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The primary aim of this project was to examine lipoprotein
catabolism in liver to determine ifthe liver has a significant role
in low density lipoprotein (LDL) catabolism. A second aim was to

251—1abe11ed~apoproteins as a substrate

_ examine the suitability of L
for degradation studies in liver since significant amounts of
deiodinase.activity are present in that tissue.

Primary cultures of rabbit hepatbcytes were developed to study
1ip0protein catabolism at the cellular level. There are fewer
uncontrolled variables in this system than in in vivo studies or in
liver perfusion studies. Cultured cells alsovoffer the advantage
of allowing one to study seferal substrate concentrations at varying
incubation times in cells from a single animal, thus eliminating
interanimal variability and conserving animals. The technique of
primary culture also allowed the cells to regenerate microvilli.
These are removed by the cell isolation procedure. The ability of
the cells to regenerate microvilli was another indication of cell
viability in addition to trypan blue exclusion, adherence to the
culture dish, and the ability to synthesize lipoproteins. The repair

of surface damage is also an important prerequisite for studies

involving binding to that surface.

After a 20-hour incubation in lipoprotein-deficient medium, the

cultured'hepatocytes bound, internalized, and degraded 12SI*LDL.

The binding was examined and both high-affinity and low-affinity
components were present, The high-affinity site was further
characterized and-found to have a Km of 1.59 x 10—9 M at 37°C and a Kd

of 3.97 x 102 M at 4°C. The K

d agreed with the value for LDL



binding in isolated porcine plasma membranes reported by Bachorik
et al. (Biochem. Biophys. Res. Commun., 1979, 69, 927-935).

- ' L 12
Comparison of two substrates, 3H—leu-LDL and L 5I—LDL, showed

no differences in binding to the specific high~affinity site and no
difference in degradation rate as determined by appearance of

either 3H—leuor 125I—tyrosine in the culture medium. Similarly,
competition studies of IZSI—LDL with either native LDL or 127I—LDL
detected no difference between the native or nonradicactive iodinated
LDL as competitor.

The putative LDL receptor was induced by preincubating the cells
for 20 or 40 hours in lipoprotein-deficient medium before testing for
high-~affinity binding. Clearance studies revealed that hepatocytes,
preincubated in lipoprbfgin—deficient medium, clear 40 times more (by
volume) LDL than sucrose from thelmediqm. 1t was also shown that,
even after incubation in the presencé of 40 pg of LDL/ml of'medium,
hepatocytes clear more LDL than sucrose. It was calculated from this
data that receptor-depressed hepatocytes could account for as mﬁch
as 56.9% of the LDIL catabolism that occurs in vivo, thereby
substantiating the view that the liver has an important role in LDL
catabolism. ‘A 50:1 molar excess of high density lipoprotein to LDL
decreased‘binding, internalization, and degradation of LDL after
3 and 24 hours but not by a simple competition for binding sites
since the binding after 0.2 hours was unaffected.

The addition of lipoproteins to the incubation medium increased

hepatocyte cholesterol content, as measured by thin-layer chromatography,

by a greater amount than could be accounted for by the amount of



cholesterol in the lipoproteins taken up by the cells, Further
study of this phenomenon with lipoproteins labelled with both

SI—apoprotein,and 14C—cholesterol clearly showed that a larger
proportion of LDL free cholesterol than apoprotein was associated
with the hepatocytes. It was not unequivocally established whether
this cholesterol uptaké represented only exchange or whether it
also included net cholesterol uptake, but the increase in total
cell free cholesterol strongly suggests that net cholesterol uptéke
can occur other than by uptake of intact lipoproteins.

Finally, in vivo studies showed that hyperlipemic LDL was
cétabolized faster than control LDL in both hyperlipemic and control
rabbits. In vitro, 1.4 times more hyperlipemic LDL waé internalized
(p < 0.001) and degraded (p < 0.05) than control LDL thereby indicating
- that the liver may play a significant role in the development and

control of hyperlipemia. -
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I. STATEMENT OF PROBLEM

The aim of this study was to investigate the role of liver in
low.density lipoprotein (LDL) apoprotein uptake and degradation.
Particular attention was directed to diffgrences in hepatic catabolism
of LDL from control and hyperlipemic donors.* The effect of high
density lipoprotein (HDL) on hepatic catabolism of LDL was also
investigated. 1Isolated rabbit hepatocytgs, grown in primary mono-
layer culture, were used to investigate these liver-lipoprotein |
interactions at the cellular level. The importance of understanding
the factors which affect the catabolism of LDL is illustrated by
studies which link LDL to such serious human diseases as atherosclero-

315 M6, 258, 5]

sis and coronary heart disease.

%The terms control and hyperlipemic are used to differentiate the
LDL, obtained from animals fed Purina Rabbit Chow (control) from
the LDL obtained from animals fed chow supplemented with cholesterol
and butter (hyperlipemic). Except where specifically noted, the LDL
that was used came from control animals.



II. BACKGROUND

A, Lipoproteins: General Considerations

Thisvsection will provide a general overview of lipoprotein
work as it stands at present. Although the entire field will be
scanned, particular attention will be paid to low density lipopro-
teins as being of greater consequence to the studies undertaken and

reported herein.

1. Brief Historical Overview

The existence of protein-lipid complexes in plasma was
recognized by early investigators interested in 1lipid extraction and
protein isolation. These complexes were discussed in the classical
extraction gtudies of Schulz,(293) Nerking,(gul) and Shimidzu.(BOO)
Considerable data on protein-lipid complexes were accumulated by
protein chemists such as Hardy,<152) Haslam,(l55) Chick,(7o) and
Bang.(18) The first preparation comparable to lipoproteins as we
currently recognize them was the work of Macheboeuf.@07> He isclated
a well-defined plasma lipoprotein by adding ammonium sulfate to horse
serum to 50¢% saturation and then acidifying the unprecipitated mix-
ture to pH 3.9. He thereupon obtained a plasma lipoprotein precipi~-
tate containing cholesterol esters. We now know that the fraction
isolated by Macheboeuf was HDL, |

Lipoprotein research was stimulated during the 1940s by the
development and general availability of three major methodological

advances: electrophoresis, large scale fractionation procedures,

and ultracentrifugation. In 1941, Blix et al, showed that



3
electrophoretic techniques separated the lipid-transport fractions of

(37)

plasma into & and B-migrating globulins. Using this technique
Macheboeuf and Rebeyrotte showed that the ac1d-prec1p1table lipopro-
tein was an O-globulln.( 08) About this same time Cohn and associ-
étes developed the‘first préctical procedﬁre for the 1arge-scalé
preparation of the plasma lipoproteins for analysis.(15o) They
precipitated and separated the serum lipids into two fractions using
ethanol-water mixtures; one fraction had Q-mobility and the other
B-mobility. The fractions differed in molecular size, shape, and
lipid composition. Finally, and of particular importance, was the
development of an ultracentrifugal flotation separation of plasma

(82, 137)

lipoproteins by Gofman and co-workers. These studies led to
- the subdivision of plasma lipoproteins into density classes.

Interest in the lipoprotein field increased dramatically during
the 1950s with the realization that elevated plasma lipoprotein levels

(136, 180,

correlated with the appearance of cardiovascular disease.
181) . et P i ;
Illustrative of this increased interest is the observation of
Oncley and Harvie that between the years 1952 and 1962 the number of
publications referring to lipoproteins increased from 40 to 300 per
(252) : ; . )
year. During this period, much effort was directed toward
measuring concentrations of plasma lipoproteins and their lipid
components and relating these concentrations to clinical disease.
Dangerfield and Smith developed the use of paper electrophoresis

(77)

for separating plasma lipoproteins, and this technique was used
in the early 1960s to categorize the clinical spectrum of plasma

lipopnrotein abnormalities.(197) This system was the basis of the



L
classification of hyperlipoproteinemia into five phenotypes as shown

(126)

in Table 1, In the past ten years it has become apparent that
each of these phenotype patterns may result from a number of differ-

ent biochemical defects in lipid metabolism,

TABLE 1

Hyperlipoproteinemias

Observed Change in Lipoprotein Fraction

Type Chylomicron LDLa _ VLDLa Floating B--Lipoproteinb
T increased - - s

1Ta - increased - -

ITb —-- increased increased ——

1T == - - increased

v - ~— increased -
v increased . increased --

4LDL = low density 1ipoprotéin; VIDL = very low density lipoprotein.

bFloating p-lipoprotein is a lipoprotein with B electrical mobility
that floats at VLDL densities.

In 1955, several authors independently described the precipita-

(30,

tion of lipoproteins at neutral pH by sulfated polysaccharides.
60, 253) The precipitate is an insoluble complex (lipoprotein-
polyanion-cation) that is formed in the relative order of
chylomicron > very low density lipoprotein (VLDL) » LDL > HDL.

The ease of formation of complex is related to the protein:lipid
ratio rather than the lipid composition of individual lipoproteins,

(61)y

(See Burstein and Scholnick for a good review of this area,



This procedure permits the rapid isolation of lipoprotein fractions
from a large volume of serum without contamination by other serum
proteins and without the need for prolonged ultracentrifﬁgation.

In the early 1970s, Rgdel et al, developed the technique of
separating individual lipoprotein classes on an agarose column after
harvesting the entire lipoprotein fraction at a density of 1.225 g/ml.
(283) Three major classes are obtained from the column., The chemic~
al, immunological, electrophoretic, and electron microscopic charac-
terizations of the properties of these column-isolated lipoproteins
were compared with similar cﬂaracterizations of ultracentrifugally
prepared lipoproteins. By each criterion, peak-~I lipoproteins were
the same as VLDL, peak~II lipoproteins were the same as LDL, and
peak-ITI lipoproteins were the same as HDL. In addition to elimina-
ting several of the days required for the separation of lipoproteins
by sequential ultracentrifugation, this method records the size
distribution of each of the plasma lipoprotein fractions.

The term apoprotein was first used by Oncley in reference to a
given lipoprotein—protein.(251) By the mid-1960s the apoproteins
began to be the focus of serious chemical and physical characteriza-
tion. As will be discussed in the following sections, it was discbv-
ered that the apoproteins were quite heterogeneous and that a single

density class of lipoproteins contains multiple apoprotein components.

2. Classification and Nomenclature of Lipoproteins

Serum lipoproteins are complex particles of protein and
1ipid held together by noncovalent bonds. The apoprotein is defined

by Osborne and Brewer as an homogeneous protein, composed of a single
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polypeptide chain or several covalentiy bound polypeptide chains con-
taining no detectable noncovalently bound lipid, that forms an

(25k)

integral part of a lipoprotein particle, Several lipoprotein
particles coﬁtain more than one type of apoprotein. .Apoproteins
combine nbnccvalently With lipid to form water-soluble particles
(i.e., lipoproteins) whose major function is to transport lipid
through the aqueous medium of plasma.

Three general classification systems have been employed to
differentiate the serum lipoproteins. The original and simplest
classification system is based on the electrophoretic separation of
four major classes of lipoproteins. Paper and agarose are the most
commonly employed support media for electrophoresis. Plasma lipopro-
teins separated by electrophoresis are designated as 1) those which
stay at the origin, and those which migrate into 2) the pre-beta
(aé), 3) the beta, and L) the oy zones.(l97) Although a quantitative
analysis of lipoproteins separated by agarose electrophoresis has

a,(155) (245)

been reporte it is generally a qualitative technique.
This system is widely employed in clinical laboratories since it
permits the rapid identificatién of altered plasma lipoprotein
patterns which are characteristic of certain disease states.

The most widely employed classification system in research
laboratories is based on the relatively low hydrated density of the
plasma lipoproteins. This property was utilized by Gofman et al. to
separate lipoproteins into four major density classes designated

chylomicrons, VLDL, IDL, and HDL.(136’ 157) These classifications

have been further differentiated by defining narrower bands of



dengities, and the subdivisions most commonly used today are chylo-
micron‘(d < 0.95 g/ml), ViDL (d < 1.006 g/ml), intermediate demsity
lipoprotein (IDL; d = 1.006 to 1,019 g/ml), LDL (d = 1.019 to 1.063
g/ml), HbLl (d = 1,063 to 1.070 g/ml), HDL,, (d = 1.070 to 1.125 g/ml),
HDL5 (d = 1.125 to 1.21 g/ml), and very high density lipoprotein
(VEDL; d = 1.21 to 1.25 g/m1).(25%)

The third classification system is based on the apoprotein con~
stituents of the lipoprotein and was proposed by Alaupovic and co-
workers in 1962.(2) Using double immunodiffusion, immunoelectro-
phoresis, and column and affinity chromatography, Alaupovic and
co-workers have identified five major families of plasma lipoproteins.
(1, 3, 76, 22k, 225) These are LpA,* containing polypéptides A-T and
A-II; LpB, containing the apolipoprotein B (apo-B) protein(s); LpC,
containing polypeptides C~I, C~II, and C~III; LpD, containing apo-D,
or the thin-line protein; and LpE, containing apo-E, or the arginine-
rich apolipoprotein. While not yet universally adopted, this system
of naming lipdprotein apoproteins is gaining wide acceptance. In
terms of this concept, apoprotein A (apo-A) refers to the apoproteins
that are primarily, but not exclusively, found in HDL.. Apo-B is the
major apoprotein of LDL, bﬁt also comprises about 35% of VLDL protein. -
Apoprotein C (apo-C) is a major component of VLDL but is also present
in HDL., Apo-D and apo-E are found in both VLDL and HDL. Table 2.sum-
marizés the interrelationships of these three'classification systems,

