
Abnormalities of low-density lipoprotein
metabolism in patients with coronary artery disease.

Item Type text; Dissertation-Reproduction (electronic)

Authors Shi, Fang.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 16/05/2023 14:31:15

Link to Item http://hdl.handle.net/10150/185596

http://hdl.handle.net/10150/185596


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 

/ 

be from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand corner and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly 
to order. 

V·M·I 
University Microfilms International 

A 8ell & Howell Information Company 
300 ~~orth Zeeb Road. Ann Arbor. M148106-1346 USA 

313/761-4700 800:521-0600 



il 

I 

I 
II 
il 
11 

11 
i 



Order Number 9200045 

Abnormalities of low density lipoprotein metabolism in patients 
with coronary artery disease 

Shi, Fang, Ph.D. 

1'he University of Arizona, 1991 

Copyright @1991 by Shi, Fang. All rights reserved. 

V·M·I 
300 N. Zccb Rd. 
Ann Arbor, MI 48106 





ABNORMALITIES OF LOW DENSITY LIPOPROTEIN METABOLISM IN 
PATIENTS WITH CORONARY ARTERY DISEASE 

by 

Fang Shi 

Copyright C Fang Shi 1991 

A Dissertation Submitted to the Faculty of the 
COMMITTEE ON NUTRITIONAL SCIENCES (GRADUATE) 

In Partial FulfilIment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
In the Graduate College 

THE UNIVERSITY OF ARIZONA 

199 1 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Fang Shi 

entitled Abnormalities of Low Density Lipoprotein Metabolism in 
----------------------------

Patients with Coronary Artery Disea~s~e~ ______________________ __ 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy 

&;/7 L..J[ 
Date . 7 

~/?A/ 
Date 

• ; I 

, Bobby L. Reid Date 
(pl/ifl 

/ I 

b!+(q/ 
Date 

-'it /(~' ;", tA-('!t t (/ ~) 
Michael A. Wells 

"' b-b/ 
Date 7 7 Donald ~ McNamara 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's subnission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director 
Donald J. McNamara 

3/~1 /99) 
Date / C7 

2 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements 
for an advanced degree at The University of Arizona and is deposited in the 
University Library to be made available to borrowers under the rules of the 
Library. 

3 

Brief quotations from this dissertation are allowable without special 
permission, provided that accurate acknowledgement of source is made. Requests 
for permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the copyright holder. 



4 

ACKNOWLEDGMENTS 

I wish to express my deepest gratitude to my advisor, Dr. Donald J. 
McNamara, Ph.D., for his excellent guidance, advice, encouragement and support 
throughout the entire course of this study. I wish to thank Dr. Bobby Reid, Ph.D., 
Dr. Wanda Howell, Ph.D., Dr. Douglas Park, Ph.D., Dr. Michael Wells, Ph.D., 
and Dr. Hans Bohnert, Ph.D. for their review of this document and for their 
teachings and encouragement in the completion of the degree requirements. I 
thank Dr. Paul Hurst, M.D. for his invaluable contributions and assistance during 
the study. 

I also thank all the members of Dr. McNamara's laboratory, past and 
present, for their friendship and support, with whom I have had a great pleasure 
of working. Finally, a special thanks to Zeinab Jouni and Betty Dos Santos for 
their constructive suggestions, assistance and contributions throughout the study. 

This dissertation is dedicated to my husband, Siyuan Jiang, for his 
unfaltering love and kindness, and for his continued encouragement and support. 



5 

TABLE OF CONTENTS 

List of Illustrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 11 

List of Abbreviations ........................................... 12 

ABSTRACT ................................................. 14 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 

CHAPTER 1 - REVIEW OF THE LITERATURE .................... 20 

1.1 Lipoproteins and apolipoproteins ............................. 21 

1.1.1 Lipids transport ..................................... 21 

1.1.2 Structure and function of apolipoproteins .................. 25 

1.1.3 Lipoprotein [a] ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 

1.2 Cellular lipoprotein and cholesterol metabolism .................. 36 

1.2.1 The LDL (apoBIE) receptor ............................ 36 

1.2.2 LDL receptor mediated endocytosis ...................... 40 

1.2.3 The scavenger receptor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 

1.3 Abnormalities in lipoprotein metabolism. . . . . . . . . . . . . . . . . . . . . . . . 46 

1.3.1 Familial hypercholesterolemia ........................... 46 

1.3.2 Familial defective apolipoprotein B-100 . . . . . . . . . . . . . . . . . . . . 50 

1.3.3 Coronary artery disease ............................... 52 



6 

1.4 Mononuclear leukocytes and HL-60 promyelocytic 
leukemia cells ........................................... 57 

1.4.1 Human mononuclear leukocytes ......................... 57 

1.4.2 HL-60 promyelocytic leukemia cells ...................... 59 

CHAPTER 2 - MATERIALS AND METHODS ...................... 61 

2.1 Materials ............................................... 62 

2.2 Isolation of plasma lipoproteins and 
lipoprotein depleted serum . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . 63 

2.3 Isolation of mononuclear leukocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 

2.4 HL-60 cell culture and macrophage differentiation ................ 66 

2.5 Measurement of total protein in lipoproteins and cells ............. 67 

2.6 measurement of lipids in plasma and lipoproteins . . . . . . . . . . . . . . . . . 68 

2.7 Determination of ratios of apoB to lipids in 
LDL isolated from patients with or without CAD ................. 70 

2.8 Radioiodination of LDL .................................... 71 

2.9 Receptor-mediated 125I-LDL degradation in freshly 
isolated mononuclear leukocytes and D3-induced 
HL-60 macrophages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72 

2.10 LDL degradation kinetics in HL-60 cells ........................ 73 

2.11 Receptor-mediated 125I-LDL degradation in HL-60 cells preincubated 
with LDL from patients with or without CAD ................... 74 

2.12 Measurement of cholesteryl [14]oleate formation ................. 75 

2.13 Measurement of sterol synthesis rates .......................... 76 



7 

2.14 Preparation of antibody-enzyme conjugates ...................... 77 

2.15 Procedure of enzyme-liked immunosorbent assay (ELISA) .......... 78 

2.16 Statistical analysis ........................................ 80 

CHAPTER 3 - INCREASED DEGRADATION OF LOW DENSITY 
LIPOPROTEINS BY MONONUCLEAR LEUKOCYTES (MNL) 
ASSOCIATED WITH CORONARY ARTERY DISEASE(CAD) .... 81 

3.1 Introduction ............................................. 82 

3.2 Study objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

3.3 CAD patients and control subjects ............................ 85 

3.4 Plasma lipids levels in CAD patients and control subjects ........... 85 

3.5 Ratios of apoB to lipids in LDL from Patients and control subjects .... 87 

3.6 Receptor-mediated 125I-LDL degradation rates in mononuclear 
leukocytes of CAD patients and control subjects . . . . . . . . . . . . . . . . . . 88 

3.7 Receptor-mediated 125I-LDL degradation rates in HL-60 cells 
and D)-induced macrophages ................................ 93 

3.8 Discussion .............................................. 97 

CHAPTER 4 - LOW DENSITY LIPOPROTEINS FROM PATIENTS WITH 
CORONARY ARTERY DISEASE EXPRESS REDUCED 
REGULATORY CAPACITY .............................. 104 

4.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 105 

4.2 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 106 

4.3 Regulatory effects of CAD-LDL and Control-LDL on HL-60 cells ... 107 

4.4 Relationship between LDL composition and regulatory abilities ..... 111 



4.5 Discussion 

CHAPTER 5 - QUANTIFICATION OF PLASMA APOLIPOPROTEINS A-I 
AND B IN CAD PATIENTS AND NORMAL SUBJECTS BY AN 

8 

121 

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) ....... 128 

5.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 129 

5.2 Subjects and blood samples ................................ 133 

5.3 Calibration and precision of ELISA .......................... 134 

5.4 Concentrations of plasma lipids and apolipoproteins A-I and B ...... 139 

5.5 Correlation between plasma apolipoproteins and lipids ............ 143 

5.6 Comparison of ratios of ApoB to LDL-cholesterol in plasma and 
isolated LDL samples .................................... 146 

5.7 Discussion ............................................. 148 

CHAPTER 6 - SUMMARY DISCUSSION ......................... 153 

SUMMARY ................................................ 162 

CITED REFERENCES ........................................ 167 



9 

LIST OF ILLUSTRATIONS 

Figure 1: 
Receptor Mediated Degradation of 12SI-LDL by 
MNL from CAD Patients and Control Subjects .................. 90 

Figure 2: 
Receptor Mediated Degradation of CAD-LDL and 
Control-LDL by MNL Isolated from CAD Patients 
and Control Subjects ...................................... 91 

Figure 3: 
Receptor Mediated Degradation of Autologous LDL 
by MNL from CAD Patients and Control Subjects ................ 92 

Figure 4: 
Kinetic Analysis of CAD-LDL and Control-LDL 
Degradation Rates in HL-60 cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 

Figure 5: 
Competition by CAD-LDL and Control-LDL for LDL 
Degradation in HL-60 cells ................................. 95 

Figure 6: 
Degradation of CAD-LDL and Control-LDL in 
D3-induced HL-60 Macrophages .............................. 96 

Figure 7: 
Receptor Mediated I2SI-LDL Degradation by HL-60 Cells 108 

Figure 8: 
Receptor Mediated 12SI-LDL Oegradation by HL-60 
cells Pre incubated with CAD-LDL or Control-LDL .............. 115 

Figure 9: 
Effect of LDL ApoB Protein Concentration on 
Receptor-Mediated I2SI-LDL Degradation by 
HL-60 Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 116 



10 

Figure 10: 
Effect of LDL Cholesterol Concentration on 
Receptor-Mediated 12SI-LDL Degradation by HL-60 Cells .......... 117 

Figure 11: 
Activation of Cellular ACAT by CAD-LDL and control-LDL ....... 118 

Figure 12: 
Effect of LDL Cholesterol Concentration on Activation of 
Cellular ACAT in HL-60 Cells .............................. 119 

Figure 13: 
Suppression of Endogenous Sterol Synthesis in 
HL-60 Cells by CAD-LDL and Control-LDL ................... 120 

Figure 14: 
Representative Standard Curve for Determination of Apo A-I ...... 136 

Figure 15: 
Representative Standard Curve for Determination of Apo B . . . . . . .. 137 

Figure 16: 
Correlations Between the Plasma Levels of Apo A-I and 
HDL Cholesterol ........................................ 144 

Figure 17: 
Correlations Between the Plasma Levels of Apo Band 
LDL Cholesterol ........................................ 145 

Figure 18: 
Comparison of the Ratios of ApoB/LDL cholesterol 
Measured by ELISA in Whole Plasma and by Isopropanol 
Precipitation Procedure in Isolated LDL Samples ................ 147 



11 

LIST OF TABLES 

Table 1: 
Classification of plasma lipoproteins . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

Table 2: 
Clinical data and plasma lipids of CAD patients and 
control subjects .......................................... 86 

Table 3: 
Ratios of Apo-B to lipids in LDL isolated from CAD patients 
and control subjects (1) .................................... 87 

Table 4: 
Comparison of regulatory effects of CAD-LDL and Control-LDL 
on HL-60 cells .......................................... 110 

Table 5: 
Ratios of Apo-B to lipids in LDL isolated from CAD patients 
and control subjects (2) ................................... 112 

Table 6: 
Precision of the ELISA procedures .......................... 138 

Table 7: 
Plasma lipids and apolipoproteins in normal subjects and 

--CAD patients .......................................... 141 

Table 8: 
Plasma lipids and apolipoproteins in 25 normal subjects over 
two years .............................................. 142 



ACAT: 

Apo: 

Apo(a): 

ATP: 

BSA: 

,B-VLDL: 

CH: 

CM: 

CAD: 

CHD: 

CV: 

LIST OF ABBREVIATIONS 

acyl-coenzyme A:cholesteryl acyltransferase 

apolipoprotein 

a polipoprotein( a) 

adenosine triphosphate 

bovine serum albumin 

beta very low density lipoprotein 

cholesterol 

chylomicron 

coronary artery disease 

coronary heart disease 

coefficient of variation 

vitamin D3 

1,25(OH)2D3: 1,25 dihydroxyvitamin DJ 

d: density 

EDT A: ethylenediaminetetracetic acid 

ELISA: 

FCR: 

FH: 

FDB: 

enzyme-liked immunosorbent assay 

fractional catabolic rate 

familial hypercholesterolemia 

familial defective apoB-lOO 

12 



13 

HDL: high density lipoprotein 

HDL-C: high density lipoprotein cholesterol 

HMGCoA: 3-hydroxy-3-methylglutaryl coenzyme A 

IDL: intermediate density lipoprotein 

LDL: low density lipoprotein 

LDL-C: low density lipoprotein cholesterol 

LCAT: lecithin: cholesterol acyltransferase 

LRP: LDL-receptor-related protein 

LPDFS: lipoprotein depleted fetal calf serum 

LPDHS: lipoprotein depleted human AB serum 

MNL: mononuclear leukocytes 

PBS: phosphate buffered saline 

PL: phospholipid 

RIA grade: radioimmunoassay grade 

SDS: sodium dodecyl sulfate 

SRE: sterol regulatory element 

TCA: trichloroacetic acid 

TC: total cholesterol 

TG: total triglyceride 



14 

ABSTRACT 

Studies have shown that hypercholesterolemia is a risk for cardiovascular 

disease; however, some normocholesterolemic individuals still develop coronary 

atherosclerosis. This project was undertaken to investigate the association of 

abnormalities of low density lipoprotein (LDL) metabolism, in the absence of 

hypercholesterolemia, with the development of coronary artery disease (CAD). 

Mononuclear leukocytes (MNL), HL-60 cells and 1,2S-dihydroxyvitamin D)

induced HL-60 macrophages were used as model systems to study the effect of an 

altered LDL composition on cellular lipoprotein and sterol metabolism. 

LDL and MNL were isolated from patients with and without CAD. The 

mean rate of LDL degradation was 1.7-fold higher in CAD-MNL than in control

MNL (P<O.OS), independent of the LDL source. The increased LDL degradation 

rate in CAD-MNL appeared to be due to an increased LDL receptor activity of 

CAD-MNL and not to an increased CAD-LDL interaction with the receptor since 

LDL isolated from patients with and without CAD had similar in vitro degradation 

rates by HL-60 cells and D)-induced HL-60 macrophages. 

LDL from CAD patients (CAD-LDL) contained significantly less cholesteryl 

ester per particle than LDL from control subjects (Control-LDL). The ability of 

CAD-LDL and Control-LDL to regulate sterol and lipoprotein metabolism was 

compared in HL-60 cells. The results indicate that CAD-LDL exhibited reduced 
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abilities to suppress receptor-mediated LDL degradation and to activate acyl

CoA:cholesterol acyltransferase as compared to Control-LDL. There was no 

significant difference in the rate of sterol synthesis between cells treated with 

CAD-LDL and Control-LDL. The data support the hypothesis that cholesteryl 

ester-poor CAD-LDL exhibits a decreased ability to down-regulate LDL receptor 

activity which could in part account for the observed increase in LDL degradation 

by MNL from CAD patients. 

A noncompetitive . enzyme-linked immunosorbent assay (ELISA) was 

developed to measure plasma apolipoproteins (apo) A-I and B. The results 

indicate that a reduced plasma apo A-I level was associated with CAD patients 

even if there were no significant differences in the levels of high density 

lipoprotein cholesterol when compared with individuals without CAD. 
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INTRODUCTION 

Coronary heart disease and strokes are primarily caused by atherosclerosis, a 

disease in which cholesterol forms bulky plaques in the artery wall. 

Atherosclerotic plaques inhibit the flow of blood and when a clot eventually forms, 

obstructing an artery, a heart attack or a stroke follows. 

Increased blood cholesterol levels, more specifil:ally increased levels of low 

density lipoprotein (LDL) cholesterol, are causally related to an increased risk of 

atherosclerosis. The plasma LDL cholesterol concentration is balanced by the 

production and the clearance (catabolic) rates. Catabolism of LDL is largely 

determined by specific LDL receptors present on the plasma membrane of cells. 

In inherited disease such as familial hypercholesterolemia (FH), LDL receptors 

are defective or absent due to mutations in the gene encoding the cell-surface 

LDL receptor (Brown and Goldstein, 1974a, 1974b). The failure to produce 

normal LDL receptors leads to a reduced clearance of LDL from the circulation, 

causing elevated levels of plasma LDL in FH patients. In turn, resulting 

hypercholesterolemia is responsible for the development of atherosclerosis, 

xanthomas and the increased frequency of myocardial infarctions in FH patients 

(Yamamoto et al. 1989). 

In the rest of the population, who are free from the genetic diseases, 

hypercholesterolemia is only one of the risk factors for development of 
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atherosclerosis since some patients with coronary heart disease are found to be 

normocholesterolemic (Kesaniemi and Grundy, 1983a). Various studies suggest 

that disorders in the metabolism of LDL are associated with accelerated 

atherosclerosis, even without elevated LDL levels, such as increased flux of LDL 

and changes in LDL composition (Grundy et al. 1985). There are individuals who 

overproduce LDL particles but maintain plasma LDL concentrations at a normal 

level by effectively clearing plasma LDL. This raises the possibility that increased 

clearance of LDL from the circulation through a LDL receptor-mediated process 

may cause increased influx of LDL cholesterol into ceIls and tissues. The 

increased influx of LDL itself could be atherogenic, possibly by overloading 

mechanisms involved in reverse cholesterol transport. 

The LDL composition may also be important in the process of 

atherosclerosis. Variability in LDL composition and particle size indicates that 

some forms of LDL may be more atherogenic than others. Normal or near 

normal plasma LDL cholesterol levels can be maintained if a individual produces 

a large number of LDL particles with decreased cholesterol content per particle. 

This condition is seen in patients with hyperapobetalipoproteinemia, in which 

LDL-apoB levels are increased but LDL cholesterol concentrations are normal 

(Sinderman et al. 1980, 1982). Many patients with hyperapobetalipoproteinemia 

have advanced coronary artery disease (Sinderman et al. 1980, 1982). Therefore, 

there is a need to expand our understanding of causal factors in coronary artery 
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disease and to investigate the metabolic basis of abnormalities in LDL metabolism 

in normocholesterolemic patients with coronary artery disease. 

The major source of foam cells in atherosclerotic plaques is the blood 

monocyte-derived macrophage which plays a unique role in deposition of 

cholesterol in the arterial wall (Gerrity, 1981a, 1981b; Jarix et al. 1983; Klurfeld, 

1985). Circulating mononuclear leukocytes (monocytes and lymphocytes) have 

been used as a model system for studies of dietary and drug interventions on 

cellular cholesterol homeostasis and LDL metabolism in vivo in humans 

(McNamara et al. 1980, 1985; Young et al. 1987). 

This project was undertaken to investigate if there is a difference in LDL 

metabolism between patients with and without angiographically documented 

coronary artery disease (CAD). The project consisted of three separate studies. 

The aims of the first study were: (a) to determine if different rates of receptor

mediated LDL degradation by mononuclear leukocytes existed in patients with 

and without CAD; and (b) to examine the effect of an altered LDL composition 

observed in CAD patients on ligand-receptor interactions and on in vitro LDL 

degradation rates, using cultured HL-60 promyelocytic leukemia cells and 1,25-

dihydroxyvitamin DJ-induced HL-60 macrophages as model systems. The objective 

of the second study was to test the hypothesis that cholesteryl ester-poor LDL 

from CAD patients has a reduced ability to regulate cellular sterol and lipoprotein 

metabolism. In this study, HL-60 cells were used to compare the abilities of LDL 
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isolated from patients with and without CAD in suppression of receptor-mediated 

LDL degradation; activation of acyl-CoA:cholesterol acyltransferase (ACAT); and 

regulation of sterol synthesis rates. In the third study of the project, the major 

objective was to develop a noncompetitive enzyme-linked immunosorbent assay 

(ELISA) to measure plasma apolipoproteins (apo) A-I and B using commercially 

available polyclonal sheep antibodies to human apo A-I and apoB. 

The results indicate that mononuclear leukocytes isolated from CAD patients 

have significantly higher rates of LDL degradation as compared to cells from 

controls, independent of the source of radiolabeled LDL. The altered 

composition of LDL from CAD patients does not affect ligand-receptor 

interactions and has no effect on LDL degradation rates in vitro. However, the 

altered LDL composition has an effect on the regulatory ability of LDL on 

cellular sterol and lipoprotein metabolism. The cholesteryl ester-poor LDL from 

CAD patients exhibited reduced abilities to down-regulate LDL receptor synthesis 

and to up-regulate ACAT activity. The data support the hypothesis that LDL 

from CAD patients exerts a reduced ability to down-regulate LDL receptor 

activity which could account for the observed increase in LDL degradation ny 

mononuclear leukocytes from CAD patients. The data also indicate that 

measurement of plasma apolipoproteins by ELISA provides a useful tool for 

identifying patients with CAD and for assessment of coronary atherosclerosis risk. 
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1.1 Lipoproteins and Apolipoproteins 

The plasma lipoproteins are water-soluble macromolecular complexes of 

lipids and one or more specific proteins, referred to as apolipoproteins (apo). 

The lipid components of lipoproteins include triglycerides, phospholipids, 

cholesterol and its esters. The lipoproteins are usually classified into five major 

families on the basis of their density at which they float by ultracentrifugation, 

which in turn is a reflection of their lipid content (Table 1). The major function 

of lipoproteins is the transport of hydrophobic lipids of dietary or endogenous 

origin in the aqueous plasma environment to tissues which utilize the fatty acids 

for energy supply (heart and skeletal muscle) and triglyceride storage (adipose 

tissue), and the cholesterol for maintenance of cellular function and membrane 

integrity. 

1.1.1 Lipid Transport: 

21 

Chylomicrons mediate the exogenous lipids transport pathway in which the 

dietary fats are transported to the liver and the peripheral tissues. The dietary 

fats and apo B-48 are packaged into chylomicron particles in the mucosal cells of 

small intestine. Nascent chylomicrons are activated in the bloodstream by 

acquisition of apo C-II from HDL (Dolphin, 1985), which activates lipoprotein 

lipase located in the capillary endothelium. Chylomicron triglyccrides are 

hydrolyzed, oxidized to supply energy at skeletal muscles, or stored at adipose 



Table 1 
CLASSIFICATION OF PLASMA LIPOPROTEINS 

Type 

CM 

VLDL 

IDL 

LDL 

HDL 

Density 
(g/ml) 

0.92-0.96 

0.95-1.005 

1. 006-1. 019 

1. 019-1. 063 

1. 063-1. 215 

Electro
phoretic 
mobility 

origin 

; Pre f3 

f3 

f3 

ex 

Particle 
size 
(nm) 

>100 

30-90 

21-30 

20-25 

8-21 

Protein TG 
(%) (%) 

1.7 96 

10 60 

25 10 

50 3 

PL 
(%) 

0.8 

18 

22 

30 

CH 
(%) 

1.7 

15 

45 

18 

CM: Chylomicron, PL: Phospholipid, CH: Cholesterol, VLDL: Very Low Density Lipoproteins 
IDL: Intermediate Density Lipoproteins, LDL: Low Density Lipoproteins, HDL: High Density Lipoproteins. 

N 
N 



23 

tissue (Brown and Goldstein, 1984). The half-life time of triglyceride labelled 

chylomicron injected to humans is about 1 hr (Nestel, 1964). The remnant of the 

chylomicron, a cholesterol-rich particle, is removed from the circulation by a 

specific chylomicron-remnant (apoE) receptor found only on liver cells (Brown 

and Goldstein, 1984). 

Very low density lipoprotein (VLDL) mediates the endogenous lipid 

transport pathway. It is secreted by the liver and its core consists mostly of 

triglyceride synthesized in the liver. VLDL contains two predominant proteins, 

apo B-lOO and apoE, both of which can be bound by the LDL (apoBIE) receptor. 

Nascent VLDL acquires apo C-II and C-III from plasma HDL. Apo C-II is an 

obligatory activator of lipoprotein lipase and apo C-III inhibits premature removal 

of VLDL by the liver (Dolphin, 1985). As a result of peripheral lipolysis, VLDL 

is decreased in size and enriched in cholesteryl esters while retaining its two 

apolipoproteins; the new particle is called intermediate density lipoprotein (IDL). 

In humans about half of the IDL particles are removed from circulation 

through LDL (apoBIE) receptors (Brown and Goldstein, 1984). IDL particles not 

taken up by the liver remain in the circulation. In time the apoE is dissociated 

from IDL, and now the particles are converted into low density lipoproteins 

(LDL), with apo B-lOO as the sole protein (Brown and Goldstein, 1986). In 

normal humans all apo B-lOO of IDL and LDL (d=1.006-1.063 g/ml) are derived 

from VLDL (Sigurdsson, 1975) but in patients with familial hypercholesterolemia 
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about 50% may originate through a direct secretion of IDL or LDL by the liver 

(Janus, 1977; Sontar, 1977). The LDL represent the end products of VLDL 

catabolism and are the major cholesterol-transp~rting lipoproteins in the plasma. 

About three-quarters of the plasma LDL is cleared via the LDL (apoB/E) 

receptor pathway. Genetic defects occurring in either the ligand (apoB) or the 

receptor can disrupt the ligand-receptor interaction, causing an accumulation of 

plasma LDL (Goldstein and Brown, 1985). 

High density lipoprotein (HDL) mediates the reverse cholesterol transport 

process in which cholesterol is transported from peripheral tissues to the liver for 

elimination from the body (Tall et al. 1978). Plasma HDL has several origins: 

direct biosynthesis by the liver, the intestine and peripheral cells (Dolphin, 1985), 

and through the metabolism of VLDL and chylomicrons during lipolytic processing 

with the generation of phospholipid-protein disks (Tall et al. 1978). Nascent HDL 

is a discoidal particle consisting of free cholesterol and phospholipids with the 

apolipoproteins localized on the edges of the disc (Hamilton et al. 1976). Upon 

secretion the discoidal particle is rendered spherical by the plasma 

lecithin:cholesterol acyltransferase (LeAT) mediated transformation of its surface 

free cholesterol into core cholesteryl esters. HD~, a HDL subclass containing 

mainly apo A-I, interacts with peripheral cells which have previously acquired 

LDL cholesterol via their LDL (apoB/E) receptor and removes the cholesterol 

from these cells (Fielding et al. 1981). 
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The free cholesterol acquired by HD~ is esterified by the apo A-I stimulated 

action of LCAT and is moved to the core of the particle where it is unable to 

exchange with cells. As a result the HD~ becomes HDLz" which is larger in size 

with a decrease in its apo A-I and an increase in its apoE content (Gordon et al. 

