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ABSTRACT 

Studies of aortic plaque reveal the presence of tissue macrophages filled 

with cholesteryl esters. To study lipoprotein metabolism of in vivo, maturated 

human macrophages, I isolated cells from human peritoneal effluent. Population 

analysis using cytochemistry showed substantial numbers of acid-esterase positive 

monocytic cells, lymphocytes, leukocytes and erythrocytes. Substantial variation 

in cell populations existed among patients. 

Human peritoneal cells degraded low density lipoproteins (LDL) and 

acetylated LDL (AcLDL) by high affinity, receptor-mediated processes. AcLDL 

degradation saturated at 15 ug protein/ml and LDL degradation saturated at 11 

ug protein/mI. Positive correlation of the percentages of monocytic cells with 

the degradation values (LDL, r=.710; AcLDL, r=.725) and a degradation assay 

using cells isolated by Lymphoprep showed that the monocytic cells substantially 

contributed to the degradation of LDL. 

AcLDL degradation was calcium independent and inhibited by fucoidin. 

LDL degradation was calcium dependent and very low density lipoprotein and 

apoE-containing high density lipoprotein (HDL) competed with LDL for 

receptor uptake; apoE-free HDL, AcLDL and fucoidin did not reduce LDL 

degradation. Both receptors were pronase-sensitive and degradation was 

dependent upon lysosomal activity. 
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ACAT activity analysis showed that pre-incubation of cells with LDL or 

AcLDL stimulated ACAT activity. ACAT activity was greatest for cells pre

incubated using AcLDL and fresh medium was necessary to maintain the ACAT 

activity values beyond 24 hrs. LDL-stimulated ACAT activity declined as time 

was increased above 24 hrs. 

Flow cytometry analysis of a total cell population and the Lymphoprep -

isolated cells revealed a heterogenous T cell population, the presence of 

monocyte/macrophages, suggested that some of the cells present were activated 

and confirmed cytochemistry analysis demonstrating that Lymphoprep 

concentrated the mononuclear cells. 

Human peritoneal macrophages formed foam cells when incubated in the 

presence of AcLDL or LDL for 72 hrs. The formation of foam cells in the 

presence of LDL was dependent upon cell exposure time to the medium. Foam 

cell formation in the presence of LDL was accompanied by dense vacuolization 

and in the demonstrated absence of the oxidation of LDL the oil red 0 

stainable material collected outside the vacuoles. 
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INTRODUCTION 

In 1982, the direct health expenditure for cardiovascular diseases (CVD) 

was estimated at $48 billion (Smith 1988). Indirect costs approximated $54 

billion. CVD represents a broad category of several medical disorders, by far 

the greatest contributors are coronary artery disease (CAD) and cerebrovascular 

accidents (strokes). Although the mortality rate from CAD has been declining 

since the mid-1960s, each year 1.25 million Americans suffer a heart attack and 

another 500,000 experience stroke (Smith 1988). CAD strikes both men and 

women and CVD continues to be the top-ranked cause of mortality in the U.S. 

(National Research Council 1989; Sandmaier 1987). The high cost of CVD in 

both dollars and lives mandates continued research into the causes and 

treatments of these diseases. 

Atherosclerosis, the formation and accumulation of atherogenic plaque in 

the arterial wall, is a primary pathological process responsible for CAD and 

stroke. When atherosclerotic plaque matures sufficiently to block the flow of 

blood to the distal tissues, hypoxia and cell death follows. Laboratory and 

clinical studies continue to examine the causes and initiating factors of plaque 

formation. Human atherosclerotic plaque consists of monocytic macrophages, 

smooth muscle cells, cell debris, cholesteryl ester crystals, lipoproteins, and 

arterial tissue matrix. The intimal layer of the damaged arterial wall also 
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contains cells which assume a foamy appearance on microscopy. Evidence 

indicates that these "foam cells" originate from tissue macrophages and smooth 

muscle cells which have accumulated extensive cholesteryl esters. Moreover, the 

deposits of cholesteryl ester crystals found in plaque are suggested to be the 

byproducts of dead foam cells. Because of the possible role of tissue 

macrophages in plaque formation, substantial interest exists in finding a tissue 

macrophage model in which to study the factors regulating cholesterol and 

lipoprotein metabolism. 

Several cell types have been investigated and are discussed in the 

literature review. Animal peritoneal macrophage cells and human monocyte

derived macrophages have been shown to accumulate cholesteryl esters and form 

foam cells in vitro. The available evidence indicates the presence of low density 

lipoprotein (LDL) receptors on the surface of these macrophage types. 

However, incubation of the cells in the presence of LDL results in minimal 

accumulation of cholesteryl esters. Additional work has shown that macrophages 

also possess a scavenger receptor which recognizes modified (negatively charged) 

LDL particles. Degradation of modified LDL occurs via an unregulated 

scavenger receptor pathway and can result in foam cell formation. 

Little direct study of human tissue macrophages exists because cell 

acquisition involves invasive procedures. However, recent reports indicate one 



can recover viable, tissue macrophages from the dialysis effluent of Chronic 

Ambulatory Peritoneal Dialysis (CAPD) patients. The purpose of the studies 

presented here was to examine the feasibility of using human cells recovered 

from dialysis fluid as a model for the study of cholesterol and lipoprotein 

metabolism and foam cell formation in vivo maturated human peritoneal 

macrophages. To serve as a useful model these human peritoneal cells must: 

1. Demonstrate sufficient available macrophages to conduct 
experiments, 
2. Possess either the LDL or the scavenger receptor pathway or both, 
3. Accumulate cholesteryl esters when exposed to LDL or modified 
LDL, and 
4. Form foam cells. 

The body of this dissert~tion includes the review of the literature, 

characterization of the lipoprotein receptors human peritoneal cells, and 

examination of foam cell formation in human peritoneal macrophages. The 

review of the literature is an update of current findings and not a "historical" 

review. I selected this approach both to narrow the literature review and 

because several volumes are available which offer historical information 

regarding research on cholesterol and lipoprotein metabolism. The literature 

review does not include scrutiny of each study cited beyond discretionary 

selection. However, there are some general problems observed among cellular 

studies in this field which deserve mention. First, cross-specie studies are 

common because blood is best obtained from humans and cells are most easily 

22 
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obtained from animals. Invariably, studies in murine macrophages are cross

specie. Secondly, lipoproteins are usually obtained from the plasma of several 

"normal, fasting" subjects, these particles can vary in lipid and cholesterol 

content, as well as particle rigidity, leading to variations in cellular degradation. 

Rarely are specific particle characteristics addressed. Lastly, cell types and 

environmental interactions influence lipoprotein metabolism and are not usually 

considered. The importance of these factors in the overall evaluation and 

hypothesis of the formation of atherosclerotic plaque and cholesterol metabolism 

in macrophages remains unknown. 



INTRODUCTION 

CHAPTER 1 

CHOLESTEROL METABOLISM IN MAN 

24 

Cholesterol is by far the most plentiful sterol found in vertebrates and 

all animal foods contain cholesterol. Man requires cholesterol for several 

biological functions including: 1) formation of bile acids; 2) absorption of dietary 

lipids and lipid-soluble compounds from the dietary intake; 3) formation of 

steroid hormones; 4) structural integrity of biological membranes (stability of the 

monolayer); and 5) transport of lipids and lipid-soluble compounds in the blood 

(Weis 1988). 

LIPOPROTEINS AND APOPROTEINS 

Transport of cholesterol and cholesteryl esters in blood requires the 

aqueous solubility provided by the formation of lipoprotein particles. Human 

lipoproteins have been isolated and studied extensively (Weis 1988; Gibbons et 

al. 1982). All possess a similar structure with varying amounts of proteins, 

phospholipids, triglycerides, free cholesterol and cholesteryl esters. All are 

composed of a hydrophobic, nonpolar core of cholesteryl esters and triglycerides 

surrounded by a monolayer of phospholipids, free cholesterol and specific 

apoproteins. The amphipathic helical regions of the apoproteins allow the lipid 



core to orient relative to the monolayer. Apoproteins provide stability and 

solubility to the particles (Levy et aI. 1988). 

25 

Lipoproteins are categorized by hydrated density or electrophoretic 

mobility. Gibbons lists common nomenclature and characteristics of each of the 

broad classes of lipoprotein particles: chylomicrons, very low density lipoproteins 

(VLDL), intermediate density lipoprotein (IDL), LDL and high density 

lipoprotein (HDL) (Gibbons et al. 1982). Although lipoproteins are categorized 

by hydrated density and electrophoretic mobility, these properties do not 

represent homogenous classes of particles and particle sizes and molecular 

weights vary within each group (Weis 1988; Nelson and Ackerman 1988; Hoeg 

et al. 1986). The content of lipids, apoproteins, free cholesterol and cholesteryl 

esters reflects the origin· and metabolism of each class of particles. 

To date a minimum of 20 different apoproteins have been characterized 

in human plasma (Kostner et al. 1988). Apoproteins transport and redistribute 

lipids among various tissues, function as co factors for enzymes and serve as 

ligands for receptor recognition (Hoeg et al. 1986; Dolphin 1985). This review 

will discuss only the major apoproteins and their known functions; apoproteins 

not discussed are reviewed by Mahley (Mahley et al. 1984). 

Apoprotein E (apoE), is a 34 kD protein secreted from the liver and 

peripheral cells in a highly sialiated form (Basu et al. 1982; Mahley 1988; 
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Elshourbagy et aI. 1985). Sialiation is reduced in the circulation by an unknown 

mechanism (Gregg and Brewer 1988). The complete amino acid sequence of 

human apoE has been elucidated (RaIl et aI. 1982a) and is conserved among 

species; rat apoE is 70 percent homologous to man. ApoE represents a 

complex mUltigenetic background. The human apoE gene is carried on 

chromosome 19 and the nucleotide sequence and structure are known (Paik et 

al. 1985). The three alleles at this gene locus are inherited in a co-dominant 

fashion as one of several phenotypes (Reardon et al. 1986a; 1986b; Weisgraber 

et al. 1984; Gregg and Brewer 1988; Breslow 1987). The homozygous 

isoproteins corresponding to the alleles are designated E,J2, EJ3, and EJ4. The 

EJ3 isoprotein is considered normal and is the most common form of apoE in 

human serum (Zannis et al. 1982; Mahley 1988; Weisgraber et al. 1982; 

Utermann et al. 1984a). 

ApoE distributes among chylomicrons, VLDL, chylomicron remnants and 

HDL and determines the recognition and uptake of lipoproteins at the apo E 

and apo B/E receptors of hepatic and peripheral cells. Receptor binding 

properties of apoE are well characterized (Wiesgraber et al. 1985a; Reichl and 

Miller 1989; RaIl et al. 1982b). Studies suggest apoE is also significant in the 

binding of lipoproteins to endothelial cells permitting the action of lipoprotein 

lipase (Eckel 1986). ApoE is markedly increased at sites of nerve injury and 
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regeneration and influences the growth and maturation of smooth muscle cells 

(Majack et al. 1988). For these reasons, apoE could be involved in tissue repair 

mechanisms and play an important alternative role in the formation of 

atherosclerotic plaque (Mahley 1988). 

Apoprotein B (apoB) represents at least two proteins, apoB-48 and 

apoB-lOO. The two proteins share the same genome, but a ~top codon is 

introduced at the RNA level in the synthesis of apoB-48. Therefore, apoB-100 

and apoB-48 originate from different mRNA's (Higuchi et al. 1988). ApoB-48 

represents the NHz-terminal half of apoB-100, but is neither the precursor or 

product of apoB-100 (Olofsson et al. 1987a; Zannis et al. 1987; Kane et al. 

1980; Innerarity et al. 1987b). ApoB-48 is formed in the intestine in the rough 

endoplasmic reticulum (RER) and transferred to the smooth ER where it is 

assembled with lipid to form chylomicrons (Mahley et al. 1984; Glickman and 

Hirsch 1973; Kane et al. 1980, Kane 1983). 

ApoB-100 has been studied extensively. It is composed of several 

subunits and has a molecular weight of 400-500 kD (Brewer et al. 1988; Zannis 

et al. 1987). The amino acid sequence has been determined and the gene 

mapped (Mahley et al. 1984; Schonfeld et al. 1987; Zannis et al. 1987). The 

liver is the primary synthesis site. Synthesis time is about 30 minutes and apoB-

100 is secreted attached to VLDL (Olofsson et al. 1987b; Schonfeld et al. 1987; 
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Mabley et al. 1984). The lipid-binding domain contains primarily helical and 

beta structures (Zannis et al. 1987); apoB-100 is relatively insoluble in water and 

nonexchangeable among lipoprotein particles. The main function of apoB-100 is 

to provide receptor recognition of LDL in the liver and peripheral tissues. One 

apoB-100 molecule exists on each LDL particle (Eisenberg 1984). A number of 

genetic variants of apoB have been identified as the cause of certain lipoprotein 

disorders in man (Breslow 1987; Mahley et al. 1984; Innerarity et al. 1987b). 

Apoprotein AI (apoAI) is produced in the intestine and liver as a single 

polypeptide. Characteristics and functions of apoAI have been reviewed by 

Mahley (Mahley et al. 1984) and others (Breslow 1987). It serves as an obligate 

cofactor for the activity of lecithin-cholesterol acyl transferase (LCAT) and 

facilitates apoprotein C (apoC) interaction with lipoprotein lipase. A propeptide 

has been isolated, but its function remains unknown (Mahley et al. 1984). 

Eleven genetic variants of apoAI have been identified (Breslow 1987; Utermann 

et al. 1984b; Mahley et al. 1984). 

ApoA represents two other apoproteins, apoAIV and apoAII, both 

produced by the liver. All apoA proteins circulate in the plasma in a 

lipoprotein-free plasma pool (Eisenberg 1984). Studies suggest apoAI dissociates 

quickly from chylomicron surfaces and moves into the lipoprotein-free plasma 

fraction (Gambert et al. 1988); whereas, apoAII remains associated with a 



lipoprotein particle. ApoAIV possesses alpha-helical regions and strongly 

hydrophobic domains, which impart structure to the lipoproteins (Eisenberg 

1984; Gambert et al. 1998). It is found associated primarily with the HDL 

fraction (Lagrost et al. 1989). 

29 

ApoC represents· three proteins of molecular weights varying from 6800 

to 8800 D. The complete amino acid sequence of each is known. Both apoC 

and apoE proteins are transferred readily among the various particles. ApoCII 

protein activates lipoprotein lipase and is most closely associated with 

chylomicrons and VLDL. U.S. populations are polymorphic for apoCII and 

genetic variants result in hypertriglyceridemia (Mahley et al. 1984). Four 

phenotypes are identified (Ferrell et al. 1988). ApoCIII shows no inter-individual 

variation (Ferrell et al. 1988). Functionally, it appears to inhibit the activation 

of lipoprotein lipase (Breslow 1987). The kinetics of apoC were examined by 

DeCoen et aI., but remain controversial (DeCoen et al. 1988). Studies are 

underway to determine the tertiary and secondary structures of the major 

apolipoproteins (Walsh et al. 1988; De Coen et al. 1988). 

CHOLESTEROL METABOLISM 

Humans can obtain cholesterol from the diet or by endogenous synthesis. 

Brown and Goldstein described the exogenous and endogenous pathways of 

cholesterol metabolism (Brown and Goldstein 1985a). The separation of 
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lipoprotein particles by hydrated density and the need for some simplicity in 

studying cholesterol metabolism encourages one to think of the system as static; 

a pathway having a beginning and an end. The physiological presentation is not 

discrete. All particles, except chylomicrons, are always present in the blood. 

Moreover, the particles are heterogenous and dynamic, sharing their various 

constituents. 

The Exogenous Pathway 

Exogenous cholesterol is absorbed in the intestine from micelles formed 

in the lumen (Levy et al. 1988). Samuel and McNamara have shown that 

exogenous and endogenous cholesterol are absorbed at different rates over the 

upper 1-2 meter segment of the intestine and that absorption rates are critically 

dependent on the physicochemical state of the intraluminal contents (Samuel 

and McNamara 1983). Although over the entire bowel the endogenous and 

exogenous rates could equalize, the results of this study suggest that mechanisms 

other than passive diffusion and the flip-flop mechanism are involved in 

cholesterol absorption. 

Levy et al. has described the general pathway of chylomicron formation 

(Levy et al. 1988). A fatty acid-binding protein and a sterol-carrier protein have 

been identified in the enterocyte (Ockner et al. 1972; Levy et al. 1988). These 

proteins transport intracellular fatty acids and cholesterol. The rate of 
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chylomicron formation appears to be controlled by the final assembly and 

exocytosis of the particles (Levy et al. 1988; Fraser 1970; Eisenberg 1984; 

Kayden et al. 1963; Renner et al. 1986). Secretory vesicles containing 

chylomicrons fuse with the lateral plasma membrane and release the 

chylomicrons into lamina propria (Panelka et al. 1983; Sabesen and Frase 1977). 

Chylomicrons enter the lymphatic circulation through the lymph lacteals which 

drain the intestinal lymph into the thoracic lymph duct. This duct merges with 

the inferior vena cava where chylomicrons enter the general circulation. 

The fatty acid profile of chylomicrons reflects the intake of triglycerides, 

but the phospholipid composition reflects endogenous production (Kayden et al. 

1963; Renner et al. 1986). Chylomicron size varies with dietary intake (Fraser 

1970; Levy et al. 1988). Chylomicrons from the enterocyte do not possess all of 

the apoproteins found in mature circulating chylomicrons (Kostner and Holasek 

1972). Nascent chylomicrons contain apoB-48, apoAI, apoAII and apoAIV; 

thoracic duct chylomicrons possess these apoproteins, plus apoC and apoE 

(Kostner and Holasek 1972; Eisenberg 1984). Therefore, it appears that 

"nascent chylomicrons" undergo immediate exchange of apoproteins with HDL 

or/and VLDL. The lymphatic pathway would allow sufficient time for this 

interaction before chylomicrons enter the general circulation (Levy et al. 1988). 
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Mature chylomicrons contact lipoprotein lipase (LPL) at the surface of 

the endothelial cells of the capillary membranes. The apoCII and AI present in 

the particle activate LPL. Lipolysis occurs releasing fatty acids and 2-

monoglycerides to the cells (Nelson and Ackerman 1988). Following lipolysis a 

small amount of fatty acids are returned to the liver attached to albumin. 

Although 30 percent of cardiac output perfuses the intestinal and hepatic tissue 

following a meal, the liver is not the primary site of chylomicron degradation. 

Instead, adipose tissue and muscle are the major sites (Salter and Brindley 

1988). Chylomicrons interact with LPL, but not with hepatic lipase. 

Catabolism of chylomicrons by LPL forms the chylomicron remnant. This 

particle, rich in apoB-48 and apoE, contains free cholesterol, cholesteryl ester 

and some remaining triglyceride. Chylomicron remnants are catabolized by the 

liver via the apoE and apoB/E receptors (Salter and Brindley 1988). Studies 

suggest the chylomicron remnant also transfers phospholipid and free cholesterol 

to HDL. (Kita et a1. 1982; Mahley et a1. 1989). Chylomicrons are cleared within 

minutes from the circulation in normolipemic subjects. Clearance is inversely 

proportional to the size of the plasma pool (Nestel and Fidge 1981). 

Lipoprotein Lipase 

Triglyceride lipolysis by LPL is the rate-limiting step for the degradation 

of triglycerides in VLDL and chylomicrons. Purified LPL has a molecular 
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weight of 50 kD and contains subunits with binding sites for apoCII and 

glycosaminoglycan. Messenger RNA for LPL is found in most tissues; (Weis 

1988; Nelson and Ackerman 1988) LPL is released as an inactive precursor 

(Chajek et aI. 1985a, 1985b) and resides on the capillary walls (Eckel 1986). 

The half-life of the protein is short and only small amounts of active LPL are 

found in the circulation. It is degraded by the liver (Eckel 1986). A review of 

the pathway of LPL synthesis is available (Eckel 1986). 

LPL depends upon apoCII for activation and activity is enhanced by 

apoAI (Havel et aI. 1970). It has position specificity for the primary ester bonds 

of triglycerides, and produces 1,2 diacylglycerols and free fatty acids (Nelson and 

Ackerman 1988). LPL will attack the monoglyceride bond and form 

lysophosphatides from phosphotidylcholine (Havel et aI. 1970). LPL deficiency 

results in severe hypertriglyceridemia. 

The Endogenous Pathway 

The first segment of the endogenous pathway of lipoprotein metabolism 

involves VLDL synthesis in the intestine and liver. Intestinal VLDL is high in 

apoAI and apoAIV (Kane 1983). In contrast, hepatic VLDL possesses only 

apoB-100 and apoE. Both lymphatic and plasma VLDL contain apoC 

transferred from HDL; plasma VLDL also contains apoB-100 and apoE. These 
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data suggest VLDL is synthesized at both sites and interacts in the plasma and 

lymph with HDL to exchange apoA, apoAIV and apoC. 

Kinetic studies indicate two pools of VLDL in the liver which secrete 

VLDL at different rates (Nestel and Fidge 1981). VLDL production is 

increased with the synthesis of hepatic triglycerides. Triglyceride formation is, in 

turn, influenced by the dietary carbohydrate intake and the return of the bile 

acids by enterohepatic circulation (EHC) (Weis 1988; Shepherd and Packard 

1987). 

Circulating VLDL adheres to the endothelial cell surface; LPL found at 

this interface, activated by the apoCII present in the VLDL particle, degrades 

the triglycerides from the VLDL core (Gibbons et al. 1982). Free fatty acids 

and monoglycerides are released and taken into the cells. A second enzyme, 

hepatic lipase, will catabolize VLDL-triglyceride in the liver. This liver lipase 

does not require apoCII as a cofactor (Nillsson-Ehle 1980). The loss of the 

triglyceride from VLDL forms the IDL particle. 

Although free cholesterol and phospholipids from VLDL exchange with 

the cell membrane constituents, data on IDL metabolism indicate that surface 

free cholesterol, phospholipids and apoE are transferred to HDL (Havel et al. 

1980) .. IDlJetains apoB-100, apoC and some apoE; its major lipid-soluble 

component is cholesteryl ester. IDL is short-lived (2-6 hour half-life) and at low 
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concentrations in the plasma of most subjects (Brown and Goldstein 1984). IDL 

particles are recognized by the apoB/E receptor in the liver and about half are 

rapidly removed by this pathway (Havel 1984; Hoeg et aI. 1986; Eckel 1984; 

Brewer et aI. 1988; Brown and Goldstein 1984). When remaining apoE and 

apoC are transferred to HDL, LDL is formed from IDL. 

The LDL particle is rich in apoB-100 and cholesteryl ester. Studies in 

man suggest LDL is formed entirely from VLDL (Oloffson et aI. 1987b). Since 

this is not true of other animals, perhaps the output of LDL from the liver in 

man is not detectable. The cholesteryl ester component of LDL is suggested to 

originate from HDL, as well as from VLDL (Eisenberg 1984). 

Regulation of plasma LDL has been widely studied and is sensitively 

maintained by cellular apoB/E (LDL) receptors (Brown and Goldstein 1986; 

Goldstein and Brown 1987). It is estimated that two-thirds of the daily LDL 

flux is removed via the receptors. The remainder is cleared by non-receptor 

mediated uptake. Many cell types (both hepatic and extrahepatic) demonstrate 

high affinity, saturable, apoB/E receptor uptake (Meddings et aI. 1987). The 

plasma LDL level is a function of the plasma VLDL level and apoB/E receptor 

uptake. In normal humans, LDL particles are removed from the plasma with a 

fractional catabolic rate of 45 percent of the plasma pool per day (Bilheimer et 



al. 1978). The pool size and catabolic rate of LDL is inversely and 

independently related to the plasma LDL level. 
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The kinetics of the VLDL-IDL-LDL cascade are complex. Because the 

primary apolipoprotein on the LDL particle is apoB-100, the kinetics of the 

pathway can be studied by following radio-labeled apoB. The pool of 

LDL-apoB is never larger than the VLDL-apoB pool and is derived therefrom. 

Studies suggest a large, two-thirds exchangeable vascular pool of apoB-100. 

Synthesis of apoB-lOO is unaffected by LDL pool size or catabolic rate (Nestel 

and Fidge 1981; Meddings et al. 1987). 

Study of apoB-lOO kinetics does not necessarily reflect the kinetics of the 

cholesterol component of LDL. Turnover of the cholesterol of LDL is related 

to the exchangeable pool of body cholesterol (cellular, plasma and hepatic), 

rather than protein metabolism. The half-life of LDL cholesterol is weeks and 

is independent of the catabolic cycles of LDL (Nestel and Fidge 1981; Meddings 

et al. 1987). There is evidence that cholesteryl esters are removed from LDL 

during passage through the splanchnic bed (Reichl and Miller 1989). Removal 

occurs without change to the apoB-100 content. As the cholesteryl ester is lost, 

the LDL particle density increases. 

In 1987, Meddings et al. reviewed the kinetic characteristics and 

mechanisms of regulation of LDL receptor-independent and receptor-dependent 
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transport in body tissues, and the relationship of these mechanisms to whole 

body cholesterol metabolism (Meddings et al. 1987). Briefly, the level of plasma 

LDL reflects rates of degradation and production. The rate of degradation is 

dictated by LDL uptake by cells in various tissues by both receptor and 

nonreceptor mechanisms. The "primed-plus-continuous" infusion technique 

employed by Meddings using radio-labeled LDL, allows measurement of the 

absolute rate of uptake of LDL into each tissue (Meddings et al. 1987). 

Clearance of LDL from the plasma is expressed as ul of plasma LDL cleared 

per hour per gram of tissue. This technique permits baseline measure of LDL 

degradation per tissue and per organ. In the steady state, uptake rates equal 

production rates. 

To measure fractional catabolic rates and whole body cholesterol 

metabolism, Meddings et al. use an abrupt increase in the plasma LDL by 

continuous infusion to create rate changes (Meddings et al. 1987). Then, they 

measure the new values in each tissue using methylated LDL to determine 

nonreceptor uptake and homologous LDL to determine total LDL uptake per 

tissue. Using this method, it is possible to measure the rate of LDL removal by 

each tissue at different plasma LDL-cholesterol concentrations. From these 

data, they derive clearance and fractional catabolic rates for LDL for various 

tissues and the whole animal can be derived (Meddings et al. 1987). These 
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authors reported that in the steady-state most receptor-dependent uptake occurs 

in the liver and that plasma LDL reflects the rate of LDL production relative to 

LDL removal from the vascular space. 

In 1986, Foster et ale reviewed kinetic models and measurement methods 

for LDL turnover data from human subjects with familial hypercholesterolemia 

(FH) (Foster et aI. 1986). They proposed that the Mathews 2-compartment 

model was inadequate to examine the kinetics of LDL metabolism. Moreover, 

only results from models which allowed for particle heterogeneity agreed, and 

were consistent with known pathology of the disorders examined. Most recent 

kinetic studies are based on a multi-compartment and heterogenous model 

concept. 

Demant et ale support this view (Demant et aI. 1988). They recently 

proposed a working model for LDL kinetics that considers the heterogenous 

subspecies of VLDL, contains features that can accommodate both apoB-100 

and apoC kinetics, and permits consideration of the lipid components. Their 

metabolic scheme provides for heterogenous particles of VLDL and 

subsequently, heterogenous particles of IDL and LDL. The suggestion of 

subspecies of IDL and LDL which reflect their original VLDL precursors allows 

for the possibility that not all LDL and IDL are degraded at the same rate. In 



addition, this model would permit the study of the kinetics of beta-VLDL 

(Demant et al. 1988). 

Lecithin-cholesterol acyl transferase 
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LCAT, a 68kD protein, is produced by the liver (Mahley et al. 1984; 

Kostner et al. 1988). Greater than 75 percent of the cholesteryl ester found in 

plasma is formed in the LCAT reaction. Although apoE and apoC can activate 

LCAT, apoA1 and apoAIV are the best activators. LCAT transfers the fatty 

acid of position-2 of lecithin to the hydroxyl group of free cholesterol; 

lysolecithin and cholesteryl ester are produced. Plasma levels of LCAT are 4-8 

mg/liter (Eisenberg 1984). 

Although HDL is suggested to provide the major substrates for the 

LCAT reaction (Reichl and Miller 1989). Kostner et al. suggest that LDL 

receives sufficient apoAI from the plasma pool to activate LCAT and form 

cholesteryl esters (Kostner et al. 1988). Fielding agrees; moreover, he states that 

LCAT is found associated only with particles containing apoAI and apoD, but 

with no apoAII (Fielding 1988). He infers that the cholesteryl ester of HDL is 

transferred in from particles with sufficient apoAI to activate LCAT, rather than 

by direct activity of LCAT with HDL particles. I find Kostner's point feasible. 

However, considering that both apoproteins are readily available from the lipid

free plasma pool and the current knowledge of HDL particle transformation, I 



find Fielding's suggestion questionable. In addition, studies by Gambert et al. 

suggest that LCAT activity is enhanced in the presence of apoAII (Gambert et 

al. 1988). Obviously, the knowledge of LCAT interaction with lipoproteins 

remains unclear. 

Metabolism of HDL 
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HDL represents multiple subclasses of particles that vary from 70-100 

angstroms and 200-400 kD. The three subclasses identified in man and 

categorized by hydrated density are HD~, HDLz, and HD~. The composition 

and characteristics of HDLz and HD~ are known (Weis 1988). HDLz core 

diameter is 50 percent larger than HD~, reflecting greater triglyceride and 

cholesteryl ester content. HD~ is rich in apo E and lighter and larger than 

HDLz. Each subclass of HDL represents a micropolydisperse population of 

particles. HD~ has apoAI and apoAII as the major apoproteins; representation 

of the other apoproteins varies with the subclass of HDL. HDL particles are 

the smallest in size of all the lipoproteins. 

The origin of nascent HDL (pre-beta HDL) remains controversial. 

Evidence supports the conclusion that HDL synthesis and secretion occurs by 

mechanisms closely related to those involved in the same process for albumin 

and VLDL (Melin et al. 1984). Nascent HDL originates from both liver and 

intestine as discoidal particles containing free cholesterol (Eisenberg 1984). The 
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major apoprotein in HDL of intestinal origin is apoAJ; in hepatic HDL, apoE 

predominates. The literature also supports the concept that HDL particles can 

assemble in body fluids from pools of apoproteins in combination with available 

phospholipids (Jonas et at. 1988). Jonas et at. suggest hepatic HDL could form 

in the circulation from the surface displacement of apoE, phospholipid, free 

cholesterol, and apoC during the interaction of VLDL with LPL. In fact, 

evidence shows that phospholipid, free cholesterol and apoC are displaced from 

VLDL following interaction with LPL, and that these constituents are 

subsequently isolated from the HDL fraction (Brown and Goldstein 1984). HDL 

could also originate in lymph from apoAi and lipid constituents from 

chylomicrons combined phospholipids from VLDL. Both discoidal and spherical 

particles of HDL have been identified in thoracic duct lymph (Jonas et at. 1988). 

The free cholesterol in discoidal HDL particles interacts with LCAT and forms 

the core of the spherical particles found in both lymph and plasma (Eisenberg 

1984). The identified roles of HDL in the plasma are: 1) to serve as the site of 

plasma cholesterol esterification by LCAT; and 2) to conduct reverse 

cholesterol transport. 

Greater than 80 percent of the volume of HDL particles is on the 

particle surface. Substantial cholesteryl ester and triglyceride are available for 

exchange with transfer proteins, cell membranes and enzyme interaction (Mahley 



et al. 1984). HDL interacts with most plasma transport proteins including 

cholesteryl ester transfer protein (CETP) and triglyceride and phospholipid 

transfer proteins. 

HDL phospholipid exchange occurs with nascent chylomicrons, the 

surface coat of VLDL and LDL, and cell membranes via phospholipid transfer 

protein (PLTP) (Tall et al. 1985; Jonas et aI. 1988). PLTP, identified in man, 

transfers only phospholipids and is distinct from CETP (Albers et aI. 1988). 

Phospholipids are also used in HDL to form cholesteryl esters in the LCAT 

reaction. 
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No specific transfer protein has been identified for free cholesterol 

transfer. Spontaneous transfer of slightly soluble lipids and apoproteins can 

occur by a two-step process. First, a rate-limiting desorption of the molecule 

from the surface of the lipoprotein or cell membrane with diffusion to the new 

surface. Second, internalization by a flip-flop mechanism. Lipid hydrophobicity 

determines the desorption rate; whereas, polar presentation determines the 

incorporation rate (Pownall 1988). Free cholesterol from cell membranes passes 

through the aqueous extracellular fluid phase by diffusion and exchanges rapidly 

with the free cholesterol in HDL. A high free cholesterol to phospholipid ratio 

will result in rapid transfer of the free cholesterol to a structure with a lower 

ratio. HDL maintains a low free cholesterol to phospholipid ratio by 
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esterification of the cholesterol. This encourages VLDL transfer of free 

cholesterol. In fact, HDL is the primary recipient of VLDL free cholesterol 

during transition to LDL. Although LDL can serve as an acceptor of free 

cholesterol from VLDL, the free cholesterol on LDL is eventually consumed by 

HDL (Jonas et al. 1988). Interestingly, patients with LCAT deficiency do not 

accumulate large quantities of cholesterol in the plasma, but instead show five

fold more hepatic free cholesterol than normal individuals. This would indicate 

that free cholesterol transfer from lipoproteins to the liver occurs at substantial 

levels (Reichl and Miller 1989). 

In summary, phospholipid and free cholesterol from cell membranes, 

nascent particles, VLDL and LDL is transferred to HDL. HDL can return the 

free cholesterol and phospholipids or consume both in the LCAT reaction. 

Cholesteryl ester and triglyceride exchange in HDL 

Newly formed HDL-cholesteryl esters can participate in: 1) bidirectional 

exchange with cholesteryl esters in LDL; 2) unidirectional transfer to LDL and 

VLDL; and 3) exchange with triglycerides from VLDL and cnylomicrons 

(Reichl and Miller 1989). In man, greater than 80 percent of the HDL 

cholesteryl esters are found in LDL. The loss of cholesteryl esters from the 

HDL particles to lower density lipoproteins results in an increase in the LCAT 

reaction. The total body pool of HDL cholesteryl esters is 4-8 mmol., the 
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approximate amount produced by the LCAT reaction each day (Eisenberg 1984). 

This suggests that the turnover time of HDL-cholesteryl ester is 24 hours. 

The triglyceride found in plasma HDL is not present in the discoidal 

particle. Therefore, most or all is thought to be derived from chylomicrons or 

VLDL. Eisenberg states that triglyceride movement depends on the mass of 

triglyceride-rich particles in the plasma in ratio to the HDL particles (Eisenberg 

1984). He found that the triglyceride to cholesteryl ester ratio in HDL strongly 

and positively correlated with plasma triglyceride (Eisenberg 1984). Triglyceride 

from VLDL or chylomicrons can be exchanged for cholesteryl esters or 

unidirectionally transferred to HDL. Lipid transfer protein (LPT) carries 

triglyceride among lipoprotein particles (Zilversmit 1984); CETP is responsible 

for the movement of cholesterol esters. Studies with polyclonal antibodies and 

sequence homology suggest that LPT-I and CETP are identical (Albers et al. 

1988). CETP isolates as a single acidic glycoprotein by polyacrylamide gel 

electrophoresis (SDS-PAGE) and isoelectric focusing (Hesler et al. 1987). 

Swenson et al. found asparagine-linked carbohydrate and sialic acid were 

acquired by CETP during processing (Swenson et al. 1987). This could account 

for the varied molecular weights reported (53-74 kD) (Pattnaik et at. 1978; 

Fielding 1988; Albers et al. 1988). CETP is secreted by monocyte-derived 

macrophages, hepatic cancer cells, and intestinal epithelial cells (Fielding 1988; 
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Sammett and Tall 1985). Studies show that the cells of intestinal origin produce 

the greatest amount of CETP suggesting this as the major production site. The 

function of CETP is less clear. Isolated CETP facilitates the exchange of 

cholesteryl ester, triglycerides and phospholipids among lipoproteins (Swenson et 

al. 1987; Morton 1986b, 1985; Tall et al. 1984; 1985; Sparks et al. 1986; Hesler 

et al. 1987). A role of CETP in the transfer of cholesteryl esters to and from 

cells is also suggested (Fielding 1988; Albers et al. 1988; Hesler et al. 1987). 

Apoprotein Exchange 

The movement of triglyceride and cholesteryl ester would not occur 

without appropriate apoproteins. HDL transfers apoC and apoE to 

chylomicrons (Jonas et al. 1988). In exchange, HDL receives apoAI and 

apoAIV (Nestel 1987). Later in chylomicron metabolism, apoC is returned to 

HDL. 

Exchange of apoAI and apoAII from the lipid-free plasma pool occurs, 

but is not complete (Scanu 1987). ApoAII and apoC can displace apoAI on the 

HDL particle. The apoAI released from HDL becomes re-associated with the 

plasma pool. 

HDL also shares apoC with VLDL. In fact, 50 percent of apoC is found 

in HDL. ApoC movement between the particles seems to depend on mass ratio 

of the two lipoproteins (Eisenberg 1984). As the triglycerides in VLDL decrease, 



apoC is transferred to HDL; when the VLDL in plasma increases, apoC from 

HDL moves to the new VLDL particles. VLDL also transfers apoE to HDL. 

Finally, HDL can receive apoE, apoAI and apoAII directly from the cells by 

apoprotein secretion and membrane interaction (Nestel 1987). 
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Uptake of HDL is prominent in the liver and steroidogenic tissues (Glass 

et al. 1985). Studies indicate HDL can deliver cholesteryl esters to a variety of 

cells and can receive cholesterol from them. The movement of constituents, the 

strong interaction of the HDL particle with LCAT, and the interaction of HDL 

with cell membranes, forms the bases for the current view of HDL particle 

transition and reverse cholesterol transport. 

