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ABSTRACT 

The goal of this tr.esis was to elucidate the physicochemical and 

Iœtal:x>lic bases of Hyperapobetalipoproteinemia (HyperapoB). This disorder, 

which is likely the comn:::mest m=tabolic abrormality associated with premature 

coronary artery disease, was defined as a combination of a normal, or near­

oorrnal, WL cholesterol in the face of an elevated illL apoB. 

LDL, even in normals, is heterogeneous. The experimental findings 

herein <x>nflrm this. They also exteoo this concept to irrlicate that fami lial 

hypercholesterolemia (FH) and HyperapoB each imprint LDL in different am 

characteristic ways, each an exaggeration of the typical relations between illL 

composition and size in normals. At one extreme is HyperapoB, which is 

character ized by most of the LOL particles being smaller and denser than 

norool because they contain less d"lolesteryl ester but the sarœ arrount of apoB 

as rorma.l. At the oth~r is FH, which is characterized by larger, cholesteryl 

ester-enriched particles. There is, as well, a predictable relation between 

I.DL partlcle size am the inmuroreactivity of certain apoB epitopes. 

'furrover studies of hepatic apoB using traditional analytic models 

shCMed that hepatic apoB is overproouced in HyperapoB, a fimmg which stams 

in marked contrast to the impalred catabolism of apoB in FR. A new multi­

compartmental model of LDL metabolism has been developed WhlCh appears to 

e lucida te several of the bas ic mechanisms invol ved in the pathogenes is of 

HyperapoB. AlI the data to date in:1lcate that the characteristic abrormalities 

of LDL ln HyperapoB are aIl consequences of the overproduction of hepatic 

apoB. ObvlOusly, the gool for future research ITUSt be to urrlerstarrl the basis 

for tr is overproduction. A pre liminary study w ith adipose tissue suggested 

that the overproduction of hepatic apoB might be secondary to a defect in 

peripheral tissue triglyceride biosynthesis. 
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RESUME 

Le but de cette thèse est d'éluclder le fondement chlmique, phY:.llque, 

et métabollque de l'hyperapobetalipoprotélnemie (HyperapoB). Cette anormal1té 

métabohque est pr'obab1ement la plus frequentf' chez les malades prematurés des 

artères coronalres, et elle a été déflnie comme une comblnalson d'un taux 

elevé de apoB de LDL avec un taux normal, ou presque normal, de cholestérol de 

LDL. 

La LDL est heterogène, même chez les sujets normaux. Ceci est conflrmé 

par les resultats presentés ici. De plus, on montre que le rapport normal 

entre composltlon et grandeur des partlcules LDL est modlflé de faç.on dlf-

ferente et caractérlstique dans les cas de l'hypercholestérolemie famll1é11e et 

de l'HyperapoB. Dans le cas de l'HyperapoB la plupart des particules LDL sont 

plus peti tes et plus denses que les normales parce qu'elles contlenent mOlns 

de cholestérol esterlflé malS la même q uantüé d'apoB. Dans le cas de l 'hyper-

cholestérolemle famillale, les partlcules sont plus grandes parce qu'elles 

sont enrichles en cholestérol esteriflé. Il y a aUSSl un rapport entre la 

grandeur des partlcules LDL et l'lmmunoreactivlté de certain épitopes de 

l'apoB. 

Nos études de turnover de l'apoB du fOle, en utlilsant des modèles 

analytlques tradltionnels, ont demontré que l'apoB hepatlque est surprodulte 

dans l'HyperapoB. Cette observation est en contraste avec le catabollsme 

defectueux de l'apoB qUl est caractérl.stlque de l'hypercholestérolenne 

famlliale. On a developé un nouveau modèle multicompartlmental qUl semble 

élucider plusleurs des mécanlsmes fondamentaux lmpllqués dans la pathog~nese 

de l'HyperapoB. Toutes les donnés recue~ Illes Jusqu'à date montrent que les 

anormali tés de LDL chez l 'HyperapoB sont une consequence de la surproductlon 

d'apoB. La recherche future devra se pencher sur les causes de cett~ sur-

production. Une étude préllmlnaire sur le tlSSU adipeux a suggéré que la 
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surproduction hepatique d'apoB peut être due à un défaut dans la biosynthè::.e 

de tnglycerides chez le tissu périphérique. 
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PROLOGUE 

The reader is informed that l have chosen the option of 

including manuscripts of original papers published in journals as 

part of this thesis. Chapters 2, 3, 4, 5, and 6 have their own 

Abstract, Introduction, Materials and Methods, Results, Discus-

sion, and References sections. Chapters 2, 3, and 4 have been 

published while Chapters 5 and 6 represent original work not yet 

published. 
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ABBREVIATIONS 

The abbreviations used throughout this thesis are listed 

here. In most cases they are aiso defined at their first 

appearance in each chapter. 

ACR 

ACT 

apo AI 

apo AIl 

apoB 

apoC 

apoE 

B-LDL 

BSA 

CAD 

cDNA 

CE 

CHD 

cm 

cpm 

d 

D-LDL 

Oc 

dl 

EDTA 

FC 

FCHL 

FCR 

ab solu te ca tabolic ra te 

acyl CoA:cholesterol acyltransferase 

apolipoprotein AI 

apoli poprote in AlI 

apolipoprote in B 

apollpoprote in C 

apolipoprotein E 

buoyan t LDL 

bovine serum albumin 

coronary arte ry dis ease 

complementary DNA 

cholesteryl ester 

coronary heart disease 

centimeter 

counts per minute 

day or density g/ml 

dense LDL 

cen t igree 

deciliter 

dlsodium ethylendiamine tetraacetate 

free cholesterol 

familial combined hyperlipidemia 

frac t ional ca tabol i c ra te 
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FH 

FHTg 

g 

familial hypercholesterolemia 

: fami liaI hypertr iglycer idemia 

gram 

h : hour 

HDL high densi ty li poprote in 

HMG-CoA reductase 3-hydroxy 3-methylglutaryl CoA reductase 

HSA human serum albumln 

HTg hype:rtriglyceridemic 

HyperapoB hyperapobetalipoprote inemia 

IDL intermediate density lipoprotein 

kD kilodaltons 

kg kilogram 

LCAT lecithin:cholesterol acyltransferase 

LDL low density lipoprotein 

uEq microequivalent 

min minute(s) 

ml milli li ter 

mM millimolar 

nEq nanoeq ui valen t 

NTg normotr iglycer idemic 

PBS phospha te-buffered sali ne 

PL phospholip ids 

PIS 

RBW 

rpm 

S.A. 

S.D. 

polyunsatura ted fatty ac ids/satura ted fa tty 
acids 

relative body weight 

revolu tions per minute 

specifie activity 

standard deviation of the mean 
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SDS 

sec 

S.E. 

Tg 

uCi 

ug 

ul 

VLDL 

sodium dodecyl sulfate 

second (s) 

standard error of the ~ean 

f l ota tion ra te expre ssed in Svedberg uni ts 
(10- 13 sec) corrected for concentration 
dependence and standard conditions (26 oC) 

triglyceride 

microcurie 

microgram 

microliter 

very low density lipoprotein 

x 



TABLE OF CONTENTS 

page 

Abstract. . · · · · · . . . · . · . . . • • . . . . i 

Resume. . . . . · · · · · · · · · • · · ii 

Prologue. · · · · · · · · · · · · iv 

Acknowledgements. · · · · · · · · · vi 

Abbreviations . · · · · · · · · · · · · · · viii 

Table of Contents · · · · · · · · · · · · · · xi 

List of Tables. · · · · · · . . . · · · · · xiv 

List of Figures · · · · . . . · · · · · · · · xv i 

CHAPTER 1: INTRODUCTION 

Preface. • . . • • • • . . . • • • • 
Serum Lipids, Lipoproteins, and 
Apoprote ins wi th Coronary Artery 
Disease ............... . 
Lipoprote ins and Lipoprote in Compo-

1 

2 

sition . . . . . . . . . . . . . . 13 
Lipoproteins as Lipid Transporters . . 16 
He terogene i ty of VLDL and LDL. • • • . 25 
ApoB Kinètics. . . . • . . . 36 
Apolipoprotein B (Apo3). . . • . • • . 50 
ApoB Regulation. . . • • • • • 52 
Basis of the Present Studies • 57 
References . . • • • . • • . • . • • . 60 

CHAPTER 2: COMPOSITION A~) DISTRIBUTION OF LOW DENSITY 
LIPOPROTEIN FRACTIONS IN HYPERAPOBETALIPO­
PROTEINEMIA, ~ORMOLIPIDEMIA, AND FAMILIAL 
HYPERCHOLESTEROLEMIA 

Abstract •. 
In troduc t ion 
Subjects and Methods • 
Results.. • ••••. 
DiscuSSlon 
Re fere!1ces • • 

xi 

· . . . . . · . . . . . 

89 
90 
91 
94 
99 

• 103 



CHAPTER 3: MODULATION OF APOLIPOPROTEIN B ANTIGENIC 
DETERMINANTS IN HUMAN LOW DENSITY LIPO­
PROTE IN SUBCLASSES 

Abstract • . • • • • 
In troduc t ion • • • • • 
Subjects and Methods • 
Results .• 
Discussion • 
Re ferences • • 

CHAPTER 4: METABOLIC BASIS OF HYPERAPOBETALIPOPROTEIN­
EMIA: TURNOVER OF APOLIPOPROTEIN B IN LOW 
DENSITY LIPOPROTEIN AND ITS PRECURSORS AND 
SUBFRACTIONS COMPARED WITH NORMAL AND 
FAMILIAL HYPERCHOLESTEROLEMIA 

Page 

112 
113 

• • 114 
• • 117 
• • 119 
• • 126 

• • 134 Abstract •.••..• 
Introduction ••••• 
Subjects and Methods • 
Results •• 

• • 136 
137 

• • • • 146 
Discuss ion • • • 
References • 

CHAPTER 5: PHYSIOLOGIC INSIGHTS FROM A MULTICOMPART­
MENTAL MODEL OF LDL METABOLISM 

Abstract . · · · · · · · Introduction · · · · · · 
Subjec ts and Me thods · · Construction of the Model. . · Results Derived from the New Madel · Discussion · · References · · · · · · . . . · 

CHAPTER 6: ADIPOSE TISSUE GLYCERIDE SYNTHESIS IN 
PATIENTS WITH HYPERAPOBETALIPOPROTEINEMIA 

Abstract •. 
Introduction 
Subjects and 
Results .• 
Discussion 
References • 

Methods . 

xii 

• • 152 
• • 160 

· · · 178 

· · · 179 

· · · 181 

· · · 184 

· · · 19 1 

· · · 196 

· · · 202 

· 233 
· 234 
• 235 
• 238 
• 242 
• 246 



l CHAPTER 7: SUMMARY AND DISCUSSION 

Summary. . • . • 
Discussion • 
References • 

. . . . . . . . . . . . . . .. . . . . . .. .. . 

Page 

• 256 
• 261 
• 211 

CONTRIBUTIONS TO ORIGINAL KNOWLEDGE •••.••••••••• 275 

xiii 



... 

LIST OF TABLES 

Page 

CHAPTER 2: Table 1, Plasma lipid and LDL apoB concen-
tra tions. • • . • • • • • • • • . . . . • 109 

Table 2, LDL fractions 1 and 2: Distribution 
of apoB and cholesterol to apoB 
ra t i 0 • • • • • 

Table 3, Composition of LDL in fractions 1 
and 2 in normal subjects and 
patients with either HyperapoB or 

· . • 110 

FH • • $ • • • • • • • • • • • " • • • • • 111 

CHAPTER 3: Table 1, Clinical and biochernical data of 

CHAPTER 4: 

CHAPTER 5: 

subjects studied. . . • • . 131 

Table 2, Cholesterol to apoB ratio in LDL 
subfractions. . . • . . • . • .. 132 

Table 3, Summary of mean immunoreactivities 
of LDL subfractions from normal 
subjects and HyperapoB patients 

Table 1 , Clin ical and biochemical data · · · 
Table 2, DIstribution of apoB and choles-

terol/apoB ratios in LDL sub-
frac tions . . · · · · · · · · 

Table 3, Kinetics of apoB turnover in VLDL, 
IDL, and LDL. · · · · · · · · · · · 

Table 4, Quantitation of turnover of apoB in 
buoyant and dense fractions of LDL. 

Table 1 , Clinical and biochernical data of 
the subjects. · · · · · · · · · · · 

Table 2, Distribution of apoB and choles-
terol to apoB ratios in LDL sub-
fractions . · · · · · · · 

Table 3, Production rate of LDL ap oB in 
control and patients with HyperapoB 

Table 4, Fate and transport rate of LDL apoB 
in the model sys tem · · · · · · · · 

xiv 

133 

· · · 174 

175 

· · · 176 

· · · 177 

· · · 226 

227 

· · · 228 

· · · 229 



r!l 
i 

Table 5, Fate and transport rate of LDL apoB 
in the subfractions in the model 
sys tem. • • • • 

Table 6, Direct removel of LDL apoB in the 
model system. • • • • . • • • • •. 

Table 7, Frac tional ca tabol i c ra te (FCR) of 
LDL and LDL subfractions in control 

Page 

230 

. . . 231 

and patients with HyperapoB • . • . . • • 232 

CHAPTER 6: Table 1, Clinical and biochemical data of 
controls and coronary artery dis-
ease patients w i th HyperapoB. • • • 253 

Table 2A, Adipocyte morphology of controls 
and HyperapoB patients • • • • • • 

Table 2B, Adipocyte morphology of the sub-

254 

groups of controls . • • • • • • • 254 

Table 3, nEq linoleic acid incorporation in­
to adipose tissue glycerides in 
controls and HyperapoB patients •.••• 255 

xv 

l 



LIST OF FIGURES 

Page 

CHAPTER 2: Figure 1 , Electron micrographs of LDL sub-
fractions. . . . . . . . . . . . . . . . 107 

Figure 2, Analytical ultracentrif~gation of 
Sf 0-20 lipoprote ins . . . . . . . . . . 108 

CHAPTER 3: Figure 1, Comparison of displacement curves 
obtained in competitive radio­
immunoassays with LDL subfractions 
1,2, and 3 .•••..••.•..••. 129 

Fi gu r e 2, Cor rel a t ion s b e t w e e n the L D L 
cholesterol to LDL apoB ratios of 
LDL subfractions and their immuno­
reactivity with different anti-
b od i es. • • • . •• •.• ..• 130 

CHAPTER 4: Figure 1, Specific activity of apoB in 
plasma lipoproteins of a control 
subject. • • • • •• •.• • •. 166 

Figure 2, Specific activity of apoB in 
plasma l ipoprote in s of a HyperapoB 
patient. . • • . • . . • • •. 167 

Figure 3, Specifie activity of apoB in 
plasma lipoprotein of an FH 
patient. . • • . • . . . • .. . •. 168 

Figure 4, Specific activity of apoB in plas­
ma lipoproteins of 2 F'H patients 
after injection of 125I-IDL. •.•••. 169 

Figure 5, SpecIfic activity of apoB in buoy­
ant1~rsd densf3~DL after injection 
of l or I-LDL ...•.••.•.. 170 

Figure 6, Specific activity of apoB in buoy­
ant and dense LDL in a HyperapoB 
Datient after adminis~ration of 
1~5I-buoyant LDL and 3 1 I-dense 
LDL. . • . • . . . . 

Figure 7, Specific activity of apoB in buoy­
ant and dense LDL in plasma of a 
control sybject after administrat­
ion of 12'I-buoyant LDL and 1j 1 I_ 

• • • 17 1 

dense LDL .......••....••• 172 

xvi 



l 

Fi gure 8, 

CHAPTER 5: Figure 1, 

Figure 2A, 

Figure 2B, 

Specifie activity of apoB in 
buoyant and dense LOL in an FH 
~~5ient after adminis~~~tion of 

I-buoyant LOL ani I-dense 
LDL. . • • . • • . .• •.•• 

LOL apoB turnovel' from the control 
subject DF after 125r-B-LD~ in­
jected (A and B) and after 131r_D_ 
LOL injected CC and 0) •••••• 

The observed radioactivity values 
from the control OF of LDL 
subfraction 1 after 125I-B_LDL 
inject1~ and of LOL subfraction 2 
after 11-D-LDL injected •••• 

The observed radioactivity values 
from HyperapoB patien\l~ of LDL 
subfraction 1 after I-B-LDL 
injected ppd of LOL subfraction 
2 after 1j 1-D-LOL injected ••• 

Figure 3, Schematic diagram of the compart­
ments of the new multicompartment-

Page 

• • • 173 

• • • 206 

· • • 208 

• • • 208 

al model for LDL apoB metabolism ••.• 210 

Figure 4, 

Figure 5, 

Figure 6, 

The observed radioactivity values 
of LOL subfraction 1 from Hyper­
~~9B patient AB after injection of 

l -D-LDL . . . . . . . . . . . . 

The observed radioactivity values 
of LDL subfraction 1 from Hyper­
~~9B patient EB after injection of 

l -D-LDL . . . . . . . . . . . . 