1983). The acquisition of apoE permits the HDLz, to be removed by both the 

hepatic apoE and apo BIE receptors and the internalized cholesteryl esters 

contribute to bile acid synthesis. The hepatic apo A-I receptor may also 

contribute to this removal process by removing HDL which contains residual apo 

A-I (Rifici et al. 1984). 

1.1.2 Structure and Function of Apolipoproteins 

Several major functions have been ascribed to apolipoproteins. One of 

these is the transport and redistribution of lipids among various tissues. The 

delivery of lipids to specific cells needs the recognition of specific apolipoprotein 

by cell membrane receptors. Apo B-100 and E are the ligands of LDL (apoBIE) 

receptors of the liver and extrahepatic tissues, and apoE is the ligand of apoE 

receptors of the liver (Dolphin, 1985). These receptors mediate the uptake of 

apoB-lOO- and apoE- containing lipoproteins and regulate their levels in the 

plasma. A second function of apolipoproteins involves their role as cofactors for 

enzymes of lipid metabolism. Apo C-II is the activator of lipoprotein lipase, which 

catalyzes the hydrolysis of chylomicron and VLDL triglycerides (LaRosa et al. 

1970). Apo A-I is the major cofactor of LCAT and other apolipoproteins, 
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including A-II, A-IV, C-I and C-II, also possess some degree of cofactor activity 

(Kottke et aI. 1986). A third function of apolipoproteins involves their role in the 

maintenance of the structure of the lipoproteins. They stabilize the micellar 

structure of the lipoprotein and, in association with phospholipids, provide a 

hydrophilic surface. 

Some of the apolipoproteins are exchangeable among lipoprotein particles 

such as apo A, C and E while others such as apo B-100 and B-48 do not exchange 

between lipoproteins during the metabolic process (Dolphin, 1985). 

Apolipoprotein B (apoB) is heterogeneous and exists naturally as two 

forms: apo B-lOO and apo B-48. Apo B-lOO is synthesized by the liver and is 

required for the assembly and secretion of VLDL. Lipoprotein lipase converts 

VLDL to IDL and finally to LDL. There is one apoB molecule per LDL particle 

(Cladaras et aI. 1986). In humans, Apo B-48 is synthesized mainly in the intestine, 

where it is required for the assembly and secretion of chylomicrons. Two other 

species of apoB are apo B-74 and apo B-26. Amino acid composition data have 

suggested that apo B-74 and B-26 are fragments of apo B-100 (Kane et aI. 1980) 

and can be produced by the incubation of LDL with the proteolytic enzyme 

kallikrein (Cardin et aI. 1984). The complete amino acid sequence of human apo 

B-lOO has been determined by sequence analysis of complementary DNA clones 

(Chen et al. 1986; Knott et aI. 1986; Yang et aI. 1986). Apo B-lOO cDNA is 14.1 

kilobases in length and includes a 5'untranslated region of 78 bp, a coding region 
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of 13,689 bp for a 4563-amino acid protein, and a 3'untranslated region of 303 bp 

preceding the poly (A) tail (Chen et al. 1986). Apo B-100 mRNA is thus one of 

the largest eukaryotic mRNAs known. The complete amino acid sequence of apo 

B-100 includes a 27-amino acid signal peptide and a 4536-amino acid mature 

protein. The mature protein of 4563 residues has a calculated molecular weight of 

513 Kd (Chen et al. 1986) compared with the 550 Kd by sodium dodecyl sulfate

polyacrylamide (SDS) gel electrophoresis (Cardin et al. 1984) and this discrepancy 

is caused by glycosylation as 8-10% of the mass of apo B-100 is N-linked 

oligosaccharide. Nineteen potential N-glycosylation sites (Asn-X-Thr/Ser) are 

distributed throughout the sequence with a cluster between residues 3197-3428 

(Knott et al. 1986) and 16 sites are demonstrated to be glycosylated by direct 

protein sequence analysis (Yang et al. 1989). A potential LDL (apoBIE) 

receptor-binding domain (residues 3345-3381) of apo B-100 has a cluster of 

positively charged residues (Yang et al. 1986) which are complementary to the 

clusters of negatively charged amino acids at the NHz-terminal portion of the LDL 

receptor (Goldstein and Brown, 1985). Chemically synthesized peptides, which 

corresponds to residues 3345-3381 of apo B-100, can mediate binding and uptake 

by the LDL (apoBIE) receptor in cultured human fibroblasts (Yang et al. 1986). 

A partial cDNA sequence study also indicates that the LDL receptor binding 

region of apo B-100 shows a significant homology to the LDL receptor binding 

site of apoE (Yang et al. 1986). Apo 8-100 remains tightly associated with its 



28 

core lipid throughout the metabolic transitions that lead to the formation of LDL 

because of its non-exchangeability among lipoprotein particles (Mahley et al. 

1984). It is also characterized by its high hydrophobicity (Knott et al. 1986) and 

insolubility in aqueous media after delipidation. Most of the lipid-binding 

structures in apo B-lOO are the amphipathic {3-strands that contain alternating 

hydrophobic and hydrophilic amino acids (Knott et al. 1986), while in most other 

apolipoproteins lipid binding occurs through amphipathic a-helical segments 

(Segrest et al. 1973). 

Apolipoprotein B-48 (ApoB-48) is synthesized mainly in the intestine of 

humans. It consists of the NHz-terminal 2152 amino acids of apo B-lOO and is 

encoded by the same gene as apo B-lOO (Scott, 1990). Intestinal apo B-48 mRNA 

differs from hepatic apo B-lOO mRNA only by a single base substitution. During 

or after transcription, apoB mRNA undergoes a novel editing reaction - the 

cytidine at position 6666 in the apo B-lOO mRNA is modified in the apo B-48 

mRNA to form uridine - that produces a premature termination codon (UAA), 

and results in the formation of apoB-48 (Higuchi et al. 1988). The percentage of 

apoB mRNA edited to contain the translational stop codon varies in the liver and 

intestine as well as in different species (Brewer et al. 1990). Approximately 85% 

of the apoB mRNA is edited to the "UAN' stop codon in human intestine, and 

the major apoB secreted from the intestine is apo B-48. In contrast, minimal 

apoB mRNA editing occurs in the human liver, thus apo B-lOO is the principal 
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apoB secreted by the liver (Brewer et al. 1990). This novel RNA editing 

mechanism for apoB mRNA represents a new mechanism for the biosynthesis of 

two proteins from a single gene and nuclear RNA. Since chylomicron remnants 

can be rapidly taken up by chylomicron remnant (apoE) receptors on the liver, 

apo B-48 is absent in the fasting plasma of normal individuals (Mahley, 1984). 

Human apolipoprotein A-I (apo A-I) is a single polypeptide chain 

composed of 243 amino acids (Brewer et al. 1978) and is the major protein 

constituent of HDL. It has two major sites of synthesis: the intestine and the liver. 

Intestinal apo A-I is present on chylomicron but is rapidly transferred to HDL 

particles during lipase hydrolysis of chylomicron. Hepatic apo A-I enters the 

circulation through nascent HDL (Mahley et al. 1984). Apo A-I has a plasma 

half-life of about 4 days (Fidge et al. 1980a). The translation product of human 

apo A-I mRNA is a preprotein. It contains an 18-amino acid pre peptide as signal 

sequence and a 6-amino acid pro peptide connected to the amino terminus of the 

243-amino acid mature apo A-I (Law et al. 1984). Edman degradation of 

radiolabeled intracellular and extracellular apo A-I indicates that apo A-I is 

secreted as proprotein with its hexapeptide prosegment, and that the proprotein 

undergoes an additional proteolytic cleavage to mature apo A-I before it is fully 

integrated into plasma HDL (Gordon et al. 1983). In Tangier's disease, the 

failure to convert proprotein to mature apo A-I results in an accelerated apo A-I 

catabolism, low levels of plasma HDL, hypocholesterolemia and cholesteryl ester 

--------------------
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deposition in tissues (Gordon et al. 1983). Apo A-I has an important structural 

feature: a large portion of the protein is a series of tandemly repeated 22 amino 

acid segments, and each tandem 22mer repeat is an amphipathic a-helix, a crucial 

structural element for lipid association (Segrest et al. 1973). Apo A-I is the major 

activator of the plasma LCAT. The major LCAT-activating domain of apo A-I 

resides in the two Glu-containing 22mer tandem repeats located between residues 

66 and 121 in the native apo A-I (Anantharamaiah ~t al. 1990). 

LCAT is a plasma enzyme secreted by the liver, activated by apo A-I and 

to a much less extent by apo C-I, apoE and apo A-IV (Dolphin, 1985). This 

enzyme has a molecular weight of 59 Kd, contains 24% carbohydrate, and 

transfers the fatty acid present at the 2-position of lecithin to the 3-hydroxyl group 

of cholesterol to form lysolecithin and cholesteryl ester (Dolphin, 1985). The 

major function of LCAT is to mediate reverse cholesterol transport from 

peripheral tissues to the liver for subsequent catabolism and secretion, and to 

modulate the surface composition of lipoproteins during metabolism. 

Human apolipoprotein A-II (apo A-II) exists as the second most abundant 

protein component of HDL. Its approximate concentration in plasma is 30-40 

mg/dl (Mahley et al. 1984), and it has an average half-life of about 4 days (Fidge, 

1980a). Human apo A-II is a dimer (Mr= 17,400) of identical subunits having 77 

amino acids covalently linked by a disulfide bridge at residue 6 (Lux et al. 1972). 

Except for its presence as a structural component of HDL, apo A-II is not known 
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to have a specific function in HDL metabolism. 

Human apolipoprotein A-IV (apo A-IV) is a prominent component of 

newly secreted chylomicron and a minor component of HDL (Mahley et al. 1984). 

Unlike most other apolipoproteins, a majority of apo A-IV is found in plasma in 

the lipoprotein-free rather than lipoprotein-bound fraction (Fidge, 1980b). Apo 

A-IV has been shown to be a potent activator of LCAT in in vitro studies 

(Steinmetz et al. 1985). 

The C apolipoproteins are represented by three low molecular weight 

apolipoproteins, designated apo C-I, C-II, and C-III, that are surface components 

of chylomicron, VLDL, and HDL. These apolipoproteins are exchangeable 

among different lipoprotein particles during metabolic processing. In the fasting 

state, the C apolipoproteins are mainly associated with HDL while during the 

active synthesis of chylomicron by the intestine, or VLDL by the liver, the C 

apolipoproteins redistribute to the surface of the triglyceride-rich chylomicron and 

VLDL. As the triglyceride of VLDL and chylomicron is hydrolyzed and depleted 

by the action of lipoprotein lipase, the C apolipoproteins are transferred back to 

HDL (Nestel and Fidge, 1982). 

Human apolipoprotein C-I (apo C-I) consists of 57 amino acids in a single 

polypeptide with a calculated molecular weight of 6,605 (Mahley et al. 1984). The 

plasma concentration of apo C-I in humans is 6 mg/dl (Curry et al. 1981). The 

ability of apo C-I to activate LCAT may account for the normal plasma levels of 

~-----.---.-



32 

esterified cholesterol in subjects with apo A-I deficiency (Mahley et al. 1984). 

Human apolipoprotein C-II (apo C-II) is a single polypeptide chain 

consisting of 79 amino acids with a calculated molecular weight of 8,824 (Mahley 

et al. 1984). The plasma apo C-II concentration is about 4 mg/dl (Nestel and 

Fidge, 1982), and its prime metabolic function is to act as a cofactor in activating 

lipoprotein lipase (LPL) (LaRosa et al. 1970; Havel et al. 1970). LPL is 

synthesized in the liver, and is located on the luminal surface of the endothelial 

cells in extrahepatic capillaries where it hydrolyses triglycerides of chylomicron and 

VLDL to fatty acids and glycerols. LPL requires apo C-II for maximal activity 

(Schotz et al. 1990). Patients with a familial apo C-II deficiency have severe 

hypertriglyceridemia and impaired plasma clearance of VLDL and chylomicron, in 

spite of the presence of the functional lipase (Breckenridge et al. 1978). 

Human apolipoprotein C-III (apo C-III) occurs in plasma in three forms 

depending on the level of sialylation: C-III01 C-IIIu and C-III~. The subscript 

indicates the number of sialic acid residues that are present. The carbohydrate is 

O-linked and is attached to the threonine at residue 74 (Brewer et al. 1974). Apo 

C-III is a single polypeptide protein of 79 amino acid residues, and its plasma 

concentration is 12 mg/dl (Dolphin, 1985). The precise metabolic role of apo e

III and the significance of the sialic acid heterogeneity are unclear. It has been 

suggested that apo C-II1 can activate LCAT (Jonas et al. 1984) and inhibit the 

activation of lipoprotein lipase by apo C-II (Breckenridge et al. 1978). 

~-~----------------~~~~ 



33 

Human apolipoprotein E (apoE) is a constituent of chylomicron, 

chylomicron remnant, VLDL, IDL and HDL-with apoE. The plasma level of 

apoE is 3 to 7 mg/dl in normolipidemic subjects (Mahley et al. 1984). A major 

physiological role of apoE is to serve as a high-affinity ligand for the LDL 

(apoBIE) receptor and chylomicron remnant (apoE) receptor. The major 

synthesis site of apoE is liver parenchymal cells though it can be synthesized by a 

variety of cells throughout the body (Mahley et al. 1990). The mature apoE is 

secreted as a 299-amino acid protein with a molecular weight of 34,200. ApoE 

displays a isoform pattern that is due to the multiple alleles at a single gene locus 

and the post-translational sialylation (Zannis et al. 1982). Six phenotypes of apoE 

are revealed by isoelectric focusing: three homozygous (E4/4, E3/3, E2/2) and 

three heterozygous (E4/3, E4/2, E3/2). The most common phenotype in the 

human population is apo E3/3, which is present in 60% of the subjects studied 

(Mahley et al. 1990). The apo E2/2 phenotype is commonly associated with type 

III hyperlipoproteinemia. Single amino acid substitutions account for the 

differences among the major isoforms of apoE. ApoE4 differs from apoE3 in that 

in apoE4 arginine is substituted for the cysteine at residue 112. ApoE2 differs 

from apoE3 at residue 158, where cysteine is substituted for the normally 

occurring arginine (Mahley et al. 1990). ApoE contains two structural domains 

(Wetterau et al. 1988; Aggerbeck et al. 1988); the carboxyl-terminal domain 

contains a region of amphipathic a-helices which is involved in lipid binding and 



the amino-terminal domain, composing two-thirds of the molecule, contains an 

arginine- and lysine- rich region that binds to the LDL (apoB/E) receptor. The 

basic amino acid residues in the vicinity of residues 140-160 are important in 

mediating the binding of apoE to the LDL (apoB/E) receptor (Mahley et al. 

1990). 
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Type III hyperlipoproteinemia is characterized by hypertriglyceridemia and 

hypercholesterolemia, caused by the accumulation of cholesterol-rich remnants of 

chylomicron, VLDL, and IDL (collectively referred to as ,B-VLDL) in the plasma 

(Mahley et al. 1990). Patients with type III disease develop accelerated 

atherosclerosis involving both coronary and peripheral arteries. Type III 

hyperlipoproteinemia is associated with the E2/2 phenotype, by far the most 

common variant is E2 (Arg158 - Cys) or the 158 variant, and this variant is 

defective in receptor binding (Mahley et al. 1990). But not all E2/2 subjects with 

the 158 variant develop hyperlipidemia, only those with additional genetic or 

environmental factors, such as obesity, hypothyroidism, or diabetes, will develop 

type III hyperlipoproteinemia (Mahley et al. 1990). 

1.1.3 Lipoprotein [a] 

Human lipoprotein [a] is a lipoprotein similar to LDL in its lipid 

composition and the presence of apo B-lOO. In contrast to LDL, lipoprotein [a] 

contains an additional glycoprotein, apa(a), which is linked to apa B-lOO by one or 
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more disulfide bonds (Gaubatz et al. 1983). Around 70% of the normal 

population have serum lipoprotein [a] levels below 25 mg/dl (Kostner et al. 1981). 

A positive correlation of high serum lipoprotein [ a] levels with coronary heart 

disease has been demonstrated in a series of epidemiological studies (Schriewer et 

al. 1984; Dahlen et al. 1986; Armstrong et al. 1986). A significant amount of 

lipoprotein [a] accumulated in arterial wall or in bypass vein grafts has been 

detected in patients undergoing aortocoronary bypass surgery (Rath et al. 1989) or 

in patients undergoing coronary re-bypass surgery (Cushing et al. 1989). 

Sequencing of cloned human apo(a) cDNA shows that apo(a) is very 

similar to human plasminogen, which is the zymogen of the primary thrombolytic 

enzyme, plasmin. Plasminogen consists of a trypsin-like protease domain, and five 

homologous and tandemly repeated domains called kringles. Sequence structure 

comparison of plasminogen and apo(a) indicates that apo(a) shares extensive 

structural homology with plasminogen, including multiple repeating domains (37 

copies} similar to "kringle" four of plasminogen, a single region similar to "kringle" 

five and a serine protease domain (Mclean et al. 1987). The function of apo(a) is 

presently unknown, but its homology to plasminogen suggests that lipoprotein [a] 

may compete with plasminogen for plasminogen receptors, by molecular mimicry. 

These receptors are present at extremely high density on endothelial cells (Hajjar 

et al. 1986), and promote thrombolysis by accelerating plasminogen activation and 

hence plasmin generation (Hajjar et al. 1989). There is a evidence of competitive 
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binding of plasminogen and lipoprotein [a] at a common site on cultured 

endothelial cells (Miles et al. 1989). These findings support the hypothesis that 

elevated levels of lipoprotein [a] inhibit thrombolysis and promote thrombosis, and 

this may promote progressive atherosclerosis (Hajjar et al. 1989). 

1.2 Cellular Lipoprotein and Cholesterol Metabolism 

1.2.1. The LDL (apoB/E) Receptor 

The LDL (apoBIE) receptor performs a singular function: it carries 

cholesterol-bearing lipoproteins into cells. The nucleotide sequence of a cloned 

cDNA, representing the complete 5.3-kilobase human LDL receptor mRNA, 

reveals five domains in the mature receptor of 839 amino acids (Yamamoto et al. 

1984; Goldstein et al. 1985). The first domain is responsible for ligand binding and 

contains the NH2-terminal 292 amino acids. This domain is made up of seven 

cysteine-rich repeats. Each repeat consists of about 40 amino acids including 6 

cysteine residues, and all of these cysteines are involved in disulfide bonds. At the 

COOH-terminus of each repeat there is a cluster of negatively-charged amino 

acids, and these sequences are complementary to positively-charged sequences in 

the ligands for the LDL receptor (Goldstein et al. 1985). The two ligands for the 

LDL (apoBIE) receptor, apo B-lOO and apoE, are known to contain positively 

charged lysine and arginine that are crucial for receptor binding. If these residues 

are selectively modified by acetylation (Basu et al. 1976), or reaction with 
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cyclohexanedione (Mahley et al. 1977), then the binding of ligand to the receptor 

is disrupted. Kinetic analysis suggests that four apoE molecules can bind to a 

single LDL (apoBIE) receptor (Innerarity et al. 1978; Pitas et al. 1980). The 

stoichiometric relationship between LDL and the LDL receptor is determined to 

be one LDL particle (containing one molecule of apo B-lOO) per LDL (apoBIE) 

receptor (Innerarity, 1990). The disulfide bonds confer great stability upon the 

binding site of the receptor. The LDL (apoBIE) receptor can be boiled in SDS or 

guanidine and stilI retain binding activity as long as the disulfide bonds are not 

reduced (Daniel et al. 1983). The disulfide bonds also protect the receptor 

against extreme changes in pH when it recycles between coated pits on the cell 

surface and acidic endosomes within the cell. The interactions between the LDL 

receptor and its ligands is an ionic attraction, and the LDL receptor separate from 

its ligand at acid pH. In the acidic environment, the negatively-charged residues 

of the receptor become protonated and lose their charges, allowing the LDL to be 

released (Basu et al. 1978). The receptor is not irreversibly denatured by this acid 

exposure because of the structural stability supported by the multiple disulfide 

bonds. 

LDL receptor-lipoprotein interactions require the presence of a divalent 

cation (Ca2
+ is preferred), and are abolished by the chelating agent EDTA 

(Goldstein et al. 1985). It is likely that Ca2
+ binds all repeats in ligand-binding 

domain of the LDL receptor. Whether Ca2
+ modulates the conformation of the 
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repeats or is directly involved in the receptor-ligand binding is not known 

(Innerarity, 1990). Each of the seven 40-amino acid repeats in the LDL receptor 

is also strongly homologous to a single 40-residue sequence in human complement 

factor C9, a plasma protein of 537 amino acids (Stanley et al. 1985). This finding 

raises the possibility that C9 might have measurable binding affinity for 

lip<?proteins containing apoB or apoE, the two ligands for the LDL (apoB/E) 

receptor. 

The second domain of the LDL receptor, consisting of about 400 amino 

acids, is called epidermal growth factor (EGF) precursor homology region. One 

half of the amino acids in this region are homologous to a 400-amino acid region 

in the human EGF precursor (Sudhof et al. 1985). One function of the EGF 

precursor region of the LDL receptor is to accelerate acid-dependent ligand 

dissociation and thereby to facilitate receptor recycling. When this domain is 

deleted by site-directed mutagenesis, the receptor no longer releases its ligand at 

acid pH, no longer recycled efficiently and it is rapidly degraded after ligand 

binding (Davis et al. 1987a). 

The third domain of the LDL receptor is a region (48 amino acids) located 

immediately outside the membrane-spanning sequence. This region contains 18 

serine or threonine residues and O-linked carbohydrate chains (Russell et al. 

1984). The clustered a-linked carbohydrates are not essential for LDL receptor 

function. Deletion of this region does not impair function of the LDL receptor in 
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transfected fibroblasts (Davis et al. 1986). Despite the loss of clustered O-linked 

carbohydrate, the LDL receptor encoded by the deletion-bearing cDNA binds and 

internalizes LDL normally, and is also recycled normally. 

The fourth domain of the LDL receptor is the membrane-spanning region. 

This domain consists of a stretch of 22 hydrophobic amino acids (Goldstein et al. 

1985). Deletion of this region in a naturally occurring mutation results in the 

synthesis of a receptor that is secreted from the cell (Lehrman et al. 1985). 

The fifth domain of the LDL receptor is the cytoplasmic tail containing 

COOH-terminal segment of 50 amino acids (residues 790-839). The cytoplasmic 

domain directs the receptor to cluster in coated pits, either through interaction 

with clathrin itself or with some protein associated with clathrin on the cytoplasmic 

side of the membrane (Goldstein et al. 1985). The first 22 amino acids of the 

cytoplasmic domain (residues 790-811) are found to be sufficient for rapid 

internalization by using site-directed mutagenesis. Aromatic residues (tyrosine, 

phenylalanine, or tryptophan) at position 807 is especially critical (Davis et al. 

1987b). This suggests that the juxtamembranous region of the cytoplasmic domain 

participates in protein:protein interactions that allow the LDL receptor to cluster 

in coated pits. 

Two proteins, namely LDL-receptor-related protein (LRP) and 

glycoprotein GP330, that share several structural elements with the LDL receptor 

have recently been described (Van der Westhuyzen et al. 1990). LRP is a large 
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membrane glycoprotein of 4544 amino acids (5.4 times larger than LDL receptor). 

The ligand binding domain and the EGF-precursor homologous region of the LDL 

receptor are repeated four times in LRP and there is a single membrane-spanning 

segment and a cytoplasmic region in LRP (Herz et al. 1988). The cytoplasmic 

region of LRP has sequences which are homologous to the cytoplasmic tail of the 

LDL receptor that contains the sequence for clustering into coated pits. Like the 

LDL receptor LRP also strongly binds calcium (Herz et al. 1988). LRP can 

mediate the uptake and lysosomal hydrolysis of apoE-enriched {3-VLDL (Kowal et 

al. 1989), and it specifically binds apoE incorporated into liposomes (Beisiegel et 

al. 1989). Therefore, it is suggested that LRP might function as an apoE receptor. 

GP330, a glycoprotein of unknown biological function, has a molecular 

weight of 330 Kd, and is found on the apical surfaces of some epithelial cells. A 

partial complementary DNA sequence of GP330 shows a strong similarity to the 

LDL receptor (Raychowdhury et al. 1989). Shared elements include the cysteine

rich binding repeats, EGF-precursor region and the cytoplasmic sequence. GP330 

may function as a receptor since it is normally concentrated in coated pits. The 

LDL receptor, LRP and GP330 may be considered as members of a LDL 

receptor-like family of proteins (Van der Westhuyzen et al. 1990). 

1.2.2 LDL Receptor Mediated Endocytosis 

The process is initiated when receptors on the cell surface bind their 
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ligands and slide laterally into clathrin-coated pits. Within minutes the coated pits 

invaginate into the cell and pinch off to form coated vesicles. After shedding their 

clathrin coats the vesicles fuse with one another to form endosomes. The receptor 

dissociates from the ligand in endosomes whose contents are acidified by ATP

driven proton pumps within the wall of the endosome (Pastan et al. 1983). The 

ligand is carried to lysosomes for degradation, while the receptor recycles back to 

the cell surface to bind new ligand (Brown et al. 1983a). The LDL receptor can 

make up to 150 trips through the endosome without losing its function during its 

lifespan of 10-30 hr (Brown et al. 1983a). Within the lysosomes the protein 

component (apo B-lOO) of LDL is hydrolyzed to amino acids and the cholesteryl 

ester component is hydrolyzed by an acid lipase to yield unesterified cholesterol 

for membrane synthesis and other cellular needs (Brown and Goldstein, 1984). 