In many disease states involving 1ipids, such as lecithin:chol-

esterol acyltransferase (LCAT) deficiency, obstructive liver disease,

T :
The designation "Lp" stands for lipoprotein family,



TABLE 2

Relation between Nomenclature and
Properties of Human Plasma Lipoproteins

Nomenclature
Properties Chylomicrons VLDL 1LDL HDL
Density, g/ml 0.95 , 0.95-1,006 1,006~1,063 1.063-1.210
Electrophoretic Origin Prebeta
mehiiliey (Qé) Beta (B) Alpha (al)
Major apoprotein Apo-B Apo-B Apo~-B Apo-A-T
components Apo~C-T Apo~C-1 Apo-A-TT1
Apo-C-11 Apo-C~T1
Apo~C~T1T Apo~C~TII1
Apo-E

type IIT dyslipoproteinemia, and abetalipoproteinemia, these neatly
interdigitating classifications deteriorate into confusion, In LCAT
deficiency, for example, VLDL migrates electrophoretically as p-
lipoprotein and HDL migrates as a, rather than al bands.(153) There
is also evidence to suggest that the nutritional status of rabbits
affects the electrophoretic mobilities of lipoproteins isolated as
VLDL, LDL, and HDL.(522)

3. Chemical and Physical Properties

a, Composition

Chylomicrons are the vehicles by which most dietary
triglycerides are traunsported in the plasma. They are heterogeneous
in size ranging in diameter from 500 to 5000 /o They contain mainly

triglyceride with a small fraction of phospholipid (8%), cholesterol
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. 4y (170) P : :
(5%), and protein (1-3%). The protein content of chylomicrons is
small and variable. Studies by Kostner and Holasek found the approxi-
mate protein composition of lymph chylomicrons to be 66% apo-C, 229,
apo-B and 12% apo~A.(185) Schaefer et al. analyzed the apolipopro-
teins of human chylomicrons and reported the presence of apoproteins
. e 4291)

A-1, A-II, B, C-I, C-II, C-III, D, E, and albumin. When
intestinal chylomicrons are incubated in serum, however, they gain
apo-C and lge apo-B. Even though apo-B accounts for less than 1% of
total chylomicron mass, it appears to be essential for chylomicron
formation since all of the apO*Bncontaining lipoproteins (chylo-
microns, VLDL, and LDL) are absent from the plasma of individuals with
2 : T ; koo o o s (103)
abetalipoproteinemia in which apo-B synthesis is defective,

The major transport vehicles for endogeneously synthesized tri-
glyceride are the VLDL particles. They range in size from 280 to 750
R and the size of the particle is directly related to the triglyceride
coatent and inversely related tc the phospholipid and protein content.
By weight, VIDL is 8 to 10% protein with the rest of the particle
being lipid: 56% triglyceride, 19 to 217 phospholipid, and 17% chol-
esterol. The ratio of esterified:unesterified cholesterol is approxi-

(170) . ;

mately 1, Apo-B and apo-C make up 90% of VLDL protein content.
The rest of it is composed of apo-E and amounts of apo-A and apo-D
comprising less than 19 of the protein content.

In primates, LDL are the principal vehicles by which plasma
cholesterol is transported. They range in size from 170 to 260 .

(125) Chemically, LDL are composed of lipid (75-78%), protein

(20-22%), and carbohydrate (3-5%). The 1lipid portion of the particle
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is approximately 50% cholesterol ester, 30% phospholipid, 10% unester-

(285)

ified cholesterol, and 10% triglyceride. Phosphatidylcholine and

sphingomyelin account for 65% and 25%, respectively, of the total

phosphglipids.(170)

Traces of other lipids are also found, including
much of the plasma C-tocopherol and B-carotene. The major fatty acid
components of the lipids are oleic (18:1), linoleic (18:2), and

palmitic (16:0). (285)

The ma jor apoprotein in LDL is apo-B. The
apo-B content averages 98% of the total prétein mass in ILDL isolated
in the 1.019 to 1,063 g/ml density range.(290> A small amount of
apo-C (aboutAS% of the total protein) appears to be associated with
lipoprotein that is isolated in the density range 1.006 to 1.019 g/ml
(called IDL in éurrent terminology).(196) This study indicates that
apo-C associates with lipoproteins having densities of 1.006 to 1.019
g/ml but is not an integral part of the lipoproteins having densities
of 1.019 to 1,063 g/ml. |

Tne mass of B protein per LDL particle has been found to remain
constant at aBout 510,000 daltons(232) although the molecular weight
of monodisperse human LDL ranges from 2.4 x 106 to 3.9 x 106
'daltons.(117) This range of molecular weights for the whole LDL
particle is thought to be caused by the variable degree of lipidation
of the apoprotein. This variable degree of lipidation is also respon-
gible for the range of densities associated with LDL. A weiéht
average molecular weight of 2.29 x 106 daltons has been reported for
rhesus monkey LDL.(119) |

The smallest lipoprotein particles are the HDL, having diameters

of 90 to 120 R. while the physiologic significance was unknown as
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recently as 1976,(1?0)‘recent studies associate low HDL cholesterol

(67, 14k, 230, 279)

levels with coronary artery disease; and Steinberg

and co-workers have suggested that HDL may be important in removing

(65, 229)

"cholesterol from tissue. Lipids account for abcut half of
HDL by weight (55% of HDL and hS% of HDL ) Triglycerides account
for 10 of the lipid, cholesterol for 32% (about three-fourths as
cholesterol ester), and phospholipids for 42 to 51% of the lipid,
(170) Linoleic is the predominant fatty acid of the cholesterol
e (170) Apo-A-I and apo-A~II comprise 67% and 22%, respectively,
of the total protein mass with apo-C peptides making up 5 to 11% of
the remainder, Apo-D and apo-E have also been detected in HDL frac-
tions.(290) Recent rat liver perfusion studies indicate that the
liver produces a nascent discoidal HDL particle which has an apo-E:
apo-A~1 ratio of 10:1, while this ratio in the spherical HDL isolated
(109)

from plasma is 1:7.

b. Apoprotein Structure and Function

This section will briefly survey what is known about
the isolated apoproteins. For more detailed information on the
structural effects of interactions of these apoproteins withAvarious
combinations of lipids, the reader is referred to references 170,
233, 254, and 290.

The amino acid sequences of both of the A apoproteins have been
determined although fhe sequence for apo-A-I as reported by Brewer et
al.(u7) differs in several positions from the sequence reported by
Baker et al.(17) The reason for these differences remains unknown,

Apo-A-I has 243 amino acids and isa single polypeptide chain. It
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contains a large amount of helical structure, varying somewhat upon

(206)

the conditions used and the amount of lipid present. It has

been reported to activate LCAT,(llh’ 520) Apo-A-T has been observed
to have similar amino acid composition, molecular weight, and circular
dichroic spectrum over a wide range of species. This similarity
suggests a major structural and perhaps physiological role.(lTO)
Human apo-A~IT consists of two identical polypeptide chains con~
taining 77 residues each and linked through a single disulfide bond
at residue 6,(u8) The amino acid residues in both of the apo-A pep-
tides are not segregated inté polar and nonpolar regions; however,
the helical portions of these peptides appear to be amphipathic (i.e.,
one side of the helix is polar and the other is nonpolar).(295) Such
an arrangement would facilitate simultaneous interaction of the pro-
tein with nonpolar lipids and an aqueous environment., The dimeric
structure of human apo-A-II hag so far been found only in the chim-
panzee, Edelstein et al., ghowed that rhesus monkey apo~A-I1 was a
monomeric form without the disulfide 1inkage.(93) They also reported
that preliminary studies of baboon, dog, rabbit, and cow showed gimi~
lar monomeric structure for apo-A-II. The rat has also been shown to
(160)

have monomeric apo-A-IT. The physiological function of apo-A-IT

has not yet been established but a structural role in the HDL
; - ] (9, 10)
particle has been suggested by Assmann and Brewer,
The amino acid composition of apo-B (apo-LDL) has been deterw
mined in several laboratories (see Table 3) over the last 12 years,

and the agreement between these analyses is quite good., Studies to

determine the terminal amino acids of the peptide chain(s) of apo-B
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TABLE 3

Amino Acid Composition (in mole percent) of Human LoL?

Margolis & Granda & Levy et Chen & Aladjem
HAo Bl Langdon(219) Scanu(1h7) al.(198) , (69)b (69)
Glycine 5.06 Y. 73 S5 k.90 S8l
B Perriie 6.42 6.68 6.50 6.10 6.75
Serine 8.56 g.b5 9.07 8.60 859
Threonine 6.68 Falk: 6.83 6.40 6.62
Valine 6.4L 5,35 5.67 5.40 k.79
Isoleucine 6.2 5.76 5.99 5.70 5.87
Leucine 12 S5 12.09 .= 11.10 2.9
Phenylalanine G 5.25 5.58 5.10 T L
Tyrosine % el 3.6 3. ol 3.30 %.55
Methionine 1.90 1.h7 1.29 1.20 0.67
Aspartic acid k4 16 YT 11.19 10.50 11.30
Glutamic acid 13.03 12.63% 12.72 11.90 12.48
Arginine 3.3k 3,16 3.65 350 3.88
Histidine 2,64 2.29 2.60 2.50 Y. o

Lysine 7.06 8.71 8.66 8.10 8.13

%The content of proline, half-cystine, and trystophane were not
determined by Chen and Aladjem so they were left out of this
comparison, : .

bThese values are from T. P, Bersot, Ph.D. Thesis6 Vanderbilt Univer-
sity, p. 25 (1972) as cited in Chen and Aladjem.( 9

have demonstrated only 1 mole of glutamic acid per 500,000 molecular

: 3 s
weight for the N-terminal.(IMT’ 281, 303) Similarly Shore performed

a C~terminal analysis and found only serine present in quantities

equalling 1 mole per 500,000 molecular weight; alanine and glycine

(303)

were present as 0.8 mole per 500,000 molecular weight. In this
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study it was not possible to determine if these latter two amino
acids represented peptide subunits which do not give a quantitative
yield or protein contaminants of the LDL preparation.

There is little agreement concerning the peptide subunit <tompo-
sition and properties of apo-B. One of the major hindrances to the
characterization of apo-B has been its insolubility in aqueous solu-
tion in the lipid-free state. This has led to the use of various
strategies, such as treatment with strong anionic detergents, alkaline
pH, denaturants, and chemical modification, to render the apoprotein
soluble in aqueous solution.r As summarized in Table 4, molecular
weight estimates for the apo~B monomeric subunit range from 8,000 to
275,000 daltons. Evidence for subunit heterogeneity shows a similar
lack of agreement between investigators. Simons and Helenius sepa-
rated maleylated delipidated apo-LDL into two fractions by gel
filtration and showed them to be immunologically heterogeneous.(Bll)
Shore and Shore separated two subunits on DEAE cellulose and found

(304)

different amino acid contents. However, they recovered oﬁly 307
of the protein initially put onto the column and neither peptide
resembled the composition of whole apo~LDL. Kane et al. separated
maleylated TDL on Sephadex and found two components, one very similar
to whole apo-LDL inkamino acid composition and the other different in
many amino acids.(176) This component, however , was not similar to
either of the peptides’described by the Shores.(BOh) Chen and
Aladjem separated LDL into at least seven bands on sodium dodecyl

sulfate (SDS) polyacrylamide gel electrophoresis and analyzed the

amino acid content of each band.(69) They were all nearly identical



Molecular Weights of Apoprotein-B Subunits

TABLE L

of Human Plasma LDL as Determined by Various Methods

Protein Method Mol?cular Reference

: Weight

LDL ¥-ray scattering 8,000 223

Apo-B SDS-PAGE™ 9,500 and 68;

1%,000 69

Apo-B SDS~PAGE 10,000 203

Apo-B Cyanogen bromide 25,000 to Lz
fragmentation 35,000

LDL Electron microscopy 27,000 265

Apo-B Analytical ultracen- 27,500 265

trifugation, pH 11.5 ’

Maleylated apo-B Gel filtration 26,000 and 176
194,000

Succinylated apo~B  Analytical ultracen- 36,000 to 287
trifugation 38,000

Apo-B Gel filtration 80,000 79

Apo-B Analytical ultracen- 80,000 to 265
trifugation, pH 8.6 100,000

Apo-~B SDS~-PAGE 230,000 312

Reduced, carboxy- Analytical ultracen~ 250,000 317

methylated apo-B trifugation

Apo-B SDS~PAGE 250,000 188
270,000

Apo-B SDS~PAGE 255,000 317

Reduced, carboxy- Gel filtration 275,000 317

methylated apo-B

15

4SDS-PACE = sodium dodecyl sulfate polyacrylamide gel electrophoresis,
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to whole apo~LDL. Thus, depending on the methodology used to investi-
gate the apo-LDL subunits, they are either homogeneous or heterogene-
oﬁs»and can be as small as 8,000 daltons or as large as 275,000
daltons., When the whole LDL particle is examined, 0pticé1 studies
suggest apo-B contains more B-structure than the other apopreoteins.
However, the quantity of this structure is decreased by delipidation.
(170) Apo~B appears to have an essential function in transporting
triglyceride out of the liver and intestine since when apo~B is absent
from plasma, no triglyceride enters the blood stream despite the
accumulation of vast amounts of intracellular triglyceride.(lh5) |

There are three C apoproteins in the human being,., They are low
molecular weight proteins in the range of 6000 to 9000 daltons. The
amino acid sequences of all three have been reported.(hg’ 165, NETE,
507) - These apoproteins appear to play an important role in the
metabolism of triglyceride-rich lipoproteins. Ganesan and co-workers
have shown that apo-C~I activates lipoprotein lipase purified from
human postheparin plasma.(130’ 151) It has also been reported to
activate LCAT.(BQO) Apo-C-II has been shown to be a specific protein
cofactor for the hydrolysis of triglyceride by lipoprotein lipases
of extrahepatic origin.(157’ 158, 195) Although the physiological
functions of apo=~C-III are uncertain, Brown and Baginsky have shown
that it inhibits 1iﬁoprotein lipase at concentrations greater than 27,
of the substrata"(57)

