA the last two washings before incubation were also performed in the presence 
of 2mM-Mg-EGTA. The results were obtained with four different acetyl-LDL and cell preparations and are given as 
mean percentages of the association or degradation at 0.3mM-CaH±s.E.M. (indicated by the bars). The 100% 
values for the cell association were, for parenchymal cells 37.0±6.3 and for non-parenchymal cells 955 ±68ng of 
acetyl-LDL/mg of cell protein. The 100% values for the degradation were, for parenchymal cells 22.5 ± 4.6 and for 
non-parenchymal cells 1216 ± 87 ng ofacetyl-LDL/mg of cell protein (n=4: means± S.E.M.). 
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Fig. 7. The effect of increasing perif/uridol and chlorpromazine concemrations on the cefl-association (a) and 
degrada1ion (b) ofacetyl-LDL by non-pareni'hymal!h·er cells 

The cells were incubated for 2 h with 10.1 p.g of acetyl-LDLiml in the presence of the indicated amount of efT ector. 
The results were obtained with three different acetyl-LDL and cell-preparations and are given as mean percentages of 
the association or degradation in the absence of effectors± s.E.M. (indicated by the bars) The 100% value for the 
cell-association was 1642±378ng of acetyl·LDL!mg of cell protein and for the degradation !947±383ng of 
acetyl-LDL/mg of cell protein (n = 3; means ± s.E.M.). 

Fig. 7 shows that. besides trifluoperazine. pen
fluridol and chlorpromazine are effective inhibitors 
of the degradation of acetyl-LDL by non
parenchymal cells. with half-maximal inhibitory 
concentrations of 12 and 35 pM respectively. 

Discussion 

The present results with WJ-acetyl-LDL indicate 
that both parenchymal and non-parenchymal cells 
possess a site that recognizes acetyl-LDL. The 
competition experiments indicate that the acetyi
LDL recognition site is specific for acetyi-LDL, as 
no significant competition was observed witL native 
human LDL or with the rat lipoproteins. Further
more 10-IOO,ug of unlabelled acetyi-LDL/ml was 
effective in showing competition. even though a 
25-250-fold excess of extracellular protein was 
present (approx. 2500pg of protein/ml). According 
to the definition of Ho et a{. (1976) these charac
teristics are indicative of the presence of a specific 
high-affinity receptor. The binding of acety!-LDL to 
its receptor is effectively coupled to uptake, and after 
!Omin of incubation already half of the cell·asso
ciated radioactivity is internalized. Parenchymal 
cells also interact with acetyl·LDL, a binding that is 
similarly coupled to further intracellular processing. 
The amount of acetyl-LDL associated with non
parenchymal cei1s is. however, about 13-fold higher 
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per mg of cell protein than with parenchymal cells. 
with a degradation rate that is 50-fold higher. This 
indicates that taking into account the relative 
protein -contribution of non-parenchymal cells 
(7.5%) and parenchymal cells (92.5%) to total liver. 
the non-parenchymal liver cells are the major site for 
acetyi-LDL catabolism. That this is also the case in 
viuo can be concluded from the data on the uptake 
of acetyl-LDL by parenchymal and non
parenchymal cells in uiuo. 

At the moment it cannot be decided to what 
extent the different cell types present in the non
parenchymal cell preparations (endothelial or 
Kupffer cells) are responsible for the active inter
action with acetyl-LDL. A further purification of the 
non-parenchymal cells by a procedure that does not 
affect the active endocytotic mechanism is therefore 
needed. 