The cellular level of cholesterol is self-regulating. The cholesterol derived 

from the catabolism of LDL has three metabolic effects (Brown and Goldstein, 

1986). First, it inhibits the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG 

CoA) reductase, which controls the rate of cholesterol biosynthesis. Second, the 

cholesterol activates acyl-coenzyme A: cholesterol acyl-transferase (ACAT), which 

reesterifies cholesterol to form cholesteryl esters for storage within the cell as 

cytoplasmic lipid droplets. Third, the incoming cholesterol inhibits the synthesis of 

new LDL receptors by suppressing transcription of the receptor gene to 

messenger RNA. This action allows cells to adjust the number of LDL receptors 
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to provide sufficient cholesterol for metabolic needs without causing cholesterol 

overaccumulation. Through these regulatory mechanisms, cells keep their level of 

unesterified cholesterol constant despite wide fluctuations in cholesterol 

requirement and exogenous supply. 

Significant advances have recently been made in understanding the 

molecular mechanisms that are involved in the control of cellular cholesterol 

homeostasis. The enzyme HMG CoA reductase catalyses the reduction of HMG 

CoA to mevalonic acid and is considered to be the rate-limiting enzyme of 

cholesterol synthesis. HMG eoA synthase is the enzyme which precedes HMG 

CoA reductase in the sterol biosynthetic pathway. It is now established that the 

transcription of HMG CoA synthase, HMG CoA reductase and the LDL receptor 

genes is coordinately regulated. The transcription of these genes is increased in 

cells deprived of sterols and reduced in cells that are loaded with sterols (Edwards 

and Fogelman, 1990). Recent studies have shown that the promoters for HMG 

CoA synthase, HMG CoA reductase and the LDL receptor each contain either 

one or two copies of an octo mer (5'-CACCCCAC-3'), termed a sterol regulatory 

element (SRE)-l, and this cis-element is responsive to cellular sterol levels (Van 

der Westhuyzen et al. 1990). The SRE-1 in the HMG CoA reductase promoter is 

required for sterol repression but not for the high levels of transcription observed 

in sterol-deprived cells (Osborne et al. 1988), and this regulation is termed 

conditional negative. However, in the promoters of HMG CoA synthase and the 
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LDL receptor, the SRE-1 acts like an enhancer and is required for the high level 

of transcription observed in sterol-deprived cells but not for the sterol-mediated 

inhibition of transcription (Smith et al. 1988). This mode of regulation is termed 

conditional positive mechanism. How the SRE-1 acts as both a conditional 

positive and negative element is unknown. 

ACAT catalyzes the intracellular formation of cholesteryl esters from 

cholesterol and coenzyme A-activated fatty acids predominantly oleyl-CoA. The 

transformation of free cholesterol, which is potentially cytotoxic, into metabolically 

inert cholesteryl esters, protects the cell from damage. ACAT is highly operative 

in tissue macrophages and transformed smooth muscle cells (Schmitz and Beuck, 

1990). It is tightly bound to the microsomal fraction and is regulated by a number 

of factors, including the availability of its substrates cholesterol, coenzyme A

activated fatty acids and phosphorylation of the enzyme (Gavey et al. 1983; 

Scallen et al. 1983). In addition, the size of the presynthesized enzyme pool and 

the availability of certain phospholipids may also playa major role in the 

regulation of this enzyme (Schmitz and Beuck, 1990). 

1.2.3 The Scavenger Receptor 

The lipoprotein scavenger receptor has been found on macrophages from 

many sources and species tested. These include peritoneal macrophages from 

mice, rats and dogs; Kupffer cells from guinea pigs and rats; monocyte-derived 
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macrophages from humans (Brown and Goldstein, 1983b); and established cell 

lines of macrophage such as phorbol ester treated THP-1 cells (Hara et al. 1987) 

and D3-induced HL-60 macrophages (Jouni and McNamara, 1990). The scavenger 

receptor is generally absent from nonmacrophage cells, including cultured human 

fibroblasts, cultured human and bovine smooth muscle cells, freshly isolated 

human. lymphocyte (Brown and Goldstein, 1983b). 

Chemical modifications that remove the positive charges from the €-amino 

groups of lysine, thus giving the protein an enhanced negative charge, can convert 

LDL into a ligand for the scavenger receptor (Goldstein et al. 1979; Brown et al. 

1980; Brown and Goldstein,1983b). Such ligands include acetylated LDL, 

acetoacetylated LDL, maleylated LDL, succinylated LDL and malondialdehyde

treated LDL. Reductive methylation of LDL, which modifies the lysine residues 

but does not remove their positive charge, fails to convert LDL into a species that 

will bind to the scavenger receptor (Brown et al. 1980). It has also been reported 

that a diverse group of macromolecules, including maleylated bovine serum 

albumin, polyvinyl sulphate and polyinosine can inhibit the binding of modified 

LDL to the scavenger receptor and its subsequent endocytosis (Brown and' 

Goldstein, 1983b). 

The uptake of modified LDL by macro phages occurs through two 

processes: by nonreceptor-mediated phagocytosis, or by scavenger receptor

mediated endocytosis. In contrast to the LDL receptor of nonmacrophage cells, 



whose number is suppressed when cells are loaded with cholesterol, scavenger 

receptors remain constant in number even when macrophages have accumulated 

massive amounts of cholesterol (Goldstein et al. 1979; Brown and Goldstein, 
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1979). As a result of their failure to suppress the production of scavenger 

receptors, macrophages incubated continuously with modified LDL such as 

acetylated LDL take up sufficient amount of cholesterol that they are converted to 

foam cells. Electron microscopy has shown that the foam cells have many 

cytoplasmic lipid droplets, giving a foamy appearance, which are not surrounded 

by a typical bilaminar membrane (Brown and Goldstein, 1979). Since foam cells 

formed when cultured macrophages are exposed to appropriately modified LDL 

are strikingly similar to foam cells in atherosclerotic plaques, interest in the 

scavenger receptor has recently focused on its structural characteristics. 

There are two types of macrophage scavenger receptors, type I and type II, 

deduced by complementary DNA cloning (Kodama et al. 1990; Rohrer et al. 

1990). Both receptors are trimeric membrane glycoproteins. The type I and type 

II receptors share five identical domains for each monomer: I, N-terminal 

cytoplasmic domain (residues 1-50); II, transmembrane domain (residues 51-76); 

III, spacer domain (residues 77-108); IV, a-helical coiled coil domain (residues 

109-271); and V, collagen-like domain (residues 272-343). Domain VI is a 1l0-

amino acid C-terminal cysteine-rich domain in the type I receptor, and this 

domain is not present in the type II receptor and it is replaced by a six-residue C-

-------~-------,----~-~~.-~.,...,....~ 
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terminus in the type II receptor. Although the type II receptor lacks the cysteine-

rich domain, it still mediates endocytosis of 12SI-Iabelled acetylated LDL (Rohrer et 

al. 1990) and its activity is remarkably similar to that of the type I receptor 

(Kodama et al. 1990). Therefore, the C-terminal cysteine-rich domain is not 

required for the binding of acetylated LDL, instead, either one or both of the 

extracellular fibrous domains (a-helical coiled-coil domain IV and collagen-like 

domain V) are responsible for the ligand-binding specificity of the scavenger 

receptors (Rohrer et al. 1990). The predicted net positive charge of the collagen

like domain (all 24 of the Gly-X-Y triplets are either uncharged or positively 

charged at neutral pH) could contribute to the polyanionic ligand binding (Rohrer 

et al. 1990). The long fibrous structure, formed by the a-helical coiled-coil and 

the collagen-like triple helix, has not previously been observed in an integral 

membrane protein (Kodama et al. 1990). 

1.3 Abnormalities in Lipoprotein Metabolism 

1.3.1 Familial Hypercholesterolemia 

Familial hypercholesterolemia (FH) is a genetic disease characterized by an 

elevated level of LDL, xanthomas, and an increased incidence of cardiovascular 

disease. In the 1970s, the studies of Brown and Goldstein (1974a; 1974h) 

demonstrated that FH is caused by a mutation in the gene encoding the cell

surface LDL receptor. They also demonstrate that FH heterozygotes. with U!1L' 
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normal gene and one defective gene, express one half the normal level of 

functional LDL receptors on the surface of their cells. FH homozygotes, who 

inherit two defective LDL receptor genes, express few, if any, cell-surface 

receptors. FH heterozygotes occur in most populations at a frequency of one in 

SOD and FH homozygotes are found at a frequency of about one per million 

(Slack, 1979). The failure to synthesize functional LDL receptors in FH patients 

leads to a reduced clearance of LDL from the plasma, thus resulting in the 

elevated levels of plasma LDL in FH patients. In turn, the resulting 

hypercholesterolemia is responsible for the premature atherosclerosis and the 

increased frequency of myocardial infractions in the FH patients (Yamamoto et al. 

1989). The clinical features of FH include the accumulation of cholesterol in the 

form of xanthomas in skin and tendons and atheromatous lesions in the arterial 

wall, in particular, in the aorta and the stem of coronary arteries. Plasma 

cholesterol concentration increases soon after birth, reaching SOD to 1000 mg/dl 

for homozygotes and 300 to 400 mg/dl for heterozygotes in early childhood. By 

age 50, about 80% of FH males suffer from ischemic heart diseases of various 

extent, and the incidence of ischemic heart disease is lower (about 30%) in 

females with FH when compared with FH males (Yamamoto et al. 1989). 

In normal cells, the LDL receptor is synthesized in the rough endoplasmic 

reticulum as an integral membrane protein, to which immature sugars are 

attached in N-linkage to asparagine residues and to serine and threonine residues 
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in O-linkage (Tolleshaug et a1. 1982; Cummings et a1. 1983). The apparent 

molecular weight (Mr) of this precursor is 120 Kd, as determined on sodium 

dodecyl sulfate-polyacrylamide (SDS) gels. The LDL receptor precursor is 

transported to the Golgi apparatus where the immature carbohydrate chains are 

processed to their mature form, causing an increase in the Mr of the protein to 

160 Kd. From the Golgi apparatus, the LDL receptor is transported to the cell 

surface where it migrates to the coated pits. Coated pits are the specialized 

regions of the plasma membrane where the cytoplasmic surfaces of the membrane 

are coated with the protein clathrin. 

There are four broad classes of naturally occurring mutations in the LDL 

receptor. Class 1 mutations eliminate the synthesis of the LDL receptor, as 

judged by their failure to produce any immunoprecipitable protein (Goldstein and 

Brown, 1985). This class includes deletions in the promoter or the coding frame 

of the gene (Russell et al. 1989). Class 2 mutations encode LDL receptors that 

are blocked or dramatically slowed in transport from the endoplasmic reticulum to 

the cell surface. Most of the alleles in class 2 mutation encode receptors with 

apparent molecular weights on SDS gel of 120 Kd, which is similar to the 

apparent molecular weight of the normal precursor. It is believed that these 

receptors are not transported to the Golgi complex (Goldstein and Brown, 1985). 

The molecular basis of the defect in the class 2 mutations is due to either the 

deletion or the nonsense and missense mutations in the LDL receptor gene 
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(Russell et al. 1989). Class 3 mutations encode LDL receptor proteins that have 

an altered ability to bind lipoprotein particles. The receptors produced by the 

class 3 alleles have a normal molecular weight on SDS gel electrophoresis. These 

receptors reach the surface at a normal rate and are recognized on the surface by 

monoclonal anti-receptor antibody (IgG-C7). However, these receptors bind less 

than 15% of the normal amount of tZ.5I-LDL (Goldstein et al. 1983; Tolleshaug et 

al. 1983). The molecular basis of defective LDL binding is due to deletion or the 

duplication of several exons in the LDL receptor gene (Russel et al. 1989). Such 

duplications or deletions would change the receptor binding domain, and might 

reduce LDL binding without affecting the binding of monoclonal antibody IgG-C7 

(which does not recognize the LDL binding site). Finally, Class 4 mutations 

produce LDL receptors that do not cluster in coated pits on the cell surface and 

fail to internalize bound LDL. One of the original examples is patient JD (Brown 

and Goldstein, 1976b). Biochemical studies show that patient JD is a compound 

heterozygote. From his mother he inherited a gene that produces a nonfunctional 

receptor. From his father he inherited a gene that produces a receptor of normal 

size that reaches the surface and binds LDL normally, but is not able to carry the 

bound LDL into the cell. Electron microscopic studies reveals that the 

internalization-defective receptors in patient JD and his father are present on the 

surface in small clusters, but they are not sequestered in coated pits, even though 

coated pits are present in these cells (Anderson et al. 1977). The signals 
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responsible for directing the LDL receptor to the coated pit reside in the 

cytoplasmic domain of the LDL receptor. Mutations in the gene alter the coding 

sequence of the cytoplasmic domain of the protein (Russel et al. 1989), and the 

consequence of these mutations is a failure of the LDL receptor to cluster in 

coated pits, a prerequisite for the internalization of bound LDL. 

1.3.2 Familial Defective Apolipoprotein B-IOO 

Apolipoprotein B-100 (apo B-100) plays a crucial role. in cholesterol and 

lipoprotein metabolism. In humans, apo B-100 is synthesized by the liver and is 

required for the assembly and secretion of VLDL. In the bloodstream, lipoprotein 

lipase converts VLDL to IDL and finally to LDL. A second role of apo B-100 in 

lipoprotein metabolism is its function as a ligand for the LDL (apoBIE) receptor; 

it mediates the efficient clearance of more than three-quarters of the plasma LDL 

via the LDL-receptor pathway. Genetic defects occurring in either the ligand Capo 

B-100) or the receptor can disrupt the ligand-receptor interaction, causing an 

accumulation of plasma LDL. 

Familial defective apo B-100 (FDB) is a genetic disorder associated with 

hypercholesterolemia. A single nucleotide mutation in the apoB gene at codon 

3500 changes the eGG codon to CAG, causing a glutamine-for-arginine 

substitution at position 3500 in the protein (Soria et al. 1989). As a consequence, 

the LDL containing the 3500 mutation has very little receptor-binding activity, 
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virtually this single amino acid substitution appears to be sufficient to abolish all of 

the binding of LDL to the LDL receptor (Innerarity, 1990a). The LDL from FDB 

heterozygotes has only about 32% of the receptor binding activity of normal LDL 

when examined in an in vitro receptor binding assay (Innearity et al. 1987). All 

the affected FDB individuals identified thus far are heterozygotes for the mutation 

at residue 3500 (Innerarity, 1990a). Because a single copy of apo B-100 is present 

on each LDL particle, LDL from heterozygous FDB subjects are a mixture of 

normal and defective-binding LDL. It has been suggested that the ArgJ500-Glu 

substitution disrupts the secondary or tertiary conformation of the apo B-100 

receptor-binding domain (Innerarity, 1990a). The carbon-13 nuclear magn~tic 

resonance studies indicate that the microenvironment of about six lysines on LDL

associated apo B-100 from an FDB subject is altered so that their PKs changed, 

and since lysine residues are known to be involved in apo B-100 binding to the 

LDL receptor, these results suggest that the Arg3500-Glu mutation alters the Pk of 

lysine residues that lie in the vicinity of the mutation and the receptor-binding 

domain (Lund-Katz et al. 1989). 

Three studies have examined the impact of this mutation on plasma 

cholesterol levels. In these studies, the FDB heterozygotes have an average 

plasma cholesterol level from 81 to 163 mg/dl higher than the age- and sex

matched controls (Innerarity, 1990a). All three of these studies demonstrate that 

the FDB mutation has a profound effect on plasma cholesterol levels that is due 
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almost exclusively to increased LDL cholesterol. It is clear that, besides the 

mutations of the LDL receptor gene (Familial Hypercholesterolemia, FH), this is 

another genetic mutation causing substantial increase in plasma total and LDL 

cholesterol levels. Although the estimated prevalence of FDB is similar to that of 

FH (Innerarity, 1990a), only a single mutation has been shown to cause FDB, 

while over 30 different mutations of the LDL receptor are described for FH 

(Russell et al. 1989). The impact of the FDB mutation on atherosclerosis is not 

yet established. However, it is reasonable to believe that the moderate-to-severe 

hypercholesterolemia associated with this mutation greatly increases the risk of 

coronary atherosclerosis and the clinical features of FDB would be, at least in 

part, dependent upon the degree of hypercholesterolemia. 

1.3.3 Coronary Artery Disease 

The metabolic basis of atherosclerotic coronary heart disease in the 

population free of genetic diseases seems to be related to multiple causal factors. 

There is no question that hypercholesterolemia is a risk factor for coronary heart 

disease (CHD). Elevated levels of plasma total and LDL cholesterol are 

associated with increased risk for CHD (Stamler et al. 1986). A large proportion 

of patients with CHD, however, do not have elevated plasma total or LDL 

cholesterol concentrations when compared with age- and sex-matched subjects 

from the general population. Recent findings suggest that disorders in the 
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metabolism of LDL could be associated with accelerated atherosclerosis even 

without elevated LDL levels, such as increased flux of LDL and changes in LDL 

composition. 

Sinderman et al.(1980, 1982) have described a condition termed 

hyperapobetalipoproteinemia in which LDL-apoB levels are increased but LDL

cholesterol concentrations are normal. Their findings also indicate that many 

patients with coronary artery disease (CAD) have hyperapobetalipoproteinemia. 

The level of LDL-apoB protein in these CAD patients is disproportionately high 

when compared with the level of LDL cholesterol. LDL is not a homogeneous 

macromolecule, there are differences in its lipid to protein ratio and size, which 

account for the range in density between 1.019-1.063 glml observed for this 

lipoprotein. Patients with hyperapobetalipoproteinemia differ from normal 

individuals principally because of an increased amount of "heavy" denser, smaller 

LDL particles that contain less cholesterol per particle (Teng et al. 1983). These 

"heavy" LDL particles are relatively protein enriched and cholesterol depleted, in 

particular cholesteryl ester depleted, as compared with LDL from normal subjects 

(Sniderman et al. 1982). In contrast, there is an increase in the more buoyant 

LDL particles in patients with familial hypercholesterolemia and these "light" LDL 

particles are relatively cholesterol enriched and protein depleted (Teng et al. 

1983). 

The metabolic hallmark of hyperapobetalipoproteinemia is that the 
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disproportion between protein and cholesterol in LDL particles is associated with 

an increased turnover rate of LDL; overproduction of apoB and an increased 

fractional catabolic rate of apoB (Grundy et a!. 1985). The plasma LDL levels are 

regulated by both LDL production and the clearance rates. Normal or near 

normal plasma LDL cholesterol levels can be maintained if an individual produces 

a large number of LDL particles relatively depleted of cholesterol and 

simultaneously increases the clearance rate of these LDL. However, 

overproduction of apoB plus increased clearance of plasma LDL cause increased 

influx of LDL to tissues. This raises the possibility that increased influx of LDL 

could itself be atherogenic even in the absence of hypercholesterolemia. Two 

mechanisms could be hypothesized: first, an increased influx of LDL to cells 

would overload reverse cholesterol transport; and second, enhanced flux of LDL 

would be associated with an increased filtration of LDL particles with smaller size 

into the arterial wall and could accelerate the deposition of cholesterol. The 

capillary endothelium normally serves as a major barrier to LDL passage into the 

interstitial fluid, and hence the concentration of LDL in this fluid is much lower 

than in plasma. One of the studies based on an animal model (Nordestgaard et 

al. 1988) has suggested that transporting lipoproteins across the arterial intimal 

layer is by a mechanism of nonspecific molecular sieving, dependent on the 

relative size of the lipoprotein to the "pore" size of the endothelium barrier. 

Lipoproteins with large size are excluded from the arterial wall, and when 
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cholesterol influx into the artery tissues is drastically reduced, atherogenesis is 

prevented in spite of high plasma cholesterol levels existing in these animals 

(Nordestgaard et al. 1988). It is reasonable to predict that if an individual has a 

high level of LDL particles with smaller size, the LDL level in the interstitial fluid 

would be elevated even if he has a "normal" concentration of plasma total or LDL 

cholesterol. 

Kesaniemi and Grundy (1983a) have shown that the increased turnover 

rate of LDL-apoB is a major characteristic for CHD patients who have normal 

plasma cholesterol levels. These normolipidemic CHD patients not only have 

higher synthetic rates of LDL-apoB, they also have enhanced fractional catabolic 

rates (FCR) of LDL-apoB when compared with matched control subjects. 

Theoretically, a high FCR could reflect greater removal of LDL by the receptor

mediated pathway. The relative contributions of receptor or nonreceptor 

pathways in LDL clearance have been studied by several investigators, and the 

nonreceptor-mediated clearance of LDL is relatively constant, approximately 0.15 

pools/day (Grundy et al. 1985). When the FCR of LDL is 0.45 pools/day, the 

receptor pathway is removing two-thirds of the LDL, but when the FCR is 0.30 

pools/day, the receptor pathway accounts for only half of the LDL clearance rate. 

The second characteristic of CHD patients with normal plasma cholesterol levels 

is that the FCR of LDL-apoB is positively correlated with the LDL apoB-to

cholesterol rates, i.e., LDL that is relatively rich in apoB and poor in cholesterol 
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will be removed from the circulation more rapidly (Kesaniemi and Grundy, 

1983a). This suggests that LDL poor in cholesterol has a lower ability to down

regulate LDL receptor synthesis since these LDL particles would deliver less 

cholesterol per LDL particle to the cells than LDL with a normal composition. 

The high turnover rates of LDL in normolipidemic CHD patients may cause the 

production of "apoB-rich,cholesterol-poor" LDL. The longer LDL remains in the 

plasma, the more cholesteryl ester it should acquire through reaction with lecithin 

cholesterol acyltransferase and cholesteryl ester transfer protein (Dolphin, 1985). 

If LDL is removed rapidly from the circulation, it would acquire less than normal 

amounts of cholesteryl ester for a given amount of apoB. Indeed, for people who 

are free of genetic-dis ease-associated hypercholesterolemia, the abnormalities in 

LDL metabolism seem to be more closely associated with accelerated 

atherosclerosis due to increased influx of LDL to tissues, enhanced turnover rates 

of LDL and changes in LDL composition. 

Several studies have been conducted investigating the genetic contribution to 

lipid and lipoprotein abnormalities (Austin and Krauss, 1986; Austin et al. 1988a, 

1988b; Austin et al. 1990). The findings indicate that LDL subclass patterns are 

genetically controlled. Two distinct phenotypes of LDL subclass distributions are 

identified by nondenaturing gradient gel electrophoretic analysis. Phenotype A is 

characterized by the predominance of large, buoyant LDL particles, and 

phenotype B consists mainly of small, dense LDL particles. The family genetic 
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data analyzed by complex segregation analysis demonstrate that these phenotypes 

appear to be inherited as a single-gene trait (Austin and Krauss, 1986; Austin et 

a1. 1988a; Austin et a1. 1990). The genetic locus responsible for LDL subclass 

phenotypes is proposed as an atherogenic lipoprotein (ALP) phenotype locus 

(Austin et a1. 1990). The proposed ALP gene may simultaneously influence both 

LDL particle size and other lipoprotein-related variables through a common 

metabolic mechanism, since phenotype B is associated with increases in plasma 

levels of triglyceride, VLDL and apoB and with decreases in HDL cholesterol, 

HD~ mass, and apo A-I levels (Austin et a1. 1990). Variation in the gene for 

apoB could result in different LDL subclass patterns, and several restriction 

fragment length DNA polymorphism have been identified near the 3' end of the 

apoB gene, and these may cause structural differences in the apoB molecules 

(Priestly et a1. 1985; Huang et a1. 1986). However, little is known so far about the 

genetic contribution to lipid and lipoprotein abnormalities that lead to familial 

aggregation of coronary heart disease. 

1.4 Mononuclear Leukocytes and HL-60 Promyelocytic Leukemia Cells 

1.4.1 Human Mononuclear Leukocytes 

Human mononuclear leukocytes (MNL) include monocytes and 

lymphocytes. Circulating' MNL have been used as a model system to study in vivo 

LDL metabolism in humans. Because of the rapidity with which they can be 
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isolated, their metabolic activity is believed to reflect the in vivo state. MNL can 

be quickly isolated by density gradient centrifugation because MNL have a lower 

density than erythrocytes and granulocytes. Thus, after centrifugation of blood . 

cells loaded on a separation solution with density close to 1.077 glml, such as 

Lymphoprep, the MNL will remain at the top, and are easily collected (Boyum, 

1968). Freshly isolated MNL have been widely used to study the effects of diets 

and pharmacologic interventions on cellular cholesterol homeostasis and LDL 

metabolism in humans (McNamara, 1980, 1985; Illingworth et al. 1983; Sundberg 

et al. 1983; Applebaum-Bowden et al. 1984; Leren et al. 1985; Lovati et al. 1987). 

Chait et al. (1982) have shown that monocytes have a greater LDL receptor 

activity than lymphocytes. The MNL isolated by density gradient centrifugation 

are a mixture of monocytes and lymphocytes, approximately 15-20% monocytes 

and 80-85% lymphocytes. Therefore, when freshly isolated MNL are used to 

study LDL receptor activity in humans, attention needs to be given to the 

proportions of monocytes and lymphocytes. It is believed that freshly isolated 

MNL show changes in cholesterol synthesis and LDL receptor activity that parallel 

those which occur in the liver. Turner et ·al. (1984) have reported that the rate of 

LDL degradation by freshly isolated circulating MNL is congruent with the LDL 

fractional catabolic rate as measured by isotope kinetic analysis in a group of 

healthy subjects: the higher fractional catabolic rate of LDL in vivo, the greater 

degradation rate of LDL by MNL in vitro for these subjects. This provides 
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evidence for the use of MNL as a model system reflecting in vivo metabolic states. 

