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HE subjects of this review are the plasma lipo-

proteins, their structure and functions and the
ways in which they are disordered in certain dis-
eases. The intent is not to discuss lipoproteins for
their own sake, however, but to exploit their poten-
tial for illuminating the common and often frustrat-
ing clinical problem of hyperlipidemia. The finding
of an abnormal concentration in plasma of choles-
terol, glycerides or a given class of the lipoproteins
often raises questions of cause and relief that have
no certain answer. These will not necessarily be
forthcoming in this report. What will be attempted
is the reduction of current information about fat
transport and metabolism to the minimum terms
needed by a physician to obtain a rational approach
to the patient with hyperlipidemia and to keep
abreast of new developments in this rapidly ex-
panding field.
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The integration of information and concepts about
normal mechanisms and clinical disorders will pro-
ceed from more theoretical to more practical
grounds. The first part of the review will outline the
normal tasks of fat transport and describe how the
several plasma lipids and certain proteins interact in
their performances. The proteins that have evolved
mainly to participate in transport of esterified lipids
and the lipoproteins that they form will be closely
examined. This will include analysis of several in-
heritable diseases in which one of these proteins is
deficient to gain perspective on the functions that
they apparently serve.

A detailed discussion of hyperlipidemia will follow.
This will be based on an approach developed pri-
marily for the study of genetically determined ab-
normalities, but acquired or nonfamilial disorders,
including changes in lipid concentrations secondary
to other known disease, will be dealt with as well.
All these disorders are translated into hyperlipopro-
teinemia on the premise — for which supporting
evidence will be presented — that lipoprotein pat-
terns offer necessary information not provided by
analyses of plasma lipids alone. Some simple new
nomenclature is offered since the older terminology
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obscures the heterogeneity that has recently been
discovered. Attention will also be paid to practical
steps to diagnosis and conservative therapy suitable
for the great majority of patients with hyperlipopro-
teinemia.

It will be necessary to cover the enormous litera-
ture in the area of this report in a selective rather
than a comprehensive fashion. Whenever possible
general references will be introduced with major
topics and the number of specific citations held to a
minimum.

THE NORMAL FAT-TRANSPORT TASKS!*

It seems wisest to begin by considering the kinds
and amounts of lipids that move through the extra-
cellular waterways. Most of the lipid in plasma at
any one time is usually not in rapid transit from one
tissue to another. Cholesterol and phospholipids,
which represent about two thirds of the plasma
lipid, have a much slower turhover than fatty acids.
In quantitative terms the major fat-transport tasks
are movement of free fatty acids and fatty acid es-
ters of glycerol (glycerides). The lipoprotein con-
centrations in plasma are directly and indirectly
influenced by this traffic, which in turn depends on
many factors, an important one of which is the state
of carbohydrate metabolism.

FREE FATTY ACIDS

By far the greatest amount of fat transported
through the plasma compartment is in the form of
free fatty acids. This is despite their relatively in-
significant contribution to the total plasma lipid
concentration. In the fasting subject, there are from
0.3 to 0.7 mEq. per liter of plasma, about 8 to 20
mg. of the total lipid concentration of 400 to 800
mg. per 100 ml. The content of individual free fatty
acids is similar but not identical to that of adipose-
tissue triglycerides, from which they mainly origi-
nate. These fatty acids do not actually circulate in
the “free” state but bound to albumin. The free-
fatty-acid-albumin complex is formed immediately
when fatty acids are released into the bloodstream
and the complex releases its fatty acid at sites of
utilization, which include liver, muscle, heart and
many other tissues. This process is under sensitive
metabolic control that is rapidly adjusted to meet
the body’s ever-changing need for metabolic fuel.
Release of free fatty acids depends acutely on the
availability of insulin, but is further adjusted by the
sympathetic nervous system and by circulating cate-
cholamines; adrenocortical hormones, thyroid hor-
mone, glucagon and several anterior pituitary hor-
mones also have permissive or secondary roles in
mobilization of free fatty acids.