The present paper shows that once the acetyl
LDL is bound to its receptor on non-parenchymal 
cells. an efficient uptake and degradation process 
starts. This contrasts with previous data obtained 
with the native rat lipoproteins, of which the greater 
part (70-80%) remains extracellularly bound (Van 
Berkel et at .• 198la; Ose et a!.. 1980). The 
degradation of acetyl-LDL by freshly isolated 
non-parenchymal cells is completely blocked by low 
concentrations of chloroquine or NH~CL These 
properties are consistent with a classical route for 
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receptor-mediated uptake, i.e. binding to a high
affinity receptor (specific for acetyl-LDL), uptake in 
endocytotic vesicles and degradation inside the 
lysosomes. A similar route can be described for the 
interaction of unmodified human LDL with non
parenchymal liver cells, although the amount of 
human LDL that is degraded relative to the amount 
that is cell-associated indicates a much less efficient 
intracellular processing. In the presence of chloro
quine or NH4Cl, the amount of acetyi-LDL asso
ciated with non-parenchymal cells at 2 h of in
cubation is similar to the amount obtained with the 
incubation in the absence of these agents. Because 
acetyl-LDL degradation hardly occurs, this indicates 
that the total amount of acetyl-LDL handled by the 
cells is considerably decreased. This might imply that 
chloroquine or NH4Cl can also exert an effect on the 
receptor internalization or recycling. As shown in 
Table 4 the internalization of acetyl-LDL is not 
influenced by chloroquine, indicating that this 
additional action of chloroquine is exerted on the 
receptor recycling process. 

In the present study we compared the relative 
ability of three of the most potent inhibitors of 
calmodulin (Levin & Weiss, 1979) on the pro
cessing of acetyi-LDL by non-parenchymal cells. 
The concentrations necessary for half-maximal 
inhibition of acetyl-LDL degradation were 12,uM for 
penflurido\, 2l,uM for trifluoperazine and 35,uM for 
chlorpromazine. The relative effectivity of these 
compounds to inhibit acetyl-LDL degradation 
corresponds to their effectivity as calmodulin 
inhibitors [half-maximal inhibition 2.5 ,LIM for pen
fluridol, lO,uM for trifluoperazine and 42,uM for 
chlorpromazine (Levin & Weiss, 1979)]. 

The site at which trifluoperazine interferes with 
the degradation of acetyl-LDL was investigated in 
more deta1l Our data indicate that its complete 
inhibition of degradation cannot be explained by an 
effect on the initial binding or internalization 
process. The action of trifluoperazine is probably not 
at the level of the lysosome itself because the 
degradation of acetyl-LDL in vitro by cell homo
genates at an acid pH is not inhibited by trifluo
perazine (Van Berkel et a[., l98lb). Furthermore 
there is no accumulation of trichloroacetic acid
soluble radioactivity inside the cells, so that tri
fluoperazine does not exert its action on the secretion 
of the degradation products of acetyl-LDL. The 
action of trifluoperazine is then restricted either to 
the intracellular route from the internalization site of 
acetyl-LDL to the lysosomes or to the fusion process 
with the lysosomes. Although the relative effectivity 
of penfluridol, trifluoperazine and chlorpromazine on 
acetyl-LDL degradation can be considered as 
further evidence for the involvement of calmodulin, it 
must be stressed that these compounds do bind to 
calmodulin on a single site. Probably hydrophobic 

regions in calmodulin are involved in this binding 
(Tanaka & Hidaka, 1980). Therefore it remains 
possible that the inhibition of acetyl-LDL degra
dation is either exerted at calmodulin or at a still 
unknown target with an active site similar to that of 
calmodulin. 

As mentioned in the introduction section. the fate 
of the acetylated LDL in vivo was studied, in view of 
its possible relevance in the pathogenesis of athero
sclerosis (Henriksen eta!., 1981). Both the uptake 
data in vivo and the data on the interaction of 
acetyl-LDL with the isolated liver cells in vitro 
indicate that the liver, and in particular the non
parenchymal liver cells, are the major site for 
acetyl-LDL uptake. Recently Henriksen et al. 
(1981) showed that native LDL can be converted by 
aortic endothelial cells into a form that is recognized 
by the macrophage receptor for acety\-LDL The 
presence of the highly active acetyl-LDL receptor in 
liver, as shown here, might form in vivo the major 
protection system against the potential pathogenic 
action of these modified lipoproteins. 
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SUMMARY 