The observed radioactivity value 
of 131r_LDL subfraction 2 after 
injection of 13 11-0-LOL and 1251 _ 
~~~ subfraction 2 derived from 

1-LDL subfraction 1 after in­
jection of 125r-B-LDL in Control 
OF (6A), HyperapoB patient KB 
(6B), HyperapoB patient EB (6C), 
and HyperapoB patient AO (6D) .•• 

Fig ure 7, The s i fi U l tan e 0 u s m 0 deI g en e rat e d 
best fitted line of the Control 

• • • 212 

• • • 214 

• • • 216 

subject DF • • • • • • • • • • • • • •• 218 

xvii 



<. F i gu r e 8, The sim u l tan e 0 us m 0 deI g e n e rat e d 
best fitted line of HyperapoB 

Page 

patient KB • • • • • • • •••••••• 220 

Figure 9, The simultaneous mode l generated 
best fitted line of HyperapoB 
patient AB •.•••••..•..••• 222 

Figure 10, The simultaneous mode1 generated 
best fitted line of HyperapoB 
patient EB ..•••••...•.•.• 224 

CHAPTER 6: Figure 1, Incorporation of linoleic acid in­
to adipose tissue diglycerides and 
tr ig 1ycer ide s is exprg ssed as nEq 
linoleic acid per 10 cells. • .• 250 

Figure 2, Incorporation of palmatic acid 
into adir)ose tissue diglycerides 
and trlglycerides •.•...••••.• 251 

Figure 3A, FFA release into medium during 
the incubation. • • . • ..•.•••• 252 

F i gu r e 3B, G 1 Y c e r 0 1re 1 e a sei n tom e d i u m 
during the incubat ion • • • • • . • . . 252 

xviii 

1 



CHAPTER 1 

INTRODUCTION 

1 



PREFACE 

This introduction will examine the relation of se~u~ 

lipoproteins to the risk of coronary artery disease wlth 

part icul ar reference to Hyperapobeta li poprote inemi a (HyperapoB), 

a d isorder of hepa tic apoB metabo li sm, whi ch we fi rst descr i bed 

in 1980. The experimental work presented in this thesis wll~ 

establish the physicochemical and metabolic bases of this dis­

order. 

First, though, the relations of serum lipids, llpO­

proteins, and apoproteins to coronary artery disease wlll be 

briefly reviewed; then the physiologic l'oies of the plasma lipo­

proteins will be briefly examined. Particular attention will be 

given to LDL heterogeneity and the synthesls and catabolisrn of 

LDL since these concepts are fundarnental to the understanding and 

study of HyperapoB. This chapter concludes with a discussion of 

the regulation of hepatic apoB synthesis. 

Even at the outset, we should note that if there is ever 

to be prevention of coronary artery disease, the factors ~es­

ponsible must be recognizable well in advance and their impact on 

the arterial wall interdicted. This thesis deals with HyperapoB, 

a dlsorder that appears to be present in a considerable numbe~ of 

pa t i ents w i th prema ture coronary artery di sease. The purpOS'2 of 

this research is to move closer to the goal of preventing the 

clinical disease produced by this disorder. 
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SERUM LIPIDS, LIPOPROTEINS, AND APOPROTEINS VITH CORONARY ARTERY 
DiSEASE 

Atherosclerosis is a complex lesion within the arterial 

wall with different features ai: different times in its natural 

history. When mature, the lesion usually includes an acellular 

necrotic core, rich in cholesterol, overlaid by a thickened, 

raised intima. Within the lesion there are several cell types 

including smooth muscle cells, monocytes or macrophages, plus 

abundant collagen, elastln, glycosaminoglycans, fibrinogen, fib-

rin and lipoprotelns (1). Although much remains to be learned 

about its development, there can be r.o doubt that atherosclerosis 

is almost always the underlying cause of myocardial infarction. 

Many lines of evidence, epidemiologic, pathologie, and clinical, 

lead to the view, particularly in the case of coro~ary artery 

disease, that the serum lipoproteins play a pivotal role in both 

the initiation and development of the atherosclerotic lesion. The 

prIncipal objective of this sectlon, therefore, will be to exam-

ine the evidence relating serum lipids, lipoproteins, and apopro-

teins to the development of coronary artery disease. 

Serum cholesterol, low density lipoproteins, and.pre-, 

ma ture coronary artery d lsease: Wi ndaus (2) showed tha t cho l es-

~erol is a major component of atherosclerotic leSlons in diseaser 

arteries, and since then, in a variety of animal models (3,4) lt 

has been possible ta show that atherosclerotic lesions appear 

rapidly after the experimental lnduction of hypercholesterolemia. 

There is also a large, now classical, body of knowledge in humans 

relating levels of serum cholesterol and lipoprotein cholesterol 

to the risk of coronary artery disease (5-14). Amongst these, the 
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best known is the Framingham Study which demonstrated, at least 

in men under 50, a clear relationship between serum cholesterol 

and the risk of coronary artery disease (7). This inItial formu­

lation was however restated with the recognition that serum 

lipids were carried in different lipoproteins which themselves 

had different relation to the chdnce of disease. This advance 

became practical only after the advent of analytic and pre­

parative ultracentrifugation. The indivIdual most responsible for 

this change in thinking, Gofman (8), propcsed an atherogenic 

index based on the measurement of different lipoprotein fractions 

and he and his colleagues concluded that the Sf 0-20 lipoproteins 

were a particularly powerful predictor of risk in subjects under 

the age of 50. Thls initial observation was subsequently conflrm­

ed by Kannell and his colleagues (9) who showed, within the 

Framingham Study, a clear relationship between risk and the level 

of low density lipoprotein cholesterol. Because low density lipo­

prote in (LDL) is the maj or carr ier of cho l estero 1 in plasma, the 

metabolism of this llpoprotein became a principal foc us for the 

investigatIon of atherosclerOSIS. 

The primary importance of low density lipoprotein as a 

cause of atherosclerosis is seen most clearly in famIlial hyper­

cholesterolemia (FH). In its homozygotic form, the LDL choles­

terol level in this disorder averages about five times higher 

than the normal populatlon wIth those so affected dying of 

e i ther coronary di sease or aort i c stenos is -- the la t ter due to 

lipid infiltration withIn the aortic valve leaflets. Unfortunate­

ly, in homozygotes, death almost always occurs before the second 
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decade (10). Most important for the argument that LDL cholesterol 

levels are linked to the risk of disease has been the recent 

report of the LRC-Coronary Primary Prevention Trial (14). This 

s tudy of hyperchol es terolemic ma 1 es showed tha t reduc ing tota l 

and LDL cholesterol level with cholestyramine treatment sig­

nificantly dirninished the frequency of coronary a' tery disease 

morbidity and mortality. Thus not only has it been shown in the 

experlmental animal that hypercholesterolemia can produce athero­

sclerosls, it has now been demonstrated in a study of one large 

human population at risk that reduction of cholesterol level 

diminishes cardiovascular risk. It should also be noted that in 

humans regress 1 on of coronary a therosc l eros is documen ted angio­

graphically has been shown in a srnall group of patients by 

medical therapy (15), by ileal bypass surgery (16), and by long­

term plasma exchange (17,18). In animal models there is also 

mounting evidence that atherosclerosis can regress in the face of 

various interventions, such as diet (19,20), cholestyramine 

therapy (21), and lleal bypass surgery (22) -- all aimed at 

reducing LDL cholesterol level. 

There can be no doubt then that LDL cholesterol level is 

correlated wlth the risk of coronary disease. However, despite 

a~l thlS eVldence, one can not 19nore the fact that most patients 

with premature coronary artery disease have normal, n0t elevated, 

LDL cholesterol levels. But LDL is a complex macromolecule made 

up of several lipids, free cholesterol, cholesteryl ester, tri­

g lycer ide, phospholi p id s, and v irtua 11 y a s ing l e prote in -- apo­

lipoprotein B CapoB). LDL can differ in composition in different 

situations and this heterogeneity in makeup appears to have an 
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important relation to atherosclerosis. Thus in our study of 

patients with premature coronary artery disease, a substantial 

proportion had normal levels of LDL chole5terol but increased 

levels of LDL apoB -- a combination we called HyperapoB. Further 

data confirm that study of LDL heterogeneity is essential to an 

understand of the role of LDL in atherosclerosis (48-50). 

LDL heterogene i ty re la ted to coronary artery d isease has 

been described by several investigators. Gofman (52) shcwed that 

a 1 a l' g e r, m 0 r e b u 0 yan t L D L w i th a f lot a t ion rat e b e t we en S f 1 2 - 2 0 

was found in many patients with coronary artery disease. Rudel et 

al. (4) also showed a population of larger, cholesteryl ester 

enriched LDL particles in cholesterol-fed monkeys, while St. 

ClaIr et al. (54) demonstrated chole5teryl ester accumulation in 

cultured cells incubated with these LD T
, particles. Patsch et al. 

(53) showed LDL from patients with FH were larger a!'!d contained 

more cholesteryl est,.r's and less triglyceride than LDL isolated 

from normal subjects from the same kindred. We have shown that 

patients with coronary artery disease frequently have a choles­

tery 1 e ster-poor and re la t j, v e ly prote in-enr iched subfrac tl on of 

LDL (48). The same observation has been reported in famllial 

combined hyperlipidemia (49) -- a monogenic dlsorder often as­

sociated with premature coronary artery disease (36,37). 

HDL cholesterol and coronary artery disease: Only recent­

ly has conslderable attention been paid to high density lipo­

proteins (HDL). Before this, they were consicered relatlvely 

unimportant since only about a flfth of the plasma cholesterol 

was contained in this fraction. Certainly, the first report of 
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lowered HDL concentration and atherosclerosis -- a report which 

appeared in 1951 (23) -- stimulated little interest. By now, 

however, many epidemiological studies have demonstrated a strong 

association between lowered levels of HDL cholesterol and the 

risk of coronary artery disease (24-27). Indeed, when the 

Framingham population was reexamined, it was found that HDL 

cholesterol levels had greater predictive value than the measure-

ment., of either LDL or total serum cholesterol (25). It should be 

noted, however, that the survey was done 20 y~ars after the 

beginning of the study, the results applying therefore to an 

older population. The interest in HDL cholesterol levels certain-

Iy i~tensified after the presentation of the HDL hypothesis 

(28,29). In brief, this hypothesis states that HDL clears choles-

terol from extrahepatic tissue and is the most important factor 

in determining the efficiency of reverse cholesterol transport. 

That is to say, HDL can remove cholesterol from peripheral tis-

sues and transport it to the liver, the only tissue in the body 

w i th the capac i ty to ca tabo 1 Ize and excre te cho les tero 1. Indeed, 

there are experimental data showing that HDL may inhibit choles-

terol accumulation in arterial wall and thus possibly prevent the 

formation of atnerosclerotic lesions (28-30). In vitro studies 

have also confirmed that HDL is capable of transporting choles-

terol back ta the lj ver (31,32). Therefore, it is widely believed 

that a low HDL concentration might weIl be associated with im-

paired clearance of cholesterol from the arterial intima and HDL 

particles play an antiatherogenic role. 
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Serum triglycerides and premature coronary artery disease: 

It has long been known that patients with coronary artery dis­

ease, on average, have clearly higher levels of plasma trigly­

cel" ide than do norma l s. By the same token, howev er, there rema ins 

considerable controversy as to whether plasma triglyceride levels 

are, in fact, an independent risk factor for coronary artery 

disease (33). The controversy exists, at least in humans, because 

there have been conflicting results reported, with most epi­

demiologic studies failing to show an independent association of 

coronary artery disease risk and plasma triglycerides. Since in 

the fasting state most of the plasma triglycerides are present in 

very low density lipoproteins (VLDL), the relationship of VLDL 

with coronary artery disease was then explored. Several studles 

have indeed found a direct correlation of VLDL level with risk, 

if univariate analysis is employed, but not if multivariate 

analysis is used (9,34,35). This suggests that the correlation of 

VLDL level with risk may derive from a secondary association and 

triglycerides or VLDL themselves may not be atherogenic. For 

example, a recent report from the Framingham study showed, in 

both men and women, that triglyceride level has little impact on 

risk in people who have average or high levels of HDL and an 

increase in coronary artery disease is seen only when the HDL 

cholesterol level is below 40 mg/dl (13). However, hypertri­

glyceridemic patients with familial combined hyperlipidemia have 

shown higher risk of coronary artery disease (36,37). We have 

also dernonstrated that hypertriglyceridemia with hyperapobeta­

li poprote inemi ais often assoc ia ted w i th coronary d lsease (51). 

Beyond this, though, one should note that there are no animal 
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models of pure hypertriglyceridemia producing atherosclerosis. 

Remnant particles and premature coronary artery disease: 

In addition to the role that VLDL, LDL, and HDL play in the 

pathogenesis of atherosclerosis, one must also consider whether 

remnant lipoprotein particles are independent and important 

determinants of risk. Of course, formation of a remnant particle 

is a normal event in the metabolism of triglyceride rich lipo­

proteins. For example, chylomicrons transpol't dietary trigly­

ceride to various cells through the body. After lipolysis of the 

triglyceride in chylomicrons, remnant particles are formed which 

are enriched in cholesterol and rapidly cleared by the liver. 

Zilversmit has suggested if hepatic uptake of chylomicron rem­

nants were saturated, they might subsequently be internalized by 

arterial smooth muscle cells and by this sequence chylomicron 

remnant particles might be atherogenic (39). 

There is certainly at least one situation in humans in 

which remnant particles are known to be present in large 

quantities and to be associated with premature atherosclerosis. 

This clinical disorder has been called familial dysbetalipo­

proteinemia or type III hyperlipoprotelnemia. The particles 

present in this syndrome have been named beta-VLDL and are 

generally thought to represent exaggerated forms of the remnant 

particles normally created during the catabolism of the tri­

glyceride rich :iipoprotein (40,41). In vitro studies make it 

evident that such particles can lead to the accumulation of 

cholesteryl ester in macrophages, confirming the atherogenic 

potential of these particles (42,43). 
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Apoprotein levels and premature coronary artery disease: 

The relation of plasma apoprotein levels to coronary artery 

disease has only recently been noted, but promises to shed con­

siderable light on the risk and pathogenesis of coronary artery 

disease. In 1963, Cramer (55) suggested that patients who suffer 

a myocardial infarction had higher LDL protein levels than normal 

controls even though there was little difference in their choles­

terol levels. Later, Lees (56) pointed out that sorne patients 

with type IV hyperlipoproteinemia, whose LDL cholesterol concen­

tration is by definition normal, have elevated LDL proteln (apoB) 

levels. Avogaro et al. (57,58) measured total cholesterol, tri­

glyceride, apoB and apolipoprotein AI Capo AI) levels in controls 

and post-infarction patients and, in normolipidemic post­

infarction patients, found that the total apoB levels were higher 

and apo AI level lower in comparison with controls. Therefore, 

al tered apoprote in l eve l s, e i ther el ev a ted apoB, or decreased apo 

AI level, seem to be indicative of diseqse in normolipidemic 

patients. Since then, other studies which differ in methodology 

have examined these or similar parameters in various groups of 

patients. For example, in post-infarction patients, Vergani et 

al. (59) observed lower apo AI levels but no differe:-.:e in apoB 

levels in those with coronary disease, compared te controis. 

Fager et al. (60) observed much the same except for a l:;.;er value 

of apo l ipopro te in AIl Capo AIl), ra ther than apo AI, ::1 di sea se. 

On the other hand, DeBacker et al. (61) found highe; apoB and 

lower apo AI and HDL cholesterol levels in post-::1farction 

patien ts whe:1 compared to controls ma tched by age anc body mass. 

Onitiri et al. (62) measured the levels of VLDL apoB a:-.1 LDL apoB 
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and found both were higher in myocardial infarction survivors. 

Sniderman et al. (51) demonstrated that many post-infarction 

patients had elevated levels of plasma LDL apoB. 

Patients with angiographically-documented coronary artery 

disease have also been studied. Sniderman et al. (47) found that 

a group of these patients had normal or near normal levels of LDL 

cholesterol, but elevated plasma LDL apoB levels -- a condition 

we named hyperapobetal ipoproteinemia (HyperapoB). Simi lar find­

ings have been demonstrated by sorne workers (63-71), although 

negative findings have also been reported (72-74). Wayne et al. 

(63) measured total apoB levels in patients with angiographically 

documente rl coronary artery disease and when hypercholesterolemia 

was excluded, apoB level was the best discrirninator between 

coronary artery disease and controls. Kaldetzky et al. (64) also 

reported elevated levels of apoB and lower apo AI in coronary 

angiography patients. However, the apoB level was the best para­

rneter to separa te contro ls and coronary artery dis ease pat ien ts. 

Re i sen et al. (65) reported tha t the l eve l s of apo AI and apo AIl 

were lower and apoB were elevated in coronary disease patients 

and Fruchart et al. (66) have also reported elevated apoB levels 

in coronary artery patients. Recently, Van der Heiden et al. (67) 

found a significant relationship between the extent of coronary 

artery occlusion and the level of apoB. Kukita et al. (68) in 

thAir study of patients with coronary artery disease and their 

relatives showed that both groups have eleva~ed levels of apoB 

and serum triglycerides with lower levels of serum HDL choles­

terol and apo AI. They (69) then demonstrated that both apo AI 
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and apoB had significant discriminative power between coronary 

artery disease patients and controls which was independent of the 

serum triglyceride level. Crouse et al. (70) have reported that 

the Ievels of LDL apoB correlated better with coronary disease 

than did LDL cholesterol. They (71) then found that LDL molecular 

weight was lower in patients with coronary disease than that of 

controls, that is to say, LDL in these patients had a higher 

hydrated density. This agrees with our results from HyperapoB 

patients, who have denser and smaller LDL particles (48). Vega et 

al. (72) used a colorimetrie method to measure LDL apoB in normo­

lipidemic patients with documented ccronary artery disease. Their 

data suggest that the level of LDL apoB is not a better indicator 

of risk in normolipidemic coronary artery disease patients, but 

could be a predictor of risk in hypertriglyceridemic coronary 

artery disease patients. Schmidt et al. (73) studied angio­

graphically-defined coronary atherosclerosis patients and con­

cluded, after multivariate logistic regression analysis, that the 

ratio of HDL cholesterol to plasma cholesterol rnay be a superior 

predictor of coronary artery disease than other parameters such 

as LDL cholesterol and LDL apoB levels. Lehtonen et al. (74) 

studied 83 patients from Finland with three-vessel coronary 

artery disease and indicated that lower levels of HDL cholesterol 

and apo AI .... 'ere the best discriminator between disease and 

control g:-oups. Curiously, the apoB level of coronary artery 

disease pa~ients was actually lower on average than controls. 

Ttese controversies in reports of apoprotein levels in 

pat ien ts jo,"'::' th coronary artery disease may re la te e i ther to dif­

ference in patient populations or differences in methodology. The 
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latter probably is the main problem. Patton et al. (75) used four 

monoclonal antibodies to human plasma LDL to study apoB levels in 

patients with angiographically documented coronary artery dis-

ease. With a polyclonal antibody they confirmed that plasma apoB 

levels were significantly increased in patients with coronary 

artery disease. With the monoclone LP-22, this difference was 

even larger, wlth less overlap of apoB concentrations in patients 

with or without disease. They then concluded that perhaps mono-

clonal antibodies will be useful in identifying the various 

de terminan ts of apoB, and of fer grea ter pred ic t i ve value. 

Terminology of Hyperlipoproteinemias: The emphasis on 

1 ipoprote ins ln the pa thogenes is of coronary artery d isease led 

to a classification developed at the National Institutes of 

Health (44) and since widely applied. The hyperlipoproteinemias 

were divided into five types: 

Type l hyperlipoproteinemia - increased chylomicrons 

Type lIa hyperlipoproteinemia - increased LDL 

Type lIb hyperlipoproteinemia - increased VLDL and LDL 

Type III hyperlipoproteinemia - increased VLDL of abnormal 
composition and electro­
phoretic mobility 

Type IV hyperlipoproteinemia - ine eased VLDL 

Type V hyperlipoproteinemia - increased chylomicrons and VLDL 

It must be noted however that these phenotypes do not correspond 

to genotypes. That is to say, a phenotype can be producd by more 

than one mechanism and not aIl of these mechanisms are genetic. 

A genotypic correspondence to the phenotypic classification 
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(45,46) is shown below: 

Type l 

Type lIa 

Type lIb 

Type III 

Type IV 

Type V 

Familial lipoprotein lipase deficiency 

Familial hypercholesterolemia 
Fami lial combined hyperlipidemia 

Fami l ial comb ined hyper l ip idemia 

Familial dysbetalipoproteinemia 

Familial hypertriglyceridemia (mild form) 
Familial eombined hyperlipidemia 

Familial hypertriglyceridemia 

LIPOPROTEINS AND LIPOPROTEIN COMPOSITION 

In order to understand the physiologie role of lipo-

proteins, l will first review their composition and then diseuss 

the il" functi ons as transporters of l ip ids w i thin the body. L ipo-

prote ins are made up of apoprote ins -- apo AI, AI l, AI V, B-48, B-

100, CI, CIl, CIII, E, and (a) -- and lipids -- free and 

ester i f ied cho leste roI , phospho l ip id s, and tr ig lycende s. The se 

apoproteins, combined with lipids, form spherical particles 

which circulate within the plasma eompartments. Carbohydrates 

found in glycosphingolipids and/or glyeoproteins are present in 

small amounts but thelr physiological signifieance is not yet 

well-defined. 

The hydrophilic surface of lipoproteins is composed of 

apoproteins, free cholesterol, and phospholipids whereas the 

hydrophobie core eonsists mainly of triglycerides and cholesteryl 

es ter. Apopro te ins obv ious ly ha v e v i ta l rune t ions as de terminan ts 

of lipoprotein structure, cholesterol metabolism, and atherogene-
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sis. The surface location of apoproteins is eritical to their 

funetion, particularly with regard to modulating the eatabolism 

of lipoprotein particles. 

The density of lipoproteins in plasma is a function of 

their relative content of protein and lipid, while their electro-

phoretic mobility depends on the net charge of the apoproteins. 

The plasma lipoproteins can be divided into several general 

classes. Chylomicrons and VLDL ar'e the major triglyceride-

carrying lipoproteins. LDL, the major cholesterol-carrying lipo-

protein in plasma, is a product of VLDL metabolism while HDL are 

relatively protein-rich and lipid-poor particles which may be 

important in preventing cholesterol deposition or in promoting 

the efflux of cholesterol from the extrahepatic tissues to the 

liver, so-called reverse cholesterol transport (28). In one 

sense, HDL May be viewed as modified products of redundant sur-

face lipids and proteins generated during the process of tri-

glyeeride transport. They are first secreted as 'nascent' or 

discoidal structures from hepatic and intestinal cells (76,77) 

and afterwards modified. The origin of HDL is eertainly con-

siderably more complicated than that of the other lipoproteins. 

Finally, there is a minor lipoprotein class, Lp(a) lipoprotein 

wi th a hydra ted dens i ty of 1.050-1.12 g/ml and slow pre-beta 

electrophorectie mobility on agarose gel eleetrophoresis and 

whieh contains about 30% protein by weight (78). 

Presently, there are 14 known apoproteins; the eharacter-

isties of only the main apoprotein constitutent of plasma lipo-

proteins will be diseussed. Apo AI and Apo AIl are the major 
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1 
proteins of HDL and have been reported to enhance the enzyme 

activity of lecithin: cholesterol acyltransferase (LCAT) and 

hepatic lipase (HL), respectively (79,80). Apo AI and Apo AIl are 

also found in lymph chylomicrons, as is apo AIV which has been 

s ho w n t 0 b e a pot e n tac t i vat 0 1" 0 f L CA T .!.!! ~ .!.~!:.~ (8 1 ). A po A l V 

also exists in l ipoprotein-free fraction of plasma. ApoB is a 

structural protein of chylomicrons, VLDL, LDL, and Lr(a). Apo B-

100 accounts fol" over 95% of LDL protein mass, and approximately 

35% of VLDL prote in mass (82). Apo B-100 plays a crucial l'ole ln 

the binding of LDL to cell-surface receptors (83). Apo B-48 is 

characteristic of and a major protein component of lymph chylo­

microns and its remnant (84). Its apparent molecular weight on 

3.5% polyacrylamide gel is approximately 48% of that of apo B-100 

(82,84). The Capo 1 ipoprote ins are prote in const i tuen ts of lymph 

chylomicrons, VLDL, and HDL. Apo CI enhances the enzyme activity 

of LCAT (85); apo CIl activates lipoprotein lipase (86), while 

apo CIII has been shown to inhibit lipoprotein lipase as weIl as 

decrease chy~omicron remnant uptake (87). ApoE is a protein 

constituent of chylomicrons, VLDL, and HDL and is important in 

hepa t ic rec eptor-med ia ted up take 0 f chy lomicron remnan ts and al so 

interacts with apoB/E recep~.or (88). ApoE consists of several 

isoforms, as determined by isoelectric focusing at pH 4-6 (89). 

This genetic heterogeneity has significant metabolic conse­

quences: Apo E3 has normal binding to liver receptors, while apo 

E2 binding is defective (90). Apo Lp(a) is the major protein 

constituent of Lp(a) (78). 
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LIPOPROTEINS AS LIPID TRANSPORTERS 

The physiological role of lipoprotein is to transport 

lipids among tissues. In this section, two of these lipid trans­

port systems, the triglyceride and fatty acid transport system 

and the cholesterol transport system, will be briefly rev iewed. 

Dietary lipids represent a major portion of the total 

daily calories of humans and animals and play an important role 

in the nutritional and physiological process of the body. The 

normal dietary intake of fat of the adult in the western hemi­

sphere varies from 60 to 100 g/day. Most of this is ingested as 

triglycerides, with the remainder comprised of phospholipids and 

cholesteryl esters. In response to fat absorption in the in­

testine, the resynthesized triglycerides, phospholipids, and 

cholesteryl esters are combined with free cholesterol and small 

amounts of apo~rotein, apo B-48, apo AI and apo AIV, to form 

chylomicrons. Chylomicrons are secreted from the absorptive cells 

into the lymphatics and sub~equently enter the plasma via the 

thorac ic duc t. Therefore, both d ietary tr ig lycer i de and cha le s­

terol are transported by this system. 

!ri~ll~~ride and fatty acid !ransEort system: The tri­

glyceride and fatty acid transport system delivers energy as 

required by the body. These appear in the blood in two forms: 

triglyceride as carried by lipoproteins particles, and free fatty 

acids (FFA) which under physiological conditions are carried by 

albumine 

Triglyceride: The two major carriers of triglyceride are 

chylomicrons and VLDL. The actual size of chylomicron is largely 
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determined by the transport ra te of the tr ig l ycer ide through the 

intestinal cells (91). There is conflicting evidence as to 

whether two classe s of tr ig lycer ide-r ich li pop rote in are pre sen t 

in mesenteric lymphe During fasting VLDL-size triglycerlde 

particles are in the lymphe However, the~r apoproteins are quite 

different from plasma VLDL and reserubl~ instead lymph chylo­

microns; these particles are thus usually regarded as small 

chylomicrons (92). During higher ra tes of l ipid absorption, 

particle size increases to accomodate the increased lipid flux 

across the intestinal mucosa, and large chylomicrons become the 

predominant part5 I..! les in the lymph (92). 

Active synthesis of intestinal apoprotein is necessary 

for normal chylomicron formation. Studies (93,94) suggest that 

apo AIV and apoB are the two principal apcproteins that are 

structurally required for the formation of chylomicrons. Upon 

entering plasma, chylomicrons acquire apoE (92,95,96) and apoC 

(97) from the HDL particles. Apo CIl activates the lipoprotein 

lipase (LPL), the core triglyceride is then hydrolyzed, and this 

results in the formation of partial glycerides, di- or mono­

glycerldes, :atty acids, and glycerol. These products can be 

taken up by the tissues (98) and in adipose tissue they can be 

~eesterified to triglyceride for storage. From adipose tissue 

free fatty acids may be released back to the blood where they 

bind with albumin and subsequently are taken up by the liver or 

other tissues (99). Afte r hydrolys is, the compos it ions of chy 10-

microns are marked ly al tered both as to l ipids and av-'prote ins. 

Sorne of the surface phospholipids, together with most of the 

apoproteins C, AI, and AIV, are transferred to HDL. The remnant 
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particles are then removed by the liver through apoE receptors 

(95,100). The half-life of chylomicrons is five minutes in humans 

(101,102) and of chylomicron remnant, about 30 minutes (103). 

Thus the function of chylomicrons is to move triglycerides from 

the intestine either to adipose tissue where energy can be stored 

or to supply fatty acids to other tissues such as muscle, where 

fatty acids can be used immediately by the cells. 

The second major source of plasma trig1yceride is VLDL 

which is synthesized endogenously -- that is, not arising 

directly from dietary triglyceride. Many tissues are able to 

est e r i f Y fat 'l, Y a cid s t 0 for m tri g 1 Y cel'" ide, but 0 n 1 y the 1 ive r 

secretes them in the form of VLDL into the blood in significant 

amounts. The fatty acids esterified in the liver come from two 

sources: first, fatty acids can be synthesized de g.9..Y.9. from 

acetyl-CoA, which is derived mainly from lactate, alanine or 

glucose; second, fatty acids can be taken up into the hepatocytes 

extrcellu1arly, either from the hydrolysis of chy1omicron trigly­

ceride or as fatty acids from hydrolysis of adipose tissue tri­

g 1ycer ide. V LDL are then defined as the part i c les which transport 

tr ig1ycer ide from the 1 i v el'" to per iphera1 tissues. Th i s pa th way 

thus maintains lipid homeostasis in the livel~. Compared to the 

flux in chylomicron formation and secretion associated with ab­

sorption of dietary fat, the hepatic VLDL formation rate is 

re lati ve1y cons~ô.nt, prov iding a reasonably continuous source of 

tr ig 1ycer ide for plasma. Howe v el"', hepat ic tr ig lyer ide synthes is 

and secretion of VLDL by the liver is affected by genetic, diet­

ary, and hormonal factors. It is of considerable interest to 
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determine whether they aff~ct the number of VLDL particles sec-

reted, or the size and lipid content of thesc secreted particles. 

At present, it is believed that nascent VLDL pal'ticles, regard­

less of si ze, con ta in a constant mass of apoB-100 (149). Nascent 

VLDL contains less apoC and relatively more phospholipids than 

plasma VLDL, which acquires apoC and free cholesterol froro HDL 

after secretion (105). It has been shown in vitro that the sur-

face components of VLDL, apoC, free cholesterol, and phospho-

lipids, are rem~ved from the lipo~rotein concommitantly with the 

hydrolysis of triglycerideG (106). The acceptor of the surfact. 

components is HDL (106-108), although Eisenberg and Olivecrona 

(109) suggest that this process could be independent of the 

presence of an acceptor lipoprotein and may take the forro of a 

surface fragment particle. 

In humans, mor3 than 50% of the VLDL will be converted to 

LDL (40,231), whereas in rats and guinea pigs only 5 and 15%, 

respectively, are so converted, the remainder being rapidly taken 

up and catabol ized by Ilepatocytes (111). It has been sugge.'3t~d 

that the uptake of remnant particles into the liver is greatly 

facilitated by apoE, and inhibited by apoC (112). Although the 

remnant uptake concept has been applied to the metabolism of VLDL 

and chylomicrons, the receptor that mediates hepatic uptake lS 

thought to be different. In Watanabe heritable hyperlipidemic 

(WHHL) rabbi ts, which lack hepatic LDL receptors, VLDL remnant-

like particles accumulate in the blood, whereas chylomicron rem-

nants do not (113). Therefore, these two triglyceride transport 

lipoprotein particles have the same function, yet their catabolic 

fa tes may be d ifferent. 
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Fatty acids: Most of the long-chain fatty acids present 

in plasma are contained in glycerides, phospholipids, and choles-

teryl ester~ and are transported via lipoproteins. In addition, a 

small amount of plasma fatty acid exists in unesterified or free 

forme Under physiological conditions, they are bound by albumine 

Two sources of plasma free fatty acids are known; one is from 

lipolysis of chylomicrons and VLDL, the other, by far the main 

source of plasma free fatty acids, is triglyceride stored in the 

ad i pose tissue. An enzyme, hormone-sens i t i '!e li pa se (116) hydro-

lyzes triglyceride into free fatty acids, the mobilization of 

which from the adipocytes is regulated by dietary, hormonal, and 

nervous stimuli (114). Free fatty acids that are taken up by 

cells can be used for esterification or for tissue oxidation to 

genera te energy. 

Free fatty acids are of great importance in supplying 

energy to tissues, because of their rapid turnover rate. Indeed, 

the half-life of plasma free fatty acids in humans is only one to 

two minutes (115). Studies in normolipldemic subjects (99,117) 

showed that the output of triglyceride in VLDL was dependent upon 

the uptake of free fatty acids in the splanchnic region. Howard 

et al. (118) further demonstrated ln an obese population with low 

plasma lipids that VLDL triglyceride synthesis was not sig-

nificantly related to fasting free fatty acids levels, but was 

significantly correlated with postprandial free fatty acids. 

Havel et al. (99) pointed out that the uptake of free fatty aciàs 

in the splanchnic region in a hyperlipidemic group is greater 

than in a normolipidemic group. In aIl cases, studies have sug-

20 



gested that increased tran~;Jort rate of free fatty acids to the 

liver can increase VLDL production (99,117-121). 

Therefore, recycling of fatty acids is present. That is, 

a series of fatty acid-carrying particles exists -- chylomlcrons, 

albumin, and VLDL -- which can transport fatty acids from the 

intestine or liver to tissues such as cardiac or skeletal muscle, 

where they are used, or to adipose tissue where they are stored 

and from which they can be hydrolyzed to be used again. There is 

thus a ~ontinuous flow or shuttle of fatty acids within the 

circulation. 

Cholesterol transport system: Cholesterol is present in 

the diet; if necessary, however, quantities sufficient for normal 

requirements can be synthesized in the Jiver, intestine, and 

other tissues. Chol es terol is an essen t ial s truc tura l componen t 

of cell membranes, and also the precursor of steroid hormones and 

bile acids. Plasma lipoproteins play an important role in the 

transport of chol estero l between site s of absorption, syn thes is, 

catabolism, and excretion. 

As described above, dietary cholesterol is transported by 

chylomicrons. After chylomicron are hydrolyzed by l ipoproteln 

lipase in the capillary bed, part of the surface components, 

primarily apoC, 

ferred to HDL 

phospholipids, and free cholesterol, are tr'ans­

(93,95,122). The remnant pal'ticle retains its 

cholesteryl ester, apoB and apoE to be catabolized in the liver 

(87,88). It has been suggested that dul'ing the hydrolysis of 

chy lomicl'ons in capi 11 al' i es of ad ipose tissues, cho l es tero l can 

cross the capillary wall by lateral diffusion and contl'ibute to 
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membrane proliferation of fat cells during storage of trigly­

cerides (124). Cholesteryl ester, in contrast, is not taken up by 

extrahepatic tissues. This pathway of chylomicron metabolism is 

quite efficient. Thus, the plasma level of cholesterol rises very 

little, if at aIl, after a single high cholesterol meal. On the 

contrary, in patients with familial dysbetalipoproteinemia 

(41,123), the remnant particles remain in plasma and become 

further enriched in cholesteryl ester and these particles can be 

taken up by macrophages (38,43,272), perhaps causing accumulation 

of cholesterol in the rtrterial wall. 

The li ver, which rapidly takes up dietary cholesterol in 

the form of chylomicron remnants, disposes of some of the sterol 

in the bile, either as unesterified cholesterol or as bile acids. 

Much of the cholesterol and bile acid secreted by the liver is 

reabsorbed in the intestine and again delivered to the liver for 

secretion, thus forming an enterohepatic circulation (125). 

Therapy to lower the plasma cholesterol level by interruption of 

this enterohepatic circulation of bile acids has been achieved by 

drugs (126) and surgery (127), so that during each cycle a port­

ion of' the cholesterol and bile acid is lost in the feces. With 

the typical high-cholesterol western diet, about 1100 mg of 

sterol is lost from the body each day. In the steady state, about 

850 mg of this sterol is derived from endogenously synthesized 

cholesterol and approximately 250 mg from dietary cholesterol 

(128,173). 

When VLDL is secreted from the li ver, cholesterol will be 

delivered to extrahepatic tissue. However, since the composition 

of nascent VLDL is unknown, the amount of cholesterol that leaves 
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the liver by this route is also unknown. The liver probably uses 

dietary cholesterol as the source for this lipoprotein synthesis 

when it is available; otherwise, the liver synthesizes its own 

cholesterol by increasing the activity of 3-hydroxy-3-methylglu­

taryl-CoA (HMG-CoA) reductase (129). In rats (130), the activity 

of liver microsomal enzyme acyl CoA:cholesterol acyltranferase 

(ACAT) activity is high and nascent VLDL contains cholesteryl 

ester, whereas in humans, ACAT activity in the liver is low 

(130). Therefore, in humans, it has been suggested that most of 

the cholesteryl ester in VLDL is synthesized within the plasma 

through the action of LCAT (131), or cholesteryl esters are 

tranferred from HDL by the plasma cholesteryl ester exchange 

protein (132,133) and/or, as we have suggested, via an exchange 

mechanism of triglyceride and cholesteryl ester between nascent 

VLDL and LDL in the splanchnic bed (134). In the vascular space, 

VLDL particles are hydrolyzed in capillaries via the action of 

lipoprotein lipase. As the size of the VLDL particles diminishes, 

the particles are converted to intermediate density lipoprotein 

(IDL) and then LDL. Kinetic apoB studies have shown that in 

normal subjects, 70 to 50% of VLDL is converted to LDL (40,231). 

Studies with flbroblasts have shown that VLDL from hypertri­

glyceridemic patients, but not normolipemic VLDL, are capable of 

in terac ting w ith the apoB/E receptor and re gu la ti ng cho l es te ro l 

synthesis (135,136). However, a study with the HepG2 cell line 

indicated that VLDL can be removed by a receptor which is 

mediated indepenàently of the LDL apoB/E receptor and that there 

is no substantial regulation of cholesterol metabolism (137). 
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In normal subjects, the cholesterol in LDL constitutes 

about two-thirds of the total plasma cholesterol. The LDL 

particles are removed from the plasma with a fractional catabolic 

rate of about .45 of the plasma pool per day (138). LDL can then 

transport cholesterol to extrahepatic cells where, via apoB/E 

high affinity receptor-mediated endocytosis, the cholesterol can 

be used for cellular reactions (83). This uptake mechanism also 

regulates intracellular cholesterol metabolism by turning off the 

ac ti vi ty of HMG-CoA reduc tase and dec reas ing the synthet ic ra te 

of apoB/E receptors (83). LDL can also be degraded by macrophages 

of the reticuloendothelial system. The exact uptake mechanism is 

still unclear, except that the macrophage has a receptor for 

modified LDL (139). Macrophages can store and excrete choles­

terol, and in FH homozygotes who lack the apoB/E receptor, mu ch 

of the LDL might be cleared through this system. When macrophages 

are overloaded with cholesteryl esters, they are converted into 

"foam cel1s" whic!1 may be components of atherosclerotic plaques 

(140). Finally, most of the LDL is catabolized by the liver 

(141,142) and therefore cholesterol is transported back to the 

liver. The hepatic LDL recognition in humans is probably quitp. 

complex since there appears to be a recognition site in addition 

to the apo BI E rec ep tor wh ich is probab ly regu la ted d ifferent ly 

from the classic apo BlE receptor (143-145). 

In steady state, tissues excrete cholesterol into the 

plasma in amoun ts eq ual to tha t taken up from LDL. Such excre t ion 

results from cel1 death, as weIl as membrane turnover in living 

ce11s. Free cholesterol leaving the cell is believed to be ab-
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LCAT, after which the cholesteryl esters are tranferred to VLDL 

and LDL; alternatively, HDL is taken up by the liver (148). This 

is the reverse cholesterol transport system. Therefore, the body 

cells acquire cholesterol from the catabolism of lipoproteins and 

then return the cholesterol to other lipoprotein particles. 

studies with animals have demonstrated that the cholesteryl ester 

in HDL is preferentially taken up by the liver and adrenals, 

probab ly through a spec if ic, sa turab le receptor (32, 148). There-

fore, an amount of cholesterol equal to that which leaves the 

liver in the form of lipoproteins must return to the liver each 

day. The cholesterol in plasma is continually turning over owing 

to entry of cholesterol into the circulation in association with 

plasma lipoproteins, the removal of cholesterol by intracellular 

degradation of lipoproteins, and possibly by a shuttle system in 