In the postabsorptive state from 50 to 90 per cent
of the body’s total energy needs are met by free
fatty acids delivered from the adipose tissue. More
than 25 gm. per hour may be transported thr(?ug.h
plasma during the day although much of this is
re-esterified rather than oxidized immediately. The

major direct contribution of the free fatty acids to
plasma lipid concentrations is their conversion in
the liver to glycerides. When flux of free fatty acids
to the liver.is unusually high, in considerable ex-
cess of the ability of that organ to burn them, the
outpouring of such glyceride can be great, leading
to a form of “endogenous hyperlipemia.” Although
the importance of free fatty acid transport cannot be
overemphasized it would be tangential to our pur-
poses to attempt to cover many details available in a
number of reviews.!'1 Free fatty acids will be men-
tioned further only when directly pertinent to lipo-
protein metabolism and disorders thereof.

Glyceride Transport

Exogenous. From the first days of life a second
major task must be performed, the disposal
of glycerides that are ingested in the amount of 1 to
2 gm. per kilogram of body weight daily. These are
hydrolyzed in the intestinal lumen and taken up
along with smaller amounts of other lipids and
lipid-soluble substances. In the mucosal cells glyc-
erides are reformed and collected into particles.
(The term particle is conventionally applied to cir-
culating lipid-protein complexes large enough to be
seen in the light microscope — that is, about 0.1 p
or larger’) The chylomicrons or “exogenous parti-
cles” formed in the intestinal cells during fat ab-
sorption are released into intestinal lymphatics and
enter the bloodstream through the thoracic duct.
Either at the capillary surface or immediately on
entering cells in adipose tissue, liver, heart and
other organs, the chylomicron glycerides are hydro-
lyzed, and the constituent fatty acids reformed into
other esters within the cell.

Endogenous. The plasma of normal fasting sub-
jects contains glyceride in concentrations of 10 to
190 mg. per 100 ml. This glyceride, which appears
for the most part to be synthesized in the liver, is in
the form of very-low-density lipoproteins that will
be called pre-8 in this review. If the concentration
of such glyceride is abnormally increased the pre-8
lipoproteins become larger or particulate in size.
Such “endogenous particles” differ from chylomi-
crons not only in their origin but also in their phys-
ical properties and thejr content of cholesterol,
phospholipid and glyceride s

The turnover of glycerides in pre-8 lipoproteins
seems to be. slower than that in chylomicrons. This
is more probably due to their smaller average size®
than to any chemical differences, since it has been
suggested that the clearing rate of particles is pro-
portional to size® At ordinary plasma concentrations
the rate of removal has been calculated to be about 2
gm. per hou.r.9 This estimate is subject to a number
of qn.xahﬁcatlons and possibly much variation, but its
relatively low order of magnitude implies that fac-
tors that accelerate synthesis and secretion of these

lipo;.)rotef'ns may rapidly produce endogenous hy-
perlipemia,



MINOR TRANSPORT TASKS
Cholesterol Transporti-14

In contrast to the large amounts of free fatty acids
and glyceride that must be transported through the
plasma compartment each day, the net movement of
cholesterol between tissues appears to be small
indeed. From 100 to 500 mg. of cholesterol per day
is usually absorbed from the diet, to which is added
roughly another gram of sterol resorbed from the
intestinal lumen upon its secretion from bile or
intestinal mucosa. Most tissues are capable of cho-
lesterol synthesis, and none has been known to
require that cholesterol be transported to it via the
plasma to meet its demands, although this may be
occurring, for example, in organs using cholesterol
as a precursor for hormone synthesis.

An unknown amount of cholesterol must be re-
transported to the liver to take advantage of this
organ’s unique capability to degrade sterol to bile
acids, which may then be excreted. The circulating
red blood cells, for example, represent a total pool
of about 4 gm. of cholesterol. With the replacement
of 1 per cent of this mass per day about 40 mg. of
cholesterol must be transferred from sites where red
cells are broken down to where they are made, or
the cholesterol must be catabolized. The total of all
such anabolic and catabolic processes is a daily
body turnover of cholesterol approximating 1 gm.10:11

Cholesterol coming in from the intestine does so
in association with chylomicrons, and much of this
seems to disembark in the liver. From this point the
exogenous cholesterol, like that which is made en-
dogenously, is usually carried from tissue to tissue
in the form of a and g lipoproteins. There is rapid
exchange of free cholesterol between the various
transport forms and many tissues, most swiftly be-
tween plasma, liver and red blood cells: the re-
sultant randomization of molecules makes any cal-
culation of net transport from tracer studies most
difficult. For present purposes, the important con-
clusion to be drawn is that most of the cholesterol
in plasma is not earmarked as cargo but is there for
another purpose, as a structural component of lipo-
proteins, vehicles for transport of other lipid.