Studies of experimental animals (Jorix et al. 1983) suggest that 

atherosclerotic plaques are initiated by MNL adhesion and penetration into the 

artery intima, even in the absence of endothelial denudation. Adherent cells are 

90% monocytes and 10% lymphocytes. After entering the tissue, monocy tes 

subsequently undergo transformation into macrophages which are actively 

phagocytic through receptor-mediated pathways for native LDL or modified LDL 

and a nonreceptor-mediated pathway. When they have accumulated more 

cholesterol than they are able to excrete, macrophages are transformed to foam 

cells. Immunohistologic investigation (Klurfeld, 1985) using the human 

atherosclerotic plaques have revealed that the majority of foam cells are derived 

from macrophages. Histological studies have shown an increased subendothelial 

infiltration of blood-borne monocytes and macrophages in the coronary arteries in 

patients with unstable angina (Sato et al. 1987). In summary, all of these findings 

indicate· that the MNL is an important cellular component involved in 

atherosclerosis and a useful mode! for metabolic and pathophysiological studies. 

1.4.2 HL-60 Promyelocytic Leukemia Cells 

The HL-60 cell line, derived from a single patient with acute promyelocytic 

leukemia (Gallagher et al. 1979), provides a unique in vitro model system for 

studying the cellular events involved in the proliferation, differentiation and 
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metabolism of cells of the granulocyte/monocyte/macrophage lineage (Collins, 

1987). Recent studies have shown that HL-60 cells express well-regulated LDL 

receptors (Jouni and McNamara 1991). HL-60 cells continuously proliferate in 

suspension culture with a doubling time of 36 to 48 hours when the culture media 

are supplemented with insulin and transferrin (Collins, 1987). HL-60 cells express 

insulin and transferrin receptors which are critic~l for their proliferation capacity, 

and the requirement for insulin and transferrin is absolute for cell growth 

(Breitman et al. 1980). HL-60 cells can be induced to differentiate in vitro to four 

types of cells by various agents: (a) granulocytes, (b) monocytes, (c) macrophage, 

and (d) eosinophils (Collins, 1987). Phorbol ester (12-0-tetradecanoylphorbol-13-

acetate, TP A) and 1,25 dihydroxyvitamin D3 are the common inducers used to 

induce HL-60 macrophages (Collins, 1987). HL-60 cells have specific high-affinity 

cytosol receptors for 1,25(OH)2D3' and the receptors are characterized as a DNA

binding protein that migrates at 3.3S on high-salt sucrose gradients (Mangelsdorf 

et al. 1984). In contrast to HL-60 cells, HL-60 macrophages demonstrate 

adherence to plastic surfaces with some pseudopodia formation, and exhibit the 

macrophage-characteristic of a nonspecific acid esterase enzyme (Mangelsdorf et 

al. 1984). 1,25 (OH)2D3-induced HL-60 macrophages express both LDL receptors 

and scavenger receptors (Jouni and McNamara, 1991), serving as a valuable in 

vitro model system for studying cellular lipoprotein and cholesterol metabolism. 
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2.1 Materials: 

Cholesterol and triglyceride enzymatic assay kits, horseradish peroxidase 

and cholesterol oxidase were obtained from Boehringer Mannheim, Indianapolis, 

IN; Lymphoprep from Accurate Chemical and Scientific Corp, Westbury, NY; 

bovine serum albumin (RIA grade), and alkaline phosphatase from bovine 

intestinal mucosa (No.P-0405) were purchased from Sigma Chemical Company, St. 

Louis, MO; isopropanol was spectrophotometric grade from Aldrich Chemical, 

Milwaukee, WI; 1,25-(OH)2 vitamin D3 was kindly provided by Dr. Uskokovic, 

(Hoffman-La Roche, Inc., Nutley, NJ). 

Human AB serum, fetal calf serum and horse serum were purchased from 

Flow Labs, McLean, VA; HL-60 promyelocytic leukemia cells were purchased 

from American Type Culture Collection; sheep anti-human-apo A-I (Lot no. 

10804525-01) and anti-human-apoB antisera (Lot no. 10799022-01) were 

purchased from Boehringer Mannheim, Germany; freshly frozen serum pools 

used for constructing ELISA standard curves and for quality control were 

purchased from Northwest Lipid Research Center, University of seattle School of 

Medicine, W A. 

12SINa was obtained from Amersham, Arlington Heights, Ill; [1-1"C]oleate 

(57.0 mCi/mmol), sodium [2-14C]acetate (57.0 mCi/mmol), [l,2-3H]cholesterol(50.0 

Ci/mmol) and [l,2-3H]cholesteryl oleate (60.0 Ci/mmol) were purchased from New 

England Nuclear, Boston, MA. Aluminum oxide (100-200 mesh) and silicic acid 
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Bio-Sil A (100-200 mesh) were obtained from Bio-Rad, Richmond, CA; 96-well 

polystyrene microtiter plates (Flat bottom, Nunc-Immuno plate I, Nunc, Denmark) 

were purchased from Vangard International, NJ; 25% glutaraldehyde, Tween-20 

(No.P-1379), and p-nitrophenyl phosphate were obtained from Sigma Chemical 

Company, St.Louis, MO; Acetate plate sealer was from Flow Lab, Mclean, VA. 

2.2 Isolation of Plasma Lipoproteins and Lipoprotein Depleted Serum: 

Plasma LDL were isolated by sequential density ultracentrifugation, a 

technique that depends upon the differences in the floatation rates of lipoproteins 

which result from the differences in their hydrated densities. Chylomicron and 

VLDL, having densities less than that of plasma (plasma density = 1.006 g/ml), 

float during ultracentrifugation through a salt solution of similar density 

overlayered on plasma, and can be separated by a tube-slicing technique. Then, 

more dense lipoproteins (IDL, LDL, HDL) are separated by increasing the 

density of the remaining plasma through a stepwise adjustment according to the 

following formula (Mills et al. 1984): 

Where 

(A x Y) + (B x Z) = (A + B)X 

A is the volume of plasma or remaining plasma infranatant, 

B is the volume of salt solution of known density, 

Y is the density of the sample whose density is to be raised, 

Z is the density of the salt solution, and 
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X is the desired density of the final solution. 

Isolated lipoproteins were then washed once at their respective density to 

provide a fraction that was free of soluble peptides from contaminating 

lipoproteins, and dialyzed extensively against phosphate buffered saline (PBS, pH 

7.4) at 4°. All lipoprotein preparations were sterilized by passage through 0.22-,u.m 

Millipore filters into sterile plastic tubes and stored at 4°. The purity of 

lipoproteins was determined by sodium dodecyl sulfate polyacrylamide (gradient 

4.5-20%) gel electrophoresis. Protein content was determined by a modified 

Lowry method (Markwell et al. 1978). 

Lipoprotein-depleted serum (d> 1.25 glml) was prepared from human AB 

serum (LPDHS) and fetal calf serum (LPDFS) by differential density 

ultracentrifugation at d 1.25 glml (Mills et al. 1984). The whole serum (initial 

density, 1.006 glml) was adjusted to a final density of 1.25 glml with solid sodium 

bromide (NaBr) and centrifuged for 36 hr at 15° at 45,000 rpm in a Ti 50 

(Beckman) rotor. The following formula was used to calculate the amount of 

NaBr required to raise the density of plasma ( Mills et al. 1984): 

Where 

VI (df - dl) 
X=---

1 - v (df) 

X is the mass of solid sodium bromide (g), 

df is the final density required, 

dl is the initial density of plasma, 

- ----------------------~ 



VI is the initial volume of plasma (milliliters), and 

v is the apparent specific volume of sodium bromide at the final 

density (= 0.235). 
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The lipoprotein-depleted serum was dialyzed extensively against PBS (pH 

7.4) at 4°, and the lipoprotein-depleted serum was sterilized by passage through a 

Millipore filter (0.22 p.m) and kept frozen at _700 until use. The total cholesterol 

content of lipoprotein-depleted serum was less than 5% of the level in whole 

serum. 

2.3 Isolation of Mononuclear Leukocytes: 

Peripheral blood MNL were isolated according to method of Boyum (1968) 

as modified by Ho et a1. (1976). 54 ml fasting blood were drawn into a syringe 

containing 6 ml of 20 mM NazEDTA in 50 mM KHP04 (pH 6.6), placed on ice 

and used for isolating MNL and LDL within 3 hours of phlebotomy. Blood 

samples were centrifuged at 400 g for 30 min at 4° and the plasma used for 

analysis of plasma lipids and lipoproteins and for lipoprotein isolation. The cell 

pellet was mixed with 150 ml of phosphate-buffered saline containing 1 mM 

NazEDTA (pH 7.4). 18 ml Lymphoprep was underlayered to 25 ml of the cell 

suspension, and the samples centrifuged at 400 g for 30 min at 4°. After 

centrifugation, the interface containing MNL was collected, mixed with PBS (pH 

7.4) to a final volume of 50 ml and washed at 400 g for 10 min at 4°. This washing 
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procedure was repeated twice. Finally, the MNL were resuspended in PBS and 

used for LDL degradation studies. An aliquot of the cell suspension was removed 

for cell counts by mixing with a myeloperoxidase staining solution for 5 min at 

room temperature, and cell counts were performed by hemocytometer according 

to characteristic stains (Kaplow, 1965). A smear of MNL was prepared by 

cytocentrifuge (Cytospin 2, Shandon Instruments, Sewickley~ P A), stained with 

myeloperoxidase and differential counts determined by the percentage of cells 

with characteristic stains (Kaplow, 1965). Myeloperoxidase activity was 

represented by discrete blue granules in the cytoplasm of monocytes and 

granulocytes, and eosinophils and neutrophils were stained intensely and 

monocytes exhibit moderate activity as compared to these granulocytes. All 

lymphocytes and basophils showed absence of peroxidase activity and were 

unstained. 

2.4 HL-60 Cell Culture and Macrophage Differentiation: 

HL-60 promyelocytic leukemia cells were cultured in 15% horse serum in 

RPMI-1640 media supplemented with NaHC03 (24 mM), L-glutamine (2 mM), 

penicillin (100 units/ml) and streptomycin (100 JLglml) at 37° in a humidified 

incubator with 5% CO2, To prepare HL-60 macrophages, 3 x 107 HL-60 cells 

were transferred to lOOx15 mm plastic petri dish containing 30 ml of 15% LPDFS 

in RPMI-1640 media, and 1,25-(OH)z vitamin D3 was added to the media at a 

~----.--.---~ 
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final concentration of 5.Ox10·8 M. The cells were incubated for 48 hr to induce 

macrophage differentiation (Mangelsdorf et al. 1984). Nonadherent cells were 

removed by gentle washing with PBS; adherent cells (macrophages) were detached 

following a 2 min incubation with 1 mM NazEDTA in PBS, washed twice with PBS 

at 400 g for 10 min at 4°, and resuspended in PBS for LDL degradation 

measurements and for cellular protein determination by a modified Lowry 

procedure (Markwell et al. 1978). 

2.5 Measurement of Total Protein in Lipoproteins and Cells: 

. The protein of lipoprotein and cell samples was measured by a modified 

Lowry procedure (Markwell et al. 1978). This assay involves an initial interaction 

between the protein and Cu2
+ ions in alkali (present in reagent A), followed by the 

reduction of phosphotungstic and phosphomolybdic acids (present in the Folin 

Ciocalteu Phenol reagent) by the copper-protein complex, and the tyrosine and 

tryptophane give color in the absence of Cuz
+. The modified Lowry method with 

the addition of 1% sodium dodecyl sulfate in reagent A allows the protein 

determination of membrane and lipoprotein preparations to be more accurate and 

without prior solubilization or lipid extraction. Crystalline bovine serum albumin 

(fraction V) was used as a standard. 

.---------------------~-



68 

2.6 Measurement of Lipids in Plasma and Lipoproteins: 

Total cholesterol (TC) content of plasma and lipoprotein fractions was 

measured by the colorimetric analysis of Boehringer Mannheim enzymatic assay 

kits. The enzyme and the reactions exploited in this assay are as follows (Allain et 

al. 1974): 

1) cholesteryl ester + H20 cholesterol esteras~ cholesterol + fatty acid 

2) cholesterol + O2 cholesterol oxidas~ cholest-4-en-3-one + H 20 2 

3) 2H20 2 + 4-Aminophenazone peroxidase:t>P-quinoneimine dye + Phenol 

+ 4H20 

P-quinoneimine is a red dye with maximum absorption at 505 nm, and the 

intensity of the color formed is proportional to the cholesterol concentration. The 

cholesterol assay reagent is a mixture of the above enzymes, buffers, phenol, and a 

detergent. 

Free cholesterol content of LDL fraction was determined by a similar 

colorimetric enzymatic analysis except that cholesterol esterase was excluded from 

the assay reagent (Sale et al. 1984). The cholesteryl ester was calculated as the 

difference between total cholesterol and free cholesterol. 

Plasma HDL-cholesterollevels were determined by enzymatic analysis 

following precipitation of plasma VLDL and LDL with dextran sulfate-Mg2
+ 
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(Warnick et al. 1982), in which divalent metal ions interact with negatively charged 

groups (such as phospholipids) on the lipoproteins to facilitate formation of 

insoluble complexes. The large, lipid-rich lipoproteins, VLDL and LDL, form 

insoluble complexes more readily than do the smaller, protein-rich HDL. The 

insoluble complexes can be sedimented by low-speed centrifugation, and 

cholesterol remaining in the supernatant solution represents HDL-cholesterol. To 

obtain complete sedimentation of LDLNLDL and without excessive co

precipitation of HDL, the optimum Mg2+ concentration needs to be adjusted 

(Warnick et al. 1982). 

The triglyceride (TG) content of plasma :;lnd lipoprotein fractions was 

determined by the colorimetric enzymatic analysis (Boehringer Mannheim 

enzymatic assay kits) which utilizes the following reactions (Bucolo and David, 

1973): 

1) triglycerides lipase/esteras~ glycerol + fatty acids 

2) glycerol + ATP glycerokinas~ glycerol-3-phosphate + ADP 

3) glycerol-3-phosphate + NAD+ hydrogenasepo.dihydroxyacetone phosphate 

+ NADH + H+ 

4) NADH + H+ + MTT diaphorase/l>NAD+ + MTT.H 
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The amount of MTT (3-( 4,5-dimethyl thiazolyl-2)-2,5-diphenyl tetrazolium 

bromide) reduced during the reaction is proportional to the amount of glycerol in 

the specimen, and the resulting increase in absorbance can be measured 

photometrically at 560 nm. 

Plasma LDL-cholesterol (LDL-C) was calculated as follows (Delong et al. 

1986): LDL-C = TC - (0.16 x TG + HDL-C). The precision of lipids analysis 

procedures was regularly assessed by the proficiency testing program of the 

Centers for Disease Control (CDC), and the CDC sera were used for quality 

control. The inter-assay coefficient of variation was less than 5% and intra-assay 

coefficient of variation was less than 10%. 

2.7 Determination of Ratios of ApoB to Lipids in LDL Isolated from Patients 

with or without CAD: 

LDL apoB concentrations were quantitated as the difference between total 

LDL protein and soluble proteins following'isopropanol precipitation of apoB 

(Holmquist et al. 1977, 1987; Equsa et al. 1983). Total LDL protein was 

measured by a modified Lowry procedure using 1% SDS in reagent A (Markwell 

et al. 1978). 1 ml of LDL (containing 1.5 mg protein) wa~ mixed with 1 ml 

isopropanol in a conical glass centrifuge tube, vigorously mixed (1 min), incubated 

overnight at room temperature and centrifuged at 1000 g for 30 min. The 

isopropanol soluble protein was determined by the modified Lowry procedure 
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(Markwell et al. 1978), using bovine serum albumin standards containing the same 

amount of isopropanol as that of the samples. Over 97% of LDL protein was 

apoB. Total cholesterol and triglycerides in LDL were measured by enzymatic 

analysis. LDL free-cholesterol was determined by a similar enzymatic analysis 

except that cholesterol esterase was excluded from the incubation mix (Sale et al. 

1984). LDL cholesteryl-ester was calculated as the difference between total 

cholesterol and free cholesterol. 

2.8 Radioiodination of LDL: 

LDL (d 1.019-1.063 glml) was isolated by sequential density 

ultracentrifugation, dialyzed (Mills et al. 1984) and radioiodinated according to the 

method of McFarlane (1958) as modified by Goldstein et al. (1983). The 

radioiodination procedure was performed at 4° and the iodination reaction was 

conducted behind lead bricks in a fume hood. LDL (3 mg protein) was placed in 

a Vacutainer tube. Nal25I (1 mCi) and 0.4 ml of glycine-NaOH buffer (1 M, pH 

10) were added to LDL, and the incubation was mixed and allowed to stand for 2 

min. With the use of a insulin syringe, 0.4 ml of diluted (2.6 mM) iodine 

monochloride (ICI) solution was forcefully injected into the incubation mixture 

through the stopper of the Vacutainer tube, and mixed. After 5 min incubation, 

the whole mixture was applied to a Sephadex G-25 column and the free iodine 

was removed by gel filtration. The labelled LDL preparations were dialyzed 
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extensively against PBS (pH 7.4) at 4°. Protein-bound radioactivity was measured 

by precipitating an aliquot of labelled LDL with 10% (w/v) trichloroacetic acid 

(TCA), and less than 1% of the total radioactivity in the final preparation was due 

to free iodine and less than 5% was due to labelling of the lipid moiety, measured 

by chloroform-methanol (2:1) extraction. The specific activity of 12SI_LDL 

preparations was between 250 and 400 cpm/ng pro~ein. Human serum albumin 

(3% w/v) was added to the labelled LDL preparations to minimize protein 

denaturation. The labelled LDL preparation was stored in a plastic tube at 4° and 

used within 3 weeks following iodination. 

2.9 Receptor-Mediated 12SI_LDL Degradation in Freshly Isolated Mononuclear 

Leukocytes and D3-induced HL-60 Macrophages: 

Degradation of 12SI-Iabeled LDL was used as an index of LDL receptor 

activity. LDL (d 1.019-1.063 glml) isolated from patients with and without 

angiographically proven coronary artery disease (CAD) were used to prepare 12S1_ 

LDL. For analysis of LDL degradation rates, either 2-5x106 MNL or 0.4x106 D3-

induced HL-60 macrophages were incubated with 10 J..£g of 12SI_LDL in the absence 

(total degradation) or presence (non-specific degradation) of a 20-fold excess of 

unlabeled LDL in a final volume of 1 ml RPMI·1640 containing 50J..£M CaCI! and 

20% of either LPDHS for MNL or LPDFS for macrophages. The incubations 

were performed in microcentrifuge tubes for 4 hr at 37°. Incubations were 
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terminated by addition of 0.5 ml of 50% (w/v) trichloroacetic acid (TCA) to 

precipitate cells and non degraded LDL. To 1 ml of the TCA-soluble supernate, 

0.25 ml of silver nitrate (10% w/v) was added to precipitate free iodide (Drevon et 

al. 1981). Following centrifugation, TCA-soluble radioactivity was determined in a 

gamma counter. All assays were performed in duplicate or triplicate. 

Rates of "specific, receptor-mediated" LDL degradation were estimated by 

subtracting "non-specific" LDL degradation rates (i.e. parallel incubation 

containing a 20-fold excess of unlabeled LDL) from the total amount of LDL 

degraded. Blank values were obtained by parallel cell-free incubations with 1251_ 

LDL, and these were subtracted to give total cell mediated LDL degradation rates 

(Chait et al. 1982). 

For autologous LDL degradation studies, MNL isolated from the second 

blood sample were incubated with the patients' autologous 12SI-LDL prepared from 

the initial plasma sample. 12SI-LDL degradation rates are expressed as ng LDL 

protein degraded per 106 MNL or per mg cell protein per 4 hr. 

2.10 LDL Degradation Kinetics in HL-60 Cells: 

To determine LDL degradation kinetics, HL-60 cells were preincubated in 

RPMI-1640 medium containing 15% LPDFS for 24 hr at 37° to induce LDL 

receptors. Cells were then washed twice with PBS at 400 g for 10 min at 4°, and 

resuspended in PBS for measurements of LDL degradation rates and cell protein 
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and all assays were performed in triplicate. LDL (1.019-1.063 glml) isolated from 

patients with and without CAD were used for preparing lzsI-LDL. 1x106 HL-60 

cells were incubated with lzsI-LDL of 5, 10, 15 and 25 JLglml in the absence or 

presence of each respective 20-fold excess of unlabeled LDL in a final volume of 

1 ml RPMI-1640 containing 50j.£M Cael2 and 20% of LPDFS. HL-60 cells (1 x 106 

cells/ml) were also used for LDL competition studies in which 10 JLg of t2SI_ 

LDL/ml in the presence of unlabeled LDL at 0, 25, 50, 100 and 200 JLglml were 

used. The incubations were performed in micro centrifuge tubes for 4 hr at 37°. 

The TCA-soluble radioactivity was determined as previously described for freshly 

isolated mononuclear leukocytes. lzsI-LDL degradation rates are expressed as ng 

LDL protein degraded per mg cell protein per 4 hr. 

2.11 Receptor-Mediated t2SI-LDL Degradation in HL-60 Cells Preincubated with 

LDL from Patients with or without CAD (CAD-LDL or Control-LDL): 

Before the experiments, HL-60 cells were incubated for 24 hr at 3r in 

RPMI-1640 medium containing 15% LPDFS to induce LDL receptors. Cells 

(0.7x106
) were then incubated with the indicated amounts of LDL isolated from 

patients with ( CAD-LDL) or without CAD (Control-LDL) for 8 hr at 37°. At the 

end of the incubation, cells were washed twice with and resuspended in PBS (pH 

7.4), and aliquots of cells taken for assays of LDL degradation, sterol synthesis, 

cholesteryl ester synthesis and cell protein. All assays were performed in 
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triplicate. 

For receptor-mediated 12SI-LDL degradation assay in cells pre incubated with 

CAD-LDL or Control-LDL, 12SI-LDL was prepared from LDL isolated from 

healthy subjects with normal levels of plasma lipids. Following incubation with 

either CAD-LDL or Control-LDL for 8 hr, HL-60 cells (0.6x106
) were incubated 

for 4 hr at 37° with lO~~g of 12SI-LDL in the absence or presence of a 40-fold excess 

of unlabeled LDL in a final volume of 1 ml RPMI-1640 containing 50J.£M CaCl2 

and 20% LPDFS. The TCA-soluble radioactivity was determined as described 

above for freshly isolated mononuclear leukocytes. 12SI-LDL degradation is 

expressed asng LDL protein degraded per mg cell protein per 4hr. 

2.12 Measurement of Cholesteryl (1
4JOleate Formation: 

ACAT activity was determined from the rate of incorporation of [1-

14C]oleate into cholesteryl [14C]oleate by HL-60 cells. Sodium [14C]0Ieate-albumin 

complex (10 mM 14C-oleate; 1.2 mglml albumin; 6280 dpm/nmol of 14C-oleate) was 

prepared according to the procedure of Goldstein et al. (1983). After incubation 

for 8 hr with either CAD-LDL or Control-LDL, cells (0.6x106
) were transferred to 

micro centrifuge tubes, and incubated with 20 J.£l of the sodium [14C]oleate-albumin 

complex, the corresponding incubation LDL, either CAD-LDL or Control-LDL 

(lOJ.£g protein), and 20% LPDFS in a final volume of 1 ml RPMI-1640 medium. 

The incubation was conducted in a humidified incubator (5% CO2) for 24 hr at 
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37°. At the end of the incubation, cells were washed twice with 2 ml PBS using 

centrifugation (2000 rpm, 1.5 min) and 1 ml PBS was added to each sample. The 

lipids were extracted with 2 ml hexane:isopropanol (2: 1) three times with 

vortexing. [3H]cholesteryl oleate (1.6xlOs dpm) was added to each sample prior to 

extraction as an internal recovery standard. The organic phase was removed and 

evaporated under nitrogen. The lipid extracts were dissolved in 3 ml petroleum 

ether:diethyl ether (98:2, v:v) and applied to a silica gel column (Chautan et a1. 

1988), and the same solvent (6 ml) was used to elute cholesteryl esters into 

scintillation vials. Total 14C and 3H dpm were measured in a scintillation counter. 

The recovery of the added [3H]cholesteryl oleate was used to correct for 

procedural losses of synthesized cholesteryl e4C]0leate (average recovery 80%). 

Cell-free incubations were used to measure background radioactivity and were 

subtracted from all values.· Rates of cholesteryl [14C]0Ieate formation are given as 

nmol 14C-oleate incorporated per mg cell protein per 24 hr. 

2.13 Measurement of Sterol Synthesis Rates: 

After incubation of HL-60 cells with either CAD-LDL or Control-LDL for 

8 hr, cells (0.15x106
) were incubated with 20% LPDFS and 2.5 mM [2-14C]acetate 

(20 dpm/pmol) in a final volume of 1 ml RPMI-1640 medium (McNamara et a1. 

1985). Samples were incubated at 37° for 4 hr. Incubations were terminated by 

addition of 0.5 ml 50% KOH in H20, and [l,2-3H]cholesterol (104 dpm) in ethanol 

was added as an internal recovery standard. 
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Samples were saponified for 90 min at 85°, and nonsaponifiable lipids were 

extracted three times with 2.5 ml petroleum ether (boiling point 30-60). The 

petroleum ether extract was applied to an aluminum oxide column, and the sterol 

fraction was eluted with 8 ml acetone/diethyl ether (1:1 v/v) into scintillation vials ( 

Popjak, 1969; McNamara et al. 1985). All values were corrected for procedural 

losses by the recovery of [3H]cholesterol (average recovery 87%). Background 

radioactivity was determined using a cell-free incubation. Results are presented as 

nmol [2-14C]acetate incorporation into sterols per mg cell protein per hr. 