The in vivo interaction of lipoprotein(a) (Lp(a)) with the liver and 

the various liver cell types was tested. Because the characteristics of 

Lp(a) can vary, dependent on the isolation method used, the Lp(a) was 

isolated in two different ways (defined Lp{a) 1 and Lp(a) 11 J. The serum 

decay of Lp(al 1 was comparable with that of LDL, while Lp(a) 11 showed a 

faster decay. Upon estrogen-treatment of rats, serum decay and association 

of Lp(a) to parenchymal liver cells were only stimulated to a low extent, 

indicating that Lp(a) shows a less efficient interaction with the estro

gen-induced ape B,E receptor than LDL. Both with Lp(a) 1 and Lp(a) 11 , as 

compared to LDL, a higher cell-association to rat liver endothelial cells 

was found. In vitro competition experiments indicate that Lp(a) prepar?.-

tions with a high uptake by non-parenchymal cells achieved this by an 

interaction with the acetyl-LDL receptor. The interaction of Lp(a) with 

the acetyl-LDL receptor was blocked by methylation of Lp(a). 

We conclude that lysine residues or their direct environment in Lp{a) 

are important for recognition by liver cells and we suggest that Lp{a)'s 

dual interaction with the apo B,E and acetyl-LDL receptor is caused by the 

high susceptibility of these residues towards environmental changes. This 

property of Lp(a) might be related to the action of Lp(a) as an atherogen

ic lipoprotein. 

INTRODUCTION 

Lipoprotein(a) (Lp(a)) can be demonstrated in the blood of most human 

people. Recently it has gained renewed interest because a number of stu

dies have indicated a positive correlation between the serum level of 

Lp(a) and coronary vascular diseases (1-4). 

After density gradient ultracentrifugation of human sera, Lp(a) is 

found in the density of 1.055-1.110 g/ml which borders the density range 

of low density lipoprotein (LDL) and coincides partly with that of high 

density lipoprotein (HDL). Lp(a) resembles LDL in lipid composition {5, 6) 

and also contains apo B as the major apoprotein (7 ). However Lp(a) can be 

distinguished from LDL by the presence of a unique Lp(a) apoprotein and by 

the high hexose, hexosamine and sialic acid content (7). 

A number of in vitro studies have shown that Lp{a) can bind to the 
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apo B,E-receptor on fibroblasts (8-10) 1 although it was also reported that 

Lp(a) does not interact with the apo B,E-receptor (11). Recently we de

scribed the intrahepatic cellular localization of lipoprotein receptors in 

rats. The presence of an apo B,E-receptor on parenchymal and Kupffer cells 

(12, 13) was demonstrated and the acetyl-LDL (scavenger) receptor appears 

to be very active on liver endothelial cells {14). Acetyl-LDL and other 

chemically modified LDL preparations can induce a cholesterol ester accu

mulation in macrophages in vitro (15-18) and it was suggested (15, 17) 

that the uptake of lipoproteins by the acetyl-LDL receptor is relevant for 

the formation of foam cells. In our view the acetyl-LDL receptor from 

liver endothelial cells protects against the formation of foam cells 

because the cells play a quantitative role in the removal of atherogenic 

lipoproteins from the blood (14). For reason of the above mentioned rela

tion of Lp(a) with cardiovascular disease, the conflicting data on the 

interaction of Lp(a) with the apo B,E-receptor and the suggested protec

tion of the liver cells against atherogenic particles~ we determined 

in vivo the receptors involved in the interaction of Lp(a) with the liver~ 

In order to determine the interaction of Lp(a) with the apo B 1 E

receptor, the number of receptors was selectively increased in parenchymal 

liver cells (12) by estrogen-treatment of the rat (19). Involvement of the 

acetyl-LDL receptor was studied by determination of the uptake of Lp(a) in 

endothelial cells (14) and by performing in vitro competition studies. 

Because the characteristics of the Lp(a) preparation can vary depen

dent on the isolation method used (20), the Lp(a) was isolated in two 

different ways (20, 21 ). 

MATERIALS AND METHODS 

Human LDL {1.024 < d < 1.055 g/ml) was isolated by two repetitive 

centrifugations according to Redgrave et al. {22) as previously described 

( 12 ). The human LDL preparation used in this study contains almost only 

apolipoprotein B (99.97%) and no degradation products were detectable as 

checked by electrophoresis in SDS (sodium dodecyl sulfate) gels. With a 

high LDL concentration (5 mg apolipoprotein/ml) in a radial immunodiffu

sion system according to Mancini et al. (23) 1 apolipoprotein E was notice

able at the detection limit and contributed maximally 0.02-0.03% of the 

total apolipoprotein. 
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Radioiodination of LDL was done according to a modification (24) of 

the ICl method described by McFarlane (25), using carrier-free (125!] or 

[ 131 rl iodine. The distribution of radioactivity in human LDL is: 88% in 

proteini 8% in phospholipids and 4% free, as determined according to (26). 