HDL Particle Transition 

The transition of HDL among the various particle subclasses allows 

transportation of substantial cholesterol. HD~ receives free cholesterol, 

phospholipids, apoC, apoE, apoAI and apoAII from lipolyzed triglyceride-rich 

lipoproteins (Taskinen et al. 1982; Kekki 1980). Free cholesterol is esterified by 

LCAT and moved to the particle core. As HD~ approaches saturation, 

additional phospholipid attaches to albumin and excess apoC displaces apoAI on 

the particle surface. When the particle accumulates sufficient cholesteryl esters, 

the addition of a single protein molecule of apoAI will transition HD~ to HDLz 

(Eisenberg 1984). In the absence of LCAT, HDLz does not form. 
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HDLz exchanges cholesteryl esters for triglycerides from VLDL, LDL, 

and chylomicrons. This process increases the triglyceride core of HDLz. In 

addition, transfer of cholesteryl esters out of HDLz increases the LCAT reaction 

within the HDLz particle. HDLz can form either HD~ or HD~. 

The formation of HD~ is a two-step process. HDLz particles must 

receive sufficient triglycerides from VLDL and chylomicrons. Then, triglyceride 

degradation by LPL or hepatic lipase forms HD~. In general the level of HDLz 

in the plasma is strongly correlated with the activity of LPL (Nikkila 1978). 

HDLz transition to HD~ involves several simultaneous processes: 1) cholesteryl 

esters and triglyceride continue to increase; 2) apoC equilibrates among VLDL, 

chylomicrons and HDLz; and 3) apoE from VLDL displaces apoAI on the HDLz 

particle surface. HDL, is apoE and cholesteryl ester-rich, and functions to 

return cholesterol from the periphery to the liver. It is degraded via the hepatic 

apoE receptor (Mahley et al. 1989). 

CELLULAR LIPOPROTEIN AND CHOLESTEROL METABOLISM 

The first lipoprotein receptor pathway was elucidated by Brown and 

Goldstein using human skin fibroblast cells (Brown and Goldstein 1985a; 

Goldstein and Brown 1974). 
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Endocytosis 

LDL receptors reside in cathrin-coated pits on the membrane (Goldstein 

et al. 1983; 1985a; Anderson et al. 1982). "Coated pits" on the surface of cells 

continually invaginate and pinch off to form vesicles (Brown and Goldstein 

1985a; Goldstein et al. 1983). When this process is stimulated by the binding of 

LDL particles to the receptor, receptor-mediated endocytosis occurs and the 

vesicle is internalized. Once inside the cell, the vesicle loses the cathrin coat 

and undergoes a series of fusions to form the endosome. In the endosome, 

decreasing pH causes the receptors to dissociate from the lipoprotein particles. 

The receptors are released and recycle; round trip receptor time is 

approximately 10 minutes. Goldstein et al. have reviewed the receptor recycling 

pathway (Goldstein et al. 1979a). Receptor half-life is about 20 hours (Brown 

and Goldstein 1986). Receptor-mediated endocytosis has been extensively 

reviewed as well (Goldstein et al. 1979a; 1985a; Goldstein and Brown 1977, 

Silverstein et al. 1977; Larkin et al. 1983). 

Retroendocytosis, the returning of a vesicle to the surface without 

changing the LDL particle, can occur when the intracellular pH i5 not 

maintained or when abnormally high concentrations of LDL exist in the cell 

(Aulinskas et al. 1985). 
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The LDL receptor structure and gene 

The LDL receptor, a glycoprotein, spans the thickness of the plasma 

membrane with the binding site extending from the cell surface. The receptor is 

synthesized in the RER as a precursor with N-linked sugars attached; O-linked 

sugars are added in route to the Golgi complex (Brown and Goldstein 1986). 

The receptor has been purified and a full length complimentary DNA for 

humans obtained (Schneider et al. 1985; Goldstein et al. 1983, 1985a; Schneider 

et al. 1982). Cross reaction of the human receptor with monoclonal antibodies 

raised in animals reveals the structure is largely conserved (Beisiegel et al. 1981). 

Brown and Goldstein have reviewed the structure of the LDL receptor 

(Brown and Goldstein 1986; Goldstein et al. 1985a). The protein has multiple 

domains. The NHz-terminus domain possesses the ligand binding site. This 

region has six disulfide-bonded cysteine residues in seven repeating sequences. 

The first cysteine-rich repeat binds calcium, a requirement for LDL binding to 

the receptor (Brown and Goldstein 1986). The remaining repeats compose the 

apoB/E binding site. Studies indicate the second domain dictates the ligand 

dissociation from the receptors and receptor recycling (Russel et al. 1984; Davis 

et al. 1987a, 1987b). Domain five contains the cytoplasmic tail which plays a 

role in the clustering of receptors in coated pits (Brown and Goldstein 1986; 

Goldstein et al. 1985a). 
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The human LDL receptor gene is located on chromosome 19 and the 

sequence is nearly completed (Brown and Goldstein 1986; Goldstein and Brown 

1987). Genetic variations resulting in changes in the receptor domains have 

profound effects on LDL metabolism. Mutations in the LDL receptor gene 

cause the phenotypes of FH; 10 different mutations are identified (Goldstein and 

Brown et al. 1985b; Liscum et al. 1985, 1987; Davis et al. 1986; Shepherd and 

Packard 1987). Heterozygous FH is inherited as a single mutated gene 

(Yamomoto 1989). About one in 500 individuals displays the heterozygous form; 

plasma LDL levels are approximately two-fold normal at birth (Patch et al. 

1989). Homozygous FH is inherited as an autosomal recessive. The incidence is 

about one in one million. Homozygous FH phenotypes are receptor-negative or 

5-20 percent receptor-responsive disease (Brown and Goldstein 1986; Goldstein 

and Brown 1985b). In homozygous FH, accumulation of free cholesterol and 

cholesteryl esters occurs in the interstitial spaces and CAD presents in childhood. 

The LDL receptor binding site 

The binding activity and characteristics of the normal LDL receptor in 

human fibroblasts has been reviewed (Goldstein and Brown 1977; Brown and 

Goldstein 1986). Several studies have documented the importance of the 

clusters of negative charges on the binding site created by the cysteine cross

linked residues (Weisgraber et al. 1985b, 1978; Gonen et al. 1983). These 
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clusters correspond to a positive moiety on the LDL apoprotein provide by 

arginine and lysine amino acids in apoB-100 molecules. Abolishing these groups 

by acetylation or other chemical derivitization results in decreased recognition of 

LDL by the apoB/E receptor. The epsilon amino group of lysine is specifically 

important for binding. Methylation, which changes this group without changing 

the positive charge, results in decreased receptor recognition. The binding site 

of the apoB/E receptor recognizes both apoB-100 and apoE (Goldstein and 

Brown 1977; Brown and Goldstein 1983b). ApoE binds with a four-fold greater 

affinity than apoB. 

An important feature of the apoB/E receptor is regulation in response to 

available cellular cholesterol. In cholesterol and mevalonate deprivation, 

receptor activity is maximal in 48-72 hours. Receptor synthesis is responsible for 

receptor up-regulation (Brown and Goldstein 1983b; Basu et al. 1976). 

Saturation levels of cholesterol result in a gradual decrease of receptor activity 

to 10 percent of maximum and receptor synthesis suppression. 

Several additional factors influence receptor number: 1) cell growth and 

the rate of cell division; 2) media conditions including serum concentration; and 

3) age of cells (Kenagy et al. 1984; Brown and Goldstein 1983b). Even in the 

best of controlled conditions, variations in degradation or cell receptor number 



of two or three-fold are observed (Goldstein and Brown 1977; Brown and 

Goldstein 1983b). 
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Several lines of criteria have been determined to established lipoprotein 

interaction with a receptor. Interaction should demonstrate: 1) specificity; 2) 

saturation (a finite number of binding sites); 3) high affinity for the ligand; 4) 

a physiological event following binding; and 5) ligand feedback control 

(Innerarity et al. 1986; Brown and Goldstein 1986). The apo B/E receptor in 

human skin fibroblasts exhibits high affinity (~: 2.8 x 10e-9 ug protein/ml), 

saturable (25 ug/ml) binding with specificity for apoB and apoE ligands. In 

addition, binding initiates endocytosis, followed by degradation of the particle. 

Lastly, the presence of free cholesterol in the cell causes feedback suppression 

of receptor synthesis and mediates the activity of other enzymes. 

Lysosomal Degradation 

The endosome delivers the entire LDL particle to the cell lysosomes 

(Goldstein and Brown 1977). Lysosomal acid hydrolases and proteases digest 

the phospholipid coat and degrade cholesteryl esters and protein; free 

cholesterol and amino acids are liberated (Sandoz and Rosenbaum 1985; Brown 

and Goldstein 1983b). Lysosomal cholesteryl esterase has shown preference for 

polyunsaturated fatty acid esters (PUFA) (Slotte and Beirman 1988a). 

Individuals with lysosomal cholesteryl esterase deficiency will degrade the 
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apoprotein, but not cholesteryl esters (Goldstein and Brown 1977). The 

triglyceride hydrolases (acid fatty-acyl hydrolase) co-purify with esterase, show 

optimum activity at pH of 4.5 and react with cholesteryl oleate and triolein 

(Goldstein and Brown 1977; Brown and Goldstein 1983b). Studies indicate pH 

4 is optimal for lysosome activity and that raising the pH to 6 will stop 

degradation. 

Two techniques are commonly used to block lysosomal activity, 

chloroquine and NH4CI (Goldstein and Brown 1977). The level of NH4CI 

required to raised the lysosomal pH to 6 and block degradation does not affect 

the cells (Brown and Goldstein 1983b). Chloroquine is a weak base which is 

taken up and concentrated in the lyosomes. It causes inhibition of enzyme 

activity by binding protons. Chloroquine also directly inhibits cathepsin B 

(Goldstein and Brown 1977). 

When cholesteryl ester is degraded in the lysosome, the free cholesterol 

is released into the cytoplasm of the cell. The presence of free cholesterol in 

the cell initiates three responses: 1) suppression of apoB/E receptor synthesis 

(mentioned above); 2) induction of ACAT activity; and 3) suppression of 3-

hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. 
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Acyl Cholesteryl Acyl Transferase (ACAT) Activity 

When requirements for free cholesterol are met, cholesterol is esterified 

by the action of ACAT. ACAT, a microsomal membrane enzyme, requires ATP 

and Coenzyme A (CoA) and esterifies cellular free cholesterol preferentially with 

oleate. The fatty acid preference of ACAT permits indirect measurement of 

ACAT activity with radio-labeled oleate substrate. Most cholesterol in LDL is 

esterified with linoleate; therefore, LDL cholesteryl ester degradation contributes 

little oleate to the cell. Although the contribution of oleate from plasma LDL 

and cell synthesis is considered minor; it represents a confounding variable in 

ACAT activity assessment by the indirect method (Brown and Goldstein 1983b; 

Goldstein and Brown 1977). 

Cells deprived of cholesterol do not store cholesteryl esters. However, 

addition of LDL following deprivation will increase ACAT activity 500-fold in six 

hours in fibroblasts (Brown and Goldstein 1983b). Gavigan et a1. examined 

microsomal membrane preparations from fibroblasts and concluded that the 

amount of enzyme in the membrane was increased following prolonged exposure 

of the cells to high levels of cholesterol (Gavigan et a1. 1983). However, under 

normal conditions, any increase in enzyme activity resulted from stimulation to 

enzyme already available in the membrane (Gavigan et a1. 1983). Brown and 

Goldstein showed that 25-hydroxy cholesterol was as effective as LDL in 



decreasing HMG-CoA reductase activity and increasing ACAT activity (Brown 

and Goldstein 1979). 
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These studies suggest: 1) ACAT activity can be induced by enlarging the 

cellular free cholesterol pool; 2) either an inactive form or sufficient active 

enzyme resides in the microsomal membrane to accommodate the normal 

fluxuation of free cholesterol; 3) the free cholesterol pool is not the only 

inducement of ACAT activity; and 4) control exists at the level of enzyme 

synthesis and can be induced by prolonged exposure to high cellular free 

cholesterol levels. Studies of ACAT activity in fibroblasts show maximum 

induction with concentrations of 50-100 ug LDL protein/ml media (Brown and 

Goldstein 1983b). 

Neutral cholesterol esterase (NCE) is responsible for cellular hydrolysis 

of the cholesteryl ester. It is distinct from lysosomal esterase and occurs in the 

cytoplasm. Khoo et al. studied NCE activity in macrophage cells (Khoo et al. 

1981). They reported optimal activity at pH 6.8 and 60 percent activity in the 

presence of cyclic AMP and ATP/Mg+z. The enzyme exists at relatively high 

levels in mouse peritoneal macrophages (MPM). 

Cholesterol Synthesis 

In addition to stimulation of ACAT activity, free cholesterol in the cell 

suppresses the activity of HMG-CoA reductase and HMG-CoA synthetase. 
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Brown and Goldstein have shown that these two enzymes share a reciprocal 

relationship with ACAT in response to free cholesterol substrate (Brown and 

Goldstein et al. 1975, 1980, 1983b Goldstein and Brown 1974). Both enzymes 

are microsomal membrane proteins. The biosynthetic pathway of cholesterol 

was reviewed by McNamara and Rodwell (McNamara and Rodwell 1972). 

HMG-CoA synthetase and HMG-CoA reductase catalyze the two initiating 

reactions of the biosynthesis of cholesterol. In the presence of HMG-CoA 

synthetase, acetyl-CoA and acetoacetyl react to form HMG-CoA. HMG-CoA 

synthetase has been purified; it catalyzes the reaction irreversibly with optimal 

activity at pH 8-9. Synthetase is subject to negative feedback regulation by 

acetyl-CoA, CoA and HMG-CoA (Clarke et aI. 1987; Smith 1988). Although 

HMG-CoA can form other compounds, such as ketone bodies, reduction to 

mevalonate by HMG-CoA reductase is primary and designates entrance into the 

active isoprene pathway (McNamara and Rodwell 1972). Formation of 

mevalonate is the rate-limiting step of the isoprene pathway and the end

products include: 1) isopentenyl tRNA; 2) ubiquinone; 3) dilichol; and 4) 

cholesterol (Alberts 1988). 

Clark et aI. has shown that the regulation of translation of mRNA is 

coordinate for both synthetase and reductase in rat hepatocytes (Clarke et al. 

1987). The synthetase gene carries three sequences in the 5' -flanking region 



required for sterol-mediated regulation of transcription (Gil et al. 1986, 1988). 

Point mutation in these regions prevents transcription induced by sterol 

deprivation. Two of the three sequences contain an oligonucleotide with pair

matched bases for sequences in the HMG-CoA reductase and LDL receptor 

genes in hamster. All of these factors suggest a common sterol regulatory 

protein or mechanism for increasing and decreasing transcription of the genes 

for both enzymes (Smith et al. 1988). 

57 

HMG-CoA reductase is composed of two regions: 1) the NHz-terminal 

third (337 amino acids) is embedded in the microsomal membranes, and 2) the 

COOH-terminal region (548 amino acids) is hydrophilic and contains all catalytic 

activity (Lis cum et al. 1983c). HMG-CoA reductase shows optimal activity at 

pH 7.0 (Goldstein and Brown 1984) and a diurnal rhythm in nocturnal animals 

with nadir at noon (McNamara and Rodwell 1972). Humans also exhibit 

reductase circadian rhythm with greatest activity following dietary intake 

(Shepherd and Packard 1987). 

Most work with the HMG-CoA reductase enzyme is conducted in rat and 

hamster hepatocytes, mouse cell lines or Chinese Hamster Ovary cells. Some 

studies have included human fibroblasts, but mouse UT-1 cells (which do not 

express reductase activity) and mouse TR-74 cells (which show poorly-regulated 

reductase activity) are more commonly used. Usefulness of information from 
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animal research is suggested from studies on HMG-CoA reductase isolated from 

human liver. Human hepatic reductase is immunologically cross-reactive with 

the rat hepatic enzyme (Tanaka et al. 1982). The human enzyme isolates as a 

singe specie of 52 kD and is inactivated by phosphorylation. In comparison with 

hamster reductase, human reductase demonstrates two highly conserved domains, 

including the domain which spans the membrane. The human enzyme functions 

in hamster cells and is subject to degradation control in the hamster system 

(Luskey and Stevens 1985). 

Studies in both man and animals suggest the liver as the primary tissue 

site of cholesterol synthesis. Much research has focused on the mechanisms 

controlling reductase activity. Three mechanisms have been identified: 1) 

control at the synthesis level; 2) control of reductase degradation rate ; and 3) 

control by phosphorylation (Edwards et al. 1985; Osborne et al. 1987, 1988; 

Nakanishi et al. 1988; Reynolds et al. 1985; Clarke et al. 1983; Chang et al. 

1981; Faust et al. 1982; Jingami et al. 1987; Gil et al. 1985; Chin et al. 1985; 

Beg et al. 1986; Hoeg et al. 1986; Tanaka et al. 1983; Parker et al. 1984; 

Angelin et al. 1987). Although endogenous feedback control exists, cholesterol 

synthesis is never completely suppressed (Reichl and Miller 1989). 

In summary, the three effects of LDL degradation via the apoBJE 

receptor pathway are: 1) to stimulate ACAT activity; 2) to suppress cholesterol 
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synthesis by decreasing HMG-CoA reductase activity; and 3) to decrease LDL 

receptor synthesis. All three effects are mediated at the level of transcription 

and possibly translation. HMG-CoA reductase is also controlled by its 

degradation rate and by its state of phosphorylation. Under normal conditions, 

the cellular free cholesterol pool is maintained by the down regulation of the 

LDL receptor. This process limits the amount of free cholesterol available, 

ACAT activity and basal cholesterol synthesis. Several hormonal factors affect 

the LDL receptor pathway (Wade et a1. 1988; Knight et a1. 1987a; Mazzone et 

a1. 1989b; Kenagy et a1. 1982). 

HEPATIC CHOLESTEROL METABOLISM 

The liver exerts the greatest control over plasma LDL of any tissue 

because it possesses substantial LDL receptors, is the primary site of cholesterol 

synthesis and the only site of cholesterol excretion. Hepatic cholesterol 

metabolism is crucial in both the endogenous and exogenous pathways. The 

liver functions as: 1) the port of entry for short- and medium-chain fatty acids 

and triglycerides; 2) the site of formation of VLDL and several apoproteins 

including apoB-100; 3) the primary control site of plasma LDL; 4) the site of 

bile formation; and 5) the primary site of HDL and chylomicron remnant 

degradation (Angelin et a1. 1987). 
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The liver modulates circulating levels of LDL through the apoB/E 

receptor (Soutar et al. 1986a). In man, the interrelationship of the hepatic 

apoB/E receptor to hepatic cholesterol metabolism is demonstrated by several 

clinical situations. Patients using bile acid sequestering agents, HMG-CoA 

reductase inhibitors, or with partial ileal bypass all show a lowered plasma LDL. 

In each situation, hepatic cellular cholesterol levels are decreased and the 

hepatic apoB/E receptors are increased. Moreover, patients with homozygous 

PH possess no hepatic apoB/E receptors. Liver transplant in these patients 

brings a normalization of plasma LDL levels indicating the hepatic apoB/E 

receptors are central to plasma LDL control (Bilheimer and Grundy 1987; 

Bilheimer et al. 1984). Studies in rabbits, rats, dogs and hamsters agree with the 

findings in man (Gregg and Brewer 1988; Hoeg et al. 1986). 

Cholesterol absorption from the intestine is not actively controlled; 

therefore, the liver must adjust excretion and synthesis to achieve a near

constant plasma cholesterol level (Reichl and Miller 1989; Meddings et al. 1987). 

The liver excretes cholesterol through bile formation. Cholesterol 7-alpha 

hydroxylase, a P-450 cytochrome enzyme which catalyzes the oxidation of sterols 

to bile acids, is the rate-limiting step in bile acid formation (Shepherd and 

Packard et al. 1987). Bile contains lecithin, cholesterol and bile acids in 

appropriate ratio to form micelles. Excess cholesterol in ratio to lecithin or bile 
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acids results in precipitation of cholesterol with other constituents present in bile 

and the formation of stones. Bile reabsorption occurs in the jejunum and ileum. 

EHC provides for the return of bile acids and cholesterol to the liver. Bile acid 

binding resins, such as cholestyramine, decrease micelle formation, decrease fat 

absorption, and promote fecal loss of bile acids and cholesterol. The loss of bile 

acids and cholesterol decreases the return of these constituents, this is 

accompanied by a six-fold increase in the 7-alpha hydroxylase enzyme and an 

increase in HMG-CoA reductase activity (Angelin et a!. 1987). Hepatic 

cholesterol synthesis and the number of LDL receptors increase to provide 

cholesterol for bile acid synthesis. Ultimately, the plasma LDL levels decrease. 

In addition, the decreased return of bile acids to the liver favors the synthesis of 

phospholipid over triglyceride and less VLDL is formed (Shepherd and Packard 

1987). 

The use of HMG-CoA reductase inhibitors as a treatment for lowering 

LDL cholesterol levels has increased significantly over the past three years 

(Woolfe 1988). Lovastatin, a currently available HMG-CoA reductase inhibitor, 

was reviewed by Alberts (Alberts 1988). This derivative is a transition state 

analogue in the conversion of HMG-CoA to mevalonate and is recognized by 

HMG-CoA reductase. The decline in cholesterol synthesis produced by this 

inhibitor causes hepatic LDL receptor synthesis and increases LDL degradation. 
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The liver degrades chylomicron remnants via apoE and apoB/E receptors 

on the sinusoidal surface of hepatocyte (Shepherd and Packard 1987; Mahley et 

al. 1989; Wade et al. 1986). Studies show the presence of a hepatocyte apoE 

receptor that differs from the apoB/E receptor. In fact, chylomicron metabolism 

is normal in FH indicating that the apoB/E receptor is not required for 

chylomicron remnant degradation (Reichl and Miller 1989). Mahley et al. 

isolated the apoE receptor from the hepatic membranes of canines and humans. 

These authors found receptor binding was ea+2-dependent and specific for apoE. 

Antibodies raised to the· apoB/E receptor cross-reacted with the apoE receptor, 

but the reverse did not occur. Immunoglobulin studies also indicate that the 

hepatic apoE receptor is present in dogs, humans, rats and mice (Hui et al. 

1986; Mahley et al. 1989). In addition, HDL subfractions containing apoE are 

recognized by the hepatic apoE receptor (Funke et al. 1984; Reichl and Miller 

1989). Binding of HDL containing apoE results in internalization, degradation, 

and release of amino acids and cholesterol. 

REVERSE CHOLESTEROL TRANSPORT 

Hepatocytes and several types of peripheral cells have been shown to 

bind apoE-free HDL (HD~) to a high affinity receptor. This HDL receptor 

has been recently reviewed by Bierman and Oram (Bierman and Oram 1987). 

The receptor is not sensitive to pronase, does not require calcium and is not 
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down-regulated by preincubation with LDL. Ligand specificity is for apoAI and 

apoAII, but not apoE (Fidge and Nestel 1985). Pre-incubation with LDL 

actually up-regulates HDL binding (Oppenheimer et aI. 1989, 1987). 

The apoAI receptor is currently under investigation because of its central 

role in reverse cholesterol transport (Reichl and Miller 1989; Eisenberg 1984). 

Reverse cholesterol transport describes the net movement of free cholesterol out 

of cells for delivery to the liver. Two phenomenon are involved: cholesterol 

efflux (the rate of free cholesterol movement to the outside of the cell) and 

mass transport (amount of free cholesterol moved to HDL). 

Current theory suggests that HD~ binds to the apoAI receptor of 

peripheral cells; binding results in mobilization of free cholesterol to the cell 

membrane and promotes efflux of cholesterol from the membrane to the outside 

of the cell (Eisenberg 1984). The free cholesterol is taken into the HDL 

particle and esterified, then moved to the core to allow for more free cholesterol 

transfer. When saturation is reached HD~ transitions to HDLz is formed. 

HDLz return cholesterol from the periphery to the liver. 

Tissues differ in their response to binding of HDL. In adrenal and liver 

50-60 percent of HDL is degraded. Whereas in fibroblasts, only one-tenth of 

bound HDL is degraded. It appears that binding of HDL to cells can promote 

several responses: 1) internalization with lysosomal degradation; 2) 
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internalization with degradation elsewhere; 3) internalization with degradation of 

the cholesteryl ester component only and not the protein component (cholesterol 

delivery); or 4) cholesterol efflux (Glass et al. 1985; Eisenberg 1984). 

Studies have demonstrated the role of apoE-free HDL in promoting 

cholesterol efflux (Barbaras et al. 1988). Slotte et al. demonstrated that binding 

of HDL to fibroblasts facilitated the removal of cellular cholesterol by initiating 

the translocation of intracellular cholesterol to the plasma membrane (Slotte et 

al. 1987a). Data indicate that all HDL subfractions will bind to fibroblasts, but 

the effect of binding differs. HD~ encourages sterol synthesis, decreases ester 

formation, decreases cell cholesterol content, increases LDL receptor activity, 

and promotes sterol efflux from the cell (Beisbroeck et al. 1983). Binding of 

HD~ to the cell membrane of fibroblasts is proportional to the cellular free 

cholesterol and particle apoAI content. HDLz binding to fibroblasts shows the 

opposite result and will block the effects of HD~ (Beisbroeck et al. 1983). 

LDL binds to the apoAI receptor, but is ineffective in promoting efflux of 

cholesterol and is not internalized. The property of promoting cholesterol efflux 

seems to be exclusively related to the binding of HDL. Studies have shown that 

an acceptor, preferably HDL, is necessary for sustained cholesterol efflux 

(Reichel and Miller 1989). However, the union of the cholesterol with the HDL 



particle (mass transport) is a function of equilibrium (Brinton et al. 1987). 

Decreasing LCAT levels decreases mass transport (Eisenberg 1984). 
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Hepatic perfusion studies show that a fraction of the HDL particles that 

bind to hepatic tissues are released as smaller, dense particles relieved of 

cholesteryl ester (Arbeeny et al. 1987; Biesbock et al. 1983). However, binding 

is not necessarily required for cholesteryl ester delivery to the liver (Reichl and 

Miller 1989). A pathway of reverse cholesterol transport is highly significant to 

CAD. A key feature of atherogenesis is the accumulation of cholesteryl esters 

in smooth muscle cells and macrophage cells present in the tissue of the arterial 

wall. Smooth muscle cells and human monocyte-derived macrophages possess 

the HDL receptor. Why smooth muscle cell and macrophages are filled with 

cholesteryl esters at sites of plaque damage, when they are found without 

accumulated cholesteryl esters in other arterial areas is unknown. It is tempting 

to speculate that derangement of metabolism, perhaps, decreased cholesterol 

efflux and mass transport, is responsible for foam cell formation. 



66 

CHAPTER 2 

CHOLESTEROL MErABOLISM IN MACROPHAGE CELLS 

This dissertation characterizes the LDL and scavenger receptors in 

human peritoneal macrophages. Because human tissue macrophages are thought 

to originate from blood monocytes, findings in human monocyte-derived 

macrophages (MDM) will be discussed in detail. Contributions from studies 

using cells from human cancer tissues, animals or birds will also be mentioned, 

when appropriate. 

THE LDL RECEPTOR 

Human monocytes possess a saturable, high affinity LDL receptor and 

degrade 0.43 ug LDL protein/mg cell protein/hour (Fogelman et al. 1981). 

Because they can be rapidly isolated, the activity of monocytes is thought to 

reflect the in vivo state. Like fibroblasts, monocyte apo BIE receptors are 

regulated by available LDL (Chait et al. 1982a). When monocytes are incubated 

in vitro, they differentiate into macrophages. Knight and Soutar et al. reported 

that MDM continue to express LDL receptors during differentiation 

(maturation) (Knight and Soutar 1982). They pre-incubated monocytes from 

normal subjects or subjects with homozygous FH in autologous serum for 

fourteen days and measured degradation at various times. Maximum LDL 

receptor expression occurred by day seven and remained constant over nearly 
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the lifetime of the cell (Knight and Soutar 1982; Fogelman et al. 1981). Normal 

cells showed rapid, saturable degradation at low LOL concentrations followed by 

a progressive decline in degradation rate, until degradation was constant and 

concentration dependent. Cells from subjects with FH demonstrated only linear, 

nonsaturable degradation. 

In 1986, Soutar et al. demonstrated synthesis of the LOL receptor in 

MOM using immunoprecipitation of S3s-methionine cell extracts (Soutar et al. 

1986a). The receptors were synthesized as a precursors, then converted to the 

mature protein. The half-life of the precursor was approximately 44 minutes. 

In MDM from patients with FH, the precursor form was synthesized, but not 

converted to the mature protein (Soutar and Knight 1986b). The apo BIB 

receptor in MDM recognizes LOL and VLOL, but not methylated-LOL, apoE

free HOL, or LOL modified by acetylation (Chait et al. 1982a; Soutar and 

Knight 1982, Traber and Kayden 1980; Fogelman et al. 1982a). Knight and 

Soutar have demonstrated that heavy and light subfractions of LOL are bound 

to the LOL receptor in MOM with equal affinity (Knight and Soutar 1986a). 

The apo BIB receptor of MOM parallels the receptor in fibroblasts in 

several aspects: 1) LOL binding requires calcium (Fogelman et al. 1981); 2) 

receptors are located in coated-pits on the membrane (Traber et al. 1983); 3) 

the receptor is specific for apoB-100 and apoE; 4) the receptor is regulated in 



response to the available cholesterol; and 5) receptor binding initiates a 

physiological process. 
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Several studies cells have confirmed the regulation of the receptor in 

response to LDL levels (Knight and Soutar 1986b; Traber and Kayden 1980; 

Fogelman et al. 1982a, 1981; Chait et al. 1982a). Apo BJE receptor activity 

varies inversely with the amount of LDL present. Fibroblasts demonstrate full 

receptor repression at 130 ng LDL protein/ml (Goldstein and Brown 1977). In 

contrast, MDM continue to express receptor activity while exposed to 200 ug 

protein/ml; repression follows the addition of LDL above this level (Fogelman et 

al. 1982a; Soutar and Knight 1982). Soutar et al. reported an eight hour lag

time before the addition of LDL resulted in receptor suppression in MDM pre

incubated in lipoprotein-depleted media (LPDM) (Knight and Soutar 1983). 

Pre-incubation of seven-day-old MDM with LPDM increases receptor response. 

Soutar and Knight reported half-maximal binding saturation of induced receptors 

at 3.5 ug protein/ml media, a six hour lag-time before induction occurred with 

no increased induction after 16 hours of pre-incubation in LPDM (Soutar and 

Knight 1982). Cells pre-incubated with LPDM bound LDL with a greater 

affinity than cells pre-incubated in 20 percent autologous serum (24 ug LDL 

protein/ml). Receptors did not exhibit a gradual change in binding affinity with 



various levels of serum; when LPDM was used for preincubation, the change 

was abrupt (Knight and Soutar 1986b). 

Table 1 shows values LDL degradation reported by various studies and 

the percentage of serum and cell maturation age. 

Table 1 Effect of Serum and Age on LDL Degradation Saturation 

Saturation at Half-Maximal Rate 
(ug protein/ml) 

14 
24 

Maximal Degradation 

25 
50 
100 

*NA = not available 

Serum 
(%) 

o 
20 

20 
30 
30 

Age 
(days) 

8(Traber and Kayden 1980) 

7(KnlpjJt and Soutar 19861» 

NA * (Schecter et aL 1962) 

7(For,elman et aL 1961) 

7(KnipjJt and Soutar 1962) 
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Traber and Kayden reported half-maximal degradation at 14 ug LDL protein/ml 

for MDM preincubated 24 hours in medium without serum (Traber and Kayden 

1980). Fogelman et al. reported maximal degradation saturation at 50 ug/ml, 

but Soutar and Knight described maximal saturation at 100 ug LDL protein/ml 

for cells at the same age and exposed to the same serum level (Fogelman et al. 

1982a; Van Lenten et al. 1983; Soutar and Knight 1982). Discrepancies among 

studies can occur for several reasons including: 1) percent of serum used in 

culture; 2) maturation; 3) the ability of cells to respond to LPDM; and 4) 
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activation. Increasing the percentage of serum increases the saturation value. 

The aging process also effects receptor saturation (Knight and Soutar 1982). 

Knight and Soutar noted that the ability of MDM to produce receptors in 

response to LPDM increased to day five. Thereafter, the cells could produce 

only this number of receptors. By day 12, the cells produced fewer receptors in 

response to LPDM. 

Akiyama et al. examined maturation of MDM held in suspension 

(Akiyama et al. 1988). They found serum-free medium markedly retarded 

maturation. They progressively added various substrates to the medium and 

studied the effect of each. Serum albumin, cholesterol, L-alpha-phosphatidyl 

choline, transferrin, insulin, ferrous chloride and beta-mercaptoethanol all 

improved cell viability, maturation and recovery following pre-incubation in 

serum-free culture. 

Macrophage activation profoundly affects LDL receptor binding and 

degradation. Fogelman et al. reported that heat inactivation of serum resulted 

in decreased LDL receptor activity, but increased cholesteryl ester content 

(Fogelman et al. 1981). Lopes-Virella and Virella examined the effect of 

various known activators on LDL receptor activity (Lopes-Virella and Virella 

1987). They reported that when MDM were exposed to lipopolysaccharide 

(LPS) (a glycolipid present in the outer membrane of all gram-negative bacteria) 
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or muramyl dipeptide (MDP) (a copy of a fragment of a M. tuberculosis), 

cholesteryl ester synthesis, cellular cholesteryl ester content and degradation of 

LDL all increased. Neither polyinosinic: polycytidilic acid (Poly:! Poly:C) (an 

inducer of gamma interferon) or gamma interferon produced these results. The 

respiratory burst, associated with activation, produces superoxide anions that 

effectively oxidize LDL (Cathcart et al. 1989). Lopes-Virella's studies were 

conducted for 20 hours. However, different responses to activators suggests that 

LDL oxidation was not responsible for LDL degradation (Virella and Lopes

Virella 1987; Lopes-Virella and Virella 1987). 

Several studies have reported that MPM degrade little LDL (Goldstein 

and Brown 1977). Tabas and Boykow noted that, although freshly isolated 

MPM degraded little LDL, degradation was increased seven-fold by incubation 

of the cells for 48 hours in LPDM (Tabas and Boykow 1987a). Cells aged for 

the same time in 10 percent serum demonstrated the same activity as freshly 

isolated cells. Using 3H-cholesteryl ester labeled-LDL, Tabas et al. established 

that 97 percent of the LDL-cholesterol metabolized by MPM remained as free 

cholesterol in the presence of normally regulated ACAT (Tab as et al. 1985, 

Tabas and Boykow 1987a). On further study, these authors concluded that a 

short-lived protein was produced in the presence of native LDL, which somehow 

suppressed ACAT activity. Therefore, the presence of free cholesterol 
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suppressed the LDL receptor activity (Tab as et al. 1987b). Hammond et al. 

showed the presence of high levels of apo B/E receptors on the membranes of 

MPM (Hammond et al. 1985) using immunoblot. However, they reported that 

the apo B/E receptor of MPM bound apoE at ~ 0.5 ug HDL protein/ml, but 

LDL at ~ 20 ug protein/ml. These studies indicate that MPM possess LDL 

receptors, but low affinity, coupled with increased cellular free cholesterol, 

prevents substantial LDL degradation in these cells. 

THE SCAVENGER RECEPTOR 

The scavenger receptor was first described by Brown et al. and Goldstein 

et al. (Goldstein et al. 1979b; Brown et al. 1979). These studies reported a high 

affinity, saturable receptor in MPM that mediated the uptake of AcLDL. The 

characteristics of the scavenger receptor of MPM are listed in Table 2 (Brown 

and Goldstein 1983b; Goldstein et al. 1979). 

Table 2: Scavenger receptor characteristics in MPM 

Saturable: half-maximal activity 25 ug/ml 
High affinity binding: half-maximal rate 5ug/ml 
Trypsin Sensitivity 
Binding Sites: 20-40,000/ cell 
LDL not recognized 
Calcium Independent 
Mr:283 kD 
Inhibition (95%): fucoidin and polyinosinic acid 

Subsequent studi~s have confirmed the presence of the scavenger receptor 

in the following tissues: 1) peritoneal cells from rats, dogs and pigeons (Brown 
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and Goldstein 1983b; Adelman and St. Oair 1988a); 2) hepatocytes (Brown and 

Goldstein 1983b); 3) mouse tumor cell lines (Traber et al. 1981); 4) human 

tumor cell lines (Papayannopoulou et al. 1983); 5) bovine endothelial cells 

(Baker et al. 1984); and 6) MDM (Chait et al. 1982a). Murine cells degrade 

little LDL by a high affinity, saturable receptor, but abundant AcLDL in 

comparison to the human cells (Knight and Soutar 1982; Traber et al. 1983). 

Via et al. isolated the AcLDL receptor from tumors produced in mice from the 

murine macrophage cell line P388D1 (Via et al. 1985a). They reported the 

receptor was 260 leD with a pI of 6.0. 

Acetylation is the most common method of LDL modification used to 

measure scavenger receptor activity (Brown and Goldstein 1983b). The acetyl 

group is attached to the epsilon amino group on lysine residues in apoB 

decreasing the positive charge on the protein (Brown and Goldstein 1983b). 

The titration of LDL by acetylation was studied by Haberland et al. (Haberland 

et al. 1984). They showed that acetylation of greater than 16 percent of the 

lysine residues blocked LDL recognition by the apo B/E receptor. Further, 

scavenger recognition depended on charge modification of critical lysine residues 

and maximal ligand binding required acetylation of greater than 60 percent of 

the lysine residues. 
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Characteristics of the Scavenger Receptor of MDM 

Monocytes possess scavenger receptors and degrade approximately 4.7 ng 

protein/10e6 cells/4 hrs.; degradation continues during maturation (Traber et a!. 