2.14 Preparation of Antibody-Enzyme Conjugates: 

Polyclonal anti-apo A-I and anti-apoB antibodies were conjugated to 

alkaline phosphatase by a glutaraldehyde procedure (Avrameas, 1969). 7 mg of 

antibody was mixed at room temperature with 20,000 units of alkaline 

phosphatase in a total volume of 10 ml PBS (0.05 M, pH 7.4), and dialyzed for 24 

hr against 2 liters of PBS at 4° with one change of buffer. Glutaraldehyde solution 

was added to the dialyzed mixture in a final concentration of 0.2% (v/v). The 

reaction was carried out at room temperature in the dark for 2 hr with gentle 

shaking; thereafter the mixture was dialyzed against PBS for 24 hr at 4° with two 

changes of buffer, and then against Tris buffer (0.05 M, pH 8.0), containing 1 mM 

magnesium chloride, for 24 hr at 4° with one change. After determination of 

protein concentration, 1% bovine serum albumin (BSA, RIA grade) and 0.02% 



sodium azide were added to the conjugates to minimize denaturation. The 

conjugates were then filtered through a 0.22-.um Millipore filter, aliquoted and 

stored in the dark at 4° and were stable for up to 6 months. 

2.15 Procedure of Enzyme-Linked Immunosorbent Assay (ELISA): 
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The two site (sandwich) ELISA consisted of six steps:. (1) coating of the 

plate with antibodies; (2) blocking of unreacted binding sites on the plate; (3) 

incubation of antigen (plasma) with the antibody-coated plate; (4) incubation of 

the enzyme-labeled antibodies with the antigen bound on the plate; (5) incubation 

with the enzyme substrate and development of color; and (6) reading of the 

optical density. 

In brief, polystyrene microtiter plates were coated with 100 .ul of polyclonal 

anti-apo A-lor anti-apoB antibodies (5 .uglml) in 0.2 M sodium bicarbonate 

buffer, pH 9.6. Plates were covered with an acetate plate sealer, and incubated 

overnight at 4°. The next day the solution containing the unbound antibodies was 

removed and the remaining binding sites on the plate were blocked by incubating 

the plate with 1% BSA (RIA grade) in PBS (300 .ul/welI) for 30 min at room 

temperature. Plates were then washed twice with PBS-T (PBS containing 0.125% 

Tween-20 for apo A-I and 0.05% for apoB), dried by tapping the plates up-side 

down on towel, sealed, and stored at 4° until use. Plates coated with apo A-I were 

stable for 2 weeks, and plates with apoB were stable for up to 4 weeks. All the 

------------- -----------, 
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washing procedures were carried out on a Titertek S8/12 microplate washer (Flow 

Lab). 

For the apo A-I ELISA procedure, plasma samples and quality control 

serum pools were diluted 1:5000 in PBST-BSA (PBS containing 0.125% Tween-20 

and 0.5% BSA, RIA grade). Dilution was done in two steps, a 1:100 dilution 

followed by a 1:50 dilution using a Hamilton automatic dilutor. The standards 

were twofold-serial diluted with PBST-BSA to apo A-I concentrations of 1000, 

500, 250, 125, 62.5, 31.3 and 15.6 ng/mI. Samples, quality controls and standards 

were added to designated weIIs in 6 replicates (100 I.d/well). The plates were 

sealed and incubated for 18-20 hr at room temperature. The contents of the 

plates were then emptied and the weBs were washed three times with PBS-To The 

conjugates of anti-apo A-I antibody and alkaline phosphatase were diluted in 

PBST-BSA at a protein concentration of 20 JLg/ml and added to microplate wells 

(100 JLl/well). The plate was sealed and incubated for 5 hr at room temperature 

and then washed three times with PBS-To In the final step, 100 JLl of p

nitrophenyl phosphate (0.34%) in 0.1 M diethanolamine buffer (pH 9.8) was 

added to each well as the substrate for the alkaline phosphatase. The enzymatic 

color reaction was carried out in a incubator at 37° for 90 min. The plate was 

then read at 410 nm on a microtiter plate reader (Multiskan plus MK II, Flow 

Lab) interfaced with an IBM compatible personal computer. Absorbances were 

plotted against log apo A-I concentrations to generate a standard curve, from 

-- --------------------~-~ 
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which the apo A-I in plasma was determined. An ELISA software ( Titersoft II, 

Flow Lab) was used to calculate the plasma apo A-I concentration for each 

individual sample as well as for the graphic presentation of the standard curve in 

semilogarithmic coordinates. 

For apoB ELISA, a similar procedure was performed to measure plasma 

apoB concentration except that two different sample dilutions (1:3000 and 1:4000) 

were prepared for each individual sample. The standard curve was constructed at 

apoB concentrations of 600, 400, 200, 100 and 50 ng/ml. The values of apoB were 

calculated from absorbance readings by linear regression analysis of the standard 

curve using the ELISA software. The final result of plasma apoB concentration 

for each individual was determined by the mean value of the two different 

dilutions. The concentration of Tween-20 in all solutions used in apoB ELISA 

was 0.05%. 

2.16 Statistical Analysis (Rosner, 1986): 

Data are presented as mean ± SD or otherwise as indicated. Student's 

unpaired t-test or one-way ANOV A was used to determine the significance of 

differences between means. A "P-value" of < 0.05 was considered to be a 

significant difference. Correlation coefficients were determined by linear 

regression analysis. 
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INCREASED DEGRADATION OF LOW DENSITY LIPOPROTEINS BY 

MONONUCLEAR LEUKOCYTES (MNL) ASSOCIATED WITH CORONARY 

ARTERY DISEASE (CAD) 
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3.1 Introduction: 

Elevated plasma total and LDL cholesterol levels are associated with 

increased risk for coronary heart disease (CHD); however, many patients with 

CHD are found to be normolipidemic (Kesaniemi and Grundy, 1983a; Vega and 

Grundy, 1984) suggesting that abnormalities in lipoprotein metabolism, 

independent of elevated plasma LDL-cholesterol concentrations, may promote 

atherogenesis. Two types of abnormalities in LDL metabolism are associated with 

CHD incidence: one is defective catabolism of LDL, either due to a deficiency of 

cell surface LDL (apoBIE) receptors or a defective apo B-100, and the other is 

overproduction of LDL concomitant with either increased or decreased clearance 

rates. The clinical and metabolic consequences of a deficiency of LDL receptors 

have been extensively characterized by Goldstein and Brown in patients with 

familial hypercholesterolemia (Goldstein et al. 1973, 1975; Brown and Goldstein, 

1975b). Familial defective apo B-lOO is a genetic disorder in which a point 

mutation in the apoB gene causes a glutamine-for-arginine substitution at position 

3500 in the protein (Soria et al. 1989). This single amino acid substitution inhibits 

the binding of LDL to the LDL receptor (Innerarity et al. 1987). As a 

consequence, patients with familial defective apo B-lOO have moderate-to-severe 

hypercholesterolemia (Innerarity, 1990a). Increased LDL production with 

associated decreased LDL clearance results in elevated levels of plasma LDL 

cholesterol, whereas increased production and clearance would result in an 



increased net flux of LDL cholesterol into body tissues (Kesaniemi and Grundy, 

1983a). 
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The LDL-receptor hypothesis predicts that most of the atherosclerosis in 

the general population is caused by high plasma levels of LDL resulting from 

failure to produce sufficient LDL receptors (Goldstein and Brown, 1977). 

However, increased LDL fractional catabolic rates (FCR) have been reported for 

patients with CHD, primary hypertriglyceridemia and obesity (Kesaniemi and 

Grundy, 1983a, 1983b; Vega and Grundy 1986). The two conditions, decreased 

LDL receptor levels and increased LDL catabolism, seem to present a paradox. 

There is an apparent need to investigate the factors determining the increased 

FCR of LDL in patients with coronary artery disease (CAD) and the role that this 

increased catabolism plays in the development of atherosclerosis in these patients. 

The FCR of LDL is controlled by the cellular LDL receptor levels of the liver and 

peripheral tissues with the majority of LDL catabolism occurring in hepatic tissue 

via receptor mediated processes (Meddings et al. 1987). In addition, several 

studies (Sniderman et al. 1980, 1982) have found an increased LDL-apoB to LDL

cholesterol ratio in patient with CHD, suggesting the possibility of enhanced 

exposure of apoB on the surface of the LDL particle might alter LDL interactions 

with the receptor and hence degradation rates. The interrelationship between the 

reported changes in LDL catabolism and composition in CHD patients is currently 

unknown. 



84 

Previous studies have demonstrated that peripheral blood MNL provide a 

useful model system for studies of the influence of dietary and pharmacologic 

interventions on cellular cholesterol homeostasis and LDL metabolism in humans 

(McNamara et al. 1980, 1985; Young et al. 1987). The major source of foam 

cells in atherosclerotic plaques is the blood monocyte-derived macrophages which 

playa unique role in deposition of cholesterol in the arterial wall (Gerrity 1981a, 

1981b; lorix et al. 1983; Klurfeld, 1985). It has been postulated that increased 

receptor-mediated degradation of LDL by MNL in the presence of high cellular 

sterol content may result from failure of the cells to down-regulate LDL receptor 

synthesis in some patients with high risk of atherosclerosis (Nguyen et al. 1988). 

Therefore, in the current study both autologous and homologous LDL degradation 

rates were examined in MNL isolated from patients with and without CAD. 

3.2 Study Objectives: 

The objectives of this study were: (a) to determine if different rates of LDL 

degradation by MNL existed in patients with and without CAD, using both 

autologous and homologous LDL; and (b) to examine the effect of the increased 

LDL-apoBILDL-cholesterol ratio observed in CAD patients on in vitro LDL 

degradation rates, using cultured HL-60 cells and 1,25-dihydroxyvitamin D)

induced HL-60 macrophages as model systems. 
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3.3 CAD patients and Control Subjects: 

The study was carried out in 22 outpatients who all had undergone coronary 

artery catheterization for evaluation of chest pain or valvular heart diseases. All 

patients were recruited from the Cardiac Catheterization Laboratory, Division of 

Cardiology, University of Arizona Health Science Center. The CAD patient 

group consisted of 11 patients with proven coronary atherosclerosis defined as > 

70% stenosis of two or more major coronary arteries (7 males and 4 females), 

and the control subjects were 11 patients with normal coronary arteries (8 males 

and 3 females). No patient had a history of familial hyperlipidemia, diabetes 

mellitus, hypothyroidism or renal insufficiency. Patients receiving lipid lowering 

drugs or estrogen were excluded. Female patients were postmenopausal. All 

patients were on their home diets and no dietary interventions were initiated 

following the angiographic evaluation. 

Fasting blood samples were taken from each of the patients, and for 10 

patients a second fasting blood sample was taken 3 weeks later in order to 

perform MNL degradation measurements using autologous LDL. All patients 

gave informed consent for participation in the study protocol which was approved 

by the Human Subjects Committee of the University of Arizona. 

3.4 Plasma Lipid Levels in CAD patients and Control Subjects: 

Plasma lipid concentrations and other relevant clinical data for CAD patients 
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and control subjects are given in Table 2. No significant differences were found 

between CAD and control groups for total, LDL, or HDL cholesterol levels, or 

for the ratio of LDL to HDL cholesterol. Plasma triglyceride levels were 

significantly higher in CAD patients as compared to controls (P<0.05). 

Table 2 
CLINICAL DATA AND PLASMA LIPIDS OF CAD PATIENTS AND CONTROL 
SUBJECTS 

CAD en=ll) Control en=ll) 

Age (yrs) 64 ± 7 61 ± 10 

Body Mass Index 25.6 ± 3.3 25.3 ± 3.3 

Blood Pressures (mm Hg) 
Systolic 127 ± 19 130 ± 25 
Diastolic 68 ± 12 78 ± 8 

Plasma Lipids (mg/dl) 
Total cholesterol 220 ± 51 211 ± 49 
LDL cholesterol 145 ± 48 139 ± 46 
HDL cholesterol 43 ± 18 48 ± 9 
LDL-C/HDL-C 3.8 ± 1.6 3.1 ± 1.2 
Triglyceride 202 ± 70 135 ± 28* 

c· ,.~,-,-".-, . ,- .. q., ! .. L'~ -- ~ _ ;_.! I ,~ .. -j < ~". '-l-··L ,1'" -: ,~".- "~-l " . '.'. ~ . ". _ o,~." ': . ,·1 

• Values between groups significantly different (P < 0.05) by t-test. 
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3.5 Ratios of ApoB to Lipids in LDL fl'Om CAD patients and Control Subjects: 

Similar percentages of apoB protein to total protein were found in LDL from 

patients with and without CAD (97.8 ± 0.9%, n=l1 and 97.8 ± 0.6%, n=l1). 

The ratios of LDL-apoB to LDL-total cholesterol were significantly higher in CAD 

patients as compared to controls (0.72 ± 0.06, n=l1 vs 0.66 ± 0.05, n=l1; 

P<0.02) (Table 3.). The LDL apoB/free cholesterol ratios were similar in both 

groups, whereas the ratios of apoB/cholesteryl ester were significantly higher in 

LDL from patients with· CAD as compared to controls (1.23 ± 0.14, n = 11 vs 1.07 

± 0.09, n=l1; P<O.Ol). There were no significant differences between CAD 

Table 3 
RATIOS OF APO-B TO LIPIDS IN LDL ISOLATED FROM CAD PATIENTS 
AND CONTROL SUBJECTS 

LDL :Ratios CAD (n=11} Control (n=11} 

ApoB/total cholesterol 0.72 ± 0.06 0.66 ± 0.05* 

ApoB/free cholesterol 1. 77 ± 0.30 1. 70 ± 0.15 

ApoB/cholesteryl ester 1.23 ± 0.14 1. 07 ± 0.09** 

ApoB/triglyceride 3.33 ± 0.58 3.24 ± 0.67 

Values are significantly different for two groups by Student's t-test CP < 0.02; 

"P<O.Ol). 



patients and control subjects with regard to the apoB/triglyceride ratios of LDL. 

3.6 Receptor-Mediated I2SI_LDL Degradation Rates in MNL of CAD Patients 

and Control Subjects: 
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The results of analysis of I2SI-LDL degradation by MNL from CAD patients 

and control subjects are presented in Fig 1. The data demonstrate that CAD

MNL expressed receptor mediated LDL degradation rates 1.7-fold higher than 

Control-MNL, independent of the LDL source. In order to test whether the 

compositional difference between the LDL from CAD patients and controls 

exerted an influence on the receptor-mediated LDL degradation by MNL, cells 

isolated from the same individuals were incubated concurrently with CAD-I2SI-LDL 

in one assay and Control- I2S I-LDL in a second assay to determine the effect of 

difference in LDL composition on receptor-mediated degradation rates by MNL. 

As shown in Fig. 2, CAD-MNL degraded more LDL, whether isolated from CAD 

patients or control subjects, while Control-MNL degraded less LDL whether from 

CAD patients or control subjects. The data indicate that MNL isolated from each 

individual study subject degraded CAD-LDL and Control-LDL to the same extent. 

For some study subjects degradation assays of autologous I2SI-LDL were 

performed. Autologous LDL degradation rates were also 1.7-fold higher for 

CAD-MNL as compared to controls (0.42 ± 0.1O,n=5 vs 0.24 ± 0.08,n=5 ng/4hr 

per 106 MNL, P<0.02; Fig. 3) There was no significant difference for the rates of 
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non-receptor mediated LDL degradation between CAD-MNL and Control-MNL. 

Differential cell counts indicated that the mean percentage of monocytes in 

isolated MNL were 18 ± 7% (n=l1) and 20 ± 8% (n=l1) for CAD-MNL and 

Control-MNL, respectively. Thus, the observed increase in LDL degradation rates 

by CAD-MNL cannot be attributed to an increased percentage of monocytes in 

the MNL isolated from CAD patients. 
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Figure 1. Receptor Mediated Degradation of IlSl_LDL by MNL from CAD 
Patients and Control Subjects. Freshly isolated MNL from CAD patients (0,0) 
and control subjects (t.\,A) were incubated for 4 hrs with 10 J..'glml of either CAD
IlSI-LDL or Control-llSI-LDL in the absence and presence of a 20-fold excess of 
unlabeled LDL to determine receptor mediated degradation. The mean rates of 
receptor mediated degradation (ng/4hr-106 cells) of CAD-LDL and of Control
LDL were significantly higher by CAD-MNL ( CAD-LDL: 0.46 ± 0.17, n=l1 and 
Control-LDL: 0.53 ± 0.20, n=9 ) as compared to Control-MNL ( CAD-LDL: 0.30 
± 0.13, n=l1 and Control-LDL: 0.27 ± 0.14, n=12 ). ·P<0.05;·P<0.01. 
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Figure 2. Receptor Mediated Degradation of CAD-LDL and Control-LDL by 
MNL Isolated from CAD Patients and Control Subjects. Freshly isolated MNL 
from CAD patients (0) and control subjects (~) were incubated concurrently for 4 
hrs with 10 J.Lglml of CAD-I2SI-LDL in one assay and Control-12S I-LDL in a second 
assay in the absence and presence of a 20-fold excess of unlabeled LDL to 
determine receptor mediated LDL degradation rates for each LDL preparation. 
The line of identity shown on the figure represents points of identical rates of 
degradation of control-LDL (x-axis) and CAD-LDL (y-axis). There was a 
significant correlation between the degradation rates of CAD-LDL and Control
LDL by the isolated MNL (r=O.87, n= 18; P<O.OOI). 
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Figure 3. Receptor Mediated Degradation of Autologous LDL by MNL from CAD 
Patients and Control Subjects. Freshly isolated MNL were incubated for 4 hrs 
with 10 ,ug/ml autologous 12SI-LDL in the absence and presence of a 20-fold excess 
of unlabeled LDL to determine receptor mediated degradation. The mean 
degradation rate is significantly greater (P < 0.02) in CAD patients (0.42 ± 0.10 
ng/4 hr-l()6 cells) as compared to control subjects (0.24 ± 0.08 ng/4 hr/l()6 cells). 



3.7 Receptor-Mediated 125I_LDL Degradation Rates in HL-60 Cells and DJ-

induced Macrophages: 
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In order to determine whether the increased rate of LDL degradation by 

CAD-MNL was due to increased LDL receptor levels of MNL or to an increased 

receptor affinity for LDL from CAD patients, cultured HL~60 cell and 1,25-(OH)z 

vitamin DJ-induced HL-60 macrophages were used to test the effect of LDL 

composition differences on in vitro LDL kinetics and rates of degradation. Fig. 4 

presents the degradation kinetics of 125I-LDL from CAD patients and control 

subjects in HL-60 cells and demonstrates that both sources of LDL had similar 

degradation rates over a concentration range of 125I-LDL of 5, 10, 15, and 25 

JLg/ml. Fig. 5 presents the results of competition studies using CAD-LDL and 

Control-LDL to compete with either CAD-l25I-LDL or Control-l25I-LDL in HL-60 

cells. Both sources of LDL had similar affinity and competition for the LDL 

receptor. The results of analysis of LDL degradation by 1,25-(OH)z vitamin DJ-

induced HL-60 macrophages are presented in Fig. 6; there were no significant 

differences between CAD-LDL and Control-LDL, though the degradation rate of 

Control-LDL by macrophages was slightly, but not significantly, higher than CAD

LDL (168 ± 33 vs 144 ± 22 ng/4hr per mg protein; P > 0.05). 
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Figure 4. Kinetic Analysis of CAD·LDL and Control·LDL Degradation Rates in 
HL-60 cells. HL-60 cells were incubated for 4 hrs with I2SI-LDL isolated from 
CAD patients (0) and control subjects (A) over a concentration range of 5 to 25 
,uglml in the absence and presence of a 20-fold excess of unlabeled LDL to 
determine receptor mediated degradation. Each point represents the average of 
values obtained from LDL preparations from 7 CAD patients and 7 control 
subjects. 
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Figure S. Competition by CAD·LDL and Control·LDL for LDL Degradation in 
HL-60 cells. HL-60 cells were incubated for 4 hours with 10 I-'g/ml 125I-LDL in the 
absence and presence of varying concentrations of unlabeled CAD-LDL (0) and 
control-LDL (A). Each point represents the average value obtained from LDL 
preparations from 6 CAD patients and 6 control subjects. 
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Figure 6. Degradation of CAD-LDL and Control-LDL in D3-induced HL-60 
Macropbages. HL-60 cells were induced to macrophage differentiation using 1,25 
(OH)z vitamin D3 and incubated for 4 hrs with 10 J-Lg/ml of either CAD-I25I-LDL or 
Control-I25I-LDL in the absence and presence of a 20-fold excess of unlabeled 
LDL to determine receptor mediated degradation. There was no significant 
difference between the degradation rates of CAD-LDL (n=6) and Control-LDL 
(n=6) (144 ± 22 vs. 168 ± 33 ng/4 hr-mg protein). 
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3.8 Discussion: 

Numerous studies have documented a positive relationship between 

elevated plasma LDL cholesterol levels and increased risk of CAD (Stamler et al. 

1986); however, many patients develop CAD in the absence of 

hypercholesterolemia suggesting that abnormalities of lipoprotein metabolism may 

playa role in accelerated atherosclerosis. Two metabolic abnormalities associated 

with CHD incidence in patients with normal LDL cholesterol levels are an 

increased FCR of LDL-apoB (Kesaniemi and Grundy, 1983a) and an increased 

LDL apoB to cholesterol ratio indicative of changes in LDL composition 

(Sniderman et al. 1980). Kesaniemi and Grundy (1983a) reported that LDL 

synthesis rates were increased 55% and the FCR by 43% in normocholesterolemic 

males with CHD as compared to a matched set of controls. These authors also 

reported that the LDL from CHD patients had an increased LDL 

protein/cholesterol ratio as previously reported by Sniderman et al. (1980). These 

two abnormalities of LDL metabolism, increased catabolism and altered 

composition, suggest that the development of CHD in normocholesterolemic 

subjects may result from alterations of the interaction between a modified LDL 

particle and its receptor and/or an altered regulation of the LDL (apoBIE) 

receptor in vivo. 

The present studies were carried out to determine whether freshly isolated 

blood MNL from normocholesterolemic CAD patients exhibit hyperactive 
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receptor mediated endocytosis of LDL particles and to determine the effects of 

altered LDL composition on in vitro ligand-receptor interactions using a human 

monocytic cell line, HL-60, and 1,25-dihydroxyvitamin D3 induced HL-60 

macrophages. Previous studies have demonstrated that isolated MNL can be used 

as a marker of changes in rates of endogenous cholesterol synthesis (McNamara 

et al. 1980, 1985, 1987; Parker et al. 1982; Young et al. 1987) and of LDL 

catabolism (Sundberg et al. 1983; Turtier et al. 1984; Nguyen et al. 1988; 

Hagemenas et al. 1989). In the present study the rates of receptor-mediated LDL 

degradation were determined in MNL isolated from patients with and without 

angiographically proven CAD. Patients with angiographically documented normal 

coronary arteries were recruited as control subjects to assure that misclassifications 

of controls due to the absence of clinical symptoms was minimized. Both groups 

were normocholesterolemic and had similar plasma total and LDL-cholesterol 

levels. 

Analysis of LDL degradation rates by MNL from patients with CAD 

demonstrated enhanced LDL degradation relative to controls and supports the 

original observation of Kesaniemi and Grundy (1983a) that patients with CHD 

have increased LDL FCR in vivo. The data also demonstrate that LDL from CAD 

patients had a higher apoB/cholesterol ratio than LDL from controls without 

CAD. The observation that patients with CAD had higher rates of receptor

mediated LDL degradation by MNL has three potential explanations: (a) an 

----------_._------
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increased LDL receptor expression in MNL; (b) an increased receptor affinity for 

CAD-LDL since a high ratio of apoB/cholesteryl ester of CAD-LDL may enhance 

exposure of apoB on the surface of LDL particles; or (c) an increased percentage 

of monocytes in the isolated CAD-MNL preparations which would result in an 

increased rate of LDL degradation (Chait et al. 1982). 

To test these various possibilities, analysis of LDL degradation rates in 

MNL was carried out using autologous and homologous LDL sources with a single 

patient's MNL. Both autologous and homologous LDL degradation rates were 

determined to evaluate differences in receptor mediated LDL degradation versus 

changes in the LDL particle composition. Studies of the effects of different LDL 

sources on degradation rates were also carried out in cultured HL-60 cells and 

1,25 (OH)2 vitamin DJ induced HL-60 macrophages. Both HL-60 cells and DJ-

induced macro phages express the LDL receptor (Jouni and McNamara, 1990) and 

provide a useful model for comparisons of the effects of alterations of LDL 

composition on in vitro LDL catabolism. 

The results of this study indicate that LDL from patients with and without 

CAD had similar degradation rates in MNL, HL-60 cells, and HL-60 macro phages 

and had a similar ability to compete for LDL degradation by HL-60 cells. Based 

on these data it is unlikely that the enhanced LDL degradation rates by MNL 

from CAD patients result from the higher ratio of apoB/cholesteryl ester of CAD

LDL. It can be concluded from these data that the altered LDL composition does 
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not result in a significant change in LDL-apoB/E receptor interaction. 

MNL isolated by density fractionation through Lymphoprep are a mixture 

of lymphocytes and monocytes. Monocytes have a higher rate of LDL 

degradation as compared to lymphocytes (Chait et al. 1982) and differences in the 

relative proportion of these two cell types could explain the increased rate of LDL 

degradation by MNL from patients with CAD. The results of differential cell 

counts using specific staining characteristics indicate that the MNL populations 

obtained from patients with and without CAD had identical percentages of 

monocytes and therefore the observed increased LDL catabolism is not the result 

of an increased number of monocyte in the MNL preparations. 

It is also unlikely that differences in dietary patterns makes a significant 

contribution to the observed differences. Intake of very high cholesterol diets 

(1000-2000 mglday) have been reported to decrease the rate of LDL degradation 

in freshly isolated MNL (Mistry et al. 1981; Applebaum-Bowden et al. 1984); 

however, the observed differences in LDL degradation rates between CAD 

patients and Control subjects cannot readily be ascribed to differences in dietary 

cholesterol intake. First, the study populations were on their habitual diet without 

special attention to a low-fat, low-cholesterol diet following angiography; second, it 

is highly unlikely that the control subjects were consuming diets containing 1000 

mg of cholesterol daily, and studies by Ginsberg et al. (1981) have shown that 

moderate changes in dietary cholesterol intake do not affect LDL turnover in vivo; 
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and finally, preliminary studies in a similar patient population have shown that an 

increase in dietary cholesterol intake from <300 to 800 mg/day does not decrease 

the rate of LDL degradation in MNL from either CAD or Control patients 

(McNamara, Shi, Dos Santos and Lowell, unpublished observations). 