The arginine~rich protein or apo-E was originally isolated by
Shore and Shore.(BOh) Tt has an approximate molecular weight of

33,000 daltons(297) and a great deal of O-helical structure.(505)
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Similar arginine-rich proteins have also been identified in rabbit,

(305) (331) (218) (216)

rat, swine, and dog. The amino acid analysis

of arginine-rich protein has been examined in a number of species and

(351

they are reportedly very similar. The mole percent of tyrosine

is very Low (1.2 to 1.6%) and this probably accounts for the diffi-
culties reported in iodinating this protein.<122)

Three. additional apoproteins have been reported in human'plasma:
apo-D, apo-A-III, and apo-F, Apo-D has a molecular weight of 22,700
daltons and forms its own lipoprotein particle in the ﬁDL density
ranée.(ggs) Apo-A-I1IT is alge isolated in the HDL density range and
differs from apo~D in that it lacks cystine, It was reported to
activate LCAT by Kostner,(l8u> but Soutar et al, were unable to con-
firm this.(igo) Apo-F has a mass of 26,000 to 30,000 daltons ‘and is
’ (250)

reported to form a distinct lipoprotein species within HDL.

c¢. Structural Models of Lipoﬁrotein Particles

The most current description of the lipid-core model
for VIDL is found in the review of Morrisett et»al.(255) ‘This model
describes VLDL as a sphere with a hydrophobic triglyceride core
surrounded by a polar shell, 20 R thick, consisting of B and C apo-
proteins, cholesterol, and phospholipids. The cholesterol ester of
VLDL is thought to be randomly distributedvthroughout the hydrophobic
core. Chylomicrons are generally assumed to have a similar micellar
type structure.(569)

Osborne and Brewer describe HDIL as a micellar lipoprotein part-

icle with the prokeins, phospholipids, and cholesterol located

primarily at the surface and the nonpolar lipids (cholesterol esters
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and triglycerides) forming a hydrophobic core.(25&) There are cur-
rently two proposed models for the lipid-protein interaction in HDL.
Segrest et al.(295> and Jackson et al.(169) have proposed an amphi-
pathic‘helix model in which the proteins have only secondary
‘(c-helical) structure. In the fluid mosaic model of HDL proposed by
Assmann and Brewer, the apolipoproteins-contain secondafy, tertiary,
and quaternary.structure.(9) A fuller discussion of these features
can be found in references 233 and 25k,

Numerous physicochemical studies on intact LDL particles have
led to general acceptance of the idea that LDL forms highly isotropic,
sphere~like particles Qith a diameter of about 22 nm (for recent
reviews, see references 125, 170, 190, and 288). Each particle con-
tains protein in three structural forms (0-helix, antiparallel 8-
sheet, random coil), but the proportion of these structures in native
IDL remains to be established since it appears to vary according to
the source of the LDL, the exact chemical composition of the LDL, the
ambient temperature, and the properties of the solvent used for the

(288) An early model, proposed by Mateu

experimental determination.
et al, from low-angle x-ray scattering data, consisted of a small
protein core enclosed by a lipid bilayer which contained the hydro-
carbon chains of the phospholipids and cholesterol esters; this in
turmn was encased in-a protein shell.(geg) Although the nuclear mag-

netic resonance studies by Finer et al, were interpreted to support

(116) other investigators, who used

(528)

this model of a protein core,
small-angle neutron scattering and small-angle x~ray scattering,

(334) did not agree with this interpretation. These studies suggested
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that the internal sFructure of LDL was composed of a central core of
neutrai lipids surrounded by a shell of cholesterol, phospholibid,
and protein. The gholesterol esters in the core display a reversible
thermal transition between 20°C and 40%C (because of a transition
from an ordered smeectic-like liquid crystalline state at lower temp-

(81)

ieratures to a more disordered state at high temperatures. This
transition point varies depending upon the degree of saturation of
the fatty acid esterified to the cholesterol.(8l) The transition
occurred above normal body temperature in cynomolgus monkeys fed an
atherogenic diet, whereas LDL from monkeys fed a normal diet achieved
the disordered core at temperatures lower than body temperature.(BBB)
A detailed analysis of small-angle x-ray diffraction data by P.
Laggner and his colleagues suggested that the cholestefol esters in
the core of LDL forméd two concentric rings when in the more ordered
Phase’('%s)

Although uncertainty remains as tc the surface structure of the
1DL. particle, the nuclear magnetic resonance studies of Yeagle et al,
established that about one-fifth of the phospholipid of LDL is
immobilized by the B protein.(362’ 363) Their evidence suggests that
all of the mobile phospholipid head groups reside on the surface of
the particle, and it also appears that most of the cholesterol is not
associated with the mobile surface phospholipids, Tardieu et al.
have proposed a deeply convoluted surface with spikes about 8 nm in
length,(53u) however Laggner and his colleagues collected data which

suggest that the material of high electron density at the surface of

the particle (i.e., the protein and phospholipid head groups) is
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(191, 192, 235)

contained within a shell of 2-3 nm thickness. Since
this shell is only about 50% occupied, it would allow a surface
structure to exist in which‘the constituents are arranged in clusters
or ﬁatches. Similar ambigﬁities exist in the literature regarding

| (125, 264, 265)

electron microscopic studies of LDL structure.

4. Metabolism of Lipoproteins

The metébolism of lipoproteing is a complicated subject
because of the complex nature of the lipoproteins. The components of
individual particles are not,qecessarily synthesized and secreted as
a éomplete unit, The interrelationships governing synthesis and
degradation of apoproteins, triglycerides, phospholipids, and choles-
terol aré numerQusvand difficult to isolate. The rapid exchange of
phospholipid and free cholesterol between lipoproteins and between
lipoprofeins énd plasma ﬁembranes, makes it difficult to use these

compouﬁds to study the metabolic functions of lipoproteins, With the
advent of techniques allowing the apoprotein to:be'iébelled with 1251,
this componeﬁt of lipoproteins has‘been siudied to provide information
on lipoprotein metabolism,

The study of lipoprotein apoprotein metabolism in terms of the
major‘density classes is also difficult as it has been shown that
some of the apoproteins are exchanged among the lipoproteins. This
section will, therefore, discuss lipoprotein metabolism in terms' of
the majof families of Iipoprotgins as defined by Alaupovic rather than
in terms of‘density class.(l) | | |

A recent study by Wu and Windmueller measured the incorporation

of 5H—-leucine into lipoproteins in rats.(57l) The small intestine
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was resected and the liver removed from the circulation. ,Tbey found
no evideace of lipoprotein synthesis under these conditions. This
study clearly identified the liver and the intestiné as the only
significaﬁt sites for apolipoprotein synthesis. Additionally, they
determined the relative contributions of hepatic and intestinal syn-
thesis to each of the apoproteins in the plasma of fat-fed rafs. They
used two different ﬁéthods: a differential double~labelling approach
and a relative organ contribution approach which compared synthesis
in isolated organs with synthesis in the intact rat. They determined
that the liver contributes 819 of the total apoprotein pool and the
intestine synthesizes the remaining 19%. Their results showed greater
than 50% of the plasma apo-A-I and apo-A-IV originated in the small
intestine. Apo-A-IT is a relatively insignificant apoproteiﬁ in rats
and was present in insufficient quantity to determine its source,
About 169 of the plasma apo~B was synthesized in the intestine but
only 5% of the C apoproteins were derived from the intestine.

Finally, little or no apo-E was synthésized by the intestine although
it was the most actively synthesized of all the apoproteins in both
the isolated liver and the whole animal (see also references 109 and
221).

a. LRA

The site of apoprotein A synthesis in man has not yet

2
been identified; in the rat, however, both the intestine(lsl’ 21)

and the liver have been shown. to synthesize apo—A—I.(lo9> No informa-
tion is yet available on the synthesis of apo-A-II, Recent studies by

Schaefer et al, with human 125I—labelled Iymph chylemicrons indicated
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that chylomicron apg-A—I and apo-A-II served as precursors to plasma
HDIL. apo~-A-I and apo-A-II.<291) Over 90% of the apo-A radiocactivity
of the chylomicrons was recovered in the HDL fraction within one hour
of injeétion. The nascent HDIL particle secreted in rat liver perfu-
sion studies has an apo-E to apo-A-1l ratio of 10:1, whereas this
ratio in plasma HDL is 1:7.(109) Thus the A apoproteins appear to be
redistributed in the plasma compartment after they are initially
secreted, Additional studies are needed to gain complete understand-
ing of the site(s) and control(s) of LpA synthesis.

Most of the knowledge about LpA catabolism has come from studies
of HDL catabolism since the apo~A peptides are the major proteins in
HDL.. The metabolic fate of HDL in man has been investigated in
several studies, and the reporfed HDIL half~life values in normal

.(uo, 128, 132, 286) The study

subjects ranged from 3.3 to 5.8 days
by Blum et al, found that the specific activity of apo-A-I and apo-A-
11 decayed in parallel uader both normal anl perturbed conditions
(i.e., high carbohydrate diet or nicotinic acid treatment).(uo) This
study suggested that apo-A-I and apo-A-II are metabolized as a unit.
Recent observations of Tangier disease homozygotes and heterozygotes
indicate an abnormality of LpA catabolism. In the homozygotes, HDL
catabolism was very rapid and apo-A-I was catabolized at a signifi-
cantly faster rate fhan'apo~A—II.(29O>

The factors that determine‘HDL catabolism are not yet clearly
defined.‘ Animal studies indicated an important role for kidney and
liver 1ysosomes,(107’ 239, 271) but recent tissue culture studies
(65, 231)

suggest peripheral tissue may be important. No explanation
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has yet been offered for the enhanced catabolism found after carbo-
hydrate feeding or in Tangier disease. The relativé contributions of
1ive% and intestine to apo-A-IIL syﬁthesis in man have yet to be
established. Current data are consistent with the concept that chylo-
micron apolipoproteins ére precursors of a portion of the HDL
A-apolipoproteins and that apo-A-I and apo-A-II are catabolized at
similar rates.

b. LpC

The studies on LpC metabolism have not differentiated
between the three known peptides so apo-C will be discussed as a
single entity., The liver is the site of apo~-C synthesis in the rat.
(559) Only a small amount of apo-C synthesis has been detected in
the intestine. When radiocactive amino acids were added to a liver
perfusion system, both the VLDL and the HDL isolated from the perfus-
ate cdntained labelled apo-C proteins. Tt was not clear whether
apo-C was secreted with the liver VLDL or if it was rapidly transfer-
red to VLDL after secretion. Mahley et al., however, identified
apo~C in VLDL particles isolated from rat liver Golgi cisternae.(gll)
Apo-C exchanged between VLDL and HDL in vitro as shown by the simul-
taneous decrease in specific activity of VLDL apo-C and increase in
specific activity of HDL apo-C. A net transfer of apo-C from VLDL to
HDL occurred in vitro when 125I—labelled VLDL was incﬁbated with
lipoprotein lipase-rich plasma and the amount of apo-C transferred
was proportional to the extent of triglyceride hydrolysis.(lo6)
Further experiments showed that the dissociation of apo-C from VLDL

in the presence of lipoprotein lipase is dependent on the degree of
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. : (13k)
lipolysis of VLDL rather than the presence of an apo-C acceptor.
Eisenberg calculated that the molar ratio of apo-B to apo-C at the
surface of a VLDL particle may increase 15-fold or more during lipol-

(100) This changing pattern may be one of the factors that

ysis.
determine subsequent catabolic pathways. The study of Schaefer et al.
showed that when labelled chylomicrons were injected into a human
subject, the apo-C radiocactivity was initially lost from the chylo-
microns at a somewhat slower rate than apo-A or apo-B were 1ost.(291)
After 6 hours, however, an increase in chylomicron apo-C radiocactivity
was observed because of reassociation of apo-C with the triglyceride-
rich particles. Most of the apo-C that was initially lost from the
chylomicron fraction was recovered from either VLDL or HDL. The
site(s) of apo~C catabolism are unknown but it has a short half-life
in plasma (10 to 18 hours).(gg) Since this is clearly much shorter
than the half-lives of either apo-B (3 days) or apo-A (5 days), it

has bzen suggested that either apo-C is preferentially associatedeith
HDL of very short 1ifes§ans or that apo~C units are cleared from the
circulation independently of either apo-A or apo-B. This is postula-
ted to occur as the C-peptide is being transfefred between triglycer-

(290)

ide~rich particles and HDL.

c. LpB

Apoprotein B is synthesized in both the 1iver(221) and

intestine(359) of the rat and enters the circulation with both chylo=~
microns and VLDL. Apo-B is an integral part of three lipoprotein
species: chylomicrons, VLDL, and 1LDL. It appears to be the structur-

al skeleton that is essential for the transport of triglycerides out
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of the liver and intestine since when no apo-B is. present in plasma,
as dccurs in persons afflicted with abetalipoproteinemia, no trigly-
ceride enters the circulation despite the presence of large amounts
of intracellular triglyceriée.(lh5)

Chylomicron catabolism occurs in two distinct steps. Initially
it is depleted of much of its triglyceride by iipoprotein lipase,(28)
and the resulting particle is referred to as a chylomicron remmant.
(275) The remnant is then selectively removed by the liver and metab-

(7l 3

olized further, Sherrill and Dietschy demonstrated that the

remnant is removed as a unit by a saturable high affinity process.

125

(299) Florén and Nilsson investigated the degradation of
labelled apoproteins in these remmants by hepatocyte monolayers and
were able to show that degradation of the protein moiety occurred.
(122) Unfortunately, they were unable to distinguish degradation of
the individual peptides present in the remnant since the protein
mciety was composed of apo-E ( =83%), apo-B (=4%), apo-A-I (=6%),
and combined C-peptides (=8%); and the label was distributed as
follows: 26% in apo-B, 50% in apo-A-I, 2hd in C-peptide, and barely
detectable in apo-E. Thus the liver appears to catabolize the apo-B
that is secreted by the intestine in the form of chylomicrons.