which lipoproteins release part of their cholesterol load to the 

liver and then return it to the circulation. In addition to the 

net flux of cholesterol through the plasma, there is a flux of 

free and esterified cholesterol between the different lipo-

prote ins w i th a net transforma t i on of free in to ester if ied 

cholesterol. Turnover within the plasma involves simple molecule-

for-molecule exchange, together with bul;.c transport involving 

carrier proteins which solubilize esterified cholesterol. 

HETEROGENEITY OF VLDL AND LDL 

VLDL: VLDL of human serum are highly polydisperse with 

respect to particle diameter, hydrated density, and flotation 

rate. Their size is dependent on triglyceride synthesis by the 
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are removed rapidly from the blood, and only a small fraction are 

converted to IDL and eventually to LOL. By contrast, most 

particles containing VLOL B only are converted to LDL, rather 

than removed directly. They hypothesized that the presence of 

apoE is a major determinant of the metabolic fate of VLOL 

partiales. This is a very intriguing hypothesis and may be sup­

ported by in 'yitro studies by Gianturco et al. (136) and Krul et 

al. (159), who pointed out that apoE is the preferred recognitlon 

site for cellular binding of large VLDL particles, characteristic 

of hypertr j glycer idemia. 

LDL: Despite evidence to the contrary (160-169), LOL has 

usually been considered as a homogeneous entity, both clinically 

and experimentally. Adams and Schumaker (160), using a buoyant 

density gradient, showed that the LOL is made up of two or three 

discrete components. Hammond and Fisher (162) showed four com­

ponents in the LDL by density gradient ultracentrifugation. Their 

compositional studies indicated an increasing lipid content with 

increasing molecular size. Fisher et al. (162,169) then used 

analytical ultracentrifugation to show that, among individuals, 

LDL can be either monodisperse or polydisperse; 3ubjects with 

hypertr i g lycer idemi a genera 11 y had po 1 yd isperse LDL. Krauss and 

Burke (168) then examined LOL heterogeneity by gradient gel 

electrophoresis, a technique which separates particles by dia­

meter, in a polyacrylamide matrix of decreasing pore size. They 

demonstrated heterogeneity of LDL in plasma and in lsolated LDL 

fractions. Shen et al. (166) also used density-gradient ultra­

centrifugation to show marked diversity of LDL in normolipidemic 
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subjects, both in terms of size and composition, the larger 

particles being enriched in cholesteryl ester, compared to the 

smaller protein-enriched particles. They then suggested that 

these particles may have different metabolic pathways and that 

the most buoyant LDL fraction, as weIl as a smaller and denser 

LDL subfraction, may be more prevalent in some patients with 

coronary artery disease (49,166,168). We (48) have used equi­

librium density gradient ultracentrifugation and found that 

patient with hyperapobetalipoproteinemia have a cholesteryl 

ester-pool" and relatively protein-enriched LDL subfraction. This 

subfraction is smaller in size and has a higher average hydrated 

density. These findings tend ta be even more marked in hyper­

triglyceridemia (48). We (48) and others (170-172) have also 

studied LDL composition and heterogeneity in patients with 

familial hypercholesterolemia. Patsch at al. (172) showed that 

LDL in patients wi th fami liaI hypercholesterolemia were larger 

and contained more cholesteryl ester and less triglycerides than 

the LDL of normal individuals. We (48) also have shown that 

patients with familial hypercholesterolemia are characterized by 

a subfraction of LDL which is physically larger, containing 

relatively more cholesteryl ester and free cholesterol and less 

pro te in. AlI these f ind ings of LDL he terogene i ty in compos i t i on 

and density are compatible with the spherical model for LDL, in 

which particle size decreases if the contents of core and surface 

lipids decrease, while the particl8 becomes denser due to 

relative protein enrichment. On the other hand, when the content 

of the core and surface lipids increase, the particle en larges 

and becomes more buoyant. In cholesterol-fed monkeys, large 
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cholesteryl ester-enriched LDL particles are found in plasma, the 

size of which correlates positively with the severity of coronary 

artery atherosclerosis (4,20). 

Changes in LDL composition in humans was clearly 

demonstrated in 1970 by Lees (56). He showed variations in the 

LDL cholesterol to prote in ratios among normal, type 15 type II, 

type IV, and type V hyperlipidemia and indicated that in many 

type IV patients, plasma and LDL cholsterol were normal, whereas 

the LDL protein was higher, therefore producing a lower LDL 

cholesterol to protein ratio than in normal subjects. Metabolic 

perturbation caused by drugs, diet, and weight-reduction could 

also alter the composition of lipoprotein. Wilson and Lees (174) 

documented changes in LDL cholesterol to prote in ratios among 

three group s of pat i ents who underwen t we igh t reduc tion, carbo­

hydrate induction, or clofibrate treatment. The changes in LDL 

composition in terms of cholesterol to protein ratio were in­

versely related to VLDL cholesterol levels. Witzum et al. (175) 

and others (176-178) have also observed profound changes in VLDL 

metabolism in subjects undergoing colestipol therapy. Within a 

few days of the onset of therapy, there appeared to be an in­

creasing amount of larger VLDL particles, which were triglyceride 

enriched, together with a fall in LDL cholesterol level. This 

rise in VLDL levels, however, was transient and was followed 

later by a decrease in both VLDL and LDL cholesterol to protein 

ratios (175), which suggests a change in density and/or in size 

distribution of the apoB-containing lipoprotein. The metabolic 

consequence of these pertubations and the physicochemical base 
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for these observation has been elucidated by Sniderman et al., in 

vivo (134) and others, in 'yitro (180-182). 

Diet effects on lipoprotein composition in humans appear 

to vary. A diet rich in polyunsaturated fat decreases plasma 

cholesterol and triglyceride levels, but the effects on lipo-

protein composition are controversial. Sorne groups have noted a 

decrease in the LDL cholesterol to proteln ratio (183,184), while 

others have not (185-187). The reason for this disagreement is 

unclear, but may be a function of the patient populations chosen 

for the studies. In non-human primates, the effect of dietary 

polyunsaturated and saturated fat on the development of athero-

sc l eros is was measured after fi ve years; the sever i ty of a thero-

sclerosis in the coronary arteries was significantly less in the 

polyunsaturated fat-fed animaIs, in whom LDL concentration and 

size had decreased (50). 

Mechanisms of LDL heterogeneity: In normal human plasma, 

net transport of cholesterol from cells, cholesterol esterifi-

cation by LCAT reactions, and the ability to ex change cholesteryl 

es ter w ith tr igl ycer ie e among 1 ipoprote ins, in f 1 uence the compo-

sition of plasma lipoproteins. The polar lipids in lipoproteins, 

free cholesterol, and phophol ipids turnover at a very fast rate. 

It has been shown, both in humans and in rats, that lipolysis of 

triglyc8ride-rich lipoprotein is apparently the major source of 

HDL phospholipids (100,188). Once phospholipid molecules are in 

HDL, they are either metabolized or exchanged with the same 

molecules in other lipoproteins or cell membranes. The dynamics 

of free cholesterol are similar to those of phospholipids. Free 

30 



cholesterol is consumed by the LCAT reaction and may be used by 

cells (189). The mechanism of this exchange process i3 likely to 

be via transient contact between two lipoprotein particles, or 

between a lipoprotein particle and a cell surface, during whieh 

exchange of polar 1 i p id s oceurs by la tera l diffus ion (190). The 

core l"ipids, eholesteryl ester, and triglyceride, can either be 

exchanged or transferred from one lipoprotein to another. All 

these proces~es are facilitated via lipid transfer proteins. The 

original idea ~hat cholesteryl esters of plasma are not exchange­

able was based on the observation that isolated rat lipoproteins 

do not exchange their cholesteryl esters l!! ~!.!:..!:.~ (191). But we 

now know that rat plasma has no ex change protein (192) and that 

this is also true in the guinea pig (193) and pig (194). In 

humans and rabbits (193), however, cholesteryl ester and tri­

glyceride exchange and transfer among lipoproteins does oceur. 

Nicols and Smith (195) were the first to show that during 

37 0 C incubation of human plasma, cholesteryl ester is transfered 

from HDL to LDL, in exchange for triglyceride. These observations 

suggested the presence of a carrier complex in whole plasma, by 

which esterified cholesterol is transferred from one lipoprotein 

fraction to another. Zilversmit et al. (196) then described a 

protein in d > 1.25 g/ml fraction of the cholesterol-fed rabbit 

plasma that facilitates the exchange of cholesteryl ester between 

VLDL and LDL. We (182) and others (197) then reported cholesteryl 

ester ex change between HDL and LDL mediated by a protein factor 

in the d > 1.25 g/ml fractions of human plasma. Chajek and 

Fielding (198) then reported an equimolar ex change of cholesteryl 

ester and triglyceride from HDL to VLDL and LDL but the transfer 
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activity was confined to the denser than 1.063 g/ml fraction. 

Barter et al. (199) then reported mass transfer, in humans, of 

esterified cholesterol from LDL to VLDL and a net mass transfer 

of triglyceride in the reverse direction from VLDL to LDL. This 

report also provided gaod evidence in support of the hypothesis 

that, !~ ~!~o, the pools of esterified cholesterol in LDL and 

VLDL are not in equilibrium. Hopkins and Barter (133) suggested 

the cholesteryl ester and triglyceride mass transfer may be an 

independent process -- that is, the transfer is carried out by 

different proteins. Incubation experiments with either rabbit or 

human VLDL and HDL particles have shown that the thiol-blocking 

agent, p-chIoromercurphyenyl sulfonate, markedly reduced the rate 

of triglyceride transfer, while having little or no effect on the 

ra te of trans fer of cho l es tery l es ter (133). Howev er, Morton and 

Zilversmit (200) further purified the protein factor and con­

cluded that it is the same plasma protein with molecular weight 

of 58,300 to 66,400 daltons. This protein is now designated as 

lipid transfer protein and is charaeterized as a hydrophobie 

glycoprotein with an isoelectric point of 5.2 (197). The 

existence of transfer proteins that mediate bidireetional trans­

fers of esterified cholesterol and triglyceride between plasma 

lipoprotein fractions provide the potential for an equilibriurn of 

eaeh among aIl lipoproteins. In ~!~~, in humans, Nestel (132) 

demonstrated that labelled esterified cholesterol transfers 

rapidly from HDL to LDL, thus creating a potential pathway for 

the disposaI of HDL cholesterol. We (134) showed that, in humans, 

the cholesteryl ester in LDL is decreased, triglyceride is in-
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creased, and VLDL cho lestero l is inc reased rec iproca Il y ac ross 

the splanchnic bed. Therefore, at least in humans, t.he choles-

teryl ester ex change process and the cholestery 1 ester and tr i-

glyceride transfer process among lipoproteins are active and the 

most probable site at which they are most active is the 

splanchnic bed. 

Apart from the quest ion about the phy s io log ica l ro.i. e of 

the cholesteryl ester and triglyceride ex change system, une may 

ask how a relatively large protein can interact with lipo-

proteins, so as to transfer lipids among them. According to 

current concepts, the nonpolar lipids are present in the hydro-

phobic cores of the lipoproteins. The exchange reaction raises 

the possibili ty that the exchange proteirl can penetrate into this 

core or that at least sorne of these nonpolar lipids are present 

close to the lipoprotein surface. A composite model of the ar-

rangement of lipid and protein in porcine LDL seems to support 

the latter (201). 

We have suggested that cholesteryl ester-triglyceride 

exchange is the basic mechanism which is responsible for the 

generation of smaller, cholesteryl ester-paor LDL particles. This 

mechanism has been demo:1strated by Deckelbaum et al. (181), ln 

vitro. Even though this -,.;orking hypothesis for the mechanism of 

formation of small LDL seems reasQnable, it is not certain that 

small LDL particles, per se, are atherogenic. However, the fact-

ors associated with the formatIon of small LDL, such as over-

production of VLDL apoB, may be responsible for the predisposit-

ion of sorne invididuals to premature atherosclerosis. In humans 

with elevated VLDL production, the cholesteryl ester for trigly-
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ceride ex change process would be enhanced and smaller LDL would 

resul t. In addi tion, i t is certainly possible that the increased 

transport rate of small LDL to the arterial wall might promote 

atherosclerosis. 

In contra st with the small LDL in HyperapoB, patients with 

familial hypercholesterolemia have large cholesteryl ester­

enriched LDL particles. These patients have normal production of 

VLDL particles but oversynthesize LDL and, most strikingly, have 

markedly decreased LDL catabolism (202,234). These patients must 

have abnormal exchange/transfer proeesses of chol esteryl ester 

and tr ig lycer ide; the prolonged residenee t ime of LDL part ie les 

might result in the accumulation of cholesteryl ester in LDL 

particles. This oversynthesis of LDL might be caused by delayed 

clearance of IDL particles resulting in the accumulation of 

cho 1 estery l ester-enr i ched LDL part ic les (203,204,220). Cho les­

terol-fed monkeys have large cholesteryl ester-enriched LDL 

particles (4), yet the apoB-containing lipoproteins secreted by 

the Ilver in monkeys are actually trlglyceride-rich ~ipoproteins 

with in the LDL dens ity range (205). Th is sugge s ts tha t the li po­

lytic process might be slow and that abnormal LDL par~icles might 

accumulate more cholesteryl ester for exchange of triglyceride. 

In both cases, the increased concentration and residence time of 

LDL may result in enhanced deposition of these particles in the 

arter ial wa Il. 

f~Q~~g~~nc~~o~hQ~~~!~~~~ne!!1: The changes in LDL 

composition cause the heterogeneity in LDL. This, in turn, might 

influence LDL apoB conformation and possibly influence the patho-
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genesis of coronary atherosclerosis. Using a spherical model for 

the LDL particle, the spatial relationship of the phospholipids 

and free cholesterol to apoB antigenic determinants must change 

as the lipid to protein ratio changes. Studies with polyclonal 

and monoclonal antibodies (156,157) demonstrated that, after 

l ipolysis, VLDL particles gradually decrease in size and VLDL 

immunuoreacti vit y increases. Delipida tion of apoB resul ts in 1055 

of reactivity to epitopes exposed on intact LDL (206). However, 

binding reactivity of the monoclonal antibodies to the epitopes 

can be restored by association of apoB wi th l ipid structure 

having a cholesteryl ester hydrophobie core, but not with 

choles terol- phospho l ipid liposomes, sugges ti ng tha t the cho 1 es­

tervl ester core influences the conformation of apoB (206). 

Temperature changes should result in modification of lipoprotein 

conformation and fluidityj a study by Hao et al. (207) did show 

that LDL immunoreactivity varied as a function of temperature. 

Circular dichroism studies have also sugge::lted a temperature­

induced change in apoB conformationj however, it is not clear 

whether the change was related to core cholesteryl ester transit­

ions, or sur face l ip id rearrangemen t (208-210). Furthermore, the 

heterogeneity of LDL particles might influence the interaction of 

LDL with cells or with the arterial matrix. Proteoglycans, the 

structural matrix of the arterial wall, have been extracted from 

arteries and tested for binding reactivity witn LDL from dlf­

ferent human subjects (211). The more-reactive LDL were enriched 

in cholesterol and were relatively depleted of triglycerides and 

proteine These data might support the observations of enhanced 
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binding of large, cholesteryl ester-enriched LDL particles, ob­

tained from f'H patients (211) or monkeys fed with a cholesterol­

rich diet (54) with arterial smooth muscle cells. By contrast, in 

HyperapoB, small LDL particles, because of their size, might have 

an increased transport rate into the arterial wall and as a 

consequence of this, atherogenesis be accelerated. 

APOB KINETICS 

LDL formation is a dynamic process that occurs intra­

vascularly and involves remodeling and delipidation of precursor 

VLDL and IDL. In this lipolytic cascade, apoB-l00 is retained 

w i thin the l ipoprote in part ic les. Therefore, study ing apoB kine­

tics gives us an understanding of VLDL, IDL, and LDL metabolism. 

In normal humans, an average of 50% of the VLDL is converted to 

IDL then to LDL, most of the rest is catabolized irreversibly 

except for a small amount which becomes a slow turnover pool, 

which is eventually removed from VLDL (40). Two-thirds of the LDL 

particles are metabolized through the LDL apoB/E receptors, the 

remaining one-third of the LDL is catabolized by the alternative 

receptor-independent pathway (212). However, the actual pro­

portion differs among individuals and pathological conditions 

(40,212,213). 

With the availability of radioactive tracers, we have 

been ab l e to s tudy complex b io log i ca l systems. A number of i so­

tope kinetic studies have been done previously to define the 

metabolism of apoB-contalning lipoproteins in humans. Techniques 

for studying apoB metabolism include the use of labelled isolated 
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tracers or radioactive amino acids such as 75Se-selenomethionine 

and 3H-leucine as precursors of apoB. 

The classic method of analyzing kjnetic data by means of 

differential equations provides a limited interpretation of meta­

bolic kinetics for a general, non-linear, time-dependent system 

(214,215). The advantage of this kind of computation is its 

simplicity. However, one cannot rnake any predictions beyond what 

the data provide. Sorne investigators have developed detailed 

models which overcome rnost of these limitations (40,253, 

254,257,262,263). The greatest advantage of these lies in their 

potenti al to expre ss aIl the informa ti on con ta ined in the da ta, 

to propose novel hypotheses, and to design new experirnents to 

validate the rnodel further. In any case, as stated by Berman 

(257), the results obtained from both approaches should always 

agree. The common concern which does rernain is the interpretation 

of kinetic data in terms of metabolic processes. 

Turnover of VLDL apoB: Most studies of VLDL apoB turnover 

have used radioactlve iodine to label VLDL apoprotein and, after 

injection, follow the decay of specifie acti vi ty in the plasma to 

obta in an estima te of turno v er ra te s. There are var i ous rnethods 

to deterrnine specifie acti v i ty of VLDL apoB: PAGE-urea gels and 

sephadex gel filtration (40,216,217,253), sephadex G-150 gel 

filtration followed by protein deterrnination (110,219,223,23 4 ), 

10% TCA precipitation after lipid extraction (250), TMU pre­

cipitation of apoB and protein rneasurement (218,224,225,228,229, 

232,236,246,248,262), RIA for apoB (244), and isopropanol pre­

cipitation of apoB and protein measurernent (245). These 
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methodologies have generally paralleled the evolution of tech­

niques and understanding of apoprotein chemistry, with aIl of the 

methods aiming to prepare a purified apoB fraction from VLDL 

particles. 

Following injection of 125I -l a belled VLDL, the resulting 

deeay curve for VLDL-apoB usually has two components. The first, 

which accounts for most of the decline in specifie activity, is 

rapid, with a half-life in the range of 2-14 hours. The second 

and much smaller component conforms to a 'tail' on the curve, 

with a mueh longer half-life, similar to that of LDL apoB. The 

simplest approach to analyze VLDL-apoB kinetics is to determine 

the fractional catabolic rate (FCR) from the initial slope of the 

decay curve (single-exponential analysis). This method has been 

employed by several investigators and has continued to be used 

(110,218,231,233,244). In this method, the tail of the curve is 

not considered to contribute significantly to the FCR of VLDL­

apoB. Another approach is to measure the FCR from the area under 

the decay curve by multiexponential curve-fitting techniques 

(Chapter 4). This method takes both components into consider­

ation. Readon et al. (224,242) used a two-pool model which also 

takes into account the two components of the specific-activity 

deeay curve. The fourth approach for estimating FCR of VLDL apoB 

has been to ernploy multicompartmental analysis. This method was 

introduced by Berman et al. (40). Their model contains two path­

way s: fi rst, a pathway wi th s tepwise hydro lysis of VLDL tr ig l y­

ceride is used. As triglycerides are removed, the particles get 

smaller and denser, finally ending in the IDL range. This process 

is a "cascade" and consists of a four-step delipidation chain 
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terminating in an IDL eompartment. This pathway largely accounts 

for the shoulder of the VLDL apoB specifie activity/time curve. 

The second processs arises from an incomplete expression of the 

first. In it, the partiele remains in the VLDL range as a modi­

fied "lingering" partiele. Such particles form a separate pop­

ulation and are eventually removed from VLDL, either by VLDL 

receptors, or by scavenger pathways, or else they are hydrolyzed 

very slowly until they drift into the IDL range. In Type III 

hyperlipidemia patients this slow turnover pool is very large 

(25-30% of total VLDL apoB mass) (40). Most patients with this 

disorder have absence of apoE-3 and apoE-4, possessing instead E2 

-- a natural mutation of apoE-3 -- whlch results in delayed 

c l e a r a n ce. l n ..Y..!.!!:.~ s tu die s d e mon s t rat eth a t suc h l i pop rot e i n s 

can be directly taken up by macrophages (38,43,272). This, then, 

validates the prediction from kinetic modeling that beta-VLDL 

disappears directly from plasma. In normal subjects, this part 

only represents 5% of the total VLDL apoB mass. These are the 

normal remnant particles which will eventually enter into the IDL 

range or be catabolized by VLDL reeeptors, or the scavenger 

pathway. Eaton et al. (253) and Fisher et al. (252), using endo­

genous tracer, added a third pathway, a fast-turnover pool, in 

which VLDL partieles are removed from plasma irreversibly, in a 

single step, with perhaps some reappearing in the LDL range. In 

rats, most of the VLDL is probably removed irreversibly from this 

pathway without re-entering the LDL range. A similar, but simpli­

fied, model has been employed by Le et al. (327). They sirnplified 

the model of a four-step delipidation chain with a rapidly-
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catabolizing pool into one subcompartment, plus a slow-turnover 

pool. Recently, Seltz et al. (263) found that the number of 

compartments of the VLDL delipidation cascade can be varied among 

each subject studied. The FeR was dependent on the number of 

pools such that increasing the chain length decreased the FeR. 

In several studies, the VLDL apoB was followed into other 

lipoprotein fractions to examine precursor-product relationship. 

Early reports suggested that, in most normal subjects, VLDL apoB 

was converted quantitatively to LDL (218,224). These results 

indicated that in normotriglyceridemic subjects, 90% of VLDL apoB 

mass is converted into LDL apoB (218,224) whereas in hyper­

triglyceridemic subjects, only one-third of the VLDL apoB was 

con verted to LDL apoB (327). More recen t ly, howe ver, i t has been 

reported that a significant fraction of VLDL apoB can be removed 

irreversibly. While some investigators have suggested that re­

moval of VLDL apoB by this pathway occurs mainly in hypertrigly­

ceridemic patients (110,222,224,229), other studies (231, 

245,246) imply that this pathway can be significant, even in 

normal subjects. This phenomenon has been demonstrated with endo­

genous tracer s tud i es (252,253), where preferentia l irre vers i bl e 

catabolism of VLDL, without prior conversion to IDL and LDL, was 

especially found in hypertriglyceridemia. This same pathway was 

aIse observed in animal studies (204,265). Removal of VLDL rem­

nants appears to be mediated by LDL apeB/E rec~ptors (273,274). 

Howe ver, V LDL from pat ien ts wi th hypertr ig lycer idernia has been 

reported to be ta ken up via apoE, ra ther than apo3 (136,159). 
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Turnover of LDL aE2B: The standard procedure for esti­

mating turnover of LDL apoB is to isolate LDL by ultracentri­

fugation, iodinate it with radioactive iOdine, reL1ject the LDL 

and then follow its decay in total plasma radioactivity over a 

period of two to three weeks. The pool size of LDL apoB in plasma 

is obtained by determination of total protein in LDL. LDL apoB 

usually has a biexponential decay, and the FCR of LDL apoB is 

estimated from this curve using the two compartmental model of 

Matthews (259). Another way to determine the FCR of LDL apoB is 

from the ratio of radioactivity in urine and plasma (221). 

The actual procedures used for estimating turnover of LDL 

apoB vary from laboratory to laboratory. The densi ty range used 

for labeling is usually 1.019-1.063 g/ml, but the range 1.020-

1.050 g/mi has aiso been used. Sorne investigators have used re­

ultracentrifuged LDL. We, however, have found this procedure will 

cause loss of LDL particles. AlI of these variations, of course, 

may infl uenc e the in terpre ta tion of the kinet ic da ta. 

Three models have been suggested to analyse LDL apoB 

kinetics and we have developed another. Generally, a two-compart­

mental model (259) has been used to analyze LDL apoB kinetics. 

This model hypothesizes a single intravascular pool ln equi­

librium with an extravascular pool. The plasma decay then repre­

sents the disappearance of a single homogeneous pool of LDL in 

plasma, and the shape of the curve is determined in large part by 

the exchange process with extravascular space. This model is 

difficult to apply since LDL has now been demonstrated to consist 

of heterogeneous particles. The second model was developed by 

Fisher et al. (252), who used this model to explain data from 
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patients with "polydisperse" LDL. They showed two species of LDL, 

one peaking at. Sf 10, the other at Sf 4, both of which 

demonstrate different kinetic curves. They suggested that when 

po lyd isperse LDL i s present, two in tra va scu lar compartmen ts of 

LDL are needed. This, however, was not required for subjects with 

"monodisperse" LDL. Compartment Sf 10 decayed faster than com-

partment Sf 4 and they presumed only Sf 4 equilibrated with an 

extravascular pool. The third model was suggested by Goebel et 

al. (269). They also proposed two plasma compartments of LDL with 

different turnover rates from studies on two homozygotic and five 

heterozygotic FH patients. 

Data from various subjects (231,232,234,245,246) indicate 

that total synthesis of LDL apoB can exceed estimated amounts of 

VLDL apoB converted from VLDL. This phenomenon suggests tha t LDL 

can be directly synthesized independent of the VLDL cascade. At 

present, four possible pathways for LDL formation have been 

suggested: VLDL conversion to LDL; direct secretion of IDL, with 

rapid conversion to LDL (270); secretion of LDL-slze particles 

directly into plasma (234); or, the input of LDL could be f!"0!!1 

rapid and complete lipolysis of newly-secreted VLDL which would 

not be detected in the isotope kinetic data because they would 

be, in effect, unlabelled (263). 

It has been suggested that VLDL metabolic heterogeneity 

might impact on LDL formation. Stalenhoef et al. (275) studied 

VLDL from a patient with lipoprotein lipase deficiency and postu-

lated that this VLDL is, in composition, very close to nascent 

VLDL; this patient's VLDL, when injected into normal subjects, 
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was rapidly removed from the circulation and only a small portion 

converted to LDL. Packard et al. (276) studied a different 

population of VLDL particles in normal subjects. They 

demonstrated that only 10% of the larger triglyceride-rich VLDL 

were converted to LDL, whereas more than ~O% of the small VLOL 

became LDL. They concluded that only small VLDL secreted into 

plasma would be converted into LDL, whereas the small VLDL de­

rived from large VLDL would be degraded irreversibly, without 

conversion to LOL. This metabolic heterogeneity may depend on the 

quantity and/or the type of apoprotein present on VLOL particles. 

For example, Havel (277) reported that apoE is found ln large 

amounts on large VLDL and the catabolic remnants produced from 

them, but only one or two apoE molecules may be present on the 

remnants from small VLDL. Gianturco et al. (136) and Krul et al. 

(159) aiso showed that large VLDL contained more apoE than apoB 

and apoE is the determinant by which this large VLDL is taken up 

by fibroblasts. The ratio of apoC to apoE may also be an im­

portant determinant of the fate of the particle; partieles con­

taining high amounts of apoC more likely to beeome LOL sinee they 

would more likely escape uptake and eatabolism in the liver 

(279). Furthermore, the ra te of tr ig lycer ide synthesi s re l a ti ve 

to the rate of apoB synthesis may determ:~e the size of the VLOL 

particle produced by the liver (327) and consequently the pro­

portion of VLDL particles converted to LOL. The last point sug­

gests that larger VLDL can accept more cholesteryl ester froD LOL 

than smaller particles and so have a hlgher content of choles­

teryl ester and 50 may not be converted to LOL. These large VLOL 

particles, therefore, illlght be cleared directly from plasma due 
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to their enrichment in cholesteryl ester and apoE. Eisenberg et 

al. (283) have shown that bezafibrate treatment of patients with 

hypertr iglycer idemia decreases their plasma tr iglyceride leve ls 

and increases their l ipoprotein lipase and hepatic triglyceride 

lipase activity. This, in turn, decreases the cholesteryl ester 

content in VLDL, producing smaller VLDL particles, and increases 

conversion of VLDL to LDL. 

Direct synthesis of LDL has been demonstrated in humans 

(21.6,234,235,254) and in animals (284-286). Soutar et al. (234) 

showed that, in FH homozygotes, the absolute synthetic rate of 

LDL is twice that of VLDL. Following a protocaval shunt in one 

patient, the rate of LDL apoB synthesis dropped and could then be 

accounted for by the VLDL synthesis, thereby implicating the 

liver as the source of newly synthesized LDL. This has been 

confirmed by Janus et al. (235) and Eaton et al. (254). By block-

ing VLDL catabolism in squirrel monkeys with Triton WR1339 and 

monitoring the incorporation of 14C-leucine into LDL apoB, 

Illingworth (284) demonstrated that 10-19% of LDL apoB was 

secreted directly into the plasma. Goldberg et al. (285) also 

showed that, in monkeys, from 25-75% of LDL was secreted directly 

into plasma. Direct hepatic secretion of lipoprotein particles 

within the LDL density range (1.019-1.063 g/ml) has also been 

described in liver perfusion studies in pigs (286) and in non­

human primates (205). These LDL-like particles contain apo B-100 

plus excess surface constituents and a triglyceride-rich core 

(205). It has been suggested that these particles are aiso LDL 

precursors, buts ince they are presen t in the LDL dens i ty range, 
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they would be missed in kinetic studies using labelled VLOL. 

The liver transports more than 3 grams of cholesterol per 

day and has the highest level of LOL receptor activity (288,289). 

In humans, it has been demonstrated recently that the liver has 

an LOL receptor which is different from the peripheral LOL re­

ceptor (143,290,291) in that it is present in FH homozygotes, 

only partically blocked by EDTA, and does not lead to the 

regulation of HMG-CoA reductase activity. The degree of LOL 

receptor regulation in liver appears to vary widely from species 

to species (292-294). In humans, the presence of LDL hetero­

geneity within and among individuals suggests that the turnover 

rate will be affected by the presence of ~ifferent _eceptors. 

Results of studies in WHHL rabbits (204), which do not possess a 

functional LDL receptor in the liver, showed that IDL was ac­

cumulated in addition to LDL during the delayed clearance of VLDL 

and more of the IDL was converted into LDL. It has been suggest­

ed, therefore, that the LDL receptor may play a role in LDL 

formation from IDL and VLDL, in addition to its role in LDL 

clearance from plasma. However, whether this is the case in 

humans requires further study. 

Kinet i c da ta of apoB turno ver: The k inet ie da ta for both 

VLDL apoB and LDL apoB in normal or control sUbjects, FH, FCHL, 

familial hypertriglyceridemia (FHTg), and unclassified hypertri­

glyceridemia will be reviewed next. 

"Normal" or Control Subjects: In studies of VLDL-apoB 

kinetics, the plasma concentration of VLDL apoB has varied over a 

considerable l"'ange, from 1.5 to 15 mg/dl. The estimated FeR for 
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VLDL-apoB has also var ied; thus, in s tudie s using radio labell ed 

VLDL, the fractional catabolic rate has ranged from 2.5 to 13.9 

per day. In these studies, the synthetic rates of VLDL-apoB 

varied from 9.1 to 15.3 mg/kg/day (40,110,218,223-225,233,235, 

244). Eaton et al. (253), using an endogenous tracer, found that 

their VLDL apoB FeR ranged from 10.6 to 15.1 per day while the 

synthetic rate ranged from 9 to 29 mg/kg/day. 

With regard to LDL, plasma LDL apoB concentrations have 

ranged from 34 to 108 mg/dl. In sorne studies (218), the LDL has 

included LDL and IDL (density: 1.006-1.063 g/ml). Also, some 

investigators have used correction factors to compensate for 

differences in chromogenicity of bovine serum albumin (BSA), 

while others have note The FeR for LDL apoB has ranged from 0.26 

to 0.462 per day, wh il e the synthetic ra te has ranged from 7.7 to 

14.4 mg/kg/day (40,215,218,220,221,224-229,231). 

Familial Hypercholesterolemia (FH): VLDL apoB and LDL 

apoB kinetics have been studied in FH homozygotes and heter­

ozygotes. For FH homozygotes, the concentration of VLDL apoB in 

plasma was in the normal range and the syuthetic rate of VLDL 

apoB in four patients averaged 11 mg/kg/day, whereas one patient 

had a synthetic rate of 35 mg/kg/day. The fracti.on catabolic rate 

was within the normal range -- 7.20 pel" day (202,234). As expect­

ed, the LDL apoB synthetic rate was markedly elevated, varying 

from 20 to 40 mg/kg/day and the fractional catabolic rate was 

substantially decreased with an average rate of 0.10 per day 

(202,227,234,238,247). For FH heterozygotes, the synthetic rate 

of VLDL apoB was in the normal range, varying from 13 to 27 

mg/kg/day in the 24 patients studied by different investigators 
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(110,202,231,234,235) and its fractional catabolic rate averaged 

6.0 peI' day. LDL apoB synthetic rates in these patients varied 

from normal to elevated levels (g to 18 mg/kg/cray) whereas their 

fractional catabolic rates were always lower than normal subjects 

(202,215,227,231,234, 235,238,254). Soutar et al. (202) first 

noted there was no precursor/product relationship between VLDL 

apoB and LDL apoB in FH homozygotes. After quantitative analysis 

t.hey noted that not aIl LDL apoB was derived from VLDL apoB; they 

then suggested there was independent synthesis of LDL apoB (202). 

Th~5E:: 0bservations were later confirmed by Janus et al. (231) and 

Ea ton et aL (254) in FH hete rozygotes. 

Familial Combined Hyperlipidemia (FCHL) and Familial 

Hypertriglyceridemia (FHTg): The kinetics of VLDL apoB and LDL 

apoB in these patients have been studied by several groups (235, 

244,248). For FCHL, the VLDL apoB synthetic rate is increased and 

the fractional catabolic rate decreased compared t0 normal (22.2 

vs. 12.9 mg/kg/day, 3.98 vs. 5.81 peI' day, respectively) (244). 

This was also demonstrated by Janus et al. (235) where in FCHL 

the VLDL apoB productioo rate ranged from normal tO elevated 

(13.9 to 44.4 mg/kg/day) and the fractional catabolic rate was 

decreased compared to normal (2.~ vs. 7.2 peI' day). Klssebafl et 

al. (243) showed tllat. FCHL patients had increased synthetic rates 

and decrease0 fractional catabolic r~tes compared to norcal (33.8 

vs. 1 8.6 mg / k g / d a y, 2 .ll vs. 4.8 p e r d a y, r e s p e c t 1 ve l y ) • In 

summary, patie:1ts with FCHL consistently demonstrated l!1creased 

VLDL apoB synthetic rates and decreased fractional catabo~ic 

rates compared to normal. 
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For FHTg, the VLDL apoB synthetic rate is also increased 

with a relatively low fractional catabolic rate compared to 

normal (244) (17.6 vs. 12.9 mg/kg/day, 2.74 vs. 5.81 per day, 

respectively). This is also shown by Kissebah et aL (243) with 

an increased synthetic rate and a decreased catabolic rate 

compared to normal (34.9 vs. 18.6 mg/kg/day, 3.8 vs. 4.8 per day, 

respectively). However, Janus et al. (235) found that the level 

of VLDL apoB synthetic rate in FHTg was not elevated, but rather 

these patients had reduced catabolic rates compared to normal 

(1.2 vs. 7.2 per day). 

When the turnover rate of VLDL triglyceride and VLDL apoB 

was compared in FCHL and FHTg, it was found that in the former 

the turnover rate of VLDL triglyceride and apoB were both 

Increased (235,244), whereas in the latter the turnover rate of 

VLDL triglyceride is disproportionately greater than for VLDL 

apoB. It was then suggested that th~ primary defect in FCHL is 

overproduction of VLDL apoB, while in FHTg it is oversecretion of 

triglyceride-enriched VLDL. 

With respect to LDL apoB kinetics in FCHL, Kissebah et 

al. (248) showed that these patients had an increased synthetic 

rate and increased fractional catabolic rate compared to normal 

(29 vs. 13.2 mg/kg/day, 0.66 vs. 0.42 per day, respectively). 

However, Janus et al. (235) found the FCR of LDL apoB in FCHL was 

similar to normal (0.28 vs. 0.31 per day), whereas the LDL apoB 

synthetic rate was increased compared to normal (12.2 vs. :17 

mg/kg/day). Thus, it seemed that an increased apoB synthetic rate 

in both VLDL and LDL is a characteristic feature of FCHL. In 

FHTg, there is a trend to overproduction of LDL apoB, but these 
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patients had a significantly higher catabolic rate than normal 

and so normalize their LOL apoB concentration in plasma (248). 

Sigurdsson et al. (222) also concluded that the low plasma levels 

of LDL frequently observed in patients with very high plasma 

triglyceride levels are due to a high removal Mate of LDL in 

these patients, rather than to abnormal LOL synthesis. 

Coronary Arterv Disease: Finally, Kesaniemi et al. (239) 

studied patients with coronary heart disease with normal to mild 

hypercholesterolemia and showed that the plasma concentration of 

LOL apoB was positively correlated with the synthetic rate of LDL 

apoB. By contrast, the fractiünal catabolic rate of LDL apoB did 

not vary. They then studied 8 normolipidemic patients with coro­

nary heart disease (271) and found no difference in LDL apoB 

concentration between these patients and controls. These patients 

also had an elevated LDL apoB transport rate but an increascd 

fractional céltabolic rate, but an increased fractional catabollc 

rate (271). They concluded that this was a subset of patients 

with increased synthetic rate and fractional catabolic rate. Vega 

et al. (240) a]so studied patients with coronary artery dlsease 

and separated those with hypertriglycerldemia (Tg ~ 361 mg/jl) 

and with normolipidemia (Tg ~ 246 mg/dl). They suggested (240) 

that hypertriglyceridemic patients with coronary heart dlsease 

and sorne of the normolipidemic patients with coronary heart 

disease had both increased transport rate and fractional cata­

bollC rate of LDL apoB compared to normal (21.1 vs. 10.6 

mg/kg/day, 0.56 vs. 0.31 per day, l'espectively); ho~;ever, the 

majority of normolipidemic patients with coronary heart diseasc 
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did not have a defect in LDL metabol ism. Kesaniemi et al. (246) 

recently studied VLDL apoB and LDL apoB kinetics in patients with 

coronary heart disease. These kinetic data were analyzed by 

multicompartmental analysis. These patients had an enhanced pro­

duction rate of both VLDL and LDL apoB, but LDL apoB fractional 

catabollc rates were normal. These studies demonstrate a great 

variation ln terms of plasma concentration of LDL apoB, synthetic 

rate, and fraetional catabolic rate in patients with coronary 

artery disease. 

APOLIPOPROTEIN B (APOB) 

ApoB is an obligatory structural component of chylo­

microns, VLDL, IDL, and LDL. It also aets as a ligand in cellular 

recognition of lipoproteins by receptors. ApoB exists in two 

forms: apo B-100 and apo B-48 (295,296). Definitive evidence has 

not yet been reported as to whether these two forms of apoB are 

organ-specifie. In humans, recent work with short-term organ 

cultures of normal adult liver (297) suggest that It synthesizes 

apo B-100 but not apo B-48. In addition, a human hepatoma cell 

line (HepG2), WhlCh secretes a nurnber of apolipoproteins, 

secreted only the apo B-100 form of apoB ~298). Recent work by 

Law et al. (313) using a complementary DNh (cDNA) of apo B-100, 

suggested that apo B-48 and apo B-100 have a common nuclear RNA, 

WhlCh then undergoes transcription to two different rnRNA, B-100 

fi RNA and B - 48 In R 1; A • Th i s vie w i s 0 P P 0 S e d b Y fin di n g s f rom 

Glickman et al. (314), whose data suggest a single apoB mRNA with 

organ-specific factors responsible for translational control of 
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synthesis. Isolated liver and cultured hepatocytes from rats 

showed that it produces both apo B-48 and apo B-l00 (299,300). 

The abillty to fully characterlze the physicochemlcal 

structure of apoB was hindered by its insolubility (301), its 

susceptibility to degradation by proteases (302) and to oXldative 

cleavage (303,304), and its tendency to aggregate after de­

lipidation. Therefore, progress in determining the pnmary and 

secondary structure of apoB was slow until the recent use of 

rnolecular biology techniques; 30% of the carboxyl-terrninal end of 

the primary structure has been delineated from nucleotide 

sequence of complementary DNA (305). The data indicate that the 

carboxyl terminus has a more hydrophll ic than hydrophobic char­

acter. The hydrophilic regions possess more alpha t!1an beta 

struc ture, whi le the hydrophob ic reg Ions ha v e more beta s truct­