The mechanisms involved in this enhanced receptor mediated LDL 

degradation by MNL from CAD patients are currently unknown. Both groups had 

similar total and LDL cholesterol levels and no patients were receiving cholesterol 

lowering medications. Although more patients in the CAD group, as compared to 

the control group, were receiving beta blockers or aspirin, there were no 

statistically significant differences in LDL degradation rates by MNL or in plasma 

lipids levels between patients within the same group receiving these drugs and 

those not on medication (data not shown). Therefore, it is unlikely that variations 

in medication for some individuals could account for the observed differences 

between CAD patients and control subjects. 

Plasma LDL concentrations are regulated by a balance between the rate of 

synthesis and clearance of LDL, and clearance is related to LDL receptor 

expression (Brown and Goldstein, 1986). Turner et al. (1984) reported a positive 

relationship between the in vivo FCR of apoB and the in vitro rate of LDL 

degradation by MNL in healthy subjects. In vivo isotope kinetic studies 

(Kesaniemi and Grundy, 1983a, 1983b; Vega et al. 1983a, 1983b) have 

demonstrated that overproduction of apoB may be seen in patients who have 
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premature CHD. Thus, the enhanced LDL degradation rate by MNL from CAD 

patients in this study suggest that an increased receptor mediated catabolism of 

LDL may contribute to the maintenance of normal plasma LDL-cholesterol levels. 

LDL is a spherical particle with a core composed primarily of cholesteryl 

esters and triglyceride and a single molecule of apo B-100 (Knott et al. 1986; 

Cladaras et al. 1986; Llofsson et al. 1987). Thus, the concentration of LDL-apoB 

reflects the number of circulating LDL particles. In ~his study the CAD-LDL has 

10% less cholesterol relative to apoB than LDL from controls. Therefore, at 

similar concentrations of LDL-cholesterol, CAD patients will have a 10 percent 

increase in LDL particle number as compared to control subjects. The data 

indicate that the major change in composition is a 14.8% decrease in cholesteryl 

ester content per LDL particle. The LDL particle of patients with CAD would be 

predicted to be smaller in size and relatively denser than control LDL (Teng et al. 

1983). Patients with hyperapobetalipoproteinemia have an increased plasma apoB 

concentration yet the plasma LDL cholesterol levels arc normal. These patients 

have been reported to frequently develop accelerated coronary atherosclerosis 

(Sniderman et al. 1980, 1982). 

The decreased cholesterol content of CAD-LDL, while not modifying LDL 

interactions with the apoB/E receptor, may playa role in the increased expression 

of the LDL receptor in MNL and in the increased incidence of atherosclerosis. 

Since each CAD-LDL particle has 10% less cholesterol than control LDL, each 
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cycle of the receptor delivers 10% less cholesterol to the cell which could result in 

the observed 1.7-fold increase in LDL receptor expression. Preliminary studies 

suggest that CAD-LDL has decreased abilities to down-regulate the LDL receptor 

and activate ACAT activity of cultured HL-60 cells (Shi et al. 1990b). 

From the cited studies, and the data presented here, one hypothesis is that 

the increased LDL receptor-mediated degradation may function to protect against 

hypercholesterolemia induced by overproduction of LDL in some CAD patients. 

This protection may be achieved through an increase in LDL receptor expression 

in hepatic and peripheral tissues. However, this mechanism of protection may 

promote lipid-laden foam cell formation if interstitial macrophages also exhibit 

increased LDL-receptor expression. 

In conclusion, the findings of this study demonstrate that 

normocholesterolemic CAD patients have an increased rate of LDL degradation 

in MNL and an increased LDL apoB/cholesteryl ester ratio and that the abnormal 

LDL composition does not alter the interactions between LDL and the LDL 

receptor. The data suggest that an increased LDL influx to MNL, as evidenced by 

an enhanced LDL degradation rate, and possibly to other cells in the body, and 

changes in LDL particle number and composition in patients with CAD may in 

part explain the accelerated development of CAD in these patients. The data also 

suggest that analysis of LDL degradation rates in MNL may be a useful marker 

for diagnosis of patients at risk for CAD due to increased catabolism of LDL. 
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4.1 Introduction: 

Previous studies have demonstrated that freshly isolated blood MNL isolated 

from patients with CAD have significantly higher rates of receptor-mediated LDL 

degradation as compared to cells from control subjects, independent of the LDL 

source (Shi et al. 1990a). This finding was consistent with the observed increased 

production rate and FCR of LDL in patients with coronary heart disease reported 

by Kesaniemi and Grundy (1983a). The increased receptor-mediated LDL 

degradation rate by MNL from CAD patients was found to be due to an increased 

apoBIE receptor activity of CAD-MNL and not to an increased receptor affinity 

for CAD-LDL. This conclusion was based on in vitro studies demonstrating 

identical ligand-receptor interactions for CAD-LDL and Control-LDL when tested 

in cultured HL-60 cells and 1,25-dihydroxyvitamin D)-induced HL-60 macrophages 

(Shi et al. 1990a). Based on these observations a hypothesis was proposed in that 

the increased LDL (apoBIE) receptor activity of CAD-MNL resulted from a 

reduced ability of cholesteryl ester-poor CAD-LDL to down-regulate apoBIE 

receptor synthesis in vivo (Shi et al. J.990a). 

LDL isolated from CAD patients often contains significantly less cholesteryl 

ester than LDL from control subjects (Shi et al. 1990a). Disproportion between 

LDL apoB and cholesterol, such as found in hyperapobetalipoproteinemia, may 

result in abnormalities in LDL metabolism, even if the individual is 

normolipidemic. An increased LDL turnover rate, associated with a high ratio of 
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LDL protein to cholesterol, has been reported in normolipidemic CHD patients 

and in obesity (Kesaniemi and Grundy, 1983a, 1983b). Under these conditions the 

plasma LDL level remains within a normal range since the increased fractional 

catabolic rate is balanced by an increased production rate (Kesaniemi and 

Grundy, 1983a, 1983b), resulting in an increased net rate of LDL flux through the 

plasma compartment and increased rates of LDL uptake by body tissues. 

4.2 Experimental Design: 

In an attempt to understand the possible defect in the regulatory actions 

exerted by LDL from CAD patients and to test the hypothesis that CAD-LDL has 

a decreased ability to regulate cellular sterol and lipoprotein metabolism, a study 

was designed to compare the abilities of CAD-LDL and Control-LDL to regulate 

three pathways controlling cellular sterol homeostasis: receptor-mediated LDL 

degradation; ACAT activity; and sterol synthesis (Brown and Goldstein, 1984, 

1986). The study was carried out using HL-60 cells, which express regulation of 

the LDL (apoBIE) receptor and sterol synthesis (Jouni and McNamara, 1991), as 

a model for in vitro studies. 

All experiments were performed using cells at the 88th passage. 125I-LDL was 

prepared using LDL isolated from healthy subjects with normal levels of plasma 

lipids. CAD-LDL and Control-LDL used for the preincubation of cells were 

isolated from patients with (CAD-LDL) and without (Control-LDL) 

-----------------------~ 
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angiographically proven CAD. The clinical characteristics and plasma lipid levels 

of these patients were described in Chapter 3 (Table 2). 

Before the experiments, HL-60 cells were preincubated for 24 hr in RPMI-

1640 medium containing 15% LPDFS to induce LDL (apoBIE) receptor levels. 

Cells (0.7x106 cells/ml) were then incubated with the indicated amounts of either 

CAD-LDL or Control-LDL for 8 hr at 37°. At the end of the incubation, cells 

were washed twice with PBS (pH 7.4), and aliquots of cells taken for analysis of 

rates of receptor-mediated 12SI-LDL degradation, sterol synthesis from [14C]acetate, 

cholesteryl e4C]0leate formation, and determination of protein. All assays were 

performed in triplicate. 

4.3 Regulatory Effects of CAD-LDL and Control-LDL on HL-60 Cells: 

Preliminary studies indicated that an average 50% reduction in receptor

mediated 12SI-LDL degradation was achieved after preincubation of HL-60 cells 

with LDL (10 J.Lg apoB/ml culture medium) from healthy individuals for 8 hr at 37° 

(Fig. 7). Therefore, in order to detect potential differences in the abilities of 

CAD-LDL and Control-LDL to suppress receptor-mediated LDL degradation; 

activate ACAT; and regulate sterol synthesis rates in cultured HL-60 cells in vitro, 

an 8 hr incubation at 37° with a LDL concentration of lOJ.Lg apoB/ml was selected 

as the preincubation conditions for most of the following studies. 
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Figure 7. Receptor Mediated I2SI_LDL Degradation by HL-60 Cells. HL-60 cells 
were preincubated with LDL isolated from normolipidemic individuals at LDL 
apoB concentrations of 3 to 100 J..Lg per ml for 8 hr at 37°. Cells were then 
incubated for 4 hr with 10 J..Lg/ml 12SI-LDL in the absence or presence of a 40-fold 
excess of unlabeled LDL to determine receptor-mediated I2SI-LDL degradation. 
12SI-LDL degradation rates are expressed as a percentage of the rate obtained in 
untreated HL-60 cells pre incubated in medium containing 15% LPDFS without 
added LDL (100% control value = 207 ± 37 ng/mg cell protein-4hr). A 50% 
reduction in receptor-mediated I2SI-LDL degradation was achieved at 10 J..Lg LDL 
apoB/ml preincubation medium. 
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The data presented in Table 4 compare the regulatory effects of CAD-LDL 

and Control-LDL on HL-60 cells. In these studies HL-60 cells were preincubated 

for 8 hr with 10 Jl.g apoB protein/ml of either CAD-LDL or Control-LDL. 

Receptor-mediated J2SI-LDL degradation rates were 43% higher for cells 

preincubated with CAD-LDL as compared to cells preincubated with Control

LDL (95.7±40.6, n=12 vs 67.0±18.9, n=12; ng/mg cell protein-4hr; P=0.037), 

indicating that CAD-LDL has a lower ability to suppress LDL (apoB/E) receptor 

activity than Control-LDL. ACAT activity was found to be 42% lower when HL-

60 cells were preincubated with CAD-LDL as compared to Control-LDL (2.4±0.5, 

n=7 vs 4.1±1.0, n=7; nmol/mg cell protein-24hr; P=O.002), indicating that CAD

LDL has decreased ability to activate cellular ACAT as compared to Control

LDL. In contrast to the differences found in LDL degradation and ACAT 

activity, there were no differences in the rates of sterol synthesis between cells 

preincubated with CAD-LDL and Control-LDL (2.0±O.2, n=7 vs 2.2±O.2, n=7; 

nmol/mg cell protein per hr; P=O.083). 



Table 4 
COMPARISON OF REGULATORY EFFECTS OF CAD·LDL AND 
CONTROL-LDL ON HL-60 CELLS 
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CAD-LDL Control-LDL P-values 

LDL degradation 95.7 ± 40.6 67.0 ± 18.9 P=0.037 
(ng/mg-4hr) (n=12) (n=12) 

ACAT activity 2.4 ± 0.5 4.1 ± 1.0 P=0.002 
(nmol/mg-24hr) (n=7) (n=7) 

Sterol synthesis 2.0 ± 0.2 2.2 ± 0.2 P=0.083 
(nmol/mg-hr) (n=7) (n=7) 

HL-60 cells were preincubated with 10 f..£g LDL apoB/ml of either CAD-LDL or 
Control-LDL for 8 hr. Cells were then incubated with 12SI-LDL for 4 hr to 
determine receptor-mediated 12SI-LDL degradation; with sodium HC-oleate
albumin complex for 24 hr to determine ACAT activity; and with 14C-acetate for 4 
hr to determine sterol synthesis rates. Data are presented as mean ± SD, and the 
P-values determined by Student's t-test. 
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4.4 Relationship Between LDL Composition and Regulatory Abilities: 

The association of difference in LDL cholesterol content with differences in 

regulatory effects was also investigated. The lipoprotein compositions, presented 

as the ratios of apoB to lipids for CAD-LDL and Control-LDL, are presented in 

Table 5. The ratios of apoB to total cholesterol were 9% higher for CAD-LDL 

than control-LDL (O.72±O.06, n=12 vs O.66±O.04, n=12; P<O.Ol). The apoB to 

free cholesterol ratios were similar in both groups while the ratios of apoB to 

cholesteryl ester were 23% higher for CAD-LDL as compared to Control-LDL 

(1.29±O.13, n=7 vs 1.05±O.04, n=7; P<O.Ol). There were no significant 

differences in apoB to triglyceride ratios. 

Fig. 8 illustrates the relationship between receptor mediated 125I-LDL 

degradation by HL-60 cells and the total cholesterol content of CAD-LDL and 

Control-LDL at a concentration of 10 sg apoB/ml used in the 8 hr preincubation. 

When LDL degradation rates are expressed as a percentage of the rate obtained 

in untreated HL-60 cells, incubated in LPDFS medium without added LDL, LDL 

degradation rates decreased as the LDL cholesterol content increased (r=-O.54, 

P<O.Ol, n=24). The average rate of LDL degradation for cells preincubated with 

CAD-LDL was 56% (±19, n=12) of untreated cells (range 26-96%), while for 

cells preincubated with control-LDL the average rate was 41% (±9, n=12) of 

untreaed cells (range 19-54%). These results indicate that the degree of 

suppression of receptor-mediated LDL degradation was proportional to the LDL 
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Table 5 
RATIOS OF APO·B TO LIPIDS IN LDL ISOLATED FROM CAD PATIENTS 
AND CONTROL SUBJECTS 

LDL Ratios 

ApoB/total cholesterol 
(n=12) 

ApoB/free cholesterol 
(n=7) 

ApoB/cholesteryl ester 
(n=7) 

ApoB/triglyceride 
(n=12) 

CAD-LDL 

0.72 ± 0.06 

1.72 ± 0.33 

1.29 ± 0.13 

3.43 ± 0.65 

Control-LDL 

0.66 ± 0.04* 

1.71 ± 0.13 

1.05 ± 0.04* 

3.19 ± 0.64 

Data are presented as mean ± SD. ·Values significantly different by Student's test 
(P<O.Ol). 
A portion of these data have been previously reported in Table 3 of the chapter 3, 
and are presented here for comparative purpose. 

cholesterol in the medium. 

To determine if the reduced cholesterol content of CAD-LDL particles is the 

only factor responsible for CAD-LDL having a lower ability to down-regulate 

apoBIE receptors relative to Control-LDL, HL-60 cells were preincubated for 8 hr 

with CAD~ or Control-LDL at apoB concentrations from 3 to 40 J,Lg/ml and 

receptor-mediated 12SJ-LDL degradation rates determined. The results presented 

in Fig. 9 indicate that at all concentrations of apaB protein CAD-LDL had a 



113 

lower ability to suppress apoBIE receptor activity than Control-LDL. However, 

after LDL-cholesterol concentrations were normalized for both CAD- and 

Control-LDL, CAD-LDL was still less effective in suppressing receptor activity 

than Control-LDL (Fig. 10). This suggests that the reduced cholesterol content of 

CAD-LDL particles serves as one factor responsible for their lower regulatory 

capacity, but this is not the only factor involved. Theoretically, if the regulatory 

ability of LDL particle is solely determined by its cholesterol content, the degree 

of suppression of receptor-mediated 12SI_LDL degradation should be identical for 

both CAD- and Control-LDL when the response is normalized to the same 

cholesterol concentration. 

There was a significant difference in the induction of ACAT activity of HL-

60 cells incubated with 10JLg/ml CAD-LDL or Control-LDL protein (Table 4) with 

the cholesteryl ester poor CAD-LDL resulting in lower ACAT activity. Fig. 11 

illustrates the positive relationship between the rate of cholesteryl [HC]oleate 

synthesis by HL-60 cells and the total cholesterol content of CAD-LDL and 

Control-LDL used for the 8 hr preincubation period (r=0.552; P<O.05; n= 14). 

Activation of HL-60 cell ACAT was linearly correlated with the LDL cholesterol 

concentration up to 70 JLg cholesterol/ml culture medium over the 24 

preincubation period (Fig. 12), and this was consistent with ACAT activity of HL-

60 cells being regulated by the cellular cholesterol substrate availability in a short 

incubation period. 
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To determine the ability of HL-60 cells to suppress endogenous sterol 

synthesis in response to added LDL cholesterol, ceIIs were preincubated with 

either CAD- or Control-LDL at concentrations ranging between 3 to 40 J1.g apoB 

per ml for 8 hr. The data in Fig. 13 indicate that sterol synthesis rates were 

decreased as the CAD-LDL or Control-LDL apoB concentration in the medium 

was increased, indicating that HL-60 cell endogenous sterol synthesis is inhibited 

by exogenous LDL-cholesterol; however, there was no statistically significant 

difference in the sterol synthesis rates between cells pre incubated with CAD-LDL 

and Control-LDL (Table 4). It would appear that CAD-LDL and Control-LDL 

have similar effects on endogenous cholesterol synthesis. 
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Figure 8. Receptor Mediated I2SI_LDL Degradation by HI..-60 cells Preincubated 
with CAD-LDL or Control-LDL. HL-60 cells were preincubated with 10 J.I.g LDL 
apoB/ml of either CAD-LDL (0) or Control-LDL (0) for 8 hr at 37°. Cells were 
then incubated for 4 hr with 10 J.I.g1ml l2SI-LDL in the absence or presence of a 40-
fold excess of unlabeled LDL to determine receptor mediated I2SI-LDL 
degradation. I2SI-LDL degradation rates for cells preincubated with CAD-LDL or 
Control-LDL are expressed as a percentage of the rate obtained in untreated HL-
60 cells pre incubated in medium containing 15% LPDFS without added LDL 
(100% control value = 153 ± 14 nglmg cell protein-4hr). The range of I2SI-LDL 
degradation for cells pre incubated with CAD-LDL was 96-26% of untreated cells, 
while for cells preincubated with Control-LDL the values ranged between 54-19% 
of untreated cells. I2SI-LDL degradation rates were negatively correlated with the 
total cholesterol content of LDL (r=-O.54, n=24; P<O.01). 
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Figure 9. Effect of LDL ApoB Protein Concentration on Receptor.Mediated 1251. 
LDL Degradation by HL-60 Cells. HL-60 cells were pre incubated with LDL 
isolated from 5 CAD patients (0) and 5 control subjects (0) for 8 hr at 37° with 
apoB protein concentrations from 3 to 40 J..Lglml. Cells were then incubated for 4 
hr with 10 J..Lglml 125I-LDL in the absence or presence of a 40-fold excess of 
unlabeled LDL to determine receptor-mediated 125I_LDL degradation. 125I_LDL 
degradation rates for cells preincubated with CAD- or Control-LDL are expressed 
as a percentage of the rate obtained in untreated HL-60 cells preincubated in 
medium containing 15% LPDFS without added LDL (100% control value = 180 
± 12 nglmg ,gell protein-4hr). At all LDL apoB protein concentrations, cells 
pre incubated with CAD-LDL had a higher receptor-mediated 125I-LDL 
degradation rate (P< 0.001). Data are presented as mean ± SEM, n=5. 
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Figure 10. Effect of LDL Cholesterol Concentration on Receptor-Mediated nSI· 
LDL Degradation by HL-60 Cells. Receptor-mediated 12SI-LDL degradation rates 
of HL-60 cells (from Fig. 9) are plotted against the total cholesterol content of 
LDL used in the preincubation medium. At all LDL cholesterol cO:1centrations, 
cells preincubated with CAD-LDL had a higher receptor-mediated 12SI_LDL 
degradation rate. 
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Figure 11. Activation of Cellular ACAT by CAD-LDL and Control-LDL. HL-60 
cells were preincubated with 10 J.Lg LDL apoB/ml of either CAD-LDL (0) or 
Control-LDL (GI) for 8 hr at 37°. Cells were then incubated with sodium 14C_ 
oleate-albumin complex for 24 hr. There was a positive correlation between rates 
of cholesteryl HC-oleate synthesis in HL-60 cells and the total cholesterol content 
of the CAD-LDL or Control-LDL used for preincubation (r=O.552, n= 14; 
P<O.05). 
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Figure 12. Effect of LDL Cholesterol Concentration on Activation of Cellular 
ACAT in HL-60 Cells. HL-60 cells were pre incubated with Control-LDL at LDL 
apoB concentrations ranging between 10 to 100 J..'glml (18 to 176 J..'g 
cholesterol/ml) for 24 hr at 37°. Cells were then incubated with sodium 14C-oleate
albumin complex for 24 hr. Cholesteryl 14C-oleate synthesis was linearly correlated 
with LDL cholesterol concentrations up to 70 J..'glml culture medium. 
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Figure 13. Suppression of Endogenous Sterol Synthesis in HL-60 Cells by CAD
LDL and Control-LDL. HL-60 cells were pre incubated with LDL isolated from 2 
CAD patients (0) and 2 control subjects (0) at apoB concentrations from 3 to 40 
J,£glml for 8 hr at 37°. Cells were then incubated with 2.5 mM [2-14C]acetate (20 
dpm/pmol) for 4 hr to determine sterol synthesis rates. Sterol synthesis rates for 
cells preincubated with CAD- or Control-LDL are expressed as a percentage of 
the rate in untreated HL-60 cells preincubated in medium containing 15% LPDFS 
without added LDL (100% control value = 3.6 ± 0.2 nmol/mg cell protein per 
hr). Sterol synthesis rates were decreased as the LDL concentration of the 
medium was increased for both CAD-LDL and Control-LDL. 
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4.5 Discussion: 

Elevated levels of plasma total and LDL cholesterol are associated with an 

increased coronary heart disease risk (Wilson et al. 1980), while abnormalities in 

LDL metabolism, which are not always reflected by the LDL cholesterol 

concentration, in part explains acceleration of atherosclerosis in some 

normolipidemic individuals. Sniderman et al. (1980) reported that a number of 

patients with advanced coronary atherosclerosis have elevated levels of LDL-apoB 

with normal LDL-cholesterol concentrations, a condition termed 

hyperapobetalipoproteinemia. Their data suggest that a disproportion between 

LDL cholesterol and apoB may cause abnormalities in LDL metabolism and 

contribute to an increased incidence of coronary diseases. The LDL particles 

isolated from patients with hyperapobetalipoproteinemia are smaller and denser, 

depleted of cholesterol, particularly cholesteryl ester, and relatively enriched in 

apoB as compared to LDL from normolipidemic subjects (Teng et al. 1983). 

Disproportion between LDL apoB and cholesterol, indicated by an increased ratio 

of LDL protein to cholesterol, has also been associated with an increased LDL 

turnover rate (Kesaniemi and Grundy, 1983a, 1983b). Kesaniemi and Grundy 

(1983a) studied a group of normolipidemic CHD patients and found increased 

LDL turnover rates when compared with matched controls. In this study the 

ratios of LDL protein to cholesterol were significantly higher, and a positive 

correlation between the FCR of apoLDL and the protein to cholesterol ratio of 
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LDL was obsexved for CHD patients. It is conceivable that small LDL particles 

could be atherogenic in two ways: (a) small LDL particles could infiltrate into the 

arterial wall more readily than large LDL; and/or (b) cholesterol"poor LDL 

particles could result in an increased flux of LDL into cells due to a decreased 

regulatory response to the lowered cholesterol uptake. 

The previous studies indicated that rates of receptor"mediated LDL 

degradation by MNL from CAD patients were significantly higher as compared to 

MNL from control subjects (Shi et al. 1990a). These studies also demonstrated 

that CAD"LDL had 14.8% less cholesteryl ester than Control"LDL, and that the 

cholesteryl ester"poor LDL particles from CAD patients had similar ligand" 

receptor interactions as Control"LDL when determined by in vitro studies using 

HL-60 cells and 1,2S-dihydroxyvitamin DJ induced HL-60 macrophages. The data 

indicated that the increased receptor-mediated LDL degradation rate by MNL 

from CAD patients was due to an increased LDL receptor activity in CAD-MNL 

(Shi et al. 1990a). Bas"ed on these findings, it is reasonable to postulate that the 

obsexved increase in LDL receptor expression by CAD-MNL results from a 

reduced ability of CAD-LDL to down-regulate LDL receptor activity in vivo since 

each intracellular cycle of the receptor would deliver less cholesterol to the cell 

per CAD-LDL particle undergoing receptor-mediated endocytosis. 

The LDL receptor pathway, which regulates cellular cholesterol 

homeostasis, was originally described by Goldstein and Brown (1986). Numerous 
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studies have shown that intracellular cholesterol derived by receptor mediated 

uptake of LDL acts at several sites to regulate cellular sterol and lipoprotein 

metabolism. LDL-derived cholesterol regulates cellular cholesterol synthesis by 

suppression of transcription of the HMG-CoA reductase gene (Luskey et al. 1983) 

and acceleration of reductase degradation to decrease de novo cholesterol 

synthesis (Gil et al. 1985). LDL-derived cholesterol also activates microsomal 

ACAT to facilitate storage of excess cytoplasmic free cholesterol as cholesteryl 

ester (Goldstein et al. 1974). Finally, uptake of LDL cholesterol suppresses LDL 

receptor synthesis by reducing receptor mRNA levels (Russel et al. 1983), 

facilitating the cells ability to modulate the number of LDL receptors in order to 

provide sufficient cholesterol for metabolic needs while preventing over 

accumulation of intracellular cholesterol. Through these regulatory actions, cells 

maintain a steady state level of intracellular free cholesterol despite fluctuation in 

cholesterol requirements and exogenous supply. 