Phospholipid Transport

The phospholipids, which in plasma are mostly
phosphatidyl choline and sphingomyelin,’s exceed
all other lipid classes in their contribution to the
total mass of lipids. If these molecules have a role
in carrying specific fatty acids between tissues it has
thus far been a silent one. The total plasma phos-
pholipid pool is estimated to turn over about every
three days in man.'¢ It is possible to reach erro-
neous conclusions about the turnover of phospho-
lipids if they are considered as a single pool, for
many molecular species, differing in fatty acid con-
tent, are represented. One cannot escape the intui-
tive conclusion, however, that the phospholipids,
always predictable in their composition and varying

only sluggishly in concentration, are mainly in
plasma to function as “biologic detergents.” Their
high surface activity promotes stability at the oil-
water interfaces represented by the lipoproteins and
their interactions with plasma.

Carotenoids and Fat-Soluble Vitamins'2!

The diet contains several milligrams of various
carotenoids per day. These pigments are of impor-
tance to man because some of them are convertible
in the intestine into vitamin A. This essential fat-
soluble vitamin is present in the diet in only micro-
gram quantities. During digestion, vitamin A alcohol
(retinol) and ester, formed in the gut from B caro-
tene, are transported along with unchanged carotene
into the bloodstream in association with lymph chy-
lomicrons. In the postabsorptive state the carotenes
are found mainly in the B8 lipoproteins whereas vi-
tamin A (retinol) is associated with still unidentified
proteins of density greater than the lipoproteins
(more than 1.21).

Vitamin E is also transported from the intestine
in the chylomicron lipids, and carried in the blood
predominantly with the B8 lipoproteins. Little is
known about the transport of vitamins D and K, but
these too are probably adsorbed to the chylomicrons
and carried on the 8 lipoproteins in the postprandial
state.

To summarize the known demands for lipid
transport in man and quite likely many other spe-
cies, the movement of fatty acids for maintenance of
“caloric homeostasis” far overshadows all other re-
quirements. Food intake gives rise to several tidal
waves of exogenous glyceride. As the last of these
ebbs, and the delivery of dietary glucose declines as
well, an increase in movement of free fatty acids
out from the adipose tissues occurs. Some of these
fatty acids and carbohydrates are converted to endo-
genous glycerides. The ones that the liver cannot
store are sent back to the adipose tissue. The inter-
actions of these several transport circuits and their
responses to changing demands will crop up fre-
quently as this discussion proceeds, for they are the
basis for several forms of hyperlipoproteinemia.

In considering the manner in which lipids com-
bine with proteins to serve the major transport
tasks, we shall, again, only mention the important
transport pathway for free fatty acids. Albumin is
uniquely involved, and the protein-lipid complex
formed is neither considered a lipoprotein nor
measured in the usual quantification of lipids or
lipoproteins. When albumin is deficient or free fatty
acid concentrations are unusually high free fatty
acids may travel with lipoproteins and affect the
lipoprotein patterns, but these are special cases
rarely encountered. The lipoproteins, on the other
hand, are the keys to a more rational approach to
hyperlipidemia, and the proteins involved and their
various combinations with lipids will now be exam-
ined in some detail.



THE PLASMA LIPOPROTEINS!:5-22 24

None of the plasma lipids are sufficiently polar to
circulate free in solution. They depend upon inter-
actions with protein, and the resulting “macromole-
cules” or “micromicelles” are referred to by the
generic term of lipoproteins. There is a tendency to
restrict the term “lipoprotein” to the soluble com-
plexes and to use the name “particle” for those that
scatter light and approach a 2-phase distribution of
lipid and plasma as they get large. For purposes of
simplification the concept will be adopted here that
there are 2 basic kinds of lipoproteins, the a and
the B, and that these act to solubilize varying
amounts of glyceride. Followed to its logical con-
clusion, this means that particles therefore contain
lipoproteins. The advantages of this point of view,
which has not been strictly proved to be true, will
emerge presently.