In the late 1950s Gitlin et al, carried out studies that suggest-
ed that a protein moiety of VLDL could be the precursor of the LDL
protein moiety.(l52) The specific demonstration of this path was
achieved 10 years later with the use of VLDL that was labelled with

1z

12 2e o ; ;
51 in its protein moiety.

It had been shown that during incu-

bation of human plasma VLDL with either whole plasma'or with isolated



lipoproteins, the apo-B of VLDL did not exchange with the apo-B in

()
(101) Following the injection of 125 1abelled

other lipoproteins.
. VLDL, all apo-B was initially found in VLDL. With increasing time
intervals, labelled apo-B began appearing in IDL and finally in LDL

(103) (10, 105)). Labelled apo-B did not

(human studies; rat studies
appear in VLDL or IDL when 125I~labe11ed LDL was injected.(lgk) These
studies unequivocally established a one-way path in which VLDL was
successively delipidated to form LDL. This conversion of VLDL to IDL
was dependent upon lipoprotein lipases. The activation of the lipase
system by heparin injéction greatly accelerated the appearance of
apo-B in LDL.(loB)

Recent studies in the rat by Suri et al, suggest that there are
normally two pathways for the degradation of VLDL in the intact
animal.(sso) Both paths are initiated by the removal of triacylgly-
cerol from VLDL by lipoprotein lipase action in extrahepatic tissues.
The path that predomirates in the intact rat involves the remnval or
mbdification of triacyiglycerol~dep1eted VLDL remnants by the liver
leading to very low levels of plasma LDL since the remnants are metab-
olized before LDL is formed. The other path, which is probably more
important in man, involves formation of LDL particles from VLDL,

Suri et al. demonstrated this path in a supradiaphragmatic rat prepa-
ration in which VLDL remnants were degraded to LDL particles since

(330)

the remnants could not be removed by the liver. Thus in the rat,
the liver appears to be a major site for catabolism of apo-B contain-

ing lipoprotein remnants.
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In man the transformation of VLDL into LDL was demonstrated by
the kinetic studies of Berman et al.(29) This study used the mathe-
matical model developed by Phair et al. to analyze the kinetiecs of
labelled époproteins following the injection of 125I—labelled VIDL.
(258) According to the amalysis of Berman et al., VLDL underwent a
series of incremental density changes, probably caused by successive
delipidatién steps.(gg) Apo-B remained with the particle until the
IDL density range was achieved but apo-C was progressively lost aloﬁg’
with the lipid. The apo-C lost from VLDL and IDL initially cycled to
HDL and then recycled to newly synthesized VLDL. In normal subjects,
some of the apo-B in IDL was degraded directly. A slowdown of the
stepwise delipidation process was éVident in the hyperlipemic subjects.
(29)

A recent study by Bilheimer et al. compared LDL turnover in a
group of normal persons and a group that was homozygous for familial
hypercholesterolemia (FH).(BS) The mean LDL apoprotein concentration
in the FH patients was 7.5-fold greater than in the normals (362 +
126 mg/dl vs. 48 + 6 mg/dl). The fractionmal catabolic rate (FCR) in
the FH group was 17% of the pool per day (compared with 45% in the
normal group). However, when the FCR was multiplied by the total
pool size, it showed that the absolute amount of LDL catabolized by
the FH patients was actually threefold greater than in the normal
group. Since all of the subjects were maintaining a stable metabolic
steady state during the course of the study, the FH group was synthe-
sizing three times more apo~B than the normal group., Interestingly,

there was no clear-cut difference between the normal individuals and
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the FH patients with respect to cholesterol synthesis in this study.
Bilheimer et al, suggested that increased LDL synthesis without
increased cholesterol synthesis indicated reutilization of the chol-

(z5)

eétefol released during LDL degradation. There was no indication
in thié study as to where the threefold increase in LDL catabolism
occurred. The authors, however, proposed that the décreased FCR
indicated a decrease in the efficiency of LDL catabolism caused by
the 1a§k of functional LDL reéeptors.

Since it has been established that LDL apoprotein is normally
98%7apo-B, the catabolism of LDL and that of apo-B are closely rela-
ted, The site(s) of such catabolism is of particular interest since
elevated LDL levels are highly correlated with atherosclerosis.(515’
516) Heterozygous FH (LDL apoprotein = 126 & 2l mg/dl)(55) occurs
with an estimated population frequency of about 1 in 500 and in about
5 of every 100 patients under 60 years who suffer myocardial infarc-
tion.(QEh) It shoull be remembered, however, that since this gemetic
problem is associated with greater rates of‘synthesis and absolute
LDL catabolism, although the FCR is significantly reduced, the eleva-
tion of LDL levels may be caused, in part, by uncontrolled synthesis
of apo-B as well as by faulty degradationm.

The site(s) of apo-B catabolism in vivo have not yet been
unequivocally identified. The role of the liver will be discussed in
section II.B.2.b. 1In 1976, Brown and Goldstein hypothesized that one
of the roles of LDL was to transport cholesterol to mnonhepatic tissues
where it would be utilized by the tissue in lieu of de mnovo cholest-

(51)

erol synthesis. Studies utilizing a variety of nonhepatic cells
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in culture have shown them to be capable of binding, intermalizing,

and degrading the apo-B contained in LDL. Tissues in which this has

(141, 32h)
(162)

been demonstrated include fibroblasts, arterial smooth

(33, 1L2)

lymphoid cells, endothelial cells,(BSO)

(186)

muscle cells,
‘and adrenocortical cells. The comprehensive studies of Gold-
stein and Brown (reviewed in references 142 and 143) into the nature
of LDL intefaction with both normal and homozygous FH fibroblasts led
to their delineation of the LDL pathway: a receptor~mediated mechan-
ism for regulation of cholesterol metabolism. The main features of
this path include: 1) the binding of LDL to a specific high-affinity
receptor on the cell surface; 2) internalization of the receptor-LDL
complex via endocytosis and fusion with lysosomes; 3) hydrolysis of
the LDL protein and cholesterol esters in the lysosome which then
allows the free cholesterol to suppress the activity of 3-hydroxy-35-
methylglutaryl coenzyme A (HMG CoA) reductase, the rate-limiting
enzyme of cholesterol synthesis; 4) the rate of intracellular choles-
terol esterification is increased;‘and 5) the synthesis of high-
affinity receptors is reduced. This pathway thereby provides a
physiological system for regulating intracellular cholesterol levels.
LDL that is internalized by other processes, such as nonspecific
pinocytosis, does not perform these regulating functions even though
it has been shown to be internalized and degraded in homozygous FH

(1h1)

fibroblasts that lack the high-affinity receptor.' This raised
the possibility that a prerequisite for the regulation of cholestera-

genesis in mormal fibroblasts is the initial binding of LDL to the
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high~affinity receptor. The properties of this receptor will be
discussed in section II.C.

d, LpE

ﬁDL has been shown to accumulate in perfusates of both
liver and intestine;(359) Recent studies of apoproteins of intestin-
al origin suggest that very little‘apo-E is synthesized in the gut.
(164, 292, 361) Rat liver perfusion studies indicate that apo-E is
secreted in nascent HDL particles and then is transferred to VLDL in
the plasmaﬂlo9’l515 BEL) The mechanism of transfer appears to
involve the LCAT reaction since Ragland et al., showed that an HDL
particle, which was abnormally rich in apo-E, accumulated in the
plasma of patients in whom alcoholic hepatitis had caused a deficiency
of plasma LCAT.(275’ 27h) With remission of the hepatitis, LCAT
levels returned to normal and apo~E no longer accumulated in HDL‘but
was found in VLDL, They also showed that the HDL isolated from the
plasma of patients suffering from alcoholic hepatitis was a better
substrate for LCAT than either normal HDL or HDL obtained from the
same patients following recovery. This was consistent with the
studies of Hamilton et al., which showed that nascent HDL from rats
was a better substrate than plasma HDL for purified human LCAT,(lsl)
Nascent HDL, éontaining high levels of apo-E, appeared as disc~-shaped
lipid bilayers whereas normal plasma HDL particles were spherical,
(151, 273) These observations led Hamilton et al. to hypothesize that
LCAT binds to the disc-like particle and forms 1) cholesterol esters

which, by virtue of. their insolubility in water, move into the hydro-

carbon domain of the bilayer, and 2) polar lysolecithin which
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. (151) . .
transfers away to serum albumin. This reaction consumes surface
cholesterol and lecithin particles and generates an oily core which
pushes apart the bilayer until a spheriéal pseudomicellar HDL is
formed, Newly formed cholesterol esters transfer from HDL to LDL and

(23, 276)

VLDL, and unesterified cholesterol probably transfers to HDL
from Eoth cellé and lipoproteins after HDL cholesterol esters have
been formed by LCAT.(lBS’ 375 329) Ragland et al, suggested that a.
pfobable physiological role of apo-E is the transportvof unesterified

(273)

chblesterol and/or cholesterol esters in plasma, Several obser-
vations are cbnsistentrwith this idea, First, Ragland et al, always
found a large quantity of apo-E associated with the presence of
-excess unesterified éholesterol.<273) Second, animal studies have

demonstrated that feeding high cholesterol diets increases plasma

levels of both apo-E and cholesterol. The species in which this has

(218) 4, (216) (217)
(306)

monkey, rat,

been demonstrated include swine,

(212) (149)

guinea pig, and rabbit.
Eisenberg and Rachmilewitz showed that the degradatiom of iodine-
labelled VLDL in rats is accompanied by the transfer of apo-E activity
to HDL; however, they were unable to assess the extent of this trans-
ferf(loh’ 105) In a recent review, it was suggested that apo-E |
enters the cifculation wifh nascent HDL particles and is transferred
to VLDL during the process of cholesterol esterifigation.(?9o) Apo-E

may then recycle back to HDLvmaking its metabolism similar to that of

apo-C,
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Since 1975 whep Assmann et al., showed that HDLC* suppresses HMG

CoA reductase activity in cultured swine aortic smooth muscle cells,

much work has been done by Mahley and his co-workers with this lipo-
profein.(11> They have shown that HDLC is capéble of interactingAwith
the DL receptor and that it is the apo-E component of the lipoprotein

2l Z
which binds to the receptor.(BL’ 213)

B. Cholesterol Metabolism and the Liver: Effects of Lipoproteins

1. Cholesterol Metabolism in the Liver: An Overview

The observation of Bloch and Rittenberg that labelled
acetate is incorporated into”both the aliphatic side chain and the
tetracyclic moiety of cholesterol was the beginning of the systematic
study of how two carbon units unite to form cholesterol.(39) In 196h
Feodor Lyneun and Kanrad Bloch received the Nobel Prize for having
worked out the entire biosynthetic pathway of cholesterol. These
studies are reviewed by Bloch.(38) During the.decade of the 1950s, a
great variety of environmental, dietary, and hormonal faétors were
shown to influence the rate of cholesterol synthesis both in the whole
animal and in hepatic tissue specifically, Hormonal regulation of
cholesterol synthesis is a complex and interesting subject that will
not be discussed here. See reference 88 for a good review of this
area,

In normally healthy animals the rate of cholesterol syﬁthesis is
primarily regulated by three physiologic variables: the amount of

dietary cholesterol; the total caloric intake; and the functional

*HDLC is a lipoprotein which is characteristic of experimentally
induced hypercholesterolemia and which lacks apo-B but contains apo-E
and apo-A-I,
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integrity of the enterohepatic circulation of bile acids. The inter-
relationships between these variables and hormones is not within the
scopé of this discussion., The liver and the intestine appear to be
the most important organs involvéd with cholesterol synthesis,(85)
and while this discussion will emphasize the role of liver, the im-
portance of the intestine should not be forgotten., The regulation of
hepatic cholesterol synthesis by cholesteroi feeding was first report-
ed by Taylor and Gould.(555) No tissue other than liver showed such

(83, 84, 146)

marked suppression of sterol synthetic activity. The

point of inhibition was shown, indirectly, to be localized at the

point of reduction of 3-hydroxy-3-methylglutaryl-CoA to mevalonate,
(59) In 1966, Siperstein and Fagan showed that the incorporation of
lPC—ac:etate into mevalonate was markedly inhibited by cholesterol

feeding, but the incorporation of this labelled precursor into HMG

51k)

CoA was virtually unaffected.( The next year Linn, using isolated

hepatic microsomes and solubilized enzyme preparations, demonstrated

that the activity of HMG CoA reductase was reduced in the livers of

cholesterol-fed rats.(goz)

Suppression of cholesterol synthesis also occurs during fasting.