Human Lp(a) was isolated in two different ways. The first method was 

a combination of ultracentrifugation and gel chromatography (defined as 

Lp{a) 1 ) and the second method a combination of precipitation, ultracentri

fugation and gelchromatography (defined as Lp(a)II). Each Lp{a) batch was 

isolated from the pooled plasma of S-7 highly positive donors. Method 1: 

Isolation of Lp(a) 1 and judging of the purity of the Lp(a) 1 fraction was 

done exactly as described by Gaubatz et al. {20 ). Method 2: Isolation of 

Lp(a)II and determination of the purity was done as described by Eigner et 

al. (21). 

Radioiodination of the Lp(a) preparations was done according to a 

modification (27) of the ICl method (25). After iodination the Lp(a) 

preparation was dialyzed 3 times against 0.024 M NaBr, 0.01 M Tris-HCl, pH 

8.0 and 2 times against 0.15 M NaCl, 0.3 M EDTA, pH 7.0. The distribution 

of radioactivity in Lp(a) is 87% in protein, 2% in phospholipids and 11% 

free as determined according to {26 ). 

Reductive methylation of the lipoproteins was done according to (28). 

0.5 ml lipoprotein (approximately 2.5 mg apolipoprotein/ ml) was mixed 

with 0.38 ml 0.3 M borate buffer, pH 9.0. On t=O 0.5 mg NaBH 4 and 0.5 p.l 

formaldehyde were added, whereafter every 6 min (5 times) 0.5 ?l formalde-

hyde was added. The extent of methylation of lysine residues was 

determined by the trinitrobenzenesulfonic acid method (29). 

Animals 

80% as 

12 weeks old male Wistar rats were used throughout the study. 17Cir 

ethinylestradiol in propyleneglycol at a dose of 5 mg/kg body weight (30) 

was injected subcutaneously every 24 hours during 3 days, control rats 

received equal volumes of the solvent. 

In vivo uptake studies 

Rats were anesthesized by intraperitoneal injection of 20 mg nembu

tal. The abdomen was opened and the radiolabelled lipoproteins were injec

ted in the inferior vena cava at the level of the renal veins. After the 

indicated circulation time the liver was perfused with an oxygenated Hanks 
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buffer at 8°c. After 8 min perfusion a lobule was tied off for determina

tion of the total liver uptake.To determine uptake by various cell types, 

the cell types were isolated by low temperature procedures. After the 8 

min perfusion at B0 c, the liver was subjected to a low temperature (8°C) 

perfusion with 0.05% collagenase (12, 14). After 20 min of perfusion with 

collagenase the liver was minced and the crude eel suspension filtered (90 

p.m mesh). The filtrate (containing parenchymal and non-parenchymal cells) 