There is much uncertainty about the structural
relations of the lipid to the proteins in these macro-
molecules. It remains to be proved for any of the
lipoprotein forms whether the protein serves as a
film over the surface of all the lipid, exists as a cen-
tral core or is sandwiched between alternate lipid
moieties. The nature of the bonds between lipid
and protein in the lipoproteins is also speculative.
Few are covalent.?s They are strong enough to resist
dissociation during the physical processes used to
isolate the lipoproteins; yet they allow for the ex-
change of lipid between plasma lipoproteins them-
selves and between tissue and plasma lipoproteins.

Isolation!-#-%

There are many methods for isolating and charac-
terizing lipoproteins. These take advantage of the
fact that the lipoproteins behave as euglobulins but
have physical properties that are determined by their
content of both protein and lipids and permit sepa-
ration by methods as diverse as salting out, ethanol-
salt fractionation,? precipitation by antibodies and
nonspecific polyanions,? electrophoresis,®*32 ultra-
centrifugation3?3 and chromatography .33

Lipoproteins isolated by other technics are in-
variably equated with lipoproteins prepared by the
2 most widely used methods, ultracentrifugation and
electrophoresis, which have the greatest range and
adaptability. The analytical ultracentrifuge, which
can quantitatively determine an almost limitless
number of subgroups (S, classes) of lipoproteins
varying by small increments of differences in their
densities, has capabilities beyond the current re-
quirements of many experimental or clinical studies.®

The groups of lipoproteins important in clinical
work are 4: high-density or a lipoproteins; low-density
or B lipoproteins; very-low-density or pre-g- (also
called a,-) lipoproteins; and chylomicrons. Although
everyone agrees with this subdivision as far as it
goes there is not complete accord over how these
groups of lipoproteins are related to each other or
whether they contain subgroups that also have in-
dependent metabolic behavior.

This uncertainty is moving toward resolution
through wider employment of immunochemical
standards for comparing the content and measuring
the purity of lipoproteins isolated by different pro-
cedures. The lipoproteins are good antigens. Their
specificity devolves from the protein moiety, the
lipids contributing in only a minor way as haptenes.
The search for immunochemical determinants has
exposed the presence of several different proteins
and greatly enhanced the understanding of lipopro-
teins in general.

The Lipoprotein Apoproteins

Two different proteins are consistently isolated
from plasma lipoproteins. A third has been found in
1 group of lipoproteins. These proteins, which some
favor calling apoproteins in the lipid-free state, are
generally designated as A (or «), B (or 8) and C pro-
teins. They differ in their terminal residues, total
amino acid content and immunochemical behavior.
The presence of 1 or both of the A and B proteins,
combined with lipid, accounts for the known func-
tions and chemical properties of all the plasma lipo-
proteins with one exception. This is the frequent
demonstration of amincterminal serine and threo-
nine in proteins obtained from very-low-density lipo-
proteins, attributed by some to the C protein.

Normally, the A protein is the only protein found
in the a,-migrating (high-density) lipoproteins and
the B protein in the B-migrating (low-density) lipo-
proteins. In some diseases the normal distribution
of either protein is distorted. For example, A pro-
tein appears in the low-density lipoproteins in ob-
structive liver disease and in the rare disease, abeta-
lipoproteinemia. At times the B protein appears in
the high-density lipoproteins; most commonly this
implies that the manipulations involved in lipopro-
tein isolation have been too severe. Both proteins
can be isolated in the very-low-density lipoproteins
and chylomicrons.

The appearance of A and B proteins individually
in the 2 soluble lipoproteins and together in the
larger glyceride-rich particles is the basis for the ma-
jor simplification of lipoprotein metabolism adopted
for this review (Fig. 1). This concept* is simplis-
tic and vulnerable to a number of possible contra-
dictions as knowledge of lipoproteins unfolds. In
brief, it assumes that A and B proteins are the pri-
mary components of the lipoproteins. In plasma they
usually occur with predictable complements of lipid
that feature differing proportions of cholesterol and
phospholipids. When glycerides appear in quantity
these 2 lipoproteins become involved with its trans-
port. Glyceride (Fig. 1) thus becomes the third and
most dynamic factor in determining the nature of
the lipoprotein distribution in plasma.