3hlL)

This was demonstrated in 1952 by Van Bruggen et al.( and Tompkins

and Chaikoff.(558) The studies of Linn showed that hepatic IMG CoA

reductase activity was reduced by fasting.(gog)

Another dimension was added to the study of mechanisms that con-
trol cholesterol synthesis when separate studies revealed that there

was a large diurnal fluctuation in the rate of cholesterol synthesis

(1) (1.75)

in both the rat and mouse. This rhythmic fluctuation was
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shown to be cued to the feeding schedule of rats;(97) however, the
rhythm also persisted in both fasted and cholesterol-fed animals.(296)
The demonstrafion that the conversion of mevalonate to cholesterol did
' ' (1)

not exhibit rhythmical variation led to the proposal and then

documentation that the fluctuation in cnolesterol synthesis is caused
by a fluctuation in HMG CoA reductase activity.<89) Recently,
Andefson and Dietschy disclosed that diurnal light cycling affects
only hepatic cholesterogenesis; there was no evidence of diurnal
variatioﬁ in the 15 o;her rat tissues examined.(5>

Thebmanner in which the activity of the rate—limiting enzyme in
cholesterol synthesis is regulated has been the subject of a number of
étudies. It was originally thought that cholesterol provided a nega-
tive feedba;k regulation.of the enzyme activity, but this was dis-
proven when Linn showed that adding cholesterol to a solubilized
‘ enzyme preparation did not reduce the observed activity.(202) Edwards
and Gould then showed that tne hepatic enzyme turns over very rapidly
with a half—life of about L hours.(97) The observed diurnal vafiation
of enzyme activity was interpreted as being caused by changes in the
rate of enzyme synthesis. However, Higgins and Rudney observed that
there was an initial rapid decline in HMG CoA reductase activity in
rats fed cholesterol in the absence of a concomitant decrease in immu-

(161)

noprecipitable reductase. Thus a decrease in activity occurred

which could not be adequately explained by a reduction in synthesis,
Subsequently Beg et al., reported the in vitro inactivation of hepatic
MG CoA reductase when microsomes were incubated with cytosol in the

2+ (25)

presence of ATP and Mg This has subsequently been confirmed
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in several laboratories.(so’ 72, 2k9) In 1978 two separate labora-
tories provided evidence that the rapid regulation of HMG CoA reduct-
ase occurs via a reversible phosphorylation-dephosphorylation

(2k, 165)

reaction. In one of these studies, Beg et al. also reported
that the addition of either coenzyme A, acetyl-CoA, acetoacetyl-CoA,
or %-hydroxy-3-methylglutaric acid to solubilized, highly purified

HMG CoA reductase inhibited the activity via an allosteric (i.e.,
noncovalent) effect on the enzyme.(gh) Brown, Goldstein, and Dietschy
examined the active (dephosphorylated) and inactive (phosphorylated)
forﬁs of thevenzyme in rat liver and concluded that the best interpre-
tation of their data indicated that long-term alterations in choles-
terol syntﬁesis in rat liver are related to changes in the total
amount of enzyme protein rather than a change in the state of phos-
phorylation.(56) However, they suggested that the phosphorylation-
dephosphorylation méchanism could be used by the liver in the event of
a sudden demand for a large amount of cholesterol since their data
indicated a large reservoir of iﬁactive enzyme was present in this
organ. The question of how cholesterol directs the multifaceted
control of HMG CoA reductase activity remains to be answered.

The role of the enterchepatic circulation of bile acids in the
control of cholesterol synthesis first became apparent when Economou
et al. showed that external diversion of the bile flow leads to a
rapid increase in cholesterogenesis in the 1iver.(92) While early
investigators were searching for a direct effect of bile acids in
controlling cholesterol synthesis, Siperstein demonstrated that pure

(313)

conjugated bile acids did not inhibit synthesis in liver slices.
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This together with the observation that obstruction of the common bile
duct, which causes increased concentrations of bile acids in blood and

(92> 127) led Weis and Dietschy

liver, enhanced liver sterol synthesis
to propose that the influence of bile acid on hepatic cholestero-
genesis is. secondary to its effect on the movement of cholesterol into

(359)

lymph chylomicrons and lipoproteins. In other words, bile acids
cause the absorption of cholesterol from the gastrointes+inal tract,
and it is the cholesterol that controls hepatic synthesis. Experimen-

(5, 253

tal data supporting this hypothesis have been accumulating.
355) These studies showed that procedures, such as biliary fistula,
biliary cobstruction, oxr cholestyramine feeding, that caused the with-
drawal of bile acids from the intestinal lumen and the subsequent
failure of absorption of cholesterol into the intestinal lymph result-
ed in vastly increased hepatic synthesis of cholesterol. Addition-
ally, feeding bile acid enhanced cholesterol absorption and decreased
hepatic synthesis as did the infusion of chylomicrons inm animals with
biliary diversion. Only hepatic tissue showed supﬁressed cholesterol
synthesis in response to chylomicron infusions.<5)
It has become clear that one of the major determinants of hepatic
‘cholesterol synthesis is the rate of cholesterbl uptake relative to

)
(2h2) This uptake, in turn, depends

the rate of cholesterol secretion.
upon the interaction between the hepatocyte membrane and the choles~
terol carriers (i.e., lipoproteins). Thus it is important to examine
the roles of specific lipoproteins in the regulation of hepatic chol-

esterol synthesis as well as the effect of pathologic states on such

regulation. 1In a recent paper, Anderson et al. showed that, in rats,
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chylomicrons are the most important regulators of hepatic cholestero-
genesis when rat chylomicrons, human LDL, énd human HDL are compared,
(6) They suggested that this was logical since the cholesterol
delivered to the liver via chylomicrons was primarily derived from
ingested cholesterol and de novo intestinal synthesis. It thus repre-
sented a net increase in total body cholesterol, and this results in
the compensatory suppression of hepatic cholesterogenesis. They also
suggested HDL and LDL had considerably less suppressive effect in the
liver since most LDL, HDL, and VLDL cholesterol ultimately comes from
livér synthesis, and thus hepatic uptake of these particles resulfs in
little net delivery of cholesterol to the liver and little net change
in the rate of hepatic cholesterol synthesis. These in vivo studies
did show that elevated levels of LDL suppress hepatic sterol synthesis
although the suppression was not as dramatic as that produced by
chylomicrons. The mechanism of the enhanced suppression of sterol
synthzsis by chylomicrons was not discussed.(6)

2. The Liver and Lipoproteins

a. Synthesis
Studies in isolated perfused rat livers have shown that
labelled amino acids are incorporated into the protein moieties of
both HDL and VLDL particles.(ggo’ 2k7, 359) While the perfusion
conditions (e.g., recirculating or nonrecirculating, presence or
absence of serum, etc.) appeared to affect the relative amounts of
label recovered in VLDL or HDL, the experiments all clearly showed

synthesis and secretion of VLDL and HDL but were unable to determine

whether the small amount of label recovered in the LDL fractions
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represented VLDL catabolism, contamination from the HDL fraction, or
true LDL secretion.'

Evidence derivéd from turnover studies of isotopically labelled

(29, 102, 308) - (104, 105, 111) (163)

VLDL in man, monkey, and rab-

(183 | ., = : 3 "
bit indicate that the majority of plasma LDL comes from the
catabolism of VLDL. In these studies VLDL degradation could not
always account for all of the LDL formed. In the kinetic analysis
worked out by Berman et al., for example, VLDL degradation could
account for all of the LDL~apo-B in normal subjects; but in type III
hyperlipidemic subjects, some LDL-apo-B had to come from a source
other than VLDL.(29) [1lingworth compared the simultaneous appearance
of labelled LDL from injected 3H--VLDL and 1hC—1eucine in triton-
treated, fasted sqﬁirrel monkeys and calculated that 10 to 19% of the
B apoprotein entered the plasma directly in LDL rather than through

: (3875) e 3 ;
the VILDL degradation pathway, Similarly, Fidge and Poulis
examined the apo-B kinetics of VLDL and LDL subfractions after injec-
2[‘
tion of - ’I-VLDL in the rat and concluded that mot all LDL apo-B is
ey (113) . :
derived from VLDL apo-B. Finally, Nakaya et al, perfused iso-
: !

lated pig livers with 1LC-leucine and found label incorporated into the

)
1.DL fraction.(gTO)

1/ .
25I—-VLDL or 1LLC—-VLDL did not produce labelled LDL, thus indi-

Perfusing livers for a similar length of time with
either
cating that VLDL was not catabolized to LDL during their liver per-
fusions. Taken altogether these experiments indicate that wmost LDL
is derived from VLDL but a small amount enters the circulation from
other sources, inéluding the liver, The amount of IDL derived from

sources other than VLDL degradation appears to vary from species to
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species and also to depend in part on whether or not the animal was
hyperlipemic,
b. Degradation

Perfused liver systems have been used to study liver
degradation of chylomicrons and have repeétedly shown that intact
chylomicrons are taken up to a limited extent whilst chylomicron rem-
nants are rapidly removed from the perfusate.(7h’ 110, 2k6, 299),
Felts et al. proposed that lipoprotein lipase, which is firmly bound
to chylomicron remnants but not to intact chylomicrons, is the signal

(110) Cooper has

that allows the liver to "recognize' the remnants.
shown that chylomicron remnants are removed as a unit by isolated
liver and that the rate of catabolism of cholesterol ester from rem-

(74)

nants is similar both in vivo and in perfused liver. He also
showed that the removal of remmants by the isolated liver suppresses
cholestérol synthesis in that liver. A recent liver perfusion study
raised the possibility that the degredation rate of chyloricron rem-
nants is determined by the movement of the removed remnant to the site
of hydrolysis since the cholesterol ester was hydrolyzed at a rate
that was only about 0.5% of the remnant removal rate.(75) This
hypothesis is consistent with the report of Florén and Nilsson that
microtubule inhibitors blbcked the hydrolysis of remmant cholesterol
esters.(lgl)
As discussed earlier, most VLDL is degraded to LDL in mormal
human beings, but in untreated type III hyperlipemic patients, the

kinetic analysis of Berman et al. indicates that 10 to 29% of the

newly secreted VLDL apo-B disappears from the circulation without
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being converted to either IDL or LDL.(29) The studies of Portmen

et al. in squirrel monkeys also indicated that some VLDL apo-B was

(268)

cleared without forming ILDL. Liver participation in the removal

of VLDL or VLDL remmants in the rat has been inferred from autoradio-

(z0oz\
125 _vioL uptake by Stein et a1.'%%3)  Five minutes

125

graphic studies of

after the injection of I-VLDL into the rat, 40% of the silver

grains were scen over the hepatocyte cytoplasm. After 120 minutes,
80% of the label was intracellular and many grains were localized over

secondary lysosomes. Finally, studies by Suri et al. demonstrated

(330)

that LDL accumulated in a supradiaphragmatic rat preparation.
In the intact animal, the liver rapidly removed VLDL remnants leading

to very low LDL levels,

A number of studies in the early seventies, in which labelled HDL
was injected and the tissue radioactivity analyzed at various inter-

vals, indicated that the greatest amount of radioactivity accumulated

(107, 271, 282)

in the liver, This was interpreted to mean that the

liver was a major site of HDL catabolism. Studies with isolated

(87,

hepatocytes also indicated that HDL was taken up and degraded.
238)

Recent quantitative studies by Sigurdsson et al., in the isolated
perfused rat liver indicate, however, that only about 7% of the HDL
apoprotein mass is degraded directly by the 1iver.(31o) These data

are compatible with the partial hepatectomy study of van Tol et al.

125

which found that neither the initial rapid decay of I-HDL from the

serum nor the slow phase of disappearance were influenced by the

(346)

removal of two-thirds of the liver. Consequently the fractional

catabolic rate remained unchanged. The serum level of HDL was
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decreased by the partial hepatectomy but the chemical compbsition of
HDI. was unchanged, .They concluded that the in vivo degradation rate
of HDL-apoproteins was not influenced by the removal of two-thirds of
the liver and that the decreased HDL level 'in serum was caused by
impairéd hepatic synthesis. They suggest these results can be
explained by the possibility of extrahepatic HDL-apoprotein catabolism
or by a stimulation of HDL-apoprotein degradation in the remaining
liver lobes., The second explanation was not supported by finding an
increased level of hepatic HDL radioactivity in the remaining liver
lobes.

In 1975 wheﬁ this study was begun, the role of the liver in the
catabolism of low density lipoproteins had been considered for many
years without the emergence of definitive eXperiménts to determine its
importance, in vivo studies in several species had consistently shown
that after injection of 125I—LDL, the greatest concentrations of total
radioactivity and of protein»aséociated radioactivity were found in
the liver.(62’ 107, 159, 294) This was recently verified in the
rabbit by Portman, Alexander, and Kannan in studies that showed that
15 minutes after the injection of 1251~1abe11ed 1DL, the liver
accounted for 56% of the control LDL and 729 of the hyperlipemic LDL
that had disappeared from the plasma.(267) The high level of 1251 in
the liver was not a function of alteratioms in LDL or its parts during
iodination,‘since experiments using LDL labelled in vivo with 3H--
leucine gave the same results.(27o) These data showed that the liver

was a part of the extravascular pool of LDL, but they did not indicate

whether 1LDL was degraded there.
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125I—LDL apo-

Hay et al, showed that perfused rat livers altered
protein, since the appearance of trichloroacetic acid-soluble (TCA-
soluble) radioactivity was coupled with the loss of TCA-precipitable
. .y . (159) . g
radiocactivity from the medium. Thus the liver was actively
removing the LDL and either degrading the LDL apoprotein or cleaving

oy
its 12)1 label from the unaltered apoprotein. Because the liver

1251~LDL from the perfusion

system removed a greater quantity of
medium than was cleared from the blood of an intact rat over a similar
time period, they concluded that the liver accounted for a major part

125I—-LDL. This conclusion was recently

of the in vivo catabolism of

challenged when Sigurdsson et al., performed liver perfusions under

somewhat different conditions and found only about 7% of the LDL apo-

O

protein catabolism that was observed in intact animals.(BJg)

. . 3 125 .
Sniderman et al, and Steinberg et al, observed that I-L.DL
disappeared more rapidly from the plasma of pigs after total hepat-

(318, 325)

ectomy than from the plasma of intact animals. This obser-
vation tended to minimize the role of the liver in the catabolism of
LDL apoprotein., Their experiments showed that the disappearance of
labelled LDL apoprotein after hepatectomy was monoexponential; thus
they confirmed that the liver contains the major part of the extra-
vascular LDL pool that is exchanged readily with plasma LDL and that
accounts for the first rapid exponential phase of the disappearance of
1251—LDL from the blood of intact animals. Conversely, the in vivo
studiesrof van Tol et al. showed that when rats were subjected to a

partial hepatectomy in which two-thirds of the liver was removed, the

FCR of LDL was decreased by 62%, the serum LDL level was somewhat
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increased after 8 hours, and the triglyceride content of LDL was

(5. 3l
decreased.(ahb’ 37) They concluded that the liver determines the

degfadation rate of serum LDL in-vivo.