1983; Traber et a!. 1981; Chait et a!. 1982a). Soutar and Knight demonstrated 

saturable, high affinity degradation of AcLDL in MDM (Soutar and Knight 

1982) with half-maximal saturation at 15 ug AcLDL protein/ml medium, maximal 

saturation at 20 ug protein/ml medium, and a degradation rate of 0.8 ug 

protein/mg cell protein/4 hrs. (Soutar and Knight 1982). Traber et a!. reported 

a degradation rate of 1.8 ug protein/mg cell protein/4 hrs. at concentrations of 

100 ug AcLDL protein/ml (Traber et a1. 1983, et al. 1981). In addition, they 

visualized the AcLDL receptor using colloidal gold. The LDL receptors existed 

in coated pits on the membrane, but AcLDL receptors were scattered across the 

membrane. Binding of AcLDL was followed by aggregation of the receptors in 

clusters and invagination (Traber et a!. 1983). Fogelman et a1. noted that 

degradation by the scavenger receptor did not require calcium (Fogelman et a1. 

1982a). Other studies have reported the binding affinity (~) of AcLDL as 2.0 

ug protein/ml (Soutar and Knight 1982; Knight and Soutar 1983). 

Pre-incubation studies with MDM have determined scavenger receptor 

response to varying levels of LDL. No significant differences in AcLDL 

degradation are reported as a result of pre-incubation in LPDM or with high 
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levels of LDL (Mazzone and Chait 1982; Traber and Kayden 1980; Brown and 

Goldstein 1983b). Scavenger receptor activity of MDM from subjects with FH 

does not differ from that of normal cells (Mazzone and Chait 1982; Traber and 

Kayden 1980; Soutar and Knight 1982). 

Knight and Soutar examined the effect of maturation on scavenger 

receptor activity (Knight and Soutar 1982). They reported that receptor activity 

showed a steady increase over the aging period and reached maximum at day 9. 

These results agree with data from Fogelman et al. and Chait et al. (Fogelman 

et al. 1981; Chait et al. 1982a). Knight and Soutar noted that scavenger 

receptor activity closely paralleled increases in phagocytic activity and lysosomal 

enzyme activity during cell maturation (Knight and Soutar 1982). They suggest 

that AcLDL uptake is closely related to the phagocytic process. Although this is 

possible, simultaneous increases in phagocytic and scavenger receptor activities 

could be coincidental. 

Studies on the effects of activation on receptor activity show 

inconsistencies. Brown and Goldstein noted that MPM from mice injected with 

thioglycollate, or cells incubated with fetal calf serum, Bacillus Calmette Guerrin 

(BCG), or phytohemagglutinins demonstrated roughly the same scavenger 

receptor activity as inactivated cells (Brown and Goldstein 1983b). In contrast, 

other studies have reported that LPS suppresses AcLDL receptor activity 



(Griffith et al. 1988; Virella and Lopes-Virella 1987; Van Lenten et al. 1985a, 

Navab et al. 1988). However, Lopes-Virella et al. reported that exposure of 

MDM to gamma interferon or Poly I:Poly C increased both AcLDL receptor 

activity and cholesteryl ester accumulation from AcLDL (Lopes-Virella et aI. 

1987). 
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Several problems exist in evaluating the interrelationship between 

activation and lipoprotein metabolism. These are: 1) the activating potential of 

serum and lipoproteins; 2) influence of the respiratory burst on the oxidation of 

lipoproteins; 3) formation of immune-lipoprotein complexes; and 4) the 

parameters used to assess the activation level. 

Kelley et al. found that each of the lipoproteins or autologous serum 

alone would stimulate macrophage activation (Kelley et al. 1988). They showed 

that monocytes in autologous serum plus 100 ug protein/ml of VLDL, LDL, 

AcLDL, or HDL demonstrated increased secretion of beta-gluconuronidase 

activity. Serum plus LDL also stimulated the secretion of prostaglandin E. 

Akiyama et al. examined different factors in serum that could be responsible for 

activation (Akiyama et al. 1988). Human gamma globulin produced a strong 

decrease in peroxidase activity which was not retarded by heat treatment. The 

globulin responsible appeared to be intact IgG. Fibronectin and fibrinogen also 

stimulated activation. 
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Another problem confounding the interrelationship of activation to 

lipoprotein metabolism is oxidized LDL As noted above, the respiratory burst 

occurs following activation. The superoxide anion produced by the respiratory 

burst results in oxidation of LDL with subsequent recognition of the lipoprotein 

at the scavenger receptor (Cathcart et al. 1988). The protein of AcLDL is less 

susceptible to oxidation, but lipid oxidation does occur (Morel et al. 1986). The 

uptake of oxidized AcLDL by the scavenger receptor in macrophage cells has 

not been examined. 

A third problem is the formation of lipoprotein-immune complexes. Van 

Lenten et al. has demonstrated that LPS will form complexes with all lipoprotein 

classes (Van Lenten et al. 1986, 1985a). It appears that the LDL-LPS complex 

is recognized by the scavenger receptor; however, on entry to the cell the 

complex is not degraded. In the studies discussed above by Lopes-Virella et al. 

the cells were pre-incubated with the immune agent, then the agent removed 

prior to degradation assay to avoid the problem of confounding their results with 

the uptake of immune-lipoprotein complexes (Lopes-Virella et al. 1987). 

A fourth problem is the choice of parameters measured to assess 

activation levels. For example, Kelley et al. examined the activation of 

histiocytic granuloma cells by LDL from normal subjects or subjects with 

hypercholesterolemia (Kelley et al. 1988). The following markers were selected 
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to measure activation: 1) secretion of lysosomal beta-glucuronidase; 2) 5' 

nucleotidase activity; 3) cellular plasminogen activator activity; and 4) 

increased superoxide anion generation. LDL from both subjects activated the 

cells. LDL from subjects with hypercholesterolemic subjects did not enhance the 

superoxide anion release either spontaneously, or following treatment of the cells 

with porbol myristic acid (PMA). Both cell groups showed high levels of 5' 

nucleotidase (5'N). LDL from subjects with hypercholesterolemia caused an 

increase in plasminogen activator factor, but diminished beta-glucuronidase 

secretion. The authors concluded that various markers responded differently to 

the LDL from each subject group and no apparent consistency existed (Kelley et 

al. 1988). Measurement of Fe receptor activity before and after stimulation will 

assess activation. This measurement using purchase antibody markers is easy, 

but easily abused. Macrophage cells can shed the Fe receptor at 37°C 

confounding the results. No study has examined the relationship of Fe receptor 

activity to scavenger receptor activity. 

Lastly, confusion exists because several of the parameters used to evaluate 

activation are also altered by maturation. For example, maturation of MDM by 

adherence results in: 1) increased activities of acid phosphatase (AP) and N

acetyl-B-D-glucosaminidase increase; 2) increased activity of 5'N during the first 

2 days, then a sharp fall; 3) increased phagocytic response between 9-12 days; 
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4) increased fluid endocytosis measured by wI-polyvinylpyrrolidone; and 5) 

increased cellular protein content which is greatest between days five and twelve 

(Musson 1983). The increase in protein corresponds with an increase in the 

diameter and density of the cells (Traber et al. 1981; Fogelman et al. 1981; 

Traber and Kayden 1980; Johnson et al. 1977; Musson 1983). AP, 5'N and 

phagocytosis are altered by maturation, but frequently used to assess activation. 

Specificity of the Scavenger Receptor 

The scavenger receptor of both MPM and MDM will bind negatively 

charged proteins and carbohydrates of high molecular weight (Brown and 

Goldstein 1983b). Although the receptor recognizes negative charges on non

carboxyl moieties, such as fucoidin, polyinosinic acid and sulfate derivatives, 

dextran sulfate and chondroitin sulfates A and C are not recognized (Brown and 

Goldstein 1983b). The broad recognition capability of the scavenger receptor 

has prompted a plethora of studies examining nearly every LDL particle 

modification that can be isolated and identified. From this glut of information, I 

have selected those modifications which represent deviations from the AcLDL

scavenger receptor or which reflect changes to LDL that could occur in vivo. 

For clarity, each modification examined is given in bold print. 
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Maleylated LDL and Maleylated Albumin 

Goldstein et al. has shown that maleylated LDL and maleylated albumin 

effectively compete with AcLDL for recognition by the scavenger receptor 

(Goldstein et al. 1979b). This was confirmed by Haberland and Fogelman 

(Haberland and Fogelman 1985). Maleylation decreases positive charges on the 

protein by adding negative charges. Maleylated albumin tightly binds MPM; 

Haberland and Fogelman has shown that the primary sequence of albumin, not 

the addition of the negative charge, is responsible for binding (Haberland and 

Fogelman 1985). The process of maleylation also changes the conformation of 

albumin. Mter demaleylation, albumin continues to bind the scavenger receptor 

suggesting the conformational change remains. 

Haberland et al. reported a second receptor recognizing maleylated 

albumin which appeared early in differentiation of MDM. This receptor was 

distinct from the scavenger receptor (Haberland et al. 1986a). Protein binding 

studies revealed maximal binding at 1.6 pmol/mg cell protein and 23 pmol/mg 

cell protein for the scavenger receptor and second receptor, respectively. 

Haberland et al. noted that low-affinity binding of maleyl-albumin to human 

monocytes stimulated chemotaxis. Chemotaxis occurred at doses of 3-4 mM of 

albumin, representing 1 percent of the total albumin in the human adult 

(Haberland et al. 1986a). It is important to note that maleyl-albumin has not 
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been shown to occur in vivo. Unfortunately, chemotactic effects on MDM were 

not examined. 

MaIondiaIdehyde-modified LDL (MDA-LDL) 

In 1980, Schecter et al. demonstrated recognition of MDA-LDL by MDM 

with maximum binding at 10 ug protein/ml, and maximum degradation at 10-15 

uglprotein ml (Schecter et al. 1981; Fogelman et al. 1980). Subsequent studies 

showed that degradation of MDA-LDL: 1) was inhibited by chloroquine; 2) did 

not require Ca+2
; and 3) was not reduced by native LDL or reductively 

methylated LDL. AcLDL with the same level of electrophoretic mobility as 

MDA-LDL competed for receptor binding and vice versa. Fucoidin at 50 uglml 

inhibited the high affinity degradation of the both MDA-LDL and AcLDL and 

degradation of MDA-LDL wad not affected by preincubation with LDL or 

modified LDL, but was increased by heat-labile components in the serum 

(Goldstein et al. 1979; Fogelman et al. 1981). Unfortunately, studies by 

Fogelman's group produced conflicting results. In their first study, MDA-LDL 

did not compete with AcLDL; in the second study competition was observed. 

They attributed the conflicting results to insufficient titration of LDL with acetic 

anhydride in the first study (Fogelman et al. 1981, 1980; Schecter et al. 1981). 

Several studies have suggested that two receptors exist; one receptor 

recognizes MDA-LDL and methyl-albumin, and the second, the scavenger 
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receptor, recognizes both AcLDL and MDA-LDL (Haberland et a1. 1986a; 

Robenek et a1. 1984). Via et a1. demonstrated that MDA-LDL and AcLDL 

both bound to the AcLDL receptor isolated from murine tumor cells (Via et a1. 

1985). The work of Robenek et a1. provides support for the existence of a 

second receptor (Robenek et a1. 1984). They used colloidal gold particles to 

visualize surface receptors in MPM. The MDA-LDL receptor were clustered 

prior to binding, but the AcLDL receptors were diffuse. AcLDL binding 

resulted in the receptors forming small aggregates or short rows in the areas of 

the microvilli. Increasing the temperature to 37°C resulted in clustering of 

AcLDL receptors to indented areas on the membrane and invagination. MDA

LDL receptor behavior differed. MDA-LDL receptors were in discrete clusters 

following MDA-LDL binding at 4°C; at 37°C, the receptors spread to a diffuse 

pattern on the entire membrane. This spreading was followed by reclustering, 

then invagination in coated pits. Pre-treatment with MDA-LDL showed no 

effect on gold-labeled AcLDL binding and vice versa. This confirms that 

MDA-LDL and AcLDL are taken up by two different receptor processes. 

Experiments using cross competition with double-labeling techniques have 

provided further confirmation (Robenek et a1. 1984). 

Haberland et a1. examined the titration of LDL with malondialdehyde 

(MDA) (Haberland et a1. 1984). They found that greater than 30 mM MDA 
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per mole LDL was required for recognition by a receptor and represented a 

threshold value, and that increasing MDA modification to 60mM did not affect 

lipoprotein uptake (Haberland et al. 1984). MDA forms a Schiff base with the 

epsilon-amino group of lysine, a change of -1; whereas the acetylation process 

changes charge by -2 (Fogelman et al. 1980). Haberland et al. found that 

regardless of the reagent employed; MDA, acetic anhydride or succinic 

anhydride, LDL receptor-mediated uptake was eliminated when greater than 16 

percent of the peptidyllysines were titrated (Haberland et al. 1984). 

Interestingly, only 16 percent of the lysine residues required modification for 

MDA-LDL to obtain recognition by scavenger receptors; whereas 60 percent 

modification was required for the other compounds. MDA could sequester 

lysine such that recognition occurs at a lower level of modification or recognition 

at two receptors could account for this difference. 

MDA is produced in man by blood platelets and macrophages during 

arachidonic acid metabolism (Brown and Goldstein 1983b). However, the levels 

of MDA required to alter LDL are many times greater than that produced by 

platelets and macrophages, even in thrombi. Schecter et al. reported that 1 

mole of MDA is produced for every mole of thromboxane A2 synthesized by 

blood platelets from arachidonic acid (Schecter et al. 1981; Fogelman et al. 

1980). These studies show that cholesterol-loading of platelets increased the 



conversion of arachidonic acid to thromboxane. Moreover, during in vitro 

platelet aggregation, LDL was modified to MDA-LDL and was subsequently 

degraded by a saturable, high affinity receptor by MDM. Neither LDL or 

AcLDL competed with the MDA-LDL formed by platelet preincubation. 

Haberland et al. also reported MDA-LDL in the atheroma of rabbits 

(Haberland et al. 1988). 
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Platelets from the plasma of subjects with hypercholesterolemia have been 

shown to release more MDA than normal. Salmon et al. reported development 

of an enzyme-linked immunosorbent assay (ELISA) method for the detection of 

MDA-LDL in sera (Salmon et al. 1987). Using the ELISA assay, they reported 

that MDA-LDL was detected in 14 of 65 randomly assigned human sera 

samples. Seven of the 14 were sera from subjects with known CAD. They did 

not test a group of subjects with known CAD to determine the efficiency of the 

assay in detecting this group. 

In summary, MDA occurs in the plasma of individuals with known CAD; 

LDL modified with MDA is degraded by macrophage cells and will cause 

cholesteryl ester accumulation. Yet, the level of MDA required for LDL 

modification is not sufficient in the plasma or in thrombi. Does the absence of 

sufficient MDA in the plasma necessarily mean that MDA present in arterial 

tissue is insufficient to cause cholesteryl ester accumulation in macrophages? 
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Damaged arterial wall tissue is vastly different from plasma; thrombi are often 

present. Plaque formation is generally regarded as a relatively slow process. In 

addition, oxidized LDL produces MDA and has been reported in plaque tissue. 

These factors would influence the formation MDA-LDL in arterial tissue and its 

uptake by the cells present. 

Oxidized LDL 

Monocytes activated with opsonized zymosan or foreign proteins will 

oxidize LDL and render culture media toxic to proliferating fibroblasts (Cathcart 

et al. 1985). Studies indicate that oxidation depends on cell concentration, LDL 

concentration, and time (Cathcart et al. 1988; Hiramatsu et al. 1987). At least 6 

hours is required to measure oxidized LDL for 10e6 MDM/ml medium with 100 

ug LDL protein/ml. The following information suggests that the event 

precipitating LDL oxidation is phagocytic cell generation of free radical 

superoxide anions through the respiratory burst or by some other mechanism. 

(1) The activation of monocytes produces a respiratory burst, followed by 
the production of superoxide anions. Non-activated monocytes will not 
cause oxidation or cytotoxicity (Cathcart et al. 1985; Jurgens et al. 1987). 

(2) The addition of superoxide dismutase (SOD) at the beginning of the 
incubation inhibits oxidation in a concentration-dependent fashion 
(Cathcart et al. 1989). Cathcart et al. found that superoxide anion 
release was greatest during the respiratory burst and addition of SOD 
after 2 hours failed to inhibit LDL oxidation. Even if the cells were 
removed after two hours, the process of oxidation continued (Cathcart et 
al. 1989). 
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(3) Butylated-hydroxy toluene (BHT) blocks the oxidation of LDL, when 
added in the presence or absence of cells (Morel et al. 1984). Vitamin E 
or glutathione (GSR) will also prevent oxidation (Cathcart et al. 1985). 

LDL oxidation occurs by propagation with the greatest oxidation several 

hours after the respiratory burst. Cathcart et al. examined the effect of activator 

substances in promoting LDL oxidation in monocytes, U937 cells and HL60 cells 

(Cathcart et al. 1988). They found all three cells would oxidize LDL; induction 

with opsonized zymosan improved oxidation capability and LPS caused a 

dramatic increase in oxidation. Gamma interferon was ineffective and would not 

impart a synergistic response, when used with LPS. {Interestingly, Van Lenten 

et al. found no changes in activation in MDM incubated in 100 ng/ml LPS (Van 

Lenten et al. 1986)}. In addition to activated monocytes, smooth muscle cells 

(SMC), polymorphonuclear cells (PMC) and endothelial cells (EC) will promote 

LDL oxidation via superoxide anion formation (Riramatsu et al. 1987; Morel et 

al. 1984; Brown and Goldstein 1983b, Brown et al. 1986). 

A second possible mechanism for initiation of the free radical was 

proposed by Reincke et al. from studies conducted in EC (Reincke et al. 1986; 

1987). They found thiol compounds were required for LDL oxidation and 

removal of L-cystine from the incubation medium decreased production of 

oxidized LDL. They suggested that cystine could be converted to cysteine via 

Ca +2 or Mg+2, an event which could cause oxidation. Divalent cations are known 
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to promote the oxidation of LDL and chelators, such as EDT A, will stop LDL 

oxidation (Parthasarathy 1987; Steinbrecher et al. 1984; Heinecke et al. 1987, 

1986). LDL oxidized with 5 uM Cu+2 is not distinguishable from LDL oxidized 

by MDM (Steinbrecher et al. 1987); Henriksen et al. 1981). 

Oxidized LDL shows an increase in hydrated density and negative 

electrophoretic mobility and decreased polyunsaturated fatty acids (Henriksen et 

al. 1982, 1981; Brown and Goldstein 1983b; Steinbrecher et al. 1984; Esterbauer 

et al. 1987). Hydrolysis of the phosphotidyl choline with formation of 

lyosphosphotidyl choline is also observed and studies by Parthasarathy et al. 

show that phospholipase Az activity is induced (Steinbrecher et al. 1984; 

Parthasarathy et al. 1985). Jurgens et al. oxidized LDL in an oxygen bubbling 

system in the presence of divalent cations (Jurgens et al. 1987). They found the 

following representation of aldehydes in oxidized LDL: MDA (36.6%), hexanal 

(25%), propanal(8.9%), 4 hydroxynonenal (8.2%), butanal (7.6%), 2,4-

heptadienal (4.1%), penanal (3.4%), hydroxyhexanal (3.4%), and 4-

hydroxyoctenal (2.5%). Most studies measure oxidation by the thiobarbituric 

acid (TBA) reaction. This assay measures the formation of MDA and possibly 

other aldehydes. 

ApoB-100 in oxidized LDL is severely degraded (Steinbrecher et al. 1987; 

Bellamy et al. 1989). Interaction of aldehydes with the apoprotein could 
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contribute to this fragmentation (Brown and Goldstein 1983b). Fragmentation 

of apoB-100 yields products of varying molecular weight. Jurgens et aI. found 

two higher molecular weight products, apoB-126 and apoB-1S1 (Jurgens et aI. 

1987). They suggested these were cross-linked fragments from apoB-26 and 

apoB-74, also identified in oxidized LDL. Addition of proteolytic enzyme 

inhibitors will not prevent fragmentation of apoB-lOO by oxidation «Steinbrecher 

et aI. 1987; Fong et aI. 1987). 

Oxidized LDL is of specific interest because: 1) it is cytotoxic and could 

promote injury to the arterial cell wall; and 2) oxidized lipids are found in areas 

of inflammatory reaction and in atherosclerotic lesions. Studies have 

documented that LDL oxidized by EC, monocytes or macrophages is recognized 

by the scavenger receptor in MDM and MPM (Brown and Goldstein 1983b; 

Fong et aI. 1987; Mazzone and Chait 1982; Steinbrecker et aI. 1989). A rec~nt 

report cites the binding of oxidative LDL to two receptors with affinities of 4.17 

ug protein/ml and 22.2 ug/ml (Arai et aI. 1989). The scavenger receptor was 

proposed as the low affinity binding site, while the second receptor possessed 

high affinity for only oxidized LDL. Binding and degradation of oxidized LDL is 

curvilinear and only partially inhibited by AcLDL (Henricksen et aI. 1981; Arai 

et aI. 1989). Studies by Parathasarthy et aI. indicate that apoB changes are 

responsible for scavenger receptor recognition of oxidized LDL (Parthasarathy 
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1987). Receptor recognition is the same for Cu+2 oxidized LDL or for cell

modified LDL (Steinbrecher et al. 1987). Recently, Hoff et at. reported that 

LDL modified by 4-hydroxynonenal showed increased uptake in MPM by 

phagocytosis (Hoff et al. 1989). 4-Hydroxynonenal was not recognized by either 

the LDL or scavenger receptors; instead the oxidized LDL product formed 

aggregates. Work by Bellamy et al. also shows that oxidized LDL forms 

aggregates (Bellamy et al. 1989). 

In SMC, oxidized LDL promotes the accumulation of cholesteryl esters; 

accumulation is moderately inhibited by HDL (Brown and Goldstein 1983b; 

Heinecke et al. 1986; Van Hinsbergh 1984). In contrast, Jialal and Chait 

recently reported that oxidative LDL inhibited ACAT activity in EC (Jialal and 

Chait 1989). In EC, cholesterol released by degradation of oxidized LDL was 

maintained as cellular free cholesterol. This indicates that the cholesterol from 

different lipoprotein particles or degradation pathways has varying metabolic 

effects in different cell types. 

In addition to cellular cholesterol accumulation properties, oxidized LDL 

shows chemotaxis to monocytes, but chemotactic inhibition to macrophages 

(Quinn et al. 1987). Jurgens et al. speculate that oxidized LDL in the arterial 

intima could recruit monocytes, then prevent movement of macrophages out of 

the intima encouraging foam cell formation (Jurgens et al. 1987). 
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As mentioned above, cytotoxicity of oxidized LDL has' been documented. 

Cathcart et aI. found that a high molecular weight, lipid-containing fraction of 

oxidized LDL was responsible for toxicity (Cathcart et aI. 1988; Borsum et aI. 

1982). Additional studies indicated that neither the scavenger receptor or the 

protein moiety were required for cytotoxicity. Cell susceptibility is greatest 

during the S phase; if S phase is prevented, cells remain viable (Jurgens et al. 

1987; Borsum et al. 1982). Cytotoxicity of oxidized LDL was review by Van 

Hinsberg et aI. in 1984 (Van Hinsbergh 1984). They cite several major points 

which remain current: 1) cytotoxicity is a result of lipid peroxidation; 2) LDL 

isolated in the presence of BHT or EDTA shows no cytotoxicity; 3) MDA

LDL is not cytotoxic; and 4) although there is positive correlation between 

peroxidation of PUFA and LDL cytotoxicity, the direct and exclusive action of 

lipid peroxides has not been demonstrated. 

In addition to the effects discussed, oxidized LDL: 1) inhibits SMC 

proliferation (Gavino et aI. 1981); 2) interrupts ATPase activity (Kelly et al. 

1986); 3) inhibits platelet-derived growth factor (PDGF) production (Fox and 

DiCorleto 1986); 4) decreases receptor recognition of LDL (Poumay and 

Ronveaux-Dupal 1988; Steinbrecher et aI. 1987); 5) is rapidly cleared by the 

liver in animals (Jurgens et al. 1987; Steinbrecher et aI. 1987); 6) reacts with 

the mitochondrial membrane of RBC; 7) is a mutagen (Jurgens et al. 1987); and 
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8) acts as a cardiac depressant and increases peripheral vascular resistance 

(Prasad and Kalra 1989a, Prasad et al. 1989b). Recently, Yalcin et al. reported 

increased erythrocyte lipid peroxidation and osmotic fragility in patients with 

hyperlipidemia (Yalcin et al. 1989). The presence of oxidized LDL at the site 

endothelial injury could have profound implications in the formation of arterial 

plaque. 

LDL modified by inflammation or plaque 

LDL from inflammatory fluid was studied by Raymond et al (Raymond et 

al. 1985, 1986). They used a sponge implant to elicit an inflammatory response 

in the interstitial fluid of rabbits. LDL isolated from inflammatory fluid (If

LDL) was degraded by a high affinity, saturable receptor and accumulated 

substantial cholesteryl esters in MDM. AcLDL inhibited degradation of If-LDL 

(Raymond et al. 1985). Analysis of If-LDL showed increased electrophoretic 

mobility and heterogenous density and particle size relative to native LDL 

(Raymond et al. 1985). LDL isolated from interstitial fluid in the absence of 

inflammation was unaltered (Raymond and Reynolds 1984). From their studies, 

Raymond et al. concluded that oxidation was responsible for LDL modification 

to If-LDL (Raymond et al. 1987). 

Hoff and Clevidence examined lipoproteins isolated from human aortic 

plaque (aortic-LDL) (Hoff and Clevidence 1987). Aortic-LDL contained apoB-



92 

100, apoE, albumin and fibronectin, and possessed more free cholesterol and 

less cholesteryl ester than plasma LDL (Shaikh et al. 1988; Hoff and Clevidence 

1987). Other characteristics of aortic-LDL included: 1) an increased 

electronegativity; 2) heterogenous size; 3) a lower protein to lipid ratio; and 4) 

highly degraded apoB-100 (Hoff and Morton 1985a; Morton et al. 1986a). 

When aortic-plaque was incubated with MPM massive amounts of cholesteryl 

ester accumulated in the cells (Hoff and Clevidence 1987; Clevidence et al. 

1984). Degradation was inhibited by AcLDL, fucoidin and chloroquine; but 

aortic-LDL would not inhibit AcLDL uptake (Clevidence et al. 1984; Hoff and 

Morton 1985a). Hoff and O'Neil also incubated plasma LDL in aortic-plaque 

homogenate and produced modified LDL; homogenate from normal arterial 

tissue did not modify plasma LDL (Hoff and O'Neil 1988). Plaque-modified 

LDL showed a doublet of high molecular weight proteins in the apoB band on 

SDS-PAGE, a modest increase in electrophoretic mobility and positive TBA 

reactivity. Plaque modification of LDL was inhibited by the addition of BHT. 

Since many changes can occur during tissue isolation, this is not sufficient 

evidence to conclude that oxidation is solely responsible for the modification of 

LDL in plaque. However, these data suggest it is a major factor. MDA-LDL 

and oxidized LDL cross competition studies with plaque-modified LDL has not 

been examined, but would be useful. As mentioned above, oxidized LDL has 
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been isolated from human plasma (Jurgens et aI. 1987). In addition, elevated 

peroxide content of LDL was reported in the elderly and in patients with CAD. 

GJycosyJated LDL 

LDL isolated from the blood of patients with Diabetes Mellitus (DM) is 

glycosylated and glycosylation correlates with formation of hemoglobin Ale 

(Lyons et aI. 1987). AcLDL will not compete with glycosylated-LDL, yet 

glycosylated-LDL stimulates cholesteryl ester accumulation in MDM (Brown and 

Goldstein et al. 1983b; Lyons et al. 1987). Studies are contradictory, but suggest 

that glycosylated-LDL enters the cell by the LDL receptor (Witztum et al. 1982; 

Vlassar et al. 1986; Lopes-Virella and Virella 1988a). 

Examination of glycosylated-LDL revealed that the lysine residues are 

modified and studies in fibroblasts showed that apo BIB receptor recognition 

declines as glycosylation proceeds (Lopes-Virella and Virella 1988a; Sasaki et al. 

1983). Glycosylated-LDL could represent an in vivo lipoprotein which promotes 

accumulation of cholesteryl esters by the LDL receptor pathway or by 

nonreceptor medicated uptake. Alternatively, it is suggested that the "in plasma" 

time of LDL is increased by glycosylation (Brown and Goldstein 1983b) and this 

could allow for further modification of LDL and recognition by the scavenger 

receptor. Evidence is insufficient to draw conclusions. 
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In vivo degradation of modified LDL 

Brown and Goldstein reviewed studies examining in vivo degradation of 

modified LDL (Brown and Goldstein 1983b). Those forms of LDL reported to 

be degraded in vivo include: 1) acetoacetylated LDL (dogs); 2) AcLDL (mice); 

3) succinylated LDL (rats); 4) oxidized LDL (guinea pigs); and 5) B-VLDL 

(dogs). In all of the above studies, the modified lipoprotein was cleared from 

the plasma in minutes by the Kupffer cells from the liver. In addition, 

glycosylated LDL is both formed and degraded in vivo, as noted above. 

THE BETA·VLDL (B·VLDL) RECEPTOR 

B-VLDL occurs naturally in the serum of animals fed a high cholesterol 

diet and in the plasma of human with hyperlipoproteinemia Type III (Brown 

and Goldstein 1983b). B-VLDL contains apoB-48, apoB-100, and apoE; the 

core is primarily cholesteryl ester. It isolates at density < 1.006 glml and co

migrates with the electrophoretic beta band. 

HDLc is the animal lipoprotein comparable to B-VLDL. It isolates from 

the plasma of animals, as two distinct populations (Brown and Goldstein 1983b). 

Fainaru et al. examined these fractions in the plasma of hypercholesterolemic 

dogs. They found a low molecular weight fraction that originated in the 

intestine, possessed no beta mobility, and was cleared by the liver (Fainaru et al. 

1988). A second fraction was high molecular weight and of hepatic origin. This 
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fraction was rapidly cleared by liver in normal dogs, but not in 

hypercholesterolemic animals. Moreover, as the high molecular weight fraction 

remained in the circulation it progressively entered the IDL density range and 

became rich in cholesteryl esters. Studies in plasma from Type III patients have 

confirmed the presence of two fractions and demonstrated that the apoE in B

VLDL is the defective form, (E2). Providing normal apoE (E3) will form LDL 

and promote degradation by the apo BIB receptor (Ehnholm et al. 1984). Hui 

et al. also demonstrated that B-VLDL is degraded by fibroblasts and that apoE 

is responsible for receptor recognition (Hui et al. 1984, 1984b). 

B-VLDL is also degraded by MDM and MPM (Fainaru et al. 1988; 

Brown and Goldstein 1980) and will bind to the apo BIB receptor (Ellsworth et 

al. 1987; Koo et al. 1988). Studies by Mahley et al. suggest that a second 

receptor for B-VLDL exists in macrophages (Mahley and Weisgraber 1974, 

Weisgraber et al. 1980). Although the subject is controversial, several studies 

support the second receptor theory (Bates et al. 1987; Pitas et al. 1983; Koo et 

al. 1988; Brown and Goldstein 1980; Adelman and St. Clair 1988b). 

Characteristics of the B-VLDL receptor in MPM were reviewed by Brown and 

Goldstein (Brown and Goldstein 1983b). B-VLDL binds to the receptor with an 

affinity (~) of 1 ug protein/ml. They note that human LDL, VLDL, AcLDL, 

fucoidin, or polyinosinic do not compete with B-VLDL. Bound B-VLDL is 
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degraded in the lysosome; cholesteryl ester accumulation follows. The receptor 

is moderately down-regulated with cholesterol-loading of cells (Brown and 

Goldstein 1980). MDM also bind B-VLDL (Brown and Goldstein 1983b). Van 

Lenten et al. reported that degradation of rabbit B-VLDL by MDM was: 1) 

calcium dependent; 2) decreased with time in culture; and 3) regulated by B

VLDL pre-incubation (Van Lenten et al. 1983, 1985b). They noted half

maximal saturation for the LDL receptor at 50 ug/ml and for B-VLDL at 100-

200 ug/ml (Van Lenten et al. 1983; 1985b). Degradation of B-VLDL in MDM 

results in the accumulation of cholesteryl esters (Kita et al. 1986; Bersot et al. 

1983; Mahley et al. 1980). 

Koo et al. reported the binding affinity of B-VLDL to MDM as 0.12 ng 

protein/ml compared to 1.6 ng protein /ml for LDL (Koo et al. 1988). In 

contrast to Brown and Goldstein and Mahley et aI., they showed that B-VLDL 

and LDL were effective co-competitors. Degradation of rabbit and canine 

HDLe, and human B-VLDL was abolished by unlabeled human LDL in sufficient 

quantity to offset the affinity differences. Studies by Hammond et al. support 

this finding (Hammond et al. 1985). Moreover, Koo et al. reported that an 

antibody to the apo BIE receptor inhibited the degradation of both LDL and B

VLDL (Koo et al. 1988). Preincubation for 48 hours with B-VLDL resulted in 

dose-dependent down-regulation of B-VLDL degradation. Finally, they 
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measured B-VLDL degradation in cells from seven patients with FH. None of 

the cells degraded B-VLDL. 

Koo et al. suggest that B-VLDL is degraded by only the apo BIB 

receptor (Koo et al. 1988). These authors attribute previously reported results 

which conflict with their data to differences in the apo BIB receptors among 

fibroblasts, MPM and MDM. Regarding competition studies in MDM, they 

state that excess of LDL used by others in cross competition studies was 

insufficient to offset the high affinity of the apo BIB receptor for B-VLDL. 

They also suggest that previously reported data from patients with FH, which 

shows degradation of B-VLDL in the absence of apo BIB receptors, represents 

patients with the genetic deletion of the epidermal growth factor region. This 

defect reduces LDL binding, but does not affect B-VLDL binding (Koo et al. 

1988). Finally, they observe that the propensity to form foam cells could be a 

property of the MDM and not the specific receptor population. 

In my opinion, Koo et al.'s suggestion regarding insufficient excess LDL 

used in cross competition is valid. However, several studies have documented 

the degradation of LDL in cells without apo BIB receptors (Soutar and Knight 

1984; Brown and Goldstein 1983b). Since 10 different genetic variants affecting 

the apo BIB receptor have been identified, it is unlikely that all cells tested to 

date represent the deletion for the epidermal growth factor region. Moreover, 
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there is insufficient data to show that deletion in the epidermal growth factor 

region will not affect B-VLDL binding to the apo BIB receptor. Finally, 

regarding specie differences as the cause for conflicting data, the LDL receptor 

binding site appears conserved among species, at least to the extent that animal 

and human LDL will cross bind the receptors. 

PROCESSING OF LIPOPROTEINS BY MACROPHAGE CELLS 

Lysosomal Degradation 

Studies in MDM show that LDL degradation requires the lysosome and 

processing follows the classic LDL receptor pathway defined by Brown and 

Goldstein (Brown and Goldstein 1980; Goldstein and Brown 1977; Adelman and 

St. Clair 1988a; Fogleman et at. 1981; Schecter et at. 1981). Retroendocytosis of 

LDL in MDM has been suggested (Knight and Soutar 1986b). 

Brown and Goldstein mapped the pathway of the scavenger receptor 

using a radio-labeled, reconstituted AcLDL core (Brown et at. 1979). They 

showed that AcLDL is also degraded in the lysosome and that the free 

cholesterol is esterified by ACAT. 

ACAT Activity 

AcLDL causes an increased rate of cholesteryl ester synthesis in MPM. 

In 1979, Brown et aI. reported that degradation of AcLDL produced a 100-fold 

increase in cholesteryl ester accumulation assessed by He-oleate and a 38-fold 
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increase in cell cholesteryl ester content (Brown et al. 1979). Accumulation of 

cholesteryl esters in macrophages exposed to modified LDL occurs in several cell 

types and with several forms of modified LDL (Schecter et al. 1981; Fogelman 

et ale 1982a; Mazzone and Chait 1982; Brown et al. 1979, Brown and Goldstein 

1980, Brown and Goldstein 1983b; Clevidence et al. 1984; Alberts et al. 1982; 

Lyons et al. 1987). Electron microscopy has confirmed that lipid deposition 

follows a time course similar to cholesteryl ester accumulation measured by 14C_ 

oleate (Brown and Goldstein 1983b). When AcLDL is removed from the media, 

the cytoplasmic cholesteryl esters are hydrolyzed and the free cholesterol 

excreted from the cell. 

MDM do not accumulate significant levels of cholesteryl ester during 

incubation with high levels of LDL, but LDL will stimulate ACAT activity in 

cells pre-incubated in LPDM (Knight and Soutar 1983). Knight and Soutar 

noted that addition of 200 ug LDL protein/ml to media containing 30 percent 

autologous serum further stimulated cholesterol ester synthesis beyond that 

achieved by 130 ug LDL protein/ml. 

The exact stimulus of ACAT is not known; it is currently thought that 

free cholesterol, specifically from lysosomal degradation, stimulates ACAT. In 

fibroblasts and other cells, stimulation is not blocked by cycloheximide indicating 

that enzyme synthesis is not necessary for increased enzyme activity. Blocking 
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stimulation (Brown and Goldstein 1983b; Fogelman et al. 1982a). 

Foam Cell Formation 
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Sufficient accumulation of cellular cholesteryl esters prompts deposition of 

lipid droplets without laminar membrane enclosures. These droplets assume a 

birefringent crystal appearance under light microscopy. Cells with this 

appearance are referred to as foam cells and are described by Brown et al. 

(Brown et al. 1979). Several studies document the formation of foam cells in 

macrophages exposed for sufficient time to modified LDL (Tab as et al. 1985; 

McGookey and Anderson 1983; Schmitz et al. 1985, 1987; Brown and Goldstein 

1983b). Further, foam cells are found in aortic plaque (Clevidence et al. 1984). 

When modified LDL is withdrawn, cells lose the foam cell appearance. 

Cholesteryl esters are degraded by neutral cholesterol esterase to free cholesterol 

(Brown and Goldstein 1983b; McGookey and Anderson 1983). Neutral 

cholesterol esterase is distinct from lysosomal esterase and continues to function 

under lysosomal block. Khoo et al. reported that the enzyme existed at 

relatively high levels in MPM (Khoo et al. 1981). ACAT and cholesterol 

esterase reactions are coupled. In the absence of serum acceptors, the coupled 

reactions will proceed as a futile cycle using one mole of adenosine triphosphate 

(ATP) per cycle (Brown and Goldstein 1980). 
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Studies suggest that various compartments of free cholesterol exist within 

the cell. Initially, a two-compartment model was proposed (Brown and 

Goldstein 1983b), but recent studies show that more than two compartments of 

free cholesterol exist (Kottke 1986; Schmitz et a!. 1987). In MDM, cellular free 

cholesterol increases with time of incubation in media containing 10 percent 

autologous serum; whereas cholesteryl ester content does not. LDL receptor 

activity does not correlate with this level of free cholesterol (Schecter et a!. 