ALPHA LIPOPROTEIN

A crude a lipoprotein was isolated from horse
serum in 1929 by Macheboeuf* who used salt pre-
cipitation in a way somewhat similar to the later
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FIGURE 1. Symbols for the 3 Most [mportant Factors in the
Simplest Concept of Fat Transport by Lipoproteins — a = Al
pha Lipoprotein, B = Beta Lipoprotein; TG = Triglyceride; the
Phospholipid (P), Cholesterol (C) and Protein (Stippled for A
Apoprotein and Solid for B Apoprotein) — Alluited Areas in the Sym-
bols Comparable to Their Contribntion by Weight to the Lipoproteins.
In all subsequent figures the protein moiety only will be shown in
the circular lipoprotein symbols.

Cohn fractionation method.” The Cohn fraction V-1
contains lipoproteins that have «, mobility on either
free, starch or paper electrophoresis and correspond
to the *high-density” lipoproteins isolated in the
ultracentrifuge between the densities of 1.063 and
1.21. Alpha lipoproteins are normally not precipi-
tated by polyanions like heparin that aggregate all
the low-density lipoproteins and are thus the only
lipoproteins remaining in the supernatant after such
treatment of plasma. They have the highest content
of phospholipids and protein of all the lipoproteins.
They are relatively stable and can be delipidated
with solvents to yield a water-soluble A protein
containing only a little phospholipid. The physical
and chemical properties of the a lipoproteins are
better known than are those of the lower-density
lipoproteins. The metabolism of the latter has been
far better studied, however, owing in part to the
interest generated by their frequent indictment for
complicity in causing atherosclerosis.

Inferences from what little is known of the com-
parative bjochemistry of lipoproteins suggests that
on the evolutionary scale the a lipoproteins may be
the older of the 2 major soluble lipoproteins. In
many mammals (when not hibernating) the bulk of
the lipid content in the postabsorptive plasma is
present in a lipoproteins.® In man and other pri-
mates the total weight and lipid content of the B
lipoproteins is greater. Nevertheless, in human

plasma there is still much more A protein than B
(approximately 140 mg. of the former as compared
to 80 mg. of the latter per 100 ml.).

Neither Cohn fractionation, electrophoresis nor
polyanion precipitation alone provides « lipopro-
teins uncontaminated by other serum proteins. Pre-
parative ultracentrifugation must be employed when
it is desired to isolate a large quantity of material as
nearly pure as possible. In our experience, the
highest yields are obtained by ultracentrifugation of
plasmia that hds been brought to a density of 1.21 by
the addition of salt. The supernatant is washed free
of nonlipoprotein material by ultracentrifugation
repeated once or, at most, twice. All the low-density
lipoproteins are then precipitated with heparin and
manganese.®2 Alpha lipoproteins isolated in this way
ideally should contain only A protein. As deter-
mined immunochemically, however, traces of B pro-
tein are not uncommonly present.

The A Protein?>?

Pure a lipoproteins can be extracted to obtain the
A protein. Several stages of delipidation are possible.
Exposure of the lipoproteins to cold ether alone
extracts only some of the cholesterol and fails to
remove any of the phospholipids. Pretreatment of
the lipoproteins with trypsin, chymotrypsin, or
phospholipases increases the amount of lipids ex-
tracted by ether. Delipidation of lyophilized « lipo-
proteins in the presence of starch granules® re-
moves all the neutral lipids and leaves a phos-
pholipid protein that is quite stable and may rep-
resent an important structural unit or stage in
lipoprotein formation. The best method to date for
obtaining A protein that is water soluble is pro-
longed treatment of « lipoproteins with ethanol and
ether in the cold. The product still contains a small
amount of tightly bound phospholipids.

The essentially lipid-free A protein obtained by
ethanol-ether extraction still contains over 3 per
cent carbohydrate by weight.##45 The B protein iso-
lated from B lipoproteins similarly contains carbo-
hydrates.® The total amount of carbohydrates
present in the lipoproteins before delipidation, their
exact chemical form and whatever function they are
serving remain to be determined.

The A protein obtained in this fashion seems to
be a polymer or aggregate whose components read-
ily separate and recombine in response to changes
in pH, ionic strength and the presence or absence
of urea or detergents like sodium dodecyl sul-
fate 24145 The protein may consist of identical sub-
units whose molecular weight has been estimated to
be between 23,000 and 36,000.4% Upon exposure of
the A protein to depolymerizing agents, the polymer
of S,,,4.5 yields several units of S, 2.3. These units
reaggregate rapidly in solution. It is believed that
the A protein in native a lipoprotein represents a
polymer of 2 to 6 units.