A definitive experiment to assess the cumulative lysosomal degra-
dation of proteins was proposed by Pittman and Steinberg in 1976.(262)
This involved coupling the protein to a small molecule, like sucrose,
that is cleaved from the protein only after entry into the lysosome
and that is not metabolized further in lysosomes but remains "trapped”
there. fhus the small molecule is accumulated in lysbsomes in direct
proportion to the amount of brotein degraded, Sucrose is an excellent
choice for such a marker as it is taken up by fluid pinocytosis and
accumulates in 1ysqsomes which contain little or no sucr@se activity.
(73) A method for covalently linking sucrose to LDL, which did not
altér the metabolism of the LDL by cultured fibroblasts, was described

(261)

by Pittman et al, in the summer of 1979. The application of this

method to the in vivo study of the fate of ZDL in swine was subse-

(260) The in vivo FCR of 1hC—

sucrose~LDL was the same as that of 1251~LDL. IMC-Labelled degrada-

quently reported in October, 1979.

tion prodﬁcts (i.e., nonprotein-bound) were determined 24 hours after
injection of 11J'C—sucrose--LDL. In three studies 37.9, 39.6, and %7.8%
" of the degraded lhC—suc::‘ose-—LDL was recovered in the liver. After U8
hours, %8.7 and 39.5% of the total LDL degradation products were
recovered. in the liyer, Afterx 2L hours, less than 6% of the degraded
1LDL hadbappeared in the urine and less than 13% had appeared in urine
after 48 hours, This is a sharp contrast with 125I-—LDL degradation

products which are rapidly and almost quantitatively recovered in the



urine. In two 24-hour experiments, parenchymal and nonparenchymal

, 1 sas :
cells were separated and over 9% of the LLC—-su.crose activity in the
liver was shown to be associated with the parenchymal cell fraction.

c. Isolated Hepatocvytes

The description of a method for isolating wviable
hepatocytes in high yield from rat liver provided a new and better
technique to examine lipid metabolism in the 1iver.(51) For the first
time it was possible to separate the contributions of parenchymal and
nonparcenchymal cells, Within a few years, several laboratories had
developed the methodology necessary to keep the isolated hepatocytes
(36, L1)

in primary culture for up to five days. Both techniques
(i.e., freshly isolated suspensions of cells and primafy cultures)
have been utilized to examine various aspects of hepatic lipid and
lipgproteiu metabolism, The ability to control the cellular environ-
ment is a major advantage of studies in isolated cell systems as
compared with in vivo studies. Additionally, comparative studies in
hepatocytes which are derived from a single liver eliminate the dif-
ferences which occur between animals. These methods also pérmit a
greater number of variables to be examined than is feasible when
designing liver perfusion studies. Cell suspension studies have two
disadvantages not encountered in primary culture studies. First, any

(2hk) (236)

damage to the cell surface and receptors that is incurred
during the isolation procedure will not be repaired before the short-
term suspension experiment. Surface damage can be repaired during the
20-hour incubation that establishes the viable primary cultufe.

Second, the primary culture can be incubated for 20 or more hours in
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1ipoprotein—deficient medium in order to maximize LDL-receptor synthe-
sis. One disadvantage of cell culture is that dedifferentiation of
the cell line may occur énd thus give misleading results. Several
studies suggest that this does not occur in hepatocytes earlier than
four to five days.(36’ b, 129) The following sections will review
the studies in which the relationships between serum lipoproteins,

hepatocytes, and hepatic cholesterol metabolism have been examined,

1) Suspension Studies

Edwards and co-workers investigated the activity
of HMG CoA reductase in freshly isolated rat hepatocytes.(9h-96’ 98,
99) They reported that a 3~hour incubation of the hepatocytes in
Swims S~77 medium resulted in a twofold increase in enzyme activity,
whereas inclusion of 10% serum in the medium caused a sevenfold
increase in activity., The addition of HDL or lecifhin dispersions
also enhanced enzyme activity above control valug; but LDL or choles-
terol~lecithin dispersions reducéd the enzyme activity.(9h) Further
work showed that a sterol loss by the hepatocytes preceded the
increase in enzyme activity. This supported the hypothesiskthat one
mode of regulation of HMC CoA reductase is dependent upon the relative
rates of movement of cholesterol into and out of the cells.(96)
A completely separate study by Nordby et‘al. confirmed the find-
ing that serum, added to the medium, enhanced the secretion of choles-

terol by freshly isolated hepatocytes.(2h8)

This study showed that
1CAT was secreted by the isolated hepatocytes. Concomitantly there

was secretion of unesterified cholesterol and triglyceride. They

showed that all of these are optimally secreted in the presence of



257 serum in the medium, One experiment specifically showed that
cholesterol secretién was enhanced in the presence of increased serum
concentrations up to 25% of the total medium. Thus, serum enhanced
the ocutflux of cellular unesterified cholesterol, and the Edward's

study implied that HDL was the serum component involved in this

(9h)

outflux,
Other workers have specifically investigated the uptake and
degradation of HDL by suspensions of hepatocytes. Nakai et al, showed

that hepatocytes bind, internalize, and degrade 125I-HDL5.(238) Their

observations indicated the presence of both a saturable (specific)
component and a nonsaturable (nonspecific) component for binding and

uptake of HDL The specific binding component was largely tempera=-

3.
ture-dependent being very small at Lo, Competition studies showed

125I~HIDL much more effect-

5
ively than either LDL or VLDL. They calculated the apparent dissoci-
8M

HDI’-5 inhibited the binding and uptake of

ation constant of the specific receptor to be 60 x 10” . This

calculation used a molecular weight of 28,000 daltons for apo-A-I, the

predominant protéin moiety of rat HDL The presence of 5 mM chloro-

s
125

quine inhibited the proteolysis of I~HDL5. This supported previous

studies which revealed the importance of liver lysosomes in the degra-
dation of HDLE.(258’ 239) Berg et al, and Drevon et al, investigated

the uptake of 5H-cholesterol ester~labelled HDL in preparations of
(27, 87)

rat hepatocytes and also in nonparenchymal cells.,

and
types of cells showed uptakeAhydrolysis of the cholesterol ester por-

While both

tion of HDL, only the hepatocytes showed a distinect saturation of

uptake. No saturation was observed in the nonparenchymal cells,
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Concanavalin A reduced. the uptake of lipoprotein by hepatocytes but
not by nonparenchymal cells, thus suggesting that carbohydrate sites
on the hepatocyte surface were involved in HDL uptake,

Lakéhmanan et al. examined the effect of chylomicrons, chylo-
micron remmants, VLDL, LDL, and HDL on fatty acid synthésis and chol-
esterol synthesis in hepatocytes isolated from meal-fed rats.(195)
While chylomicrons, VLDL, and remmants caused significant inhibition
of fatty acid synthesis within one hour, none of the fractions inhib-
ited cholesterol synthesis in the same time period. They suggested
this lack of inhibition was due to the short incubation time since
PBrown et al. had shown that four to six hours were required for lipo~

(51)

proteins to suppress HMG CoA reductase activity in fibroblasts,

The catabolism of 125I-LDL and 125

I~-VLDL by isolated rat and
pigeon hepatocytes was reported.(63) A recent study by Capuzzi,
Sparks, and DeHoff suggested that most of the degradation of VLDL
observed in hepatocyte sﬁspensions wvas caused by residual enzymes
adsorbed from the dispersion mediﬁm.(6h)

Takeuchi et al, studied labelled cholesterol uptake from serum
and cholesterol~phospholipid dispersions by isolated rat hepatocytes.,
(532) Cells incubated with increasing concentrations of serum choles-
terol (0.25 to 2.0 umol/ml) showed no increase in total cholesterol
content over a 2-hour period. However, incubation with serum contain-
ing labelled free and esterified cholesterol showed that labelled
cholesterol accumulated within the cells thus indicating exchange was

occurring. When the uptake of label from the various lipoprotein

components of the serum was investigated over a range of cholesterol
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concentrations (0.5 to 10 umol/ml), the uptake (egchange) of label from
IDL was twice as great as it was from HDL at any given cholesterol

concentration,

2) Primary Culture Studies

Floren and Nilsson have published a series of
papers reporting their investigations of the uptake and degradation of
labelled chylomicron remnants in primary cultures of rat hepatocytes,
In the presence of chylomicrons or chylomicron remnants containing
equal amounts of cholesterol ester, hepatocytes take up and hydrolyze
greater amounts of cholesterol ester from the chyiomicron remnants.,
(120, 121) The presence of 15% fetal calf serum in the incubation
medium reduced the uptake and degradation of cholesterol ester from
both native chyle lipoproteins and chylomicron remmants. Chloroquine
and colchicine inhibited the hydrolysis of remmant cholesterol ester

(32n)

but increased the cell-associated label, This was shown to be

an increase of interiorized rather than surface-bound cholesterol

(120) VLDL and chylomicrons inhibited both the uptake and

ester,
hydrolysis of remnant cholesterol ester, while HDL inhibited hydroly-
-sis of remmant cholesterol ester but hadvlittle effect on the amount
of surface~bound label. They suggested that chylomicrons, VLDL, and
remants compefe for the same surface receptof whereas HDL intérferes
with remnant cholesterol ester hydrolysis after both particles are
interiorized. The pretreatment of cells with mild pronase reduced
remnant binding at 40C by 63%, but the binding at 37°C (after a L-
hour incubatien) was reduced by only 17%. If cycloheximide was added

52%. (125)

to the 57OC incubation, the remnant binding was reduced by
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The receptor that bgund the remnants thus appeared to be a protein
that can be about 66% replaced during a Y-hour incubation. Since
remant uptake was not inhibited by EDTA, asialofetuin, or neuramini-
dase treatment, the remnant receptor appeared to be differei.t from
the protein receptors descfibed for desialylated glycoproteins and
for LDL.(125)
In order to determine if remmants are taken up and catabolized as

whole particles, Florén and Nilsson labelled chylomicrons with 1251

(122, 226) Remants

by the iodine monochloride method of McFarlane,
were prepared by treating the labelled chylomicrons with postheparin
plasma. Since saturation of uptake is observed with both cholesterol

125

ester-labelled and I-labelled remnants, the vmax of total uptake

- bound + interiorized + degraded) and the apparent K could be
calculated, The Vmax of 125I-remnant uptake was 300 ng of remmant
apo?rotein/hr/mg cell protein and the apparent Km was 7.7 ug of rem-
nant apoprotein/mg cell protein. Since the added remnants containad
35.8 ug of cholesterol/55 ug of remnant apoproteins, the VmaX for the
cholesterol ester uptake was calculated to be 200 uyg/hr/mg cell pro-
tein and the apparent Km was 5,1 ug cholesterol ester/mg cell
proﬁein.. These values are within the range of values previously
determined for cholesterol ester-labelled remnant preparations having
varying compositioné; These values ranged between 80 and %20 ug
cholesterol ester/hr/mg cell protein for Vmax and between 1.4 and 5.9

ng cholesterol ester/mg cell protein for the apparent Km.(120, 122)

This study also compared 125I-—labelled remnant uptake with 1hC—

sucrose and determined that the remnant uptake was 77 times greater
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122 ' :
(122) This was evidence that a process

than labelled sucrose uptake,
other than bulk fluid pinocylosis was involved in the uptake of rem=-
" nants by rat hepatocytes.

Analysis of both the apoprotein content and the distribution of
1251 label in the chylomicron remnants gave the following results.
The protein content, as estimated by gel scanning, indicated a protein
composition of 4 + 1% apo-B, 83 + 4% apo-E, 6 + 2% apo-A-I and 8 + L
apo-C-peptides, The distribution of iodine label in the protein
moiety.was 50 + 4 in apo-A-I, 26 + %% in apo-B, and 24 T 6% in the
C~peptides.(122)

Two separate groups have described the synthesis and secretion
of VLDL by isolated rat hepatocytes. Jeejeebhoy et al. described the
synthesis and secretion of VLDL in isolated hepatocyte suspensions in
which all of the hepatocytes isolated from a rat liver were incubated
for 2L to 48 hours.(175) The medium was examined for the presence of

Sx-

immunologically identifiable VLDL and for the incorporation of
valine into VLDL—protein. This study was included in this section
because the length of the incubation suggests that at least some of
the cells are actually in the primary culture phase., Davis et al.
also showed that hepatocytes cultured in an arginine-free medium

3

syathesize and secrete “H-leucine-~labelled, immunologically identifi-

able VLDL apoprotein. Additionally, they showed that orotic acid
acted directly on cultured hepatocytes to inhibit VLDL secretion.(TS)
Lin and Snodgrass showed that the initial difference in HMG CoA

reductase activity observed in hepatocytes isolated from rats during

the péaks of the light or dark cycles decreases during the first 48
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(200)

hours in culture. From 48 to 96 hours of culture, cells from
both types of animais maintained a similar steady-state activity of
MMG CoA reductase in serum-free medium,

Breslow and his colleagues studied the effectrof lipoproteins on
the regulation of MMG CoA reductase in primary cultures of rat hepato-

cytes(hh~h6)

and saw an increase of enzyme activity in the presence of

(b, 46)

rat or human HDL similar to that observed by Edwards in sus-
pensions.(9h) Additionally, VLDL promoted a small increase in |
activity, but.LDL had no effect, The cells were incubated in serum-
free medium for 48 hours and then the lipoproteins were added for an
additional 24 hours before HMG CoA reductase activity was assessed.
Lipoproteins of d < 1,063 g/ml from hypercholesterolemic rats were
potent inhibitors‘of HMG CoA reductase activity,(ué) and the d < 1,006
g/ml and 1,006 g/ml < d < 1,1019 g/ml fractions reduced the acﬁivity
twice as far as the.1.019 g/ml < d< 1,065 g/ml fraction.(uh) The
inhibition was maximum at a concenﬁration of 25 ug of lipoprotein/ml
with no further decrease in activity being achie?ed in the presence

of 100 ug of lipoprotein/ml. The inhibitory lipoproteins contained
1.5- to 2-fold more apoprotein with a molecular weight of 35,000 d*
and 3~ to 9-fold more cholesterol than the noninhibitory proteins,
Since the cells were examined 2} hours after the addition of the lipo-
proteins, the inhibition of enzyme activity was probably caused by
suppression of enzyme synthesis. This was consistent with the report

of Gaertner that after 48 hours in culture, the second 2l hours in the

* .
Shelb%£n$)and Quarfordt reported a molecular weight of 3%,000 d for
dpo-LE.\“
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absence of lipoproteins, LDL added to the medium did not suppress HMG
CoA reductase activity.(lgg) When this experiment was carried out in
cultures that are 120 hours (5 days) old, LDL did suppfess the enzyme
activitykby approximately 66% after a 6-Tows | JacukAtion Snd by 100%
after 12 hours. At this point in the culture, he claimed the cells
are beginning to dedifferentiate and suggested they are becoming more
fibroblast-1like.