1981; Fogelman et a!. 1981; Berg and Petty 1988). Furthermore, the free 

cholesterol is utilized in the growth of the cells and is not part of the pool of 

free cholesterol that determines receptor or ACAT activities. This suggests that 

the site where free cholesterol is deposited influences the nature and extent of 

the metabolic events that follow. Studies by Fogelman et a!. agree (Fogelman et 

a!. 1981). In addition, Traber and Kayden found that LDL and VLDL raised 

cholesterol content of MDM approximately two-fold above the level found in 

cells incubated in LPDM for seven days (Traber and Kayden 1980). Data at 

nine days revealed that VLDL raised the cholesterol content to more than 

double that of cells cultured with LDL. 14C-Oleate studies showed the majority 

of the increase in cholesterol content was as free cholesterol (Traber and 

Kayden 1980). As mentioned previously, oxidative LDL actually suppresses 

ACAT activity in EC and causes accumulation of cellular free cholesterol. 
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Therefore, it appears that cholesterol from different particles or different 

pathways is treated differently within the cell. Finally, the presence of a serum 

cholesterol acceptor can stimulate movement of cholesterol from the membrane 

compartment to the intercellular pool (Tabas et al. 1988; Brown and Goldstein 

1980). Recent reports by Slotte et al. suggest that membrane sphingomyelin is 

an important determinate of cellular free cholesterol distribution (Slotte et al. 

1988b, 1987a). Evidently, different pools of free cholesterol exist within the cell, 

but the effect of each on lipoprotein metabolism remains unclear. 

Cholesterol Secretion 

Macrophages will secrete cholesterol in the presence of an acceptor, but 

not in a serum-free media (Ho et al. 1980). HDL can act as an acceptor of 

free cholesterol from macrophage cells (Brown and Goldstein 1983b). HDL 

binds specific receptors found in random distribution on the cell surface at 4°C 

(Schmitz et al. 1987). When the temperature is increased to 37°C, receptors 

collect in coated pits and enter the cell by invagination. HDL can be degraded 

in the lysosome or returned to the interstitial fluid. 

Stein et al. have suggested that HDL incorporates cellular free cholesterol 

(Stein et al. 1987). Schmitz et al. reported that HDL was internalized and 

formed endosomes in MPM, but did not fuse with the lysosome (Schmitz et al. 

1985). Instead HDL interacted with the margin of intracellular plasma lipid 
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droplets and was re-secreted. Binding was enhanced by cholesterol loading and 

HDLz showed a higher binding, uptake and secretion than HD~ (Remarkable, 

since HD~ is considered the primary HDL fraction interacting with peripheral 

cells in reverse cholesterol transport.) 

The degree of HDL binding in macrophages has been shown to positively 

correlate with degradation of LDL or increased cholesteryl ester formation 

(Schmitz et al. 1985). In the presence of HDL, free cholesterol in the cell stays 

fairly constant indicating that cholesteryl esters are providing cholesterol 

substrate. Selective inhibition of ACAT in the presence of AcLDL causes a 

continuing rise in the HDL receptor activity in proportion to the rise in cellular 

free cholesterol and produces an increased secretion of cholesterol from the 

cells. Moreover, the addition of HDL to MDM previously loaded with 

cholesteryl esters will significantly reduce ACAT activity (Brown and Goldstein 

1983b). 

Aviram et al. reported that the binding of HDL to the receptor 

stimulated movement of free cholesterol in the cell (Aviram et aI. 1989). In 

cholesterol-loaded macrophages, binding of HDL moved the intercellular free 

cholesterol to the plasma. In cholesterol-deprived cells, HDL stimulated the 

movement of cholesterol from the cell membrane to the intercellular pool by 

nonreceptor dependent mechanisms. ApoAI is probably the ligand responsible 
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for receptor recognition (Schmitz et al. 1985). In MPM, binding of apoE-free 

HD~ saturated at 40 ug protein/ml and Scatchard analysis yielded linear plots 

indicative of a single class of specific binding sites. Antibody studies revealed 

apoAI was the ligand involved (Schmitz et al. 1985). 

As discussed previously, LCAT on the surface of HDL particle esterifies 

the free cholesterol received from the cell. The cholesteryl ester moves to the 

hydrophobic core of the HDL particle or is transferred via CETP to lower 

density lipoproteins (Schmitz et al. 1987; Brown and Goldstein 1983b). 

Therefore, HDL can continue to receive cellular free cholesterol (Stein et al. 

1987). In the process of reverse cholesterol transport, HDL returns the 

cholesterol to the liver (Schmitz et al. 1987). Foam cells found in arterial 

plaque suggest that the process of cholesterol removal from these cells is altered. 

Interestingly, Kottke et al. reported low levels of apoA1 in patients with clinically 

significant CAD (Kottke 1986). They suggest that apoAI is consistently a more 

accurate predictor of significant CAD than HDL cholesterol or the total 

cholesterollHDL (Kottke 1986). Possibly, the low levels of apoAI are partially 

responsible for the accumulation of cholesteryl esters in macrophages in CAD. 

Other factors can act as cholesterol acceptors these included: casein, thyroglobin 

and erythrocytes. In summary, studies suggest that HDL binds specific 

receptors found on the surface of macrophages. Binding is increased by factors 
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considered the binding ligand. HDL can provide cholesterol to the cell by 

degradation or receive cholesterol from the cell by stimulating relocation of 

cholesterol within the cell. 

Synthesis and Secretion of ApoE 
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Basu et at loaded MPM with cholesterol and pulse-chased with 

3sS-methionine to demonstrated that macrophage cells produce apoE (Basu et at 

1983, 1982; Brown and Goldstein 1983b). They found secretion was stimulated 

24-fold with AcLDL preincubation; replacement of the AcLDL cholesteryl ester 

core with triglycerides abolished this stimulation. With maximum loading of 

cholesterol, apoE was 10 percent of total protein secreted by the macrophage 

and two percent of total protein synthesized by the cell. This has been 

corroborated by Mazzone et at and by Auwerx et at in THP-l cells (Mazzone 

et at 1987; Auwerx et at 1988). Recently, Mazzone et at showed that the 

increased secretion of apoE associated with cholesterol-loading of macrophages 

is caused by increases in apoE mRNA levels which reflect increased apoE gene 

transcription (Mazzone et at 1989a). 

ApoE is secreted from macrophages in a phospholipid disc-like structure. 

Schmitz et at suggests that apoE/phospholipid discs interact with the HDL 

particle (Schmitz et al. 1987). Either HDL absorbs the apoE/phospholipid discs, 
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or transfers cholesteryl ester and apoA1 to the discs to form new HDL particles 

(Roheim 1986; Schmitz et al. 1987). The apoE particle does not carry large 

amounts of cholesterol from the cell and is independent of cholesterol transfer 

to HDL; the reverse is also true (Basu et al. 1983). 

In summary, limited cholesteryl esters are maintained in macrophage cells 

in the presence of HDL. Cells can efflux cholesterol to HDL or to 

apoE/phospholipid complexes. The interrelationship of the complexes to HDL 

remains unclear. HDL could transfer cholesteryl esters and apoproteins to the 

complexes to form new HDL particles, or the complexes could join to HDL 

particles already present (Roheim 1986; Glomset 1968; Havel et al. 1980). 

Cholesterol Synthesis 

Results from studies of HMG-CoA reductase activity in cultured 

monocytes show substantial variability. Tavangar and Kraemer have discussed 

problems associated with this measurement (Tavangar and Kraemer 1988). The 

timing of measuring HMG-CoA reductase activity is important. For example, an 

increase in the activity is found prior to the S1 phase of the cell cycle. This rise 

must occur or the cells will not enter the S1 phase. Second, the media plays a 

role in the HMG-CoA Reductase activity, Serum-free media can be used to 

synchronize cells, such' that upon addition of serum, cells will undergo division. 

Synchronized or unsychronized cells from several cell lines experience a rise in 



HMG-CoA reductase activity for several hours following a change of media 

which returns to baseline in 24 hours (Harwood et al. 1984; Tavangar and 

Kraemer 1988; Knight and Soutar 1983). 
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Knight and Soutar showed that MDM cultured seven days possessed the 

greatest activity of HMG-CoA reductase (Knight and Soutar 1983). LPDM 

incubation produced an early rise, then reduced activity of HMG-CoA reductase. 

LDL concentrations of 130 ug LDL protein/ ml media saturated receptors, but 

did not suppress HMG-CoA reductase activity. The addition of LDL (200 uglml 

increase) or AcLDL was required to suppress HMG-CoA reductase activity and 

increased HC-oleate incorporation into cholesterol esters. They noted a 2 hour 

lag before HMG-CoA reductase activity fell in response to LDL or AcLDL 

administration; maximal reduction was achieved by 16 hours. A 50% reduction 

in the HMG-CoA reductase activity was seen with either a concentration of 85 

uglml LDL or 6 uglml of AcLDL. 

Tanaka et al. examined the effect of lysosomal inhibition on HMG-CoA 

reductase in mouse mammary cells (Tanaka et al. 1986). They found that 

inhibition of the lysosome resulted in an increase in HMG-CoA reductase 

activity. An increase in the half-life of the enzyme accounted completely for the 

increased activity indicating that basal degradation of the enzyme required the 

lysosome. Administration of 25-hydroxycholesterol was ineffective in deferring 
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the prolonged half-life caused by lysosomal inhibition. These authors concluded 

that two mechanisms were responsible for the degradation of HMG-CoA 

reductase in macrophage cells and that under basal conditions the enzyme was 

degraded by the lysosome. 

In contrast to HMG-CoA reductase control in the liver, the 

phosphorylation aspect of control of ACAT and HMG-CoA reductase is 

probably not important in the macrophage (Schmitz et al. 1987). 

Phosphorylation reactions are directly dependent on the concentration of 

intracellular cyclic AMP and the activity of protein kinase A. In the 

macrophage, with cholesterol loading, the cyclic AMP content rises only 

transiently, then falls (Schmitz et al. 1987). 

NONRECEPTOR MEDIATED UPTAKE OF LIPOPROTEIN 

Nearly every organ of the body is capable of nonreceptor-mediated 

uptake of LDL. Non-receptor uptake occurs in three ways: 1) fluid 

endocytosis; 2) pinocytosis (bulk fluid endocytosis); and 3) phagocytosis. When 

pits containing receptors on the membrane of a cell are invaginated the fluid in 

the pits gains entry into the cell. This is fluid endocytosis. Pinocytosis is the 

process of "cellular drinking" and involves the invagination of small vesicles of 

extracellular fluid. Lipoprotein entry by fluid endocytosis occurs, but the 

contribution is not considered significant. The endosomes generated eventually 
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deliver the lipoprotein for intracellular degradation, but the mechanism is 

unknown. Brown and Goldstein noted that oxidized LDL increases fluid 

endocytosis (Brown and Goldstein 1983b). In contrast, Borsum et aI. 

demonstrated that oxidation of LDL reduced pinocytosis (Borsum et aI. 1985). 

The fact that oxidized LDL does not show enhanced uptake in fibroblasts from 

PH patients suggests non-specific uptake is not significantly enhanced. Lastly, 

fluid endocytosis is increased in macrophage cells in the presence of certain 

pathogens (Brown and Goldstein 1983b). 

The contribution of phagocytosis to lipoprotein uptake is unknown. 

Complexes of protein and lipoproteins do occur. Some are recognized by 

receptors; others, of immune origin, are thought to enter the cell by phagocytosis 

(Brown and Goldstein 1983b). Khoo et aI. reported that LDL vortexed for 30 

seconds showed increased uptake in macrophage cells (Khoo et aI. 1988). They 

found uptake partially attributable to the phagocytosis of LDL receptors, adding 

yet another possible entry of lipoprotein into cells. 

Brown and Goldstein reported that cholesterol entering the cell by non

specific routes did not down-regulate HMG-CoA reductase activity or up

regulate ACAT activity (Brown and Goldstein 1986, Brown et aI. 1985b). In 

contrast, Knight et aI. demonstrated that nonspecific uptake regulated HMG

CoA reductase activity in MDM (Knight et al. 1987b). Mahley et al. reported 
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that cholesterol from non-specific uptake was not available for esterification and 

was most readily secreted from the cell (Mahley et al. 1980); while Slotte et al. 

reported that non-specific uptake resulted in ACAT stimulation (Slotte et al. 

1984). Considering the above discussion of cellular cholesterol pools, it would 

not be unreasonable to suggest that cholesterol entering by nonspecific uptake 

could show this diversity of effects. 

Knight and Soutar reported no differences in maturation measurements 

between MDM from subjects with FH and normal subjects (Knight and Soutar 

1982). Free cholesterol/mg protein in both cell groups remained constant. 

Therefore, cellular cholesterol was increasing during maturation in cells without 

receptors, presumably, by nonspecific uptake and cholesterol synthesis. This 

agrees with studies by Schecter et al. and others who report that in absence of 

the LDL receptor, cells develop normally (Schecter et al. 1981; Fogelman et al. 

1981; Brown and Goldstein 1983b). 

Finally, studies in cells from patients with FH indicate that nonreceptor

mediated uptake of lipoprotein can significantly contribute to cholesterol 

metabolism. Cells deprived of cholesterol by the absence of receptors should 

show unrestrained activity of HMG-CoA reductase and few cholesteryl esters. 

This is not the case. Cells from patients with FH show normal levels of 

reductase activity. The reductase activity of these cells is attributed to adequate 



input of cholesterol via non-receptor uptake (Brown and Goldstein 1986). 

Macrophages from the plaque of FH patients are jammed with cholesteryl 
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esters. At present it is thought that prolonged circulation of LDL in FH allows 

chemical modification of LDL and leads to the accumulation of cholesteryl esters 

in macrophages in these patients. 



CHAPTER 3 

FORMATION OF ATHEROSCLEROTIC PLAQUE 

INTRODUCTION 
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In 1985, the New York Academy of Sciences reviewed information related 

to the formation of atherosclerotic plaque. That document is used as the bases 

for this report an.d an "updated review" rather than "historical review" is 

submitted. The normal arterial wall is composed of four layers and functions as 

a smooth muscle. Ee form a continuous, nonreactive lining in the luminal 

artery and mediate metabolic exchange across the arterial wall. Beneath this 

monocellular layer lies a relatively acellular subendothelial intima, followed by 

the media, and the adventitia, a diffuse layer of connective tissue (Ross 1981). 

Each region of the arterial mesenchyme is formed from cells and matrix. Matrix 

components provide the elasticity of the arterial wall and interact with arterial 

constituents. Arterial tissue is bathed by the extracellular fluid which contains 

polymeric cellular products, metabolites, and a gradient of extracellular fluid 

components. The arterial tissue bed experiences the continuous mechanical 

stress of pulsating flow; matrix is routinely remodeled by the Ee. 

In man, plaque forms on the curving surfaces of the artery in predictable 

areas of low shear force (Wissler et al. 1985). Early lesions of atherosclerotic 

plaque are characterized by intracellular lipid accumulation and monocytic foam 
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cells; the more advanced lesions are characterized by lipid deposition, SMC 

proliferation and fibrosis. Atherosclerosis tends to involve the large and medium 

sized arteries, most commonly, the iliac, femoral, coronary and cerebral. Clinical 

symptoms follow plaque formation because the atherosclerotic plaque reduces 

the flow of blood through the artery compromising the distal tissues. Disease 

resulting from vessel occlusion secondary to the presence of atherosclerotic 

plaque exacts a high cost in dollars and lives. For these reasons, research 

examining plaque initiation and formation has received substantial support. 

PLAQUE FORMATION AND MORPHOLOGY 

The early events of plaque formation remain a mystery. Two lesions 

which could represent plaque precursors are the fatty streak and the gelatinous 

blister. Woolfe reported fatty streaks in 43 percent of infants autopsied in the 

first year of life (Woolfe 1987). The streaks formed a fan-shaped lesion 

distributed within the arch and upper part of the ascending aorta and 

concentrated on the posterior wall. The pattern changed in the visceral aortic 

branches where the entire arterial circumference was involved. The high-wall

shear region of the branches of artery was spared; plaque formed just beyond 

the branches. Histological examination of fatty streaks showed the presence of 

droplets of fat concentrated within cells originating from SMC and monocytic 

macrophages. Stary et al. examined the aortic tissue of 63 children who died in 
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the first 5 years of life (Stary 1987). They found: 1) eccentric thickening at the 

bifurcations of the aorta, 2) that 94 percent showed the presence of intimal 

macrophages in the area of eccentric thickening; and 3) that 45 percent showed 

foam cells which occurred in the glysoaminoglycan-rich layer of the intima, 

particularly in areas of eccentric intimal thickening. 

In addition to the fatty streak, Woolfe reported gelatinous lesions in 

aortic tissue from autopsied infants (Woolfe 1987). These small blister-like 

elevations in the intima occurred throughout the aortic tissues. The lesions 

consisted of connective tissue elements separated by edema, but with the 

absence of lipid accumulation. Gelatinous lesions contained antigens that 

reacted with human anti-fibrin sera, twice as much albumin, four-fold more 

fibrinogen and four-fold more lipoprotein than normal intimal tissue. 

Results from an early study by Katz et al. suggested that an intermediate 

lesion exists between fatty streaks and fibrous plaque (Katz et al. 1976). They 

assessed the chemical composition and the physical characteristics of human 

plaque using hot-polarized microscopy and x-ray diffraction. They proposed a 

three-phase diagram based on the concentrations of cholesterol, cholesteryl 

esters and phospholipids. Lipid complexes from all lesions were found to fit 

either the two-phase zone of cholesteryl ester and phospholipid predominance, 

or the three-phase zone distinguished by cholesterol monohydrate crystals. Fatty 
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streaks were composed of more cholesterol ester, less free cholesterol, a higher 

cholesteryl oleate/cholesterol linoleate ratio, a lower sphingomyelin/lecithin ratio 

and rarely monohydrate crystals. Sixty-eight percent of the intermediate lesions 

detected by physical analysis did not have cholesterol crystals, but did show the 

lipid composition of fibrous plaques. Fibrous lesions all contained cholesterol 

crystals. They concluded that an intermediate lesion exists with a supersaturated 

cholesterol-oily or phospholipid phase, but crystals not yet precipitated. 

Several theories on plaque formation have been advanr.r.;d. The injury 

theory proposed by Virchow stated that an undefined injury to the arterial 

endothelium was the initiating event, followed by cellular desquamation with 

exposure of the underlying thrombogenic basement membrane (Ross 1981). 

Membrane exposure promoted platelet adherence and the secretion of platelet

derived growth factor (PDGF), which stimulated proliferation and migration of 

SMC, tissue degeneration, lipid accumulation, and monocyte infiltration. 

Alternatively, the lipid insudation theory hypothesized that atherosclerosis began 

with blood constituents, including lipoproteins leaking into the arterial wall 

through a damaged endothelium (Goldstein and Brown 1977). This leakage 

would stimulate SMC to migrate into the intimal layer, proliferate, and form 

foam cells (Goldstein and Brown 1977). The function of SMC was to clear the 

space of lipoprotein. 
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Current evidence does not support the original concept of plaque 

formation as a degenerative event in which monocytic cell infiltration occurs 

after the lesion matures. In fact, the lipid-filled lesions of the fatty streak are 

characterized by monocytic cell invasion; the fibrous plaque by macrophages and 

SMC (Ross 1981). Both processes suggest cellular proliferation, not 

degeneration. Today, these theories have been combined into a complex 

multifactorial model (Schwartz et al. 1985). Revised theory focuses on: 1) 

altered endothelial cell integrity; 2) monocyte invasion; 3) intimal SMC 

proliferation; 4) synthesis and deposition of connective tissue matrix proteins; 

and 5) changes in lipid metabolism with accumulation of lipid within SMC and 

monocytic macrophages (Thomas et al. 1985). The idea of 2. damaged 

endothelium is a unifying principle. However, no agreement exists on whether 

the damage occurs first or during the formation of plaque. Moreover, there is 

no consensus on what constitutes the earliest lesions, no certainty that the 

fibrous plague could not be reached from diverse beginnings and no agreement 

that the fatty streak will end in atherosclerosis. 

Most mature lesions examined in human tissue show stratification of the 

lesion into a fibrous cap and lipid-rich core. Fibrous plaque constituents are 

uniform, but morphologically heterogenous (Woolfe 1987). In some plaque, the 

proliferative connective tissue cap predominates; in others, the basal lipid-pool 
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and tissue debris are massive. Some lesions are soft and rupture easily to form 

a thrombus (Woolfe 1987). Lesions from various animal species show more 

morphological heterogeneity than human lesions. For example, in cynomolgus 

macaques the cap consists of layers of smooth muscle cell-rich tissue with few 

myofilaments and few lipid droplets (Stary and Manliow 1982). The core 

consists of monocytic macrophages loaded with droplets, lipid-laden SMC, 

extracellular lipid and cell debris. The medial layer is extensively involved. In 

contrast, lesions in Rhesus monkeys are eccentric, involve primarily the intimal 

layer and possess few monocytic cells (Wissler et al. 1985). Wissler et al. has 

noted that studies on lesion location and type conducted in dogs, swine and 

monkeys compare better with humans, than do studies in fowl, rabbit and rat 

(Wissler et al. 1985). 

Most animal species do not exhibit hypercholesterolemia under normal 

conditions. Therefore, the disease must be induced by feeding excessive levels 

of cholesterol in the diet (baboons and monkeys), or in the case of dogs, 

removing the thyroid gland. Exceptions to these treatments are genetic animal 

strains bred for research purposes, such as the Watanabe Heritable 

Hyperlipidemic rabbit. The relationship of atherogenesis caused by feeding 

excessive levels of dietary fat or cholesterol or caused by hypothyroid induction 

to the formation of plaque in euthyroid humans with a moderate intake of 
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cholesterol is an obvious problem. Although much useful information regarding 

plaque morphology can be acquired from studies in animals, care must be 

exercised in extrapolating data from animals to man. 

MATRIX AND PLAQUE FORMATION 

The matrix of the arterial wall is composed primarily of elastin, collagen, 

proteoglycans and glycoproteins. Elastin is an aggregate of constituents. 

Although elastin is found in both the intimal and medial layers, the internal 

elastic lamina is the site where elastin fibers are condensed. This membrane 

provides the barrier between the intimal and medial layers. Elastin from 

diseased tissue shows increased polar amino acids and proline relative to normal 

tissue (Camejo 1982). These changes are thought responsible for the loss of 

arterial elasticity observed in atheroscleroses. The increase in the polar amino 

acids also provides a highly hydrophobic area which attracts lipids. 

Collagen, a family of proteins synthesized by SMC and EC, is present in 

the intima, media and adventitia of arteries (Ross 1981). Changes in collagen 

during plaque formation were reviewed by Camejo (Camejo 1982). Briefly, the 

total content of arterial collagen in the intima-media is increased in plaque. The 

increase lags behind the onset of hypercholesterolemia in diet-induced disease in 

animals, but is closely related to the level of tissue cholesterol. Studies are 

contradictory, but indicate that collagen output is stimulated by 
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hypercholesterolemic serum. Proteoglycans, increased in hypercholesterolemia, 

also stimulate collagen formation. 

Proteoglycans in the arterial matrix consist of a core protein covalently 

linked to linear chains of glycosaminoglycans (GAG) (Wagner 1985). Three 

distinct GAG chains exist in arterial tissues, chondroitin sulfate, dermatin sulfate 

and heparin sulfate. Placed side by side, proteoglycans form a matrix. 

Proteoglycans in plaque differ from those in normal tissue in several respects: 

1) two different molecules of chondroitin sulfate are present; 2) percentages of 

serine, alanine and threonine residues indicate smaller proteoglycan aggregates 

with fewer GAG chains; and 3) vasoelastic properties and H 20 binding are 

decreased (Camejo 1982; Wagner 1985; Berenson et al. 1985; Moore 1985). 

The interaction of apoB-containing lipoproteins with the matrix of the 

vascular space is complex. Lipoproteins cross the endothelial-cell barrier by the 

process of transcytosis (Hoff et al. 1974). Collagen forms insoluble complexes 

with LDL in vitro, and lipids have been dissociated from the matrix of plaque 

(Hoff et al. 1977, 1978). Using fluorescent antibodies to LDL, Hoff et al. 

showed fluorescence in collagen and elastin fibers in the acellular matrix and the 

core of atherosclerotic plaque in humans (Hoff et al. 1974). Elastin from plaque 

contains more lipids and cholesteryl esters than normal tissue. Other studies 

suggest that net transfer of lipids to elastin occurs and that all classes of 
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lipoproteins will transfer lipids to elastin (Camejo 1982). VLDL and LDL show 

greatest transfer efficiency. Studies using oxidized LDL have documented that 

the LDL particle has decreased cholesteryl esters and cholesterol (Morel et al. 

1984). This change enhances the uptake of LDL by MDM. Shi et al. have 

shown that LDL from patients with known CAD contains decreased cholesteryl 

ester and that the degradation of CAD-LDL is enhanced in HL60 cells and 

macrophages derived from HL60 cells (Shi et al. 1990). Perhaps, LDL transfers 

cholesterol to elastin and other matrix compounds, thereby producing modified 

LDL with decreased cholesterol and cholesteryl esters recognized by macrophage 

scavenger receptors. 

Several studies show that LDL is concentrated in the intima in non

diseased tissue indicating the internal elastic lamina membrane screens LDL 

from the medial layer (Smith and Staples 1980; Steinberg et al. 1985). In 

plaque, the level of LDL in both the intimal and medial layers is increased. 

Feldman et al. found that before aortic lesions were grossly or microscopically 

visible in hypercholesterolemic swine, extracellular accumulation of apoB-100 

occurred preferentially in the intimal area (Feldman et al. 1984). Hoff et al. 

reported that intimal tissues contained apoB in particles resembling plasma LDL 

(Hoff et al. 1977, 1978). Hoff and Bond also identified substantial apoB in 

areas of intimal thickening necrosis (Hoff and Bond 1983). If the internal elastic 
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lamina was missing, apoB-100 fIlled the medial extracellular space. Smith and 

Staples studied the concentration of LDL in the various layers of aortic plaque 

resected at autopsy (Smith and Staples 1980). They found that intimal layer 

lipoprotein concentration was a linear function of the plasma concentration of 

the lipoprotein and its molecular weight. Intimal LDL was increased about two

fold above the level found in the patient's plasma. If the internal elastic lamina 

was intact, it acted as a total barrier to LDL maintaining the level in the medial 

area around 0.3 percent the concentration of the intimal LDL. If this barrier 

was not intact, then LDL in the intimal layer was significantly decreased. These 

studies indicate that elastin tissue plays a significant role in LDL distribution in 

the arterial wall and that the lamina membrane influences medial activity in 

plaque formation. 

In addition to collagen, elastin, and the laminae membrane, lipoproteins 

also interact with proteoglycans. The following evidence suggests that 

proteoglycans entrap LDL: 1) atherosclerotic tissue shows apoB lipoproteins 

attached to proteoglycans; 2) LDL and modified lipoproteins (arterial-LDL) 

are released from aortic tissue by chondroitinase ABC and collagenases; 3) 

proteoglycans will form both soluble and insoluble complexes with lipoproteins in 

vitro; 4) these complexes have been isolated from plaque; 5) tissues isolated 

from diet-induced diseased animals show increased chondroitin sulfate that 
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positively correlates with increased apoB lipoproteins; and 6) heparin sulfate 

will release LDL from binding sites on fibroblast cells in culture (Berenson et aI. 

1985; Camejo 1982; Hoff and Wagner 1986). Hurt and Camejo showed that 

LDL pre-treated with chondroitin sulfate and resolubilized in media would 

promote lipid accumulation and foam cell formation in MDM (Hurt and Camejo 

1987). They reported that the unesterified cholesterol accumulation exceeded 

cholesteryl ester. Analysis of the chondroitin sulfate-LDL complex showed that 

apoB was altered. Unfortunately, the mechanism of uptake (phagocytosis or 

receptor) was not determined. 

Steinberg et aI. have shown that more cholesterol is delivered to the 

aortic arterial cells that is accounted for by degradation suggesting reverse 

cholesterol transport or entrapment of LDL (Steinberg et aI. 1985). They also 

reported that LDL was concentrated in the intima just above the internal elastic 

membrane. However, examining flux of LDL across aortic arterial tissue, they 

determined that 12 percent was degraded in the intima, 18 percent was 

degraded in the adventia layers and the remaining 70 percent exited, presumably 

by the decreasing hydrostatic pressures, to the lymphatic system. They observed, 

that if even a small amount were trapped by the matrix, a significant build up of 

LDL could occur. The substrates of the matrix could then interact with the 

lipoprotein and form complexes or become modified. The entrapment of LDL 
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by matrix would allow time for the transfer of cholesterol from LDL to the 

elastin and collagen, and the formation of LDL-matrix complexes. If matrix is 

remodeled with injury to the vascular wall, then the opportunity exists for the 

release of complexes into the lesion and phagocytosis of the complexes by 

macrophages. 

Growth Factors 

Several biologically active proteins are secreted into the matrix and 

extracellular fluids. Both growth factors and prostaglandins have received 

substantial attention. Several growth factors are secreted by the cells of the 

arterial wall these include: PDGF, endothelial cell growth factor (ECGF) and 

macrophage growth factor (MDGF). Proliferation of SMC is the principal 

cellular response associated with mature plaque. PDGF stimulates SMC to 

synthesize DNA and initiates mitosis. SMC have specific high affinity receptors 

for PDGF; DNA synthesis begins 12-16 hours after exposure of SMC to PDGF 

in culture (Ross 1981; Chait et a1. 1988; Mazzone et a1. 1989b). PDGF also 

increases LDL receptor activity and cholesterol synthesis in fibroblasts and SMC. 

Data indicate this response is a result of the growth requirement for mevalonate, 

which precedes the S phase of the cell cycle (Witte et a1. 1985). Administration 

of LDL will downregulate both cholesterol synthesis and LDL receptor synthesis 

in the presence of PDGF; this indicates that the effect of PDGF is secondary to 
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the growth requirement and not independent. Other important effects of PDGF 

on SMC include increased pinocytosis and enhanced synthesis of collagen and 

proteoglycans. PDGF does not stimulate growth activity of EC or lymphocytes. 

Chait et a!. reported that EC exposed to AcLDL showed decreased mRNA for 

PDGF suggesting that scavenger receptor interaction affects genetic expression 

of PDGF (Chait 1987). . However, PDGF showed nu effect on scavenger 

receptor uptake of AcLDL in macrophages (Mazzone and Chait 1982). PDGF 

is released by platelets after aggregation and by EC following stimulation. 

Reports of PDGF as a chemo-attractant for monocytes are conflicting (Graves et 

a!. 1989; Chait 1987). Release of PDGF into plasma has not been shown. 

Proliferating and stationary EC of multiple species release ECGF (Ross 

1981). ECGF is a potent mitogen for SMC and is distinct from PDGF. EDGF 

stimulates LDL binding in fibroblasts, but Witte et a!. reported that ECGF 

inhibited degradation of the internalized LDL (Witte et a!. 1985). 

Macrophages produce a MDGF in culture which is mitogenic for SMC 

and EC. Evidence of in vivo production is lacking (Ross 1981). 

Prostaglandins 

PUFA are important precursors of three groups of derivatives: 

prostaglandins, thromboxanes, and leukotrienes. Arachidonic acid (AA) is the 

precursor for several of these compounds (Hirsch et a!. 1981). The main 
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metabolic product of AA metabolism in SMC and EC is prostacyclin (PGIz); in 

platelets, it is thromboxane Az (TXAz). PGIz is a potent vasodilator and 

decreases platelet aggregation; TXAz is a potent vasoconstrictor and promotes 

platelet aggregation (Moncada and Radomski 1985). These two products 

balance each other. Production of PGIz is decreased in vascular tissue from 

atherosclerotic plaque (Pomerantz and Hajjar 1989). In addition, SMC isolated 

from plaque consistently produce less PGIz in culture. Nicotine decreases 

production of PGIz in some tissues, and a lowered level of PGIz is found in 

diabetes. These factors provide the bases of the theory that an imbalance in 

PGIz to TXAz contributes to the pathogenesis of atherosclerosis. 

PGIz is known to stimulate adenylate cyclase. Hajjar et al. propose that 

prostaglandins influence foam cell formation. They suggest that PGIz increases 

cAMP which increases neutral cholesteryl esterase (NCE). This results in 

decreased cellular cholesteryl ester deposition (Pomerantz and Hajjar 1989). In 

atherosclerosis, decreased levels of PGI2 are produced providing opportunity for 

decreased neutral cholesteryl esterase activity in SMCs or macrophages. 

Pomerantz and Hajjar found that lipid-laden SMC have a reduced capacity to 

synthesize PGI2 and synthesize 50 percent less eicosanoids. This also implicates 

the production of PGI2 in the process of reverse cholesterol transport by 

influencing available cellular free cholesterol. Interestingly, HDL stimulates 
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ecoisanoid production by unknown mechanisms (Pomerantz and Hajjar 1989). 

Larrue et al. reported that both LDL and HDL resulted in increased production 

of 6-keto PGF1a and PGIz in cultured SMC, but production was less when 

lipoproteins from hypercholesterolemia sera were used (Larrue et al. 1984). 

These data suggest that metabolism of PGIz in SMC is altered in vascular 

disease and less PGIz is secreted. In addition, "LDL and HDL are altered in 

hypercholesterolemia in such a way that they provided less stimulation for the 

formation of prostaglandins in cultured SMCs. The alterations in the LDL and 

HDL particles responsible for the decrease in ecoisanoid metabolites in SMC is 

unknown, but are thought to be caused by the action of free radical oxidation of 

LDL (Pomerantz and Hajjar 1989). 

CELLULAR INVOLVEMENT IN PLAQUE FORMATION 

Endothelial Cells 

BC line the insides of blood vessels anchored to a basement membrane 

of their own making (Jaffe 1985). They function as a permeability barrier to 

control the passage of small and large molecules into and out of the arterial 

wall. Be actively transfer metabolic substances of varied molecular size and are 

polarized both morphologically and functionally. The luminal surface of the BC 

forms a nonreactive, thromboresistant interface with blood (Ross 1981). BC are 

capable of a limited number of doublings. Heparin-like surface proteoglycans, 
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synthesis of PGI2, secretion of plasminogen activator, and uptake and clearance 

of thrombin and vasoactive amines maintain EC integrity. The arterial basement 

membrane contains collagen, elastin, laminin, fibronectin, thrombospondin and 

mucopolysaccharides all produced by EC. The basement membrane provides a 

secondary barrier to the passage of fluid and elements into the interstitial 

compartment. 

Injury to the arterial wall is proposed as the initiating event in plaque 

formation. Injury could result from mechanical forces, chemical agents 

(lipoproteins), various toxins, immunologic agents and unidentified compounds 

(Kummerow 1985; Hansson et a1. 1989). An example of a chemical agent that 

could cause in vivo injury is oxysterols. Cell membranes in vivo and in vitro are 

susceptible to oxidized lipids and estrogens, and 20-hydroxycholesterol has been 

shown to increase the permeability of liposomes to Ca +2 and other cations. 

Kummerow theorizes that oxysterols could change the endothelial membrane by 

increasing Ca +2 permeability and increasing endocytosis and transcytosis, thereby 

promoting cell death (Kummerow 1985). Injury to the wall could also result 

from accumulation of lipid-filled monocytic cells inside the wall pushing out on 

the endothelium (Gerrity 1981a, 1981b; Bylock and Gerrity 1988). If this is the 

case, then hypercholesterolemia could be the precipitating event. The precise 

nature of injurious agents that lead to derangement of EC function and their 
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mechanisms of action are unknown, but factors such as hypertension, cigarette 

smoking and hypercholesterolemia could serve a synergistic role in this regard 

(Chait 1987). Studies in animals suggest that if wall injury is limited, plaque 

formation may be reversible and the integrity of the arterial endothelium 

reconstituted. If the injury is continuous or repeated, plaque forms permanently 

(Wissler et al. 1985). 

Following in vivo injury to the endothelium, platelets adhere, aggregate 

and release several mediators which induce SMC migration and promote further 

platelet activity (Virella and Lopes-Virella 1987). Subendothelial collagen and 

TXAz cause platelet aggregation and adhesion. Platelets express a surface 

receptor for von Willebrand factor synthesized by EC which anchors platelets to 

the subendothelium. Several factors needed for the initiation of the blood 

coagulation cascade are produced by EC. Ross et al. examined the effect of 

injury to endothelial cell monolayers in culture. They reported that surrounding 

cells migrated into the injured area (Ross 1981). If the wound was too large for 

coverage, then cells adjacent to the wound multiplied. Only those cells adjacent 

to the wound experienced DNA synthesis, indicating the cell-cell contact was 

related to DNA synthesis. Ross et al. also reported a study of nonhuman 

primates fed a high fat, high cholesterol diet for more than two years (Ross 

1981). Sites of lesions showed endothelial injury with loss of cells and exposure 
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of subendothelial c.onnective tissue. Platelets were adhered to the sites. All the 

of the hypercholesterolemic animals showed shortened platelet survival indicating 

increased platelet utilization. Increased permeability of the endothelial lining 

also follows injury (Lopes-Virella et al. 1987). This would allow increased 

lipoprotein entry enhancing the potential for LDL modification and entrapment. 

EC produce both protagonist and antagonist compounds which suggests 

that they mediate the vascular response to injury (Rosenberg et al. 1985). For 

example, they produce both plasminogen activator and plasminogen activator 

inhibitor compounds, as well as ECGF and a heparin-like inhibitor of SMC 

growth. EC also contain angiotensin converting enzyme on their surface which 

forms angiotensin II (a potent vasoconstrictor) and the enzyme which inactivates 

angiotensin II. 