was subjected to differential centrifugation exactly as described earlier 

(31 ). The parenchymal cells were completely free from non-parenchymal 

cells as judged by microscopy and the absence of M2-type pyruvate kinase 

(32) in this preparation. The non-parenchymal cells were collected from 

the first two supernatants of the parenchymal cell centrifugations. In 

order to increase the recovery of non-parenchymal cells from the liver the 

residue on the 90 ~m mesh was incubated for 20 min at B0 c with Oe25% 

pronase (which destroys parenchymal cells) and the non-parenchymal were 

collected and washed (two times) by centrifugation at 400 g for 5 min. The 

non-parenchymal cell fractions (both from the supernatants from the paren

chymal cell isolation and the pronase-treated filter residue) were com

bined. The cells were suspended in 5 ml Hanks buffer, mixed with 7.2 ml 

30% metrizamide and divided over two Sorvall tubes. One ml Hanks buffer is 

layered on top of the mixture and the tubes are spun for 15 min at 1500 x 

g. The cells which floated into the top phase were aspirated and subjected 

to a 30 s 50 x g centrifugation to remove any left parenchymal cells. The 

non-parenchymal cell preparation was collected and washed by two 400 x g 

centrifugations. The non-parenchymal cell preparation was completely free 

from parenchymal cells or parenchymal cell derived particles, as judged by 

phase contrast microscopy and the exclusive presence of M2-type pyruvate 

kinase in this preparation (32). The absence of any cross-contamination 

between the parenchymal and non-parenchymal cell preparation is also 

indicated by the selective effects of estrogen treatment on parenchymal 

cells and ethyloleate treatment on non-parenchymal cells as described 

earlier (13). By peroxidase staining with diaminobenzidine (33) about 30% 

of the isolated non-parenchymal cells were peroxidase-positive indicating 

that about 30% of these cells are Kupffer cells and about 70% endothelial 

cells. This relative proportion is similar as in vivo (34). par reason 

that a Kupffer cell contains twice as much protein as an endothelial cell 

(34), the non-parenchymal cell preparation contains 50% Kupffer cell 
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protein and 50% endothelial cell protein. 

Alternatively a liver endothelial cell preparation and a Kupffer cell 

preparation were obtained by subjecting the liver directly to a s 0 c pro

nase (0.25%) perfusion whereafter the cells were purified by centrifugal 

elutriation exactly as recently described (14). The Kupffer cell prepara

tion contained 70-90% Kupffer cellsr the remainder being endothelial 

cells; the endothelial cell preparation contained more than 95% endothe

lial cells with< 5% white blood cells {14). Radioactivity in the final 

cell preparations was counted in an LKB y-counter. With the present cell 

isolation techniques it is possible to obtain a quantitative recovery of 

the total liver associated radioactivity in the subsequent isolated cells 

( 12, 14). 

In vitro processing of lipoproteins after in vivo uptake 

The degradation of the in vivo internalized lipoproteins was deter

mined by isolating the various cell types by a short, warm (37°c) recircu

lating perfusion method based upon (35) (perfusion flow: 40 ml/min). 10 

min after intravenous injection of the labelled lipoproteins, perfusion of 

the liver was started at 37°C for 10 min with Hanks solution, 9 min with 

Hanks solution plus 0.05% collagenase and again 1 min with Hanks solution 

in order to remove the collagenase. As shown earlier (13, 36, 37), cell

bound LDL will be removed by collagenase at this temperature (37°C). 

Hereafter the parenchymal and non-parenchymal cells were isolated and 

purified as described above, except that the pronase treatment of the 

liver debris was omitted because with the applied procedure at 37°C no 

residue is left. Subsequently the cells were incubated in vitro at 37°C 

in a Hams F-10 medium supplemented with 2% bovine serum albumin during 2 h 

and the cell-association and degradation was determined at the indicated 

times (36). 

In vitro binding and degradation studies 

Parenchymal and non-parenchymal cells were isolated as described 

previously (31). Parenchymal and non-parenchymal cell preparations were 

pure as above mentioned. Freshly isolated parenchymal and non-parenchymal 

cells were incubated with the indicated amount of radiolabelled lipopro

teins in Ham F-10 medium containing 2% bovine serum albumin. At the indi

cated time, samples were withdrawn and the cell-associated radioactivity 
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was determined as described by Van Berkel et al. (36), The content of 

trichloroacetic acid-soluble, noniodine radioactivity in the medium was 

used to calculate the aiqount of lipoprotein degraded (36}, 

Protein determination were done according to Lowry (38), with bovine 

serum albumin as a standar& 

Materials 

na-ethinyl estradiol was obtained from Brocacef BV {Maarssen, The 

Netherlands; collagenase (type I) from Sigma, St. Louis, U.S.A.; pronase 

B-grade from calBiochem. Behring Corp., La Jolla, u.s.A.; metrizamide was 

purchased from Nyegaard & co. A/S, Oslo, Norway; Ham F-10 medium from 

Gibco-Europe, Hoofddorp, The Netherlands and [1 25r] and [131r] iodine 

(carrier-free) from Amersham International, Amersham, U.K. 