In 1976 Pangburn and Weinstein repofted that primary cultures of
rat hepatocytes degraded L times as much HDL as LDL whén the lipopro-
teins were present at equimolar concentrations ranging from 10 to 250
prol/ml. HDL degradation at 200 pmol/ml (22 pg/ml) was reported to be
2.h ug/mg cell protein/day.(256) Since uptake of labelled sucrose has
been described as a convenient measure of bulk fluid endocytosis,(eg’
C2i) 351) they compared total lipoprotein uptake (i.e., internalized +
degraded) with sucrose uptake. At lipoprotein concentrations of 10
ug/ml, the observed uptakes of LDL and HDL werc 10 times and 43 times

5H-sucrose by bulk fluid

greater, respectively, than the uptake of
endocytosis, At a lipoprotein concentraﬁion of 50 ug/ml, the observed
uptake of HDL fell to only 15 times greater than thé fluid endocytosis
 of 3H-sucrose whereas the uptake of LDL was still 10 times greater,
Finally, the catabolism of labelled desialylated LDL (70% of
sialic acid residues removed) was compared with the catabolism of
labelled native LDL in rat hepatocytes.<12) Both lipoproteins were
observed to be degraded at similar rates over a range of concentra-

tions ranging from 20 to 100 ug/ml. Their value of 0.8 ug of LDL

degraded/mg cell protein/day agreed fairly well with the estimated
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value of 0.6 ug of LDL degraded/mg cell protein/day obtained from the
Pangburn and Weinétein abstract.(256) The cells did differentiate
bétween asialo-fetuin and native fetuin, binding and degrading the
former mgéh more rapidly. This was a clear indication that the
carbohydrate moiety of LDL is not involved in hepatic recognition and
uptake.

%. Other Hepatocyte Preparations

Van Berkel et al. examined the catabolism of LDL and HDL in
homogenates of isolated parenchymal or nonparenchymal cells.(aho’ 343)
They found that at pH L.2, Phe homogenates degraded 5- to 6-fold more
HDL than LDL. Furthermore, although the nonparenchymal cells hydro-
lyzed 7.5 times more LDL and 5.5 times more HDL per milligram of homo-
genate protein than did parenchymal cells, the nonparenchymal cells

(558)

comprise only 10% of the total liver protein and therefore ac-

counted for only L5% and 38%, respectively, of the LDL and HDL degra-
(343)

dation that occurred in whole liver homogenates. These studies
indicated that nonparenchymal cells contributeAsignificantly to liver
degradation of lipoproteins; This group then investigated the contri-
bution of nonparenchymal cells to the invivo uptake of lipoproteins.
They injected either 125I—labelled or 3H-cholesterol ester-labelled
LDL or HDL intravenously into rats.(Bul’ 3h2) After 6 hours, they
perfused the liver with collagenase, separated the parenchymal from
the nonparenchymal cells, and examined each cell type for accumulated
- label. In all caées. the nonparenchymal cells contained 3 to It times

more radioactivity per milligram of cell protein than the parenchymal

cells. Thus Van Berkel and his colleagues have shown that
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nonparenchymal cells take up approximately 30% of the total activity
recovered in the liver and that these cells account for approximately

(341,

Lot of;the lipoprotein degradation observed in liver homogenates.
343)

Bachorik et al, isolated a plasma membrane fraction from porcine
livér that binds LDL.(15’ 16) He defined high-affinity binding as
the difference between the amount of labelled LDL associated with the
membrénes in the presence or absence of excess unlabelled lipoprotein.
Studies witﬁ the crude plasma membrane fraction showed that 40% of the
total 125I--LDL binding was inhibited by adding bovine serum albumin
(5 mg/ml) to the incubation system. Further decreases in binding did
not occur with increasing amounts of albumin. After excluding this
component of nonspecific binding by including albumin in the medium,
they showed that concentrations of LDL from O to 100 peg/ml depressed
labelled LDL. binding by 80%. A Scatchard plot of the concentration
dependence of 125I—LDL binding fo crude plasma membrane prepératiousA
revealed a concave slope. This was interpreted to mean that at least
two separate binding sites were present, a high-affinity saturable
site with an apparent dissoéiation constant (Kd) of 11 pg/ml and a
low-affinity nonsaturable site. The nonspecific component of total
LDL binding'was maximal by 10 minutes, the shortest time measured.
The high~affinity binding was markedly temperature sensitive and the
nondisplaceable binding was somewhat less affected by tempefature.
The percent of total binding due to the displaceable component fell
from 769 at %5°C to 649 at 24°C and finally to 55% at 4°C. The abso-

Tute amount of displaceable LDL bound to membrane protein fell from
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140 ng/wg/30 min to 25 ng/mg/30 min, They also isolated two subfrac-
tions of plasma memﬁranes, light and heavy. Only the heavy membrane
fraction was enviched in LDL-displaceable binding (about 20-fold)
compared with the unfractionated microsomal fraction. When this
fraction was characterized, it was found that the presence or absence
of bovine serum albumin did not influence LDL binding as in the crude
plasma membrane fraction. Additionally, treatment of the heavy mem-
brane with trypsin or pronase had no effect on high-affinity binding.
They also showed that HDL (without detectable apo-E) and phosphatidyl-

125

choline inhibited I-ILDL binding to heavy membranes, Divalent
cations stimulated but were not absolutely required for binding,
These effectors of binding were not examined in the crude plasma mem=
brapge fractiom. The finding that LDL binding was not destroyed by
treatment of the membrane with proteolytic enzymes is puzzling since
Goldstein and Brown showed that in fibroblasts brief treatment with
pronase, papain, or trypsin destroyed the LDL receptors and that

(1&3) Also

cycloheximide prevented the reappearance of the receptors.
Carrella and Cooper showed that high affinity binding of chylomicron
remnants to rat liver plasma membranes decreased when the membranes
were treated with trypsin.(66) The LDL receptor characterized by
Goldstein and Brown also had an absolute requirement for divalent
cations.(lhs) Thus while the investigations of Bachorik et al, into
the binding of LDL to a crude preparation of plasma membranes ylelded
data which were compatible with what is known about LDL binding to

the fibroblast receptor, the binding which they described in the

Ppurified” fraction indicated that binding to a nonprotein site was
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occurring.(l5’ 16) Was this perhaps an artifact of the pfeparation?

Recently Carrella and Cooper reported the high-affinity binding
of chylomicron remmants to rat 1iver‘plasma membranes.(66) They
showed that the remnant particle appeared to bind to the membrane as
a unit and was mnot displaced by albumin, VLDL, LDL, or cholesterol-
lecithin vesicles, Chylomicrons, remnants, and HDL displaced fhe
labelled reﬁnants to varying extents, Binding was decreased after

the membranes were treated with trypsin.

C. The Low Density Lipoprotein Receptor

The LDL receptor was discovered and described in 1973 by Michael
Brown and Joseph Goldstein through studies in cultured human fibro-

= i '
(51, 52, 1h0) They compared LDL catabolism in normal fibro=~

blasts.
blasts with that in fibroblasts from patients homozygous .for familial
hypercholesterolemia, They demonstrated that a specific highAéffinity
receptor bound LDL in normal fibroblasfs but that this receptor was
absent in the genetically defective fibroblasts., The work of Brown,
Goldstein, and others on the LDL receptor has been comprehensively
reviewed and wili only be summarized here.(138’ 143)

Biochemical evidence has indicated the receptor is a protein,
(143) Subjecting fibroblasts to a brief treatment with the proteo-
lytic enzymes pronase, trypsin, or papain destroyed the receptor, and
cycloheximide blocked its reappearance. A variety of other enzymes,
including various glycosidases, phospholipases, aryl sulfatases, and
acid and alkaline phosphatases, did not influence receptor activity.

The fibroblast LDL receptor has an absolute requirement for

iy

divalent cations, Calcium or other divalent cations were also
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required for recéptor activity in preparations of isolated fibroblast
membranes.@O> Bachoric et al, found that calcium stimulated receptor
‘binding of LDL two-~ Eo threefold in plasma membranes isolated from
porcine hepatocytes.(15>

Competitive binding studies showed that LDL from several species
actively competes with human LDL for binding to the receptor.(1h5)
All apo~B~containing lipoproteins compete with LDL for binding to the
receptor. Inmerarity and Mahley used competitive binding assays to
show that canine HDLC (a lipoprotein containing apo-E as its only
detectable protein) possessed an enhanced binding activity, which
ranged from 10- to 100~fold greater than was observed with human or
canine LDL.(166) No other proteins or lipoproteins have been found
that compete for the receptor binding site.

These observations led to speculation that apo~E and apo-B have
a common structural sequence which is responsible for the binding to
the high~affinity receptor. Recently, Mahley and his colleagues
showed that the modification of either lysine or arginine residues on
1DL or HDLC abolished their ability to react with the receptors,(glh’
556) These procedures specifically modified either lysine or arginine
without causing irreversible alteration of the chemical or physical
properties of either.LDL or HDLC.

In addition, Weisgraber et al, showed that it was the modifica-
tion of the lysine residue, not the neutralization of the positive
charge on lysine, that abolished the receptor binding éctivity of

apo-B and apo~E.(557) Two of the chemical modifications, acetoacetyl-

ation and carbamylation, modified the lygine chemically and
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neutralized the positive charge of the ¢ -amino group. However, the
thifd method, reducgive methylation, modified the lysine chemically but
preserved the positive charge. This modification destroyed the bind-
' ing activity of the apoprotein as effectively as had the other two,

Another study showed that partial delipidation, which removed
more than 75%of the lipid, did not alter the reactivity of HDLc or LDL

(166) Total delipidation of

with the high-affinity receptor sites.
apo-E abolished its ability to bind to the high-affinity receptor, but
binding was restored when phosﬁholipid was added back to the apo-E.
(167) 1t waé suggested that the increased O-helical structure caused
by the presence of the phospholipid material oriented the molecule
into the proper configuration for recognition and binding by the re-
ceptor. Complete delipidation of apo-B and the subsequent formation
of an apo-B-albumin complex to solubilize the apo-B, however, caused
greatly increased binding to the high-affinity receptor;(Bog) These
oppoéite effects on receptor Binding caused by the total delipidation
of apo-E and apo-B are very interesting. Further investigation is
needed in order to provide an explanation of these differences,
Another contrast was observed in the high-affinity binding of
HDL. and LDL to the fibroblast receptor. Goldstein et al. showed that
heparin and other sulfated glycosaminoglycans cause the release of LDL
from its cell surface receptor.(159) Release of LDL by heparin has
subsequently been used in many laboratories to measure specific bind~
ing. Hoﬁever, Pitas et al. found that receptor-bound BDLC was only

(259)

minimally released from heparin-treated fibroblasts. They sug-

gested that the resistance of HDLC to release by heparin could be
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explained by the increased affinity HDLc displays for the receptor. .
They also noted that there was a weaker interaction of HDL with
heparin affinity columns than was observed with LDL. It can therefore
be surmised that although the same amino acids, lysine and arginine,
are involved in the binding of both apo-E and apo~-B to the high-~
affinity receptor on fibroblasts, the binding also includes other
elements which are not identical and which give rise to the observed
differences in binding affiﬁity of apo-B and apo-E.