ure. There are frequent cross-overs from hydrophobic to hydro­

phi lie charae ter; there fore apo B-1 00 po l ypep t ide may be lolO ven in 

and out of the lipid envlronment of the llpoproteln partlcle at 

irregular intervals and apo B-l00 may then have more :han one 

lipid-binding domain. 

Using monoclonal antibodies, it has been deIt~i..strated 

that the spatial relationship between li;)lds and apoB ê-:tlgenlc 

determinent might change when the lipoprotein part:::e Slze 

changes (206). This, in turn, might result in the alter::.tion of 

apoB conformation and so might affect the interactio-: of apoB 

binding domain to its cellular receptor. 

The molecular wei~ht of apoB i3 also under :~~ate. A 

number of studies have suggested that apo B-100 is co::;:osed of 

two or more subunits per Ilpoprotein particle, with an ~stlmated 
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molecular weight around 250,000 kD (306-308). However, severai 

investigators now agree that apoB is most likely to be a single, 

large polypeptide with a molecular weight around 500,000 kD 

(309 ,310) • 

In 1962, immunochemical polymorphism of human apoB was 

shown to exist (311). With the availability of monoclonal anti­

bodies, Schumaker et al. (312) identified three different pheno­

types among human LDL; the new data fit a model consisting of two 

co-dominant apoB alleles. Recently, with cDNA probes, a common 

DNA polymorph1sm within the apoB gene coding sequence, which is 

associated with altered triglyceride and cholesterol levels, has 

been descr i bed (315). 

APOB REGULATION 

ApoB lS essential for hepatic VLDL formation aud lipid 

exporte This section will discuss factors such as fatty acids, 

carbohydrate, cholesterol, and hormones that affect hepatic apoB 

and lip1d synthesis and secretion of VLDL by the liver. 

Fatty acids have a pronounced positive effect on tri­

glyceride synthesis and secretion in perfused rat livers (316), 

in cultured rat hepatocytes (317,318), and in humans (99,118-

121). Davis and Boogaerts (317) used 3H-glycerol and 14C-leucine 

as markers for triglyceride and apoprotein synthesis, respective­

l y. The y s h 0 w e d, l!! ~..!:..!: r 0, t ha t tri g 1 Y c e r ide and p h 0 s P h 0 1 i pic 

secretion from rat hepatocytes increased within fifteen minutes 

after addition of oleic acid to the medium, but the secretion of 

VLDL cholesterol and cholesteryl ester was not affected. Further-
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more, neither the ratio of apo B-l00 and apoB-48 nor the content 

of either apoB in VLDL was affected by oleic acid. Thus they con­

cluded that fatty acid stimulation did not result in an increase 

in VLDL apoB secretion, but rather an increased triglyceride 

secretion per VLDL particle. These findings are supported by 

those of Patsch et al. (318). When fatty acid availability was 

increased, the ra te of tr ig l ycer ide secre t ion reached a pla te au 

where esterified fatty acids began to accurnulate intracellularly, 

but the levels of apoproteln remained unchanged. Recent work by 

Borchardt et aL (319), us ing a pu Ise-chase exper imen t w l th 25S_ 

methionine to study the nature of apoB with intraC'ellular mem­

branes, showed that adding oleic acid to stlmulate lipogenesis 

did not affect apoB secretion. They suggested that l ipogenesls 

may dr i ve the proce ss of mov i ng apoB from rough to smooth m ic ro­

somes. In contrast to these findings, two groups present dlf­

ferent outcomes: Dashti et al. (320) studied the effects of oleic 

acid and insulin on production of lipoproteins. They showed that 

oleic aCld increased the total lipoproteln production by 66%, 

predominantly in VLDL (23-40% of the total). The most pronounced 

effect was on triglyceride and apoB, which were increased by 100% 

and 40%, respectl velYe Insul in had the oppos: te effect; i t in­

hibited the secretion of neutral lipids and decreased the total 

lipoprotein production. Salam et al. (321) studied oleic acid 

stimulation of VLDL apoprotein in the perfusej rat Ilver using 

3H-leucine as a marker to study VLDL apoprotein synthesls. The 

net secretion of total VLDL prote in mass was increased by oleate 

(64% in the fed rat and 150% ln the fasted rat). Apoprotein 
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secretion was accompanied by a proportional increase in VLDL 

triglyceride. This study, however, only examined total protein 

mass, not the mass of different apoproteins. I~ YlY2, we and 

others (102,322-324) have shown that following oral fat intake 

both plasma tr ig l ycer ide and V LDL tr iglycer ide le ve Irises. We 

also have shown, however, that apo B-100 in the VLDL fraction in­

creased (322). Redgrave and Carlson also observed an increase in 

apoB in large VLDL fraction (323). Therefore it appears that in 

'y'1:.Y2. fatty acid increases triglyceride synthesis and probably 

apoB synthesis as welle 

The effect of carbohydrate on hepatic VLDL synthesis and 

secretion has also been studied (325-327). Rats fed a sucrose­

enrlched diet (325) showed increased apoprotein synthesis and 

VLDL triglyceride and cholesteryl ester both accumulated faster 

than in control rats. Opposite results were shown from studies in 

hurnans. Hollenbeck et al. (326) gave high carbohydrate dlets to 

insulin-dependent diabetics. After 20 days, VLDL triglycide and 

cholesterol were elevated, whereas the apoB level had dropped. Le 

et al. (327) studled VLDL-triglyceride and VLDL apoB kinetics 

after a high carbohydrate diet. They concluded t'-,at the product­

Ion rate of VLDL-triglyceride increased, while that of VLDL apoB 

did note Relatively fewer triglyceride-rlch VLDL particles were 

converted to LDL than in controls and were more likely to be 

removed irreversibly. This might explain the previous study (326) 

ln ~hich apoB lev el actually dropped after carbohydrate 

per'turbation. 

A hlgh cholesterol dlet in experimental animaIs causes 

severe atherosclerosis. Perfused liver studies in hypercholestro-
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lemic rats (328) have shown that the liver secretes both choles­

teryl ester-enriched, apoC-deficient VLDL particles and choles­

teryl ester-enriched, apoE-enriched LDL-like particles. 80th 

cholesteryl ester and apoB levels are increased. This was also 

demonstrated in perfused liver of cholesterol-fed gUlnea pigs 

(151). In cholesterol-fed monkeys (205), perfused liver also 

secretes increased amounts of newly-synthesized LDL-like 

particles which are cholesteryl ester-enriched. In humans, a diet 

high in cholesterol and saturated fat (PIS = 0.25 - 0.4) in­

creased the plasma apoB and LDL cholesterol levelsj however, a 

diet high in polyunsaturated fat (PIS = 2.5), with even 1,500 mg 

cholesterol, produced no signiflcant change in apoB and LDL 

cholesterol levels (329). This intriguing finding seemed to be 

related to the composition of the fat. Hevinolin, a competitive 

inhibitor of HMG-CoA. reductase, has been used to treat patients 

with hypercholestrolemia. Kinetic study of these patients after 

mevinolin treatment showed that the input rate of LDL apoB de­

creased (330). It has also been demonstrated ln anlmals that, 

after mevinolin treatment, LDL apoB direct synthetlc pathwâ_ys 

have been selectively in'rnbited by up to 90% (331). 

The effect of estrogen on apoprotein synthesis has been 

st ud i ed mos t thorough ly ln a vian spec i es. Es trogen trea tment 0 f 

the cockerel increases plasma VLDL cholesterol and tnglyceride 

production and stimulates apoB synthesis (332). The stlr.JJlation 

of apoprotein synthesis 1S believed to be mediated a: a p~etrans­

lational level. The effect of insulin on hepatic VL::J:" secretion 

has been demonstrated in cultured rat hepatocytes (318) and in 

55 



HepG2 cells (320). Insulin inhibited VLDL secretion but had no 

effect on apoB synthesis (318,320). 

BASIS OF THE PRESENT STUDIES 

Hyperapobeta lipoproteinemia (HyperapoB) was first des­

cribed in 1980 and defined as the combination of a normal, or 

near-normal, LDL cholesterol in the face of an elevated plasma 

LDL apoB level (47). This disorder is often associated "dth 

c oronary artery d isea se. l t ha s s inc e been rec ogniz ed in pa ti e!1 ts 

after myocardial infarction (51), in patients with hypertrigly­

ceridemia (51), in normolipidemic patients with xanthelasma 

(333)1 and in a large Amish kindred in which a rare disorder, 

phytosterolemia, coexisted (334). The work which l will present 

ln this thesis elucidates the compositional and metabolic abnor­

mallties in HyperapoB. 

Before l started my graduate training, l worked in Dr. 

Sniderman's laboratory. In order to examine the potel.tial role of 

LDL in cholesterol transport to the liver, we first developed a 

method to measure LDL apoB in plasma by the radial immuno­

dlffuslon technique CRID) (335). This method is simple and en­

abled us to calculate the recovery of LDL particles after the 

con ven ti ona luI tracen tr lfuga t ion separa tlon of LDL from plasma. 

LDL compositional changes across the splanchnic bed in hu~ans 

wel~e then jemonstrated (134). This study showed that during 

passage through the splanchnic bed cholesteryl ester is taken up 

from apparently intact LDL, which is then enriched with trigly­

ceride. ThIS uptake in LDL cholesterol was inversely relatej te 
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cholesterol output in VLDL. This data raised the possibility of 

cholesteryl ester and triglyceride exchange between LDL and VLDL. 

We th en collaborated with Dr. Y. Marcel to demonstrate, in ~itro, 

that cholesteryl ester can be exchanged or transferred among 

lipoproteins facilitated by a protein factor in the d > 1.25 g/ml 

infranan t of human pla sma (182). The se two concep ts, var iab le LDL 

composltlon across the splanchnic bed and cholesteryl ester and 

tr ig lycer ide exchange among l ipoprote ins, are the ma ln ba ses to 

explain the physiochemical basls of HyperapoB and to build a 

multicompartmental model for LDL apoB metabolisrn. 

With regard to LDL composition in HyperapoB, l then 

modified Shen's discontinuous salt gradient technlque to study 

LDL composition ln patients with HyperapoB and compare these with 

normolipidemic control subjects and contrast them with patients 

with familial hypercholesterolemia. The results are presented in 

Chapter 2. Briefly, using equilibrium density gradient ultra­

cen tr ifuga t ion, LDL can be sep ara te d in to tloJO ma in sub frac t 10ns: 

Buoyant LDL (B-LDL) and Dense LDL (D-LDL). D-LDL is smaller and 

has a lower cholesterol-to-protein ratio than B-LDL. HyperapoB 

patIents are then characterized by the presence of D-LDL WhlCh 

are smaller, denser, cholesteryl ester-depleted, and relatively 

protein-enriched compared with that of controls. By contrast, LDL 

in patients wIth FH are characterized by the presence of 8-LDL 

which are larger, more buoyant, cholesteryl ester-enriched and 

relatively proteln-depleted at compared to controls and Hyper­

apoB. 

The effect of LDL heterogeneity on the possIble structure 

change ln relation ta apoB and lipids was then investlgated. This 
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1 study is reported in Chapter 3. The immunoreactivities of LDL 

subfractions with six monoclonal antibodies (kindly supplied from 

Dr. Y. Marcel's lab) were studied. Briefly, B-LDL is more immuno­

reactive than D-LDL with three of the monoclonal antibodies 

studied. As the particle becomes smaller, the cholesterol-to­

protein ratio decreased and the immunoreactivity decreased also. 

These results led us to predict that LDL subfractions might have 

different physiological roles and decreased particle size might 

a l ter apoB conforma ti on. 

At the same tirne, under the supervision of Doctors 

Sniderman and Thompson, l studied apoB kinetics in HyperapoB 

patIents to determine the possible fault responslble for the 

di sorde r. The s tudy is reported in Chap ter 4. In br ie f, Hype rapoB 

is characterized by the elevation of LDL apoB, which is secondary 

to oversynthesis of VLDL apoB. This result lead to two possible 

speculations: first, there may be a primary fault in protein 

structure, a fault which seems unlikely because there is no 

defect in LDL catabollsm, or a primary fault in the regulation of 

apoB gene exprssl(:.,n. Second, there m:ly be secondary abnormal 

regulation of apoB synthesis. As we know, apoB production 1S 

regulated by a wide variety of factors. Abnormal clearance of 

chylomlcron Ilpid after oral fat load to HyperapoB patients led 

us to search for a possible peripheral tissue Œarker ln this 

disorder. To do SO, l have stùdied fatty acid uptake and esteri­

fIcation in adipose tissue from patients with HyperapoB. The 

study is presented in Chapter 6. The results indicate that there 

might be an intracellular defect responsible for this disorder. 
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Due to the he terogene ity in LDL subfrac tiona l tu rnov el", 

the classical model to analyze LDL kinetics is no longer suf­

ficient. In collaboration with Dr. L. Zech, l then attempted to 

build a new multicompartmental model to study LDL apoB meta­

bolism. The study is reported in Chapter 5. This model presents 

novel insights into LDL apoB metabolism and underscores the 

physiologie importance of cholesteryl ester and tl"iglyceride 

ex change pl"ocesses. 
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CHAPTER 2 

COMPOSITION AND DISTRIBUTION 

OF 

LOW DENSITY LIPOPROTEIN SUBFRACTIONS 

IN 

HYPERAPOBETALIPOPROTEINEMIA, NORMOLIPIDEMIA, 

AND FAMILIAL HYPERCHOLESTEROLEMIA 



ABSTRACT 

Hyperapobetalipoproteinemia is deflned as the combination 

of a normal cholesterol level of low density lipoprotein (LDL) in 

the face of an increased LDL apo li poprote in B (apoB). To exami ne 

the physical and chemical basis for the apparent disproportion 

between LDL cholesterol and apoB, so characteristic of this 

::~yndromE', we used density gradient ultracentrifugation to 

separate LDL into two major subfractions: fraction 1 or buoyant­

LDL and fraction 2 or dense-LDL from 10 normal subJects, 20 

patients with hyperapobetalipoproteinemia (10 normotrlglyceri­

demic and 10 hypertriglyceridemic), and 9 patients with familial 

hypercholestrolemia. In familial hypercholesterolemia, more LDL 

was in fraction 1 and this LDL subfraction was relatively en­

riched in cholesterol and poor in proteine By contrast, it was 

fraction 2 that dlffered in hyperapobetalipoproteinemia, being 

denser, depleted of cholesterol (particularly cholesteryl ester), 

and relatively enriched in proteine These findings were more pro­

nounced in the hypertr ig lycer idemi c pa ti en ts than 1 n the normo­

triglyceridemic patients with hyperapobetalipoprotelnemia. Thus 

this study conf i rms tha t cons i dera b l e heterogene i ty ex is ts bet­

ween LDL subfractions within individuals but, in addition, it 

indicates there are also marked -- and apparently characteristic 

-- differences in LDL composition amongst normal subjects and 

patients with hyperapobetalipoproteinemia and familial hyper­

cholesterolemia. 
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INTRODUCTION 

The risk of coronary heart disease in the Framingham 

study was initially shown to be related to plasma total choles­

terol (1) and subsequently to the levels of cholesterol in very 

low density lipoprotein (VLDL), low density lipoprotein (LDL) and 

high density lipoproteins (HDL) (2,3). Recently, several studies 

have suggested that quantitation of the apoprotein moieties of 

these lipoproteins can provide additional information in this 

respect (4-12). In particular, the plasma concentration of the 

major apoprotein of LDL, apolipoprotein B (apoB), may frequently 

be increased in patients with coronary artery disease despite 

their having an LDL cholesterol within the normal range, a 

combination we termed hyperapobetalipoproteinemia (HyperapoB) 

(4,10). By contrast, patients with familial hypercholesterolemia 

(FH), in whom the risk of coronary heart disease is also very 

high, exhibit increases in both LDL cholesterol and LDL apoB. 

LDL are spher i ca l part ic les tha t range in d iame ter bet­

ween 21.0 and 29.0 nm and in density beteween 1.019 and 1.063 

g/ml. Not surprisingly, there is mounting evidence that consider­

able heterogeneity exists among these LDL particles (13-19). For 

example, Shen et al. (16), using density gradient ultra­

centrifugation, demonstrated marked diversity of LDL in terms of 

both size and composition in normal individuals, the larger 

particles being enriched in cholesteryl ester compared to the 

smaller protein-enriched particles. In addition, Fisher and his 

colleagues have shown in a series of studies that in sorne indivi­

dual s LDL is monod i sperse, whereas in others i t i s po lyd isperse 

(19). A possible explanation for the decreased cholesterol to 
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protein ratio in HyperapoB patients might be a shift in the 

spectrum of LDL towards smaller, denser partie les. In contrast, 

LDL from patients with FH has a higher than normal cholesterol to 

protein ratio (20), suggestive of a shift towards larger, less 

dense particles. To test this hypothesis, we investigated the 

pattern of distribution of LDL in normal subjects, as well as 

patients with HyperapoB and FH, by means of density gradient 

ultracentrifugation. 

SUBJECTS AND HErBOnS 

Norm~l SubJ.~.!:.s: Ten physicians (9 males, 1 fernale) 

served as healthy controls; their age was 46±11 years. None had a 

history of coronary heart disease and all had plasma levels of 

total and LDL cholesterol, total triglyceride, and LDL apoB 

w i th i n the no r ma Ira n g e (4) (T a b l e 1) . The val u e for u pp e r l i mit s 

of LDL cholesterol, total triglyceride and LDL apoB were 200, 

200, and 120 mg/dl, respectively. 

Patients with gy~~~~B: Twenty patients with HyperapoB 

were selected. AIl had suffered a documented myocardial in­

farction at least 3 months before the study and all had normal 

plasma total and LDL cholesterol levels but increased values of 

plasma LDL apoB (Table 1). They were divided into two subgroups: 

10 (9 males, 1 female) had a plasma total triglyceride level.s 

200 mg/dl; their average age was 51±8 years; the other 10 (8 

males, 2 females) had plasma total triglyceride levels > 200 

mg/dl; their average age was 46±11 years. None were on special 

diets or exercise programs, and none were being treated with 
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lipid-Iowering agents. Thirteen were, however, receiving B block-

ers, ij diuretics, 3 digitalis, and 10 long-acting nitrates. AlI 

were fully ambulatory. 

Patients with FH: Blood was obtained from nine FH 
--------~---~---

patients attending the Hammersmith Hospital Lipid Clinic, 3 homo-

zygotes (aIl males) and 6 heterozygotes (2 males, 4 females). The 

plasma was separated and kept at ijoC during transportion by air 

to Montreal. Two homozygote s were undergoing regular plasma ex-

change. AlI the heterozygotes were on a lipid-lowering diet 

supplemented in one by cholestryramine, in another by cholestry-

ramine and nicotinic acid, and in a third by cholestryramine and 

probucol. 

Isolation and Fractionation of LDL: After a 12 hr fast, 

blood samples were collected into tubes containing EDTA (0.1 

mg/ml) and plasma was separated by centrifugation at 2,500 rpm at 

4°c. LDL were then isolated by preparative ultracentrifugation 

( 2 1 ). The den s i t Y 0 f pla sm a wa s f i r s t adj u ste d t 0 1.0 1 9 g 1 m l b Y 

addition of a solution of NaCI/KBr and the plasma was centrifuged 

at 40C for 16 hr in a Beckman 50 Ti rotor at 40,000 rpm. The very 

low density and intermediate density lipoproteins were removed by 

tube slicing, the density of the infranate was then increased to 

1.071 g/ml by addition of a solution of NaCI/KBr, and the sample 

was subjected to centrifugation in a Beckman SW 50.1 rotor at 

40,000 rpm for 16 hr at 4o C. Due to salt redistribution, the 

final density of the top milliliter after this procedure was 

1.063 g/ml. The supernatant LDL was aspirated and then dialyzed 
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for 6 hr against two changes of a salt density 1.0500 g/ml solut­

ion of NaCI/KBr. Discont.inuous gradient ultracentrifugation was 

then performed as follows: to a 2 inch (5 cm) cellulose nitrate 

tube, 1 ml of the following solutions of NaCI/KBr were added in 

succession: 1.1300 g/ml, 1.0645 g/ml, LDL (1.0500 g/ml), 1.0410 

glml, and finally 1.0286 g/ml. The gradient was then centrlfuged 

in an SW 50.1 rotor at 40,000 rpm for 40 hr at 10 oC. At the 

conclusion, the tubes were removed and inspected visually. Except 

occasionally in FH, two yellowish bands were always observed. 

They were most distinct and most separated in HyperapoB patients, 

with the upper band at the meniscus and the lower one separated 

from it by a colorless interface at or more frequently more than 

1 cm frOID the men lSCUS. The separa tion of the two bands wa s le ss 

pronounced in normal subjects and in patients with FH, with the 

lower band closer to the upper band than in HyperapoB patients, 

and occasionally as noted, particularly with FH, the two bands 

v irtuall y over lapped. 

Fractions were collected by piercing the bot tom of the 

tube using a Beckman fraction recovery system. The first three 

fractions consisted of 1 ml each, the last two contained the 

lower and upper bands -- fractions 2 and 1, respectively, which 

were separated visually. Tne salt density profile of the dis­

continuous gradient was determined by refractometry of successive 

0.5-ml aliquots withdrawn by pipetting from the top or piercing 

from the bottom of the gradient from control tubes to which LDL 

had not been added. 
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Sample ~nalysis: Cholesterol and triglyceride were mea­

sured enzymatically (Cholesterol and triglyceride Kits, Beckman 

Instrument Corp., Calif.). LDL apoB in plasma and in LDL sub­

fractions was determined by radial immunodiffusion (22) and the 

lipid composition of LDL subfractions was determined by thin­

layer chromatography (23). The total prote in concentrations in 

LDL and LDL subfractions before and after dialysis were measured 

by rad ial immunod i ffus ion (22) and by the Lowry me thod (31). LDL 

particle size was measured by electron mlcroscopy in which the 

lipoproteins were negatively stained with 2% sodium phospho­

tungstate after dialysis against 0.13 M ammonium acetate buffer, 

pH 7.4. Diameters of 200 free-standing partie les were computed 

from each lipoprotein fraction by using a sonic digitizer and a 

compu ter program, as descr i bed (24,25). L ipoprote ins of d 1.006-

1.063 g/ml were also studled by analytic ultracentrifugation. The 

concentration of lipoproteins and their peak flotation rates were 

computed from the Schlieren patterns (26). Statistical signifi­

cance was assessed by two-tai led student 's t test. 

RESULTS 

The concentrations in plasma of total cholesterol, tri­

glyceride, LDL apoB, and LDL cholesterol of the subjects st~died 

are shown in Table 1. Plas:1a cholesterol levels were much higher 

in FH patients than in those with HyperapoB, in whom the mean 

val u e wa son lys 1 i g h t l Y hi g he r th an in the no r ma l su b je c t s. In 

contrast, plasma LDL apoB levels were much higher in both FH and 

HyperapoB patients than i~ the normal subjects. 
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Di~~rib~~l~~~~~DL ~~Èf~ac~lon~: The distribution of 

apoB amongst the fractions obtained by density gradient ultra-

centrifugation is shown in Table 2. Over 95% of the LDL apoB 

centrifuged on the gradient was recovered from the upper three 

fractions, fraction 1 being the most buoyant. In normal subjects 

and patients with HyperapoB 30% of LDL apoB lS distributed ln 

fraction 1,60% of it is in fraction 2, and the rest (10% of It) 

is in fraction 3. However, in patients with FH the LDL apoB was 

found to a grea te r ex ten t in frac tion 1 in hete rozyg ote s compare d 

with either normal subject~ or HyperapoB patients, a finding that 

was even more noticeable in FH homozygotes. 

Cholesterol to apoB Ratios of LDL Subfractions: The small 

amount of LDL present in fraction 3 was precluded from the analy-

sis. Table 2 shows the cholesterol to apoB ratios of subfractions 

1 and 2 of the subject studied. This ratio in fraction 2 is 

significantJy lower than in fraction 1 in al1 groups of subjects 

studied (p < 0.01). Furthermo11 e, the cholesterol to apoB ratIo ln 

frac t ion 2 was s ign i f icant ly lower in the normotr ig lycer idem l c 

HyperapoB pati en ts compared to the norma l sub jec ts (1. 16±O. 16 vs. 

1.33=0.11, P < 0.02). Indeed, this ratio was even markedly de-

creased in the hypertr ig lycer idemi c HyperapoB group compared to 

the normal subjects (0.88±0.11 Ys. 1.33±0.11, p < 0.001), where-

as there was no significant difference in the cholesterol to apoB 

ratio of fraction 2 in the hGterozygotic FH patients compared to 

that in normal subjects (1.23±0.09 vs. 1.33±0.11, p < 0.2). 

In LDL fraction 1 the cholesterol to apoB ratio is simi lar in the 

first three groups -- normal, normotriglyceridemlc HyperapoB, and 
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hypertr ig lycer idemi c HyperapoB, but th is ra ti 0 was s ignif ican t ly 

higher in FH heterozygote than in the normal subjects (1.81*0.29 

vs. 1.53%0.0l.!, p < 0.01). This difference in ratio is even more 

pronounced in FH homozygote compared to that in normal subjects 

(2.14 vs. 1.53). 

Chemical Composition of LDL subfractions: The composition 

of LDL subfractions 1 and 2 is shown in Table 3. 

Intragroup comparison: In normal subjects, LDL fraction 2 

contained significantIy more protein and less phospholipids than 

fraction 1 (24%3% vs. 20%3%, p < 0.02 and 22±2% vs. 24%3, p < 

0.05, respectively). In FH, LDL fraction 2 was also significantJy 

enr iched in prote in compared to frac tion 1 (22±2% vs. 17±4%, p < 

0.01). LDL subfractions 1 and 2 also differed in the patients 

with HyperapoB. Once again, LDL fraction 2 was protein enriched 

compared to fraction 1 (34=8% vs. 24=7%, p < 0.005). In this 

instance, the proportions of cholesteryl ester and free choles­

terol were reduced in fraction 2 compared to fraction 1 (36=4% 

vs. 44±6%, p < 0.0025, and 7j;2% vs. 8%2%, p < 0.05, respective­

ly). Therefore, in aIl three instances LDL fraction 2 contained 

significantly more protein than did fraction 1. 

Intergroup comparison: There were also significant dif­

ferences in LDL subfractions composition amongst normal, FH, and 

HyperapoB subjects. LDL fraction 2 in HyperapoB group contained 

substantially more protein and less cholesteryl ester than did 

fraction 2 in normal subjects (34±8% vs. 24±3%, p < 0.025 and 

36%4% vs. 42±4%, p < 0.01, respectiveIy) while fraction 1 in 

HyperapoB group also contained less phospholipids than did the 
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fraction 1 in normal subjects (20±4% vs. 24±3%, p < 0.05). 

On the other hand, LDL fraction 1 in FH contained less 

protein than did fraction 1 in the normal subjects (17:1"4% vs. 

20±3%, p < 0.05) but more cholesteryl ester and free cholesterol 

(48±2% vs. 43±3%, p < 0.025 and 11±2% vs. 8±2%, < p 0.01, res­

pectively). By contrast, the composition of LDL fractlon 2, 

except free cholesterol, did not differ significantly between FH 

patients and normal subjects (free cholesterol: FH vs. normal 

subjects, 11%3% vs. 7±3%, p < 0.05). 

Densi!1_~h~h-suÈf~ac!!~ns: The mean density of LDL 

fraction 1 in all the subjects studied was 1.0405 g/ml, usually 

recovered in 0.75 ml, fraction 2 was 1.0480 g/ml, usually re­

covered in 1.25 ml, and fraction 3 was 1.0600 g/ml, usually 

recovered in 1.00 ml. The locations of the two yellowish bands in 

the equilibrium density gradient varied among each indlvidual. 

The top band was always observed at the meniscus and the mean 

density is 1.0381 g/ml in aIl the subjects studied. However, the 

second observable yellowish band was located at a different 

position in each subject; in normal subjects it was usually 

located at density 1.0407 g/ml, in patients with FH it was bet­

ween 1.0381 and 1.0407 g/ml, and in HyperapoB patients with 

normotriglyceridemia it was 1.0470 glml and 1.0550 g/ml in those 

w i th hypertr ig lycer idemia. 

~lectron Microscopy Results: Electron micrographs of LDL 

fractions 1 and 2 are shown in Fig. 1. Fig. 1A shows fraction 1 

from a norma l sub jec t: the se part i c le s show typica l LDL morpho­

logy -- i. e., free-s tand ing part ic l es are round whi le cont i gu ous 
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ones are deformed and often polygonal. Fig. lB is a micrograph of 

fraction 2 material from a normotriglyceridemic HyperapoB patient 

and demonstrates that the LDL particles are round and fairly 

homogeneous in s ize. Fig. 1 C shows that micrograph of frac tion 2 

material from a hypertriglyceridemic HyperapoB patient. These 

particles represent unusually smaii LDL structures; they are 

extremely uniform in S1ze and have a tendency toward hexagonal 

packing. Such particies were not encountered in the normal 

subjects. The diameters of LDL particles (mean±SD) were aiso com­

puted. In LDL fraction 1 there was no difference between the 6 

normal subjects and 5 HyperapoB patients studied (26.6±0.7 vs. 

26.1±1.0 nm, respectiveIy) and there was also no difference in 

LDL fraction 2 between the 6 normal subjects and 4 normo­

triglyceridemic HyperapoB patients studied (24.5±1.1 vs. 24.2±O.4 

nm, respectively). However, in comparison with the diameter of 

LDL frac~,ions 1 and 2 in the subjects studied, the LDL particie 

1S significantly larger in fraction 1 than in fraction 2 (p < 

0.01). Furthermore, the diameter of the LDL fraction 2 particles 

in the 2 hypertriglyceridemic HyperapoB patients was rather 

small; 21.7%2.1 nm ln one instance, and 21.9±2.3 nm in the other. 

A~~!ltic~l_gltracentrifugation of LDL: The distribution 

of ruass within LDL in normal and HyperapoB subjects was also 

assessed by analyticai ultracentrifugation (Fig. 2). Results are 

shown for one female and one male patient with normotriglyceri­

demic HyperapoB (Fig. 2/';') and three normal males (Fig. 2B). The 

total mass of S~ 0-20 lipoproteins is higher in HyperapoB 

patients than in normal subjects (523 vs. 258 mg/dl), and the 
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peak LDL distribution shifted toward slower flotation rates ir. 

the HyperapoB patients (normal vs. HyperapoB; S~, 7.1 vs. 6.0). 

DISCUSSION 

The flndings of this study provide a plausible explanat­

ion for the disproportionate increase in LDL apoB over LDL 

cholesterol in plasma that we previou'31y reported in a group of 

patients with coronary heart disease and HyperapoB (4). The study 

demonstrated that the illcreased concentration of LDL apoB ir. 

these patients is present mostly in LDL subfraction 2 particles 

which are denser, relatively protein enriched, and cholestery.J. 

ester depleted as compared with LDL particles from normal sub­

jects. By contrast, in patients with FH there is an increase in 

the more buoyant LDL particles, which are relatively cholestero: 

enriched and protein depleted. The present flndings are con­

sis tent w i th the prev ious reports of al tered LDL compos i t l on ir. 

hypertriglyceridemic patients (8,19) and FH patIents (20,27-29). 

LDL has usually been regarded as a homogeneous entlty for 

c1inica1 and experimenta1 purposes despite long-standing eVldence 

to the contrary (13-19,30). The lil<elihood that dlfferent fract­

ions of LDL existed had Deen suggested in earlier studies (13-14, 

and recently confirmed in normal subjects (15-18). The different 

composition and density of LDL subfractlons observed in thes~ 

studies are compatible with a spherical model for LDL in whicr. 

particle size will diminish if core 1ipids, cholesteryl ester or 

triglyceride, and surface polar lipids decrease while the part­

icle becomes denser due to the changes of lipids to protei~ 
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ra ti o. Our find ings in HyperapoB are consis ten t w ith this mode l, 

and the concept of LDL heterogenei ty is further strengthened by 

the contrasting flndings in terms of chemical composition and 

distribution of LDL fractions in FH. 

The above line of reasoning is dependent upon establish­

ing that the subfractions obtained by ultracentrifugation are not 

experimentally induced artifacts and upon the validity of the 

apoB immunoassay as a measurement of LDL protein concentration. 

Krauss and Burke (18) demonstrated the existence of several LDL 

subc lasses by grad i en t ge lei ec trophores is in fresh unfrac t ion­

ated plasma which are comparable with LDL subfractions by ultra­

centrifugation, thus conficming the validity of observations 

based on density gradient ultracentrifugation. The method used to 

measure apoB in the present study was radial immunodiffusion, the 

results of which were compared with measurements of protein 

obtained by the Lowry method. The two methods agre"'d weIl 

(r=0.92) both before and after separation of LDL into its sub­

fractions, as long as the associated salt was first removed by 

dialysis. 

Myocardial infarction perturbs plasma LDL apoB levels 

(32), but Avogaro et al. have shown that, by 3 weeks after in­

farction, these have regained their day 1 values (33). The inter­

val of at least 3 months in the present study was chosen to 

correspond to prevlous works (10,34); even so, our patients had 

not ail resumed entirely normal lives and equally important, many 

were recelving cardioactive drugs whose effects on plasma LDL 

apoB levels are not Known. In the case of the homozygous FH 
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patients treated with plasma exchange, the sample analyzed was 

taken more than 2 weeks after the last exchange, an interval 

sufficient for LDL composition to revert to its preexchange state 

(20); although cholestryramine may change LDL composition in the 

heterozygotes by reducing LDL cholesterol to apoB ratios (35), 

this effect would, if anything, dimlnish the differences observed 

between FH patients and the other two groups studied. 

The lipid hypothesis stipulates that the risk of coronary 

heart disease is related, at least in part, to the lipid levels 

of various lipoprotein fractions. And indeed, in clinical pract­

ice, both abnormality and adequacy of therapy are defined ex­

clusively by lipid l€~els. However, because LDL is heterogeneous 

in composition in normal subjects, and because, as shown in this 

study, there are substantial and apparently characteristIc dif­

ferences in LDL cumposition in particular pathologie states, it 

appears that lipid levels incompletely characterize lipoprotelns. 

In the case of LDL, important differences in composition and 

plasma particle number may pass unrecognized if only LDL choles­

terol is measured. Indeed, the present findings suggest that the 

relationship might be even more powerful than that between li~ids 

and the chance of disease. 

The assocIation between HyperapoB and coronary artery 

heart disease is due presumably to accelarated atherosclerosis, 

and severa 1 p oss lb le mechan isms for th is can be cons ide red. The 

relatively delipidated LDL particles mIght be associated iotith 

structural changes in LDL resulting in increased InteractIon 

be tween LDL and g lycosaminog lycans wh ich make up the s truc tu ra l 

matrix of the artery w:=ll (36,37). Alternatively, the increased 
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number of LDL particles in plasma as weIl as their smaller part­

icle size might produce an increased entry rate into the arterial 

wall, saturating the catabolic capacity of phagocytic cells in 

the vicinity of damaged intima (38,39). Smith and Slater showed 

that 50-75% of the lipid in the advanced lesions is in intact LDL 

form (38). This Is also supported by Scott and Hurley (39), who 

demonstrated the intact LDL molecule in the developing athero­

sclerotic plaque. The results of the present study do not estab­

lish the association between HyperapoB and coronary heart disease 

as being causal, they do illustrate that potentially pathogenic 

variations in the spectrum of LDL particles can occur despite 

normal serum lipids. 
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Figure 1. Electron micrographs of LDL subfractions. Bars repre­
sen t 1 0 0 n m. CA) su b f r a c t ion 1 in a no r ma l su b j e ct; (B) 
subfraction 2 in a normotriglyceridemic patient with 
HyperapoB; CC) subfraction 2 in a hypertriglyceridemlc 
patient with HyperapoB. Arrow indicates are a where 
hexagonal packing is evident. 
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Figure 2. Analytical ultracentrifugation of S~ 0-20 1ipoproteins. 
The concen tra t i ons of the l ipopro te ins and the ir d is­
trlbution as a function of flotation rate (S~) were 
determlned by a cocputerized ana1ysis of data from the 
Schlieren patterns of ultracentrifugal spins at 52,640 
rprn of isolated total low density lipoproteins in a 
solutlon of density 1.063 g/::l (26). The flotation 
rates are expressed in Svedberg units (10- 13 sec) cor­
rected for concentration depe~dence and to standard 
conditIons (26°C). S~0-12=lo\oi density lipoproteinsj 
S{12-20=intermediate density li;>oproteins. CA) Patients 
wlth normotriglyceridemic Hy;:,erapoB Clef t, femalej 
right, male); CE) cale normal s.:bjects. 
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Table 1. Plasma lipid and LDL apoB concentrations 

TC TG LDL-C 

Subjects n mg/dl plasma 

Normal 10 172± 20 90±31 106± 13 

NTG HyperapoB 10 233± 14 150±24 170± 11 

HTG HyperapoB 10 247± 14 332±86 158± 17 

FH heterozygotes 6 420±131 165± 1 1 350±145 

FH homogygotes 3 513 186 397 

Results are presented as mean±SD for n subjects. 
NTG; normotriglyceridemic; 
HTG; hypertriglyceridemic. 
HyperapoB; hyperapobetalipoproteinemia 
TC; tot~l pl~3m~ cholesterol 
TG; tot~l plasma trlglycerlde 
LDL-C; low density lipoprotein cholesterol 
LDL apoB; LDL apolipoprotein B 

LDL apoB 

80±11 

150±18 

164±18 

223±60 
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Table 2. LDL fractions 1 and 2: Distribution of apoB and cholesterol­
to-apoB ratio 

% of total apoB cholesterol/apoB ratio 
----------------------

Subjects n 1* 2 1 2 

Normal 10 34± 8 54±11 1.53±0.04 1.33±O.11 

NTG HyperapoB 10 30±12 62±11 1.52±O.18 1.16±O.16 

HTG HyperapoB 10 30±10 59±11 1.44±0.15 0.88±0.11 

FH heterozygote 6 4S±26 46±24 1.81±O.29 1.23±O.O9 

FH homozygote 3 69 22 2.14 1.13 

Results are presented as mean±SD for n subjects. 
NTG; normotriglyceridemic 
HTG; hypertriglyceridemic 

1*; LDL subfraction 1 
2 ; LDL subfraction 2 
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Table 3. Composition of LDL in fractions 1 and 2 in normal subjects 
and patients with either HyperapoB or FH 

Subjects n subfraction apoB CE FC 

Normal 7 1 20±3 43±4 8±2 
2 25±3 42±4 7:!:3 

HyperapoB 10 1 24±7 44:!:6 8±2 
2 34±8 36:t4 7±2 

FH 5 1 17±4 48±2 11±2 
2 22±2 43:!:7 11±3 

Results are presented as mean±SD for n subjects. 
CE; cho l es tery l es ter 
Fe; free cholesterol 
TG; triglyceride 
PL; phosphlipid 

TG PL 

5±3 24±3 
3±2 22:!:2 

4±2 20:!:4 
3±1 20±4 

5±1 20±1 
5=!:1 19:!:3 

,.; .... 



CHAPTER 3 

MODULATION OF APOLIPOPROTEIN B ANTIGENIC DETERMINANTS 

IN 

HUHAN LOW DENSITY LIPOPROTEIN SUBFRACTIONS 



ABSTRACT 

To investigate the effect of low density lipoprotein 

(LOL) he terogene i ty on the conformation of LDL apo 1 ipoprote in B 

(apoB), the immunoreactivities of 6 monoclonal antibodies against 

LOL apoB were measured in 3 LOL subfractions isolated by equi-

llbrium density gradient ultracentrifugation. To ensure a broad 

range of LOL part ic l es, the LOL subfrac ti ons were prepared from 

normal subjects and patIents with hyperapobctalipoproteinemia. 

With 3 of the antibodies, 101, 5E 11, and 3A 10, LOL subfractions 

1, 2, and 3 (the buoyant, the dense, and the very dense LOL 

respectively) were equally immmunoreactive and competed similarly 

with reference whole LDL. By contrast, with 3 other antibodies, 

208, 3F5, and 4G~, fraction 1 was significantly more reactive 

than fraction 3; that is for each in turn, 190, 179, and 47% more 

of the very dense LOL protein was required to achieve the same 

displacement as wIth fraction 1. Further, the immunoreactivitles 

of the 3 LOL subfractions with antibodies 208, 3F5, and 4G3 were 

correlated with their LOL cholesterol to LOL protein ratio with r 

values of 0.727, 0.898, and 0.870, respectively, suggesting that 

as LOL particle size decreases, the conformation of the LOL apoB 

changes progressively. It is of interest that the antigenic 

determinants recognized by 3F5 and 4G3 are close to the LOL 

receptor recognition site on LOL apoB. Therefore, it is possible 

that the reduced immunoreactivity of these determInants in dense 

LOL may be the in vitro correlate of the reduced fractional 

catabolic rate of dense LOL compared to buoyant LDL prey iously 

observed in v i v o. 
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INTRODUCTION 

Low density lipoprotein (LDL) is the main cholesterol 

carr ier ln plasma. However, these cho les terol-r ich part ic les are 

not made up uniformly but differ in size, hydrated density, and 

chemical composition. Thus, equilibrium density gradient ultra­

centrifugation studies in normal subjects (1,2) have shown that 

as LDL particle density increases a series of related changes 

occur: peak fJotation rate decreases, mean particle diameter 

dec reases, and phospho 1 ip id to prote in ratio dec reases whi 1 e, at 

the same time, core 1ip id to prote in ra tio a1so decreases. These 

studi9S in normal subjects have been extended by the demonstrat­

ion that disease may alter the composition of LDL subfractions; 

for examp l e, in fami 1 ia 1 hypercho 1 es tero 1 emia (FH), LDL mass is 

increased and a cholestery1 ester-enriched subfl"action is present 

(3) whereas in hyperapobetalipoproteinemia (HyperapoB) and 

familial combined hyperlipoproteinemia (FCH), LDL mass is also 

increased but a LDL subfraction is present that is smaller, 

aenser, depleted in cholesteryl ester, and relatively enriched in 

protein (3-5). 

ALI these observations are consistent with a spherical 

model of LDL in which cholesteryl ester and triglycerlde are 

conf ined princ ipa lly to the core wi th phospho li P id, free cho les­

tero l, and apoB forming a sur face coa t of cons tan t th ickness (6). 

We speculated that this plus the decreasing diameter of the 

part ic le and poss i b ly changes in core lip id as we Il might a l ter 

the conformation of the apoB. Accordingly the present study 

examines whethO' the immunoreactiv i ty of a series of apoB anti­

genic determinants is altered predictably in LDL particles of 
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different composition and density. 

SUBJECTS AND HETBODS 

SUÈlec!~tudi~d: LDL was isolated from 14 adults (13 

males, 1 female, average age 57±7 years). None had suffel-ed a 

documented myocardial infarction at least 3 months prevlously 

while 4 had no history of coronary he3.rt disease. Plasma lipld, 

lipoprotein lipid, plasma LDL apoB levels and apoE phenotype are 

given in Table 1. Using the criterion for HyperapoB, patients 1, 

5,7,8, and 10 had combination of LDL cholesterol ~ 200 mg/dl 

and plasma LDL apoB ~ 120 mg/dl. On the basis of laboratory and 

clinical evaluations, none of the subjects presented with 

secondary causes of dyslipoproteinemia, such as hypothyroidism or 

nephros is, or wi th the E2/E2 phenotype. 

l s2.!. a t i0!l-ansLF ra ct i2,na t i2.~~LDL: Af ter a 12 h fas t, 

blood samples were collected into tubes containing EDTA (1 

mg/ml). Plasma was then separated by centrIfugation at 2500 rpm 