In diet-induced hypercholesterolemia, aortic tissues in the early stages of 

atherogenesis show increased focal adhesion of monocytes to EC. In culture, 

U937 cells adhere to EC at specific binding sites; binding is saturable and 

inhibited by monocytes, but not platelets, lymphocytes or polymorphonuclear 

(PMN) cells. Interleukin-l (11-1), postprandial lipoprotein, and EC turnover all 

caused a moderate, but significant increase in adhesion of monocytes (Bevilacqua 

et al. 1987). 11-1 is produced by monocytes and stimulates adhesive surface 

protein secretion, metabolic changes and restructuring in EC. It induces tissue 



catabolism and the acute inflammatory response. Endotoxin will stimulate 

production from EC and SMC and induces PDGF from S~AC (Hansson et al. 

1989). DiCorelito et al. have proposed an activated endothelial cell state in 

which EC: 1) express binding sites and activator for monocytes; 2) secrete 

oxygen free radicals; and 3) secrete and synthesize PDGF-like proteins and 

other mitogens that are chemo-attractant for SMCs (DiCorleto and Chisolm 

1986). EC also produce colony-stimulating factor (CSF) which enhances 

granulocyte and macrophage colonies. CSF is enhanced by endotoxins 

(DiCorleto and Chisolm 1986). 
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EC show several relationships to lipoproteins which could influence the 

formation of plaque. They: 1) serve as a general barrier influencing the rate 

and fate of LDL in the intimal area; 2) provide the surface for LPL interaction 

with VLDL; 3) display a variety of lipoprotein receptors; 4) interact with 

monocytes; 5) form modified LDL recognized by the scavenger receptor; and 

6) interact with lipoprotein a (Lp(a». 

LDL entering the arterial wall can be degraded by EC, attached to 

matrix, or passed to the remaining layers of tissue, then to blood or lymph 

(Mommaas-Kienhuis et al. 1985). EC exhibit high affinity, saturable receptors 

for LDL (DiCorleto and Chisolm 1986; Pitas et al. 1985; Cornicelli et al. 1983). 

EC also express receptors for B-VLDL, AcLDL and chylomicrons. In addition, 



they show high affinity, saturable uptake of HDL that is increased in the 

presence of AcLDL (Brinton et a1. 1985). LDL incubated with EC becomes 

oxidized and EC-oxidized LDL is rapidly degraded by macrophages via the 

scavenger receptor and will cause foam cell formation (Henrikson et a1. 1982, 

1981; Parthasarathy et a1. 1985). Interestingly, Poumay and Ronveaux-Dupal 

have shown that oxidative stress results in a significant increase in the fluid 

phase endocytosis in EC (Poumay and Ronveaux-Dupal 1988). 

131 

Lastly, EC interact with Lp(a). Lp(a), a particle similar to the LDL 

particle, has been identified in the plasma of individuals with known CAD and is 

estimated to exist in the plasma of 90 percent of the population. Lp(a) shares 

the density range, lipid composition and apoB-lOO in common with LDL. 

However, a separate apoprotein termed "specific Lp(a) antigen" has been 

identified with this particle (Krempler et a1. 1983). Lp(a) varies from the 

normal LDL particle by a single disulfide bridge, but is not a product of the 

LDL particle. The apoprotein amino acid sequence most closely resembles 

plasminogen (Miles et a1. 1989). Plasminogen receptors are widely distributed 

on EC (Hajjar et a1. 1989; Miles et a1. 1989). Normally, plasminogen binds to 

the surface receptor and promotes thrombolysis by increasing the catalytic 

efficiency of plasmin generation. Plasmin is a thrombolytic enzyme. Recent 

studies suggest that Lp(a) interferes with this process by inhibiting the binding of 
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plasminogen and thereby could promote plaque formation by encouraging 

thrombus formation (Miles et aI. 1989; Gonzales et a1. 1989). Further, Lp(a) 

binds fibrin and digests of fibrinogen and binding by Lp (a) increases the time 

necessary for plasmin fibrinogen reaction (Harpol et a1. 1989). Lp(a) is an 

independent risk factor for CAD (Gregg and Brewer 1988; Maartmann-Moe and 

Berg 1981). 

Platelets 

Platelets mitigate the formation of thrombi and embolism, two major 

complicating events in atherosclerosis. However, their role in the initiation and 

formation of plaque is less defined. The presence of micro thrombi in arterial 

tissue has caused speculation that platelets initiate plaque formation. Haust 

points out that this is unlikely because microthrombi are not found in fatty 

streaks of children, and in animals, they occur in diseased and non-diseased 

tissue in both normolipemic and diet-induced hypercholesterolemia states (Haust 

1985). This view is contradicted by Valente et a1. (Valente et a1. 1988a). They 

suggest that the development of plaque from thrombi is dependent on the 

presence of platelets. However, they also note that hypercholesterolemia must 

be induced to generate an atherosclerotic lesion from experimental thrombi in 

f 

animals (again, not exactly the same as moderate hyperlipidemia in the average 

patient with CAD). 
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Platelet interaction following experimental vascular injury depends upon 

repetitive injury and the injury method (Moore 1985). Using the indwelling 

catheter method to injure the arterial wall results in platelet aggregation with the 

production of fibrin and thrombin. This is usually followed by rapid formation 

of a lipid-rich lesion, and with further injury, a fibrous plaque. If abuse is 

discontinued, the lesion regresses. Injury induced by de-epithelization of arterial 

tissue with a balloon catheter results in formation of a monolayer of platelets. 

A second injury causes intimal thickening and the accumulation of lipids beneath 

a regenerated endothelium. If a third injury is inflicted, then atherosclerotic 

plaque forms with a fibrous cap, foam cells and a lipid-rich pool (Moore 1985). 

Assuming that injury to the endothelium is the initiating event (a major 

assumption), platelets would playa central role. At the site of injury, platelets 

release several biologically active compounds including ADP, ATP, serotonin, 

and PDGF (Baumgartner et al. 1985; Ross 1981). Collagen activates the 

eicosanoind pathway in platelets. As a result, platelets produce 12-

hydroxyeicosatetraenoic acid (12-HETE) and TXAz (Marcus et al. 1988). 

Neutrophils degrade the 12-HETE and produce leukotriene B4, probably the 

most potent proinflammatory eicosanoid synthesized by neutrophils. 12-HETE is 

a potent chemo-attractant for SMC and PDGF stimulates the migration of SMC 

from the medial layer into the intimal layer and encourages proliferation 
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(Pomerantz and Hajjar 1989). When platelet adhesion is prevented, migration 

of SMC does not occur (Ross 1981). 

By far the area of platelet-lipid interaction receiving the greatest 

attention is the conversion of eicosanoids to thromboxane. The predominate 

fatty acid in the platelet membrane serves as the source for the ecoisanoid 

pathway in platelets (Hammerschmidt 1982). Arachidonic acid will produce 

TXAz; whereas eicosapentanoic acid will produce TXA3• The potency of TXA3 

to induce platelet aggregation is about one-tenth the potency of TXAz. Studies 

suggest that a dietary intake high in eicosapentanoic acid can alter the 

membrane fatty acid content. The levels of eicosapentanoic acid required are 

not a common feature in the Western diet; in addition, side effects can include 

prolonged prothrombin time. Other lipoprotein-platelet interactions are 

relatively uninvestigated. Schecter et al. suggested that the production of MDA 

from the platelets could form MDA-LDL (Brown and Goldstein 1983b; Schecter 

et aI. 1981). Phillips et aI. have reported a secretory factor produced by 

platelets that inhibits the binding of acetoacetylated LDL to the scavenger 

receptor and blocks the formation and accumulation of cholesteryl esters in 

macrophages (Phillips et aI. 1985). Caffeine and related compounds found in 

several foods blunt platelet aggregation by stimulating the formation of intra

platelet cyclic AMP. Finally, a recent study by Ardlic et aI. suggests that 
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oxidized LDL promotes platelet aggregation and that this effect is not mediated 

by the production of TXA2 (Ardlic et aI. 1989). Native LDL will also cause 

platelet aggregation, but to a lesser extent. 

Monocytic Cells 

Monocytic cells constitute the major cellular component of the fatty streak 

and MDM are present in later lesions. Features of monocytic cells that 

influence the formation of plaque include: 1) ingestion of large amounts of lipid 

and development into foam cells; 2) secretion of growth factors; 3) 

phagocytosis of cellular debris and immune-lipoprotein complexes; and 4) 

modification of LDL by oxidation. 

Considerable debate exists concerning the early role of the monocytes in 

plaque formation. Gerrity examined tissues at various stages of the life cycle in 

swine fed a normal chow diet verses a hypercholesterolemic diet (Gerrity 1981a, 

1981b). He reported that early lesions were fatty streaks composed of foam 

cells. His studies suggested that: 1) monocytes adhered to the endothelial cells, 

but were not necessarily associated with endothelial damage; 2) adherence and 

intimal penetration by monocytic cells occurred over the course of lesion 

development; and 3) large foam cells at the edges of the lesion were of 

monocytic origin, but cells deeper in the medial layer were of SMC origin 

(Gerrity 1981a, 1981b). Gerrity theorized a monocytic clearance system in 
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which large numbers of monocytes invade the intima of lesion-prone areas in 

arteries, become phagocytic and accumulate lipid. The cells then migrate back 

into the blood stream by crossing the arterial endothelium. From cell counts 

from micrographs, Gerrity noted that the ratio of monocytic cells entering and 

leaving decreased as the lesion developed. In support of his theory, he noted 

that: 1) swine showed the presence of large numbers of foam cells in liver and 

spleen; 2) the endothelium was stretched and changed in the direction of the 

lumen; 3) foam cells appeared to be pushing up through the endothelium; and 

4) foam cells were present in the buffy coat of blood samples. Debate 

concerning these early studies centered on the direction the monocytes were 

traveling which was difficult to determine from static microscopic resections. 

Recently, using fluorescent labeling of monocytes, Gerrity and Bylock reported 

small numbers of fluorescent cells in the circulation, adherent to the endothelial 

surface, and in areas of intimal thickening in hypercholesterolemic animals, but 

not in the tissue of normal swine (Bylock and Gerrity 1988). These data 

provide agreement with his earlier suggestions. 

Studies by Thomas et al. support the theory that penetration of the 

endothelium by monocytes is an early event in plaque formation (Thomas et al. 

1985). Furthermore, evidence from animals suggests that hypercholesterolemia 

of exogenous or endogenous origin leads to increased monocyte adhesion to the 
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endothelium (Woolfe 1987). Diet-induced arterial changes include the migration 

of cells of the monocyte/macrophage series into the arterial intima and 

formation of foam cells. The order of magnitude of the increment in cholesterol 

concentration is very great in diet-induced animal disease compared with the 

normal levels encountered in humans with atherosclerosis. Exposure to 

moderate elevation of lipid for extended periods has not been studied (Woolfe 

1987). Munro et al. examined aortic tissue resected during bypass graft surgery 

(Munro et al. 1987). Intimal fatty steaks were identified and virtually all foam 

cells present in the six grafts examined were stained by labeled antibodies 

directed against mononuclear phagocytes. Several other reports provide 

evidence for the recruitment of monocytes into the arterial wall and maturation 

of monocytes to tissue macrophages in both animals and man (Stary and 

Manliow et al. 1982; Vallaschi 1983; Bylock and Gerrity 1988; Aqel et al. 1984; 

Chait 1987). In pigeons, monocytic involvement appears to be greatest in early 

lesions and at the edges of the intimal lesion in mature plaque (Lewis et al. 

1985). SMC represent about 25 percent of the foam cells of early lesions and 

88 percent of the foam cells found deep in mature plaque. 

Chapter two discussed the formation of foam cells from MDM via the 

scavenger receptor (Steinberg et al. 1985). Steinberg et aI. observed that foam 

cells are not dormant, but active in lipid metabolism. In studies of rabbit aortic 



138 

tissue in situ, they noted that foam cells just beneath the surface of the 

endothelium were more active in lipid uptake than the cells further into the 

matrix. In agreement with these studies, Jaakkola et al. showed that foam cells 

isolated from plaque degraded both AcLDL and B-VLDL (Jaakkola et al. 1989). 

The role of scavenger receptor is not c1ear. In addition to the formation of 

foam cells, the scavenger receptor exhibits other effects. These include induction 

of neutral proteases, plasminogen-activating factor and tumor cytolytic factors by 

the activated macrophage (Haberland and Fogelman 1987). 

The phagocytic capabilities of the macrophage offer another mechanism 

for the formation of foam cells. Phagocytosis of three types of partic1es has 

received attention: 1) LDL receptors; 2) immune-lipoprotein complexes; and 

3) cellular debris. Falcone et al. examined the uptake of LDL complexed to 

fibronectin and collagen (Falcone 1984). They reported a five-fold increase in 

the cholesteryl ester content of MPM incubated with the complex. However, the 

degradation of the complex was impaired relative to LDL. They reported that 

the cytoplasm of the cells was filled with multiple phagosomes containing the 

LDL complexed material. 

Auto-antibodies to lipoproteins have been reported (Beaumont et al. 

1988; Hansson et al. 1989) and modified lipoproteins such as glycosylated-LDL 

can generate auto-antibodies which form complexes with the modified LDL. 



139 

These complexes are cleared via the Fc receptors on macrophages. Griffith et 

al. suggest phagocytosis of LDL-immunoglobulin complexes as a mechanism for 

foam cell formation (Griffith et al. 1988). They also reported that LDL 

degradation increased fourfold in MDM prestimulated with LDL-immunoglobulin 

complexes. 

Wong and Hashimoto used rat lung macrophages and plasma membrane 

vesicles (PMV) released from dying hepatic macrophages from rats to study the 

degradation of labeled PMV (Wong and Hashimoto 1987). They found that 

PMV from cholesterol-rich hepatocytes contained 3D-fold more cholesteryl ester 

than PMV from normal hepatocytes. Degradation of PMV was four-fold higher 

than degradation of AcLDL. The AcLDL degradation was saturable; whereas 

PMV degradation was concentration dependent indicating macrophage uptake of 

PMV was not by a receptor process. PMV increased the cholesteryl ester 

content of the macrophages and augmented the incorporation of HC-oleate into 

esters. PMV from SMC demonstrated the same effects as hepatocyte PMV. 

PMV output is common in injury and illness. 

In addition to the formation of foam cells, Fowler et al. has noted that 

macrophages influence atherosclerotic plaque formation by the secretion of: 1) 

MDGF; 2) collagenases; 3) elastase; 4) plasminogen activator which stimulates 

macrophage migration; 5) fibronectin; 6) apoE; and 7) prostaglandins and 
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thromboxanes (Fowler et a1. 1985). Possibly the most important activity of 

macrophages is the formation of oxidized LDL. As reviewed in Chapter Two, 

the respiratory burst produces superoxide anions capable of causing LDL 

oxidation; arterial LDL and IF-LDL both resemble oxidized LDL (Raymond et 

a1. 1985). Activation is not necessary for LDL oxidation to occur in the 

presence of mature macrophages in vitro. Oxidized LDL could influence plaque 

formation in several ways (Jurgens et a1. 1987; Cathcart et a1. 1989; Borsum et 

a1. 1982; Van Hinsberg 1984; Gavino et a1. 1981; Fox and DiCorleto 1986; 

Poumay and Ronveaux-Dupal 1988). Interestingly, Kerttula et a1. reported no 

differences in serum lipid levels or aortic plaque formation in rabbits on basal 

and hypercholesterolemic diets treated with LPS (Kerttula et a1. 1986). 

The activated state of the macrophage in plaque remains unknown and 

could vary over the lifetime of the macrophage, as well as with plaque 

conditions. Munro et a1. reported that macrophages from arterial plaque 

demonstrate HLA-DR expression suggesting that they are activated. In addition, 

labeled antibodies identified presence of T lymphocytes, but not B lymphocytes 

(Munro et a1. 1987). It is difficult to imagine that monocytic cells present in an 

injured vascular space would remain unactivated. Hansson et a1. reviewed 

current immune mechanisms in atherosclerosis (Hansson et a1. 1989). They 

noted that one third of T lymphocytes expressed the HLA-DR and very late 
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activation factor-1 (VLA-1) activation markers. VLA-1 indicates extended 

activation. T lymphocytes are activated by peptide fragments of antigens bound 

to MHC proteins on the surface of antigen-presenting cells. The class III family 

of MHC proteins include HLA-DR antigens and are found on macrophages and 

EC when stimulated. SMC can express HLA-DR, about 1/3 found in plaque 

express this antigen. Advanced human atherosclerotic plaque is characterized by 

granulomatous foci, prominent advential cellular infiltrate of lymphocytes, and 

monocytic recruitment indicating an inflammatory component (Schwartz et al. 

1985). 

A direct effect of infectious agents on tissue macrophage cells in the 

arterial wall seems unlikely as a causative factor in plaque formation because 

sepsis or coronary arteritis is uncommon, while CAD is too common. Generally, 

infections remain localized to the infected tissue and cells are mobilized only to 

the infected site. However, pyrogenic agents (fever producing compounds 

released by infection) are readily available over the life-cycle, would occur at the 

site of endothelial cell damage and could activate tissue macrophages. 

Khoo et al. reported that the spontaneous production of LPL by MPM 

was decreased by LPS (Khoo et al. 1984). During infection with gram negative 

bacteria, hyperlipidemia occurs; Khoo et al. suggested that decreased secretion 

of LPL could be responsible for this effect. This offers the possibility that 



142 

infection raises the level of VLDL and LDL in the interstitial fluid of the intimal 

arterial layer. Does this. occur at a time when macrophage activation would 

promote LDL oxidation and increased LDL degradation? Werb and Chin 

reported that 1 ug/ml LPS was sufficient to suppress apoE synthesis and 

secretion in MPM (Werb and Chin 1983). They suggest this also contributes to 

the hyperlipidemia of infection. If apoE secretion is important in cholesterol 

transfer from cells to HDL, then decreased apoE secretion could impair reverse 

cholesterol transport, while LDL oxidation is promoted. Activation of 

monocytes and macrophage cells causes profound changes in cellular responses 

to lipoproteins. Activating agents not only cause changes in LDL and scavenger 

receptor uptake, but they stimulate secretion of macrophage proteins and induce 

the formation of complexes (Morel et a1. 1986; Falcone and Ferenc 1988). Van 

Lenten et a1. found that rabbit EC growing on a micropore filter treated with 

LPS experienced a two to nine-fold increase in the production of chemotactic 

factor (Van Lenten et a1. 1986). The particle composition was not reported, but 

the LDL complexed with the LPS. This resulted in the LPS transportation 

across the endothelial layer in a biologically active form. Possible interactions 

between infection and plaque formation have been discussed by Virella and 

Lopes-Virella and Lopes-Virella et a1. (Virella and Lopes-Virella 1987; Lopes

Virella et a1. 1988b). 
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Smooth Muscle Cells 

Normally, SMC reside in the medial layer. However, during plaque 

formation they migrate into the intima and proliferate. SMC are involved in the 

maturing of plaque by forming foam cells in the intimal and medial layers of the 

arterial wall. Foam cells in atheroma are not homogenous (Daoud et al. 1985). 

The lipid deposits in foam cells originating from SMC differ from monocytic 

foam cells in morphology. Although SMC exhibit the classic LDL receptor 

pathway, they are devoid of scavenger receptors and do not degrade B-VLDL 

(Chait 1987). Nevertheless, they accumulate cholesteryl esters and form foam 

cells. 

Studies by Chait et al. showed that nonreceptor uptake of LDL 

significantly increased in SMC during incubation with hyperlipidemic LDL or 

high concentrations of normal LDL (Chait et al. 1988; Slotte et al. 1988b). 

They suggest that cholesteryl ester accumulation and foam cell formation in 

SMC occurs by nonreceptor uptake. They also demonstrated that HDL 

promotes cholesteryl efflux from SMC. Interestingly, Hiramatsu et al. reported 

that a factor produced by B lymphocytes increased LDL degradation in SMC in 

a dose-dependent manner (Hiramatsu et al. 1983). They showed that B lymphs 

specifically, were required and not just immunoglobulin. Chait and Mazzone 

reported earlier that lymphocyte-conditioned medium decreased uptake at the 
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AcLDL receptor in monocytic macrophages and suggested that lymphokines 

could be involved in this response (Mazzone and Chait 1982b). Likewise, could 

lymphokines also be responsible for the observations of Hiramatsu et al.? 

In addition to the formation of foam cells, SMC produce proteins, such as 

PDGF and LPL that could influence plaque formation. Also, Valente et al. 

have characterized a chemo-attractant for mononuclear cells produced by arterial 

SMC from baboons (Valente et al. 1988b, 1984). A dose-dependent chemotaxis 

of monocytes was observed in the presence of this factor. On further 

examination they noted that baboon arterial SMCs expressed genes for the A 

and B polypeptide chains of PDGF and transcribed both, yet they did not 

secrete detectable mitogenic activity of PDGF (Valente et al. 1988b). Libby et 

al. reported similar findings in human atheroma SMCs (Libby et al. 1988). 

These reports and others suggest a regulatory mechanism at the level of 

translation of mRNA for PDGF which could vary under different conditions and 

throughout the vascular tree (Chait et al. 1988; Hajjar et al. 1989; Deuel et al. 

1985). 

Lipoprotein interrelationships with SMC involving ecoisanoid production 

have been reviewed; for a full summary the reader is referred to Pomerantz and 

Hajjar (Pomerantz and Hajjar 1989). Morel et al. showed that SMC will oxidize 

LDL in vitro (Morel et al. 1984). SMC represent a variety of phenotypes; the 
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reader is referred to Dilley et al. for a brief review of the proliferation behavior, 

morphology and phenotypes of vascular SMC (Dilley et al. 1987). 

LIPOPROTEINS AND ATHEROGENESIS 

The interaction of lipoproteins and cholesterol with constituents involved 

in plaque formation has been discussed. Important factors to consider in 

determining the role of lipoproteins in plaque formation include; lipoprotein 

delivery to the arterial wall, interaction with matrix and cells including 

entrapment of lipoproteins by the vascular matrix and the transfer of lipids to 

matrix constituents, modification of lipoproteins to forms recognized by 

scavenger receptors, LDL oxidation, formation of foam cells, the presence of 

extracellular cholesteryl esters in the lipid-rich core of plaque, and egress of 

lipoprotein from the vascular wall. 

Several studies cited in this review have shown that hypercholesterolemia 

induced in animals, particularly nonhuman primates, provokes plaque formation. 

In his review, Woolfe described the scenario of arterial changes in rabbits and 

primates (monkeys) with hyperlipidemia and hypercholesterolemia (Woolfe 

1987). In addition, a large number of epidemiological studies attest to the 

association between elevated serum cholesterol values and the incidence of 

atherosclerotic-related diseases (Mahley et al. 1985a; Richard 1989). However, 
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by far the most convincing evidence that cholesterol promotes plaque formation 

comes from clinical studies of patients with homozygous FH. 

Patients with homozygous FH exhibit serum LDL values of six to ten time 

normal. As discussed in chapter 2, the underlying genetic defect results in an 

absence of the apo BJE receptor and resulting severe hypercholesterolemia 

predisposes the patient to CAD in childhood. Two factors are suggested from 

studying homozygous FH, first, the role of the apo BJE receptor is protective 

and second, the presence of the apo B/E receptor is not necessary for the 

formation of plaque (Brown and Goldstein 1983b). 

Another genetic disorder that has provided insight into the role of 

different apoproteins in plaque formation is Fredrickson's Type III (Mahley et 

al. 1985b; Innerarity et al. 1986b). The genetic abnormality in Type III results 

in defective formation of apoE. The patient shows elevated triglycerides and 

cholesterol and develops accelerated atherosclerosis of both the coronary and 

peripheral arteries. As discussed in chapter two, Type III individuals form B

VLDL. In contrast to FH, not all individuals with the genetic defect display the 

clinical symptoms. Environmental factors influence disease expression. Type III 

hyperlipidemia presents the opportunity to observe increased plaque formation 

in a disease with a known modified lipoprotein and to study the effects of 

environmental factors in influencing genetic expression. Once again, in those 
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plasma VLDL and LDL. 

147 

Animal, clinical and epidemiological studies cited above suggest 

hypercholesterolemia as a causative factor in atherogenesis. Unfortunately, there 

other are studies which show a poor application of this hypothesis to the human 

hypercholesterolemic population (Clarkson et al. 1985). Substantial variation 

always exists in both human and primate studies comparing plasma cholesterol 

levels and the occurrence of plaque. This is true for every plasma level. 

Hence, at say 280 mg LDL-cholesterol/dl, everything from "extensive 

involvement" to "minimal vascular changes" are observed. Moreover, even at 

high serum LDL-cholesterol levels (280-300 mg/dl), serum lipoproteins can 

explain at best 50 percent of variation observed among individuals with regard to 

arterial plaque formation (Clarkson et al. 1985). Nevertheless, hyperlipidemia is 

regarded as a causative factor in atherosclerosis (Steinberg 1987). 

Lipoproteins found in the arterial wall are delivered from the plasma 

lipoprotein pool and elevated plasma levels of LDL and VLDL encourage 

plaque formation in patients with FH. These factors have led to a host of 

studies attempting to identify relative risk associated with the various plasma 

lipoproteins. Epidemiological data show that apoB-100 containing lipoproteins 

are associated with atherogenic risk and strong negative correlations for risk of 
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CAD have been established for plasma HDL (Chart 1987, Richard 1989). In 

1985, Naito et al. summarized plasma tests which define risk (Naito 1985). He 

stated that risk definition improved with the following measurements in 

ascending order: total triglycerides (TG) and total cholesterol (TC), LDL

cholesterol (LDL-C) and HDL-cholesterol (HDL-C), LDL-C:TC and HDL

C:TC, LDL-C:HDL-C, LDL, HD~ and HD~ and then, apoAI and apoB. He 

also noted that risk predictors change in sensitivity with the lipoprotein disorder 

of the patient. 

Debate continues concerning: 1) the role of lipoproteins in plaque 

initiation; 2) what level of serum LDL and/or VLDL suggests treatment is 

needed; 3) the application of information in clinical studies to the general 

population; 4) altering the lifestyle of the general population to reduce risk that 

applies to, at best, one-quarter of individuals; 5) the beneficial effects of 

lowering dietary cholesterol to reduce plasma cholesterol; and 6) the 

effectiveness of other dietary factors in reducing serum cholesterol. 

In 1977 based on information derived from studies in lymph, Brown and 

Goldstein and Brown estimated that interstitial fluid was about 10 percent the 

level of plasma cholesterol (Goldstein and Brown 1977). Since saturation of 

receptors was optimal at about 25 ug LDL-C/ml, the appropriate level for 

plasma was about 25 mgJdl. The normal level for the US population is about 
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120 mIld I in adults and about 30 mg/dl in babies. As discussed, recent 

information suggests that LDL can be concentrated in the vascular wall and that 

arterial levels could be higher than earlier estimated. This information and the 

observation of high variability in plaque formation at all plasma levels suggests 

that the level of LDL-C available to the vascular wall from the plasma is 

independently, neither a limiting factor or the causative factor in plaque 

formation. Rather the existence of modified LDL products and/or the ability of 

the tissues in the vascular wall to rid themselves of excess cholesterol become 

the important issues. Plasma cholesterol would be a contributing factor, only 

when mechanisms for egress of cholesterol are exceeded or the normal cellular 

entry of lipoproteins is altered. 

PLAQUE REGRESSION 

Reports of plaque regression are limited. Most evidence supporting the 

notion that reducing serum cholesterol will regress arterial lesions comes from 

studies using non-human primates. These studies indicate that tissue LDL 

plaque can be reduced by lowering plasma cholesterol and that plaque 

restructuring will occur (Daoud et al. 1985; Hoff and Morton 1985b). The 

extent of plaque regression and restructuring depends on the original plaque 

structure and the extent of plaque formation (Stary 1984). As mentioned 

previously, non-human primates do not normally develop atherosclerosis, the 
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diet-induced disease requires very high levels of plasma cholesterol to create 

plaque; then, the regression diet returns the plasma cholesterol levels to normal. 

The relevance of such dramatic changes to more moderate plasma cholesterol 

levels in man is unknown. 

Stary reviewed studies of 1393 patients examined for plaque regression 

followed by angiography (Stary 1984). He concluded that the lesions studies 

either progressed or remained unchanged in 1320 of these individuals. Only 12 

citations of evidence of a decrease in the size of the coronary obstruction were 

reported. Seventy-three instances cited the diminishing of actual plaques and 

these represented only a small portion of cases studied using coronary 

arteriography. Further, these 73 represented young, or relatively young patients 

in whom high serum cholesterol levels had been reduced drastically by 

portacaval shunt, partial ileal bypass, or by frequent plasma exchange. These 

treatments were combined with the use of lipid lowering drugs. 
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HUMAN PERITONEAL CELLS 

BASIC PRINCIPLES OF PERITONEAL DIALYSIS 

151 

CAPD originated in the late 1970's following the development of the 

Tenckhoff double-cuffed catheter (Boen 1985). Peritoneal dialysis represents 

solute and fluid exchange between the dialysate solution in the peritoneal cavity 

and the peritoneal capillary blood. The dialysis membrane consists of the 

vascular wall covering, the interstitium, the mesothelium and adjacent fluid films, 

collectively called the peritoneal membrane. 

The peritoneal membrane is continuous from the diaphragm to the pelvis 

and forms the visceral mesentery that connects the loops of bowel. The 

membrane covers the visceral organs on one side and the inner surface of the 

abdominal wall on the other. The enclosed space formed by the membrane 

contains less than 100 ml fluid, but can accommodate two liters without 

discomfort (Nolf and Twardowski 1985). The internal most part of the 

membrane is lined with mesothelial cells; behind this lining lies the interstitium 

composed of extracellular fluid (XCF) and connective tissue. Lymph and blood 

vessels travel throughout the interstitium. 

The visceral peritoneal membrane is that portion which covers the visceral 

organs and loops together the bowel. Two layers of mesothelial cells with 
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interstitium between compose the visceral peritoneal membrane. This 

membrane receives blood via the mesenteric and coeliac arteries from the aorta. 

Blood passes through the mesentery via smaller arterioles and drains into the 

portal vein. This is the same channel that provides blood to the gut following a 

meal. An extensive lymphatic system follows this same course, but empties into 

the vena cava via the thoracic duct. The parietal peritoneum covers the 

abdominal wall and receives blood from the wall capillaries. The entire 

peritoneal membrane system approximates 1-2 square meters of surface area. 

The peritoneal capillary blood system represents the major source of 

dialysis exchange; the contribution from the lymphatics is unknown (Miller 1985). 

The arterioles of the peritoneum are lined by EC anchored to a basement 

membrane. Not unlike the vascular wall described in chapter three, the same 

matrix components compose the basement membrane; proteoglycans and 

mucopolysaccharides are found in the interstitium. The path followed by the 

fluid and solutes during dialysis was reviewed by NaIf and Twardowski (NaIf and 

Twardowski 1985). First, the solutes must pass the fluid film inside the 

peritoneal capillary, followed by the endothelium, the basement membrane, the 

interstitium of the peritoneal membrane, the mesothelial cell layer, and finally, 

the fluid film of the peritoneal membrane. Interestingly, data suggest that the 

fluid films and interstitial resistance, not blood flow, limit dialysis exchange. 
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Factors influencing blood flow to each organ and the membrane also affect 

dialysis exchange. Increased vascular permeability is associated with peritonitis. 

The catheter for CAPD is placed into the peritoneal cavity. Several types 

of catheters and techniques for both bedside and general surgical placement are 

available (Popovich and Moncrief 1985). The catheter is held in place by a 

balloon or disk at the distal end and by bacterial-resistant cuffs embedded into 

the facia tissue and at the exit site. The cuffs defer bacterial travel down the 

catheter from the outside and allow catheter changes during a site infection 

without complete catheter removal. Inspite of sterile precautions, most patients 

will experience peritonitis 4-6 times per year. Patients can be grouped by high 

or low incidence of peritonitis (Beelen et a!. 1985). The fact that some patients 

are more resistant to peritonitis than others has promoted considerable research 

studying the immunological aspects of CAPD. 

CAPD patients generally show elevated plasma TG, VLDL, LDL and TC 

(Wessel-aas et a!. 1984). In addition, a lower HDL and an increased apoCIII 

are associated with CAPD (Wessel-aas et a!. 1984). Steele et a!. reported 

lowered plasma HDL-C and apoA1 in patients on CAPD (Steele 1989). They 

suggested this was caused by loss of apoAI in the dialysate. Since patients in 

end stage renal disease (ESRD) show decreased HDL-C and apoAII, but normal 

apoAI. The HDL-C could reflect renal failure and CAPD effects. The 
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incidence of CAD is increased in patients with ESRD. Those treated by CAPD 

are at further risk because the dialysate glucose load increases the formation of 

TG and the circulation of the apoB-100 containing lipoproteins. The 

management, care and complications of CAPD are widely discussed in the 

literature (Nolph and Twardowski 1985, Zappacosta and Perras 1984). 

DIALYSIS FLUID AND EFFLUENT 

Dialysis fluid normally contains 132 mEq/l Na+, 3.5 mEq/l Ca+2, 1.5 mEq/l 

Mg+2, 99 mEq/l CI', and 1.5%, 2.5% or 4.25% dextrose (Maddox et al. 1984). 

The pH is initially 5.5 and about 6.8 at the end of dialysis. The fluid is gravity 

drained into the peritoneal cavity via the dialysis catheter. Research in animals 

suggests that the pH equilibrates with the plasma 27 minutes into the exchange, 

pC02 in 15 minutes and HC03- in one hour (Popovich and Moncrief 1985). 

The internal dwell time varies with the patient. When the exchange is 

completed, the dialysis effluent is gravity drained into an IV bag and another 

exchange initiated. 

Dialysis effluent approximates the plasma in pH, osmolality, glucose and 

urea concentrations (Goldstein et al. 1984; Maddox et ale 1984). Steele et al. 

examined the apoA1 and apoB content of dialysis effluent (Steele et al. 1989). 

They reported negligible amounts of apoB, but linear concentration increases of 

apoA1 in the effluent with dialysis time. They theorized that CAPD patients are 
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at increased risk of CAD because the apoA1 pool is depleted by dialysis. 

Therefore, reverse cholesterol transport and the function of HDL is impaired. 

Saku et al. reported apoprotein losses in effluent of CAPD as 84 mg/day 

(apoAI), 17 mg/day (apoAII) and 39 mg/day (apoB) (Saku et al. 1989). They 

found the clearance of apoAI and All were both greater than apoB and that the 

apoproteins were cleared as lipoproteins (Saku et al. 1989). This indicates that 

HDL is lost in peritoneal fluid substantiates Steele's speculation that apoAI 

losses in peritoneal fluid could account for lowered plasma apoAI in these 

patients. 

Protein losses incurred during CAPD average 2-3 g per bag or 5-12 g per 

day (Blumenkrantz et al. 1981). Proteins found in effluent include albumin (50-

79 percent), immunoglobulin G (IgG) (5-28 percent), small amounts of 

immunoglobulin M (IgM), transferrin, and complement proteins ~ and C4• 

Protein loss is not correlated with serum concentration or total fluid volume of 

the effluent. IgG and IgM losses were reported as 1.21 mg/day and 0.3 mg/day, 

respectively (Blumenkrantz et al. 1981). Verbough et al. found in vitro 

phagocytosis of Staphylococcus epididymis required opsonization (Verbough et al. 

1983). They speculated that sufficient IgG and ~ exists in peritoneal dialysis 

fluid to opsonize S. epididymis and that this accounts for the phagocytosis of this 

organism in vivo. They also reported both a heat-stable and a heat-labile 
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opsonic activity in dialysis effluent in 57 percent of patients studied. Those 

patients with low opsonic activity had low effluent levels of IgG and ~. 

A heterogenous population of cells is isolated from peritoneal effluent by 

density centrifugation. Table 3 shows previously reported cell population types. 

Table 3: Cell Populations reported in dialysis effiuent 

Author 
Beelen et al. 
Lamperi and Carozzi 
Verbough et al. 
Goldstein et al. 

Monocytes 
80 
85 
73 
86 

Lymphocytes 
13 
10 
17 
7 

Granulocytes 
4 
5 
10 
6 

Other 
3 

1 

PMN =polymorphonuclear cells (Beelen et al. 1985, Lamperi and Carozzi 1987a, 
Verbough et al. 1983, Goldstein et al. 1984) 

Mononuclear cells comprise the majority of cells present in noninfected 

patients. Average cell yields were reported by Goldstein et al. (8.5 x 106 

cells/bag) and Maddox et al. (4.3 x 106 cells/bag) (Maddox et al. 1984, Goldstein 

et al. 1984). Maddox also reported the range of cell return as 0.2 x 106-28.6 x 

106 cells/bag (Maddox et al. 1984). Cell viability has been assessed as 89-95 

percent by several authors using centrifugation isolation techniques (Goldstein et 

al. 1984, Maddox et al. 1984, Beelen et al. 1985, Becker et al. 1983). 

Several authors have reported the isolation of monocytic or mononuclear 

cells from the total effluent cell population using; Percoll gradient (Bos et al. 

1987) (Du et al. 1983) (Maddox et al. 1984), centrifugal elutriation (Bos et al. 
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1987), Ficoll-hypaque (Newman et aI. 1985) and adherence (Verbough et al. 

1983; Mottolese et al. 1985). Although these methods produced highly purified 

population with sufficient cells to conduct immunological studies (2-4 x 106
), a 

broad range of recovery was always noted. Because insufficient cell numbers 

prohibit certain types of experiments, Haskill and Becker suggest that flow 

cytometry methods are especially appropriate to study peritoneal macrophages 

(Haskill and Becker 1982). Immunological studies using flow cytometry can be 

assessed on as few as 10,000 cells. 