In the current studies, LDL isolated from CAD patients contained 

significantly less cholesterol as compared to control-LDL, and this could in theory 

render CAD-LDL less effective in up-regulating ACAT activity and down

regulating LDL receptor expression and sterol synthesis. The results 

demonstrated that receptor-mediated 125I_LDL degradation rates were significantly 

higher for HL-60 cells pre incubated with CAD-LDL than with control-LDL, 

suggesting that CAD-LDL has a decreased ability to down-regulate LDL (apaBIE) 
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receptor activity even when identical numbers of LDL particles are tested, as 

indicated by the LDL apoB concentration. These data can be most readily 

explained by the different amounts of cholesterol delivered to the cells by the two 

LDL preparations over the 8 hr preincubation period. It would be predicted that 

CAD-LDL delivers less cholesterol per particle to the cells than Control-LDL, and 

this results in less suppression of the LDL receptor. However, when LDL 

cholesterol levels were normalized, CAD-LDL still exhibited a reduced ability to 

suppress receptor activity compared to Control-LDL. These data suggest that 

CAD-LDL has a reduced regulatory ability as compared to Control-LDL and that 

this difference is not solely dependent on the cholesterol content of the particle. 

It is unclear what other factors are involved in this reduced regulatory effect of 

CAD-LDL. 

Regulation of ACAT activity by free cholesterol occurs by changes in 

enzyme substrate availability and by non-substrate modulation of enzyme activity 

(HaShimoto et al. 1983). Studies (Hashimoto et al. 1977; Tavani et al. 1982) have 

demonstrated that substrate availability is a major regulator of ACAT activity and 

suggested that short-term (hours) regulation of ACAT activity involves activation 

of existing enzyme due to an increased cholesterol substrate pool, independent of 

enzyme synthesis. Long-term (days) control of ACAT activity probably involves 

change in the amount of enzyme protein. An increased concentration of 

cholesteryl ester is associated with an increased intlux of cholesterol in various cell 
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lines including human skin fibroblast (Brown et al. 1975a) and rat hepatocytes 

(Drevon et al. 1980). For HL-60 cells the cholesterol content of LDL used for the 

preincubation was positively correlated with cellular ACAT activity; the higher the 

LDL cholesterol content, the higher the rate of cholesteryl e4C]0leate synthesis. 

The fact that cholesteryl [14C]0Ieate synthesis by cells incubated with CAD-LDL 

was significantly lower than by cells incubated with Control-LDL is consistent with 

the hypothesis that entry of LDL cholesterol into the ACAT substrate pool was 

reduced in cells treated with CAD-LDL, and this resulted in decreased ACAT 

activity. 

Two commonly used indices of endogenous cholesterol synthesis in cells are 

HMG-CoA reductase activity and incorporation of [14C]acetate into sterols. 

Induction of HMG-CoA reductase activity requires de novo protein synthesis, and 

is subject to feedback inhibition mediated by exogenous LDL-cholesterol (Brown 

et al. 1973). In the current study the decrease in [14C]acetate incorporation into 

sterols in HL-60 cells was related to the concentrations of both CAD-LDL and 

Control-LDL in the culture medium and demonstrates suppression of sterol 

synthesis in HL-60 cells by exogenous LDL-cholesterol (Jouni and McNamara, 

1991). However, there were no differences in rates of sterol synthesis between 

cells pre incubated with CAD-LDL or Control-LDL. It would have been expected 

that the rate of sterol synthesis would be higher in cells preincubated with CAD

LDL since CAD-LDL delivers less exogenous cholesterol to the cells. One 
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explanation for the absence of this differential response would be that the 

different amounts of cholesterol delivered by CAD-LDL or Control-LDL during 

the 8 hr incubation period, unlike their effects on ACAT activity, can not induce 

differences in sterol synthesis rates detectable by sterol labeling with [14C]acetate. 

A previous study has shown that HMG-CoA reductase activity and sterol labeling 

with [14C]acetate in MNL can respon~ in parallel to some dietary regulatory 

factors, and divergently to other factors affecting sterol synthesis (Young et al. 

1987). 

Genetic influences on metabolism and composition of lipoproteins should 

also be considered. Studies have shown that there are two distinct phenotypes of 

LDL subclass, identified by nondenaturing gradient gel electrophoresis. The two 

phenotypes, LDL subclass pattern A and pattern B, are characterized by a 

predominance of large, buoyant LDL particles and small, dense LDL particles, 

respectively (Austin et al. 1990). Analysis of family genetic data suggests that the 

molecular weight of LDL subclass is affected by a single-locus, two-allele genetic 

system. The estimated frequency of the proposed allele leading to the phenotype 

B characterized by predominance of small, dense LDL subclass is about 25%. 

Expression of this phenotype appears to be age dependent, in that most affected 

subjects are older than 40 years, and the proposed allele is not usually expressed 

until adulthood in man and until after menopause in woman (Austin and Krauss, 

1986; Austin et al. 1988a). Studies have shown that individuals with a 

-----------------------~,------
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predominance of small, dense LDL particles tend to have a high-risk lipid and 

lipoprotein profile, namely, relative increases in plasma triglyceride, VLDL and 

apoB levels and decreases in HDL cholesterol, HDLz mass, and apo A-I levels 

(Austin et al. 1990). In a case-control study, the LDL subclass pattern B 

characterized by small, dense LDL particles is significantly associated with a 

threefold increased risk of myocardial infarction, independent of age, sex, and 

relative weight (Austin et al. 1988b). These findings suggest that the LDL pattern 

may be a marker for a biologic mechanism that results in increased CHD risk 

through the changes in lipoprotein metabolism. 

The results of the present study suggest that the regulatory ability of LDL 

seems to be associated, at least in part, with normal LDL composition. 

Disproportion between LDL apoB and cholesterol may increase the atherogenic 

potential due to less efficient regulatory effects on cellular lipoprotein and sterol 

metabolism. The metabolic basis of coronary heart disease appears to be 

associated with an increased tlux of LDL into cells, even in the absence of 

elevated LDL cholesterol levels. An increased flux of LDL to the tissues 

secondary to LDL compositional changes may overload the reverse cholesterol 

transport, which may promote the development of atherosclerosis. However, it 

remains to be determined if other factors associated with the abnormal 

composition of CAD-LDL are involved in the reduced regulatory ability of this 

particle in addition to its decreased cholesterol content. 

-----------.----------~~-
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QUANTIFICATION OF PLASMA APOLIPOPROTEINS A·I AND B IN CAD 
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5.1 Introduction: 

Measurement of plasma cholesterol is one of the established tests required in 

evaluating cardiovascular disease risk and there is an increase in clinical demand 

for determining plasma apolipoprotein level as a potentially more specific 

evaluation of the risk. Epidemiological studies have shown that risk of 

atherosclerotic coronary heart disease is directly related to plasma levels of total 

and LDL cholesterol and inversely related to levels of HDL cholesterol, and data 

indicate that plasma total, LDL and HDL cholesterol levels contribute 

independently to the prediction of atherosclerotic risk (Brunzell et al. 1984). 

Currently there is evidence that the measurement of plasma apolipoproteins (apo) 

A-I and B may be complementary to or even superior to, the measurement of 

lipoprotein cholesterol fractions in predicting individuals who are at increased risk 

to develop coronary atherosclerosis (Kottke et al. 1986; De Backer et al. 1982) or 

in discriminating cases from controls (Maciejko et al. 1983). Avogaro et al. (1978) 

found that total plasma apoB levels were elevated in individuals with CAD 

regardless of whether they were normocholesterolemic or hypercholesterolemic. 

Vergani et al. (1978) also found higher plasma apoB levels in subjects with 

atherosclerosis than those apparently free of atherosclerosis. A number of studies 

have shown that a low level of plasma apo A-I was associated with individuals with 

acute myocardial infarction (Wiklund et al. 1982; Franzen and Fex, 1986), 

individuals with angiographically proven CAD (Maciejko et al. 1983) and 
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individuals with peripheral venous vessel disease (Bradby et al. 1978), and apo A-I 

by itself was more useful than HDL cholesterol for identifying patients with CAD 

(Maciejko et al. 1983). Franzen et al. (1986) found that there were no significant 

differences in the levels of HDL cholesterol between patients who had survived an 

acute myocardial infarction (AMI) and the reference group, and only reduced 

plasma levels of apo A-I were found in the AMI patients. A study conducted 

among 70 male survivors of myocardial infarction and 70 healthy controls, 

matched for age, sex and body mass index, has indicated that the apoB/apo A-I 

ratio was the best discriminator between cases and controls ( De Backer et al. 

1982). In addition, apolipoprotein measurements are of growing clinical interest 

not only because plasma levels of apo A-lor apoB can be used as predictors for 

the risk of developing coronary heart disease and peripheral vascular disease, but 

also because they can be used in monitoring the progress of therapeutic 

interventions, drug and dietary, and in differential diagnosis of dyslipoproteinemic 

status (Albers, 1989a). 

Human apo A-I is a protein with a single polypeptide composed of 243 amino 

acids (Brewer et al. 1978) and is the major protein constituent of HDL. Apo A-I 

is the major activator of the plasma enzyme lecithin: cholesterol acyltransferase 

(LCAT) and the LCAT-activating domain is located between residues 66 and 121 

of the protein (Anantharamaiah et al. 1990). It has been hypothesized that HDL 

and apo A-I help prevent coronary artery disease by removal of cholesterol from 
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the arterial wall via a process called reverse cholesterol transport. The plasma 

enzyme LCAT mediates reverse cholesterol transport by trapping cellular 

cholesterol taken up by HDL in the form of cholesteryl ester in the HDL particle 

for subsequent catabolism and elimination by the liver (Mahley, 1984). Human 

apoB exists naturally as two forms: apo B-100 and apo B-48. Apo B-100 is 

synthesized by the liver and is required for the assembly and secretion of VLDL. 

It is a protein component of IDL and the sole protein of LDL. Apo B-100 is one 

of the two ligands for the LDL (apoBIE) receptor. In humans, apo B-48 consists 

of the NH2-terminal 2152 amino acids of apo B-lOO and is encoded by the same 

gene as apo B-lOO (Scott, 1990). Apo B-48 is synthesized mainly in the intestine 

and is required for the assembly and secretion of chylomicrons. Since 

chylomicrons are rapidly converted to chylomicron remnants by lipoprotein lipase 

and these remnants are quickly taken up by the chylomicron remnant receptor 

(apoE receptor) on the liver, apo B-48 is usually absent in fasting plasma of 

normal individuals (Mahley, 1984). Sequence analysis of apo B-lOO cDNA (Yang 

et al. 1986; Chen et al. 1986; Knott et al. 1986) indicates that human apo B-lOO 

is one of the largest monomeric protein known, with 4536-amino acid residues and 

molecular weight of 513 Kd. It is also characterized by its high hydrophobicity 

(Knott et al. 1986), insolubility in aqueous media after delipidation and non

exchangeability among the lipoprotein particles during metabolic processing 

(Mahley, 1984). Various immunological techniques - radial immunodiffusion 

~-~--------
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(RID, Curry et al. 1978), electroimmunoassay (Curry et al. 1978; Meuffels et al. 

1989), radioimmunoassay (RIA, Schonfeld et al. 1974; Meuffels et al. 1989), and 

immunonephelometry (Heuck et al. 1979; Meuffels et al. 1989) - have been 

applied to the study of apolipoproteins. Methods for measurement of plasma apo 

A-I and apoB concentrations should not only be accurate and precise but also 

must be readily available for handling of a large number of samples such as 

required in conducting a population study. Moreover, reference materials with 

assigned values should come from a highly standardized source since some of the 

differences between methods are often related to the assigned values of the 

reference materials from many different sources (Albers et al. 1988). Recently 

several studies have described either apo A-lor apoB measurements using 

enzyme-liked immunosorbent assays (ELISA)(Ordovas et al. 1987; Hogle et al. 

1988; Bojanovsld et al. 1988; Albers et al. 1989b). ELISA procedures are 

generally reproducible and relatively simple to perform. The present study 

describes the development and application of a noncompetitive sandwich ELISA 

to measure plasma concentrations of apo A-I and apoB in CAD patients and 

asymptomatic individuals with different levels of plasma total cholesterol. In this 

study the concentrations of both apo A-I and apoB, along with plasma lipids, were 

determined for each study subject. Additional studies were carried out in 25 

healthy female subjects in whom multiple measurements were performed over a 

period of two years. The ratios of plasma apoB/LDL-C obtained for plasma 



sample by ELISA and enzymatic assay procedures were compared with values 

obtained by an isopropanol precipitation procedure applied to isolated LDL 

sample for some study subjects. 

5.2 Subjects find Blood Samples: 
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There was a total of 126 asymptomatic normal individuals (age ranged 25-55 

years) and 41 patients with angiographically proven coronary artery disease (age 

ranged 45-55 years) in this study. The asymptomatic normal subjects were 

classified, based on their plasma total cholesterol (TC) levels, into three categories 

for their risk of coronary heart disease as recommended by the National 

Cholesterol Education Program (NCEP, 1988): desirable TC < 200 mg/dl 

(n=84); borderline-high TC 200-239 mg/dl (n=28); and high-risk TC > 240 

mg/dl (n= 14). These subjects were recruited from the University of Arizona and 

Arizona Health Center faculty, staff and nurses. No subjects had a history of 

familial hyperlipidemia or diabetes mellitus. The CAD patients were free-living 

outpatients who had undergone coronary catheterization and had coronary 

atherosclerosis defined as > 70% stenosis of two or three major coronary arteries. 

None of the patients or the normal subjects was on lipid lowering drugs. 

Blood samples were obtained after a 12-14 hr fast and mixed with 0.1 % 

EDTA. Upon separation at 4° by low-speed centrifugation, the fresh plasma was 

used to determine levels of total cholesterol, HDL-cholesterol, triglyceride, and 

~~-~-----------.-.-----~ 



apo A-I and apoB. The plasma samples that could not be analyzed by ELISA 

within 24 hr after phlebotomy were aliquoted in Nunc cryotubes and frozen 

immediately at -700 for subsequent analysis of apo A-I and apoB. 
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Among the 126 normal subjects multiple blood samples (average five 

samples) per person were taken from a group of female dietitians (n=2S, average 

age 41 years) over a two year period, with blood drawn at intervals of 4-S months. 

In order to measure apoB/LDL-cholesterol ratios in isolated LDL samples, LDL 

(d 1.019-1.063 glml) were isolated by sequential density ultracentrifugation (Mills 

et al. 1984) from 31 individual plasma samples. All patients gave informed 

consent for the study which was approved by the Human Subjects Committee of 

the University of Arizona. 

5.3 Calibration and Precision of the ELISA: 

1. Optimal conditions for the assay: 

Each step of the ELISA procedure has been evaluated by preliminary 

experiments to establish conditions which yield optimal precision and accuracy. 

The optimal reagent concentrations were determined by checker-board titration 

according to Voller et al. (1979). The best combination of sensitivity and low 

zero-dose response was obtained at a coating antibody concentration of 5 J.Lg 

protein per ml and a conjugates concentration of 20 J.Lg protein per ml for both 

the apo A-I and apoB ELISA procedures. 
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The optimal sample dilution was determined as the dilution that yielded the 

concentrations of plasma apo A-lor apoB falling within the working range of the 

standard curves. These plasma dilutions were 1:5000 for the apo A-I assay and 

1:3000 or 1:4000 for the apoB assay. 

2. Calibration and precision of the assay: 

Freshly frozen serum pools with target values (obtained from Northwest Lipid 

Research Center, Department of Medicine, University of Washington School of 

Medicine) were used as reference materials for constructing standard curves to 

calibrate the assays and as quality control pools. The average slope of the 

standard curves obtained from several froze serum pools was compared and only 

the reference pools yielding an identical slope were used as standards and quality 

control materials. The results obtained using these reference pools were in 

excellent agreement (within 3 mg/dl). The standard curve for apo A-I was in 

semilogarithmic coordinates and the linear portion of the curve (15.6 - 1000 ng/ml) 

was chosen for subsequent assays (Fig. 14). The standard curve for apoB assay 

was in arithmetic linear scale at apoB concentrations from 50 to 600 ng/ml (Fig. 

15). All samples with values outside of the working range of standard curves were 

re-analyzed using different dilutions. 
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Figure 14. Representative Standard Curve for Determination of Apo A-I. 
The curve was generated by plotting absorbances at 410 nm against the log of apo 
A-I concentrations. The linear range was used as standard curve (within 15.6 -
1000 ng of apo A-I/ml) to determine plasma apo A-I levels. The lowest apo A-I 
concentration that could be distinguished from zero was 4 ng/ml. 

The target value of the standard (freshly frozen serum pools) was assigned using a 
standardized radioimmunoassay calibrated with purified apo A-I by the Northwest 
Lipid Research Center, University of Washington School of Medicine. 
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Figure 15. Representative Standard Curve for Determination of Apo B. 
The curve was generated by plotting absorbances at 410 nm against apoB 
concentrations between 50 - 600 nglml in the linear scale, and using this curve 
apoB levels in plasma samples were determined. The lowest apoB concentration 
that could be distinguished from zero was 6 nglml. 

The target value of the standard (freshly frozen serum pools) was assigned using a 
standardized radioimmunoassay calibrated with purified LDL by the Northwest 
Lipid Research Center, University of Washington School of Medicine. 

--------------------------~~ 



138 

The reproducibility of the assay was determined by the coefficient of variation 

of intra-assay and inter-assay ( Table 6). The intra-assay coefficient of variation 

was determined by measuring the apolipoprotein concentrations of a quality 

control pool on 4 plates with total 24 replicates in a single day. The inter-assay 

coefficient of variation was assessed by measuring the concentrations of 

apolipoproteins of a quality control pool over 14-15 working days. For daily assay 

results, the values of quality control pool were used to determine the acceptability 

of results of samples measured in the same plate. Samples in plates with a intra-

assay or a inter-assay coefficient variation higher than 8% or 12% were repeated. 

Table 6 
PRECISION OF THE ELISA PROCEDURES 

c. V. % n 
(intra-assay) (plates) 

Ape A-I 6. 4 4 

Ape B 5. 5 4 

(,:.- " 
,.1 4 .fA .I. .:.; . z·-

C.V.% 
(inter-assay) 

12 

10 

n 
(days) 

14 

15 

The quality-control serum pool used for apo A-I ELISA assay had a target apo A
I value of 109 mg/dl, and a target apoB value of 91 mg/dl in apoB ELISA assay. 
The intra-assay coefficient of variance (c.y.) was obtained from 4 plates 
containing 6 replicates per plate. The inter-assay c.y. was assessed by measuring 
the concentrations of apolipoproteins in the same pool over 14 or 15 working 
days. 
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5.4 Concentrations of Plasma Lipids and Apolipoproteins A-I and B: 

Data in Table 7 summarize the concentrations of plasma apo A-I, apoB and 

lipids in normal subjects and CAD patients. Normal subjects were classified, 

according to their plasma total cholesterol levels, into three groups based on their 

risk of coronary heart disease as recommended by the National Cholesterol 

Education Program (NCEP, 1988): desirable cholesterol level (TC< 200 mg/dl); 

borderline-high cholesterol level (TC 200-240 mg/dl); and high-risk cholesterol 

lev.el (TC >240 mg/dl). The mean levels of total cholesterol for the three groups 

were 167 ± 21, n=84; 213 ± 9, n=28; and 274 ± 20 mg/dl, n=14, respectively. 

The mean level of total cholesterol for CAD patients was 230 ± 36 mg/dl. There 

were significant differences in plasma apoB levels among the normal subjects who 

have different levels of total plasma cholesterol. Mean values of plasma apoB 

were: 77 ± 18 mg/dl for subjects with desirable cholesterol, 94 ± 14 mg/dl for 

subjects with borderline-high cholesterol, and 115 ± 16 mg/dl for those with high

risk cholesterol. The mean plasma apoB concentration was 106 ± 20 mg/dl for 

CAD patients. The average value of plasma apo A-I for CAD patients was 83 ± 

27 mg/dl, which was significantly lower than that found for all three normal subject 

groups (average 110-121 mg/dl) even when there were no significant differences in 

the levels of HDL cholesterol, indicating that apo A-I by itself may be more useful 

than HDL cholesterol values for identifying patients with increased coronary 

artery disease risk. 



140 

Significant differences in ratios of apoB/apo A-I were also found between 

CAD patients and normal subjects, with CAD patients having the highest 

apoB/apo A-I ratios (1.49 ± 0.69; n=41) as compared to the three normal subject 

groups (0.75 ± 0.37, n=84; 1.0 ± 0.52, n=28 and 1.15 ± 0.59, n=14 for persons 

with desirable, borderline high, and high-risk cholesterol, respectively). 

In order to determine long-term variability for application of the ELISA 

procedures in population studies, multiple blood samples obtained over a two-year 

period were determined in a group of dietitians (n=25, female) who were 

participating in another study. On average five blood samples were taken for each 

subject, with each blood sample obtained over an interval of 4-5 months. All 

measurements were performed at the time of the blood draw. Table 8 represents 

the results of plasma lipid and apo A-I and apoB determinations in these 25 

female subjects. The average coefficient of variation reflected the physiological 

variation as well as the analytical variance over the two-year study period. 



141 

Table 7 
PLASMA LIPIDS AND APOLIPOPROTEINS IN NORMAL SUBJECTS AND 
CAD PATIENTS (mg/dl) 

tii;; ,g;"P'-N+:u&\! ; __ ".1 ••. $"c';:'I.&" .~~ j. -, .t., ~h" .. ,,; ,~.,-" i .-13/11-,:## W",,(:: ; tVt XkA::?-u 'be it!? .,t,,+.-1 ,. +- jRS_ • .th., ,*. { .• - ,J ..... _2 ., EF : CXW"f- £ -,J 

Desirable Borderline High-risk CAD 
(TC <200) (TC 200-240) (TC >240) 

n=84 n=28 n=14 n=41 
Plasma LiQids 

TC 167 ± 21d 213 ± 9c 274 ± 20a 230 ± 36b 

TG 111 ± 65c 110 ± 37c 166 ± 54b 197 ± 93a 

HDL-C 55 ± 15 56 ± 13 62 ± 19 50 ± 19 

LDL-C 94 ± 20c 140 ± 14b 185 ± 27a 147 ± 35b 

AQoliQoQroteins 

Apo A-I 121 ± 49a 110 ± 39a 121 ± 54a 83 ± 27b 

Apo B 77 ± 18d 94 ± 14c 115 ± 16a 106 ± 20b 

AQoBLAQoA-I 
0.75 ±.37c 1.0 ±.52b 1.15 ±.59b 1.49 ±.69a 

£ ,~ l~' :;:[,., II: ! -: ,- -~::: '''!:; L ~ l···L Ii ~ ~, " - , ~: . ::::-

Data are presented as mean ± S.D. for (n) subjects. 

Abbreviations: TC, HDL-C and LDL-C are total, high- and low-
density lipoproteins cholesterol; TG, total triglyceride; apo, apolipoproteins. 

The asymptomatic normal subjects were divided into three groups based on their 
plasma total cholesterol values: 1) TC < 200 mgldl; 2) TC 200-240 mgldl and 3) 
TC > 240 mgldl. 

Values in the same row with different superscripts are significantly different (P< 
0.05) as analyzed by ANOV A. 



Table 8 
PLASMA LIPIDS AND APOLIPOPROTEINS IN 2S NORMAL SUBJECTS 
OVER 1WO YEARS (mg,ldl) 

Plasma Lipids 

TC 

TG 

HDL-C 

LDL-C 

Apolipoproteins 

Apo A-I 

Apo B 

MEAN + S.D. 
n=25 

170 ± 23 

84 ± 19 

63 ± 12 

94 ± 19 

128 ± 23 

72 ± 19 

Data are presented as group mean ± S.D. for 25 subjects. 

C.V.% 
n=25 

6 ± 3b 

14 ± 7a 

8 ± 4b 

8 ± 4b 

Average five blood samples were taken for each subject during the two year 
period. 

Values in the same column with different superscripts are significantly different 
(P< 0.01) as analyzed by ANOVA. 
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5.5 Correlation Between Plasma Apolipoproteins and Lipids: 

The data in Fig 16 indicate that plasma apo A-I levels were significantly 

correlated with HDL cholesterol levels in both normal subjects (r=O.57, P<O.OOl, 

n=126, Fig 16A) and CAD patients (r=0.59, P<O.OOl, n=41, Fig 16B) despite the 

observation that the mean apo A-I concentration was significantly lower in CAD 

patients than in normal subjects. A significant correlation between levels of 

plasma apoB and LDL cholesterol was also found in normal subjects (r=0.66, 

P < 0.001, n = 126) (Fig 17 A), but there was no correlation between plasma apoB 

and LDL cholesterol in CAD patients (r=0.16, P>0.05, n=41) (Fig 17B). When 

plasma apoB values were plotted against apoB-containing lipoprotein cholesterol 

levels (VLDL and LDL cholesterol), a strong correlation was found in normal 

subjects (r=O.72, P<O.OOl, n=126) while only a weak correlation was found in 

CAD patients (r=0.39, P<0.02). 
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Figure 16. Correlations Between the Plasma Levels of Apo A-1 and HDL 
Cholesterol. The significant correlations between plasma levels of apo A-1 and 
HDL cholesterol were obtained both in normal subjects (r=0.57, P<O.OOl, n= 126, 
Fig 16A) and in CAD patients (r=0.59, P<O.OOl, n=41, Fig 16B). 

The plasma apo A-1 levels were measured by a Sandwich ELISA as detailed in 
the Chapter 2, Material and Methods. 
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Figure 17. Correlations Between the Plasma Levels of Apo B and LDL 
Cholesterol. A significant correlation between plasma levels of apoB and LDL 
cholesterol was found in normal subjects (r=0.66, P<O.OOl, n=126, Fig 17A), but 
was not found in CAD patients (r=0.16, P>0.05, n=41, Fig 17B). 

The plasma apoB levels were measured by a Sandwich ELISA as detailed in the 
Chapter 2, Material and Methods. 
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5.6 Comparison of Ratios of ApoB/LDL cholesterol Obtained in Plasma and in 

Isolated LDL samples: 

For 31 individuals the ratios of apoB to LDL cholesterol in whole plasma 

samples, as well as in isolated LDL samples, were compared. The apoB level of 

plasma was measured using the ELISA procedure and the apoB content in 

isolated LDL was determined using an isopropanol precipitation procedure. A 

comparison of the ratio of apoB/LDL cholesterol obtained in whole plasma and in 

isolated LDL samples yielded a correlation coefficient of 0.869 (P<O.OOl, Fig 18). 
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Figure 18. Comparison of the Ratios of ApoB/LDL cholesterol Measured by 
ELISA in Whole Plasma and by an Isopropanol Precipitation Procedure in 
Isolated LDL Samples. The comparison was made for 31 individuals, and the 
Pearson's correlation coefficient was r=0.869, P<O.OOl. 