a t 4°C and kep t in tubes conta in ing EDTA (1 mM) and NaN 3 (0.02%). 

LDL was then isolated by preparative ultracentrifugation; the 

density of plasma was adjusted to 1.019 g/ml by addltion of 

NaCl/KBr so lut ion, and the samp le wa s cen tr l fuged a t 4°c for 16 h 

in a Beckman 50 Ti rotor at 40,000 rpm after WhlCh the super­

natant containing very low density lipoproteins and intermediaL 

density llpoproteins was removed by tube 51icing. The denslty of 

the infranate was then increased to 1.071 g/ml by addition of 

NaCl/KBr SOlution, and the infranate was further centrifuged at 
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40C for 16 h in a Beckman SW 50.1 rotor at 40,000 rpm. Because of 

salt redistribution, the final density of the top ml after this 

procedure is 1.063 g/ml. The supernatant LDL was aspirated and 

dialysed for at least 6 h against two changes of NaCI/KBr solut­

ion (d 1.050 g/ml). 

Discontinuous density gradient ultracentrifugation was 

then performed as follows. To a 2-inch (5-cm) cellulose nitrate 

tube, 1 ml of the following solutions was added in succession: 

',.1300 g/ml, 1.0645 g/ml, LDL 1.0500 g/ml, 1.0410 g/ml, and 

1.0286 g/ml. The gradient was centrifuged in a Beckman SW 50.1 

rotor at 40,000 rpm for 40 h at 10 0 C after which the tubes were 

removed and the fractions collected by piercing the bottom of the 

tube using a Beckman fraction recovery system. The initial 3 

frac tions remo v ed we re 1 ml each; the last 2 frac tions conta ined 

the lower and upper bands -- Fractions 2 and 1, respectively, 

which were separated visually. For each subject, the last 3 

fractions (that is, the least dense fractions; fractions 1, 2, 

and 3) were th en dialysed against a phosphate-buffered saline 

(PBS) solution and subsequently studied with monoclonal anti­

bodies. 

A reference preparation of LDL used for radioimmunoassays 

was obtained from normolipemic plasma by sequential ultracentri­

fugation between densities 1.020 and 1.050 g/ml. 

~9noclonal Antibodies ~~!~~oB: The production and 

cnaracte~ization of monoclonal antibodies against apoB from mice 

immunize':: by human LDL has been described earlier (1,8). Ascitic 

fluid ottained from rnice injected with selected clones was used 
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as sources of antibodies. Those employed in this study have been 

identified as follows: 1D1 and 2D8, both of which r,,=act against 

apoB 48 and apoB 100, and 3F5, 4G3, 5E11, and 3A10 which react 

only with apoB100 and inhibit the interaction of LDL with its 

receptor (7,8). 

Competitive Radioimmunoassays of apoB: Solid phase radio­

immunoassay was performed in Remov a we Il s (Dyna tech Labora tOI" ie s, 

Alexandria, VA) as follows. The wells were coated by an overnight 

incubation with 200 ul of reference LDL (30 ug/ml in 5 mM glycine 

buffer, pH 9.2) and subsequently saturated by incubation for 1 h 

with 250 ul of 1% bovine serum albumine (BSA) ln PBS, pH 7.4. 

Each antibody appropriately diluted in BSA-PBS solution was in­

cubated overnight with dilutions of either the standard reference 

LDL or the various LDL subfractions at final concentrations 

ranging from 0.1 to 10 ug of LDL protein/ml in BSA-PBS in dis­

posable culture tubes. 200 ul aliquots of these mixtures were 

then added to the wells which had been washed with 0.15 M NaCl 

contained 0.025% Tween 20. The wells were incubated overnight and 

agai~ washed with the Tween-saline solution as above. Rabbit 

anti-mouse 19G was labeled with 1251, purlfied as descrlbed 

eariier (7), and diluted in BSA-PBS before use. 200 ul of this 

solution representing about 60,000 cpm was added to each well and 

incubated overnight. The wells were washed with the Tween-saline 

solution as above and counted for radioactivlty. The intra-assay 

coefficient of variation for the measurement of LDL apoB was 10% 

or le ss regard le ss of the an t i body used. 
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!!2~.!.J:~~es: Protein concentration of the LDL subfraction 

was measured by the method of Lowry et aL (9) using boy ine serum 

albumin as a standard. Triglyceride and cholesterol concentrat­

ions were measured by enzymatic methods (Triglyceride and Choles­

terol Kits, Beckman Instrument Corp., Calif.) High density lipo­

protein (HDL) cholesterol was determined after heparin-manganese 

precipitation of plasma (10), adapted for enzyme assay by the 

addition of 8 mmoi/litre EDTA to the reagent. LDL cholesterol was 

calculated by substrating HDL cholesterol from d > 1.006 g/ml 

infranate cholesterol (11). Plasma LDL apoB was determined by 

radial immunodiffusion method (12). SDS-polyacrylamide gel 

electrophoresis was carried out according to Kane et al. (13). 

RESULTS 

In each subject, LDL was recovered over 98% in the last 

three fractions after equilibrium density gradient ultracentri­

fugation. These were labeled as fraction 1 (the buoyant LDL and 

located just at the meniscus), fraction 2 (the dense LDL), and 

fraction 3 (the very dense LDL). The cholesterol to apoB ratio 

was determined for each LDL subfraction in each subject (Table 2) 

and was highest in fraction 1, lowest in fraction 3, and inter­

mediate in fraction 2. That is, as the density of the LDL sub­

fraction increased within a subject, the LDL cholesterol to apoB 

ratio decreased. The average density of the solution in fraction 

1 after centrifugation was approximately 1.040 g/ml, that in 

fraction 2 aproximately 1.050 g/ml, and in fraction 3 approxi­

rnately 1.060 g/ml. 

117 



Next, the immunoreactivities of the 3 LDL subfractions in 

each subject were examined with each of the 6 monoclonal anti­

bodies. Typical binding curves in a single subject are shown in 

Fig. 1. Note that in each instance the displacement curves of the 

3 LDL subfractions interacting wi th any particular monoc lonal 

antibody are parallel. However, in some instances~ most obvious 

with 3F5 in this subject, there is considerable difference in the 

displacement obtained with the 3 LDL subfractions whereas with 

other antibodies, for example lDl and 3Al0, there is little 

difference. 

From the se d isp lacemen t curves, the immunore ac ti vi ty of 

the LDL subfractions to the 6 monoclonal antibodies was cal­

culated as the concentration of protein necessary for 66% dis­

placement of the maximum binding of the monoclonal antibody to 

the immobilized reference control LDL. These results are sum­

marized in Table 3. Immunoreactivity of the 3 LDL subfractions 

differed little with antibodies 1D1, 5E11, and 3A10 but differed 

substantially with 2D8, 3F5, and 4G3. With the last 3 antibodies, 

fraction 1, the buoyant LDL, was significantly more immuno­

reactive than fraction 3, the very dense LDL. Indeed, about 190, 

179, and 47% more LDL protein was required to obtain the same 

displacement with fraction 3 as fraction 1 using 2D8, 3F5, and 

4G3, respectively. Fraction 2 tended to be 18ss immunoreactive 

than fraction 1 (for 2D8 and 3F5 but not for 4G3) but more 

immunoreactive than fraction 3 (for 3F5 and 4G3 but not 2D8). 

This type of analysis presumes each of the 3 subfractions 

is the same in each of the 14 individuals, but as the data in 

Table 2 indicate this is clearly not the case. That is, while LDL 

118 



particles differ within an inàividual, there are differences 

among individuals as weIl. Therefore, in Fig. 2, the LDL choles­

terol to apoB ratio is plotted against the amount of LDL protein 

necessary for 66% displacement. For lDl, 5El1, and 3A10, no 

strong correlation is apparent and the p values are> 0.05. But 

for 2D8, and particularly for 3F5 and 4G3, there are strong 

signlficant correlations (p < 0.05) between LDL immunoreactivity 

and LDL cholesterol to apoB ratio, indicating that as the LDL 

part ic les become denser, these spec if ic de terminan ts b ecome pro­

porti ona te ly le ss immunoreac ti v e. These d ifferenc e s in immuno­

reactivity could not be ascribed to any apparent differences 

among the LDL subfractions of a given subject in their respective 

apoprotein compositions as judged by SDS-polyacrylamide gel 

electrophoresis and densitometric scanr.ing of the stained gels. 

When in sorne subjects, apoB74 and apoB26 were noted in addition 

te apoB100 (13), these same fragments of apoB were present in aIl 

of the 3 LDL subfractions (resul ts not shown). Also, the presence 

of apoB fragments was not associated with any lipoprotein pheno­

type of the patients, that is type IV and/or hyperapobetalipo­

proteinemia, and, therefore, was not more prevalent in subjects 

with the dense LDL. In addition, these electrophoreses 

demonstrated that none of the LDL subfractions were contaminated 

with lower molecular weight proteins. 

DISCUSSION 

LDL particles are heterogeneous, differing in lipid con­

tent and, therefore, differing in size and density. The present 
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study indicates that the immunoreactivity of certain specifie 

apoB antigenic determinant3 varies as a fun~tion of LDL composit­

ion and, therefore, suggests a possible lInkage between altered 

LDL composition and LDL metabolism. 

We chose LDL cholesterol to apoB ratio as our index of 

LDL heterogeneity since there is general agreement that this 

ratio decreases when LDL particle size anj density increase (1-

3). If apoB content/LDL particle is constant, as most evir.ence 

indicates (15), then as LDL size decreases, the conformation of 

the protein would be expected to change. In addition, because 

surface lipid to protein ratios decrease (1-3), the spatial 

relationship of the phospholipids and free cholesterol to apoB 

antigenic determinants must also change. The recent published 

human apoB structure suggests that apoB100 polypeptide may be in 

and out of the lipid environment of the ::'poprotein particle at 

irregular intervals, which indicated the pJssibility of numerous 

lipid anchoring sites (14). This supports our speculation that 

the changes of lipid to protein relationsr.:p must mask or unmask 

the apoB antigenic determinants or change :'he apoB conforma tion. 

Among the 6 antigenic determinants studied, the strength 

of the relationship between immunoreactivity and LDL composition 

varied, we speculated that this could :'ndicate the specIfie 

conformational changes occurred which di:-ferentially affected 

certain determinants as particle size d~minished. Two of the 

determinants showing the strongest relati:ns (3F5 and 4G3) have 

been shown to be adjacent to one another in cotitration experi­

ments (7) and on tryptic LDL fragments (~6), while 2D8 and 4G3 
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have been found together on small fragments of soluble apoB 

obtained by CNBr cleavage (32), thus demonstrating the proximity 

of thes e 3 de termi nan ts on LDL apoB. Furthermore, the se 3 de ter­

minants in general have exhibited the same requirements for 

lipids when so!ubilized apoB was incorporated into recombinant 

lipid vesicles (17). The antibodies 2D8, 3F5, and 4G3 were aIl 

antigenically active upon incorporation of apoB into lecithin­

cholesteryl oleate mieroemulsions (1'f), which are eharacterized 

by a hydrophobie core and so mimic LDL structure (18,19). Thus it 

appears that it is the conformation of a specifie region of apoB 

that changes as the LDL particles become smaller and denser. 

It is possible that changes in lipoprotein or apolipo­

protein structure associated with preparation of the lipoprotein 

fractions could have contributed to the differences in immuno­

reactivity shown here. However, with SDS electrophoresis we have 

not noted differences in the major apolipoprotein B components 

among the fractions and have found no peptide fragments indicat­

ive 0 f P 0 s s i b lep rot e 0 lys i s. Wh i let he den s e r L D L f r a c t ion ma y 

have been contaminated with lipoprotein Lp(a), previous studies 

have shown that it is unlikely to be a significant component in 

fractions of d < 1.050 g/ml (2), and, therefore, such contaminat­

ion could not account for the differences in immunoreactivity 

between subfractions 1 and 2 or the linear relationship of im­

munoreactivity with cholesterol to apoB ratio across the particle 

spectrum. 

Because the antibodies directed against 3F5 and 4G3 are 

also capable of interfering with the binding of LDL to the apoB/E 

receptor of fibroblasts (7), this region may also be important in 
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regulating LDL catabolism. Turnover studies in humans using 1251_ 

VLDL and 13 1r-LDL have shown a precursor-product relationship 

between VLDL and IDL, between IDL and buoyant LDL, and between 

buoyant LDL and dense LDL (20). This is the case both in normal 

subjects and in patients with hyperapobetalipoproteinemia. In 

both situations as weIl, the fractional catabolic rate of dense 

LDL is significantly less than that of buoyant LDL, it would, 

therefore, appear that as LDL particles become lipid depleted and 

denser, there are conforma t iona l mod if ica t ions of certa in de ter­

minants of apoB, especially 2D8, 3F5, and 4G3, which consequently 

may decrease the fractional catabolic rate of the dense LDL. 

The antigenic determinants recognized by antibod ies 5E 11 

and 3A 10 are also located close to the receptor recognitioll site 

on the LDL apoB (7); however, the reactivities of these deter>­

minants show no correlation with the cholesterol to apoB ratio of 

LDL. In previous studies designed to characterize apoB antigenic 

determinants, these 2 determinants were found to be poorly im­

munoreceptive upon delipidation of apoB (8). Upon equilibriatlon 

of apoB with lecithin-cholesteryl oleate microemulsions, 5E11 re­

gained only partial activity while 3A10 remained inactive (17). 

It appears, therefore, that these determinants are highly sus­

ceptible to modifications of the LDL apoB conformation, and it 

may be that the labile nature of the immunoreactivity does not 

allow observation of correlations with LDL size and density. 

This modulation of apoB antigenic determinants in LDL 

subfractions may be a consequence of either conformational mod­

ification of apoB by lipoprotein structure and composition or due 
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to genetic polymorphism of apoB. Several reports link apoB im­

munoreactivity to the composition of apoB-containing lipopro­

teins. Polyclonal antisera directed against apoB were first re­

ported able to differentiate VLDL of various sizes (21), and 

certain monoclonal antibodies can also distinguish VLOL, IDL, and 

LOL (22-25). Most of the determlnants studied by Tikkanen et al. 

exhibited increased immunoreactivities with decreased VLDL 

flotation rates and the determinants were more active with LDL 

and with VLOL (22). In addition, the immunoreactivities were 

influenced by LDL lipid compositions also (33). Tsao et al. (24), 

using a different battery of monoclonal antibodies, defined dis­

tinct patterns of antigenic determinant expression in VLDL, IOL, 

and LOL. These observations suggest that apoB conformation in 

VLDL, IOL, and LOL is simi lar but not identical. Marcel et al. 

observed ear lier tha t the de terminan ts recogn ized by ant i bod ie s 

101, 3F5, 4G3, 5E11, and 3A10 reacted less with VLDL than with 

LOL and that their immunoreactivity could be increased by partial 

delipidation (25). Therefore, it appears that a number of apoB 

antigenic determinats are either masked or structurally modified 

in VLOL and that their immunoreactivity increass as VLOL part­

icles are transformed into LOL through the normal metabolic 

seq uenc e. In k eep ing wi th the da ta pre sen te d here, the immuno­

reactivity of determinants such as 3F5 and 4G3 reaches a maximum 

with LOL particles of a defined hydrated density and thereafter 

decreases as these particles become denser, possibly as a result 

of the conformation constraints exerted on apoB. This inter­

pretation is supported by the results of Mao et al. (26) who 

found LDL immunoreac ti vi ty to vary as a func tion of tempera ture, 
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an observation compatible with modulation of LOL immunoreactivity 

by lipid composition and content, since temperature changes 

should result in modification of lipoprotein conformation and 

fluidity. Finally it is unlikely that partial proteolysis may be 

the cause of the decreased immunoreactivlty of 2D8, 3F5, and 4G3 

with increasing LDL density since apoB74 and apoB26, when present 

in a given subject LDL, were equa11y distributed in the 3 LOL 

subfractions. In addition, the determinants recognized by our 

antibodies were not found to be susceptible to proteo1ysis (16). 

A1ternatively, or simultaneously, we must also consider 

that this modulation of apoB antigenic determinants cou1d be 

related to genetic po1ymorphism of apoB. Immunochemical po1y­

morphism of human apoB was demonstrated by Blumberg et al. (27) 

and by Butler and Brunner (28) while Fisher et al. (29) reported 

that LDL sizes are determined genetically. More recently immuno­

chemical polymorphism of LDL apoB was demonstrated by the reduced 

binding of 3 monoclonal antibodies which allowed LOL donors from 

different families to be separated (30). With genomic restriction 

fragment a common DNA po1ymorphism withln the apoB gene coding 

sequence is reported to be associated with altered triglyceride 

and cholesterol levels (31). Therefore, genetic polymorphism must 

a1so be inc1uded as a possible interpretation of the reduced 

immunoreactivity of antibodies 2D8, 3F5, 

especially in the d~nse LDL found 

pro te in e m i a (3). 

a~d 4G3 with dense LDL, 

ln hyperapobetalipo-

In conc lusion, the present study has shown that the 

immunoreactivity of certain specifie antigenic determinants var-
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ies dit-ectly with LDL composition and more specificially with a 

parame ter proportional to LDL size and density. Of special inter­

est is the fact that two of these determinants which are predict-

ably affected by LDL apoB conformation are located near the 

receptor recognition site on LDL apoB (7). This observation 

together w i th the differen tia l frac tlona 1 clearance ra tes from 

plasma which have been demonstrated for buoyant versus dense LDL 

(20) leads to the hypothesis that LDL affinity for the apoB/E 

receptor may be affected by the density and size of LDL part-

icles. Future experiments must be designed to test this hypo-

thesis and to verify whether a cor'relation may be found between 

the immunoreactivity of the determinants 3F5 and 4G3 and LDL 

affinity for its cellular receptors. 
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Figure 1. Comparison of the displacement curves obt.ained in 
competitive radioimmunoassays with LDL subfractions 1 
(0---0), 2 (6--- 6), and 3 (e---e) from a single sub­
ject with the different antibodies as noted. The ref­
erence LDL were fixed on the wells, and the arrow 
indicates the position of the 66% displacement which 
was used as an expression of the relative antigenicity 
of each LDL fraction in Fig. 2. 
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Figure 2. Correlations between the LDL cholesterol to LDL apoB 
ratio of each LOL subfraction of each subject and their 
respective immunoreactivity with the different anti­
bodies expressed as the amount of protein of each LOL 
subfrac t ion necessary for 66% d isp lac emen t of agi ven 
antibody to the immobilized reference LOL. 
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Table 1. Clinical and biochemical data of the subjects studied 

Patient Age Sex Clinical ApoE LDL 
no. status pheno- TC TG HDL-C LDL-C apoB 

type --------------------------------------
mg/dl plasma 

1 53 M CAD E4/3 218 201 35 139· 142 
...... 2 49 M N E3/2 216 135 47 148 110 w 
1-' 3 64 F CAD E3/3 179 108 55 114 108 

4 63 M CAD E3/2 176 109 46 121 89 
5 57 M CAD 218 326 18 135 163 
6 59 M CAD E3/3 202 110 38 150 114 
7 59 M CAD E3/3 284 334 20 197 146 
8 60 M CAD E4/3 266 130 70 186 142 
9 62 M CAD E3/3 195 146 1~8 132 104 

10 61 M CAD E3/2 234 245 35 159 135 
1 1 65 M CAD E3/3 214 93 45 152 101 
12 47 M N E4/3 187 101 44 125 85 
13 63 M N E3/2 179 123 69 93 77 
14 42 M N E3/3 204 113 41 140 85 

* The LDL cholesterol values are calculated from d > 1.006 g/ml infranate 
cholesterol minus HDL cholesterol. 

CAD, Clinical coronary artery diseasej N, no clinical coronary artery dis-
ease; TC, total cholesterol; TC, triglyceride; HDL-C, High density lipo-
protein chole3terol; LDL-C, Low densi ty lipoprotein cholesterol; LDL apoB, 
Low density lipoprotein apolipoprotein B; ApoE, apolipoprotein E 
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Table 2. Cholesterol to apoB ratio in LDL subfractions 

Cholesterol to apoB ratio is calculated from the cholesterol and 
protein values which are measured directly on the LDL sub­
fractions. 

Patient no. cholesterol/apoB ratio 

1· 2 3 

1 1. 51 1.27 0.88 
2 1.66 1.37 1.00 
3 1.06 0.89 0.78 
4 1.68 1.33 0.80 
5 1.52 0.93 0.75 
6 1.63 1.28 1.00 
'7 1.60 1.25 0.74 
8 1.56 1. 41 1.08 
9 1. 65 1.28 0.78 

10 1.53 1. 14 0.71 
1 1 1. 73 1. 41 1.04 
12 1. 57 1.32 1.05 
13 1. 66 1.43 0.89 
14 1. 64 1.32 1.24 

• Th€' numbers 1, 2, i'lnd 3 represent LDL subfractions 1, 2, and 3. 



Table 3. Summary of the mean immunoreactivities of the LDL sub­
fractions from normal subjects and hyperapobetalipo­
proteinemie patients 

The mean of the concentrations of individual LDL subfractions is 
expessed in ug prote in/ml from the different subjects necessary 
for 66% displacement of maximal binding of the monoclonal anti­
body to the immobilized control LDL. 

Antibody 

2D8 3F5 

1* 2 3 1 2 3 

Mean 1.0 2.1 2.9 1.4 2.2 3.9 
SD 0.4 0.6 1.0 0.7 1.0 1.3 

1 1 

0.05 NS 0.05 0.02 
Paired t test 1 J 

0.02 0.02 

1D1 5E 11 

1 2 3 1 2 3 

Mean 1.8 2. 1 2.3 4.7 5.5 5. 1 
SD 0.4 0.5 0.6 1.5 1.8 1.2 

1 1 1 1 

NS NS NS NS 
Paired t test 1 1 1 

NS NS 

* The numbers 1, 2, and 3 indicate LDL subfractions. 
NS, not significant. 
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1.7 2. 1 2.5 
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NS 0.05 
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CHAPTER 4 

METABOLIC BASIS OF HYPERAPOBETALIPOPROTEINEMIA: 

TURNOVER OF APOLIPOPROTEIN B IN LOW DENSITY LIPOPROTEIN 

AND lTS PRECURSORS AND SUBFRACTIONS COMPARED WITH 

NORMAL AND FAMILIAL HYPERCHOLESTEROLEMIA 



ABSTRACT 

The turnover of apolipoprotein B (apoB) in very low 

densIty, intermediate density, and 10w density 1ipoproteins 

(VLDL, IDL, and LDL) and in the buoyant and dense fractIons of 

LDL was determined in 7 patients with hyperapobeta1ipoproteinemia 

(HyperapoB), 6 normolipidemic subjects, and 5 patients with 

he terozygous fami l ial hypercho l es tero lemia (FH). After rece i v ing 

an injection of 125I-VLDL, HyperapoB patients were found to have 

a higher rate of synthesis of VLDL-apoB than controls (40.1 vs. 

21.5 mg/kg per d, p < 0.05) but a reduced fractiona1 catabo1ic 

rate (FCR) (0.230 vs. 0.366/h, p < 0.01). After receiving an 

injection of 131I-LDL, HyperapoB patients had higher rates of 

LDL-apoB synthesis than controls (23.1 vs. 13.0 mg/kg pel' d, p < 

0.001), as did FH patients (22.7 mg/kg pel' d). The FCR of LDL was 

simi1ar ;n HyperapoB patients and controls (0.386 vs. 0.366/d) 

but was markedly decreased in FH patients (0.192/d). Most sub­

jects exhibited precursor-product relationships between VLDL and 

IDL, and all did between IDL and buoyant LDL; an analogous 

re1ationship between bu oyant and dense LDL was evident in most 

HyperapoB patients and controls but not in FH patients. Simul­

taneous injection of differentia1ly labeled LDL fractions and 

deconvolution analysis showed increased buoyant LDL synthesis 

with normal conversion into dense LDL in HyperapoB, whereas in FH 

con vers i on of buoy an t LDL was reduc ed and there wa s independen t 

synthesis of dense LDL. These data show that the iner eased con­

centration of LDL-apoB in HyperapoB is sole1y due to inereased 

concentration of LDL synthesis, which is secondary to increased 

VLDL synthesis; in contrast, in FH there is both an increase in 
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synthesis of LDL (which is partly VLDL-independent) and l'educed 

catabolism. 
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INTRODUCTION 

Evidence that low density lipoprotein (LDL) is hetero­

genous in terms of particle size and composition has been pub­

lished by several groups of workers, using a variety of methods 

of separation (1-6). These studies have shown that LDL can be 

separated into 3 to 5 subfractions in normal subjects (1,3-6) and 

patients with type IV hyperlipoproteinemia (2) in whom, as point­

ed out by Fisher (7), heterogeneity seems especially marked. 

Incubation of LDL with postheparin plasma results in a shift in 

the dis tr ibution of LDL from le ss dense in to den ser sub frac tions 

(1), which suggests the conversion of larger into smaller part­

icles consequent on lipolysis (3,5). Kinetic studies by Phair et 

al. (8) provide additional support for the existence of 

precursor-product relationships within the spectrum of LDL part­

icles. 

Recently we described a simple method of separating LDL 

into two major subfractions, fraction 1 or bu oyant LDL, and 

fraction 2 or dense LDL, using discontinuous density gradient 

ultracentrifugation, and we documented differences in the 

densities and composltion of these fractions between normal 5ub­

Jects and patients with increased plasma levels of LDL-apolipo­

protein B (apoB) (6). The latter fell Into two categories: 

patients with familial hypercholesterolemia (FH), in whom fract­

ion 1 wa s cho le ste ry leste r-enr iched and le S5 den se than norma l, 

and patients with hyperapobetalipoproteinemia (HyperapoB), in 

whom fraction 2 was cholesteryl ester-depleted and denser than 

normal. As defined previously (9,10), the term HyperapoB denotes 

a disproportionately increased concentratIon of LDL-apoB in 
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plasma in the face of a norma l concentra t ion of LDL cho les tero l, 

often accompanied by hypertriglyceridemia and associated with 

coronary heart disease (CHD). An increase in LDL-apoB, hyper­

triglyceridemia, and a predisposition to CHD are also features of 

familial combined hyperlipidemia (11), with which HyperapoB un­

doub ted ly ov el" lap s in sorne instances. The re la ti onsh ip between 

these two entities and the possibility that an abnormality of 

apoB me tabol ism is common to both has rec en t ly been dIS cussed in 

detail elsewhere (12). 

In the pre sen t s tudy the turnover of ap oB w i th in the ma in 

subfractions of LDL and in its precursors, very low density 

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

has been investigated in normal subjects, patients wlth 

HyperapoB, and patients with heterozygous FH; a major objective 

was to determine the mechanisms responsible for the increased 

levels of LDL-apoB and cont!"'asting changes in LDL composition, 

which distinguish these two disorders. 

SUBJECTS AND METHODS 

Studies were perforrned in 17 male subjects, 7 patIents 

with HyperapoB, 4 FH heterozygotes, 6 normal controls, and 1 

female FH heterozygote (patient 18). Subjects 7, 11, and 14-18 

were studied in London and the remainder were studied ln Mont­

real, but the analyses of all the subjects were determined ln 

Montreal. Their clinical and biochemical details are shown in 

Table 1. The cholesterol and triglyceride content of samples was 

determined enzymatically, each value representing the mean of 
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triplicate analyses of single samples or the mean of single 

estimates of two or more samples. LOL cholesterol was calculated 

by subtracting VLDL and high density lipoprotein (HDL) choles­

terol from total cholesterol (13), except in the FH patients 

whose LOL cholesterol was calculated as described by Friedewald 

et al. (14) (see Table 1). HDL cholesterol was determined after 

heparin-manganese precipitation of plasma (15), adapted for enz­

yme assay by the addition of 8 mmol/liter EDTA to the reagent. 

LDL-apoB was assayed by radial immunodiffusion, using a method 

designed to minimize any contribution from VLDL apoB (16), as 

validated below. Upper limits of normality for serum tri­

g lycer ide, LDL cho leste ro l, and LDL-apoB up on wh ich li poprote in 

phenotyping and the diagnosis of HyperapoB have been based were 

200, 200, and 120 mg/dl, respectively, as defined previously 

(6,10). AlI subjects consumed their usual diets except during 

studies of VLDL turnover when their fat intake was restricted to 

< 5 g/d; meals were supplied by the diet kitchen during this 2-d 

periode Dietary intake was not assessed routinely but both groups 

of patIents had received advice in the past aimed at achieving or 

maintaining iaeal body weight and restricting the intake of 

saturated fat and cholesterol. None of the patients was on any 

lipid-Iowering drug during the course of these studies with tne 

exception of FH patient 18, who was on cholestyramine during one 

LDL turnover study. HyperapoB patients 2 and 3 were on hydro­

chlorothiazide and patient 3 was also on propranalol but none of 

the other patients were on dluretics or B-blockers. AlI were 

ambulant and malntained their customary exercise habits. Relative 

138 



body weight was within the normal range in aIl but two subjects, 

the exceptions being one HyperapoB and one FH patient, who were 

slightly obese. These studies were sanctioned by the Research 

Ethics Committees of the Royal Postgraduate Medical School and 

Hammersmith Hospital, London, and the Royal Victoria Hospital and 

McGill University, Montreal, and all subjects gave informed con­

sent. 

Measurement of LDL-apoB: This was performed as previous1y 

described (16); the samples were allowed to diffuse radially for 

18 h into a 1.5% agarose gel containing a rabbit antibody agalnst 

human LDL of d 1.025-1.050 g/ml. To ascertain whether a sig­

nificant contribution to the diameter of the rings was made by 

the apoB in VLDL and IDL, as has been claimed to occur with 

hypertriglyceridemic samples (17), two approaches have been f01-

lowed: first, in Montreal, retrospective analysis of aIl the 

previous results that have records of patients' total choles­

terol, triglyceride, plasma LDL apoB, and d > 1.019 g/ml LDL 

apoBi secondly, in London, blood samples were obtained from 50 

fasting subjects undergoing health screening in London. 

AlI subjects from the latter study had a serum 

cho les tero l of < ;,.60 mg /d l, 31 of wh ich had a serum tr ig lycer ide 

of < 177 mg/d l, and 19 of wh ich had a tr ig lycer ide of > 220 

mg/dl, the highest value being 526 mg/dl. A 4-ml aliquot of each 

subject's serum was adjusted to d 1.019 g/ml and ultraCe!îtlfuged. 

The concentration of LDL-apoB was compared in each seru~ and its 

corresponding d ) 1.019 g/ml fraction; the res~ectlve values were 

106:19 vs. 100:19 mg/dl in normotriglycer:demic sam;;les and 

139 



120'*=23 vs. 113*26 mg/dl in hypertrig1yceridemic samp1es. In each 

group 94% of the apoB in serum was accounted for by apoB in the 

corresponding d > 1.019 g/ml fraction. Using an LDL apoB of 120 

mg/d l or above as a cr i te r ion, four of the normo tr ig 1ycer idemi c 

group had HyperapoB when serum was assayed, vs. three who had 

HyperapoB when the d > 1.019 g/m1 fraction was assayed; in the 

hypertriglyceridemic group the corresponding numbers were 11 vs. 

8. Similar results were found from the former' retrospective 

analysis; aIl subjects (n=66) had total cholesterol ranging from 

130-320 mg/dl, 19 had triglyceride level which varied from 210-

600 mg/dl, and 47 had triglyceride levels ~ 200 mg/dl. The con­

centration of LDL apoB in plasma and its corresponding d > 1.019 

g/ml fraction were 111.%34 vs. 116.:t33 mg/dl in normotri­

glyceridemic samples and 137.:r25 vs. 140.:r26 mg/dl in hypertri­

glyceridemic samples. In each group over 95% of the apoB in 

plasma was accounted for apoB in the corresponding d > 1.019 g/ml 

fraction. These data from two laboratories and two geographic 

sources confirm tha t the contribution of VLDL and IDL-apoB to the 

measurement of LDL-apoB in plasma by RID is slight in our hands 

and is no greater in hypertrlglyceridemic than in normotrigly­

ceridemic samples. It is possible, however, that the LDL-apoB in 

plasma or serum might be significantly overestimated by RID at 

tri g l Y ce r ide lev e Iso f > 1, 000 mg / d l ( 17 ). 

Family studies: Data was obtained on other fami1y members 

of three of the seven HyperapoB patients. Patient 1, who had 

transieiltly exhibited a type IV phenotype in the past, had a 

mother and brother with elevated LDL cholesterols and type lIa 
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phenotypes, a daugher age 4 yr w ith a plasma LDL-apoB of 137 

mg/dl, and a son age 7 yr with a plasma LDL-apoB of 98 mg/dl, 

both with normal LDL cholesterols and lipoprotein phenotypes. 

LuL-apoB levels were 138-205 mg/dl in one son and three other 

daughters, age 19-26 yr, of patient 3 and were 89-111 mg/dl in 

three other daughters age 14-16 yr. This patient's wife had a 

value of 191 mg/dl. AIl these individuals had normal LDL choles­

terols and lipoprotein phenotypes. PatIent 5 had three adult 

first degree relatives with LDL-apoB levels of 122-129 mg/dl, a 

daughter age 14 yr with a value of 155 mg/dl, and a wife with a 

value of 172 mg/dl, aIl with normal LDL cholesterols and lipo­

protein phenotypes. Thus, three familles showed evidence of 

HyperapoB in first degree relatives, both adults and childrenj 

and in two fami lies HyperapoB was present in a spouse. 

Of the FH heterozygotes, patient 16 had three hyper­

cholesterolemie first degree relatives and the other four 

patients had tendon xanthomata, including patient 15, who had a 

type IIb phenotype. 

Turnover of apoB: The turnover of apoB in VLDL, IDL, and 

LDL was determined by simultaneously inJecting 125r-VLDL and 

13 1I_LDL, using standard techniques to isolate and label tt1e 

lipoprotein. After an overnight fast, blood (50-60 ml) was ob­

tajned in EDTA tubes (1 mg/ml) from each subject for isolation of 

VLDL and LDL. VLDL (d < 1.006 g/rnl) was isolated from the plasmf3. 

by sequential ultracentrifugation, using a Bec:.cman Tl 50 rotor at 

40,000 rpm for 18 h. The VLDL collected was then washed and 

concentrated by centrifugation in a Beckman SW50.1 rotor at 
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40,000 rpm for 16 h. The concentrated VLDL was then ready for 

radiolodination. After removing the 1DL fraction (d 1.006-1.019 

g/ml) by ultracentrifugation, the density of d > 1.019 g/ml 

infranate was adjusted to d 1.071 g/ml by addition of NaCI/KBr 

solution, and the infranate was centrifuged for 16 h in a Beckman 

SW50.1 rotor at 40,000 rpm. The supernatant LDL was collected, 

washed, and concentrated as described above. The VLDL and LDL 

fraction prepared as above were used for labelling with 125r and 

1311, respectively, by the iodine monochloride method (18). Free 

iodide was removed by chromatography on a Sephadex G-25 column 

and exhaustively dialysed against 0.01% EDTA/O.15 M NaCl s')lut­

ion. The amounts of 125 1 and 13 11 injected averaged 79 and 58 

uCi, respectively. Lipid labeling was 20% for VLDL and < 5% for 

LDL. AlI patients received oral potassium iodide, 180 mg/day 

throughout the 2 weeks of the study prriod. Those undergoing VLDL 

turnovers were placed on an isocaloric, low fat diet for 48 h 

after receiving 125I-VLDL. As a rule 1311-LDL was injected 10 min 

after 125I-VLDL, after an overnight fast. In sorne instances 

buoyant and dense fractions of LDL were isolated, as described 

below, labeled with 1251 and 13 11, respectlvely, and then re­

injected. 

Blood samples were taken into tubes with EDTA (1 mg/ml) 

at 2-4 hourly Intervals during the first 24 h after the injection 

of labeled lipoproteins and at 12-24 hourly intervals for the 

next 9 days. Plasma was separated, stored at 40c for 5-10 days, 

and then successively ultracentrifuged at d < 1.006 and d 1.006-

1.019 g/ml in a Beckman Ti 50 rotor at 40,000 rpm for 18 h at 

4°C. The VLDL and 1DL were recovered after tube S11C ing for 
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analysis of apoB specifie activities. This involved delipidation 

of samples with ether/methanol (3/1, V/V), followed by column 

chromatography on Sephadex G-150 and assay of the leading edge of 

the apoB peak, whi:h elutes with the void volumf', for radlo­

activity and protein content (19), as originally described by 

Sigurdsson et al. (20). Sample count rates ranged from 100 to 

550,000 cpm above background. The fractional catabolic rate (FeR) 

of apoB in VLDL was calculated from area under the VLDL spec IflC 

activity/time curve by multiexponential curve-fitting technIque, 

computed graphically, and the absolute catabolic rate (ACR) was 

calculated as FeR x pool size and since these were steady state 

studies synthesis was taken to equal ACR (21). Wherever possible 

the proportion of VLDL converted to LDL was determined by de­

convolution analysls (20). The turnover of apoB in IDL derived 

from VLDL was calculated by the method of Zilversmit (22) where 

the FCR of a produet is the Inerease in its specIfie activlty 

over any given period of time, divided by the corresponding area 

between the precursor and product specifie activity/tlme curves. 

This method can be used only where a precursor/product rela tion­

ship exists and was applleà only ln those Instances ;.;!1ere tne IDL 

speclfie activlty curve :..ntersected the VLDL specIfIe actlvlty 

curve at or not more than 2 h Defore the peak of IDL spee Ific 

activity was reached. The sizes of VLDL- and IDL-apo3 pools were 

calculated as plasma voluCle x concentration of tetrarr.ethylurea­

insoluble protein (23) in the d < 1.006 and d 1.006-1.019 g/ml 

fractions, respectively; proteln was measùred by the method of 

Lowry et al. (24). Plasma volume was eS~lITiated at 4.5% of body 
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~8ight rather than using the values obtained from the lü-min 

blood sample (20). 

In two FH pat ien ts 'broad spee trum' IDL (Sf 12-60) ra ther 

than the 'narrow speetrum' IDL (Sf 12-20) was isolated. Sf > 60 

wa s re mov ed from plasma by u l traeen tr ifuga tion in a Bee kman Ti 50 

rotor at 40,000 rmp for 2 h. The densIty of the infranate was 

then adjusted to d 1.019 g/ml with NaCl/KBr solution and subjeet­

ed to eentr i fuga t ion for 20 h a t 40,000 rprn in a B eckrnan Ti 50 

rotor (25). The supernatant (Sf 12-60) was reeovered, washed, and 

cone en tra ted as de ser i bed above. Sf 12-60 was then labe led w ith 

1251 (18) and injected into the patient. Its FeR was caleulated 

by rnonoexponential analysis. 

The FCR of LDL was ealculated by two eompartmental analy­

sis of the plasma radioaetivity/time curve, as described by 

Matthews (26), with the pool size of LDL being calculated as the 

mean LDL-apoB concentration of multiple sarnples of the d > 1.019 

g/ml fraction x plasma volume, using radial immunodiffusion to 

determine LDL-apoB (16). ACR was caleulated as FCR x pool size 

and since these were steady state studies synthesis was taken to 

equal ACR. 

To obtaln LDL subfractions, d > î.019 g/ml samples were 

adjusted to d 1.071 g/ml with NaCl/KBr and centrifuged in a SW 

50.1 rotor to isolate LDL of d 1.019-1.063 g/mlj a portion of 

this sarnple was then dialyzed to d 1.050 g/ml and 1 ml W3.S 

centrifuged on a discontinuous densIty gradient in a SW50.1 rotor 

at 40,000 rpm for 40 h at 10 0 C (the temperature is critical 

since this influences the time taken for the gradIent to reach 

equillbrlurn), as described in detail in Chapter 2 (6). At the 
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conclusion the gradient was fractionated, using a tube piereer, 

into three l-ml fractions (fractions 3-5) followed by visual 

separation of dense LDL (fraction 2) usually recovered in ap­

proximately 1.25 ml (mean density, 1.0480 g/ml), and buoyant LDL 

(fraction 1), usually recovered in approximately 0.75 ml (mean 

density, 1.0405 g/ml). The 125 1 and 13 11 ln fractions 1, 2, and 3 

were then counted in a dual channel gamma counter, approprlately 

calibrated to minimize spillover, and their apoB and cholesterol 

content were assayed, as described above. The 5-10% of eounts and 

apoB recovered in fraction 3 (mean density, 1.063 g/rnl) were 

ineluded with dense LDL. Quenehing of 125J in these fractlons was 

asse ssed by an in te rna 1 standa rd and se Idom exceeded 10%. 

After injection of LDL subfractions the FeR of buoyant 

and dense LDL were calculated by two compartmental analysls (26) 

of the radioactivity/time curves of apoB in the buoyant or dense 

fraction of LDL, pool sizes were calculated by multlplylng the 

total LDL pool by the mean percentage of apoB recovered in buoy­

ant or dense LDL, and turnover (ACR) was calculated as FCR x 

pool size of buoyant or dense LDL. The proporthn of buoyant LDL 

converted lnto dense LDL was determined by deconvo.J..utlon analysb 

(20). The independent input of dense LDL was calculated as turn­

over of dense LDL minus turnover of buoyant LDL x percent con­

verted to dense LDL. These calculatlons were based on the premlse 

that buoyant LDL can be converted into dense LDL but that the 

reverse àoes not oecur. The statistical signlficance of dlf­

ferences bet·...;een means was calculateà by the two-tal18d t test 

(Hewlett-?ackard 65 Statistieal programj Hewlett-Packard Co., 
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Palo Alto, CA). 

RESULTS 

The clinical and biochemical characteristics of the three 

groups of subjects are detailed in Table 1. The HyperapoB 

patients dld not differ greatly from the normal controls with 

respect to age and relative body weight but all had CHD, docu­

mented angiographically. They had significantly higher plasma 

levels of total cholesterol, triglycerièe (five having a type IV 

phenotype), and VLDL cholesterol than the controls (p < 0.05, < 

0.05, and < 0.05, respectively) Dut there was no significant 

difference between the two groups with respect to LDL cholesterol 

and HDL cholesterol. However, the Hype!'"'apoB patients had Slg­

nlficantly higher LDL-apoB levels than normal controls (p < 

0.001). AlI but one (No. 17) of the FE patients had CHD, for 

which three had prey iously undergone coronary artery bypass 

grafting. Theil" total and LDL cholesterol levels were greatly 

inc reased, as wa s the conc en tra ti on of LDL-ap oB in pla sma, wh ich 

were significantly higher than normal control (p < 0.001, < 

0.001, and < 0.001, respectlvely) but their HDL cholesterol 

values were withln the normal range. VLDL cholesterol was not 

deterrnined in FH patients but one of them had a raised trl­

g lyc er ide and type II b pheno type. 

Table 2 gives the distribution of apoB in the three 

fractions of LDL after density gradlent ultracentrifugation and 

the cholesterol/apoB ratio of the t'I'lO t:ain fractions. The chief 

dlfferences between the three groups are the reduced choles-
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1 

terol/apoB ratIo of dense LDL (fra~tion 2) in HyperapoB patIents 

wh i chi s SIg nIf i c an t l Y 10 w e r th a n the no r ma l con t roI s (p < a .0 1) 

and the increased cholesterol/apoB ratio of buoyant LDL (fraction 

1) in FH, which is signiflcantly higher than the normal control 

(p < 0.001). In control subjects and HyperapoB patients, approxl­

mately two-thirds of LDL-apoB was found ln fraction 2 and ap­

proximately one-fourth in fraction 1; the remainlng 5-10% W3S 

recovered in fraction 3. Signiflcantly more apoB was present in 

fraction 1, and less was present in fract ions 2 and 3 in FH 

patients compared with the other two groups (FH vs. control of 

fractions 1 and 2, p < 0.01 and < 0.05, respectively). Only trace 