Visualization of LDL receptors on the plasma membrane of normal

(7)

fibroblasts was first described by Anderson et al. Normal fibro-
blasts were incubated with ferritin~1abelled ILDL, and then thin
sections were viewed with an electron microscope. Seventy percent of
the surface-~bound ferritin cores were localized in short segments of
the membrane where it appeared to be indented and coated on both sides
by a fuzzy material. These "coated pits' had been previously
described in other cell types, but this was the first evidence that
they were involved with LDL binding.(7) Although the same number of
indented, coated membrane regions per millimeter of cell surface were
present in fibroblasts from patients homozygous for familial hyper-
cholesterolemia, no LDL-ferritin was observed to bind to the cell
membrane.(T) These studies were recently confirmed for unmodified 1DL
when Vermeer et al, visualized the bound LDL by an indirect immuno-~
peroxidase technique combined with the use of an antiserum against

(318)

apo~B, Immunoreactive regions representing bound apo~B were
found on the plasma membrane in indented regions that had a fuzzy

coat on the cytoplasmic side (i.e., coated pits). Fibroblasts from
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a patient homozygous for familial hypercholesterolemia showed no
imminoreactive mate%ial in the indented regions,

Anderson, Prown, and Goldstein have described a mutant fibroblast
that binds LDL but does not internalize~it.(8’ 55, 138) Investigation
by eleétron microscopy and LDL-ferritin disclosed that tﬂe LDL recep~
tors were not localized in the coated pits but were scattered along
noncoated segments of the membrane.(B) On the basis of these sfudies
they constructed a model in which the LDL receptor is a transmembrane
protein that has two active sites. One 1s the binding site for LDL
and is located on the external surface of the membrane., The other is
the internalization site, which causes the receptor to be recognized
as a component of the coated pits, and is located on the cytoplasmic
surface of the mémbrane. Receptors that contain this site migrate
laterally in the plane of the membrane and cluster together in regions
containing coated pits. Brown and Goldstein hypothesize that the
clustering occurs on the cytoplasmic surface of the membrane as a
result of an interaction of the internalizatién site with either the
coat protein, clathrin, or some other protein that is bound to clath-
rin.(55) The binding of LDL to the receptor does not appear to
induce the clustering since the clustering phenomenon was also
observed in cells that had been partially fixed prior to exposure to
LDL~ferriFin.(7)

The two-site receptor model is consistent with the finding of
Ostlund et al, that microtubules mediate the process of intracellular

degradation of LDL.(255) Coichicine, which causes the depolymeriza-~

tion of microtubules, did not influence LDL binding but reduced the
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endocytosis of bound ILDL to 58% of that occurring in nontreated cells
and also reduced thé release of LDL degradation products to only 34%
of that in the control cells,

Interpretation of kinetic experiments indicated that LDL recept-
ors escape degradation in the lysosomes after internalization of the
LDL-receptor complex and return to the plasma membrane surface where
they again cluster in coated pits.(8’ 139) The recycling of receptors
would account for the observation that fibroblasts ingested saturating
levels of LDL at a uniform rate for more than 6 hours after the syn~
thesis of new receptors had been blocked by cycloheximide.(8> Gold~
stein et al, contend that if recycling did nmot occur, all of the
receptors would be consumed Within 10 minutes after exposure of the
cells to LDL.(138) To date, however, there has been no direct evid-
ence that such recycling occurs although other investigators have
proposed models for membrane recycling.(SO’ 91)

There is currently some disagreement in the literature concerning
the role of the carbohydrate moiety in the binding of LDL to its
receptor. Filipovic et al. reported that fibroblasts and smooth

125

muscle cells showed enhanced binding and intermalization of I-LDL

that had been desialylated with neuraminidase from Vibrio comma

cholerae (Behringwerke).(lls) On the other hand, Shireman and Fisher
reported the absence‘of a role for the carbohydréte moiety in the

binding of LDL to the high~affinity receptor of fibroblasts.(EOI)
They desialylated ILDL with an enzyme preparation containing neuramini-

dase, B galactosidase, endo-p-galactosidase, p-N-acetyl glyceosamini~

dase, and endo-N-acetyl-glucosaminidase which had been prepared from
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Diplococcus penumonie by Dr. Gilbert Ashw=zll, Finally, Attie et al,

desialylated LDL by incubation with agarose-bound proteinase~free

)

. e i . 12 . 2
neuraminidase from Clostridium perfringens (Slgma).( Since liver

parenchymal ceils have been identified in rats and rabbits as the site
of uptake of.asian~g1ycoproteins,(556) Attie et al. examined the
degradation of native and desialylated LDL and native~ and asialo-
fetuin in primary cultures of rat hepatocytes and also in vivo in the
pig.(lg) In the hepatocyte cultures, the degradation rates of native
and desialylated LDL were indistinguishable whereas asialo-fetuin was
degraded at six té ten times the rate of native fetuin, In the in
vivo studies, the kinetics of decay of simultaneously injected 1251-
labelled LDL and 151I—labelled desialylated LDL were not significantly
different. On the other hand, asialo-fetuin was cleared very rapidly
with a t1/2 of 90>seconds whereas intact fetuin)was cleared much more
slowly with a t1/2 of 42 hours. Since all three studies utilized
different enzyme preparations to desialylate the LDL, it is possible
that the inconsistent results of the study reported by Filipovic et

(115)

al, were caused by an unidentified proteinase contaminant. They

did not screen the neuraminidase they used for proteinase activity as
did Attie et al.(le)
Thus much has been speculated and learmed about the LDL receptor
and how it functions but relatively little solid information yet
exisﬁs. The studies reviewed in this section, however, provide

numerous insights and intimations from which future attempts at find-~

ing the complete solution will arise.
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III. MATERTALS AND METHODS

A. Animals

1. Lipoprotein and Serum Donors

Control LDL donor rabbits were bred and raised to 8 to 9
weeks of age by the Grand Ronde Rabbitry. They were - to 5-pound
New Zealand white rabbits of both sexes and had been maintainéd on a
nonmedicated diet of commercial alfalfa pellets. These animals were
algso the source of the serum used in the hepatocyte incubations.

Hyperlipemic LDL donors were also New Zealand white rabbits,
These were male, 8 to 10 pouﬁds, and 20 to 40 weeks of age. They
were fed PurinaGbRabbit Chow coated with 0.5% cholesterol (dissolved
in 1.1% butter) for a period of one to three months before donation

of hyperlipemic blood,

2., Liver Donors

Four- to 5-pound male New Zealand white rabbits, fed
. ® . : .
Purina  Rabbit Chow, were the best liver donors. Larger, older
animals were more apt to have tougher comnective tissue.

3, 1In Vivo Metabolic Studies

Hyperlipemic rabbits maintained on diets containing 0.5%
cholesterol and 1,49 butter for one month had livers that were neither
enlarged nor grossly fatty; those maintained on the same regimen for

six months did have enlarged and fatty livers., The hyperlipemic

%Abbreviations used in this section: EDTA, ethylenediaminetetraacetic
acid; HDL, high density lipoprotein; IDL, intermediate density lipo-
protein; LDH, lactic dehydrogenase; LDL, low density lipoprotein;

leu, leucine; SDS, sodium dodecyl sulfate; TCA, trichlorocacetic acid;
TMJ, tetramethylurea; Tris, tris (hydroxymethyl)aminomethane; VLDL,
very low density lipoprotein.
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rabbits and control rabbits were given injections of low density lipo~
proteins isolated from either control or hyperlipemic donors and

125

labelled with JH-leucine (BH—leu) or I as described in section
III.B.5.a,b. The lipoproteins were injected into the marginal ear
vein, and blood samples were withdrawn from the central artery of the
eatr. The animals were killed by exsanguination 1, 3, 6, or 2l hours
later under ether anesthesia and then weré perfused with 3 liters of
jisotonic saline to remove blood from the tissues. Samples of plasma,
plasma lipoprotein, and tissues were analyzed for the radioactivity
in the protein, lipid, and water-soluble fractions as described in

(270)

sections IT1I.D.1,2,3 and Portman et al,

B. Preparation of Lipoproteins and Lipoprotein-deficient Serum

1. General Methods
Thejoriginal description of lipoprotein fractionation
appeared -in 1954.(82) This was subsequently modified; the version
described by Havel et al., in which density adjustuents are made up
to d = 1.063 g/ml by addition of KBr solutions of various densities,
is probably the most commonly used method for separating 1ipdproteins.

(
(156) Radding and Steinberg reported a calculation that adjusts the

(272)

density through the direct addition of solid KBr to serum, In

the formula used for this calculation

vi (dg -di)

I ~0.298 ¢

X:

"¥" ig the grams of solid KBr to be added for adjustment; "Vi" is the

initial volume of the solution to be adjusted;'"df" is the final



density desired; ”di” is the initial density; and "0.298" is the
partial specific Voiume of KRb calculated by Hatch and Lees(lsh) from
the data of Baxter and Wallace.(el) The practical details of lipo-
protein separation and analysis have been clearly described by Hatch
and Lees.(15u)
A1l centrifuge runs were performed at SOC in a model L2-75B
ultracentrifuge (Beckman) with polycarbonate tubes. Demsity adjust-
ments were made by the method of Radding and Steinberg.(272) Lipopro=~
tein fractions were removed by gentle aspiration of the floating layer
from the tube. The rim of the tube was then wiped free of residual
1ipid, and the infranate was removed with a pipette. When sequential
lipoprotein fractions were removed, the infranate was returned to the
original volume by the addition of a KBr solution of the same density
before the density was raised to the next level by the addition of
crystalline KBr, These KBr solutions were made by addition of the
appropriate amount of crystalline KBr to a sodium chléride solution
containing 22.8 g of NaCl, 0.2 g of ethylénediaminetetraacetic acid
(EDTA), and 2.0 ﬁl of 1 N NaOH (made up to 2 liters with water) plus
6.0 mL of water (d = 1.006 g/ml). Dialysis of all lipoprotein frac-.
tions and of lipoprotein-deficient serum was carried out in a 5%
cold room. After isolation, lipoprotein samples were stored in ice,

) . o
Lipoprotein-deficient serum was stored at -15C.

2, Low Density Lipoprotein Isolation

Control rabbit blood was purchased by the quart from the
Crand Ronde Rabbitry. Each quart contained the pooled blood from

approximately four to six rabbits. The blood was allowed to stand at
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room temperature for 30 minutes and then was refrigerated overnight
before the serum was harvested.. The serum was adjusted to a density
of 1.019 g/ml with crystalline KBr and centrifuged for 20 hours at
40,000 rpm in either a k2,1 or a 60 Ti rotor (Beckman). The lipopro-
tein fraction was gently removed with a Pasteur pipette. The sides of
the tubes were wiped free of lipid and then the infranate was removed
and placed in clean centrifuge tubes, The density of the serum was
readjusted to 1.06% g/ml with KBr. The LDL fraction (1.019<4d<
1.063) was removed by gentle aspiration after 20 hours at hd,OOd Tpm,
and it was concentrated anﬁ purified by recentrifugation at d = 1,063
g/ml for 20 hours at 45,000 rpm in a 50 Ti rotor (Beckman). This LDL
ﬁas then exhaustively dialyzed against 0.9% NaCl containing 0.05 M
tris{hydroxymethyl)aminomethane (Tris) (pH 7.1t) and 0.001 M disodium
EDTA and stored in ice. Before usé in cell «. .eriments, the LDL was
dialyzed against unbuffered saline to remove the Tris.

Hyperlipemic LDL was obtained in similar fashion from the serum
of rabbits given food containing 0.5% cholesterol for a period of one
to}three months,

3, High Density Lipoprotein Isolation

After removal of lipoproteins of d = 1.019 to 1.063 g/ml,
the tubes were wiped free of lipid. The infranate was then removed
and adjusted to a density of 1.21 g/ml with KBr and spun for 40 hours
at 40,000 rpm in a 42.1 or a 60 Ti rotor. The high density lipopro~
tein (HDL) fraction was concentrated by spinning 40 hours at 45,000
rpm in the 50 Ti rotor, exhaustively dialyzed against buffered saline,

and stored in ice. Before use in cell experiments, the HDL was
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dialyzed against unbuffered saline.

i, Lipoprotein-~deficient Serum

Fresh rabbit serum was adjusted to a density of 1.25 g/ml
with KBr and centrifuged at 40,000 rpm for 4O hours in a L2.1 rotor
or at 55,000 rpm for 24 hours in a 60 Ti rotor, and the lipoprotein
fraction was removed. Several lots of serum had lipoproteins of
increasing density removed sequentially, and other lots had all the
lipoproteins removed in a single step as described above. After
exhaustive dialysis against isotonic salime, two 3-ml aliquots of
serum were removed for analysis and the remaining serum was frozen
until a pool of approximately two liters had been collected, The
pooled serum was thawed, thoroughly mixed, and refrozen in 100-ml
aliquots until needed for cell experiments. This method provided a
pool of lipoprotein-deficient serum from approximately 20 to 25
rabbits,

The aliquots for analysis were mixed with b ml of @ = 1,006
saline; and the final density was adjusted to 1,003 g/ml or 1.21 g/ml
with KBr. The samples were centrifuged for 20 hours and 40 hours,
respectively, at 45,000 rpm in a 50 Ti rotor. The top 1 nl was
removed from each tube and dialyzed overnight against saline. The
protein value was determined by the method of Lowry and an aliquot
was subjected to eleétrophoresis in a 7.5% sodium dodecyl sulfate
(sDs) (Schwarz Mann) gel containing polyacrylamide as described in

1l
section III.C.l.(EOL)

The d < 1.063 sample contained no detectable
protein, and there were no Coomassie-blue~stained bands on the gels,

The d < 1,21 sample contained apoprotein A and C bands, earmarks of
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HDI,. The lipoprotein-deficient serum was free of LDL apoprotein and
contained only L2 ué of HDL protein per ml (whole serum contains 800
to 1000 ug of HDL protein/ml). Thus, only It to 5% of the original
HDL and no detectable LDL remained in the lipoprotein-deficient serum.

5. Isotopic Labelling of Low Density Lipoprotein

a, Todination Method

Isotated control or hyperlipemic LDL was labelled with
o
carrier-free Na-lm)I obtained from Amersham/Searle (pH 10.0) by the
jodine monechleride method of MeFarlane(226) as modified by Fidge

(112) .. . .
The ILDI to be iodinated was dialyzed against 0.02. M

and Poulis.
glyciﬁe buffer (pH 9.0) for 30 minutes and then placed in tube A.
Tube B contained 0.2 ml of 0.02Mglycine buffer (pH 10.5) and 0.5 mCi
of Na«lgSI/mg of IDL protein. Eight microliters of 3.3 mM ICl (pre-
pared by the method of McFarlane) per milligram of LDL protein were
added to tube B and the entire contents were immediately mixed with

(227)

the IDL in tube A, The reaction was allowed to continue for

two minutes, and then the pH was lowered to 7.1 with 0.1 M Tris. The

125I~LDL preparation

unbound iodide was removed by passage of the
through a 9 x 100 mm Sephadex G-50 fine column (Pharmacia). The
iodinated preparation was washed through the column with 10 ml of
buffer containing 0,05 M Tris and 0.001 M EDTA (pH 7.4). The void
volume of the column was 2.0 ml. The iodinated protein was collected
in the 1.5-ml fraction immediately after the void volume. The next
0.5-ml fraction was relatively<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>