Peritoneal macrophages represent a heterogenous cell population with 

multiple subpopulations that reflect stage of development, environmental stimuli 

and genetic background. Heterogeneity is noted in all publications (Maddox et 

al. 1984, Cichocki et al. 1983, Goldstein et al. 1984, Haskill and Becker 1982, 

Bas et al. 1987). Bas et al. isolated three subpopulations of macrophages using 

Percoll gradient (Bas et al. 1987). The larger density population showed greater 

functional capability to mediate antibody-dependent phagocytosis. Maddox et al. 

reported that human peritoneal macrophages (HPM) exhibit dose-dependent 

chemotaxis when stimulated by opsonized zymosan; again, flllEtional 

heterogeneity was noted (Maddox et al. 1984). Becker et al. studied 

heterogeneity in macrophages isolated from normal female donors during 

laparoscopy (Haskill and Becker 1982, Becker et al. 1983). They reported 
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heterogenous size, acid phosphatase activity, leucine aminopeptidase (LAP) 

activity and cell volumes (Becker et aI. 1983; Newman et aI. 1985). Moreover, 

using LAP, they compared MPM to RPM and found MPM were much more 

homogenous than human cell populations. 

In their review of macrophage heterogeneity, Dougherty and McBride 

noted that two types of heterogeneity are observed in macrophage populations 

(Daugherty and McBride 1984). Interpopulation heterogeneity exists between 

macrophage populations from different body sites and intrapopulation 

heterogeneity represents differences among macrophages from the same site. 

Heterogeneity results from differentiation and modulation of the cells. Human 

macrophage heterogeneity is revealed in vitro, as well (Musson 1983). 

Macrophages throughout the body perform varied functions including host 

defense, neoplastic disease defense and support, lymphocytic modulation, 

removal of damage erythrocytes and bone remodeling. 

Although macrophages compose the mononuclear phagocytic system, their 

origin is a subject of some debate. Stem cells in bone marrow can produce 

granulocytic or monocytic precursor cells (Daugherty and McBride 1984). When 

monocytic precursor cells are exposed to CSF, monoblasts form. Within 12 

hours, the monoblast divides to form two promonocytes which produce two 

monocytes. Monocytes are rapidly removed from bone marrow to the 
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circulation; their circulating half-life is 17 hours. Most migrate to tissues and 

become tissue macrophages (this lends some support to Gerrity's idea that 

monocytes normally traverse the endothelial layer (Gerrity 1981a, 1981b)). 

Macrophages are distributed throughout all tissues and organs, but do not occur 

in the general circulation. Some debate exists because macrophage colony

forming cells have also been isolated from some tissues including the peritoneal 

cavity. These cells will enter mitosis on stimulation by CSF. Although these 

populations are small (less than 10 percent of cells in the peritoneum), they 

could represent a source for genetic heterogeneity. The production of CSF by 

endothelial cells was noted in chapter three (DiCorleto and Chisolm 1986). The 

presence of colony-forming cells in tissue opens the possibility that at least some 

of the macrophages in the arterial wall could originate from CSF activity by Ee. 

Others have studied the origin of HPM using isoelectric focusing (IEF) of 

acid esterase in human peritoneal cells obtained by lavage (Parwaresch et al. 

1981; Radzun et al. 1982). HPM showed all the same bands produced by blood 

monocytes, plus two additional cathodal bands. When these authors matured 

blood monocytes by adherence, these two bands developed. They site the 

following evidence to support their theory that HPM originate from blood 

monocytes: 1) presence of IgG Fc and ~ receptors in both populations; 2) the 

small amount of DNA synthesis in vitro (less than one percent); 3) the IEF 
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patterns; and 4) similar chromosomal markers shown by Virolainen in mice 

(Virolainen 1968). Hume et a1. observed that CSF-1 administered to mice 

caused a dose-dependent increase in bone marrow precursor cells, a ten-fold 

increase in circulating mature monocytes and larger peritoneal macrophages 

(Hume et a1. 1988). They did not note an increase in peritoneal macrophages 

that could be distinguished from the large increase in circulating monocytes. At 

this time, it generally accepted that peritoneal macrophages originate primarily 

from blood monocytes (van Furth et a1. 1978). 

In addition to the influence of differentiation, macrophage cell 

heterogeneity is caused by modulation; macrophages reflect environmental 

stimuli (Daugherty and McBride 1984). Modulation mayor may not involve 

activation. Macrophages adapt to their environment. For example, when 

macrophages are placed in a highly anaerobic environment, such as the 

peritoneum, the anaerobic enzymes for energy generation increase. If the cells 

are removed and transferred to a high oxygen environment, anaerobic enzymes 

decrease and oxidative phosphorylation enzymes increase. The cells are not 

activated by this process, but are clearly modulated. 

Macrophages secrete several biologically active compounds including: 

enzymes, complement compounds, binding proteins, nucleosides, pyrogens, 

bioactive lipids and immune factors (Nathan and Murray 1980). If the situation 
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were not already sufficiently complex, macrophage secretory factors can modify 

the behavior of the secreting macrophage. Examples are the lymphokines and 

prostaglandins. Moreover, not all macrophages respond to stimuli in the same 

fashion. Macrophages from a single site vary in killing ability, secretion 

functions and activation responsiveness (Daugherty and McBride 1984). The last 

aspect of modulation, activation, is discussed below. 

THE HUMAN PERITONEAL MACROPHAGE 

The high incidence of peritonitis, the major life-threatening complication 

of CAPD has prompted research assessing the immunological capability of RPM. 

Four areas have received attention: 1) the activation state; 2) chemotactic 

activity; 3) bacteriocidal capability; and 4) arachidonic acid metabolism. 

Activation State 

Activation of macrophages results in several cellular changes: cell 

enlargement and spreading, plasma membrane ruffling, altered activity of plasma 

membrane ectoenzymes, and increased pinocytosis and phagocytosis. Based 

upon the location and level of peroxidase activity (PA), evidence suggests that 

RPM represent a continuum of exudate (activated), exudate-resident and 

resident macrophages (Beelen et al. 1985; Bos et al. 1987). Macrophages can 

progress both directions on the continuum depending on environmental stimuli. 

All stages of the continuum are represent in MPM (Beelen et al. 1985). In 
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resting macrophages, P A remains in the nuclear envelope; activation results in 

movement of P A to the lysosomal granule (Lewis et al. 1988). Beelen et al. 

examined the effluent from subjects on CAPD (Beelen et al. 1985). Two of 

eight patients contained PAin the nuclear envelope indicating that resident 

macrophages can exist in CAPD effluent. Cells in all samples showed lysosomal 

P A suggesting either chronic inflammation or macrophage elicitation by dialysis. 

Ectoenzymes are proposed as an activation marker. These enzymes occur 

on the plasma membrane surface with the active site external to the cell. They 

include: NAD nucleosidase which is decreased on activation, LAP which is 

increased on activation and alkaline phosphatase I(AP-I) which remains the 

same with activation and 5'N. 5'N is proposed as a useful marker of cell 

activation because it is increased in resident macrophages, but low in activated 

macrophages. When resident macrophages are activated the synthesis of 5'N is 

significantly deceased and the enzyme is released from the membrane. 5'N will 

again increase, if the cells resume acquiescence. 

Goldstein et al. examined 5'N in human peritoneal macrophages 

(Goldstein et al. 1984). They reported that RPM do not express much 5'N or 

LAP activity on isolation, but will acquire both 72 hours after in vitro incubation. 

They cited low 5'N and lack of ruffling as evidence that the CAPD macrophages 

were not activated. They also isolated RPM and then returned the cells to fresh 
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dialysis fluid. No cells survived by 30 minutes; altering the ph to 7.4 did not 

improve survival. They concluded that on fluid entry into the peritoneum all 

cells present are killed. Therefore, HPM isolated from effluent represent newly 

recruited cells, blood-derived monocytic cells, not yet activated. In contrast, 

Peterson et al. used chemiluminescence to compare LAP levels in HPM from 

CAPD patients with those obtained on laparoscopy (Peterson et al. 1985). They 

found increased LAP in HPM from CAPD patients which suggested that the 

cells were activated. Peterson et al. also noted that HPM possessed a higher 

phagocytic capability and higher superoxide anion releasing capacity, both 

characteristics of activated macrophages. These data can be reconciled if there 

exists a continuum as proposed by Bos et al. (Bos et al. 1987). Blood 

monocytes and tissue macrophages are recruited into the peritoneum by the 

dialysis process. Early recruits could be fully differentiated and activated 

releasing the 5'N into the fluid and possessing an increased LAP activity. 

However, in the absence of continuous stimuli, these cells could resume a 

resident state. They would not display ruffling or a high 5'N, but could mount 

an increased superoxide response if stimulated. Cells recruited later in the 

dialysis process would be differentiated, but less activated (Pabst et a1. 1983; 

Goldstein et a1. 1984; Daugherty and McBride 1984). Musson studied 

maturation of monocytes induced by autologous serum in vitro (Musson 1983). 
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He noted increases in lysosomal enzymes, cell size, cell protein, growth factor 

and S'N. If S'N increases with maturation, then how does one distinguish 

immature macrophages (low S"n) from activated macrophages (low S"N)? The 

terms "activated", "elicited", "primed" and "exudative" are confusing. In 1980, the 

Reticuloendothelial Society published a definition of terms requesting only 

"resident" and "activated" be used and that all activities be clearly defined in 

each publication (Morahan 1980). Unfortunately, publications continue to use 

multiple terms. Beta-galactosidase shows promise in distinguishing differentiation 

from activation, since its activity is not influenced by modulating signals 

(Bursuker et al. 1982). In addition, work by Zimmer et al. in guinea pigs has 

suggested that ~, ~, and C4 receptor activities can help distinguish resident 

from activated macrophages (Zimmer et al. 1982). This has not been confirmed 

in human macrophages. 

Chemotactic Activity 

RPM express chemotaxis. In addition to the study completed by Maddox 

et al. noted above, both Bos et al. and Goldstein et al. examined chemotaxis by 

stimulating HPM with N-formylmethionylleucylphenylalanine methyl ester (fMLP) 

(Maddox et al. 1984, Goldstein et al. 1984; Bos et al. 1987; Lewis et al. 1988). 

Both studies reported decreased chemotaxis of RPM. Further, Goldstein et al. 

reported that chemotaxis was increased in blood monocytes and HPM from 
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CAPD patients relative to dialysis patients (Goldstein et aI. 1984). Bos et aI. 

observed that cell-free extract of dialysis effluent could stimulate chemotaxis of 

RPM (Bos et aI. 1987). Lewis et aI. suggested that a factor released to draw 

monocytes into the peritoneum and present in effluent, down regulated the 

peritoneal chemotactic receptor (C5a) (Lewis et aI. 1988). They found reduced 

expression of chemotactic factor C5a receptors in blood monocytes and RPM in 

CAPD patients. C5a is released following complement activation of 

macrophages and stimulates chemotaxis in leukocytes and macrophage 

superoxide anion release. These data together suggest that some factor present 

in peritoneal fluid and possibly transferred to the circulation possesses 

chemotactic capability for monocytic cells. Moreover, the constant stimulation of 

dialysis causes sufficient chemotactic factor secretion to eventually down regulate 

chemotactic receptors. In addition, the presence of C5a could account for the 

increased superoxide anion release observed by Peterson's group. Alternatively, 

the uremic state of the patient on dialysis could play a role in chemotactic 

receptor C5a down regulation on monocytes. 

Bacteriocidal Capability 

Response to stimulation by various bacteria and opsonized particles is the 

most studied activity in HPM. Bacteria will stimulate HPM; different agents 

produce varying responses. Phagocytic killing against unoposonized 
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Staphylococcus aureus occurs consistently (Verbough et al. 1983; Maddox et al. 

1984). Phagocytosis of S. epididymis, Listeria monocytogenes, and opsonized 

Estericia coli has also been reported (Verbrugh et al. 1983; Lamperi and 

Carozzi 1987a; Peterson et ale 1985; Newman et al. 1985). 

RPM possess IgG Fe receptors, as well as complement receptors CRt and 

CR3 (Van Furth et al. 1979; Newman et al. 1985; Verbough et al. 1983; 

Mottolese et al. 1985). Activation via these complement receptors or with 

opsonized zymosan (Fc receptor recognition) results in increased phagocytic 

activity. However, the activity range for a given population of HPM is 

enormous (Newman et al. 1985). The respiratory burst will follow stimulation 

via opsonized zymosan, PMA, CRt, CRJ, and IgG Fe receptor antigens (Verbrugh 

et al. 1983; Becker et aI. 1983; Haskill and Becker 1982; Newman et al. 1985). 

Interestingly, PMA treatment of HL-60 cells down regulates the gene for 

superoxide dismutase, while increasing other macrophage qualities (Auwerx et al. 

1988). 

In contrast to Peterson's work, studies by both Lewis et ale and Lamperi 

and Carozzi suggest that the respiratory burst in RPM is less than normal 

(Lewis et al. 1988; Lamperi and Carozzi 1987b). In fact, Lamperi and Carozzi 

reported that patients grouped by high or low incidence of peritonitis produced 

HPM that differed in bacteriocidal responsiveness (Lamperi and Carozzi 1987b). 
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They observed decreased interleukin I production in response to concavallin A, 

decreased R 20 2 output following stimulation with PMA, decreased bacteriocidal 

activity against S. epidermis, and decreased IgG Fe receptor activity in RPM from 

patients with a high incidence of peritonitis. In contrast, Lewis et al. reported 

normal R 20 2 response to PMA, but decreased superoxide production response to 

fMLP and Cs•• The cause of these changes and variations is unknown. In any 

case, this introduces yet another dimension of heterogeneity and controversy. 

Fakhri et al. noted that RPM lack the LD series of immogens indicating 

that RPM could not participate in a mixed-lymphocytic response (Fakhri et al. 

1978). In contrast, both Goldstein et al. and Mottolese et al. noted that the 

HLA-DR antigen series is a consistent feature of RPM indicating these cells are 

activated (Goldstein et al. 1984; Mottolese et al. 1985) and can induce 

proliferation of T cells. Further, Mottolese et al. reported that RPM were 

effective in stimulating autologous and allogenic lymphocytes and in presenting 

soluble antigens to T cells. 

Arachidonic Acid Metabolism 

Several studies have examined the production of arachidonic acid 

metabolites in RPM. Unstimulated HPM from CAPD patients produce basal 

levels of prostaglandins ~ (PG~) and TXB2 (Maddox et aI. 1984). Stimulation 

of RPM (CAPD and laparoscopy obtained) causes secretion of leukotriene B4 
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(LKTB4) and C4 and decreased production of PGEz (Laviolette et al. 1988; Du 

et al. 1983). Peritonitis decreases PGEz, PGIz and 'fXAz release from RPM, but 

increases cell sensitivity to PGIz stimulation. Fierin et al. noted a low PGIz and 

PGEz in RPM from patients with a low incidence of peritonitis relative to 

patients with a high incidence (Fieren et al. 1987). Goldstein et al. reported an 

increased uptake of lipoxygenase precursors by HPM cells in the presence of 

gamma interferon (Goldstein et al. 1984). 

These studies indicate: 1) active cyclooxygenase and lipoxygenase 

pathways exist in RPM; 2) the cyclooxygenase pathway is normally active 

producing PGEz and T.XBz; whereas, the lipoxigenase pathway requires 

stimulation; 3) RPM are similar to blood monocytes which produce LTCz and 

5-HETE on stimulation; 4) HPM differ from alveolar macrophages which do 

not produce LTC4, D or E4; 5) cells from CAPD patients or cells acquired by 

laparoscopy show similar AA responses; and 6) stimulation decreases the 

cyclooxygenase pathway and increase the lip oxygenase pathway in HPM. 
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Materials for these studies were purchased from Flow Labs, McLean, Va. 

(RPMI#1640, glutamine, penicillin/streptomycin, fetal calf serum, horse serum, 

human AlB serum), Gibco, Grand Island, NY (Hams F12 and Waymouths), 

Sigma, St. Louis, Mo. (high. molecular weight standards, chloroquine, pronase 

[103 PUK/mg], bovine serum albumin [BSA], human serum albumin, alpha

naphthyl acetate esterase kit with Fast RR Blue Salt, fucoidin, Mayer's 

Hematoxylin, Oil Red 0, TBA and BHT), Fisher Diagnostics, Orangeberg, NY 

(Wright and Geimsa stains), Amersham, Arlington Heights, II (Nal25I 

[100mCi/mID, Isolab, Inc., Akron, Oh (sepharose-heparin and sephadex G-25 

columns), New England Nuclear, Boston, Mass. ([1-14C]oleate (57 mCi/mmol), 

[1,2-3H]cholesterol (50 Ci/nmol), [1,2-3H]cholesteryl oleate (60 Ci/mmol), 

Liquiflor), Becton/Dickenson, San Jose, Ca. (monoclonal antibodies: anti-Leu-

2a(CD8), anti-Leu-3a(CD4), anti-Leu-5b(CD2), anti-Leu-16(CD20), anti-HLe-

1(CD45), anti-Leu-M3(CD14), anti-II-2R(CD25), and anti-HLA-DR), Aldrich, 

Milkwaukee, Wis. (malondialdehyde [bis(dimethyl acetyl)] (MDA)), Lerner 

Laboratories, Pittsberg, Pa. (Auqa-mount), Nycomed AS, Oslo, Norway 

(Lymphoprep), Corning Medical, Palo Alto, Ca. (Universal P f lAB Buffer Set for 



agarose gel electrophoresis)~ and Bio-Rad, Richmond, Ca. (Bio-Sila (100-200 

mesh) silicic acid, Coomassie Blue, acrylamide, TEMED). HL-60 cells were 

obtained from American Type Culture Collection, Rockville, Md. 

EQUIPMENT 
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The equipment used to conduct various isolations and assays were: for 

absorbance (Beckman Du-50 Series Spectrophotometer equipped with Quant II 

Soft-Pac Module computer program (Beckman Instruments, Irvine, Ca.)), for 

fluorescence, (Perkin-Elmer 650-15 Fluorescence Spectrophotometer (Hitachi, 

Ltd., Tokyo, Japan)), for gamma energy detection (LKB 1272 Clinigamma 

Counter (Pharmacia LKB Biotechnology, Inc., Pleasant Hill, Ca.)), for beta 

particle detection (Minaxi Tri-Carb 4000 Series ScintiHation Counter (Packard, 

Laguna Hills, Ca.)), for cell isolation (Beckman J-6 centrifuge), for lipoprotein 

isolation (Beckman LS-K Ultracentrifuge equiped with the Beckman Ti-50 

rotor( #4260), for all other centrifugation (Beckman Tj-6 centrifuge), for flow 

cytometry (BectonlDickenson FACScan Flow Cytometer, equiped with Consort 

30 Data Analysis and Paint-A-Gate computer analysis systems 

(BectonlDickenson, San Jose, Ca)), for cytospins (Shandon Cytospin 2 

(Resources and Solutions for Science, Inc., Costa Mesa, Ca.)) and for 

microscopy (Zeiss Micropscopes, West Germany). 
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Peritoneal dialysis effluent was acquired from donors who had been on 

CAPD for longer than three weeks. Bags from the first morning dialysis 

following an overnight dwell were stored at 4°C; cells were harvested within 24 

hrs., with the exception of isolations for the ACAT activity assays. Aliquots (250 

ml) of dialysis fluid were centrifuged (1300 rpm) for 15 min at 4°C. The 

resulting cell pellets were pooled, washed in phosphate-buffered saline (PBS), re

suspended in PBS and counted by hemocytometer. 

Experiments with freshly isolated cells followed isolations immediately. 

Overnight incubations in a humidified incubator (5% CO2) in the medium 

described were conducted in stationary, horizontal, conical polystyrene tubes 

(Corning Medical, Corning, Ca., 250 ml) to minimize cell loss from adherence. 

All preparations were completed under sterile conditions at 4°C. Isolations 

included samples from non-infected donors and donors positive for S. aureus. 

Experiments using infected cells are so noted. All experiments represent cells 

from only one donor; in no case were cells from different subjects mixed. Cell 

viability for all assays was greater than 85 percent as assessed by trypan blue 

exclusion (McGee and Myrivik 1981). 
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ACAT assay required a greater number of cells than could be obtained 

from two morning dialysis bags. Therefore, for these analyses three bags of 

varying ages (0, 24 and 48 hr.) were used. Maddox et al. reported no difference 

in cell viability between samples isolated by 24 hrs. or 48 hr. (viability 95%) 

(Maddox et al. 1984). 

HL-60 cells were grown in a humidified incubator (5% CO2, 37°C) in 

RPMI#1640 supplemented with 25% heat-inactivated horse serum, 24 mM 

sodium bicarbonate, 2 nM L-glutamine, 100 units/ml penicillin and 100 ug/ml 

streptomycin (pH 7.4) to a density of 1.5 x 106 cells/mI. 

Lipoproteins 

Lipoproteins were isolated from plasma of fasting volunteers using 

sequential ultracentrifugation (42,000 rpm, 22 hr.) according to the method of 

Havel et al. (Havel et aI. 1955). The following fractions were collected: very low 

density lipoprotein (VLDL) (d<1.006 g/ml), LDL (d=1.019-1.063 g/ml) and high 

density lipoprotein (HDL) (d=1.063-1.21 g/ml). Isolated lipoprotein fractions 

were transferred to Quick-Seal tubes and washed (40,000 rpm, 24 hr.) at the 

density indicated: VLDL (1.006 g/ml), LDL (1.07 g/ml) and HDL (1.22 g/ml). 

The Quick-Seal tubes were sliced and the lipoprotein fraction pipetted to dialysis 

tubing and dialyzed against the dialysis buffer which contained 0.15 M NaCl, 3 

mM EDTA at pH 7.4 for 24-36 hr at 4°C. The lipoprotein was then sterile 
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filtered (2 urn), stored at 4°C and used within one month. Human HDL was 

fractionated on a heparin-sepharose column to separate apoE-containing and 

apoE-free HDL (Weisgraber and Mahley 1980). HDL samples were placed on 

a SDS-PAGE mini gel (4.5-20% linear gradient), electrophoresed for 45 min at a 

constant voltage of 18-20 rnA at room temperature, and stained with Coomassie 

Blue to confirm that fractions were free from albumin and apoE (Laemmli 

1970). Lipoprotein-depleted serum (LPDS) (d > 1.23 glml) was prepared 

according to the method of Mills et al. (Mills et al. 1984). Briefly, the serum 

density was adjusted to 1.23 glml using potassium bromide, placed in Quick-Seal 

tubes and centrifuged (36 hr., 45,000 rpm). Following centrifugation the tubes 

were cut will below the upper layer and the LPDS pipetted to dialysis tubing 

and dialyzed against the dialysis buffer previously described for 36 hrs. at 4°C. 

LDL was acetylated according to the method of Basu et al. without modification 

and dialyzed against dialysis buffer for 24 hrs. at 4°C (Basu et al. 1976). 

Acetylation was confirmed by agarose gel electrophoresis using the Universal 

PHAB Buffer System at pH 8.6; AcLDL consistently demonstrated greater 

mobility than native LDL. 

Iodination 

Radio-iodinations of LDL and AcLDL were preformed by the iodine 

mono chloride method of McFarlane as modified by Goldstein et al. (Goldstein 
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et aI. 1983). AIl steps were preformed at 4°C, the lipoprotein (1 mg) was added 

to 0.3 ml of glycine buffer in a Vacutainer tube. Glycine buffer (0.150 ml) was 

added to the vial containing 1 mCi 12SI_Na and the entire solution with drawn by 

syringe and injected into the Vacutainer tube. This process was repeated. 

Then, an iodine monochloride solution, prepared as specified by Goldstein et aI., 

was injected with force into the tube, the tube shaken and placed on ice for five 

min. The entire contents of the Vacutainer tube were transferred to a Sephadex 

G-25 column previously equilibrated with dialysis buffer. The column was 

washed once with dialysis buffer, the solution pipeted to dialysis tubing and 

dialyzed for 24 hrs. with two buffer changes against dialysis buffer. To minimize 

denaturation, labeled lipoproteins (specific activity 300-700 cpm/ng protein) were 

stored at 4°C in 3% human serum albumin and used within two weeks. 

Uptake and Degradation of Labeled Lipoproteins 

The extent of lipoprotein degradation was assessed with freshly isolated 

peritoneal cells. Cells (106/ml) were incubated at 37°C for 4 hr in microfuge 

tubes (1.9 ml) containing RPMI#1640, 50 mM CaClz, 20% human NB LPDS, 

and the designated labeled lipoprotein (10 ug/ml) with or without excess 

unlabeled lipoprotein. The incubations were terminated by the addition of 0.5 

ml of 50% (w/v) trichloroacetic acid (TCA). The tubes were microfuged and 

0.25 ml of 10% (w/v) silver nitrate was added to precipitate any free 12SI 
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(Henricksen et al. 1981). TCA soluble radioactivity was determined using a 

LKB 1272 Clinigamma Counter. Incubations using only labeled lipoprotein 

assessed total degradation; cells incubated in the presence of labeled lipoprotein 

and an excess unlabeled lipoprotein assessed nonspecific degradation. Receptor

mediated degradation was calculated by subtracting nonspecific degradation from 

the total amount of lipoprotein degraded. Incubations in the absence of cells 

served as controls. 

LDL Degradation by human peritoneal mononuclear cells 

For this assay, the total cell population was isolated as described above, 

suspended in PBS and an aliquot placed on ice. Then, the remaining cells (29 x 

106
) were suspended in 25 ml PBS and underlayered with Lymphoprep (18 ml). 

The mononuclear leukocytes were isolated at the interface between the two 

layers by centrifuging the suspension at 400 x g (30 min, 4°C). The cells at the 

interface were removed, washed twice with PBS and re-suspended in PBS. An 

LDL degradation assay was initiated using samples from both the purified 

population of MNC and the original total cell population. Flow cytometry and 

cytochemistry of both populations followed immediately. Viability of the cells at 

the initiation of the Lymphoprep was greater than 89% as assessed by trypan 

blue exclusion. 
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Flow Cytometry 

It is generally accepted that peritoneal macrophages originate primarily 

from blood monocytes (van Furth et al. 1978). Radzun et al. and Parwaresch et 

al. have studied the origin of human peritoneal macrophages using IEF of acid 

esterase from cells obtained by lavage (Parwaresch et al. 1981; Radzun et al. 

1982). They reported that peritoneal macrophages showed all the same 

isoelectric bands as those produced by blood monocytes, plus two additional 

cathodal bands. When these authors matured blood monocytes by adherence, 

these two bands also developed. They site the following evidence to support 

their theory that peritoneal macrophage originate from blood monocytes: 1) 

presence of IgG Fe and ~ receptors in both popUlations; 2) the small amount 

of DNA synthesis in vitro (less than one percent); 3) the IEF patterns; and 4) 

similar chromosomal markers shown by Virolainen in mice (Virolainen 1968). 

That the other cells present in the peritoneal cell population (lymphocytes, 

polymorphonuclear cells and red blood cells) originate from the blood has not 

been questioned. Given this information and because monoclonal antibodies to 

human peritoneal cells were not available. Monoclonal antibodies known to 

react with the mononuclear blood cell populations were used for the flow 

cytometry studies reported here. 
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Antibodies ordered from Becton/Dickenson Monoclonal Antibody Center 

were directly conjugated with fluorescein isothiocyanate (FITC) (conjugates of 

CD4, CD33, CD2, CD25 and CD45) or phycoerythrin (PE) (conjugates of CD8, 

CDI4, anti-HLA-DR and CD20). 

The cells (1Qx6) were suspended in SOul Delbecco's calcium/magnesium 

free PBS and 20 ul of monoclonal antibody was added. This suspension was 

incubated on ice in the dark for 30 min. The cells were washed twice with PBS 

and fixed in 1% buffered formalin. Quantitative fluorescence analysis followed 

immediately on a FACScan Flow Cytometer (BectonlDickenson). An air-cooled 

argon-ion lazer (15m W) operating at 488 nm was used to excite the FITC and 

PE conjugates. Two color fluorescence was analyzed by passage of the emitted 

fluorescence light through a 560 dichroic filter. The green FITC fluorescence 

was detected by passage of the light from the dichroic filter through a 530/30 

band pass filter (wave length range: 515-545 nm); the red PE fluorescence was 

determined by passage of light through a 585/42 band pass (wave length range: 

564-606 nm). A minimum of 10,000 events were obtained for each sample with 

exclusion only for debris and the logarithmic fluorescence data were stored as a 

four parameter list. Data analysis was preformed using the Consort 30 Data 

Analysis System and Paint-A-Gate from BectonlDickenson. 
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Acyl Cholesteryl Acyl Transferase (ACAT) Activity 

ACAT activity was assessed by the amount of [1··14C]0Ieate incorporated 

into cholesteryl esters following pre-incubation of the cells in the presence of 

various lipoproteins. The sodium e4C]0Ieate-albumin complex (10mM e4C]0Ieate, 

1.2 mglml BSA) was prepared by the method of Goldstein et al. (Goldstein et 

al. 1983). The cells were isolated, washed, suspended (106 cells/ml) in sterile 

RPMI#1640 prepared with 24 mM sodium bicarbonate, 2 nM L-glutamine, 100 

units/ml penicillin, 100 uglml streptomycin and heat-inactivated LPDS (fetal calf, 

15% (v/v» plus the indicated lipoprotein and pre-incubated for the time 

designated in stationary, horizontal 250-ml conical tubes. Following pre

incubation, the cells were washed with PBS and ACAT activity assayed in 

microfuge tubes (1.9 ml) containing the cells, 20 ul of sodium [14C]oleate-albumin 

complex, 100 ug protein/ml of the designated lipoprotein, 20% human NB 

LPDS and a final volume (lml) RPMI#1640. At the time indicated, the cells 

were washed three times with PBS, microfuged, and the cell pellet transferred to 

glass tubes using 3 ml hexane:isopropanol (2::1 (v/v». eH]cholesteryl oleate (1.6 

x lOSdpm) was added to each sample as an internal recovery standard and the 

samples placed on a shaker at room temperature for 2 hrs. Following 

extraction, PBS (2 ml) was added to each assay and the separated organic layer 

removed by three washings with 3 mls of hexane:isopropanol (2:1). The organic 
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phase was dried under nitrogen and re-dissolved in petroleum ether:diethyl 

ether (98:2, v/v) and the solution applied to a silica gel column (Chautan et a1. 

1988). The same solvent (6ml) was used to elute the cholesteryl esters. The 

samples were then dried and re-solubilized in Liquiflor. The total dpm for 14C 

and 3H were measured in a scintillation counter. Cell-free incubations served to 

correct for background radioactivity. 

Cell Cytochemistry 

Cells were stained by the methods of Kaplow (myeloperoxidase) and 

(Kaplow 1965) and Yam et a1. (nonspecific esterase counter-stained with 

myeloperoxidase) (Yam et a1. 1971). Cell populations were determined by 

counting >300 cells from each stain preparation. Values were comparable to 

those obtained by an outside clinical laboratory on samples from infected 

patients. 

Oil Red 0 Cytochemistry 

Cells were stained with Oil Red 0 (ORO) according to the method of 

Gianturco (S. Gianturco, personal communication). Briefly, ORO powder was 

dissolved in isopropyl alcohol (0.5g/500 ml), warmed to 56°C for one hr. and 

stored as stock solution. Prior to staining, stock solution was diluted with 

distilled water (6::4 v/v) and filtered (Whatman #42). 
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Cells were isolated and diluted to 4 x 1()6 macrophages/ml (macrophages 

estimated from Wright/Geimsa stain) in RPMI#1640 prepared with 24 mM 

sodium bicarbonate, 2 nM L-glutamine, 100 units/ml penicillin, 100 ug/ml 

Streptomycin and heat-inactivated LPDS (fetal calf, lS% (v/v). The cell 

suspension (80 ul) was placed on sterile glass slides and allowed to adhere for 1 

hr. in a humidified incubator (S% CO2, 37°C). The slides were rinsed several 

times in sterile PBS, placed in petri dishes (ISO x lSmm) (S slides/dish), 

incubated in RPMI#1640 prepared with 24 mM sodium bicarbonate, 2 nM L

glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin and heat-inactivated 

LPDS (fetal calf, lS% (v/v)(pH 7.4) plus the amount of lipoprotein indicated. 

Sterile procedures were maintained until the incubation was completed. 

Following incubation the slides were removed, washed several times in PBS and 

fixed in 60% isopropyl alcohol for S min. Slides were stained immediately with 

ORO, counter-stained using Mayer's hematoxylin, and wet-mounted with Aqua

mount. All photographs were made using a Zeiss 3SM camera mounted on a 

Zeiss microscope. 

Thiobarbituric Reactive Substances (TEARS) Assay 

The extent of peroxidation was determined by measuring TBA-reactive 

substances (TBARS) using a modification of the method of Morel et al. (Morel 

et al. 1984). Briefly, 200 ul of sample or standard was added to glass tubes 



181 

containing 25% TCA (1 ml) and 0.2% BHT (100 ul) and mixed. 0.7% TBA 

(lml) was added, the sample mixed, and incubated for 20 min. at 95°C. The 

solution was centrifuged at 1000 x g for 30 min. (4°C) and the supernatant read 

for absorbance at 532 nm (Beckman Du-two Series spectrophotometer) or 

fluorescence determined at excitation 515 nm and emission 553 nm (Perkin

Elmer 650-15 Fluores'cence Spectrophotometer). Freshly diluted MDA was used 

as standard and values are reported as TBARS (nmol MDNml). 

Other Assays 

Pronase sensitivity of peritoneal cells was determined by pre-treating the 

cells with 3 ug/ml pronase for 20 min. prior to conducting the lipoprotein 

degradation assay (Adelman and St. Clair 1988). HL-60 cells were used as a 

control in assessing LDL receptor sensitivity to pronase. 

Lysosomal degradation of lipoprotein was evaluated by pre-incubating the 

cells in the presence of 50 mM chloroquine (45 min.) followed by a lipoprotein 

degradation assay conducted in the presence of 50 mM chloroquine (Adelman 

and St. Clair 1988). Proteins were assessed by a modification of the Lowry 

method (Markwell et al. 1978) by solubilizing the protein sample in a SDS, 

sodium tartrate, copper sulfate, alkaline solution for 15 min., then adding 

phospho-molybidic tungstic acid (Folin-Calcineau reagent) and incubating 45 min. 

The resulting blue, protein-copper-molybidic tungstic acid complex was assessed 



by absorbance (660 nm) using a Beckman Du-two Series Spectrophotometer 

with BSA as a standard. 

Statistical Analysis 

One-way ANOV A was used to assess differences in all measured 

parameters (Steel and Torrie 1960). 
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CHAPTER 6 

RESULTS 

CELL RECOVERY AND CELL POPULATION ANALYSIS 

Initial studies were designed to assess the recovery of cells from the first 

morning dialysis following an overnight dwell in donors free from dialysis-related 

infection and on dialysis for greater than weeks. Substantial variation in cell 

yield existed among donors (Table 4) as seen from the group mean and standard 

error of the mean (SEM). 

Table 4. Comparison of cell recovery from the dialysis effiuent of seven donors· 

Donor DMb n Total Cells 
(x106) 

1 8 8.4 + 1.2 
2 3 16.5 + 2.6 
3 + 4 13.8 + 4.4 
4 2 271.5 + 169.5 
5 1 6.5 
6 + 10 6.4 + 1.5 
7 + 2 10.5 + 4.8 

Mean + SEM 29 28.2 + 81.5 

aData are presented as mean + SD or values as duplicates 
bDM=diabetes mellitus 

CellsLloomle 

(xl 06) 

0.6 +0.1 
0.5 +0.1 
0.8 +0.4 

10.5 +7.1 
0.2 
0.6 +0.1 
0.7 +0.1 

0.6 +'0.3 

cCellsllOO ml = total cells/ total bag volume (ml) x 100 and n = no. of 
isolations. 

Within donor variation was considerable for isolations from donors four 

and seven. Yield of cells/IOO ml indicates that the variation in total yield was 
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partially attributable to volume. I observed no differences in cell yield between 

diabetic and nondiabetic donors. 

In Table 5, I report the percentages of each cell population recovered 

from the dialysate of each donor. The percentages of cell types varied widely 

among patients. MNC were the predominate leukocyte present in the dialysis 

effluent from all donors. All populations examined by cytochemistry displayed 

morphological heterogeneity, and stain intensities were highly varied. Because 

donor six produced primarily MNC, the majority of the following studies were 

completed using cells from this donor. 

Table 5. Cell populations represented in the dialysis emuent of individual 
donors.8 

Cell Po~ulations 
(%) 

Donor DM n RBC PMC MNC 

1 3 41.4 + 7.8 1.8 + 1.7 56.6 + 9.7 
2 1 71.2 <1.0 27.6 
3 + 4 20.7 + 10.9 34.8 +19.9 44.6 + 9.1 
4 2 94.0 1.0 5.0 

95.0 0.0 5.0 
5 1 78.3 <1.0 20.6 
6 + 8 8.6 + 1.8 6.7 + 1.8 85.0 + 2.7 

Mean + SEM 58.0 + 35.0 7.0 +13.0 44.0 +28.0 

aData are presented as mean + SD or values of single or duplicate isolations; 
n = no. of isolations. 
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DEGRADATION OF LDL AND ACLDL BY HUMAN PERITONEAL CELLS 

For these assays, cells were isolated as described and incubated at 37°C 

for 4 hrs. in medium containing 20% human NB lipoprotein-depleted serum 

(v/v) and 10 ug protein/ml of the designated 12SI-radio-Iabeled lipoprotein in the 

presence or absence of excess (25-fold) of the corresponding unlabeled 

lipoprotein. Receptor-mediated degradation was assessed as described above. 

Assays were conducted in triplicate on isolates from donors free of peritonitis. 

All peritoneal cell isolates tested demonstrated receptor-mediated degradation of 

both LDL and AcLDL. Degradation varied widely both among and within 

donors for both lipoproteins (Table 6). 