amounts of apoB were detectable in the bottom 2 ml of the 

gradient. 

Kineti cs of apoB: QuantI ta ti ve da ta on apoB turnover in 

VLDL, IDL, and unfractionated LDL are shown in Table 3. Examples 

of turnover studies in indlviduals from each of tne three groups 

of subjects are illustrated in Figs. 1-4. 

VLDL-apoB turnover: HyperapoB patlents had signlflcantly 

higher rates of VLDL synthesis than normal subjects, a lower FeR, 

and a larger VLDL-apoB pool Cp < 0.05, < O.G~, and < 0.01, 

respectively); these aDnormalities were especial':'y marked in the 

hypertriglyceridemic patients. VLDL turnover was ::~asured in only 

one of the FH patients (No. 14) but his values ... -:::"e comparatl(: 

with those obtained in normal subjects. 

IDL-apoB turnover: The rate of synthesis :: IDL-apoB (Sf 

12-20) from VLDL-apoB c:>uld be calculated ln only :'~.ree HyperapoB 
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patients, three controls, and one FH patient, for reasons dis­

cussed below. In two other FH patients, patients 15 and 16, 

direct estlmates of IDL turnover were obtained by injecting 

'broad spectrum' IDL of' Sr 12-60. Overall, the rates of syn­

thesis, FeR, and pool size of IDL-apoB did not differ greatly 

between the three groups (Table 3). However, unlike the controls, 

IDL synthesis rates were considerably lower than the corresonding 

LDL sy nthes is ra te s in both group s of pat ien ts, irre sp ec ti v e of 

whether indirc~t estimates of Sf 12-20 or direct estimates of Sr 

12-60 apoB turnover were calcnlat8d. 

LDL-apoB t urno v~: The ra te of synthesis of LDL-apoB, 

analyzed in the conventional two compartments after injection of 

labeled LDL into all subjects, was significantly higher in Hyper­

apoB and FH patients than in controls (p < 0.001 and < 0.001, 

respectively); the FeR of HyperapoB patients was similar to 

controls, whereas that of FH patients was markedly reduced (FH 

vs. control, p < 0.001) (Table 3). The :-'001 size of LDL apoB Was 

even higher in FH than in HyperapoB patients, both being sig­

niflcantly greater than normal control Cp < 0.001 and <0.01, 

respectively) . 

Precursor-product relationships between VLDL, IDL, and 

!:-DL_subfrac!:.ions: Fig. shows the changes in specifie activlty 

of apoB ln the plélsma of a control subJect after injection of 

125I-VLDL. The classical precursor-product relatlonshlp betwee;J 

speclfic activlty/time curves, where the precursor (VLDL) should 

intersect the product (IDL) at or just before the latter reaches 

its maxlmlm, was not observed in thlS subject nor in another 
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control and two HyperapoB patients, in aIl of whom the cross-over 

occurred 3 h or more before IOL specifie activ ity had reached its 

peak. However, in the remainder (see Fig. 2, left), where the 

delay was less than 2 h, an attempt was made to calculate the 

synthesis of lOL from VLDL, using the method of Zilversmit (22) 

but accepting that the values obtained (Table 3) are only ap­

proximate estimates. 

The proportion of VLDL-apoB converted into LDL-apoB, 

calculated by deconvolution analysis, averaged 58% (22-80%) ln 

thr'ee control subjects compared with 49% (35-69%) in four Hyper­

apoB patients. In one of the control subjects and two of the 

HyperapoB patients only 40-60% of the LDL synthesized could be 

accounted for on the basis of conversion of VLOL, but ln the 

remainder all LDL was derived from VLDL. 

Relationships between the specifie actlvity/time curves 

of IDL and buoyant LDL are shown in Figs. 1 and 2 (left) and of 

buoyant and dense LOL in Fig. 1 (right). All subjects studled 

exhibited precursor-product relatlonshlps between IDL and buoyant 

LDL including the FH patients given 125I-VLDL (Fig. 3) and 1251_ 

IDL (Flg. 4). However, in one control subject (No. 10) and O'le 

HyperapoB patient (No. 4) there was no preeursor-product 

relationshlp between buoyant and den::>e LDL, as exemplified Ir. 

Fig. 2 (right)j in both these individuals LOL synthesls was only 

partially accounted for by converSlon of VLDL, as not8d above. 

The lack of any su eh rel3.tionship between buoya:1t and dense LD:. 

was even more eVldent in the three FH patlents ln whom thls was 

studled, irrespective of whether the buoyant LDL was origina.11' 
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derived from injected VLDL (Fig. 3) or from injected IDL of Sf 

12-60 (Fig. 4). 

Turnover of LDL subfractions: The turnover of apoB in the 

buoyant and dense fractions of LDL was qualitatively assessed in 

nine sub jec ts afte r an in jec tion of un frac ti ona ted, sing 1y 1abe 1-

ed LDL, which was glven primarily to measure total LDL turnover 

(see Table 3). As illustrated in Fig. 5, the early part of the 

speclfic activity/time curve for buoyant LDL decays faster and is 

more curvilinear than that of dense LDL in a control subject. 

These differences are accentuated in the HyperapoB patient but 

are much less eVldent in the FH patient. Quantitation of buoyant 

and dense LDL turnover was nOJ possible during these studies 

because the proportion of buoyant LDL converted to dense LDL was 

not determined. 

The turnover and interconverslon of isolated LDL fract­

ions was studied in six subjects who were injected with dif­

ferentlally labeled buoyant and dense LDL. As illustrated in Fig. 

6 (1eft), there was a precursor-product relationship between 

buoyant and dense LDL when buoyant LDL was injected into a Hyper­

apoB subject but the reverse did not occur when dense LDL was 

inJected (Fig. 6, right). Similar findlngs were observed ln a 

control subJect in whom administration of intravenous heparin to 

stimulate lipolysis caused a transient dip in the specifie 

activity/ time curve of buoyant LDL (Fig. 7, left), presumably 

refl.ectlng converSlon of unlabeled IDL into buoyant LDL, without 

a f f e c tin g den seL D L tu r nover ( Fig. 7, r i g h t ). l n FH, no pre -

cursor-product relationship was evident between buoyant and dense 
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LDL, confirming earlier studies in which VLDL or IDL had been 

injected (Fig. 8, left). Indeed, the cross-over of specifie 

activities 4 days after injection of dense LDL (Fig. 8, right) 

suggests that some of the latter may be converted back to buoyant 

LDL in this disorder, though at a slow rate. Alternatively, it 

may have been due to an influx of unlabeled dense LDL. 

Turnover rates of buoyant and dense LDL in the six sub­

jects were determined by analysis of the respectIve radlo­

activity/time curves and the proportion of buoyant LDL converted 

to dense LDL was calculated by deconvolution analysis of the 

injected dense LDL and the dense LDL derived from injected buoy­

ant LDL. Total LDL turnover was then derived, as shown under 

method A, Table 4. Four of these subjects also had total LDL 

turnover measured in the conventional method on a dlfferent 

occasion (method B), three under similar conditions to those of 

the previous study, whereas the fourth was on chc::'estyramine 

during study A but not during study B. In general, values of FeR 

and ACR for total LDL were lower when calculat~d ty method B, 

despite similar pool sizes during the two sets of studies. 

Synthesis (AeR), FeR, and conversion ra te of buoyant LDL 

were highest in HyperapoB subje8ts whereas FeR a:1d percent con­

version were reduced in FH. FeR of dense LDL was also reduced in 

FH but synthesis (AeR) of dense LDL was increased as It also was 

1:1 HyperapoB, although ln FH the greater pro;;or'tion was not 

derived from bu oyant LDL. In one FH patient ajcin:stration of 

choi.estyramine (Questran) for cllnical reasor.s resulted in a 

decrease in the Slze of the buoyant LDL pool. 
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DISCUSSION 

The HyperapoB subjects in this study were characterized 

by plasma levels of LDL-apoB in excess of 120 mg/dl in the face 

of LDL cholesterol levels of 200 mg/dl or less. This combination 

was due to an increased concentration of dense LDL particles, 

denser than normal and with a reduced content of cholesteryl 

ester (6). These features and a decrease in the particle size 

tend to be especially marked ln hypertriglyceridemic HyperapoB 

patients; five of our seven HyperapoB patients, aIl of whom had 

CHD, fell into that category. It was recently suggested that the 

RID assay we used over-estimates the concentration of LDL-apoB in 

hypertriglyceridemic plasma because of the diffusion into the gel 

of small VLDL and IDL particles containing apoB (17). However, we 

could not find any evidence of this since 94% of the apoB in 136 

sera or plasma that we tested was attributable to LDL, both in 

normolipidePlic and hypertriglyceridemic samples (see Methods). 

Another potential drawback to this method is the possibility that 

small LDL particles might diffuse faster into the gel than larger 

LDL particles, thus giving a spuriously high value in hyper­

trlglyceridemic samples. However, comparison of the Lowry and RID 

methods of quantitating protein in buoyant and dense LDL, o,.;hich 

differ in size, failed ta demonstrate any bias of the RID assay 

toward dense LDL (6). Thus, over-estimatation of LDL-apoB by RID 

of plasma, at least in our hands, is relatively Sllght. Neverthe­

less, all the HyperapoB patients in this study had an LDL apoB of 

> 120 mg/dl as measured both in plasma and in its d > 1.019 g/ml 

fl'ac t i on. 
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Although each of the three HyperapoB families we studied 

contained first degree relatives with raised LDL-apoB levels, 

only one family exhibited the pattern of multiple Ilpoprotein 

phenotypes, which is characteristic of raIDi liaI combined hyper­

lipidemia (11). The latter disorder includes patients with in­

creased levels of LDL cholesterol and type IIa and IIb pheno­

types, whereas such individuals were, by definition s excluded 

from the present study. Furthermore, LDL-apoB levels are often 

but not invariably raised () 120 mg/dl) in familial combined 

hyperlipidemia (11). VLDL-apoB synthesis is known to be increased 

in patients with the latter disorder (27-29), and a similar 

increase was ev ident in most of our HyperapoB patients, especial­

ly if they were hypertriglyceridemic. The area under the curve 

method of calculating VLDL-apoB turnover, which we used, gives a 

lower but more accurate estimate of synthesis than monoexponent­

ial analysis, which fails to take into account the slow turnover 

taïl of the specifie activity/time curve (30). The nearly two­

fold increase in VLDL-apoB synthesis in HyperapoB patients was 

accompanied by a marked decrease in FeR and an expanded VLDL 

pool. 

LDL-apoB synthesis was also nearly twice norma l ln the 

HyperapoB patients as was the size of the LDL pool. Similar re­

sults were obtained by Kesaniemi and Grundy (31), who found a 

strong correlation betwee'1 LDL synthesis and the concentration of 

LDL-apoB in plasma. In both studies the FCR of LDL was normal in 

HyperapoB subjects. The same authors recently described another 

groùp of patlents with CHD and overproduction of LDL, whose LDL­

apoB levels in plasma remained normal because of an increase in 
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FCR; these, they suggest, might represent normolipidemic variants 

of familial combined hyperlipidemia (32). They then reported 

another group of patients with CHD and overproduction of LOL. The 

LOL apoB levels in plasma in these patients were normal although 

the FCR of LOL was similar to normal controls (33). Thus it would 

seem that oversynthesis of apoB with normal or even increased LDL 

catabolism is common to both familial combined hyperlipidemia and 

HyperapoB. This contrasts with FH where increased synthesis of 

LOL is accompanied by a decrease in FCR, as observed in this and 

pre v i 0 U s st u die s (1 8 , 34 ) • 

Since HyperapoB exhibits similar phenotypic features to 

fami lia l comb ined hyper l ip i demia and both d isorders seem to have 

the same metabolic defect, namely overproduction of apoB, this 

sugges ts tha t they may be i dent i ca 1. Howev er, fami liaI comb ined 

hyperlipidemia is considered to be a dominantly inherited dis­

order (35), whereas the patttern of distribution of HyperapoB 

within families is compatible with polygenic inheritance (36). 

One large Amish pedigree with HyperapoB and sitosterolemia was 

Identified through a single gene factor that accounted for the 

ra t io of LDL cho les terol to LDL ap oB (37). There fore, unt i l su ch 

time as the genetic defect or defects responsible have been 

Identified it seems reasonable to keep an open mind as to whether 

HyperapoB represents a subgroup of familial combined hyper­

lipidemla or whether it represents a phenotypically similar but 

genetically distinct disorder. 

The increase in LDL synthesis in HyperapoB is accompanied 

in most instances by an increase in VLOL apoB synthesis, as 
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discussed above. Based on the estimate that almost 50% of VLDL 

was converted ioto LDL, this increase in VLOL synthesis accounted 

for most of the increase in LOL synthesis in HyperapoB. The 

absence of any increase in IDL synthesis in those HyperapoB 

patients in whom this could be calculated suggests th~t increased 

synthesis of LDL in this disorder seemingly involves direct 

conversion of VLDL to LDL, as has been postulated in hypertri­

glyceridemic subjects (38) and suggested by multicompartmental 

analysis for the exi~ting of a sequestered IDL pool not detected 

in plasma (39). In the former study approximately 20··30% of 

labeled VLDL was converted directly te LDL without a~pearing ln 

IDL, while a similar proportion was converted to LDL via IDL, the 

remainder being cornpletely catabolized (38). These several fates 

of VLDL presumably reflect its metabolic heterogeneity in hyper­

glyceridemic subjects, as has also been shawn by others (40). 

However, the possibility of a significant contribution ta r..OL­

apoB levels being derived from a VLDL-independent synthetie path­

way in HyperapoB cannot b~ excluded, especially in those suhjects 

in whom a precursor-product relationship between buoyant and 

dense LDL was not demonstrable and in whom total LDL synthesis 

exceeded that derived from VLDL. Finally, the speCIfie 

activity/time curves of IDL provide useful qualitative informat­

ion, but accurate quantitation of IDL turnover is dependent upon 

a valid estimate of pool size, which may be underestimated if Sr 

12-20 concentrations of apoB are low or losses are high due to 

the methodology limitation. These are the possible explanations 

of why IDL syn thes is ra tes we re 0 ften l ow~r than those of LDL. 
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The discrepancy between IDL and LDL synthesis persists 

even when 'broad spectrurn' IDL (Sf 12-60) was directly injected 

in to two rH pat ien ts. Th is ob se t'vat ion, together w ith the lac k of 

any precursor-product re la tionship betil1een buoyant and dense LDL 

ln all five FH patients, supports t.he concept of a VLDL- and IDL­

lndependent source of LDL in this disorder (34). Janus et al. 

(41) studied FH heterozygotes, in addltion quantitating the pro­

portion of VLDL converted to LDL. Their results suggested that 

20-72% of LDL was synthesized independently of VLDL. More re­

cently Soutar et al. showed reduced (\learance of IDL in FH (42) 

and a similar finding was later reported in Watanabe Heritable 

Hyperlipidernic (WHHL) rabbits by Kita et al. (43). The latter 

st.udy showed that reduced clearance of IDL resulted in increased 

forma t ion of LDL wh ich, they considered, was secondary to the LDL 

receptor deficiency that characterizes the WHHL rabbit as well as 

its hurnan counterpart. There seems little doubt that a similar 

rnechanism could contribute to increased LDL synthe sis in FH 

patients but this does not exclude the possibility that 'direct' 

secretlon of LDL also occ..urs. Eaton et al. (44) demonstrated a 

major 54% of LDL apoB in heterozygotic FH is derived from non-IDL 

precursors, the remaining 46% ls derived from IDLo They then 

sugge s t two pa thway s 0 f P roduc t ion of LDL ap oB in FH and support 

the concept of direct synthesis of LDL apoB independent of IDL 

catabolism. Furtherrnore, live!' perfusion studies in pigs (60) and 

nonhuman pr irna t", s (61) a lso de monstra ted d irec t hepa ti c secre t ion 

of LDL part ic les. 

Out' studies not on1y explain the increase in LDL-apoB 

l eve 1 s in Hype rap oB bu t a 1 so have sorne bear ing on the mechan ism 
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whereby buoyant LDL is converted to densE' LOL. This process 1S 

accentuated in HyperapoB, especially in hypertriglyceridem1c 

subj ec ts in whom dense LOL is dense r, sma 11 e r, and more dep le ted 

of cholesteryl ester than in control subjects or normotriglyceri­

demic HyperapoB patients (6,45). In vitro, the ex change process -- ----

of triglycerlde and cholesteryl ester between llpoproteins ln the 

presence of a factor has been shown by us and others (46,48). A 

reciprocal relationship exists between the decrement in LDL 

cholesterol and increment in VLDL plus HOL cholesterol that 

occurs in ~i v~ during the transIt of these llpoprote ins through 

the 1 iver (49). Reanalyis of those data, after exc luding the 

contribution made by HDL cholesterol, gave almost as good a 

correlation between the decrease in LOL cholesterol and increase 

in VLDL cholesterol (r = 0.72, p < 0.005), the differences being 

confined to cholesteryl ester. Recently, Barter et al. (50) 

proposed that exchange of cholesteryl ester tetween lipoprotelns 

is a function of the pool size of the individual lipoprotein 

classes. Morton and Zilversmit (48) proposed that th.; transfer of 

cholesteryl ester and triglyceride is dependent on t!1e composIt-

ion of donor and accep tor. Tha t is, there is net tran s fe r 0 f core 

lipids between VLDL and LOL or VLDL and HDL but only exchange 

between LOL and HDL with which both have nearly identlcal choles-

teryl ester ta trl.glyceride ratio. These being so, an increase ln 

the Slze of the VLDL pool relative to LDL, as occurs in Hyper-

apoB, anJ the difference in composition of VLOL and LDL would ac­

centuate movement of cholesteryl ester from LDL to VLDL and of 

trig::"ycerlde from VLDL ta LDL. The consequence after lipolysis 
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either by hepatic triglyceride lipase (51,52) or lipoproteln 

lipar;e (53,54) would generate the dense LOL. In FH pateints who 

are deficlent in LOL receptors, the finding that buoyant LOL :s 

enriched in cholesteryl ester and accumulated in plasma implies 

tha t the con vers i on of buoyant to dense LOL may dep end on ef­

fIcient functlonlng of the LOL receptor. It is also possible that 

buoy an t LOL has a h igher aff in i ty for the LDL rec ep tor than does 

dense LOL, as suggested recently (55). The decrease in the 

cholesterol/apoB ratio of LDL and increase in FeR, especially of 

buoyant LOL, induced by therapy known to stimulate receptor­

med ia ted LOL ca tabo llsm in FH support these conc lus ions (56). 

Lastly, the question arises as to which is the best 

method of analyzing LOL turnover. Berman (57) postulated the 

existence of at least two intravascular populations of LOL part­

icles in equilibrium with an extravascular pool to explain apoB 

kinetics in humans and this concept is supported by our data. The 

method we have used to derive total LOL turnover (method A, Table 

4) is to determine the turnover of each major fraction by the 

conventional two-compartmental model and to calculate the pro­

portion of buoyant LDL converted into dense LDL by deconvolution 

analysis. In essence this is a twin two-compartmental model that 

allows for independent input into each intravascular pool and 

independent catabolic pathway of these LDL particles as weIl as 

conversion of buoyant into dense LDL. Analysis of LDL turnover by 

such a model would be expected to glve highel' values for FeR and 

thus AC R than the con ven ti ona l two-c ompartmen ta l mode l, wh ich is 

in accord with our observations. Converslon of less dense int8 

densel' LDL particles has been weIl documented in hypertri-
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glyeeridemie subjeets (58) but our data suggest the posslbillty 

that retreeonversion of dense to buoyant LDL may oeeur in FlI, 

whieh cOIDr-licates the mathematical analysls. Computer modelllng 

can resolve sueh problems and for this and ether reasons may 

prove to be the better me ans of quantitating apoB turnover in LDL 

as weIl as in VLDL, as discussed by Fisher (59) and, more re­

eently, byBeltz et al. (39). 
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FIgure 1. SpecIfIc activIty of apoB ln plasma lipoproteins of a 
control subject (~o. 10) during the inltial 27 h (left) 
and over the course of 10 d (right) after administrat­
ion of 125r-VLDL. 
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Figure 2. SpecifIc activity of ap83 ln plasma lipoproteins of a 
HyperapoB patient (No. 4) during the inltial 30 h 
(left) and over the CO:.lrse of 9 d (right) after ad­
ministration of 125r-V:"'DL. A simllar pattern v.:as oL­
served in control subje~t No. 12. 
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Figure 3. Specifie activity of apoB in plasma lipoproteins of an 
FH Ratient (No. 14) during the 4 d after an injection 
of 125I-VLDL. 
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Figure 4. SpecIfie activity of apoB in plasma Jipoproteins of t\o.'G 

FH patIents (No. 15, 1eft, and No. 16, right) dU!'Ui[ 

the 4 d after injection of 125r_IDL (Sr 12-60). 
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Fi gu r e 5. S P e c i fic a c t i vit Y 0 f a p 0 B i n bu 0 yan t (0) and ct en s e (.) 
LDL, expressed as percent of the specifie activity of 
buoyant LDL at 10 min after injection of 1251_ or 1311_ 
LDL, in a control subject (No. 9, 1eft), a HyperapoB 
patient (No. 2, centre), and an FH heterozygote (No. 
17, right). 
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Figure 6. Specifie activity of apoB in buoyant (0) and dense (e) 
LDL in a HyperapoB patient (No. 6) after administration 
of 1 25J -buoyant LDL (le ft) and 131 l -dense LDL (r igh t). 
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Figure 7. Specifie activity of apoB in buoyant (0) and dense (e) 
LDL in plasma of ~2.control subject (No. 11) afrer 
administration of JI-buoyant LDL (left) and 13 1-
dense LDL (right). An intravenous injection of heparin 
100 Lu./kg body weight was given at 2.75 d, as indi­
cated by the arrow; blood samples were taken immediate­
ly before and 15 and 60 min later. Deconcolution analy­
sis showed virtually complete conversion of buoyant to 
dense LDL before heparin was injected (77.0% at 2.75 
compared with 77.1% at 10d) but both postheparin 
samples have been excluded from the turnover analysls. 
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Fi gu r e 8. S pee i fic a c t i vit Y 0 f a p 0 B in bu 0 yan t (0) and den s e (.) 
LDL in an FH patient (No. 11) after administration of 
125I-buoyant LDL (left) and 13 1I-dense LDL (right). 
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Table 1. Cllnlcal and bloohemloal data. 

Subject Age RBW TC TG VLDL-C LDL-C HDL-C LDL-B 

HyperapoB 

1 
2 
3 
ij 

5 
6 
7 

HeantSD 

Control 

8 
9 

10 
11 
12 
13 

HeaniSD 

FU 

14 
15 
16 
17 
18 

HeaniSD 

yr. 

33 
57 
61 
53 
56 
38 
61 

51 t ll 

40 
46 
50 
47 
63 
40 

118i: 9 

27 
64 
52 
38 
62 

491 16 

s 

107 
127 
105 
89 

116 
94 
95 

280 
309 
231 
183 
261 
135 
250 

105t 13 236t 59 

95 
105 
105 
96 

104 
97 

1001:5 

102 
102 
92 

101 
128 

2011 
191 
216 
182 
152 
160 

1841:25 

550 
476 
491 
480 
526 

1051:14 5051 32 

mg/dl plasma 

198 
533 
584 
113 
236 
318 
226 

40 
96 
35 
23 
47 
24 

31S:!:177 44 t 27 

113 
84 

136 
72 
54 

127 

981:33 

142 
290 
139 
164 
186 

184:1:62 

23 
9 

27 
3 
6 
5 

121:10 

200 
162 
149 
111 
162 
94 

186-

lS2t 38 

139 
131 
147 
129 
100 
105 

40 
51 
47 
49 
52 
17 
19 

39t 15 

41 
51 
42 
49 
46 
30 

1291:18 43i:8 

489-
385-
422-
402-
398-

419t 41 

33 
33 
41 
45 
43 

39:!:6 

- calculated from formula of Frledwald et al. (14). 

Abbrevlatlon~ used ln thl~ table: 

147 
143 
134 
124 
146 
121 
150 

H8t ll 

85 
94 
95 
98 
77 
73 

871:10 

283 
242 
258 
270 
234 

257 t 20 

TC, total cholesterol; TG, trIg1ycerIde; VLDL-C, LDL-C, and HOL-C, VLOL-, LDL­
and HDL-oholesteroll LDL-B, LDL-apoB ln d ) 1.019 fraotion of plasma; RBW, 
relative body weight. calculated as kg/(c.-l00) x lOOS. 

WHO 
type 

N 
IV 
IV 
N 
IV 
IV 
IV 

N 
N 
N 
N 
N 
N 

lIa 
IIb 
lIa 
lIa 
Ua 

".,-
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Table 2. Distribution of apoB and Cholesterol/apoB Ratios in LDL Subfractions 

ApoB, % of total apoB 

Subject n 1** 

HyperapoB* 6 24.6±6.2 

Control 

FH 

6 26.8±9.8 

5 43.2±6.3 

2 

65.9±10.6 

68.4±10.9 

55.0± 6.6 

3 

9.4±6.4 

4.6±5.8 

1.8±2.5 

Cholesterol/apoB 

1 

1.47±O.16 

1.55±O.14 

2.05±O.23 

2 

O.98±O.11 

1.23±O .12 

1.37±O.16 

* Samples from patient 7 were lost and mean values were used to calculate his 
pool sizes in Table 4. 

** The numbers 1, 2, and 3 represent LDL subfractions 1, 2, and 3. 



Table 3. Kinetics of apoB Turnover in VLDL, IDL, and LDL 

VLDL-apoB IDL-apoB LDL-apoB 
--------------------------------- ---------------------- ------------------------------

ACR FCR Pool ACR FCR Pool ACR FCR Pool 
mg/kg-d /hr mg mg/kg-d /hr mg mg/kg-d Id mg 

HyperapoB 

1 46.0 0.261 615 123 20.8 0.343 5538 
2 50.2 o. 168 822 19.3 0.244 211 32. 1 0.521 4063 
3 32.7 0.127 810 172 20.8 0.355 4002 
4 28.4 0.355 199 7.6 0.258 81 20.3 0.362 3487 
5 43.3 0.237 543 4.8 0.095 148 22.1 0.350 4430 

...... 
Mean±SD 40.'±9.2 0.230±0.088 598 t 254 10.6 148±51 23.1±5.1 0.386±0.076 4304±161 -...J 0.199 

'" 
Control 

8 25.9 0.350 204 176 15.9 1).358 2952 
9 17.5 0.351 165 14.3 0.404 124 13 .8 0.327 3538 

10 23.2 0.388 209 84 12.1 0.316 2913 
1 1 19.5 0.380 164 5.8 0.190 99 11.2 0.346 2973 
12 21.6 0.362 214 19.1 0.516 129 12.8 0.414 2460 
13 11.7 0.314 2056 

Mn/ln.!:SL> 21.5:!:3.j 0.366:!:0.011 191:t 25 13.1 0.310 122:t35 13.0:!:1.1 0.366:!:0.030 2152:!:515 

FH 

14 27.6 0.383 316 6.5 0.203 97 33.0 0.259 9233 
15 11.44- 0.088- 381- 22.1 0.192 8095 
16 5.92- 0.167- 91- 19.7 0.168 7203 
17 21.0 0.113 9161 
18 11.8 0.169 6308 

Mean±SD 22.1:t6.0 0.192:t0.039 8000:t1262 

• Sr 12-60 
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Table 4. Quantitation of turnover of apoB in buoyant (B) and dense (0) fractions of LDL 

lIethod 
Subject of 

HyperapoB 
6 

1 

Control 
11 

13 

FH 
11 

18 

analysis 

A 

A 

A 
B 

A 
B 

A 
B 

A Q 
B 

B-LDL 

Pool FCR ACR Conversion 

mg Id mg/kg-d J 

1174 1.72 

1251 0.415 

25.4 

8.16 

619 0.80 6.4 

563 0.628 5.34 
512 

3331 0.224 10.2 
3023 

2041 0.239 8.0 
3116 

77.8 

100 

77.1 

13.8 

49.4 

39.4 

Pool 

mg 

2764 

3831 

2247 

1522 
1544 

4311 
6138 

3034 
3192 

D-LDL 

FCR ACR Direct 
synthesis 

Id mg/kg-d J 

0.495 17.2 

0.301 11.3 

0.445 13.0 

0.55 12.65 

0.213 16.2 

0.240 11.9 

o 

49.0 

61.5 

69.2 

68.5 

13.9 

Pool 

mg 

3938 

5094 

2866 
2531 

2085 
2056 

1648 
9161 

5081 
6308 

total LDL 

FCR ACR 

Id mg/kg-d 

<0.513 25.4) 

(0.231 11.3) 

<0.386 14.4) 
0.346 11.2 

(0.441 14.0 
0.376 11.7 

(0.203 21.3) 
0.173 21.0 

(0.203 16.8) 
0.169 17.8 

A. Buoyant and .dense fractions were injected and turnover of each analysed by the method of Hatthews (21); 
ACR of total LDL was derived as ACR of B-LDL plus direct synthesis of D-LDL, the latter being cal­
culated as ACR of D-LDL minus ACR of B-LDL x percent conversion. Derived data are shown in parenthesis. 

B. Unfractionated LDL injected and specifie activity/time curves of whole LDL were analyzed by the method 
of Hatthews (21); pool sizes of buoyant and dense DL were measured after density gradient ultracentri­
fugation, as in Hethods. 

Q. On Questran 16 g/d. 

, . ., 



CHAPTER 5 

PHYSIOLOGIC INSIGHTS FROM A 

MULTICOMPARTMENTAL MODEL OF LDL METABOLISM 



1 

l 

ABSTRACT 

LDL apoB turnover has generally been analyzed by the two­

compartment model of Mathews, the presumption being that all 

plasma LDL particles have an equal probability of being cata­

bolized. But LDL has been shown to be both structurally and 

kinetically heterogeneous. Accordingly, a new model of LDL meta­

bolism was developed using multicompartmental analysis. One nor­

mal and three patients with hyperapobetalipoproteinemia were 

studied. AlI received simultaneous injection of 125r-buoyant LDL 

(B-LDL) and 131r-dense LDL (D-LDL). The model contains: 1) a B­

LDL delipidation cascade with a slowly catabolized pool that 

derived from this cascade; 2) not only is B-LDL converted to D­

LDL but also D-LDL can return to the liver and re-enter the 

plasma space; 3) B-LDL and D-LDL can each be directly cata­

bolized. 

Quantitative analysis showed that the apoB transport rate 

of B-LDL and D-LDL is increased in HyperapoB compared to normal 

(22.6 vs. 6.58, 18.7 vs. 8.70 mg/kg-d, respectively), the 

fractional catabolic rate of B-LDL apoB is three times faster 

than the D-LDL apo3 (1.287 vs. O.421/d), and an average of 54% 

(36 to 71%) of B-LDL apoB goes through the cascade to be convert­

ed to D-LDL apoB. The model underscores the physiologie im­

portance of cholesteryl ester-triglyceride ex changes in the pro­

duction of the D-LDL in lipcprotein metabolism. 
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INTRODUCTION 

Apol i poprote in B-l00 (apoB) is essen t ia 11 y the on ly apo­

protein of low denslty lipoproteins (LDL) (1,2); it is also a 

major constitutent of very low density lipoproteins (VLDL). In 

the c ircu la t ion, V LDL undergoes l ipo ly t ic degrada t ion to sma 11 er 

lipoproteins: intermediate density lipoproteins (rDL) and low 

density lipoproteins (LDL) (3). In this lipolytic process apoB-

100 remains in the lipoprotein particles. The final product, LDL, 

is removed from the circulation mainly by LOL receptors (4). 

Therefore, understanding the metabolism oÎ apoB-containing lIpO­

proteins is vital to understanding the overall metabolism of 

these lipoprote ins. 

Several groups of workers, using a variety of separation 

methods, have demonstr'a ted that LDL is heterogeneous in terms of 

particle size and composition (5-10). These studies have shown 

that LDL can be separated into 3-5 subfractions with ài~~inct 

physical and chemical characteristics (5,7-10) and that hetero­

geneity seems especially marked in patients with type IV hyper­

lipoproteinemia (11). Recently we descrlbed a simple method, 

discontinuous density gradient ultracentrifugation (10), to sepa­

rate LDL into t!1ree major subfractlons: fraction 1 or buoyant LDL 

(B-LOL), fraction 2 or dense LDL (O-LDL), and fraction 3 or very 

dense LDL. Vie documented differences in the densities and 

composition of the two major subfractions, fraction 1 éind fract­

ion 2, among normal subjects, patients w:th hyperapobetalipo­

proteinemia (HyperapoB) and patIents t,.,'ith familial hyper­

cholesterolemia (FH). In patients with FH, fraction 1 was choles­

tery l es ter-enr i ched and l ess dense than norma l, and in pa tien ts 
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with HyperapoB fractL,n 2 was relatively cholesteryl-ester de­

pleted and denser than rormal. Kinetic study of apoB in VLDL, 

IDL, LDL, and the bu oyant and dense fractions of LDL (12) showed 

that the increased concentration of LDL apoB in HyperapoB was due 

solely to increazed LDL synthesis, which in turn was secondary to 

increased VLDL synthesis; by contrast, in FH there was both an 

increased synthesis and reduced catabolism of LOL. With regard to 

the LOL-subfrac tions 4:.here was a precursor-produc t rela tionship 

between buoyant and dense LOL in most HyperapoB patients and 

controls but not in FH patients. Kinetic studies by Phair et al. 

(13) also supported the existence of precursor-product relation-

sh ips w i th in the spec trum of LDL ?art ic les. 

Three different models have been proposed to analyze LDL 

apoB metabolism (14-16). Although there is no doubt that LDL is 

heterogenous, kinetic analyses of LDL apoB have generally used a 

two-compartment model (14). This model hypothesizes a single 

intravascular pool in equilibrium with an extravascular pool. It 

stringently limits the analysis of LDL kinetic data since it 

presumes LDL is homogeneous w ith one ou tput whereas the hetero-

geneity of LDL ~uggests that there may be several catabolic 

routes for LDL. Therefore it is apparent that a more:! sensitive 

system of metabolic study for LDL apoB is needed to elucidate the 

mechanism of LDL turnover and to quantify more precisely the 

kinetics of LDL apoB. 

In the present study the turnover of LDL apoB in LDL 

subfractions has been investigated in one normal subject and 

three pa ti en ts w i th HyperapoB; the ma jor ob jec ti ve \las to ev a 1-
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uate LOL apoB metabollsm with a multL"!ompartmental model develop­

ed to accomoda te the heterogenei ty of LDL. 

SUBJECTS AND METROnS 

studies were performed in 4 male subjects: 3 male 

patients with HyperapoB, and 1 male normal control. The choles­

terol and triglyceride concentration of plasma samples were de­

termined enzymatically (Beckman cholesterol kit no. 683197; 

Beckman triglyceride kit no. 683248), each value representing the 

mean of triplicate analyses of single samples. LOL cholesterol 

was calculated by subtracting VLDL and ~DL cholesterol from total 

cholesterol (17). HOL cholesterol was ùetermined after heparln­

manganese precipitation of plasma (18), adapted for enzyme assay 

by the addition of 8 mmol/l EOTA to the reagent. LOL apoB was 

assayed by radial immunodifffusion, using a method designed to 

minimize any contribution from VLDL apoB (19). 

The upper limits of normal for serum triglyceride, LOL 

cholesterol, and LOL apoB upon which lipoprotein phenotyping and 

the diagnosis of HyperapoB have been based, were 200, 200, and 

120 mg/dl respectively. AlI subjects consumed their usual diets 

during the studies. None of the subjects was on any llpid-Iower­

ing drug. AlI were ambulant and maintained their customary exer­

cise habits. Relative body weight was within the normal range in 

aIl sub j ec ts. These s tud ies were sanc tioned by a research eth ic s 

committee of the Royal Victoria Hospital and aIl subjects gave 

informed consen t. 
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The st u d y wa s des i g ne d t 0 e val u a t eth e k in e tic s 0 f a ~ 0 B 

in LDL subfractions; fraction-l, fraction-2, and fraction-3 being 

respectively buoyant LDL, dense LDL, and very dense LDL. To 

obtain LDL subfractions, LDL was first isolated ultracentrifugal­

ly. The d > 1.019 g/ml infranant was adjusted to d 1.071 g/ml 

with NaCl/KBr solution and centrifuged in a SW 50.1 rotor to 

collect LDL of d 1.019-1.063 g/ml; LDL was then dialysed against 

d 1.050 g/ml and 1 ml of it was loaded on a discontinuous density 

gradient and centrifuged in a SW 50.1 rotor at 40,000 rpm for 40 

hours at 100 e (10), as described in detail in Chapter 2, methods 

section. At equilibrium the gradient was fractionated, using a 

tube piercer, into three 1 ml fractions (fractions 3, ~, 5) from 

the bottom of the tube. Fraction 3 was the very dense LDL fract­

ion. Next, by visual separation, dense LDL (fraction 2) was 

usually recovered in approximately 1.25 ml, and buoyant LDL 

(fraction 1) usually recovered in approximately 0.75 ml. Fract­

ions 1 and 2, collected as above, were then concentrated by 

centrifugation in a SW50.1 rotor at 40,000 rpm for 20 hours. The 

two fractions were then dialysed exhaustively against saline/SDTA 

solution before the radioiodination. 

Buoyant and dense LDL (fractions 1 and 2) were radio­

iodinated wit.h 1251 or 1311 by a modification of the iodine 

monochloride method of McFarlane (20). The radiolabeled LDL sub­

fractions were then injected intravenously into the subject (10 

minutes apart). Blood sam;:>les were obtained as follows: 10 

minutes after the injection, 4 hr, 9 hr, 18 hr, 30 hl', and 7.hen 

daily for the next 10 days. Twenty-four hour urine collections 

were made for each day of the study. 
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Plasma samples collected as above were first subjected to 

ultracentrifugation to remove d < 1.019 glml supernatant. LDL d 

1.019-1.063 g/ml was then collected by SW50.1 rotor as described 

above. To avo id poss ib le loss due to dia lys ing the LDL frac t ion, 

the LDL (d 1.019-1.063 g/ml) was then loaded directly on the 

disco rltinuous density gradient at a salt density of 1.063 g/ml. 

The discontinuous density gradient was then centrifuged in a 

SW50.1 rotor at 40,000 rpm for 40 hours at 1O o C. At equilibrium, 

the gradient was fractionated as described above. The volume of 

each fraction was calculated according to Hs weight and density. 

The radioactivity was then counted in a dual channel gamma count­

er, appropriately calibrated to minimize spillover, and th en apoB 

and cholesterol content were assayed, as described above. The 

data of the plasma samples, the urine samples, and each LDL 

subfraction were expressed as percent of injected dose. Plasma 

volume was calculated as 4.5% of the Dody weight rather than 

using the values obtained from the 10 min blood sample (21). 

Each subject had approximately 150 data points with the 

mass values of LDL apoB subfractions which were analysed on a Vax 

11-750 computer using the SAAM computer program (version 27) of 

Berman and Weiss (22,23). The development of the multicompart­

mental model to account for the tracer and tracee (nonlabeled) 

kinetic data is dlscussed in the next section. The model has to 

simultaneously fit aIl the 150 data points plus the initial 

condition of the system. Urinary excretion of labeled iodide 

served as an additional independent constraint on the !!iodel by 

requiring that aIl the label be accounted for. Best fits were 
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obtained by using nonlinear regression to minimize the weighted 

sum of squares (23). 

CONSTRUCTION OF THE MODEL 

Models are a schematic for the physiologie and bio­

chemical processes involved in a system. As stated by Phair (2~), 

"Modeling is quantitative formulation and testing of hypotheses. 

The power of models is to predict with precision of a complex 

hypothesis and i t allows rap id re jec tion of inadequa te theor ies. 

The power of models is also to extract information distributed 

over large data bases which can be used to estimate parameters 

and variables that are inaccessible to direct experimental 

measuremen tll. Ul t ima te ly, mode ls should be fully compatible wi th 

knowledge of physiology and biochemistry and their components 

shou~d be individually identified with physiological or bio-

chemical entities. 

Most biological systems are nonlinear and the dynamic 

system can be simulated by compartmental models. The model can be 

descr ibed by ord inary differen tia l eq ua t ions which are usually 

nonl inear. For example, in a two-compartment model 

U1Ct ) \ 

~ L 2,1 (Q.,K,t) 

~ ~ L 1.2 (Q.,t<.,t) 

./ U~(t) 

'GJ 
lLO'1 (Q,I<:,t) i L. o.2. (Q.,k.t) 

q(t) is the mass of materlal in compartment 1 and 2 at time t; 

u is the rate of entry of new material into the compartment from 

outside the system; 
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L2,1 (Q,K,t) and L1,2 (Q,K,t) are the rate constant describing 

the exchange of material between the compartments; 

LO,1 (Q,K,t) and LO,2 (Q,K,t) are the rate constants of material 

which are irreversibly lost from the system; 

The vector Q = Q(t) = (Q, (t), Q2 (t». 

The vector K is a vector of parameters upon which the rate con-

stant depends. 

The equations are as follow 

dq,/dt = - (LO,1 + L2,') q, + L1,2 q2 + U1 

dq2/dt = L2,' q1 - (Lo,2 + L1,2) q2 + U2 

These set of differential equations are nonlinear when the rate 

constants Lare func tions of the mass q. Wha t can one then do to 

learn something about nonlinear systems? One experimental con-

straint that can be imposed is that the experiment be carried out 

in the steady state. This means that K is a constant vector and q 

is constant also. Therefore the Lij, the rate constant, if not 

constant, depends only upon time, t. The set of differential 

equations are then linear. When the rate constant, Lij, and Ui 

are constant, Le., where they do not depend expl icitly upon 

time, they are referred to as linear, constant coefficient dif-

ferential equations. To solve these equations, linear and non-

linear differential equations can be done with the aid of a com-

puter. Solutions of the differential equations can estimate the 

parameter values of a model and their confidence ranges (co-

variance matrix). This is done by the method of least squares 

data fitting. 
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SAAM 27 (Simulation, Analysis, and Model.!.!l&l: SAAM is the 

most widely used compartmental model to study apoB kinetics in 

human subjects. SAAM contains both simulations; the solution of a 

set of equations to study the behaviour of a system in math­

ematical terms, the biological implications of the model, and the 

fitting of parameters to experimental data, where the equations 

describing the model May be differential, integral, algebraic, or 

any set of functions as long as an analytical or numerical pro-

cedure exists for its solution. There are four stages of 

computation in model-building: 

1) solving the set of equations with numerical solutions 

developed by Chu and Berman (25); 

2) comparing the model solution with the experimental data; 

3) adjusting the parameters to obtain a "best" fit (this involves 

both linear and nonlinear data); 

4) deriving statistical information. This involves approximation 

to give estimates of the uncertainties of the derived mea-

sures. 

We used this program to develop the new LDL apoB multicompart-

mental model. The process of developing the model is described 

next. 

~Q~~l_~~!~l~~~: Figures lA and le present percent 

injected dose/time curves in plasma and urine from the control 

after injection of radioiodinated B-LDL and D-LDL respectively. 

In both instances, the plasma curve always showed the typical 

biphasic decay. The envelope of the urine curve peaked at ap-

proximately 2 days, and then decreased in parallel with the 
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plasma curve. Also note that the decay of the plasma curve afte~ 

injection of either radioiodinated B-LDL or D-LDL was almost thE 

same as shown in the figures. This was true in both for thE 

contro l and pat ien ts w i th HyperapoB. 

Figure 1B shows the changes in radioactivity of LDL sub­

fractions of the control subject after injection of 125r-B-LDL. 

There was a precursor-product relationship between the percent o~ 

injec ted dose/time curves, where the precursor (B-LDL) in tersec ts 

the product (D-LDL) at or just before the latter reaches its 

maximum. This relationship was observed in aIl the subjects 

studied. Note that the decay of B-LDL is curv ilinear and that 

there is a slow turnover tail. Also, in this subject, the radio­

activ ity in fraction-3, very dense LDL, was minimal. When D-LDL 

was injected (Fig. 1D), the B-LDL did not decay rapidly; instead 

there was an initial upswing (shoulders). This was the case in 

aIl the subjects studied. It was also observed that the decay of 

B-LDL and D-LDL in the percent of injected dose/time curves were 

different. This is illustrated more clearly in Figure 2, whicr. 

shows the radioactivity decay of percent of injected dose/tim~ 

curve of B-LDL when B-LDL was injected and of D-LDL when D-LDL 

was injected. FIgure 2A are the data from the control subject 

studied. The early part of the perce:1t injected dose/time curv€; 