RESULTS 

As described in "Methods", 2 different methods for the isolation of 

Lp(a) were used. Lp(a} isolated according to method 1 or 2 is defined 

Lp(a)
1 

or Lp(a)
11 

respectively. The radiolabelled lipoproteins were injec

ted into rats and after 30 min parenchymal and non-parenchymal cells were 

isolated and purified. During the 30 min circulation the serum decay of 

the lipoproteins was determined (Fig. 1). The serum decay of native LDL 

and Lp(a}
1 

proceeds at the same rate but the serum decay of Lp(a)
11 

is 
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rats 

1. Serum decay of LDL (A), Lp(a)
1 

(B) or Lp{a)11 (C) in estrogen treated (closed sy:>bols) and control 

(open symbols). 3, 8, 15 and 25 minutes after injection of the 115r-labelled lipoproteins, blood samples 

"ere drawn and the radioactivity is serum determined. The amount of radioactivity at 3 minutes after injection 

is taken as 100% value. 
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much faster, and biphasic. In the first 25 min 30% of the injected Lp(a)11 
is cleared but this sums up to only 50% in the next 2 hours (results not 

shown). In order to determine the involvement of the parenchymal apo B,E 

receptor in the clearance of Lp(a), rats were treated with 17a-ethinyles

tradiol. This treatment accelerated the clearance rate for native LDL, but 

had a small effect upon the decay of Lp(a) 1 and no effect upon that of 

Lp(a)rr• 

Fig. 2A shows the in vivo uptake by the liver of Lp(a) as compared to 
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Fig. 2. ~ lipoprotein association with lh'er 

(A), parenchymal (B) and non-parenchymal cells (C) 

in (c)ontrol and {e)thinyleatradiol-treated rats. 

The radioiodinated lipoproteins were injected in

travenously into rats and after 30 minutes of cir

culation, the liver cells were isolated. The open 

plus hatched bars (~>hen present) represent assocta

tior~ of the native lipoproteins; the hatched bars, 

association of reductive methylated lipoproteins. 
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LDL. The open plus hatched bars (when present) represent uptake of the 

native lipoproteins in ~(antral) and ~(strogen) treated animals. The 

hatched bars alone represent uptake of the reductive methylated lipopro

teins. It is evident that the liver uptake of LDL and Lp(a) 1 is enhanced 

by the estrogen-treatment while there is no effect upon the uptake of 

Lp(a) 11 • Reductive methylation of the lipoproteins inhibits the liver 

uptake of LDL and also affects the uptake of Lp(a) 11• With two other 

batches of Lp(a) 11 , uptake values between those plotted for Lp(a) 1 and 

Lp( a} 11 were found. Figure 2B displays the amount of lipoprotein asso

ciated in vivo with the parenchymal cells. Liver cells from control rats 

were more active in the uptake of Lp(a) preparations than in that of LDL. 

However, estradiol treatment led to a 17-fold increment of the parenchymal 

cell uptake of LDL and in this situation the uptake of LDL exceeds that of 

Lp{a)~ The stimulation of the Lp(a) uptake by estrogen treatment was 

always much less than that of LDL. Reductive methylation of LDL leads to a 

decreased uptake by parenchymal cells both in control or estradiol treated 

rats. Modification of Lp(a) 11 does however hardly influence the uptake of 

Lp{a) by parenchymal cells. In figure 2C the in vivo uptake of the lipo

proteins by the non-parenchymal cells is showna Uptake of Lp(a)
1 

is simi

lar to LDL while the uptake of Lp(a) 11 is 6-fold higher than that of LDL. 

With two other batches of Lp(aJ 11 intermediate values between Lp(a)
1 

and 

Lp(a)11 were found. There is no effect of estradiol treatment upon lipo

protein uptake in these cells. Surprising is that reductive methylation of 

Lp(a)II strongly inhibits the association of Lp(a) with these cells. 