Table 6. Receptor-mediated degradation of AcLDL and LDL by human 
peritoneal cells 

Donor 

1 
2 
3 
4 
6 

Mean + SEM 

Receptor-Mediated Degradationa 

(nglmg-4hr) 

AcLDL LDL 

439.2 + 200.8 (4) 46.4 + 15.7 (3) 
116.0 + 13.8 (3) 
22.6 + 7.9 (4) 24.2 (1) 
2.7 (1) 

1037.8 + 748.3 (6) 160.9 + 113.8 (6) 

374.0 + 436.0 (5) 77.0 + 73.0 (3) 

aData presented as mean + S.D. for the number of analysis shown in 
parenthesis. 
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Peritoneal cells consistently degraded more AcLDL than LDL and the AcLDL 

degradation range was greater within and among subjects. Donor three showed 

the highest proportion of PMC and nearly equivalent degradation of both 

lipoproteins. This was expected because PMC degrade only LDL; whereas only 

monocytic cells degrade AcLDL. Therefore, the population of cells contributing 

to LDL degradation (all nucleated cells) was much greater than the population 

of cells degrading AcLDL (monocytic cells only). 

Because the variation for the degradation of both LDL and AcLDL was 

substantial among donors, I explored the correlation between the mean 

degradation of each lipoprotein (LDL or AcLDL, p<0.05, n=3) and the 

percentage of MNC in each preparation. A positive correlation was found 

between receptor-mediated degradation and the percentage of MNC in the 

sample for both LDL (r =.710, p<0.01) and AcLDL (r=.725, p<0.05). The 

percentage of MNC in a given population partially accounted for the 

degradation variance as shown in Figure 1. As noted above, both PMC and 

MNC contribute to the degradation of LDL; however, only monocytic cells 

degrade AcLDL. The relative cell percentages of lymphocytes and monocytic 

cells could also help explain the remaining source of variation. Lymphocytes 

degrade significantly less LDL and AcLDL than do monocytes (see Chapter 2). 

Therefore, the relative percentages of lymphocytes and monocytes will affect 
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degradation values. For example, a small population of monocytic cells in a 

large population of MNC would result in a lowered degradation value for either 

lipoprotein and thereby, decrease the r value. 

Figure 2 and 3 illustrate the concentration dependence of receptor

mediated degradation of LDL by the apo BJE receptor and AcLDL by the 

scavenger receptor, respectively. For these assays, the cells were incubated in 

medium containing the designated concentrations of 12SI-LDL in the presence or 

absence of a 20-fold excess of unlabeled LDL or the designated concentrations 

of 12SI-AcLDL and 25-fold excess of AcLDL. Receptor-mediated degradation 

was assessed as described in the Methods section. These data were then 

transformed to corresponding double-reciprocal plots to obtain the graph inserts. 

Values represent triplicate assays. The isolation for the LDL degradation assay 

contained 6.1 percent PMC and 60.9 percent MNC. The isolation for the 

AcLDL degradation assay contained 20.7 percent PMC and 51 percent MNC. 

Error bars indicate standard deviations. 

Receptor-mediated degradation of LDL (Figure 2) showed a half

maximal rate at 11 ug LDL protein/ml, saturation at approximately 20 ug LDL 

protein/ ml and a double-reciprocal plot (Figure 2 insert) showed a straight line 

relationship indicated that a single receptor was responsible for degradation. 

Similarly, the rate of receptor-mediated degradation of AcLDL (Figure 3) was 
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Figure 2: Receptor-mediated degradation of radiolabeled 
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half-maximal at 15 ug AcLDL protein/ml, saturated by 50 ug AcLDL protein/ml 

and again, a single receptor population was suggested by the double reciprocal 

plot (Figure 3 insert). 

I also examined the percentage of total degradation of AcLDL or LDL 

mediated by the respective receptors. For these assays, the cells were incubated 

in LPDM plus 125I-LDL (lOug protein/ml) or 125I-AcLDL (10ug protein/ml)and 

the designated concentration of corresponding unlabeled lipoprotein. For LDL 

degradation studies, the donor (#6) was infection free and the isolation 

contained 6.1 percent PMC and 60.9 percent MNC. For AcLDL degradation 

analysis, the donor (#3) was site-infected and the isolation contained 62.9 

percent PMC and 32 percent MNC. Error bars indicate standard deviations 

from triplicate assays. 

A 20-fold excess of unlabeled-LDL was sufficient to reduce total LDL 

degradation to 8 percent of control demonstrating that 92 percent of total 

degradation was receptor-mediated (Figure 4). A 25-fold excess of AcLDL 

reduced total AcLDL degradation to 40 percent of control indicating that 60 

percent of AcLDL degradation was receptor-mediated (Figure 5). These levels 

of excess for each lipoprotein were used in all the following studies. Degradation 

of labeled AcLDL was reduced to only 40 percent of total degradation by excess 

unlabeled AcLDL indicating substantial nonspecific uptake of AcLDL. This was 
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expected in that only monocytic cells are known to contribute to receptor

mediated degradation of AcLDL, whereas all cells present could contribute to 

the measurement of nonreceptor uptake. 
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LIPOPROTEIN SPECIFICITY OF THE LDL AND SCAVENGER RECEPTORS 

To evaluate the specificity of receptor-mediated lipoprotein uptake, I 

conducted competition studies using several different lipoproteins. The cells 

were incubated in 10 ug protein/ml 12SI-Iabeled LDL or 12SI-Iabeled AcLDL and 

20-fold or 25-fold excess, respectively of VLDL, HDL, apoE-free HDL (HDL"), 

apoE-containing HDL (HDL +C), LDL or AcLDL. Degradation of the labeled 

lipoproteins in the absence of unlabeled excess served as control (100%). Data 

represent values calculated as a percent of control from triplicate assays. LDL 

was assayed in cells from donor #6 (infection-free) and the isolation contained 

6.1 percent PMC and 60.9 percent MNC. AcLDL was assayed in cells from 

donor #6 (site-infected) and the isolation contained 3.6 percent PMC and 87 

percent MNC. 

LDL receptor activity was significantly reduced (p<O.Ol) by unlabeled 

LDL (14% of control), VLDL (8% of control) and apoE-containing HDL (14% 

of control) indicating that these lipoproteins were recognized by the LDL 

receptor (Figure 6). Total HDL significantly (p<.05) reduced total degradation 

to 50% of control. ApoE-free HDL was not recognized by either the LDL or 
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scavenger receptor. The gel shown in Figure 7 substantiates the effective 

removal of apoE-containing HDL from the total HDL samples by the heparin

sepharose affinity column. No significant reduction of total degradation of 

AcLDL occurred with LDL, VLDL or HDL. Whereas AcLDL significantly 

(p<0.01) reduced (4% of control) scavenger receptor activity. In the previous 

study, a 25-fold excess of AcLDL reduced total AcLDL degradation by only 60 

percent; here, the same excess of AcLDL reduced total degradation by 96 

percent. These substantial differences in percentage of reduction probably 

reflects the percentage of MNC in each preparations, 32 percent in the previous 

study and 87 percent in this study. Only moncytic cells contribute to receptor

mediated uptake of AcLDL; whereas all cells present contribute to the 

nonspecific degradation value. Therefore, in this study the majority of cells 

present degrade AcLDL by both processes and the nonspecific degradation value 

is reduced. 

RECEPTOR CHARACTERIZATION AND REGULATION 

To further characterize receptor specificity, cells were incubated with 

either LDL or AcLDL: 1) in the absence of calcium, 2) in the presence of 

fucoidin, a known competitor of the scavenger receptor, and 3) in the presence 

of chloroquine, a lysosomal activity inhibitor. For all assays, cells were incubated 

in LPDM plus 10 ug protein/ml of I25I-LDL in the presence or absence of 



Figure 7: SDS-PAGE of isolate human lipoproteins: LDL, apoE
containing HDL (HDV+) and apoE-free HDL (HDV-) 
against a molecular weight standard. 
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20-fold excess LDL or 10 ug protein/ml 12SI-AcLDL in the presence or absence 

of 25-fold excess of AcLDL. Receptor-mediated degradation was calculated as 

described in the Methods section. For calcium-free treatment, incubations 

included 100 uM EDTA or 100 uM EDTA plus 2 mM calcium (control). For 

fucoidin treatment, incubations were conducted in the presence or absence 

(control) of 50 ug/ml fucoidin. For chloroquine treatment, cells were pre

incubated in medium containing 50 uM chloroquine, then incubated according to 

the above degradation assay description in the presence of 50 uM chloroquine; 

control incubations were conducted using the same procedures in the absence of 

chloroquine. Values represent triplicate assays and are presented as a 

percentage of control receptor-mediated degradation for LDL and AcLDL For 

studies using LDL, the cell isolation contained 3.6 percent PMC and 86.6 

percent MNC and the donor (#6) was site-infected. For studies using AcLDL, 

the cell isolation contained 8.1 percent PMC and 88.4 percent MNC and the 

donor (#6) was infection-free. 

Results confirmed that fucoidin significantly (p<0.05) decreased receptor

mediated degradation of AcLDL to 35 percent of control, but did not reduce 

LDL degradation by the LDL receptor (Figure 8). 

Goldstein and others have shown that the LDL degradation by the 

apoB/E receptor is calcium-dependent (Goldstein and Brown 1974). As seen in 
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Figure 8 receptor-mediated degradation of LDL was significantly (p<0.01) 

reduced to 3 percent of control in the absence of calcium; in contrast, 

degradation of AcLDL was not calcium-dependent. 
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Degradation rates of both LDL and AcLDL were significantly reduced to 

23 and 2 percent of control, respectively, by chloroquine indicating that 

degradation of lipoprotein entering the cell via either receptor 

required lysosomal activity (Figure 8). The use of chloroquine to demonstrate 

lysosomal involvement in lipoprotein degradation is well-established (Schecter et 

al. 1981, Brown and Goldstein 1975). 

I also examined the sensitivity of the LDL and AcLDL receptors to 

denaturation by pronase. The cells were isolated as described in the Methods 

section and pre-incubated for 20 min. at 37°C in the presence or absence of 3 

uglml pronase. Following pre-incubation, the cells were washed and incubated 

for 4 hrs. at 37°C in LPDM plus 10 ug protein/ml of 12SI-LDL in the presence or 

absence of 20-fold excess LDL or 12SI-AcLDL in the presence or absence of 25-

fold excess of AcLDL. Receptor-mediated degradation was calculated as 

described previously. Values represent triplicate assays and are presented as a 

percentage of receptor-mediated degradation in the absence of pronase. Cells 

were obtained from donor #6 (site-infected) and the isolation contained 3.6 

percent PMC and 86.6 percent MNC. 
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Initial studies showed that the LDL receptor, but not the scavenger 

receptor was significantly sensitive to pronase. Studies by others suggest that the 

LDL receptor is very pronase sensitive and our laboratory has found that the 

LDL receptor in HL-60 cells is substantially denatured by pronase (Goldstein 

and Brown 1974; Juni, personal communication). I repeated the studies using 

HL-60 cells as a control (Figure 9). Pronase treatment significantly (p<.05) 

reduced LDL degradation in HL60 cells to 38 percent of control, but decreased 

LDL degradation in human peritoneal cells by only 60 percent of control, a 

significant difference (p<0.05) from the value obtained in HL60 cells. These 

results confirmed that the LDL receptor of peritoneal cells is significantly less 

sensitive to pronase denaturation than the LDL receptor in HL60 cells. Studies 

conducted in samples from non-infected donors or donors infected with S. aureus 

did not differ. 

LDL receptor activity is responsive to the level of LDL or cholesterol 

available to the cells (Knight and Soutar 1983; Traber and Kayden 1980). To 

examine the regulation of the LDL receptor of peritoneal cells, I assessed LDL 

degradation in cells pre-incubated in the presence of LPDM, or LPDM plus 

either LDL or HDL. For these assays, the cells were pre-incubated in for 24 hr 

in LPDM (control) or LPDM plus 100 ug protein/ml of LDL or HDL. 

Following pre-incubation, the cells were washed and incubated for 4 hrs. at 37°C 
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in LPDM plus 10 ug protein/ml of 12SI-LDL in the presence or absence of 20-

fold excess LDL. Receptor-mediated degradation was calculated as described. 

Values represent triplicate assays. Cells were acquired from donor #6 who had 

developed peritonitis from S. aureus and the cell isolation contained 86 percent 

PMC and 14 percent MNC. 

The results indicate that pre-incubation with LDL significantly (p<0.05) 

reduced total LDL degradation from 30 ng/mg cell protein/4 hrs. to 11 ng/mg/4 

hrs. (Figure 10). This decrease was attributable to a significant (p<0.05) 

reduction in LDL receptor-mediated degradation from 28 ng/mg/4 hrs. to 9 

ng/mg/4 hrs. Although receptor activity appeared to be up-regulated by pre

incubation with HDL relative to LDL, the values were not significantly different. 

Moreover, HDL significantly (p<.05) reduced total degradation activity to 16 

ng/mg/4 hrs. by reducing receptor-mediated degradation to 13 ng/mg/4 hrs. 

ACATACTMTY 

Previous studies using MPM have shown that ACAT activity is initially 

up-regulated when macrophages are incubated with LDL or AcLDL. However, 

because the presence of cellular free cholesterol down-regulates the 

apolipoprotein BIE receptor, a steady-state is reached between receptor

mediated degradation of LDL and ACAT activity (Fogelman et aI. 1981; Knight 

and Soutar 1983). Consequently, ACAT activity is much lower in cells 
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medium containing low density lipoprotein (LDL) or high 
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pre-incubated with LDL than that observed in cells pre-incubated with AcLDL. 

The data in Table 7 support these findings in human peritoneal cells. For these 

studies, cells (106cells/ml) were pre-incubated in LPDM, or LPDM plus 100 ug 

protein/ml (100) or 200 ug protein/ml (200) of LDL or AcLDL. The cells were 

acquired from donor one; the cell population was < 1 percent PMC, 53 percent 

MNC and 46 percent RBC. All assays were completed in triplicate. Pre

incubation of the cells in the presence of LDL for 24 hrs. resulted in a 42-fold 

increase in ACAT activity above that observed for cells incubated with LPDS; 

pre-incubation of cells with AcLDL showed an 84-fold increase above this 

baseline value. Pre-incubation with AcLDL stimulated twice the ACAT activity 

of pre-incubation with LDL indicating down-regulation of the LDL receptor. 

Increasing the level of LDL or AcLDL in the medium did not significantly 

increase ACAT activity indicating that 100 ug protein/ml medium was sufficient 

to saturate cell degradation capabilities for 24 hrs. 



Table 7. ACAT activity of human peritoneal cells pre-incubated with various 
lipoproteins for 24 hours. 

Incubation Medium 

LPDM 
LDL (100 ug protein/ml) 
AcLDL (100 ug protein/ml) 

LDL (200 ug protein/ml) 
AcLDL (200 ug protein/ml) 

ACAT Activity 
(nmol/mg cell protein/hr) 

0.01 + 0.05 
0.42 + 0.08*" 
0.84 + 0.17* 

0.38 + 0.05*" 
1.02 + 0.08* 

* significantly different from LPDM p<0.005 
" significantly different from corresponding AcLDL value p<0.02 
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Table 8 shows the effect of pre-incubation of cells for 48 hrs. with various 

mediums. For these studies, the cells (l(Yicells/ml) were pre-incubated with 

LPDM or LPDM plus 100 ug protein/ml LDL or AcLDL for 48 hrs. Cells were 

acquired from donor one; the cell population was 3 percent PMC, 93 percent 

MNC and 4 percent RBC. Here again, ACAT activity was greatest in cells pre-

incubated with AcLDL, less in the LDL treatment group and minimal with 

LPDM treatment. However, the differences between incubation treatments were 

substantially less. Cell pre-incubated with AcLDL showed a 3-fold greater 

ACAT activity than LPDS pre-incubation and a 1.38-fold greater ACAT activity 

than LDL pre-incubation. LDL treatment showed only a 2.2-fold difference in 

ACAT activity from LPDM treatment. 



Table 8. ACAT activity of human peritoneal cells pre-incubated with various 
lipoproteins for 48 hours. 

Incubation Medium 

LPDM 
LDL 
AcLDL 

ACAT Activity 
(nmol/mg cell protein/hr) 

.04 + .02 

.09 + .02* 

.12 + .02* 

* significantly different from LPDM p<O.Ol 

Juni (Z. Juni, personal communication) has shown that ACAT activity of D3-
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treated HL-60 macrophage pre-incubated in medium containing AcLDL or LDL 

does not differ when ACAT analysis is conducted for 16 hrs. or 6 hrs. I 

attempted to assess the ACAT activity of cells pre-incubated in various mediums 

for increasing time intervals by measuring [14C]oleate incorporation for 6 hrs., 

instead of 16 hrs. The mediums used were LPDM, or LPDM plus LDL (100 ug 

protein/ml) or AcLDL (100 ug protein/ml). The pre-incubation times were 16, 

24 and 40 hrs. Inusfficient cells were obtained from the isolation to incubate 

cells with all three mediums for all three time periods. Therefore, a baseline 

evaluation of ACAT activity in LPDM was taken at 16 hrs. only. Cells were 

acquired from donor one; the cell population was 3 percent PMC; 93 percent 

MNC and 4 percent RBC. The results shown in Table 9 indicate that no 

measurable activity was found for LPDM or LDL treatments at 16 and 24 hrs. 

using the 6 hr. 14C-oleate incorporation time to assess ACAT activity. Further, 
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the large variation value for cells pre-incubated with LDL at 40 hrs. suggests 

that the incorporation of 14C-oleate was too little to obtain an accurate value. 

All treatment groups contained similar levels of cell protein and were completed 

in triplicate. Goldstein et al. have noted that when fibroblasts are incubated in 

the absence of lipoprotein the incorporation of labeled oleate is minimal 

(Goldstein and Brown 1977, Goldstein et al. 1983). This could explain the 

absence of measurable activity in the LPDM treatment group. 

Table 9. Effect of pre-incubation time on ACAT activity measured by a 6 hr. 
14C-oleate incorporation time in human peritoneal cells pre-incubated with 
various lipoproteins 

Incubation Time Medium ACAT Activity 
(hrs.) (nmol/mg cell protein/hr) 

16 LPDS Not Measurable 
LDL Not Measurable 
AcLDL 0.37 + .06 

24 LDL Not Measurable 
AcLDL 0.38 + .05 

40 LDL 0.11 + .09 
AcLDL 0.18 + .07* 

* significantly different AcLDL at 16 and 24 hrs. p<0.03 

The reason for the lack of measurable activity in the LDL treatment 

group remains unclear. It could suggest that maximal LDL receptor down-

regulation has resulted in an ACAT activity value too low to measure with a 6 



hr. incorporation time. I thought it important to include these data for two 

reasons, repeated experiments produced similar results, and should another 

researcher desire to utilize the ACAT assay in this mixed cell population a 

greater incorporation time can be selected. 

209 

In contrast to the data obtained from the LDL treatment groups, pre

incubation with AcLDL resulted in accurately measurable values. ACAT activity 

for AcLDL treatment groups was maximal by 16 hrs., did not vary significantly 

by 24 hrs. and showed a significant decline by 40 hrs. ACAT activity at 40 hrs. 

for cells pre-incubated in AcLDL was not significantly different from the 48 hrs. 

value obtained in Table 8. These data indicate that a 6 hr incorportion time 

was sufficient to measure AcLDL-stimulated ACAT activity. I thought that the 

fall in ACAT activity by 40 hrs. in AcLDL treatment group was probably 

attributable to insufficient lipoprotein in the medium. Therefore, I assessed the 

effect of medium changes on ACAT activity in cells pre-incubated in various 

mediums for 72 hrs. using a 16 hr. 14C-oleate incorporation time. Again, 

sufficient cells were available for only one LPDM evaluation. ACAT activity 

was measure as previously described on cells (106/mI) pre-incubated in LPDM, 

or LPDM plus 100 ug protein/ml LDL or AcLDL at the concentrations shown 

for 72 hrs. For the medium-change treatment, every 24 hrs. the cells were 

centrifuged (1300 rpm, 10 min, 4°C), the previous medium removed and the cells 
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re-suspended (1Q6/ml) in fresh medium. The cells were acquired from donor 

one; the cell population was <1 percent PMC, 47 percent MNC and 51 percent 

RBC. The results of this experiment are shown in Table 10. 

In the absence of medium changes, cells pre-incubated with LDL for 72 

hrs. showed a wide variation in ACAT activity. In contrast, cells pre-incubated 

with LDL for 72 hrs. with medium changes every 24 hrs. showed much less 

variation in ACAT activity. This indicates that as pre-incubation time with LDL 

increases, in the absence of medium changes, the ACAT activity declines and 

accurate measurement becomes difficult. Four factors could contribute to the 

large variation observed for cells pre-incubated with LDL in the absense of 

medium changes: 1) declining lipoprotein in the medium; 2) limited cell 

number; 3) cell death; and/or 4) down-regulation of the LDL receptor. ACAT 

activity for the AcLDL treatment groups was significantly higher in the medium 

change group compared with the no-medium-change treatment. This supports 

the suggestion that insufficient AcLDL added to the medium accounts for 

declining values in ACAT activity for cells incubated for greater than 24 hrs. 



Table 10. Effect of medium changes on ACAT activity in human peritoneal 
cells pre-incubated for 72 hours with various lipoproteins. 

Incubation Conditions 

No Medium Changes 
LPDM 
LDL 
AcLDL 

Medium Changes 
LDL 
AcLDL 

ACAT Activity 
(nmol/mg cell protein/hr) 

0.01 + 0.02 
O.OS + O.OS 
0.19 + 0.04* 

0.09 + 0.02" 
O.Sl + 0.04b 

* significantly different from LPDM p<O.OS 
• significantly different from the corresponding value for AcLDL p<0.002 
b significantly different from AcLDL value in the absence of medium changes 
p<O.OOl 
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The value for the LDL medium change group (Table 10) at 72 hours is 

not significantly different from the 48 hr. value shown for LDL treatment in 

Table 8. Since the MNC percentages present in these preparations were similar, 

this value (0.09 nmol/mg cell protein/hr.) could indicate ACAT activity in 

presence of maximal LDL receptor down-regulation. 

Degradation of LDL by peritoneal mononuclear cells 

To show that MNC were primarily responsible for LDL receptor-

mediated degradation in the peritoneal cell population, I tried several techniques 

for isolating monocytic cells. Centrifugal elutriation resulted in a purified 

population of monocytic cells, but insufficient cell recovery to conduct 
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degradation assays. Adherence to plastic or glass resulted in a purified 

monocytic population, but again, only approximately 10 percent of cells adhered 

to plastic and 30 percent to glass producing insufficient cell recovery for 

lipoprotein degradation studies. Finally, using Lymphoprep I was able to 

recover a mixed population of lymphocytic and monocytic cells sufficient to 

complete a degradation assay. The results of this assay are shown in Figure 11. 

Total LDL degradation significantly (p<0.05; n=3) increased following 

Lymphoprep from 116 + 10.2 ng/mg cell protein/4 hrs to 137 + 1.0 ng/mg/4 hrs. 

Moreover, this increased degradation was completely attributable to receptor

mediated degradation; nonspecific degradation did not change (22.7 + 4.7 ng/mg 

cell protein/ 4hrs. and 23.4 + 1.4 ng/mg cell protein/4hrs., respectively). The 

effectiveness of the lymphoprep procedure in producing a purified MNC was 

analyzed by cytochemistry and flow cytometry. 
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Figure 11: Receptor-mediated degradation of low density 
lipoprotein (LDL) by human peritoneal mononuclear cells. 
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FLOW CYTOMETRY 

Monoclonal antibodies (Moab) to human peritoneal cells are not 

available. Therefore, in consultation with the director of the flow cytometry unit 

at the University of Arizona Cancer Center, I chose several Moab known to 

react with human blood cell populations. The Moab selected showed 

predominate reactivity with different classes of blood cells; the predominate 

reactivity of each Moab marker is provided in Table 11. For example, anti

HLe-1 (CD45) reacts with blood lymphocytes, monocytes and granulocytes. 

Those Moab which react with monocytic cells are; Leu-M3, HLA-DR, HLe-1 

and Leu-5b (slight reactivity). Different companies label the same Moab with 

different letters and numbers; this has resulted in confusion in data comparison. 

Therefore, the CD nomenclature is recommended and is included with this 

report. 

For flow cytometry analysis, the analysis gates were set to eliminate 

reading debris. Keyhole limpet hemocyanin (KLH) was used to determine 

nonspecific staining levels (background fluorescence); only positive readings 

above this level were detected. Figure 12 represents the scatter diagram 

obtained from the total peritonenal cell population using anti-Leu-3a (CD4) as a 

marker. This figure is included to demonstrate the scatter regions referred to in 
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Figure 12: Scatter plot of anti-Leu3a reaction with human 
peritoneal cells analyzed by flow cytometry. 
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Table 11. Predominate reactivity of selected monoclonal antibodies with human 
blood cells. 

Monoclonal Antibody Marker 

Leu-3a (CD4) 
Leu-2a (CDS) 
Leu-5b (CD2) 
Leu-16 (CD20) 
HLe-l (CD45) 
Leu-M3 (CD14) 
HLA-DR 

Predominate Reactivitr 

T helper/induce cells 
T cytotoxic/suppressor cells 
E rosette receptor-associated 
B cells 
Leukocytes 
Monocytes/macrophages 
B cells/monocytes/ 
activated T cells 

a predominate reactivity taken from Becton/Dickinson Immunocytometry Systems, 
Mountain View, Ca. 

the following discussion. Region one represents the entire scatter area with 

gates set to screen debris only. The center box area represents the scatter 

region where blood monocyte events would concentrate. The lower left corner 

box represents the scatter region commonly occupied by blood lymphocyte 

events. Because the reactivity of the Moab with human peritoneal cells is 

unknown, the percentage of positive cells and their location in each scatter 

region was determined. This evaluation is shown in Table 12. For example, 

anti-Leu-3a commonly reacts with T helper and T suppressor blood lymphocytes. 

When this Moab antibody reacted with the human peritoneal cell sample 

provided, the percentage of positive events in 10,000 assessed events was two 

percent (%P). 
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Table 12. Total cell population percentages (%P) and the percentages of human 
peritoneal cells marked with monoclonal antibodies (Moab) to human blood 
cells found in lymphocytic (%L), monocytic (%M) or both scatter regions 
(%SR). 

Leu-3a (CD4) 
Leu-2a (CD8) 
Leu-5b (CD2) 
Leu-16 (CD20) 
HLe-1 (CD45) 
Leu-M3 (CD14) 
HLA-DR 

Predominate Reactivity-

T helper/induce cells 
T cytotoxic/suppressor cells 
E rosette receptor-associated 
B cells 
Leukocytes 
Monocytes/macrophages 
B cells/monocytes/ 
activated T cells 

Total Cell PORulation 
%P %SR %L %M 

2 65 87 13 
12 64 74 26 
7 77 97 3 

11 36 38 62 
49 75 68 32 
23 58 29 71 
27 56 46 54 

The %P value can provide an estimate of the cell percentage~ in a cell sample 

only if the antibody is specific (marks only one cell type) and sensitive (marks a 

high percentage of the specific cells in a population of cells). Of the positive 

events marked by anti-Leu-3a (2%), 65 percent fell in the scatter regions 

normally occupied by monocytes or lymphocyte events (%SR). Of this 65 

percent, 87 percent were found in the lymphocyte scatter region (%L) and 13 

percent were found in the monocyte scatter region (%M). This indicates that 

anti-Leu-3a reacts with human peritonel cells which resembled lymphocytes in 

scatter region location, an appropriate area for this cell marker. Those Moab 

which showed events primarily in the monocytic scatter area were HLA-DR, 

CD 14, CD20 and CD45. 
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In flow cytometry, all parameters, forward scatter, side scatter and 

fluorscence are used simultaneously to discriminate cell types. Table 13 

compares the percentages of positive cells before and after fractionation of the 

peritoneal cells by Lymphoprep. 

Table 13. Effectiveness of Lympboprep in isolating mononuclear cells from a 
total cell population. 

Monoclonal Antibody Total Cells Lympboprep 

%P %SR %L %M %P %SR %L %M 
Leu-3a(CD4) 2 65 87 13 2 65 88 12 
Leu-2a(CD8) 12 64 74 26 14 72 82 18 
Leu-5b(CD2) 7 77 97 3 10 82 97 3 
Leu-16(CD20) 11 36 38 62 13 48 23 77 
HLe-1(CD45) 49 75 68 32 64 82 64 36 
Leu-M3(CD14) 23 58 29 71 25 64 36 82 
HLA-DR 27 56 46 54 38 62 52 62 

From the increase in the percentage of 10,000 total events (~'P), it can observed 

that the Lymphoprep concentrated the MNC from the total cell population 

(CD8, CD2, CD20, CD45, CD14, and HLA-DR). In addition, the percentages 

of cells in the appropriate scatter regions were maintained or increased. The B-

cell marker, anti-Leu-16, consistently concentrated in the monocyte scatter 

region. The explanation for this is unknown, two possibile explanations are 

either the anti-Leu-16 marker was recognized by monocytic cells present in the 

CAPD population or the CAPD B-Cell lymphocyte demonstrates similar forward 
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and side scatter to monocytes. The results shown in Table 14 also indicate a 

heterogenous T cell population (CD4, CD8, & CD20) and the presence of 

monocytes and macrophages (HLA-DR and CD14). This donor had just 

completed treatment for peritonitis (2 days) at the time of this analysis. 

Although subsequent cultures were negative, this could have influenced the 

numbers and types of lymphocytes present. 

HLA-Dr and HLe-1 react with several cell types; therefore, HLA-DR 

percentage value can not be assumed to represent monocytic cells only. Further, 

monocytic cells in a human peritioneal cell poulation are heterogeneous and 

include macrophages; the reactivity of a Moab with macrophage cells could 

differ from reactiviy with monocytes. Because the sensitivity and specificity of 

these Moab with human peritoneal cells is unknown, the percentages of cell 

presented in this report can not estimate of the relative cell percentages in the 

population sampled. However, population analysis by cytochemistry confirmed 

that the MNC were concentrated by the Lymphoprep procedure (Table 14), and 

showed that monocytes were greater in the Lymphoprep than in the total cell 

population. 



220 

Table 14. Effectiveness of Lymphoprep in isolating the MNC population from 
the total cell population evaluated by flow cytometry and cytochemistry 

RBC 
VIABILITY 
PMC 
LYMPHS 
MONOS 

TOTAL CELLS 
(%) 

Flow Cytometrv Cytochemistrv 

10 
76 
o 

16 
89 
<1 
38 
46 

LYMPHOPREP 
(%) 

Flow Cytometrv Cytochemistry 

4 
84 
o 

<1 

o 
41 
59 

Lymphs = lymphocytes and monos = monocytic cells. 

Further, both procedures documented a decrease in the percentages of RBC and 

the relative absence of PMC. (RBC and granulocyte percentages were 

determined by flow cytometry using forward and side scatter only.) In addition, 

flow cytometry showed improved viability with the use of the Lymphoprep 

probably because Lymphoprep removed any dead cells present from the original 

cell isolation procedure. Cytochemistry was conducted using Wright/Geimsa and 

acid esterase/myeloperoxidase stains. Counts represent 300 cells. Viability was 

determined by flow cytometry using antibodies and scatter and by cytochemistry 

using trypan blue dye exclusion. 

FOAM CELL FORMATION 

The capability of the human peritoneal macrophage to degrade LDL were 

further demonstrated in studies of foam cell formation. Since these studies were 

conducted in cells adhered to glass slides, only macrophage cells were present. I 
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examined Oil Red 0 stains using cells incubated with LDL or AcLDL for three 

time periods. Freshly isolated cells, adhered to glass slides for 1 hrs. are shown 

in Figure 13. Subsequent maturation of cells in LPDM for 24, 48 and 72 hrs. 

are shown in Figures 14, 15 and 16, respectively. All of the cells in these 

groups were and remained free from ORO stains. 

In contrast, cells incubated with LDL and AcLDL showed parallel 

enhancement of ORO stainable material. By 24 hrs., cells from both treatment 

groups had collected some lipid-stainable material (Figures 17 and 18). Both 

groups collected considerably more ORO-stainable material by 48 hrs. and 

showed vacuolization (Figures 19 and 20). The LDL treatment group showed 

dense vacuole formation and the lipid-stainable material collected outside of the 

vacuoles (Figure 19). The AcLDL treatment group showed some vacuole 

formation (Figure 20) and significant lipid droplets (Figure 21). 

(Photomicrographs 20 and 21 represent cells on the same glass slide.) By 72 

hrs., both treatment groups showed significant collection of lipid droplets in the 

cytoplasm of most cells (Figure 22 and 23). 

Foam cell formation in cells incubated with LDL represents an unusual 

finding. To further examine this phonenom, I incubat~d cells adhered to slides 

for 72 hrs. with LDL or AcLDL with medium changes every 24 hrs. to test the 



Figure 13: Freshly isolated human peritoneal macrophage cells 
incubated with lipoprotein-depleted medium for one hour. 
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Figure 14: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium for 24 hours. 
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Figure 15: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium for 48 hours. 
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Figure 16: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium for 72 hours. 
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Figure 17: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 uglml LDL for 24 
hours. 
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Figure 18: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 ug/ml AcLDL for 24 
hours. 
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Figure 19: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 ug/ml LDL for 48 
hours. 



228 



Figure 20: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 ug/ml AcLDL for 48 
hours. 
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Figure 21: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 ug/ml AcLDL for 48 
hours. 
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Figure 22: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 ug/ml LDL for 72 
hours. 
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Figure 23: Human peritoneal macrophage cells incubated with 
lipoprotein-depleted medium plus 100 uglml AcLDL for 72 
hours. 
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effect of exposure time of the medium to the cells on inducing foam cell 

formation. Cells incubated for 72 hrs. with the absence of medium changes 

served as controls. By 72 hrs., the cells incubated with LDL in the absence of 

media change showed the same dense collection of lipid-stainable material 

observed in the previous experiment (Figure 24). In contrast, cells from the 

medium change group (Figure 25) collected no greater lipid-stainable material 

than the 24 hr. treatment group seen in Figure 17. 

To determine if LDL oxidation could be responsible for the collection of 

Oil Red 0 stainable material in the cells by 72 hrs., cell were incubated with 

LDL in the presence or absence of BHT (20 urn). Since mediums have shown 

differing support of oxidation, the two mediums used were RPMI#l640 (non

supportive) and Hams FlO (supportive). The mediums were assessed for 

oxidation at 24, 48 and 72 hrs. and cells stained at 72 hrs.. ORO-stainable 

material collected in cells by 72 hrs. in both treatment groups. The results 

shown in Figures 26 and 27 indicate that cells incubated in RPMI#l640 

collected ORO stainable material in droplets outside the vacuoles in the 

presence or absence BHT. None of the treatment groups differed. In 

comparison to the collection of ORO stainable material by 72 hrs. for cells pre-



Figure 24: Foam cell formation using human peritoneal macrophages 
incubated with LPDM plus 100 ug LDL protein/ml for 72 
hours. 
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Figure 25: Foam cell formation using human peritoneal macrophages 
incubated with LPDM plus 100 ug LDL protein/ml for 72 
hours with medium changes every 24 hours. 
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Figure 26: Foam cell formation using human peritoneal macrophages 
incubated with LPDM plus 100 ug LDL protein/ml for 72 
hours in the presence of BHT. 
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Figure 27: Foam cell formation using human peritoneal macrophages 
incubated with LPDM plus 100 ug LDL protein/ml for 72 
hours in the absence of BHT. 
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incubated with LDL in previous studies, none of the treatment groups in this 

study showed similar densely stained vacuoles (Figure 27). 

OXIDATION ANALYSIS 
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Studies by Henriksen et al. suggest that RPMI#1640 will not support 

oxidation of LDL; whereas Hams F12 medium will support oxidation (Henriksen 

et al. 1983). I tested the oxidation of LDL in either RPMI#1640-based medium 

or Hams FlO-based medium in the absence of cells. For these studies, each 

medium listed was prepared with 100 ug LDL protein/ml, LDL plus ethanol 

(EtOH) (50 ul), or LDL plus BHT (20 uM final concentration in 50 ul EtOH) 

and placed in the incubator (5% CO2, humidified, 37°C). At the time shown, 

samples were taken and assayed for TBARS as described in the Methods section 

using fluorescence spectrophotometry (515 nm excitation/553 nm emission) or 

absorbance at 532 nm. Waymouths medium is similar in composition to 

RPMI#1640 and was used as a negative control. Our results agree with 

Henriksen et al. The data shown in Tables ISa and ISb demonstrate that LDL 

oxidation occurs in the absence of cells in Hams FlO-based medium and that 

RPMI#1640-based medium will not support oxidation. Waymouths medium also 

did not demonstrate oxidation. 
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Table ISa. Oxidation of LDL incubated in various mediums for various times 
measured by fluorescence. 

TBARS (nmol MDA.ml) 

Time (hrs.): Q 16 24 40 

Medium 

RPMI#1640 
+LDL 00.9 1.0 1.0 0.5 
+LDL +EtOH 1.0 1.0 0.6 
+LDL +BHT 0.9 1.0 0.5 

Hams FlO 
+LDL 0.6 1.1 1.2 2.3 
+LDL +EtOH 1.1 1.2 2.3 
+LDL +BHT 0.9 0.7 0.3 

Wawouths 
+LDL 0.6 0.6 0.7 0.2 
+LDL +ETOH 0.7 0.7 0.2 
+LDL +BHT 0.9 0.6 0.2 

The differences between BHT treatment and incubations in the absence 

of BHT show the oxidation in RPMI#1640 was 0.1 nmol MDNml by 

fluorescence assay and 0.3 nmal MDNml by absorbance (Tables ISa and ISb). 

In contrast, Hams-F12 showed a difference of 2.0 nmol MDNml by fluorscence 

or 1.7 nmol MDNml by absorbance for 40 hrs. By 60 hrs., the difference value 

for RPMI#1640 remains at 0.3; in contrast, the difference value for Hams FlO 

increased to 4.3 nmal MDNml (Table ISb). 
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Table ISb. Oxidation of LDL incubated in various mediums for various times 
measured by absorption. 