for B-LDL decays faster and is more curvilinear than tbat of D­

LDL, and these differences are accentuated in the Hyperapo~ 

patients (Fig. 2B). The B-LDL and D-LDL apparently have dif­

ferent kinetic curves with B-LDL turnover faster than D-LDL an: 

there fore two in tra v asc u lar compartrten ts of LDL are apparen t 1:,' 
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required to explain the data. 

Ne~hDL ~oB ~od~!: From the observation of radio­

activity/time curves in the plasma, urine, and LDL subfractions 

after injection with both the radioiodinated B-LDL and D-LDL as 

weIl as the data from our previous studies (12,31,33), a new 

model was developed as shown in Figure 3. 

B-LDL s ubsys tem (F i g. 3 Fraction-1): P haire (13) proposed 

the concept of a delipidation chain within the LDL particle 

spectrum. We observed that LDL particles change in composition 

across the splanchnic bed (31) and we also noted B-LDL gradually 

becomes denser with time (12). From the radioactivity/time curve, 

the decay of B-LDL always demonstrated a slow turnover tail. 

Therefore a delipidation chain was added to the model consisting 

of four compartments with a single compartment that turns over 

slowly which is derived from the delipidation chain. The mass of 

B-LDL apoB in the chain is gradually decreased by a small amount 

in each compartment and the ra te constants are the same for aIl 

four compartments. This delipidation chain pathway accounts for 

the shoulder before the rapid phase of the B-LDL decay curve. The 

slow turnover pool which derived from the B-LDL delipidation 

chain accounts for the slow turnover tail. These LDL are then 

either removed from this system by LDL receptors or scavenger 

pathways (4), or they are eventually converted to D-LDL. 

Q~h~h-suÈ~stem (Fig. 3 Fraction-2): The B-LDL particles 

that pass through the delipidation chain become smaller and 

denser; these particles are the D-LDL particles. In this sub-
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system it was predicted that there are two compartments. One 

compartment is generated from the B-LOL delipidation chain, while 

the other is mainly generated from the slow turnover pool of B­

LOL. Both compartments will be either metabolized further to 

fraction-3 (the very dense LOL) which accounts for less than 5% 

of the total radioactivity or more likely will be removed ir­

reversibly in plasma by LOL receptors or scavenger pathway (4). 

In this subsystem there is anether pathway which is important to 

the integration of the system. This is the return of O-LDL to the 

extravascular space (almost certainly the liver) where most of it 

will re-enter the vascular system te be hydrolyzed again. This 

pathway could explain the observation of the initial shoulder in 

B-LOL decay when O-LOL was injected and the observation of the 

two plasma decay curves which are the same or very similar after 

injection with either B-LDL or O-LOL. When this pathway is re­

moved, the shoulder of the B-LDL decay curve will disappear, and 

instead the B-LDL will decay very fast, as illustrated in Figure 

4. 

Very dense LDL subsystem (Fig. 3 Fraction-3): This is the 

final product of the LDL lipolysis system and the radioactivity 

within it varies from 10 to less than 1% of the total. There are 

two compartments in this system: one is derived from continued 

lipolysis of the delipidation chain system, the other from the 

continuation of the slow turnover compartrnent system. The LD:" 

particles in this subsystem will be rerr.Jved irreversibly by LJL 

receptors or the scavenger pathways (4). 
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~~È~~~~~!~~~~~~io~: The model integrating the sub­

systems for B-LDL, D-LDL, and very dense LDL is presented in 

Figure 3. This model assumes that most apoB enters this system as 

B-LDL (compartment 1) which is mainly derived from VLDL apoB 

(12). This newly produced B-LDL will first equilibrate with the 

extravascular space (the liver) where B-LDL composition will be 

changed by in terac ting w i th na scen t VLDL (31). The B-LDL is then 

transported down the delipidation chain to the D-LDL pool. The 

apoB in B-LDL can have several fates: 

a) irreversible removal from the plasma before equilibration with 

the extravascular space; 

b) irreversible removal by the liver while in the principal 

extravascu lar space; 

c) conversion to D-LDL apoB through the delipidation chain; 

d) entry into the slow turnover pool which will then be converted 

to D-LDL or irreversibly removed from the plasma. 

Finally, D-LDL, fraction-2, can be derivect from the B-LDL 

de IIp ida tion poo l or from the B-LDL slow-tu rnov er poo l or can be 

synthesized "directly". D-LDL apoB can either return to the 

extravascular space (the liver) and re-enter the vascular space 

again and/or be hydrolyzed further to the very dense LDL, or ir­

reversibly removed from the plasma. The very dense LDL apoB, 

fraction-3, has only one fate -- to be irreversibly removed from 

plasma. 

~low turnov~oo!.: Most of the B-LDL apoB passes through 

the delipidation chai:1 to be converted to D-LDL, but a very small 

190 



portion can be converted to the slow turnover pool, perhaps d-..:e 

to incomplete hydrolysis. The condition of this pool may vary 

depending upon the subject studied. Estimation of the productio:1 

rate in this pool (mass x rate constant) can vary from 3 mg/d :n 

the control to 13 mg/d in the HyperapoB patients. When it was 

compared, however, with the total transport rate, this pool was 

very small « 1%). However, this pool cannot be treated lightly. 

Without the slow turnover pool, the tail of the B-LDL apoB wou:d 

decay very quickly rather than be fIat as was observed in al: 

subjects studied. This is shown in Figure 5. Therefore, a slow 

turnover pool is essential to fit of the data. 

f~!'!.'y~rsio~~~-L~L!:.~D-!!DL: When the ra d ioac ti vi .... Y 

curves for 125I-D-LDL and 131 I-D-LDL were normal ized to perce:. t 

of the injected dose, the area under the 125r_D_LDL apoB cur\e 

(derived from B-LDL apoB) was almost the same as that of 13 1I_:_ 

LDL apoB (from direct D-LDL injection) (Fig. 6). This indicated 

that most of the B-LDL apoB did reach D-LDL apoB. This was t~~ 

case in the control subject and the three HyperapoB patier.:s 

(KB, EB, and AB) studied (Figs. 6A, 6B, 6C, and 6D, respective­

ly) . 

RESULTS DERIVED FROM THE NEW MODEL 

The biochemical and cllnical data of the subjects stud~e: 

are presented in Table 1. The relative body weight in each s'...:­

ject studied is similar. These four subjects aIl had tot~: 

cholesterol level less than 250 mg/dl. Using the criteria [:~ 
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HyperapoB: LDL cholesterol S 200 mg/dl and LDL apoB ~ 120 mg/dl, 

the three HyperapoB patients aIl had normal levels of LDL choles­

terol with disproportionatly elevated levels of LDL apoB. Two of 

them had type IV phenotype. The level of HDL cholesterol in the 

HyperapoB patients was less than the fifth percentile of normal. 

Table 2 gives the distribution of apoB in the three fractions of 

LDL after density gradient ultracentrifugation and the choles-

terol/apoB ratio of the two main fractions, buoyant and dense 

LDL. In control and HyperapoB patients, approximately two-thirds 

of LOL apoB was found in fraction 2 and approximately one-fourth 

in fraction 1; the remaining 0-10% was recovered in fraction 3. 

In the HyperapoB patients, the cholesterol/apoB ratio in fraction 

2 was r'educed as is characteristic of HyperapoB. However, patient 

KB had a low cholesterol/apoB ratio even in fraction 1, an un-

usual finding in our experience. 

Model Fitting: The preliminary model described above was 

used to fit the data of the one control and three HyperapoB 

patients. The best fitted lines generated by computer from the 

model ~sing data from plasma, urine, and LDL subfractions of 

control, HyperapoB patients KB, AB, and EB are shown in Figures 

7, 8, 9, and 10, respectively. The symbols represent the data 

points and the lines the best fit generated by the present model. 

After injection of B-LOL, the mode1 generated line of 

percent of injected dose of B-LOL/time of plasma decay and ac-

cumulation of ùrine as shown in Figure "A". That for LDL sub-

fractions, fraction-1, -2, and -3 are shown in Figure "B". After 

injection of D-LOL, the mode1 generated 1ine of percent of in-
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jected dose of O-LDL/time of plasma decay and accumulation of 

urine are shown in Figure "C"; that of the LDL sUbfractions, 

fraction -1, -2, and -3 are shown in Figure "D". 

The model generated lines for the control are shown in 

Figure 7. In Figures 7A and 1B the model fits plasma decay and 

LDL subfractions-l, -2, and -3 ~urves weIl, whereas the urIne 

ou tpu t by the mode 1 is not enough. In Figures 7C and 7D the mode 1 

also fits the plasma riecay curve and the subfraction -2 curve 

weIl whereas the output of accumulated urine by the model is too 

high and the shoulder of subfraction-l does not yet fit. The 

model generated lines of HyperapoB patient KB are shown in Figure 

8. From Figures 8A and 8B the model again fits aIl the data of 

plasma, accumulated urine, and LOL subfractions weIl. However, 

after D-LOL injection, the decay of subfraction-l is too fast in 

this fitting (Fig. BD). The model generated lines of HyperapoB 

patient AB are shown in Figure 9. In Figures 9A and 9B the model 

fits the plasma decay, accumulated urine, LDL subfractions-1, -2 

and -3 curves quite weIl. In Figures 9C and 90 the model also 

fits the plasma decay, accumulated urine, LDL subfractions-2 and 

-3 curves quite weIl except for LDL subfraction-1 curve, in which 

the in i t ial shou 1 der of the decay curve needs to be be t ter 

fitted. The model fitted lines of patient EB are shown in Figure 

10. Patient EB does not have accumulated urine data due to the 

two missing data points on the weekend of the study; instead, the 

envelope of urine collection of every 24 hours is shown. The 

model generated lines by computer fit aIl the data points of 

either B-LOL injected (Fig. 10A a!1d lOB) or D-LDL injected (Figs. 

10C and 10D) very weIl. 
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Kinetics of LDL aEoB subfractions: The kinetic results of 

LDL apoB and LDL subfractions generated from this model are 

listed in Tables 3, 4, 5, and 6. Table 3 shows the production 

rate of LDL. Although there is only one control in this study, 

this subject has b,een studied in the previous apoB turnover and 

the results are comparable with the other normal subjects (12). 

The production rate of total LOL apoB in patients with HyperapoB 

is two times higher than the control. The production rates of B-

LOL and O-LOL apoB in HyperapoB patients are also at least two­

fold higher than the control. Therefore, patients with HyperapoB 

overproduce B-LDL and consequently O-LOL. 

The fate and transport rate of LDL apoB in this system is 

tabulated in Table 4. Most of the B-LOL (43 to 100%) will equi-

librate in the liver before entering the delipidation chain. In 

the li ver, the fraction of LDL from either ne novo B-LDL or from 

recirculating O-LOL varied among the subjects studied. Thus 71% 

of LOL transported through the liver in patient AB is from re­

circulating O-LDL whereas patient EB has only 9% with the rest, 

91% of the LOL, from B-LOL. However, not all of the LOL that 

equilibrated in the liver will enter the delipidation chain; in 

patient KB only about 36% of the LOL which equilibrated in the 

liver entered the delipidation chain while the rest, 64% of the 

LOL, was irreversibly removed by the liver. After LDL passes 

through the delipidation chain, over 99% of LDL in each sUbject 

studied converied to D-LOL and less than 1.2% of the LDL entered 

the slow turnover pool. It was than converteà to D-LDL 0:" ir-

reversibly removed from the plasma. The fate and transport rate 

of LOL apoB in each fraction, fraction 1, fraction 2, and fract-
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1 
ion 3, i5 tabulated in Table 5. The transport rate through each 

fraction is again higher in HyperapoB patients than in control. 

The total fractional conversion of fraction 1 to fraction 2, 

which originated from de novu B-LDL or recirculating D-LDL, 

varied from 36% to 86%. The LDL apoB transport through fraction 2 

is interesting. In control DF most of the LDL through th1s fract­

ion i5 from de novo D-LDL synthesis (56%) whereas in the Hyper­

apoB patients it 1s mainly from conversion of B-LDL (mean = 70%) 

which can come from either the conversion of de novo B-LDL or the 

recirculating D-LDL. In aIl the subjects studied, the majority of 

LDL in this fraction is degraded irreversibly. LDL transported 

through fraction 3 was all degraded irreversibly. 

There are four irrevers ib le removal sites for LDL apoB: 

it can be irreversibly removed either from liver or from plasma 

as B-LDL, D-LDL, or very dense LDL (Table 6). In the subjects 

studied most of the LDL was removed from fraction 2 except in 

HyperapoB patient KB. ïhe percentage of LDL catabolized from 

these three subfractions varied among each individual. For 

example, 61% of the LDL in the control is catabolized in the 

fraction 2 and 71% of the LDL in patient AB i3 also catabol.zed 

in the fraction 2 whereas 66% of the LDL in HyperapoB patien: KB 

1s presumably removed from the liver, which is compartment 2. The 

removal of LDL in patient EB is distributed quite equally a=Jng 

the three subfrac tions w i th 21 % from frac ti on 1, 41 % from fr=.c t­

ion 2 and 38% from fraction 3. 

The FCR of LDL and LDL subfractions are listed in Té'Jle 

1. The FCR of total LDL of the three HyperapoB patients on a~er-
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age was faster than the control DF (().539 vs. O.376/d, res­

pecti vely). Also, the FCR of fraction 1 of HyperapoB patients was 

twice as fast as the control DF (1.465 vs. 0.751/d, respectively) 

whereas that of fraction 2 is simi lar in the patients and the 

control DF (0.471 vs. O.367/d, respectively). Furthermore, the 

FeR of fraction 1 of each subject studied was always faster than 

that of fraction 2, averaging 1.286 pel' day for fraction 1 vs. 

0.445 pel' day for fraction 2. 

DISCUSSION 

The model for LDL apoB metabolism presented here was 

compatible with the klnetics of normal control and HyperapoB 

patients. The model shows 1) after the equilibrium of B-LDL with 

the liver, thElre is an LDL lipolytic cascade with a slow turnover 

pool derived from the delipidation chain, 2) a return pathway of 

D-LDL to the liver with re-entry to the delipidation chain, and 

3) the B-LDL, D-LDL, and very dense LDL have their own ir­

reversible removal pathways. The kinetic data were also examined 

with this model in detail in one normolipidemic control and three 

HyperapoB patients. Although the number of subjects studied was 

small, the kinetic data obtained was consistent with our previous 

work (12). The results demonstrated that the production rate of 

tota 1 LDL and i ts subfrac t ions, B-LDL and D- LDL, are inc reased in 

HyperapoB patients in comparison with the control and the FCR of 

B-LDL in Hypel'apoB patien ts is grea ter th an the contro 1 whereas 

D-LDL is relatively similar to the normal control. Finally, the 

FeR of B-LDL in aIl subjects studied is always greater than that 
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of O-LDL in the same sub j ec t. 

Three mode l s ha'! e been suggested for LOL apoB k inet ic s. A 

two-compartmen tal mode l (14) hypothes ized a s ing le intra vascu lar 

pool in equilibrium with an extravascular pool. This model as­

sumes the LDL particles to be a homogenous pool and each particle 

thus has equal capacity to be catabolized. However, as already 

noted, more recent data suggest that LDL is structurally (5-11) 

and kinetically (11-12) heterogeneous. Therefore the two compart­

ment model limits one's ability to analyze LDL kinetic data. The 

second model was proposed by Fisher et al. (15). This model was 

developed with endogenous 3H-Ieucine as the precursor. They sug­

gested a stepwise convers ion of Sf 20 to Sf 10 to Sf 4. On ly when 

po lyd isperse LDL is present are two in travascu lar compartmen ts of 

LDL needed and only the compartment Sf4 was assumed to equi­

librate with an extravascular pool. The third model was suggested 

by Goebel et al. (16). They proposed a two plasma compartment 

model of LOL with different turnover rates. The current model 

proposes a much more complex pathway which however points to the 

mechanism of conversion, synthesis, the catabolism of the LDL 

particle spectrum. AlI the pathways created froITl this model 

conform to our present knowledge of the metabolism of LDL. 

In "yiv~, the B-LDL has a higher fractional catabolic rate 

than the D-LDL. With regard to immunoaffinity, B-LDL is also more 

reactive to certain antibodies than D-LDL (26). However, these 

r e sul t s w e r e no t con sis t en t w i thon e i n ~ l.! r 0 L D L - r e cep t 0 r -

pathway study (27), which demonstrated B-LDL and D-LDL were bound 

to the same extent by the LDL receptors of cu l tu:-ed huma!1 fibro­

blasts. This discrepancy can be explained after anaIyzing LDL 
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kinetics by the model. The fractional catabolic rate of B-LDL is 

calculated as input rate U (1) divided by the mass of fraction 1. 

Therefore the FCR is influenced both by the rateEl of direct 

removal of B-LDL by the receptor-mediated or the receptor­

independent pathways and the rates of the conversion of B-LDL to 

D-LDL particles. Three of the subjects studied converted more 

than 55% (55-86%) of B-LDL into D-LDL whereas patient KB con vert­

ed 36% of B-LDL to D-LDL and degraded 64% of B-LDL in the liver. 

Therefore the FCR of B-LDL in the above three subjects (DF, AB, 

and EB) may represent mainly the fast conversion rate of B-LDL to 

D-LDL rather than the direct removal pathways by the peripheral 

tissue, whereas in pat ient KB the FeR of B-LDL may represen t both 

the conversion of B-LDL to D-LDL and the direct removal of B-LDL 

by the liver. Recently, Hoeg et al. (28) and Edge et al. (29) 

showed that, in man, the hepatic recognition site for LDL may 

differ from the LDL receptor of peripheral tissue and this may 

aiso explain the apparent inconsistencies between the ln :!itro 

(27) and in vivo studies. 

The mechan ism by wh ich buoyant LDL is converted to dense 

LDL is the main feature of this model. In man, the plasma decay 

curve of 125r_LDL is biexponential, indicating that plasma LJL 

exists in a rapidIy reversible equilibrium with a large extra-

vascular pool. In swine, the major portion of this extravascular 

pool can anatomically be assigned to the liver (30). study of LD:" 

composition in man indicated that during the transit of LD!... 

through the li ver there was a decrease in LDL choIe s tery 1 ester 

with an apparent reciprocal increase in LDL triglyceride, whereas 
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by contrast the VLDL and HDL cholesterols were higher crossing 

the splanchnic bed (31). In fact, the decrease in LDL cholesterol 

correlated significantly with the increase in VLDL cholesterol 

(12). Furthermore, observation by others showed that in man the 

rate of cholesterol turnover and its esterification is related to 

VLDL triglyceride production (32). Also, the exchange of choles­

teryl ester and triglycerides between lipoprotein has been shown 

in 'yitro by many investigators (33-35). Therefore, in this mOdel, 

it is suggested that most of the B-LDL enters the liver or the 

splanchnic bed where the cholesteryl ester in the B-LDL is ex­

changed for triglyceride in VLDL. Nascent VLDL is particularly 

rich in triglyceride since it contains almost no cholesteryl 

ester (3). This exchanged product, the triglyceride-rich B-LDL, 

will then be subjected to lipolysis. This lipolytic process can 

happen either in the liver (36,37) or in the plasma (38). 

Further, the relative content of triglyceride in the B-LDL 

particles after the exchange process can vary. Therefore, the 

hydrolytic process which drives the B-LDL particles through the 

lipolytic cascade can vary also. The particle with relatively 

more triglyceride will pass through each compartment until it 

appears in the density range of D-LDL. The one with relatively 

less triglyceride may bypass one or two of the lipolytic compart­

ments to reach the D-LDL region. Beltz et al. (39) have deter­

mined that the delipidation cascade of VLDL apoB can vary 8.r.Jong 

each individual. However, f0r this preliminary model we only 

tested a four compartment delipidation chain. The rece!'1t study 

of apoB and triglyceride kinetics in CHD patients demonstrated 

that CHD patients had increased secretion of VLDL apoB w:'"Jich were 
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pOOl" in triglyceride and these patients also have increased 

tran sport ra te of LDL apoB (39,40). Th is observation cou ld ind i­

cate that the relatively triglyceride-pool" VLDL particles occur 

because of the exchange of triglyceride with the LDL particles 

before secretion into the plasma. 

The tail of the buoyant LDL curve signified a pool of 

slowly catabolized LDL. It is probably formed by the incomplete 

hydrolysis of B-LDL which will eventua1ly be hydrolyzed to reach 

the D-LDL density range or be removed irreversibly. This pool is 

small in the subjects studied. However, it can be large, as in 

one FH patient studied where this pool accounted for more than 

20% of the LDL production rate (unpublished observations). There­

fore the metabolism of the slow turnover LDL pool will not be 

identical in all subjects and without this pool the kinetic data 

of LDL wi Il be underes tima ted. 

Finally, there is significant quantitative direct synthe­

sis of D-LDL, as shown in the kinetic data in one HyperapoB 

patien t and one contro 1. In our v iew, this may happen where there 

is rapid hydrolysis of LDL by hepatic triglyceride lipase so that 

the tr ig lycer ide-r ich B-LDL is hydro lyz ed q uick ly to re ach the D­

LDL density range all within the liver. In this case, the radio­

labeling of these particles is very difficult, and this might 

cause the apparent direct synthesis of D-LDL. That is, the buoy­

ant LDL particle goes down the complete cascade before entering 

plasma and so there is in reality no direct synthesis of D-LDL 

only the appearance of it. 
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This current model undoubtedly needs to be validated 

extensively. The model has te fit aIl the data in each subject 

better, and it needs to be verified with more subjects. To build 

a mode l is to demons tra te a hyp ethes i sand to sugges t new s tud i es 

to test the hypothesis. Therefere, we think the model needs to be 

validated with further kinetic studies of LDL apoB and choles­

teryl ester to demonstrate the mechanism of conversion of B-LDL 

to D-LDL and the theory for the recyc led D-LDL. 
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Fig. 1. LDL apoB turnover from the l~ontrol subject DF after 125r_ 

B-LDL injec ted (A and B) and after 131 l -D-LDL injec ted 

(C and D). The symbols represent the observed data 

points. 

Fig. 1A. The observed radioactivity values of plasma decay curve 

(. • ) and envelop of urine radioactivities every 24 

hours ( ~ 'f ) after 125 r - B-LDL injected. 

Fig. 1B. The observed radioactivity values of LDL subfractions, 

fraction-1 (. ~ ), fraction-2 (. • ), and fract-

ion-3 (<> 0 ) after 125r_B_LDL injected. 

Fig. 1e. The observed radioactivity values of plasma decay curve 

(. • ) and envelop of urine radioactivities every 24 

hours (~ ~ ) after 131r_D_LDL injected. 

Fig. 1D. The observed radioactivlty values of LDL subfractions, 

fraction-1 ( .... Â ), fraction-2 ( •• ), and fract-

ion- 3 (0 0 ) af ter 131 l -D-LDL injec ted. 
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J 

Fig. 2A. Tne observed radioactivity values from the control DF of 

LDL subfraction-1 (Â Â ) after 125I-B-LDL injected 

and of LDL subfract ion-2 (0 0 ) after 131 I-D-LDL 

injected. 

Fig. 2B. The observed radioactivity values from HyperapoB 

patient KB of LDL subfraction-l (. Â ) after 125I_B_ 

LDL injected and of LDL subfraction-2 (0 0 ) after 

131r_D_LDL injected. 
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Fig. 3. Schematic diagram of the compartments of the ne~ multi-

compartmental model for LDL apoB metabolism. 

1, Compartment 1 of B-LDL before equilibration with 
extravascular space (the liver). 

2, Compartment 2, extravascular space; the liver (L). 

12, Compartment 12, the first compartment of the LDL 
delipidation chain. 

16, Compartment 16, the slow-turnover pool derived from 
delipidation chain. 

23, Compartment 23, the compartment of D-LDL. 

EV, extravascular space. 
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Fig. 4. The observed radioactivity values of LDL subfraction-1 

from HyperapoB patient AB after injection of 131r_D_ 

LOL. The observed data are expressed as open symbol 

( 0). The simul taneous model genera ted l ine is expressed 

as dotted line (---). When the rate ccefficient of the 0-

LOL return pathway to liver is decreased to 1/10 of the 

actual rate, the simultaneous model generated line is 

expressed as solid line (-). 
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Fig. 5. The observed radioact i v i ty val ues of LOL subfraction-1 

from HyperapoB patient EB after injection of 131r-D-LDL. 

The observed data are expressed as open symbol ( D ). The 

simultaneous model generated line is expressed as a 

dotted line (---). When the slow turnover pool was sup­

pressed to zero, the simultaneous model generated line is 

expressed as a solid line (-). 

214 



LU 
li) 
o 
o 
0 10•0 
LU 
..... 
U 
LU ...., 
Z 

u.. 1.9 
0 

..... 
Z 
LU 
U 
0::: 
LU 
a.. 9.1 

9 

............................................................................................................................................ 

····D ... 
-................. Fr de t ion 1 

··••••·• .. Ii'..... a a 

.................................... ~ ................. ···· .. ···0········· ... . 

o 

.............................................................................................................................................. 

z 4 6 B 

TIME (ddYS) 

215 



Flg. 6. The observed r?èioactivity value of 13 1r_LDL subfraction-

2 ( 0 ) after injection of 131r-D-LDL and 125r_LDL sub­

fraction-2 ( Â ) derived from 125r_LDL subfraction-1 

after injection of 125 I -B-LDL in the control DF (Fig. 

6A), HyperapoB patient KB (Fig. 6B), HyperapoB patient EB 

(Fig. 6C), and HyperapoB patient AB (Fig. 6D). 

The dotted line ( 0 --- D ) and solid line (A-. ) are 

simultaneous model generated lines. AlI data are 

normalized to the fraction of the injected labeled-apoB 

dose. If all B-LDL were converted to D-LDL, the areas 

under these two curves would be equa1. 
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Fig. 7. The simultaneous model generated best fitted line of the 

control subject DF. The symbols are the observed values 

and the lines are predicted by the model. 

Figs. 7A and 7B are data after injection of radiolabeled 

B-LDL whereas Figs. 7C and 7D are data after injection of 

radiolabeled D-LDL. 

The plasma decay curve <e --- .) and the accumulated 

urine curve ('Y - - - ~) are shown in Figs. 7A and 7C 

after B-LDL and D-LDL injection respectively. The LDL 

subfractions curve, fraction 1 ( ~--- ~ ), fraction 2 

(.------ .• ), and fraction 3 < Ô·-·O) are shown in Figs. 

1B and 7D after B-LDL and D-LDL injection respectively. 
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Fig. 8. The simultaneous model generated best fitted line of 

HyperapoB patient KB. The symbols are the observed values 

and the lines are predicted by the model. 

Figs. 8A and BB are data aftel' injection of radiolabeled 

B-LDL whel'eas Figs. Be and BD are data after injection of 

l'adiolabeled D-LDL. 

The plasma decay cul've ( • - - -. ) and the accumulated 

urine cul've (~---'Y ) are shown in Figs. BA and Be 

after B-LDL and D-LDL injection respectively. The LDL 

subfraction curve, fraction 1 ( .Â -. ), fraction 2 

( •. __ ._-.), and fraction 3 (0·-·0 ) are shown in Figs. 

SB and BD after B-LDL and D-LDL injection respectively. 
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Fig. 9. The simultaneous model generated best fitted line of 

HyperapoB patient AB. The symbols are the observed values 

and the lines are predicted by the model. 

Figs. 9A and 9B are data after injection of radiolabeled 

B-LDL whereas Figs. 9C and 9D are data after injection of 

radiolabeled D-LDL. 

The plasma decay curve ( .---. ) and the accumulated 

urine curve ( ~----~ ) are shown in Figs. 9A and 9C after 

B-LDL and D-LDL injection respectively. The LDL subfract-

10ns curves, fraction 1 (A-A), fraction 2 ( •.....• ), and 

fraction 3 (0·-.0) are shown in Figs. 9B and 9D aftel~ 

B-LDL and D-LDL injection respectively. 
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Fig. 10. The simultaneous model generated best fitted line of 

HyperapoB patient EB. The symbols are the observed 

val ues and the l ines are predicte r by the mode 1. 

Figs. 10A and 10B are data af-er injection of radio-

l abe l ed B-LDL whereas F igs. 10C and 10D are da ta after 

injection of radiolabe.Led D-LDL. 

The plasma decay cur'le (.---. ) and the accumulated 

urine curve (,.----,.) are shown in Figs. 10A and 10C 

after B-LDL and D-LDL injection respecti velYe The LDL 

subfract.ions curves, fraction 1 (Â - Â ), fraction 2 

( •...•.•• ), and fraction 3 (0'-'0) are shown in Figs. 10B 

and 10D after B-LDL and D-LDL in je ct ion re spect i vely. 
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Table 1. Clinical and biochemical data of the subjects 

Subject Age RBW TC TG VLDL-C LDL-C HDL-C LDL-B 

% mg/dl plasma 

Centrol 
DF' 40 97 160 127 5 105 30 

HyperapoB 
KB 38 94 135 318 24 94 17 
AB 44 95 209 147 20 166 23 
EB 61 95 250 226 186 19 

TC = total cholesterol; TG = triglyceride; 
VLDL-C, LDL-C, and HDL-C = VLDL-, LDL-, and HDL-cholesterol; 
LDL-B, LDL apolipoprotein B in d > 1.019 fraction of plasma; 
RBW, relative body weight calculated as kg/(cm-100) x 100% 

73 

121 
124 
144 

WHO 
type 

N 

IV 
N 

IV 
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Table 2. Distribution of ApoB and Cholesterol to ApoB Ratios in LDL 
Subfractions* 
(l=buoyant LDL, 2=dense LDL, 3=very dense LDL) 

apoB, % of total apoB cholesterol: apoB ratio 
----------------------------- -----------------------

Subject 1 2 3 1 2 

Control 
DF 27:t3.7% 73:t3.7% 0 1. 58:tO.10 1.29±O.11 

HyperapoB** 
KB 28±4.8% 66±3.9% 6.4±4.0% 1 • 13±O. 10 O.88±O.O6 
AB 26±5.0% 65±5.0% 8.8±2.5% 1.73±O.14 1. 18±O. 10 

* All the data are expressed as mean~SD. 
** Samples from patient EB were not measured and mean values were 

used to calculate fractional pool size. 
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Table 3. Production rate of LDL apoB in Control and Patients with HyperapoB 

Control HyperapoB 
------- ------------------

DF KB AB EB 

De novo synthesis of B-LDL; U(l)*: 
mg/do 436 2797 1123 1284 
mg/kg-do 6.58 35. 1 13.9 18.9 

De novo synthesis of D-LDL; U(23)*: 
mg/do 391 431 995 546 
mg/kg-do 5.91 5.44 12.3 8.02 

Production rate of total LDL: 
mg/do 827 3228 2119 1828 
mg/kg-do 12.5 40.6 26.2 26.9 

Production rate of D-LDL: 
mg/do 576 1093 1708 1445 
mg/kg-do 8.70 13.8 21.1 21.2 

U (1)*: De novo synthesis input rate represents the rate of entry or new 
material into compartment l from outside the system. 
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Table 4. Fate and transport rate of LDL apoB in the model system 

Control HyperapoB 

DF KB AB 

Transport rate through Comp(l); U ( 1 ) : 
mg/do 436 2797 1123 

fraction equilibrium with liver: 43% 100% 65% 
fraction degraded irreversibly: 57% 0% 35% 

Transport rate through liver; Comp (2): 
mg/do 306 3340 2481 

1 ) * fraction from B-LDL, 62% 84% 29% 
fraction from recirculating D-LDL, 38% 16% 71% 

2)** fraction entering deplipidation chain, 100% 36% 99% 
fraction degrading irrevesibly, 0% 64% 1% 

Transport rate through deplidation chain: 
mg/d. 306 1208 2465 

fraction converted to D-LDL, 98.9% 99% 100% 
fraction entering slow turnover pool, 1. 1 % 1% 0% 

Comp; compartment 

* represents the fraction of transport material that comes from 
** . represents the fractIon of transport material that leaves to 

EB 

1284 
71% 
29% 

996 
91% 

9% 

100% 
0% 

996 
99% 

1% 
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Table 5. Fate and transport rate of LDL apoB in the subfractions in the 
model system 

Control HyperapoB 

Transport rate through fraction 1: 
mg/do 

1)* fraction from U(1), 
fraction from recirculating D-LDL, 

2)** fraction converted to D-LDL, 
fraction degraded irreversibly, 

Transport rate through fraction 2: 
mg/do 

1)* fraction from U(23), 
fraction from converSlon of U(1), 
fraction from recirculating D-LDL, 

2)** fraction recirculating back to liver, 
fraction converted to very dense LDL, 
fraction degraded irreversibly, 

Transport rate through fraction 3: 
mg/do 

fraction degraded irreversibly, 

DF 

553 
79% 
21% 

55% 
45% 

693 

56% 
27% 
17% 

17% 
11% 
72% 

76 
100% 

KB 

3337 
84% 
16% 

36% 
64% 

1630 

26% 
41% 
33% 

33% 
34% 
33% 

546 
100% 

AB 

2875 
39% 
61% 

86% 
14% 

3460 

29% 
21% 
51% 

51% 
5.7% 

44% 

199 
100% 

* ; represents the fraction of transport material that cornes from 
**; represents the fraction of transport material that leaves to 

EB 

1374 
93% 

7% 

72% 
28% 

1532 

36% 
58% 

6% 

6% 
45% 
49% 

693 
100% 
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Table 6. Direct removel of LDL apoB in the model system 

Subject 

Control 
DF 

HyperapoB 
KB 
AB 
EB 

PR of 
total 

LDL 

827 

3228 
2119 
1828 

PR; production rate 
* . compartment 

Irreversible removal of LDL 
--------------------------------------------------------------------------------
Liver; Comp*(2) Fraction 1 Fraction 2 Fraction 3 

removal 
in the 
liver 

mg/do 

0 

2128 
16.4 

0 

% of 
LDL 
PR 

% 

0 

66% 
0.8% 

0 

total 
removal 
rate 

mg/do 

251 

10 
394 
384 

% of 
LDL 
PR 

% 

30% 

o. 
19% 
21% 

removal 
before 
equilib­
rating 
in liver 

mg/do 

247 

0 
394 
378 

removal total 
from the removal 
slow ra te 
turnover 
pool 

mg/do mg/do 

4 501 

10 546 
0 1510 

6.36 751 

% of total 
LDL removal 
PR ra te 

% mg/do 

61% 76 

17% 546 
71% 199 
41% 693 

% of 
LDL 
PR 

% 

9.2% 

17J 
9.4% 

38J 
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Table 7. Fractional catabolic rate (FCR) of LDL and LDL subfractions 
in Control and patients with HyperapoB 

Subject 

Control 
DF 

HyperapoB 
KB 
AB 
EB 

FCR (pel" day) 
---------------------------------------

LDL 

0.376 

0.791 
0.468 
0.359 

Fraction 1 

0.751 

2.385 
0.846 
1 • 165 

Fraction 2 

0.367 

0.396 
0.581 
0.437 



CHAPTER 6 

ADIPOSE TISSUE GLYCERIDE SYNTHESIS IN PATIENTS 

WITH HYPERAPOBETALIPOPROTEINEMIA 



ABSTRACT 

Adipose tissue was obtained at thoracotomy in 8 patients 

with valvular heart disease, aIl of whom were free of coronary 

disease and were normolipidemic with normal LDL apoB levels, and 

10 patients with coronary artery disease, aIl of whom had hyper­

apobetal i poprote inemia. In both groups, the ra te s a t which Iino-

leic acid and palmitic acid were incorporated into diglyceride 

and triglyceride were determined in 'yitro. The data indicate that 

fa t ty ac id incorpora t i on into ad ipose tis sue g l ycer ides was twice 

as rapid in contro1s as in patients with hyperapobetalipo-

proteinemia. By contrast there was no difference between the 

groups in the rate of hydrolysis of adipocyte triglyceride. On 

average the adipocytes in the patients with hyperapobetalipo-

prote inemia were larger than controls. However, when compared to 

a subgroup of the controls with similar cell size, the difference 

in g Iycer ide syn thesis between con tro ls and pat ien ts with hyper-

apobetalipoproteinemia was even more pronounced. These observat-

ions may exp la in, at l east in part, the ov erprod uc tian of VLDL in 

hyperapobe ta l ipaprote inemia and al so suggest tha t the bas ic de-

fect in the disorder may be impaired fatty acid metabolism in 

critical peripheral sites such as adipose tissue. 
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INTRODUCTION 

Hyperapobetalipoproteinernia (HyperapoB) is defined as the 

combination of a normal or near normal low density lipoprotein 

(LOL) cholesterol with a disproportionately elevated LDL apolipo­

protein B (apoB) (1). The disorder is cornmon in patients with 

premature coronary artery dlseasc (1,2), and although HyperapoB 

is frequen t ly fami l ia l (3), i ts genet ic bas is is not we Il under­

stood with the findings in one large Amish kindred most con­

sistent with a single gene effect (4). 

P henotyp ically, HyperapoB is charac te r ized by inc reased 

numbers of LOL particles in plasma, most of which are smaller and 

denser than normal (5). Both in 'yitro (6) and in 'yiv~ (7) studies 

have not identif ied any significant faul t in catabol ism w i th the 

data pointing instead to oVdrproduction of LDL. This over­

production of LDL apoB is secondary to oversynthesis of very low 

density lipoprotein (VLDL) (7), and given this, the frequency of 

hypertriglyceridemia in patients with HyperapoB is not surprising 

(2). The reason for ov erprod uc tion 0 f VLDL apoB in patien ts w lth 

HyperapoB though is not clear. It could, for example, be a prl­

mary abnormality of hepatocyte metabolism due to impaired regu­

lation of protein synthesis, or alternatively, secondary to in­

creased free fatty acid (FFA) flux to the liver (8-10, 39-41). 

studies with normolipidemic subjects (39,41) sho'tled that the 

output of triglyceride (Tg) in VLDL was dependent upon the uptake 

of FFA in the splanchnic region. Howard et al. (40) further 

demonstrated in an obese population wlth low plasma llpids that 

VLOL triglyceride synthesis was not significantly related to 

fasting FFA levels but was significantly correlated wlth post-
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prandial FFA. In the case of hypertriglyceridemia, Boeg et al. 

(41) exp la ined tha t sorne pat ien ts had the corre la tion between FFA 

uptake with VLDL-Tg output whereas sorne patients apparently had a 

higher VLDL-Tg secretion rate which had a precursor other th an 

plasma FFA. Havel et al. (39) instead pointed out that the uptake 

of FFA in the sp lanchnic region in the hyp:~r 1 i P idemi c group::> is 

grf:ater than the normolipidemic group. In all cases, when the FFA 

flux to the splanchnic region increases, the VLDL output in-

creases. 

Reports have appeared prev iously pointing to abnormal 

adipose tissue metabolism in hypertriglyceridemia with either 

triglyceride synthe sis diminished or triglyceride hydrolysis 

increased (11-15). Both could praduce the same consequence --

namely, an increased flux of FFA to the liver which might then 

lead to increased VLDL synthesis. Therefore the present study was 

designed to measure adipose tissue triglyceride synthesis in 

patients with HyperapoB and compare these results ta those found 

in controls. 

SUBJECTS AND METBODS 

§'~.!2.i e c!:~ : The 1 8 pat i e n t s s tu die d ha d b e e nad mit te d ta 

hospital to undergo either aortocoronary bypass surgery or 

cardiac valve replacement. Based on coronary angiagraphy, the 

first group had coronary artery disease, the second did note 

Further, all 10 patients with coronary artery disease had Hyper-

apoB whi le the 8 w i th va l vu laI'" d isease who served as con troIs had 

normal levels of plasma LDL apoB (1). 
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~~~~: After an overnight fast, blood samples were 

obtained from the patients prior to their operation. VLDL was 

isolated by ultracentrifugation at d < 1.006 g/ml. Total 

cholesterol, triglyceride and VLDL cholesterol were measured 

enzymatically (Cholesterol kit NC'. 683197, and Triglyceride kit 

No. 683248, Beckman Instrument Corp., California). High density 

lipoprotein (HDL) cbolesterol was determined after heparin-

manganese chloride precipitation of plasma (16). Intermediate 

density lipoprotein (IDL, d 1.006-1.019 g/ml) was removed by 

ultracentrifugation and d > 1.019 g/ml LDL apoB was then measured 

by radial immunodiffusion (17). LDL cholesterol was calculated by 

subtracting VLDL and HDL cholesterol from total cholesterol (18). 

Subcutaneous adipose tissue was obtained after the thorax 

w a s 0 pen e d a t SUl' gel' y. The t i s sue wa s f i r s t f r e e d f rom vis i b l e 

b lood vesse l s and connec ti ve tissue, and then div ided in to sma Il 

segments weighing between 20 and 50 mg. Each segment was pre-

incubated for 30 minutes at 37°C in 2 ml of Krebs-Ringer bi­

carbonate buffer (pH 7.4) wittl 2% human serum albumin (HSA) 

fra(')tion V (Sigma, St. Louis) and 0.2% glucose (19). The con­

centration of FFA to HSA in the incubation medium was 1.56 mEq/1 

:0.33 mmol/1. The adipose tissue segment was then transferred ta 

2 ml of the same in~ubation mediùm which haj been gassed with 95% 

02 and 5% C02 for 30 minutes and to which was added either 14C_ 

1inoleic acid-HSA or 3H-palmitic acid-HSA (20) (approximately 10 6 

cpm/ml; specifie activities of 14C-linole:c aCld and 3H-palmitlc 

acid were 52.6 uCi/umol and 500 uCi/umo~ respectively -- New 

England Nuclear, Boston, t1ass.). Each incubation was performed 

either in duplicate or triplicate with atmosphere as the gas 
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~hase. The incubation time ranged from 0 to 300 minutes. After 

incubation, aliquots of the medium were used for the determinat­

ion of glycerol concentration enzymatically (21) and FFA con­

centration colorimetrially (22). 

To extract glycerides, the tissue was first washed with 

warm saI ine and then homogenized in 2 ml of isopropanol :heptane 

solvent (4: 1, V/V). One ml of heptane and one ml of 0.05% KOH 

were added to the homogenate to extract the glycerides into the 

heptane phase. The mixture was then mixed and left standing for 

at least ten minutes. After centrifugation, the heptane phase was 

washed once with 2 ml of isopropranol-heptane-O.05% KOH (4: 1:3, 

by volume). The heptane phase fraction thus obtained was used for 

thin-layer chromatography on polysilic acid-impregnated fibre­

glass sheet with a developing solvent of hexane:diethyl ether: 

acetic acid:methanol (75:25:2:3, by volume) to separate trigly­

cerides, diglycerides, and monoglycerides. The radioactivity in 

each glyceride fraction was then eluted and counted in scintil­

lation fluide Insigniflcant incorporatiC'n of labelled fatty acid 

into adipose tissue cholesteryl esters and phospholipids was 

observed in both con tro 1s and pa tien ts w i th hyperapoB. 

Fat cel1 size and number Wf!re determined by the methods 

of Hirsch and Gal1ian (23). The adipose tissue was welghed, fixed 

with 2% osmlum tetroxide in collidine buffer for 48 hours, and 

the mix ture then fil tered through a 250 urn and 25 um r:le sh ny 1 on 

fliter so that adipocytes were retained. Tnese were then sus­

pended in Isoton II and the suspension counted at various ap­

perture s usi ng an e lec tron ic Cou l te r counte!"'. The dry we ight of 
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the tctal lipid content in the adipose tissue was measured after 

extraction with chloroform: methanol (2: 1, v/v). 

To calculate the absolute amount of fatty acid taken up 

from the medium and incorporated into glycerides, it is necessary 

to correct for the decrease in specific activity of medium FFA 

due to the release of FFA from adipose tissue. Consequently, mean 

FFA specific activity was calculated by using initial and flnal 

concentrations of FFA and radioactivity ln each incu~ation time, 