A further subdivision of non-parenchymal cells in endothelial and 

Kupffer cell fractions shows that all the Lp(a) preparations have an 

increased in vivo cell-association with the endothelial cells as compared 

to LDL (Table 1 ), The uptake of Lp(a)
1 

by Kupffer cells was lower than 

that of LDL whereas all the Lp(aJ 11 preparations show a clearcut (2-4 

fold) higher uptake by Kupffer cells. The consistent high uptake of Lp(a) 

by endothelial liver cells might be related to an "acetyl-like character" 

of these preparations. To investigate this specific question we performed 

in vitro competition studies with the Lp(aJ
11 

batch which showed the 

highest in vivo uptake in these cells (Fig. 3). It appears that in con

trast to LDL, acetyl-LDL is a potent inhibitor of the cell-association and 

degradation of Lp(a)11 even more effective than Lp(a)
11 

itself. The rela

tively lower potency of an excess Lp(aJ11 to inhibit its own cell-associa-
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Table 1. 

In vivo uptake of LDL, Lp(a)1 , Lp(a)11 and acetyl-LDL in liver endothelial 

and Kupffer cells at 30 minutes after injection. 

%injected dose xl04 /mg cell protein 

Endothelial cells Kupffer cells 

LDL§ 32 + 2 (3) 232 + 15 (3) 

Lp(a) 1 74 78 

Lp(a)u 0 135 - 2094 597 950 

Acetyl-LDL • 4700 + 500 (3) 630 + 100 (3) 

§ Nagelkerke et al. Unpublished observations. 
0 3 dif~erent Lp(a)11 batches were tested and the range is indi

cated. 

* 

" 0 
·;; 

"' Ti 
0 

"' "' "' 
" "' -0 

Obtained from ref. (14). 
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Fig. 3. Competition between 125 I-labelled Lp(a)Il and unlabelled human LDL (D), acetyl-LDL (6) and Lp(a)II (0) 

for cell aasodation and degradation by non-parenchymal liver cella. Non-parenchymal cella were incuhated for 

2h "'ith 4.9 I.IS of 125 I-Lp(a)li and with the indicated amount of unlabelled lipoproteins. 125 I-labelled apoli

poprotein association or degradation is expressed sa the percentsge of the amount obtained in the absence of 

unlabelled lipoprotein. The 100% value for the cell association is 779 ng Lp(s)u/mg cell protein and for the 

degradation 302 ng of Lp{a)II/mg cell protein. 



-;; 
u 
Ol 
E -c: 
"! 
0 ... 
c.. 
0 c.. 
"' 

"' ~ c.. 
...J 

Ol 
c: 

7500 

5000 

2500 

25 

Lp(a) II 

102 

50 75 

apoprotein ( J.l9 I ml J 

Fig. 4. Relation of the concentration of Lp(a)II to the extent of cell association (0) and degradation ("7) 

with non-parenchymal liver cells after 2 hours of incubation. 

tion and degradation is due to the low affinity of Lp(a) 11 for the 

binding sites as shown in Fig. 4. Even at 100 p.g Lp(a)
11

/ml no clearcut 

saturation is observed. 

In Fig. 5 the in vitro degradation of LDL and Lp(a) 11 , which were 

taken up in vivo, is compared. The lipoproteins were injected into control 

and estrogen rats and after 10 min a perfusion of the liver at 37°C was 

started. Parenchymal and non-parenchymal cells were isolated and subse

quently the isolated cells were incubated a:t 37°C and at different time 

intervals the amount of degraded lipoprotein was determined. In order to 

determine the role of the lysosomes in the degradation processr the cell 

incubations were done in the absence or presence of chloroquine. It is 

clear that in control rats more Lp(a) 11 than LDL is degraded by the 

parenchymal cells. Chloroquine substantially inhibits the degradation of 

Lp(a), suggesting that the lysosomes are involved. In estrogen-treated 

rats the initial amount of LDL associated to the parenchymal cells exceeds 

that of Lp(a)
11 

(see also Fig. 2B). However, even under these conditions 

the amount of Lp(a) 11 degraded by these cells exceeds that of LDL. The 

association and degradation of Lp(a) by non-parenchymal cells is about 100 
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(B) isolated after~ uptake of the lipoproteins by control and ethinylestradiol-treated rats. Liver 

cells vere isolated 10 min. after intravenous injection of the lipoproteins by the 37° C collagenase method 