The plasma apoB level was measured by a Sandwich ELISA, and the apoB 
content of LDL was determined by an isopropanol precipitation method after 
LDL (d 1.019-1.063 glml) was isolated by the sequential ultracentrifugation. All 
procedures are detailed in the Chapter 2, Materials and Methods. 
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5.7 Discussion: 

Determination of plasma levels of apo A-I and apoB is becoming an 

important diagnostic test in the assessment of atherosclerosis risk. Concentrations 

of plasma apo A-I were more useful than HDL cholesterol in identifying patients 

with CAD (Maciejko et al. 1983). Franzen et al. (1986) reported that reduced 

plasma levels of apo A-I were associated with patient who had survived an acute 

myocardial infarction despite having normal HDL cholesterol levels. Moreover, 

clinical studies suggest that either total plasma apoB or LDL apoB was a better 

predictor of coronary atherosclerosis risk than cholesterol, and CAD patients have 

significantly higher apoB levels than controls in case-control studies (Albers et al. 

1989a). Cooper et al. (1988) have quoted the following guidelines for the 

interpretation of plasma apolipoprotein levels for coronary atherosclerosis risk; for 

apo A-I concentration - average risk 126 mgldl, moderate risk 103 mgldl, high risk 

80 mgldl and very high risk 57 mgldl; for apoB concentration - average risk 72 

mgldl, moderate risk 101 mgldl, high risk 130 mgldl and very high risk 159 mgldl. 

Many types of immunoassay for measurement of apo A-I and apoB involving 

the use of monoclonal and polyclonal antibodies have been reported (RIA,RID, 

etc). Since Engvall and Perl mann first described (1971) the ELISA technique, this 

method has gained considerable attention because of its advantages over other 

immunoassays. ELISA techniques do not require the use of radioisotopes as 

required in radioimmunoassay, and they use less antibody and are more sensitive 
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than radial immunodiffusion. ELISA techniques can also be automated for use in 

routine clinical laboratories and for large numbers of samples as required for large 

population studies (Ordovas et al. 1987). Major problems have occurred, 

however, in the comparison of studies because of the large variability in the 

apolipoprotein measurements due to inter-laboratory and inter-method errors 

(Cooper et al. 1988; Albers et al. 1988, 1989c). Therefore, great effort is 

required to optimize the multiple-step process with the use of suitable reference 

material as standard to achieve a reliable assay procedure. This study describes a 

sandwich ELISA procedure for measuring the concentrations of plasma apo A-I 

and apoB in humans. In the sandwich ELISA, the assay does not depend on 

identical absorption of different lipoprotein particles to polystyrene. In order to 

decrease inter-assay and intra-assay variations, the quality-control pools, with 

target values, were analyzed along with test samples in each plate. Using freshly 

frozen serum pools rather than purified apolipoproteins as standard has the 

advantage that apo A-I and apoB in reference material are immunochemically 

identical to the apo A-I and apoB in the plasma samples. The results indicate 

that the assay is sensitive and reproducible, and that the measured values for apo 

A-I and apoB levels are in good agreement with those reported by other 

investigators (Koren et al. 1985; Ordovas et al. 1987; Hogle et al. 1988). 

In the present study normal subjects were divided into three groups according 

to their plasma total cholesterol levels. The National Cholesterol Education 
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Program (NCEP, 1988) has classified coronary heart disease risk, based on plasma 

total cholesterol levels, into three categories: total cholesterol less than 200 mgldl 

as desirable, 200 to 239 mgldl as borderline-high-risk, and greater than 240 mgldl 

as high-risk. The cutpoint level defines high blood cholesterol (240 mgldl) as a 

value above which risk of CHD rises steeply. The results of the present study 

indicate that for norm~l subjects plasma apoB levels were high if their plasma 

total and LDL cholesterol levels were high, indicating that their LDL 

composition may not be different from each other and there may be only an 

increase in the number of LDL particles in the circulation for persons with high 

LDL cholesterol levels. A similar correlation between apoB and total or LDL 

cholesterol was not observed in CAD patients, indicating there may be a change in 

LDL composition. Previous studies have reported that a reduced plasma apo A-I 

level, with or without a decrease in the HDL cholesterol level, was associated with 

CAD incidence (Maciejko et a!. 1983) and acute myocardial infarction survivors 

(Franzen and Fex, 1986). In this study, the mean plasma apo A-I level was 

significantly lower in CAD patients than in normal subjects despite no significant 

difference in the level of HDL cholesterol. These data suggest that plasma apo 

A-I concentrations are a better discriminator than HDL-cholesterol alone in 

identifying patients at increased CAD risk. Another potential predictor for 

increased coronary artery disease risk is the ratio of apoB/apo A-I. De Backer et 

aI.. (1982) reported that the apoB/apo A-I ratio discriminated best between male 
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survivors of myocardial infarction and matched controls. Van Stiphout et a1. 

(1986) found that offspring of fathers with severe coronary atherosclerosis had 

higher apoB/apo A-I ratios than those of fathers free of atherosclerosis. 

Comparing CAD patients (LDL-C= 147±35 mgldl) with normal subjects who had 

the similar LDL-C levels (140±14 mgldl) indicating that the apoB/apo A-I ratio 

was significantly higher in CAD patients than in normal subjects, consistent with 

the concept that measurement of apoB/apo A-I ratios has significant clinical 

importance. 

Human apoB exists in two forms, apo B-lOO and apo B-48. ApoB-48 has 

2152 amino acid residues that are homologous with the first 2152 residues of 

apoB-100 (Powell et al. 1987; Chen et a1. 1987). Therefore, using polyclonal 

antibodies can not distinguish between apo B-lOO and apo B-48. The majority of 

apoB detected by the ELISA system described here was apo B-100 since 

chylomicrons and chylomicron remnants were virtually absent from the overnight 

fasting plasma samples used in current study. Further studies are needed to 

quantitate apo B-lOO and apo B-48 separately. Using specific monoclonal 

antibodies specific for apo B-lOO has potential usefulness (Albers et a!. 1989b), 

and other methodology remains to be established for measuring apo B-48 since 

the large amount of lipid in chylomicron is likely to mask or block some of the 

epitopes and make it difficult to measure apo B-48 accurately by immunoassay. 

In conclusion, the quantitation of plasma apo A-I and apoB in nondelipidated 
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plasma using commercially available polyc1onal antibodies provides a useful tool 

for assessment of coronary artery disease risk. Because of the multiwell-microtiter 

plate system used, the assay can be applied to the study of large numbers of 

samples. Furthermore, with proper use of quality control materials for 

apolipoprotein measurements, reliable results can be obtained for use in a long

term study in which measurements are needed to be repeated over an extended 

period of time. 
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CHAPTER 6 

Summary Discussion 

Studies indicate that disorders of LDL metabolism playa significant role in 

coronary atherosclerotic disease, independent of elevated plasma LDL cholesterol 

levels (Grundy et al. 1985). Two metabolic abnormalities reported for 

normolipidemic patients with coronary atherosclerosis are an increased catabolism 

of LDL-apoB (Kesaniemi and Grundy, 1983a) and an altered LDL composition 

(Sinderman et al. 1980). It is apparently that there is a need to investigate the 

interrelationship between these two disorders and CAD risk. 

The first study of this project was undertaken to determine if different rates 

of receptor-mediated LDL degradation existed between patients with and without 

CAD, using freshly isolated MNL as a cell model, and investigating what caused 

this difference. The results indicate that MNL isolated from CAD patients have 

significantly higher rates of receptor-mediated LDL degradation as compared to 

cells from controls. This finding is consistent with the report that 

normocholesterolemic patients with coronary heart disease have higher fractional 

catabolic rates of LDL-apoB (Kesaniemi and Grundy, 1983a). Increased LDL 

degradation by MNL may be due to an increased LDL receptor activity by CAD

MNL or possibly due to CAD-LDL being a hyperactive particle since the higher 

- -------------
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ratio of LDL apoB/cholesterol of CAD-LDL may enhance exposure of apoB on 

the surface of LDL particles. The results demonstrate that LDL isolated from 

patients with and without CAD had similar degradation rates and ability to 

compete for the LDL receptor in HL-60 cells and D3-induced HL-60 

macrophages. Based on these data it is concluded that the increased LDL 

degradation rate of CAD-MNL is due to an increased LDL receptor activity of 

CAD-MNL and not to an incre~sed CAD-LDL (ligand) interaction with the 

receptor. The altered LDL composition of LDL isolated from CAD patients does 

not affect the ligand-receptor interactions. 

LDL receptor acti~ity is determined by the number of receptors expressed on 

the cell surface membrane, which is determined by LDL receptor synthesis rates. 

LDL receptor synthesis is down-regulated by intracellular cholesterol derived from 

the catabolism of LDL. The influx of LDL cholesterol inhibits synthesis of new 

LDL receptors by suppressing transcription of the receptor gene to messenger 

RNA and the transcription is increased in cells deprived of sterols (Brown and 

Goldstein, 1986). In the current studies, each CAD-LDL particle contained 

significantly less cholesterol, specifically cholesteryl ester, than Control-LDL. 

Therefore, each cycle of the receptor-mediated endocytosis delivers less 

cholesterol to the cell, and this would in theory render CAD-LDL less able to 

down-regulate LDL receptor synthesis. Finally, continued delivery of less 

cholesterol to cells by cholesteryl ester-poor LDL could result in more LDL 
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receptor synthesis and expression on the cell membranes of CAD patients. Based 

on these findings, it is postulated that the observed higher rates of receptor

mediated LDL degradation by CAD-MNL results from a reduced ability of CAD

LDL to down-regulate LDL synthesis in vivo. 

In an attempt to understand the possible defect in the regulatory actions 

exerted by LDL from CAD patients and to test the hypothesis that cholesteryl 

ester-poor CAD-LDL has a reduced ability to regulate cellular sterol and 

lipoprotein metabolism, a study was designed to compare the abilities of CAD

LDL and Control-LDL to regulate three metabolic pathways controlling cellular 

sterol homeostasis: receptor-mediated LDL degradation; ACAT activity; and sterol 

synthesis (Brown and Goldstein, 1984, 1986). The study was carried out using HL-

60 cells, which express regulation of LDL receptor activity and sterol synthesis 

(Jouni and McNamara, 1991), as a model for in vitro studies. 

The experimental design included preincubation of HL-60 cells with either 

CAD-LDL or Control-LDL for 8 hr, followed by analysis of receptor-mediated 

LDL degradation and of cholesteryl ester and sterol synthesis rates. The results 

indicated that receptor-mediated 12SI-LDL degradation rates were significantly 

higher for cells preincubated with CAD-LDL than with Control-LDL, suggesting 

that CAD-LDL has a reduced ability to down-regulate LDL receptor expression 

compared to Control-LDL at an identical number of LDL particles, as indicated 

by the LDL apoB concentration. This can be, at least in part, explained by the 
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different amounts of cholesterol delivered to the cells over the 8 hr preincubation 

period; however, other factors responsible for this reduced regulatory capacity can 

not be ruled out. 

ACAT catalyzes the intracellular formation of cholesteryl esters from 

cholesterol and coenzyme A-activated fatty acids, predominantly oleyl-CoA. 

Studies (Hashimoto et a!. 1977; Tavani et a!. 1982) have demonstrated that 

cholesterol substrate availability is a major regulator of ACAT activity. These 

studies also suggested that short-term (hours) regulation of ACAT activity 

appeared to involve activation of existing enzyme by an increased cholesterol 

substrate pool, and was independent of enzyme synthesis. Long-term (days) 

regulation of the enzyme probably involves change in the amount of enzyme 

protein. An increased influx of cholesterol to cells, such as human skin fibroblasts 

(Brown et a!. 1975a) and hepatocytes (Drevon et a!. 1980), results in an increased 

concentration of cellular cholesteryl ester. In the present study the total 

cholesterol content of LDL was directly related to ACAT activity in HL-60 cells. 

The higher the LDL cholesterol content, the higher the rate of cholesteryl 

[
14C]0Ieate synthesis. The amount of cholesteryl r·1C]0Ieate formed by cells 

incubated with CAD-LDL was significantly lower than for cells incubated with 

Control-LDL, suggesting that the entry of LDL-derived cholesterol into the 

cellular ACAT substrate pool was lower for cells preincubated with CAD-LDL 

than cells with Control-LDL, which results in the observed decreased ACAT 
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activity. 

Unlike the findings for receptor-mediated LDL degradation and ACAT 

activity, there was no difference in the rate of sterol synthesis from C4C]acetate 

between cells preincubated with CAD-LDL versus Control-LDL. It appeared that 

CAD-LDL had a similar effect on the rate of cholesterol synthesis from 

[
14C]acetate as Control-LDL. The data support the hypothesis that LDL from 

CAD patients exerts a reduced ability to down-regulate LDL (apoB/E) receptor 

activity which could account for the observed increase in LDL degradation by 

mononuclear leukocytes from CAD patients. The data also suggest that the 

regulatory ability of LDL is related to LDL composition. Disproportion between 

LDL apoB and cholesterol may have increased atherogenic potential due to a 

reduced regulatory ability of these particles in controlling cellular lipoprotein and 

sterol metabolism. Nevertheless, future studies are needed to determine the ~ 

and Bmax in MNL isolated from patients with and without CAD to verify that the 

increased rate of LDL degradation in CAD patients is due to' an increase in LDL 

receptor number. In addition, the regulatibility and maximum expression of LDL 

receptors on MNL also needs to be examined following the upregulation of 

receptors by incubation of MNL in LPDS medium. 

Sinderman et al. (1980, 1982) have described a condition termed 

hyperapobetalipoproteinemia in which LDL-apoB levels are increased but LDL 

cholesterol concentrations are normal. Their findings also indicate that many 
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patients with hyperapobetalipoproteinemia have advanced coronary 

atherosclerosis, and their LDL particles are relatively protein enriched and 

cholesterol depleted, in particular cholesteryl ester depleted, as compared with the 

LDL from normal subjects. Disproportion between protein and cholesterol in 

LDL particle is associated with an increased turnover rate of LDL; overproduction 

of apoB and an increased fractional catabolic rate of apoB (Grundy et al. 1985). 

Overproduction of apoB, without increased clearance of LDL from blood, will 

cause hypercholesterolemia, which is one risk factor for accelerated 

atherosclerosis. But overproduction of apoB plus increased clearance of plasma 

LDL will result in increased influx of LDL to cells and tissues. This raises the 

possibility that increased influx of LDL could itself be atherogenic even in the 

absence of hypercholesterolemia because it would accelerate the deposition of 

intracellular cholesterol and overload the capacity of the reverse cholesterol 

transport system. 

Recently, studies have shown that LDL subclass patterns are genetically 

controlled (Austin and Krauss, 1986; Austin et al. 1990). Two distinct patterns 

identified by gradient gel electrophoresis analysis is confirmed based on the 

heterogeneity in the size of LDL particles. LDL subclass pattern A is 

characterized by a predominance of large, buoyant LDL particles, and LDL 

subclass pattern B is characterized by a predominance of small, dense LDL 

particles ( Austin and Krauss, 1986). The genetic locus responsible for LDL 

---------



159 

subclass phenotypes is proposed as an atherogenic lipoprotein (ALP) phenotype 

locus (Austin et al. 1990), and the molecular weight of LDL subclass seems to be 

affected by the single-locus, two-allele genetic system. The presence of a major 

gene controlling LDL subclasses may explain the clustering of cardiovascular 

disease in families. Heterogeneity within the LDL range of particle size influences 

risk of myocardial infarction. In a case-control study, LDL subclass pattern B, the 

lipoprotein profile characterized by a predominance of small, dense LDL particles, 

is associated with a significantly increased risk of myocardial infarction (Austin et 

al. 1988b). In addition, LDL subclass pattern B is strongly associated with 

increased plasma levels of triglyceride, VLDL and apoB and decreased levels of 

HDL cholesterol, HDLz and apo A-I ( Austin et al. 1990). Currently, although 

several restriction fragment length DNA polymorphism have been identified near 

the 3' end of the apoB gene (Priestly et al. 1985; Huang et al. 1986), little is 

understood about the genetic contribution to lipid and lipoprotein abnormalities. 

Therefore, future studies are needed to identify and map the proposed gene for 

LDL subclass patterns and elucidate the mechanisms responsible for the 

associated variations in lipid and apolipoprotein levels. If genetic control of 

lipoprotein and apolipoprotein levels by the proposed ALP locus is confirmed, 

dietary and drug interventions might be designed specifically for individuals who 

carry an ALP pattern B allele. This approach will allow prevention strategies to 

be effective in reducing CHD risk in these individuals, and also will allow us to 
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understand the genetic susceptibility to atherosclerosis. 

Several studies indicate that measurement of apolipoproteins such as apo A-I 

and apoB has certain advantages over the measurement of the corresponding 

cholesterol fractions in identifying individuals with increased atherosclerosis risk 

(De Backer et al. 1982; Kottke et al. 1986) and in discriminating cases from 

controls (Maciejko et al. 1983). Avogaro et al. (1978) found that total plasma 

apoB levels were elevated in CAD patients regardless of whether they were 

normocholesterolemic or hypercholesterolemic. Vergani et al. (1978) also found 

higher plasma apoB levels in subjects with atherosclerosis than those apparently 

free of the disease. Epidemiological studies have shown that atherosclerosis risk 

was inversely related to HDL cholesterol level (Brunzell et al. 1984); However, 

the plasma apo A-I concentration by itself was more useful than HDL cholesterol 

for identifying patients with CAD (Maciejko et al. 1983), and a low level of 

plasma apo A-I was found in survivors of acute myocardial infarction (Wiklund et 

al. 1982; Franzen et al. 1986) and in individuals with peripheral venous vessel 

disease (Bradby et al. 1978). 

Apolipoprotein measurements are of growing clinical interest because plasma 

levels of apo A-I or B can be used for monitoring the progress of therapeutic, 

drug or dietary, interventions and for the differential diagnosis of 

dyslipoproteinemic status (Albers, 1989). Various immunological techniques, such 

as radioimmunoassay, radial immunodiffusion, and enzyme-liked immunosorbent 

-~--------. 
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assay (ELISA), have been applied in the field of apolipoproteins. Among these 

techniques, the ELISA method has gained considerable attention because it does 

not require the use of radioisotopes as needed for radioimmunoassay, and it is 

more sensitive than radial immunodiffusion. Moreover, the ELISA can be readily 

automated for large numbers of samples, which makes it suitable for use in 

routine clinical laboratories and in large population studies. 

In the current study, a noncompetitive (sandwich) ELISA procedure was 

developed and described for measuring plasma concentrations of apo A-I and 

apoB. The results indicate that the mean plasma apo A-I level was significantly 

lower in CAD patients than in normal subjects although there was no significant 

difference in the levels of HDL cholesterol, confirming that plasma apo A-I 

concentration can serve as a better discriminator than HDL cholesterol alone in 

identifying patients with elevated CAD risk. The data also demonstrate that the 

ELISA method is suitable for long-term study of interventions in the population. 

- -------~--------------~-
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SUMMARY 

Elevated plasma total and low density lipoprotein cholesterol levels promote 

coronary and cerebrovascular atherosclerosis, causing coronary heart disease and 

strokes. Many patients with coronary artery disease (CAD), however, are found 

to be normolipidemic or normocholesterolemic, suggesting that abnormalities in 

lipoprotein metabolism, independent of elevated plasma cholesterol, may cause 

atherosclerosis. This project was undertaken to investigate the metabolic basis of 

abnormalities in lipoprotein metabolism in CAD patients. 

The objectives of the first study were: (a) to determine if different rates of 

receptor-mediated LDL degradation by mononuclear leukocytes (MNL) existed in 

patients with and without coronary artery disease, using both autologous and 

homologous LDL; and (b) to examine the effect of an altered LDL composition, 

found for LDL isolated from CAD patients, on in vitro LDL degradation rates, 

using cultured HL-60 cells and 1,25-dihydroxyvitamin D3-induced HL-60 

macrophages as model systems. 

LDL and peripheral blood MNL were isolated from patients with (n=l1) and 

without (n=l1) angiographically documented CAD. Receptor-mediated LDL 

degradation rates in MNL were determined using both autologous and 

homologous 125I-LDL. The mean rate of LDL degradation was 1.7-fold higher in 

CAD-MNL than in control-MNL (P<O.05), independent of the LDL source. The 
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increased receptor-mediated LDL degradation rate by CAD-MNL appeared to be 

due to an increased LDL receptor activity expressed by CAD-MNL and not to an 

increased CAD-LDL interaction with the receptor since LDL isolated from 

patients with and without CAD had similar in vitro degradation rates by HL-60 

cells and 1,2S-dihydroxyvitamin D3-induced HL-60 macrophages. 

An altered LDL composition, indicated by an increased apoB to cholesteryl 

ester ratio, was found for LDL isolated from CAD patients. The data also suggest 

that CAD patients have an increased plasma LDL particle number even though 

they have similar plasma LDL cholesterol levels as compared to control subjects. 

The results of the first study demonstrate that MNL isolated from CAD 

patients have significantly higher rates of receptor-mediated LDL degradation as 

compared to cells from controls, independent of the source of radiolabelled LDL; 

and that the increased apoB/cholesteryl ester ratio of LDL isolated from CAD 

patients does not alter lipoprotein-receptor interaction, as tested in HL-60 cells 

and D3-induced HL-60 macrophages. These findings suggest that the reduced 

cholesterol content of CAD-LDL may playa role in the increased expression of 

the LDL receptor in MNL. 

The objective of the second study was to test the hypothesis that cholesteryl 

ester-poor LDL isolated from CAD patients has a reduced ability to regulate 

cellular sterol and lipoprotein metabolism. Since LDL from CAD patients (CAD

LDL) contained less cholesterol per particle than LDL from controls (Control-
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LDL) , therefore, CAD-LDL would exert a reduced regulatory effect on sterol and 

lipoprotein metabolism than Control-LDL at the same level of apoB protein. 

In this series of experiments, the design involved preincubation of HL-60 

pro myelocytic leukemia cells with CAD-LDL and Control-LDL for 8 hr, then the 

abilities of CAD-LDL and Control-LDL to suppress receptor-mediated LDL 

degradation; activate acyl-CoA : cholesterol acyltransferase (ACAT); and regulate 

sterol synthesis rates were tested. 

The results indicate that receptor-mediated 12SI-LDL degradation rates were 

43% higher for cells preincubated with CAD-LDL than with Control-LDL 

(P<O.04), consistent with CAD-LDL having a reduced ability to down-regulate 

LDL (apoB/E) receptor expression. When LDL degradation rates are expressed 

as a percentage of the rate of HL-60 cells incubated in lipoprotein-free medium, 

the mean LDL degradation rate for cells preincubated with CAD-LDL was 56% 

of untreated cells, while for cells with Control-LDL the average value was 41%. 

The data indicate that the suppression of receptor-mediated LDL degradation was 

proportional to the LDL cholesterol concentration in the medium. ACAT activity 

was 42% lower in cells preincubated with CAD-LDL as compared to Control-LDL 

(P=O.002), suggesting that the entry of cholesterol into the ACAT substrate pool 

was lower in cells pre incubated with CAD-LDL. There was no significant 

difference in the rate of sterol synthesis from [14C]acetate between cells 

preincubated with CAD-LDL versus Control-LDL. 
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The data support the hypothesis that LDL from CAD patients exhibit a 

decreased ability to down-regulate LDL (apoBIE) receptor activity which could in 

part account for the previously observed increase in LDL degradation by 

mononuclear leukocytes from CAD patients. 

In the third study of the project, a noncompetitive enzyme-linked 

immunosorbent assay (ELISA) was developed to measure plasma apolipoproteins 

(apo) A-I and B using commercially available polyclonal sheep antibodies to 

human apo A-I and apoB. The working ranges of the assays were 16-1000 ng/ml 

of apo A-I, and 50-600 ng/ml of apoB. The optimal plasma dilutions were 1:5000 

for apo A-I ELISA and 1:3000 or 1:4000 for apoB ELISA. ~kaline phosphatase 

was used to conjugate the detector antibodies and p-nitrophenyl phosphate was 

utilized as substrate for color development. The absorbance was read at 410 nm 

using an ELISA reader interfaced with a microcomputer for data processing. The 

average plasma apo A-I concentration in 41 CAD patients was 83 ± 27 mgldl, and 

was significantly lower than that of 126 normal subjects (average 110 - 121 mgldl) 

despite the fact that there was no significant difference in the levels of high 

density lipoprotein (HDL) cholesterol. This suggests that the plasma apo A-I 

concentration is a better discriminat.or than the HDL cholesterol level in 

identifying patients at risk for CAD. The mean level of plasma apoB in CAD 

patients was 106 ± 20 mgldl, and for normal subjects plasma apoB levels __ were 
" 

high if their plasma total and LDL cholesterol levels were high, indicating that 
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their LDL composition may not be different from each other and there may be 

only an increase in the number of LDL particles in the circulation for persons with 

high LDL cholesterol levels. A similar correlation between apoB and total or 

LDL cholesterol was not observed in CAD patients, indicating there may be a 

change in LDL composition. The data also indicate that apoB/apo A-I ratios were 

significantly higher in CAD patients than in normal subjects. The ELISA system 

is suitable for measurement of plasma apo A-I and apoB in relatively large 

population studies. Because of the multiwell-microtiter plates used, the assay can 

be utilized in the analysis of large numbers of samples. 

In conclusion, the findings of these studies indicate that CAD patients with 

normal plasma cholesterol levels have two metabolic abnormalities: an altered 

LDL composition, resulting in particles with reduced cholesteryl ester content, and 

an increased LDL catabolism resulting in an increased influx of LDL cholesterol 

into MNL; both of which may play a role in the development of coronary heart 

disease. 
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