as suggested by Dole (24) using the differential equation. A = Ao 

( k / OC) wh e r e Ais the me ans p e c if i cac t i vit y, A 0 i s the in l t i a l 

specifie activity and k = ln (1+~) where CjI{ is the fractional 

increase in the fatty acid concentration of the medium at the end 

of each incubation time. 

Statistical analyses were performed using Student's un­

paired t-test. Values in the tables and figures are given as the 

mean % standard error of the mean. 

RESULTS 

The clinical and biochemical data of the 18 subjec ts 

studied are listed in Table 1. The two groups did not differ 

significantly in age. All the patients with HyperapoB had sig­

nificant coronary artery disease documented by coronary anglo­

graphy while none of the patients in the control group had 

coronary disease evident angiographically. Total cholesterol, 

triglyceride and LDL cholesterol were aIl significantly higher in 

the HyperapoB group, whereas HDL cholesterol was signlficantly 

lower. One of patients wlth HyperapoB had a plasma triglyceride 

level above the 95th percentile while three had HDL cholesterol 
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v:~lues below the 5th percentile based on Lipid Research Clinic 

screening values (25). AlI control patients, however, were normo­

lipidemic and none had lowered HDL cholesterol. In addition, it 

should be noted that the HyperapoB group had a significantly 

higher relative body weight index than did the controls in which 

two of the HyperapoB patients had a body weight index> 125% 

(135% and 142%). 

The data on adipocyte morphology are presented in Table 2 

with the cells characterized by number (i.e. cells/mg tissue), by 

lipid content, and by weight. The adipocytes from the HyperapoB 

patients were significantly larger than the controls (Table 2A). 

Further, the average cell lipid content was significantly greater 

and the cells were heavier in the HyperapoB group than in the 

controls. However, the variation in cell size amongst the 

controls was considerable whereas the results were much more 

uniform amongst the HyperapoB patients. In addition since adipo­

cyte metabolism may be affected by cell size, the control group 

was subdivided into those wlth realtively smaller (SC) and those 

with relatively larger cells (LC). These data are presented in 

Table 2B. Note that the larger control cells (LC) were slightIy 

but not significantly smaller than the adipocytes from the 

HyperapoB patients whereas within the control group the SC cells 

were significantly smaller than the LC cells. These relations 

also held for cell lipid content and cell weight: in neither 

instance was there a significant difference between the LC and 

HyperapoB groups, whereas in both the differences were sig­

nif icant when SC ce Il s were compared to LC ce Il s. 
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The incorporation of linoleic acid into adipose tissue 

glycerides in the control group and the HyperapoB groups are 

shown in Table 3 with the results expressed as nEq llnoleic acid 

per 106 cells incorporated into either diglycerides (Dg) or tri­

glycerides (Tg). Note that at each time point, significantly more 

linoleic acid was incorporated into the glycerides of control 

adipocytes cornpared to HyperapoB adipocytes, with just over tWlCe 

as much incorporated into diglycerides, the difference being even 

grea ter when tr ig lycer ide sy nthesis was compared. 

These di fferences can be seen in grea ter de ta il in Fig. 1 

where SC an Le control subgroups are sho~n separately. Note that 

in both control subgroups as weIl as tte HyperapoB group, the 

incorporation of linoleic acid into adip~se tissue glycerides is 

most rapid during the first 60 minutes, the rate decreasing 

thereafter. The rate of diglyceride (FIg. 1A) and triglycerlde 

(Fig. lB) synthesis d id not differ sig:îlficantly between the 

controis subgroups. However when Hyperap03 cell s were compared to 

the LC control subgroups, both with s::::.ilar cell sizes, the 

difference in diglyceride synthesis (Fig. lA) was significant at 

all time points (p < 0.0125, < 0.01, < :.05, and < 0.025, res­

pectively). Similarly FIg. 1B demonstra:~s the incorporation of 

linoleic acid into adipocyte triglyceri(:.:;s in both control sub­

groups and the HyperapoB group. Tr ig lycer ~je sy nthesis was two to 

three fold more rapid in the SC group tha:-. in the HyperapoB group 

at aIl time points ( p < 0.005, < O.OO~. < 0.005, and < 0.0125, 

respectiveIy). This was aiso the case w:-.~n the LC control group 

wa s compare d to the Hyperap oB group wi t -. tr ig Iycer ide sy n thes is 

higher at a.J.l time points (p < 0.05, < J.0005, < 0.0025, and < 
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0.025, respectively). 

Fig.2 compares the incorporation of palmitic acid into 

adipose tissue diglycerides and triglycerides in both control 

subgroups and the HyperapoB group. The results are similar tf' 

those obtained with linoleic acid in which the LC subgroup meta­

bolize somewhat more active than the SC subgroup. With regard to 

diglyceride synthesis, when the SC subgroup and the HyperapoB 

group we re compared, al though the con tro l group wa s h igher, the 

difference was not statistical1y significant at either 60 or 300 

minutes. However, with respect to triglyceride synthesis, the 

difference was statistical1y significant at both time points (p < 

o .0 25, and < 0.0 1 25, r e s p e c t ive 1 y). Wh e n the L C su b g r 0 u pan d the 

HyperapoB were compared with regard to inccrporation of palmitic 

acid, both diglyceride and triglyceride synthesis at 60 and 300 

minutes were significantly higher in the LC group than in the 

HyperapoB group (diglyceride: p < 0.0025 and < 0.01; and tri­

glycerides: p < 0.0025 and < 0.0005, respectively). 

Net incorporation of fatty acids is, of course, a 

balance between synthesis and hydrolysis of glycerides. The rate 

of hydro ly sis wa s there fore a Iso ex ami ned. The da ta are shown in 

Fig. 3 which illustrates the change in medium FFA (Flg. 3A) and 

glycerol (Fig. 3B) over the course of the experiment. Note that 

there is no significant difference in either paraceter between 

the control and the HyperapoB groups. Thus while à~fferences in 

synthesis were apparent, no difference in hydrolys:s was evident 

between the groups. 
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DISCUSSION 

Adipose tissue glyceride synthesis was examined in two 

groups: one, which served as the control group, was composed of 

patients with valvular heart disease; all of these were normo­

lipidemic and free of coronary artery disease. The second was 

made up of patients with coronary atherosclerosis. Most of these 

were normolipidemic but with elevated LDL apoB level. The present 

in ~!~~~ experiments demonstrate that both linoleic acid and 

pa Imi tic ac id were incorpora ted much l ess rap id ly into ad ipocy te 

glycerides in the HyperapoB group compared to the controls. 

However, whi le on the one hand there was ev idence of diminished 

glyceride synthesis in the HyperapoB group, on the other, there 

was no evidence of any difference in hydrolysis. 

Before considering the possible implications of these 

findings with regard to the pathophysiology of HyperapoB, the 

limitations of the experimental methods must flrst be noted. For 

example, when fatty acids are released from the tissue to the 

medium throughout the incubation, the speclfic activity of the 

medium FFA declines during the experiment. Fortunately, mean FFA 

specifie activity can be calculated as suggested by Dole (24), 

thus overcoming t.1is dlfficulty. However, were the intracellular 

FFA pool to be dlluted dlsproportlonately by unlabelled materlal 

released from hydrolysis of glyceride, no correction would be 

possible and the esterification rate consequently would be under­

estlmated. Previous work though (15,24,26) indicates this is 

unlikely to be the case since there appears to be dlscrete entry 

and exit FFA pools within the adipocyte. Stlll there were 

separate glyceride pools within the adlpocyte with sorne having 
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more rapid turnover rates than others (27), it must be recognized 

that the calculations in this and similar studies (12-15) would 

be insensitive to this eventuality. 

In addition to the above methodologic issues, we must 

also consider whether the differnces observed experimentally 

between the two groups might be attributed to the fact that, on 

average, the adipocytes in the patients with HyperapoB were 

larger than those in the control patients. In this regard, it 

should first be appreciated that, though larger, the HyperapoB 

adipocytes were, in fact, normal in size (28-30). As weIl, there 

is considerable evidence both in human and rat adipose tissue to 

indicate that larger fat cel1s are metabo1ically more, not less, 

active than smal1er cells (31-35). In this study the HyperapoB 

ad ipocy te s though larger were, by contra st, le ss ac ti ve in te rms 

of glyceride esterification than the control ce11s. Beyond this 

though, when matched for cell size, the differences between 

control and HyperapoB adipocytes were even sharper. Therefore, 

the data indlcate that the impaired glyceride esterification in 

ad ipocy tes from these pa tien ts w i th HyperapoB does not appear to 

be a function of cell size. 

Other investigators have previously studied fatty acid 

incorporation into adipose tissue glycerldes in an effort to 

uncover the pathogenesis of hypertriglyceridemia. Their findings, 

while similar', have not been entirely consistent: for example, 

Carlson and Waldius (13) and later Rubba (14) found decreased 

esterification in adipose tissue in hypertriglyceridemic patients 

compared to normal controls. However, Larson et al. (10) noted 
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increased lipolysis in large adipocytes studied in patients wItr. 

endogenous hypertriglyceridemia while Arner et al. (15) found re­

esterification was decreased in adlpocytes from obese hyper­

triglyceridemic patients compared to obese normolipidemic cont­

roIs. Whether due to decreased incorporation or increased hy­

drolysis, all advanced the hypothesis that an increased fatty 

acid flux to the liver might be expected to increase VLDL syn­

thesis and thus plasma triglycerides. In the present study, 

however, all those studied except one from the HyperapoB group 

had normotriglyceride levels and 50 this study represents the 

first time that decreased esterification has been found in normo­

triglyceridemic patients. Since hypertriglyceridemia is su ch a 

frequent accompaniment of HyperapoB, it will be important in the 

future to determine whether there is a common basis for the 

present and previous observations. 

We believe, however, that the present 2.!! .Yi.!:.!:.~ studies 

may shed i mportan t 1 igh t on the pa thophys io 10gy of the i nc reased 

VLDL synthesis reported in HyperapoB (7) ln tha t th is phenomenon 

might result from at least two dlfferent mechanlsms: first, were 

adipose tissue FFA uptake reduced, but hepatic FFA uptake not, 

there might then be an increased flux of FFA to the l iver leading 

to increased VLDL synthesis so as ta maintain hepatlc lipld 

homeostasis. Alternatively, it has now been recognized that apo­

proteins are acylated within the hepatocytes (36), and it 1S 

possible, therefore, that th .. 3 post-translational step might be 

important in the regulation of apoB synthesis. As well, the 

present studies may also help explain the observatIon of delayed 

chylomlcron clearance after an oral fat load in normotrigly-
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ceridemic patients with HyperapoB (37) since impaired FFA uptake 

into adipose tissue might lead to increased FFA levels locally 

inhibiting lipoprotein lipase. Finally the present results appear 

important because they now provide evidence that adipocytes as 

weIl as fibroblasts from patients with HyperapoB (38) differ 

metabolically from normal, raising the possibility that the de­

fect(s) are, in fact, sited within the cell. 
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Figure 1. Incorporation of linoleic acid into adipos~ tissue 
diglycerides (Dg) and tri g6ycerides (Tg) is expressed 
as nEq linoleic acid per 10 cells. Values are shown as 
mean % standard error of the mean with large control 
cells in triangles, small control cells in open 
circles, and HyperapoB cells in closed circ les. 
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cells (Le) in slash bar, and HyperapoB cells (HB) in 
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Figure 3A. FFA release into medium during the incubation is shown 
with control in open circles and HyperapoB (HB) in 
closed circles. Values are expressed as mean :t 
standard error of the mean. 

Figure 3B. Glycerol release into the medlum during the incubation 
is shown with control in open circles and HyperapoB 
(HB) in c losed ci rc l es. Val ue sare expressed as mean ± 
standard error of the mean. 
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Table 1. Clinical and biochemical data of controis and coronary artery 
disease patients with HyperapoB 

Sex 

m/f 

Control 6/2 

HyperapoB 8/2 

p 

Age 

yr. 

RBW 

% 

60± 5 87±5 

59±32 114±5 

NS <.0025 

TC TG HDL-C LDL-C LDL apoB 
--------------------------------------

mg/dl plasma 

181±8 80± 11 48±4 117±7 86±4 

218±8 193±20 38±3 142±8 137±3 

<.0025 <.0005 <.025 <.025 <.0005 

W Values are shown as mean ± standard error of the mean. 
TC; total plasma cholesterol 
TG; total plasma triglyceride 
RBW; relative body weight calculated as (Kg/cm-l00) x 100% 
HDL-C, LDL-C; high density lipoprotein- , low density lipoprotein­
cholesterol 
LDL apoB; LDL apolipoprotein B 



Table 2A. Adipocyte morphology of controls and HyperapoB patients 

cell number cell lipid cell weight 
--------------- ---------- -----------

No. cells/mg tissue ug/cell ug/cell 

Control 8 2976±648 O.34±0.07 0.4g±0.10 

HyperapoB 10 1343±185 O.74±0.16 0.gO±0.16 

p <0.02 <0.05 <0.05 

Table 2B. Adipocyte morphology of the subgroups of controls 

cell number cell li pid cel! we ight 
--------------- ---------- -----------

No. cells/mg tissue ug/cell ug/cell 

SC 4 457)~±425 o. n±o • 02 0.51:t:O.05 

LC 4 1377±103 o . 23±O . 02 0.74±0.06 

p <0.001 <0.0005 <O. 0005 

Values are shown as me an ± standard error of the Mean. 
SC; small cell control subgroup 
LC; J.arge cell control subgroup 
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Table 3. nEq Linoleic acid incorporation into adipose tissue glycerides in controls 
and HyperapoB patients 

---------------------------------------------------
Dg Tg 

-------------------------------
nEq linoleic acid/10 6 cells 

-----------------------------------------------------------------------
30 60 120 300 30 

minutes 

Control 30±3.8 59±14 67±13 85±25 55±12 
(n=8) 

HyperapoB 12±4.S 27±7.6 34±14 3S±8.4 20±6 
(n=10) 

p <0.0025 <0.005 <0.005 <0.025 <0.005 

Valu~s are shown as mean ± standard error of the mean. 
Dg; diglyceride 
Tg; triglyceride 

60 120 300 

minutes 

85±12 99±19 115±30 

34±7.7 35±9.4 47±11 

<0.0005 <0.0005 <0.0125 



CHAPTER 7 

SUMMARY AND DISCUSSION 



SUHMARY 

Hyperapobetalipoproteinemia (HyperapoB) was defined as 

the combina t ion of a norma l, or near-norma l, LDL cha les tero l in 

the face of an elevated plasma LDL apoP. In this disorder, an 

increased number of LDL partie les in plasma can frequently occur 

without hypercholesterolemia. This contrasts wlth familial hyper­

cholesterolemia (FH), where an ~ncreased number of LDL particles 

always produces hypercholesterolemia. Our task was to elucidate 

the physicochernlcal rnechanisms responsible for HyperapoB. 

Using density gradient ultracentrifugation~ LDL can be 

separated into three subfractions: fraction-1, buoyant-LDL (B­

LDL), d 1.019-1.043 g/mI; fraction-2, dense-LDL (D-LDL), d 1.043-

1.055 g/ml; and fraction-3, very dense LDL, d 1.055-1.063 g/ml. 

In norma l subjec ts, le ss than one-th ird of the apoB i s in the B­

LDL, just over two-thirds is in the D-LDL, and Iess than 5% is in 

the very-dense LDL. A similar distribution was evident in Hyper­

apoB, except that aIrnost 10% of the apoB was recovered in very­

dense LDL, whereas in FH, over 40% was in B-LDL, 55% in D-LDL and 

less than 2% in very-dense LDL. D-LDL particles are smaller and 

h1ve a lower cholesterol-to-protein ratio than do B-LDL 

particles. D-LDL particles in HyperapoB are even smaller, denser, 

more depleted in cholesteryl ester and enriched in protein, com­

pared to norma l s, w i th cha les terol- to-prote in ratios of 1. 16 and 

1.33, respectively. This difference is ev en more marked in hyper­

trlglyceridemic HyperapoB patients with a cholesterol-to-protein 

ratio in D-LDL of 0.88. By contrast, patients with FH have an 

Increased cholesterol-to-protejn r'atio in B-LDL (homozygote, 2.14 

and heterozygote, 1.81) compared to both normals ilnd patients 
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with HyperapoB, both of whom have a cholesterol-to-protein ratio 

in B-LDL of 1.50. In FH, the B-LDL particles are larger, choles­

teryl ester-enriched and relatively protein-depleted. Compared 

w i th control subjec ts, pa tien ts w ith FH ha v e an a bnorma l form of 

B-LDL, which is cholesteryl ester enriched, whereas HyperapoB 

patients have an abnormal form of D-LDL WhlCh is cholesteryl 

ester-depleted. Therefore, characteristic dlfferences in LDL 

composition occur in both FH and HyperapoB, such that HyperapoB 

patients have a low cholesterol-to-protein ratio in LDL, whereas 

FH patients have a high cholesterol-to-protein ratio in LDL. 

ApoB not only provides structural integrity to the LDL 

molecule, but a1so interacts specifically with the apoB/E re­

ceptor. In this regard, the immunoreactivities of SIX monoclonal 

antibodies against LDL apoB of LDL subfractions, B-LDL, D-LDL, 

and very dense LDL, were studied. The immunoreactivlties of the 

LDL subfractions with antibodies 2D8, 3F5, and 4G3 were highly 

corre la ted w i th the LDL choles terV.L.- to-prote in ra tio. Tha t is, B­

LDL in each individual was more Immunoreactive than D-LDL, WhlCh 

in turn was more reactive than very-dense LDL. These results 

suggest that as LDL particle size decreases, and as the choles­

terol-to-protein ratio decreases, the structural interaction of 

apoB with the lipids changes progressively. It is of considerable 

interest that this determinant recognized two of these antl­

bodies, 3F5 and 4G3, which are located very close to the cell 

receptor binding domains of the apoB molecules. 
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In order to understand the mechanism responsible for the 

he terogene i ty of LDL and i ts me tabo lie charac ter is tics in Hyper­

apoB, the turno ver of apoB in VLDL, IDL, and two major subfrac t-

ions of LDL (B-LDL and D-LDL) was studied ln 7 patients with 

HyperapoB, 6 normolipidemic subjects, and 5 patients with hetero­

zygotic FH. Most subjects exhibited precursor-pr'oduct relation-

ships between VLDL and IDL and all dld so between IDL and B-LDL. 

The same relationship between B-LDL and D-LDL was evident in most 

controls and patients with HyperapoB, but not in FH patients; in 

addition, the existence of VLDL-independent synthesis of D-LDL in 

this dlsorder was confirmed. 

Kinetic analysls performed after injection of tracer 

125I-VLDL showed that HyperapoB patients had a higher rate of 

synthesis of VLDL-apoB than controis (40.1 vs. 21 mg/kg-d, p < 

0.05), but a reduced fractional catabolic rate (FCR) (0.230 vs. 

0.366 per hour, p < 0.01). After an injec tion of tracer 131 I-LDL, 

HyperapoB patients had higher rates of LDL apoB synthesis than 

d l ct con t r c, l s (2 3. 1 vs. 1 3. 0 mg/ k g - d, P < 0.0 0 1 ) ; th i s wa saI S 0 

the case for FH patients (22.7 mg/kg-d). The FCR of LDL was 

similar ln HyperapoB patients and controls (0.386 vs. 0.366 per 

day), but was markedly decreased in FH patients (0.192 per day). 

These data show that the increased concentration of LDL apoB ln 

HyperapoB is due to increased LDL synthesis which is seconàary to 

increased VLDL synthesisj in FH, however, there is both an in-

creased syn thes i s (wh i ch i spart 1 y V LDL- independen t) and reduced 
, 

catabolism of LDL. 

AnaIysls of the relationship of LDL subfractions in the 

sub jec ts st ud ied showed tha t in each ins tance the turnover of B-
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LDL was in it ia lly much fas ter than tha t of D- LDL. Th is dl f ferenc e 

is more obvious ln botn the control and HyperapoR subjects, but 

much less marked in FH. In control and HyperapoB subjects, 1n­

jection of 125I-B-LDL gave rise to D-LDL with a precursor-product 

relationship slmilar to that observed between VLDL and IDL. 

However after injection of 131r-D-LDL, the plasma decay curves of 

B-LDL and D-LDL are almost identical. This suggests that D-LDL 

gives rise to B-LDL and this reverse process seems more marked ln 

FH. 

The proportion of B-LDL converted to D-LDL was flrst 

estimated quantitatively using deconvolution analysis. With thlS 

techn Iq ue and measurement of the s izes of the two intra va seu la r 

pools of LDL, it lS possible to estimate the rates of turnover of 

each fraction. The results show that B-LDL turnover is faster 

than D-LDL and B-LDL is largely converted into D-LDL in contro~s 

and HyperapoB s ub jec ts. By contra st, the FeR of both sub frac ti ons 

are reduced in FH and there is less than 50% converSIon of B-LDL 

into D-LDL. This then results in twice as much expanSIon of tne 

B-LDL pool in FH as occurs in BvperapoB, whereas the D-LDL poo l 

is increased to a similar extent in bot~ disorders. The data aiso 

show that the increased total LDL synthesis in HyperapoB is due 

to overproduction of bot~ B-LDL and D-LDL. In HyperapoB patIents, 

there ls overproduction of VLDL, then overproduction of B-LDL a:1d 

D-LDL. By contrast, in F:i patients, the prolonged plasma reSl­

dence time of LDL might cause Lhe accumulation of cholesterj:. 

ester in LDL, thus producing larger, cholesteryl ester ent'lched 

B-LDL particles. 
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Since LDL has been shown to be both structurally a:-.: 

kinetically heterogeneous, it was necessary to develope a mult:'­

compartmental model to study LDL apoB metabolism. To do so, t:-.e 

turnover of apoB in B-LDL and D-LDL was studied in one norma: 

subject and three patients with HyperapoB and a preliminary 

multicompartmental model has been deve10ped. The model contains: 

1) a B-LDL delipidation cascade wlth a slowly catabolizing poc:' 

derived from this cascade; 2) a pathway by which B-LDL is co~­

verted to D-LDL, and D-LDL can return to the liver and re-ente:, 

the plasma space; 3) pathways by which B-LDL, D-LDL, and very 

dense LDL can each be directly catabolized. Using this mode:, 

quantitative analysls confirmed that the transport rates of B-LD~ 

and D-LDL are increased in HyperapoB cO::lpared to control (6.5: 

vs. 22.4, 8.70 vs. 19.5 mg/kg-d, respectively). The FeR of B-LD:" 

apoB is three times higher than that of D-LDL apoB (1.325 v~. 

0.421 per day) and an average of 54% (36% to 71%) of B-LDL goes 

through the cascade to be converted to D-LDL. Although the pre­

CIse physiologlcal processes involved in the model remain to :.-= 

deflned, the model underscores the potential physiological ir:­

portance of cholesteryl ester-trig1yceride exchange, by which tt~ 

cholesteryl ester in B-LDL exchanges with the triglyceride :~ 

VLDL, and subsequently, hepatic or lipoprotein lipase hydro1yzes 

the triglyceride-enriched B-LDL particles to generate D-LD:" 

WhlCh, as a consequence, is a cholesteryl ester-dep1eted, smal':"­

er, denser particle. 

In summary, al1 the data to date indicate that the cha:-­

acteristic abnorma1ities of HyperapoB are consequences of tt~ 

overproduction of hepatic apoB. In thlS regard, a preliminary 
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study with adipose tissue suggests that this oversynthesis of 

hepatic apoB might be secondary to a defect in peripheral trigly­

ceride biosynthesls. 

DISCUSSION 

The principal concept dealt with in this thesis is that 

low-density l ipoproteins (LDL) are heterogeneous in their com­

posit ion and me tabo l i sm. The ev idenc e in support of th is rec en t 1y 

developed concept 1S now very diverse and widespread, but the 

metabolic and clinicai consequences of this concept are just 

beg inn ing to be exp l ored. 

LDL i s hete rogeneous in se vera l d ifferen t sense s. Wi th in 

any normal ind i v idua l, LDL is he terogeneous in tha t sorne of the 

LDL particles are larger, with more cholesterol, and sorne srnaller 

with less, although all contain the sace amount of apoB. Most 

important, there is a predictable relationship between size, 

buoyancy, and compositlon, with the larger particles being more 

buoyant because they contain more lipid but relatively less 

proteine While these differences are clear, within normais they 

are r.ot marked, and thus LDL heterogeneity can be seen more 

clearly in other situations. For example, even in normals, LDL 

differs in composition at different times in life. LDL isolated 

from human umbilical-cord blood by density gradient ultracentri­

fugation differs in composition from aàult LDL ln that it ts a 

relatively triglyceride-enriched and still cholesteryl ester­

depleted particle (1). At birth, plasrr:a FFA and triglyceride 

levels are low (2), while just after birth both rise sharply (3-
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5), as hepatic apoB production commences. As the end product of 

VLDL metabolism, it is not surprising that much of the composit­

ion of LDL might be related to factors which affect its ante­

cedent, as discussed below in more detail. 

Dyslipoproteinemia produces characteristic changes in 

LDL, and these changes are another type of LDL heterogeneity; 

these changes, however, are differences in degree not in kind 

from those found in the normal. By that we mean the variations 

imposed by disease highlight the basic structure of LDL and point 

to the processes which control its composition. LDL are spherical 

particles which vary in size, but not in basic structure. In 

brief, every LDL particle has two major parts: a surface coat of 

invariate thickness, the width of a phosphoJ ipid bilayer, and a 

core of variable composition and diameter. The coat is made up of 

free cholesterol and phospholipid, while the core is made up of 

the most non-polar lipids, cholesteryl ester and triglyceride. 

The apoprote in, apoB, en tw ines the surface l ipi d en v ironment of 

the partlCIe, dipping from time to time into the core (7). The 

amount of protein per LDL particle is constant (8), but the size 

of the LDL particle is variable. Because the thickness of the 

coat lS constant, as LDL particle size changes the major dif­

ferences in composition occur in the core. Because the core 

contains principally cholesteryl ester, the ratio of LDL choles­

terol to apoB mirrors the LDL size and composition, such that 

l arger parti c l es ha v e a hi gher LDL-cho l estero l-to-apoB ra tio than 

do smaller particles. Since lipids are less dense than protein, 

and since the protein per LDL particle is constant, the larger 
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LDL particles are more buoyant, and smaller particles are more 

dense. 

HyperapoB is characterized by an increased LOL particle 

number, where most of the LDL particles are smaller and denser 

than normal. The smaller, denser particles contain less choles­

teryl ester than normal, and because most LDL part:'cléS are so 

altered, HyperapoB is characterized by an increased LOL apoB with 

a low LOL cholesterol-to-apoB ratio. In FH, LDL particle number 

is also increased, but in this case, a major portion of the LDL 

particles are enriched in cholesterol and so FH iR characterized 

by an increased LDL apoB, with an elevated LDL-cholesterol-to­

apoB ratio. 

The validi ty of our observations obviously rests on the 

validity of the techn:ques used to measure both the lipid and 

protein components of LDL. ApoB accounts for almost all the 

protein in LDL and had been quantitated by chemical methods until 

Lees in trod uced immuno l ogica l techniques, fi rs t a rad ial immuno­

diffusion method (9) and then a radioimmunoassay (10). Since apoB 

is present in VLDL anè IDL as weIl as in LDL, though in much 

small el'" amounts, the measurement of LDL apoB required separation 

by ultracentrifugatlo~ of LDL from these other components. We 

modified the method proposed by Lees 50 that LDL could be measur­

ed directly in plasma (11). This method has been critioized 

recently: Havekes (12) !'las suggested that plasma samples should 

be frozen, particular':'y in hypertriglyceridemic patients, to 

hinder the entry of VLD:" part i 0 l es in to the ge 1; Lu ta lo-Bosa (13) 

has argued that the moèlfied radial immunodiffusion assay over­

estima tes LDL apoB in plasma from hypertr i g l yoer idemi c rat i en ts. 
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Howevpr, Teng et al. (14) reinvE'stigated this and did not conLr:: 

their findings. Therefore we remain satisfied that the modifie.:! 

radial immunodiffusion assay does not, to any signifieant degree, 

measure VLDL apoB. Furthermore, the immunoreactivity of apoB in 

VLDL could be masked by lipids, especially with hypertriglyceri­

demie VLDL particle;:, (15,16). The apoB in Lp(a) and IDL, however, 

would be included under most circumstances. Except for type III 

hyper 1 ipoprote inemi a, IDL apoB genearll y accoun ts for less than 

10 percent of the plasma LDL apoB. In type III Hyper 1 i poprotein­

emla, LDL apoB measured by the modified assay is usually in the 

normal to low-normal range (17). This oeeurs either because the 

IDL is, in fact, abnormal in ~omposi tion in this disorder and 50 

may not enter the gel rapidly, or the immunoreactivity of the 

apoB in these particles is masked by li p ids. Fi nall y, it shou ld 

be noted tha t ail our concepts of LDL heterogene i ty are based, in 

the final analysis, on direct measurement of LDL apoB in the 

1.019-1.063 g/ml density fraction, as isolated by ultracentri­

fugation, with precise correspondence between chemical and irr.­

munologic measurements. 

If the differenees in LDL composi tion tha t we and others 

have demonstrated are real, what then are the mechanisms res­

ponsi ble for LDL heterogenei ty, and what are the potentia:' 

physiologie, and even pathologie, implications of these mechall­

isms? In this regard, t.he exchange and transfer of the non-p81ë:' 

lipids, cholesteryl ester and triglyceride arnongst the plasr.::: 

lipoproteins is an essential phenomenon underlying LDL het,=:rc­

geneity. Triglycerides in plasma are principally jn chylomic!'"'or.s 
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and VLDL, with lesser, but still important, amounts in LDL and 

HDL. Normall y, tr iglycer ides are synthesi zed in the gu t (18) and 

liver (19) and any triglyceride in LDL or HDL must have first 

originated from either chylomicrons or VLDL. Cholesteryl esters 

are components of the core of aIl the plasma 1 ipoprote ins. Except 

perhaps for chy l omi crons, i t is at',reed tha t aIl the cholesteryl 

esters in plasma are synthesized by LCAT (20), and as such, 

appear first in HDL (21), and only afterwards, in other lipo­

proteins. Thus the entry points into plasma of triglycedde are 

chylomicrons and VLDL, and the entry point of choles.teryl ester, 

HDL. 

It was long thought that while free cholesterol and 

phospholipid could exchange amongst the plasma lipoproteins, 

cholesteryl ester and triglyceride could note It is now clear, 

however, this is not the case. But cholesteryl ester and trigly­

ceride can exchange or transfer between the l ipoprote ins, only if 

a transfer protein is present (22). The requirement for this 

transfer protein is absolute and clearly distinguishes such 

transfer from the movement of free cholesterol, which does not 

utilize any carrier proteine Two different events oan occur -­

exchange or transfer. By the first is meant movement of ei ther 

cholestery 1 ester or tr i g lyoer i de from one 1 i poprote in, wi th re­

turn of the same constituent from another. Thus, for example, a 

cholesteryl ester may move from HDL to LDL, in return for which, 

another moves from LDL to HDL. This results in an undisturbed 

ba l anc e of ma S5 be tween the two. The second pro cess, trans fer, 

doe5, however, result in net changes. By this we Mean the move­

ment of, for example, triglyceride from VLDL to LDL, in return 
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t'or which cholesteryl ester moves frore LDL to VLDL. In thlS 

instance, in contrast to the first, the composition of both 

1. ipoproteins has been al tered by the process. When the two 

cholesteryl ester-rich lipoproteins, HDL and LDL, interact, 

cholesteryl ester exchange is the dominant process. When either 

interacts with chylomicrons or VLDL, cholest~ryl ester­

tr igl ycer ide transfer predomina tes. 

There is strong evidence that these processes occur .!.n 

yi!~ and undoubtedly account for the movement of cholesteryl 

ester from HDL to the other plasma lipoproteins (22,33,34). There 

is aiso evidence from our laboratory that they form the basis 

for LDL heterogene i ty. In brief, we observed, in humans, that the 

composition of LDL entering the splanchnic bed was different from 

the composition of LDL leaving it (23). Specifically, hepatic 

vein LDL had less cholesteryl ester, but more triglyceride than 

arterial LDL. LDL apoB Ievel was the same in both, and thus there 

was a difference in LDL composition, but not in LDL particle 

number on eitheI"' side of the splanchnic bed. In addition, we 

observed that VLDL cholesterol content increased proportionally 

to the decI"'ease in LDL cholesterol. It must also be appreciated 

that about one-quarter of LDL is extravascular, in a pool which 

is in rapid equilibrium with plasma; in pigs (24), and very 

probably in humans as weIl, the liver is the major' site of this 

pool. That is to say, a large numbeI"' of LDL particles are at any 

time eitheI"' attached to, or in very close proximity to, hepato­

cytes. LDL particles enter this pool fI"'om plasma, and after a 

time Ieave it, and retUI"'n to plasma. It has been demonstrated 
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that the human hepatic receptor may reversibly bind LDL, such 

that it diseng?ges within 5 minutes; it has aiso been suggested 

that these proteins are distinct from the fibroblast LDL apoB/E 

receptor (25). 

Taken together, these observations suggest the following 

scheme: since ACAT activity in human liver is very low (18,26), 

nascent VLDL contains very 1 i ttle core cholestery 1 ester. How­

ever, nascent VLDL particles interact with LDL near the margin of 

the hepatocyte, causing cholesteryl ester to leave LDL and tri­

glyceride to enter it from nascent VLDL. This transformed 

LDL particle then reenters the plasma space, with the exodus of 

chol esteryl ester frorr LDL to VLDL accounting for the drop in LDL 

cholesterol level across the splanchnic bed (23). 

How then does this explain LDL heterogeneity? We would 

suggest that triglyceride which enters the LDL is then hydro­

lyzed, the effect of which is to now produce an LDL particle with 

less core 1 i pid, in parti cul ar, an LDL part ic le wi th less choles­

teryl ester. The extent to which this process operates depends in 

part on the number of LDL particles coming in contact with VLDL 

particles. This contact may occur in plasma, or more likely, we 

believe, in the extravascular hepatic space. Thus, there is first 

cholesteryl ester-triglyceride transfer and then triglyceride 

hydrolysis, by either hepatic or lipoprotein lipase (27,28). In 

HyperapoB patients, we have shown VLDL production to be markedly 

~ncreased and LDL particle number to be elevated as weIl. The 

cond i tions for choIes tery 1 es ter-tr igl ycer ide transfer near the 

hepatocyte are thus maximized, such that the process is ac­

celerated with consequently greater replacement of LDL core 
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cholesteryl ester by triglyceride. When this triglyceride is 

hydrolyzed, the product is a smaller, denser, lipid-depleted, and 

relatively protein-enriched LDL particle. 

What are the predictions of such a scheme and what evi­

dence is there that it exists? First, buoyant LDL should be the 

precursor of dense LDL, and indeed in normals and patients with 

HyperapoB, that is exactly what we observed (14): VLDL was the 

precursor of IDL, IDL of B-LDL, and B-LDL the precursor of D-LDL. 

This concept, of course, was greatly strengthened by the develop­

ment of the multicompartmental model of LDL, produced as part of 

the experimental work of this thesis. Analysis of the LDL sub­

fractional turnover in plasma makes it evident that most of the 

LDL in the e~travascular pool is made up of buoyant LDL, as 

demonstrated in the multicompartmental model another necessary 

prediction therefore verified. Transfer of triglyceride into LDL 

was, as noted above, directly validated by studies of splanchnic 

bed metabolism in humans (23). Further, hydrolysis of this tri­

glyceride should be a step-wise process, evidence for this belng 

the necessity to include a sequential cascade in the multi­

compartmental model. One would also expect the cholesteryl ester­

triglyceride exchange to be unequal in the sense that sorne LDL 

particles in the extravascular space would have greater 

substitution of triglyceride than others. If so, snme but not all 

LDL particles should pass all the way down the cascade. A vari­

able degree of processing depends, therefore, on a viiriable 

degree of exchange, as predicted by the multicompartmentai model. 
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This is, as it were, the 'down pathway', in which LDL 

particles are divested of core lipids. But there i5 also an 'up 

pathway', by which LDL particles acquire cholesteryl ester. 

Again, the existence of this pathway has been demonstrated by the 

multicompartmental analyses. This is the case, both in normals 

and in HyperapoB, in which the dense LDL recirculates back to the 

extravascular space. But just as HyperapoB exaggerates the down 

pathway, FH exaggerates the route up. 

In FH, LDL clearance is delayed (35) and, as a conse­

quence, LDL plasma residence time is prolonged and thus the LDL 

particles have a much greater opportunity to acquire cholesteryl 

ester. It is not surprising, therefore, that these particles 

become 50 enriched in this lipide It is also possible that LDL 

particles may be synthesized de ~!2 with excess cholesteryl 

ester from the liver. Under normal conditions, the liver secretes 

a triglyceride-rich lipoprotein, VLDL, but substantial amounts of 

cholesterol are aiso produced de novo, plus the li ver acquires 

cholesterol from chylomicrons, LDL, and HDL. Given the limited 

capacity of the liver for cholesterol catabolism, apoB plays an 

important, but usually unappreciated, role in maintaining hepatic 

cholesterol balance. In FH, this role may become more exag­

gera ted. 

The present studies establish that overproduction of 

hepatic apoB likely accounts for the characteristic abnormalities 

of the plasma l ipoprote ins in HyperapoB. Overprod uc tian of V LDL 

apoB has aisa been observed in obesity (29,30) and familial 

combined hyperlipidemia (31,32). The issue for future research is 

to understand what underlies this overproduction of apoB: is it 
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related to a primary fauit in the protein's structure, the 

regulation of apoB gene expression, or is it due to a secondary 

faui t in the regu la t ion of the produc t ion of apoB? I3 HyperapoB 

basically a disorder of protein metabolism -- or of lipid meta­

bolism? The study of triglyceride synthesis in adipose tissue 

suggests tha t an under ly ing de fec t may be in per iphera l tissues. 

At this stage it is, of course, entirely possible that the 

observa tion tha t ad ipose tissue from pat ien ts w i th Hyperapobeta­

l ipopro te inemia syn thes izes tr ig lycer i de le S5 rap id ly than that 

from con troIs may be unre lated to the hepa tic overprod uc tion of 

apoB, characteristic of this disorder. Our knowledge, as yet, 1S 

much too incomplete to rule for or against this view. What these 

observations do provide, however, is an experimental route to 

approach these questions and so discover the cause or causes of 

the increased hepatic apoB synthesis in HyperapoB. 
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CONTRIBUTIONS TO ORIGI8AL INOVLEDGE 

( 



1. This research prov ides the first ev idence that changes in the 

composi t ion of subfractions of low densi ty lipoprote in oceur 

in disease: namely, in familial hypercholesterolemia an LDL 

aubfrac tion is cholesterol-enr iched whi le in HyperapoB, the 

majority of LDL particles are depleted of cholesteryl ester. 

2. The data therefore provide a physical basis to interpret the 

previous, purely phenomenologie, definition of HyperapoB-­

namely an elevated LDL apoB in the face of normal or near­

normal LDL cholesterol. Most of the LDL particles in LDL 

HyperapoB were shown to he sma 11 er than normal becau se they 

contain less cholesteryl ester in their core. However, they 

eontain the normal amount of apoB and thus are denser than 

normal and have a low cholesterol-to-apoB ratio. 

3. These studies provide the first data demonstrating a 

systematicrelation between the immunoreacti'lity of certain 

apoB epitopes and LDL composition. These observations thus 

provide novel evidence of LDL heterogeneity. In addition they 

suggest new hypotheses to be tested. For example these data 

suggest the dense LDL particles might be bound by the LDL 

receptor less av idly than larger, more buoyant LDL part icles. 

4. The apoB turnover studies are the first such studies in 

HyperapoB and thus establish the hallmarks of the disorder: 

overproduction of LDL apoB due to overproduction of VLDL apoB 

without any evidence of a catabolic defect. These are also the 

first such studies with data on LDL subfractional turnovers 

using iodinated lipoproteins. 
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5. The subfractional turnover studies establish precursor-product 

relationships between buoyant and dense LDL, thus establishing 

sequential order of origin amongst the LDL subclasses. 

6. A new multicompartmental model of LDL turnover has been 

developed which incorporates and ex tends these concepts. This 

model is faithful to aIl the physiological observations and 

allows, therefore, valid quantitative estimates of production 

and breakdown of individual lipoprotein subclasses. Such a 

model will be essential for future studies to document the 

impact of pharmacologie treatment of HyperapoB as weIl as 

demonstrate the full differences between LDL metabolism in 

HyperapoB and the other dyslipoproteinemias. 

7. Finally there is a study of adipose tissue triglyceride syn­

thesis in normals and HyperapoB. Until this study, the entire 

emphasis in HyperapoB was on the plasma lipoproteins. This is 

the first evidence of abnormal cellular behaviour in HyperapoB 

other than the increased hepatic apoB production deduced from 

the turnover studies. The findings that adipose tissue tri­

glyceride synthesis is reduced in HyperapoB may, or may not, 

be re lated to the hepatic overproduction of apoB; only further 

studies will determine this. They do, however, raise clearly 

the q ues tion as to how ad ipose tis sue tr ig lycer ide synthesis 

is controlled and indicate HyperapoB to be a potentially 

important biologie model which can be used to elucidate these 

concep ts. 
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