(see Materials and ~ethods). The cells were incubated in the absence (open symbols) or presence (closed 

symbols) of 100 uM chloroquine for the indicated times. The amount of trichloroacetic acid soluble radioactiv

ity released in the medium is plotted. The cell associated radioactivity in these samples on t"O is for A 

co<Hrol 0,1.4; a,l.J; 0,16.1; e,12.9; for A estrogen 0,25.4; 8,26.7; 0,20.0; 0,19.4; fort control 0,63.4; 

8,58,8; 0,11.58; e,1J07; and forB estrogen 0,88.1; 8,92.0; 0,1577; e,l621, in% injected dose :o; 104 /mg cell 

protein. 

fold higher (per mg cell protein) than with parenchymal cells. Irres

pective of the estrogen-treatment Lp(a) is degraded by non-parenchymal 

cells to a higher extent than LDL while this degradation is for approxi

mately 35% inhibited by chloroquine. 
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DISCUSSION 

This study shows that Lp(a) can interact in vivo with the apo B,E 

receptor but also with a binding site for acetyl LDL. Most investigations 

on the binding properties of Lp(a) were done with fibroblasts (8-11). 

However 1 the results of these studies are not unequivocal. The present 

experiments also point to difficulties in assessing the properties of 

Lp{a), as variable results are obtained with various batches while the 

obligatory isolation of Lp(a) may also influence its properties. We 

applied two different isolated methods for Lp{a) and with both methods 

protease inhibitors are present. Although variations in cell-association 

were high, we think that the present results allow some conclusions which 

may be relevant to understand the atherogenic nature of this lipoprotein. 

1) It is clear that Lp(a) can interact with the apo B,E receptor in vivo, 

although apparently less efficient than LDL. This conclusion is mainly 

based on the increase in cell-association to parenchymal cells upon estro

gen-treatment which is lower for Lp(a) than for LDL . 2) The increased 

cell-association of Lp(a) with endothelial liver cells, as compared to 

LDL, is indicative for a property of Lp(a) similar to that of modified LDL 

(either acetylated (14) or endothelial-cell modified (39)). The in vitro 

competition experiments clearly indicate that isolated Lp(a) can possess 

properties enabling an interaction with the acetyl-LDL (scavenger} recep

tor. The different binding properties of the 4 Lp(a) batches 3 each ob

tained from 5-7 donors 1 might be explained by the inter- and intraindivi

dual heterogeneity of Lp{a) (40). However, we want to mention that this 

acetyl-LDL-like property of Lp(a) might also be induced by the isolation 

procedure. Although this assumption may weaken the conclusionr it must be 

stressed that with LDL never such a "spontaneous acetyl-LDL character" has 

been observed. 

Recent studies (41, 42) have shown that modification of a limited 

number of lysine-residues in LDL by malondialdehyde-treatment or carbamy

lation leads to a blockade of the interaction with the apo B,E receptor. 

When the extent of modification increases further the particle would bind 

neither to the LDL receptor nor to the acetyl-LDL receptor (41 ), Contin

uing modification results in an interaction of LDL with the acetyl-LDL 

receptor. Because we suspected that lysine-residues in Lp(a) might be 

important for recognition by receptors, these residues were methylated. 
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Surprisingly, we found that methylation of Lp(a) blocks greatly the inter

action with non-parenchymal cells. This finding indicates that in Lp(a) 

the lysine-residues or their direct environment are involved in the recog

nition by the acetyl-LDL receptor. 

The increased interaction of Lp(a) as compared to LDL with the liver 

endothelial cells probably mediated by the acetyl-LDL receptor, might be 

indicative for the action of Lp(a) as a risk factor in atherogenesis.!£ 

endothelial cells and/or monocytes/macrophages at other sites in the body 

show in vivo a similar behaviour, it can be speculated that Lp(a) can 

cause cholesterolester accumulation which can lead to foam cells. It must 

be mentioned that Gianturco et al. (43) also recently suggested that 

aggregated Lp(a) can cause lipid accumulation in macrophages in contrast 

to filtered Lp(a). Furthermore it has been reported that complexes of 

Lp(a) and sulfated polysaccharides can cause an increased cholesteryl 

ester deposition in mouse peritoneal macrophages (44). The well-known 

lability of Lp(a) might be related to its susceptibility to modification 

which, when exerted in vivo, can be responsible for foam cell formation 

and increased incidence of coronary heart disease. 
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