TBARS (nmol MDNml) 

Time (hrs): !! 16 24 40 60 

Medium 

RPMI#1640 3.1 2.7 3.3 2.9 4.1 
+LDL 3.2 3.7 3.1 4.6 
LDL +EtOH 3.0 3.6 2.8 4.3 
LDL +BHT 

Hams FlO 
+LDL 0.8 0.9 1.2 2.5 5.1 
+LDL +EtOH 1.4 1.0 2.5 5.5 
+LDL +BHT 0.7 0.7 0.9 1.2 

Way-mouths 
+LDL 2.3 1.8 2.3 2.2 3.3 
+LDL +EtOH 2.2 2.3 2.4 3.4 
+LDL +BHT 1.6 2.5 2.0 2.5 

To evaluate if the foam cell formation seen in cells incubated with LDL 

for 72 hrs. was secondary to LDL oxidation by peritoneal macrophage, I 

incubated slides with adherent cells in two types of mediums (RPMI#1640 and 

Hams FlO) for 72 hrs. in the presence or absence of BHT. For these assays, 

the cells were isolated as described in the Methods section, re-suspended in 

medium containing LPDM, and 80 ul placed on a glass slide. The slides were 

incubated (37°C, humidified, 5%COz) for 1 hr. Non-adherent cells were washed 

from the slides using sterile PBS. The cells (1 slide/3 mIs medium) were then 
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incubated with LPDM made with either RPMI#1640 (RPMI#1640M) or Hams 

FlO (HAMS F10M) plus 100 ug protein/ml LDL with ETOH (50 ul) or with 

BHT (20 uM final concentration in 50 ul ethanol). For these assays, the Hams 

FlO medium was prepared and an aliquot placed in the incubator representing 

the cell-free assay; the remaining medium was aliquoted among the appropriate 

cell preparations. Then, the EtOH was added to the appropriate samples and 

the preparations placed in the incubator. Following this procedure, the BHT 

was added to the appropriate samples and these preparations placed in the 

incubator. At the time shown, duplicate aliquots of each medium were assayed 

for TBARS as previously described and the results measured by either 

fluorescence (Fl.) or absorbance (Abs.) spectrophotometry. At 72 hrs., the slides 

were removed and stained for Oil Red 0 as previously described for Figure 16. 

The results for oxidation analysis of the mediums shown in Table 16 

reveal that neither medium supported substantial oxidation of LDL in the 

presence of peritoneal macrophage cells. 



Table 16. Oxidation of low density lipoprotein in various mediums in the 
presence of human peritoneal macrophages. 

Time (hrs): 

Assay: 

Conditions 
RPMI#1640M 
+Cells + EtOH 
+Cells +BHT 

HAMS FI0M 
+Cells + EtOH 
1.5+Cells +BHT 

Fl. 

<.1 
<.1 
<.1 

<.1 
<.1 
<.1 

24 

Abs. 

1.8 
1.6 
1.3 

.2 

.7 

.4 

TBARS (nmol MDNmll 

FI. 

<.1 
.2 
.2 

<.1 
.3 
.2 

48 

~bs. 

2.0 
1.9 
1.8 

.6 
1.1 
1.1 

Fl. 

<.1 
<.1 
<.1 

<.1 
<.1 
<.1 

72 

Abs. 

2.0 
2.5 
2.2 

1.4 

1.4 
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CHAPTER 7 

DISCUSSION 
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The majority of in vitro studies of cholesterol metabolism in macrophages 

utilize human MDM or MPM (Traber et al. 1981; Soutar and Knight 1982; 

Soutar and Knight 1984; Goldstein et al. 1979b). Macrophages derived from 

human monocytes express both apolipoprotein B/E and scavenger receptors 

(Fogelman et al. 1980; Traber and Kayden 1980; Van Lenten et al. 1985b). 

Studies have shown that, although monocytic cells continue to express both 

receptors during the transition to macrophages, apo B/E receptor activity is 

down-regulated by the presence of cholesterol and cells exposed to high levels of 

LDL do not accumulate cholesteryl esters (Fogelman et al. 1981; Fogelman et 

al. 1982; Knight and Soutar 1982, 1983, 1986). In contrast, scavenger receptor 

activity is not down-regulated by cellular cholesterol and incubation of MDM 

with AcLDL results in cholesteryl ester storage and the formation of foam cells 

(Fogelman et al. 1980; Traber and Kayden 1980; Van Lenten et al. 1985a; 

Brown et al. 1979; Ho et al. 1980; Brown and Goldstein 1980; Goldstein et al. 

1979b). 

Human atherosclerotic plaque consists of monocytic macrophages, smooth 

muscle cells, cell debris, cholesteryl ester crystals, lipoproteins, and arterial tissue 

matrix. The intimal layer of the damaged arterial wall also contains foam cells. 
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Evidence indicates that foam cells originate from tissue macrophages and smooth 

muscle cells. Jaakkola et al. have shown that foam cells isolated from plaque 

degraded both LDL and AcLDL (Jaakkola et al. 1989). Because foam cells are 

derived from tissue macrophages and because differences exist between human 

macrophages derived in culture and those isolated from the tissue of animals, 

studies in human tissue macrophages are desirable. Acquisition of tissue 

macrophages requires invasive procedures; consequently, few such studies exist. 

However, recent reports document the presence of tissue macrophages in the 

dialysis effluent from patients on CAPD (Maddox et al. 1984; Goldstein and 

Brown 1984; Fakhri et al. 1978; Cicochi et al. 1983). I have explored the 

possibility of using in vivo maturated human peritoneal cells isolated from the 

fluid of patients on CAPD to study cholesterol and lipoprotein metabolism of 

human tissue monocytic cells. 

CELL YIELD AND POPULATIONS 

Previous studies have documented substantial variation in cell recovery 

from the dialysate of different donors (Maddox et al. 1984; Goldstein et al. 1984; 

Fahkri et al. 1978; Cicochi et al. 1983). I observed wide variations in both cell 

yield and cell types. and reported that peritoneal cell populations included 

monocytes, macrophages, lymphocytes, PMC, eiosinophils, basophils and RBC, a 

finding shared by other investigators (Haskill and Becker; Goldstein et al. 1984; 
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Becker et al. 1983). Both Goldstein et al. and Cichoki et al. reported that, in 

patients free from infection, MNC predominated; my work confirms these 

findings (Goldstein et al. 1984; Cichocki et al. 1983). This probably reflects the 

fact that monocytic cells normally enter the tissues, but PMC will enter the 

tissues only in response to stiumlation by wounding or infection. 

Studies by Goldstein et al. suggest that the entrance of dialysate kills the 

cells present in the peritoneal cavity and the population isolated at the end of 

dialysis treatment represents newly recruited cells (Goldstein et al. 1984). This 

is important because it suggests that any macrophage cells present in diaysis 

effluent are drawn from the surrounding tissue and represent in vivo tissue 

maturated human peritoneal macrophages, not macrophages maturated during 

the previous dialysis treatment. 

As previously noted, tissue macrophage-monocytic cells are found in 

arterial plaque. In order for a cell population to serve as an appropriate cell 

model, monocytic-macrophages must be present. Early work by van Furth et al. 

(van Furth et al. 1979) established the presence of macrophages in human 

peritoneal fluid. Various immunological studies have also shown the presence of 

macrophages in human peritoneal fluids and have established that human 

peritoneal macrophages exhibit phagocytosis, IgG Fc and complement receptors, 

and other known characteristics of human macrophages (Mottolese et al. 1985; 
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Newman et al. 1985; Peterson et al. 1985). The flow cytometry studies reported 

here confirmed the presence of mcarophage/monocytic cells in human peritoneal 

fluid. 

In addition, numerous studies have been conducted in MDM, it is 

important to know the origins and characteristics of the human peritoneal 

monocytic cells to support comparison of studies conducted using pertoneal cells 

and those using MDM. Although it remains controversial, studies suggest 

peritoneal macrophages originate from blood monocytes (Parwaresch et al. 

1981). 

Mottolese et al. reported that 90 percent of adherent monocytic cells 

expressed the Fe receptor, 40 percent were HLA-DR positive and cell 

populations displayed a heterogenous staining distribution (Mottolese et al. 

1985). Goldstein et al. found that 75 percent of peritoneal macrophages were 

HLA-DR positive (Goldstein et al. 1984). The flow cytometry studies I 

conducted revealed approximately 30 percent HLA-DR positive cells 

(macrophages, monocytes or activated lymphocytes). 

The presence of the HLA-DR complex represents a consistent feature of 

human peritoneal macrophages and indicates these cells have been activated and 

are capable of presenting soluble antigens to T-Iymphocytes (Mottolese et al. 

1985; Goldstein et al. 1984). The importance of activation of peritoneal cellsto 
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the use of the cells as a model for study of cholesterol metabolism as it related 

to heart disease is unknown. Munro et a1. reported that macrophages from 

arterial plaque demonstrate HLA-DR expression suggesting that they are 

activated. In addition, labeled antibodies identified presence of T lymphocytes, 

but not B lymphocytes (Munro et a1. 1987). Hansson et a1. reviewed immune 

mechanisms in atherosclerosis (Hansson et a1. 1989). They noted that one third 

of T lymphs expressed the HLA-DR and very late activation factor-1 (VLA-1) 

activation markers. VLA-1 indicates extended activation. T lymphs are 

activated by peptide fragments of antigens bound to MHC proteins on the 

surface of antigen-presenting cells. The class III family of MHC proteins include 

HLA-DR antigens and are found on macrophages and endothelial cells when 

stimulated. Smooth muscle cells can express HLA-Dr, about 1/3 found in 

plaque express this antigen. Advanced human atherosclerotic plaque is 

characterized by granulomatous foci, prominent advential cellular infiltrate of 

lymphocytes, and monocytic recruitment indicating an inflammatory (activating) 

component (Schwartz et a1. 1985). Given the above information, it appears 

likely that at least some of the macrophages present in plaque are activated and 

in this regard are comparable to human peritoneal macrophages. In addition, as 

previously discussed in Chapter 2, activation of cells can result in significant 

changes in the degradation of lipoproteins and the formation of cholesteryl 



248 

esters by macrophage cells. Therefore, it is important to mention this variable, 

when reporting results from studies in CAPD cell populations. 

LDL AND AcLDL RECEPTOR-MEDIATED DEGRADATION 

The data presented in this report indicate that in vivo maturated human 

MNC bind, internalize and degrade native LDL via the classic LDL receptor 

pathway and LDL modified by acetylation by the scavenger receptor pathway. 

Two factors support this conclusion. First, percentages of MNC present in the 

assays showed a positive correlation with levels of LDL and AcLDL degradation; 

and secondly, LDL receptor activity increased following the concentration of 

mononuclear cells by Lymphoprep isolation. 

It also seems reasonable to conclude that freshly isolated human 

peritoneal monocytic cells possess the LDL receptor and contribute substantially 

to LDL degradation values. Several factors support this conclusion. First, 

although the Moab used here were specific for human blood cells and the 

percentages of human monocytic peritoneal cells recognizing these MoAb is 

unknown, the flow cytometry studies presented show that the relative 

percentages of lymphocytes and monocytes or macrophages were concentrated 

by the Lymphoprep isolation. Second, estimates of monocyte and lymphocyte 

percentages in the cell population isolated by Lymphoprep using cytochemistry 

suggest that the monocytic cells in the Lymphoprep were predominated. Third, 
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Chait et al. have shown that freshly isolated human monocytes degrade 5x-fold 

greater LDL than lymphocytes and that the degradation of LDL increases with 

rising percentages of monocytes in a preparation of blood cells purified by 

centrifugal elutriation (Chait et al. 1982). This is supported by studies by 

Nguyen et al. and Schecter et al. , who reported that the degradation of LDL by 

lymphocytes was several-fold less than amounts degraded by monocytes (Nguyen 

et al. 1988, Schecter et al. 1981). Fourth, studies conducted using cells isolated 

from donor six who displayed greater than 85 percent MNC with less than a 10 

percent population of lymphocytes showed substantial LDL degradation and the 

highest degradation of AcLDL of any donor. Goldstein et al. have 

demonstrated that human lymphocytes degrade little AcLDL (Goldstein et al. 

1979b). Therefore, the findings by cytochemistry of a predominate monocytic 

population are in agreement with the high AcLDL degradation found in donor 

six. Lastly, Soutar et al. and others have established that macrophages derived 

from monocytes in vitro retain LDL receptor activity (Soutar and Knight 1982; 

Fogelman et aI. 1981; Schecter et aI. 1981). 

It could be argued that the lymphocyte LDL receptors were up-regulated 

by the time elapsing during the isolation and Lymphoprep. However, Bilheimer 

et al. demonstrated that freshly isolated lymphocytes express minimal receptor 

activity and that a time elapse of 3 hrs. following blood isolation before 



degradation assay did not significantly alter the measurement of LDL 

degradation (Bilheimer et al. 1978). 
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The half-maximal and saturation values for concentration-dependent 

degradation of LDL and AcLDL are similar to values reported by others in 

MDM for both LDL and AcLDL, in fibroblasts for LDL, and slightly greater 

than those reported for canine peritoneal macrophages for AcLDL ( Goldstein 

and Brown 1974, 1977; Schecter et al. 1981, Soutar and Knight 1982; Mahley et 

al. 1974). Traber et al. reported half-maximal LDL degradation as 14 ug/ml and 

saturation at <50 ug LDL protein/ml for human MDM (Traber and Kayden 

1980). Fogelman et al. reported saturation at 25-50 ug LDL protein/ml 

(Fogelman et al. 1981). Goldstein et al. reported a half-maximal degradation 

value of 25 ug AcLDL protein/ml in MPM (Goldstein et al. 1979b). 

LDL degradation rate of human peritoneal monocytic cells represents a 

distinct departure from findings in MPM. Goldstein et al. reported that MPM 

degrade little LDL ( Goldstein and Brown 1977; Goldstein et al. 1979b). 

Studies by other investigators suggest that substantial numbers of LDL receptors 

exist on these marine macrophages, but the receptors show low affinity for LDL 

(Tabas et al. 1985, 1987b; Tabas et al. 1987a; Hammond et al. 1985). In 

support of my findings, Traber et al. demonstrated that LDL degradation of 



induced human MDM exceed that of IC21 cells (a virus induced marine 

peritoneal macrophage) by seven-fold (Traber et al. 1981). 

CHARACTERISTICS OF THE RECEPTORS 
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My studies examining the characteristics of the LDL and scavenger 

receptors were conducted in total cell populations. I did not anticipate major 

differences in the characteristics of these receptors between human peritoneal 

cells and characteristics reported in human MDM. These results demonstrate 

that the apo B/E receptor of human peritoneal cells recognizes LDL, VLDL and 

HDL containing apoE, but does not recognize apo E-free HDL or AcLDL. 

These data agree with studies by other investigators using MDM (Chait et al. 

1982; Soutar and Knight 1982; Traber et al. 1981; Traber and Kayden 1980; 

Fogelman et al. 1981), human fibroblasts ( Goldstein and Brown 1974, 1977; 

Brown and Goldstein 1975; Ho et al. 1976; Innerarity et al. 1978), and hepatic 

cells (Brown and Goldstein 1983b). In addition, the data presented show that 

LDL degradation by human peritoneal cells requires calcium, does not respond 

to the presence of fucoidin, is moderately sensitive to pronase and requires 

lysosomal activity for degradation; all previously established characteristics of the 

LDL receptor (Goldstein and Brown 1974; Brown and Goldstein 1975, 1983b; 

Adelman and St. Clair 1988a; Schecter et al. 1981). In contrast to the LDL 

receptor, our studies show that the scavenger receptor of human peritoneal cells: 
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(1) recognizes AcLDL and fucoidin; (2) is not significantly sensitive to pronase 

denaturation; and (3) does not require calcium. These attributes agree with 

studies in MPM, MDM and a variety of macrophage-like cell lines ( Goldstein et 

aI. 1979b; Schecter et aI. 1981; Brown and Goldstein 1983b; Via et al. 1985b). 

Examining the means of the pooled data suggests that AcLDL degradation 

exceeds LDL degradation by approximately four-fold. The AcLDL 

characterization studies diverge from the findings of Adelman and St. Clair in 

pigeon peritoneal macrophages (Adelman and St. Clair 1988a). They reported 

that the absence of calcium decreased AcLDL degradation by 40 percent and 

that fucoidin did not compete with AcLDL for receptor recognition. This could 

reflect species difference or two receptors for pigeon peritoneal macrophages 

which recognize AcLDL. 

Several studies have shown LDL receptor down-regulation by LDL

cholesterol (Knight and Soutar 1986; Traber and Kayden 1980; Fogleman et aI. 

1982; Goldstein and Brown 1977; Brown and Goldstein 1983b; Soutar and 

Knight 1983; Chait et aI. 1982). The data presented show pre-incubation of cells 

with LDL reduced LDL degradation three-fold. Interestingly, LDL receptor 

down-regulation by LDL-C appears to continue in cells infected with S. aureus. 

Studies to date suggest that microbial activation can cause decreased LDL 

receptor activity and the accumulation of cellular free cholesterol (Jalial and 
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Chait 1989). The low degradation values seen here could reflect prior down

regulation of the LDL receptors by the infection. Alternatively, the low 

degradation values may simply reflect the predominate PMC. In any case, the 

LDL receptors remained responsive to further regulation by LDL-C in the 

presence of infection in vivo. 

Unexpectedly, LDL degradation was also decreased (two-fold) by pre

incubation with HDL. This down-regulating effect of HDL on LDL receptor 

activity could reflect the predominate PMC. Since these cells are known to 

possess an apolipoprotein B/E receptor, but have not been shown to efflux 

cholesterol to HDL. Therefore, HDL uptake and degradation via the apo B/E 

receptor could have caused sufficient receptor down-regulation to mask any up

regulatory effect in the smaller monocytic cell population. Alternatively, the 

serum used for these studies was heat-treated rendering LCAT and other 

proteins suggested to act as acceptors inactive, thereby limiting the cholesterol 

efflux from the macrophage cells (Ho et al. 1980; Fogelman et al. 1981). 

Fogelman et al. showed a five-fold increase in the level of cholesteryl esters and 

a depressed LDL receptor activity in MDM incubated in heat-inactivated 30% 

autologous serum verse those in non-heat-inactivated serum (Fogelman et al. 

1981). They speculated that heat inactivation of LCAT was responsible for this 

observation. However, Ho et al. contends that other proteins and not LCAT 
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are primarily responsible for the efflux of cholesterol from macrphages observed 

in serum (Ho et al. 1980). 

A third possibility that could account for the down-regulation of the LDL 

receptor by HDL is activation of the mononuclear cells by the infection. 

Activation could have resulted in changes in HDL uptake and utilization by 

these cells, or have interrupted the cells capability to efflux cholesterol. This is 

pure speculation; the influence of microbial activation on HDL metabolism in 

macrophages is virtually unknown, but major alterations in LDL receptor activity 

and cholesterol esterification have been noted (Jalial and Chait 1989; Cathcart et 

al. 1989). 

Substantial variations in both LDL and AcLDL degradation among and 

within subjects is reported here. These variations were in part caused by 

changes in the numbers of MNC present in each isolation. A second reason for 

such variations would be that LDL degradation in freshly isolated cells could 

reflect the current state of receptor regulation. Since peritoneal fluid contains 

limited LDL, this environment would tend to up-regulate the LDL receptor 

(Saku et aI. 1989). However, frequently isolations immediately followed dialysis; 

these cells would more likely represent cellular exposure to plasma and 

interstitial fluid lipoproteins. Alternatively, variations in the LDL and AcLDL 

degradation values could reflect both differentiation and related functional 
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heterogeneity. The studies by several investigators suggest that apo BIB receptor 

and scavenger receptor activities change during in vitro maturation of monocytes; 

during the first week in culture the apo BIB receptors increases and then 

declines or is maintained through the second week (Taber and Kayden 1980, 

Fogleman et al. 1981). In contrast, the scavenger receptor activity continues to 

increase into the second week of culture maturation (Knight and Soutar 1982; 

Fogelman et al. 1981). 

Several authors have examined the heterogeneity of the HPM (Mottolese 

et al. 1985; Newman et al. 1985; Beelen et al. 1987; Petersen et al. 1985; 

Goldstein et al. 1984). Newman et al. reported several sub-populations of 

macrophages based on volume, size and myloperoxidase stain intensity using flow 

cytometry in samples of peritoneal macrophage cells isolated from women during 

laparoscopy (Newman et al. 1985). Studies in rodent peritoneal macrophages 

show greater homogeneity for size and volume than human peritoneal 

macrophages (Becker et al. 1983). However, recent reports using Moab suggest 

that rat peritoneal macrophages also represent different sub-populations (Takeya 

et al. 1987, 1989; Damoiseaux et al. 1989). Futhermore, studies suggest that 

macrophages at all stages of differentiation exist in peritoneal fluid (Beelen et al. 

1987; Becker et al. 1988) and several authors have cited functional heterogeneity 

of human peritoneal monocytic cells in chemotaxis, bacteriocidal capabilities and 
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immunological receptor activities (Fc and C3) (Verbough et al. 1983; Goldstein 

c. et al. 1984; Cichocki et al. 1983; Maddox et al. 1984; Daugherty and McBride 

1984). The flow cytometry and cytochemistry studies reported here substantiate 

diversity in the types of cells represented in dialysis effluent and show that the 

lymphocytic cell population in CAPD effluent is functionally heterogenous 

(Moab: CD8,CD4,CD2, and CD20). Given the heterogenity of the pertioneal 

monocytic population reported by others, the establishment of lymphocyte 

functional heterogenity by the flow cytometry studies shown and the diversity of 

cell populations from the individual donors, one could expect the large variations 

observed in lipoprotein degradation studies. 

ACAT ACTIVI1Y 

These studies have demonstrated: (1) the stimulation of ACAT activity by 

LDL and AcLDL, and (2) that minimal cholesteryl esterification occurs in 

peritoneal cells exposed to LPDM. Goldstein et al. have shown in MPM that 

free cholesterol from the degradation of AcLDL will stimulate ACAT activity 

and become re-esterified (Goldstein and Brown 1977; Goldstein et al. 1979b; 

Brown and Goldstein 1980, 1983b). Further, Knight et aI. demonstrated in 

MDM that degradation of both LDL and AcLDL was accompanied by increases 

in ACAT activity (Knight and Soutar 1983). The data presented here support 

these conclusions regarding ACAT activity in human peritoneal cells. Studies of 
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ACAT activity at 24, 48 and 72 hrs. indicate that minimal cholesteryl ester 

formation occurs in cells incubated in LPDS, greater activity is observed in cells 

incubated in LDL and the highest activity occurs in cell incubated with AcLDL. 

Since the scavenger receptor has shown significant degradation of modified 

lipoprotein only in macrophage cells, these studies confirm the presence of 

monocytic/macrophage cells and show that the behavior of human peritoneal 

macrophage cells is similar to that of human MDM. When sufficient lipoprotein 

is provided cholesteryl esterification is dependent upon receptor-mediated uptake 

and degradation of lipoproteins. The addition of lipoprotein above 100 uglml 

did not effect the ACAT activity at 24 hrs. probably because sufficient 

lipoprotein was present to continually saturate the apo B/E or scavenger 

receptors for this time period. Several studies have demonstrated the 

concentration dependence of ACAT activity (Brown et al. 1979; Knight and 

Soutar 1983). 

The values of ACAT activity for cells incubated in AcLDL are 

comparable to those reported for MDM (Knight and Soutar 1983), but 

considerably less than those noted in MPM (Brown et al. 1979) which have been 

shown to degrade substantially more AcLDL than MDM for 24 hrs. (Traber et 

al. 1981; Albert et al. 1982). There are major differences in values between the 

24 hr. study and the remaining studies. A large variation could be anticipated 
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based upon the variation shown in degradation values for both lipoproteins in 

donor one. However, the variation in degradation was partially attributable to 

the percentages of MNC present in each assay. This does not appear to be the 

case with the ACAT assays. However, the types of MNC (lymphocytic or 

monocytic cells) present and cell maturation could have influenced the ACAT 

activity value for both LDL and AcLDL in the same manner as discussed above 

for receptor-mediated degradation. Moreover, Mazzone et al. reported that 

lymphocyte-conditioned medium decreased AcLDL degradation by MDM 

(Mazzone et al. 1982). A third explanation for the large differences in ACAT 

activity from one ACAT study to another regarding LDL-stimulated ACAT 

activity would be receptor down-regulation. The values from the studies for cells 

pre-incubated with LDL for 48 and 40 hrs. are not significantly different. This 

suggests they represent ACAT activity in the presence of maximal LDL receptor 

down-regulation and that the value at 24 hrs. could represent initial stimulation 

of ACAT activity. Alternatively, efflux of cholesterol derived from the 

degradation of both LDL and AcLDL to the medium could influence ACAT 

activity. Brown et al. reported that in MPM 50 percent of cholesterol derived 

from lysosomal degradation of AcLDL was effluxed to medium containing LPDS 

and AcLDL (Brown et al. 1979). The serum used in these studies was heat

inactivated making this possibility less likely. However, the efflux of cholesterol 



as a function of maturation and time in culture in human macrophage cells is 

unknown. 
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Goldstein et al. has noted that when cells are incubated with [14C]0Ieate, 

following preincubation with LPDM, little cholesteryl ester is formed (Goldstein 

et al. 1983). Goldstein et al. also reported ACAT activity of MPM incubated in 

10 percent LPDS as 0.62 nmol/mg cell protein/24 hrs. (0.03 nmol/mg cell 

protein/hr.) (Goldstein et al. 1979). The number of cells available per assay, the 

mixed cell population, and the very low levels of ACAT activity found with 

LPDM probably contributed to the large variations observed for this 

measurement in human peritoneal cells and the absence of measurable ACAT 

activity in studies examining [14C]0Ieate incorporation for only six hrs.. All basal 

values reported are comparable to those reported for fibroblasts and MPM on a 

mmol/mg cell protein/ per hr. bases. 

The association of incubation time with decreasing ACAT activity of cells 

incubated in AcLDL was consistent among ACAT studies. Moreover, this 

decline appeared to occur by 40 hrs. and the values reported for AcLDL

stimulated ACAT activity at 40 or more hrs. were not significantly different for 

studies reported in Tables 7, 8, and 9 (no-medium-change) group. The most 

plausible explanation of this phenomenon is insufficient AcLDL in the medium 

and this is supported by the ACAT activity in the medium-change group 
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(Table 9) which is 2-4-fold greater than ACAT activity assessed in the no

medium-change group. This is also supported by Brown et al. who reported 

linear increases in ACAT activity for MPM incubated in the presence of AcLDL 

for four days with medium changes every 24 hrs. (Brown et al. 1979). 

Results of these assays would have been improved had greater numbers 

of cells been available. Juni reported substantial standard deviations in assays of 

less than 106 HL60 macrophages/ml (Z. Juni, personnal communication). The 

ACAT activity values reported here represent assays conducted using 0.8-1.0 x 

106 peritoneal cells/ml. Further, the peritoneal cells represented a mixed 

population. Therefore, large variations in values could have resulted from 

insufficient monocytic cells in the assay. Extraction and analysis methods 

produced > 70 percent recovery of the internal standard. 

All studies by other investigators indicate that stimulation of ACAT 

activity is followed by an increase in the content of intracellular cholesteryl 

esters. Insufficient numbers of available cells prevented the measurement of 

cholesteryl ester content in human peritoneal cells. In an effort to examine this 

aspect of cellular activity, foam cell formation was studied. 

FOAM CELL FORMATION 

Large, lipid-laden foam cells characterize early atherosclerotic lesions and 

are a consistent feature of mature plaque. The available evidence indicates that 
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foam cells originate from tissue monocytic macrophages and smooth muscle cells 

(Ross 1981; Goldstein and Brown 1977; Brown and Goldstein 1983b). Current 

information suggests that blood monocytes infiltrate the endothelium and mature 

to tissue macrophages which accumulate extensive intracellular cholesteryl esters 

(Chait 1987; Gerrity et al. 1981; DiCorleto and Chisolm 1986; Bylock and 

Gerrity 1988). 

From the photomicrographs presented, it can be observed that human in 

vivo maturated peritoneal macrophages will form foam cells when exposed to 

LDL or AcLDL for a sufficient time period. To my knowledge, this is the first 

evidence of foam cell formation in in vivo maturated human macrophages. 

Foam cell formation using cells incubated with medium containing AcLDL was 

expected. Studies in MPM and MDM have documented the formation of foam 

cells in both populations exposed to modified LDL (Brown et al. 1979; Traber 

et al. 1982; Traber and Kayden 1980) and Traber et al. and Albert et al. 

documented the formation of foam cells in MDM using 5 percent human serum 

(Traber and Kayden 1980; Albert et al. 1982). 

What remains puzzling in these studies is the formation of foam cells in 

response to prolonged exposure to LDL-containing medium. Because receptor 

down-regulation occurs in the presence of LDL, foam cell formation without 

apoprotein modification does not occur. These data suggest (1) the process 
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responsible for foam cell formation in human peritoneal macrophages exposed to 

LDL depends on prolonged incubation time, and (2) that a process can occur 

which results in the accumulation of lipid-stainable material, but is not caused by 

oxidation. This latter point was demonstrated by the collection of ORO

stainable material in the cells incubated with RPMI#1640, LDL and BHT. 

LDL oxidation could be partially responsible for the densely stained lipid 

droplets observed in the initial foam cell studies because it is a process known 

to occur when LDL is incubated in the presence of macrophages in vitro, and 

because oxidized LDL is recognized by the scavenger receptor (Steinbrecher et 

aI. 1987; Fong et aI. 1987) and can promote cholesteryl ester formation and 

accumulation in human macrophages (Heinecke et aI. 1986). In addition, in the 

absence of oxidation, cells incubated with LDL showed lipid-stainable material 

accumulating outside the vacuoles only (BHT study). Further, cells without 

medium changes accumulated massive amounts of lipid-stainable material, when 

compared to cells incubated for 72 hrs. with medium changes every 24 hrs .. 

Cellular oxidation of LDL is known to be dependent on incubation time and cell 

number (Morel et aI. 1984). There was no way in the present studies to 

ascertain that cell number was the same from one slide to another. Therefore, 

for the BHT study, 72 hrs. could have been insufficient time to effect the 

medium changes necessary to form foam cells if the number of cells/slide were 
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less in this study. Oxidation of LDL by macrophages is usually associated with a 

respiratory burst triggered by cell activation. Cathcart et al. have repeatedly 

used RPMI#1640 in studies examining oxidation of LDL by monocytes and 

shown it supportive, when monocytes are activated by opsonized zymosan 

(Cathcart et al. 1989). The activation of peritoneal macrophages is controversial 

and a respiratory burst could have been triggered. 

While the oxidation of LDL remains a potential factor, several findings 

argue against as oxidation the causative factor in foam cell formation in these 

studies. Work by Steinberg et al. suggests that RPMI#1640 will not support 

oxidation in the presence or absence of endothelial cells (Henriksen et al. 1983). 

Data presented here confirm that finding in the presence and absence of 

peritoneal macrophage cells. In addition, foam cell formation as a result of 

LDL oxidation has not been definitively demonstrated. Moreover, recent studies 

by Jialal and Chait in endothelial cells indicate that oxidized LDL depressed 

ACAT activity and caused only a slight increase in cholesteryl ester mass relative 

to AcLDL (Jialal and Chait 1989). 

What is needed to definitively state that oxidized LDL caused the 

formation of foam cells is foam cell formation in the presence of measurable 

oxidation of LDL. The study using Hams FlO should have served as this 

positive control. That LDL was not oxidized in the presence of macrophages 
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cells in Hams FlO is disturbing. The most plausible explanation is the mistaken 

addition of BHT to both preparations. However, the cell-free, Hams FlO 

medium in the absence of cells did not show oxidation and was placed in the 

incubator before any BHT was added to any of the preparations. Further, 

several precautions were taken to avoid the mistake of adding BHT to both 

preparations (see Methods) making this error unlikely. 

Given the studies by Henriksen et a1. demonstrating the oxidation of 

Hams F12 medium in the absence of cells, and the study reported here showing 

the oxidation of Hams FlO medium in the absence of cells, I would have 

expected the Hams FlO medium to show oxidation in the presence or absence 

of cells (Henriksen et a1. 1983). Why oxidation failed to occur in Hams FlO 

medium in the absence of cells in the second study is unknown. A separate 

batch of Hams FlO was utilized for this study. It should be noted that the 

presence of MDA was minimal in the Hams FlO treatment group and cell stains 

did not differ from those found with RPMI#1640 treatment. 

In the absence of oxidation, an alternative explanation for the formation 

of foam cells is phagocytosis. The effectiveness of non-receptor mediated uptake 

in forming foam cells is well-documented in subjects with FH (Brown and 

Goldstein 1986). SMC do not possess scavenger receptors, yet form foam cells 

(Chait 1987). Studies by Chait have demonstrated that non-receptor uptake of 
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LDL is significantly increased in SMC by incubation with hyperlipidemic LDL or 

high concentrations of normal LDL (Chait 1987). Chait suggests that non

receptor uptake could be responsible for the foam cell formation observed in 

SMC. Studies by Shephard et al. attempted to examine the changes in plasma 

lipoprotein levels in animals with inhibition of phagocytosis and reported that the 

plasma concentration of LDL was significantly and consistently elevated with 

phagocytotic inhibition (Shepherd et al. 1984). Their conclusions were that the 

macrophage system made quantitatively significant contributions to LDL removal 

by non-receptor uptake. Moreover, studies by Werb and Cohn suggest that 

phagocytic uptake of cholesterol or cholesteryl esters complexed with albumin 

may be hydrolyzed in the lysosome and re-esterified in the same manner as 

cholesteryl esters entering the cells via receptor uptake (Werb and Cohn 1983). 

Khoo et al. have shown that LDL vortexed for 30 seconds it taken up by both 

LDL receptor-mediated endocytosis and phagocytosis (Khoo et al. 1988). 

Incubation of human peritoneal macrophages in presence of vortexed LDL 

resulted in massive deposition of lipid-stainable material identical in appearance 

to the 72 hr. LDL incubation (Figure 28) indicating that phagocytosis is likely 

occurring in these cells. 



Figure 28: Foam cell formation using human peritoneal cells incubated 
with LPDM plus 100 ug vortexed-(30 sec.)LDL. 
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In all studies dense vacuolization was reported by 48 hrs. for cells incubated with 

AcLDL and with LDL in the absence of medium changes. By 72 hrs., these 

vacuoles appear filled with lipid-stainable material. Brown et al. incubated 

MPM with AcLDL medium for six days and demonstrated the formation of 

foam cells consisting of non-membrane bound lipid droplets containing 

cholesteryl esters and numerous membrane bound vacuoles (MBV) (Brown et al. 

1979). These researchers suggested the MBV represented secondary lysosomes 

involved in the degradation of AcLDL. When lysosomal activity in MPM was 

inhibited with Chloroquine in the presence of AcLDL-containing medium, MBV 

increased and stained with ORO. Perhaps the dense vacuoles formed in human 

peritoneal cells represent MBV. If this is the case, the particles stimulating 

formation of foam cells in the presence of LDL were activating the formation of 

secondary lysosomes by 48 hrs. That vacuolization represents a normal response 

of CAPD macrophages to incubation in serum following adherence is not 

suggested from studies using cells incubated in LPDS. Alternatively, McGookey 

and Anderson characterized the accumulation of the cholesteryl esters in MPM 

incubated with AcLDL (McGookey and Anderson 1983). They reported that 

the neutral lipid droplets formed which consisted of cholesteryl esters and free 

cholesterol. They also showed dense whorles of concentrically arranged 

membrane, which contained detectable lipase activity penetrated a matrix of 



filaments surrounding the droplets. Possibly the vacuolization observed at 48 

hrs. in my studies, is related to the matrix formation and deposition. 

Unfortunately, neither the contents of the vacuoles or the presence of 

membranes can be defined by using light microscopy techniques. 
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Parallels between ACAT activity and foam cell formation in these cells 

are difficult to conclude because ACAT activity was conducted using mixed cell 

populations with RBC present and the foam cell formation studies were 

conducted in peritoneal macrophage cells. RBC are known for their ability to 

neutralize superoxide anions, even when challenged with substantial loads 

(Gutteridge 1987). 

DONOR POPULATION 

The blood lipoprotein values were not assessed in these donors because 

(1) a continued state of anemia in CAPD patients precludes routine isolation of 

blood for other than clinical purposes, (2) insufficient patient availability made a 

patient-comparison study unlikely, and (3) Bilheimer has shown that LDL 

degradation in freshly isolated blood human mononuclear cells does not differ 

significantly between normal subject and subjects with hyperlipidemia in the 

absence of familial heterozygous or homozygous hyperlipidemia (Bilheimer et al. 

1978). 
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SUMMARY 

Foam cells originating from tissue macrophage are consistently found in 

human atherosclerotic plaque. This finding serves as the incentive to conduct 

research to find a representative, accessibly cell population in which to study 

human macrophage cholesterol metabolism. I have explored this possibility 

using human peritoneal cells isolated from the effluent patients on CAPD. 

These studies demonstrate that human peritoneal cells possess both a LDL and 

AcLDL receptor and that the MNC present in the isolations are responsible for 

this activity. The LDL receptor closely complies with the same receptor as 

defined using fibroblasts and MDM. However, findings from studies conducted 

in human peritoneal cells differ from findings from studies using pertioneal cells 

from other specie. The AcLDL receptor is similar in activity and 

characterization to the scavenger receptor reported for MDM, but shows 

significantly less activity than the scavenger receptor of MPM. 

Degradation via both receptors results in lysosomal degradation of the 

lipoprotein ligand. Both AcLDL and LDL degradation will stimulate ACAT 

activity; AcLDL stimulating greater activity than LDL. 

Human peritoneal macrophage form foam cells. Foam cell response in 

cells exposed to modified LDL is similar to that seen in MPM and recorded in 

MDM. Peritoneal macrophages maturated in vivo differ from all macrophages 
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examined so far in that they will form foam cells with prolonged exposure to 

LDL in the absence of oxidation. This finding also justifies continued research 

using these cells. 

In conclusion, human peritoneal MNC provide an in vivo maturated 

human tissue macrophage for study of cholesterol and lipoprotein metabolism. 

Utilizing mixed cell populations can result in difficult to interpret results. 

However, plaque forms in a physiological environment with all cells present, so 

the data could more closely represent the physiological realities. The human 

peritoneal cell population is limited by cell numbers and can not be used for 

certain types of studies. However, microscopy and flow cytometry represent 

viable alternative methods for studying the role of these cells in foam cell 

development or related to atherogenesis. 
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