These subunits contain aminoterminal aspartic



acid and carboxyterminal threonine. In the amino
acid analyzer their composition is indistinguishable.
They have large amounts of glutamic acid and leu-
cine and small amounts (1 or 2 moles per mole of
protein) of isoleucine, methionine and cystine.##

Upon electrophoresis in either agar or agarose the
A protein migrates more slowly than the native a
lipoprotein. On starch or Pevikon this difference is
reversed. The A protein appears to have a high
degree of helical structural organization whether
lipid is present or not, suggesting that the tertiary
structure of the protein is independent of its inter-
actions with lipid .

The A protein reacts with antiserums against a
lipoproteins. When 1-labeled A protein is intro-
duced into plasma, it disappears at the same rate as
« lipoprotein.?’52 The A protein has great avidity for
lipid. Whenever it is exposed to lipid suspensions
in vitro or to other lipoproteins nearly all of it is
recovered with the lipid or lipoproteins.

Alpha Lipoproteinss?ss

There has not yet been convincing proof that A pro-
tein is present in plasma except as « lipoprotein.
When plasma is ultracentrifuged at density 1.21 the
lipoprotein-poor infranate usually yields a small
amount of immunoprecipitate with anti-a-lipoprotein
serum. There is no certainty that this represents «
lipoprotein or A protein that was present in the
native state because the process of ultracentrifuga-
tion delipidates some a lipoproteins and the prod-
ucts of this transformation also sediment at density
1.21.5 Recently, an “apoprotein” capable of recom-
bining with lipid has been described in similar
preparations (density greater than 1.21 infranatant
fractions) from rat plasma.’¢ This protein has not yet
been shown to be A (or B) protein.

The lipid and protein sedimenting at density
greater than 1.21, sometimes .collectively called
“very-high-density lipoproteins,” still remain uncer-
tainly related to the rest of the plasma lipoproteins.
This fraction accounts for about 8 per cent of the
plasma phospholipids and includes trace amounts of
neutral lipid. Most of the phospholipids are lysolec-
ithins. It has been proposed these may be the
product of a plasma enzyme transferring a fatty acid
molecule from lecithin to esterify cholesterol.* The
lysolecithin may be complexed with albumin,® but
further experimental confirmation is needed.

Normally most of the o lipoproteins can be iso-
lated from plasma between the densities of 1.063
and 1.21. This is a rather broad density band, which
can be further subdivided in the ultracentrifuge.’
The heavier a-lipoprotein fractions contain relative-
ly more A protein and phospholipid and less cho-
lesterol than the lighter ones. The “average” a lipo-
proteins are composed (in dry weight) of 45 to 55
per cent protein, about 30 per cent phospholipid
and about 18 per cent cholesterol. Five sixths of the
latter is esterified. Small amounts of glyceride are
also found in most preparations. The hydrated lipo-

proteins contain about 15 per cent water, Estimates
of molecular weight vary from 165,000 to 400,
000.2#  As determined by light-scattering and
viscometry the lipoprotein seems to be a prolate
ellipsoid about 300 X 50 A s

Compared to the B lipoproteins, the « lipoproteins
contain relatively more esterified cholesterol and
phospholipids. The fatty acid patterns of the differ-
ent lipid moieties are similar in the 2 lipoproteins.?
The ratio (by weight) of sphingomyelin to lecithin
in a lipoproteins is about 0.2.63

Immunochemistry®

The immunochemistry of the plasma lipoproteins
is summarized in Figure 2. The « lipoproteins and
their A protein are less antigenic than the larger
and more lipid-rich 8 lipoproteins. When the latter
are present even in trace amounts they stimulate
the production of a potent anti-g-lipoprotein serum.
This is a persistent problem in preparation of anti-
serums to « lipoproteins. As previously indicated,
antiserum prepared to either the A protein or the a
lipoprotein usually crossreact. Only 1 immunologic
form of a lipoprotein is usually detectable in fresh
plasma. At least 1 other antigenic form becomes
readily detectable after ultracentrifugation, freeze
thawing or brief storage at room temperature. These
2 « lipoprotein antigens are only partially crossreac-
tive with most antiserums. We have designated the
native a lipoprotein as “aLP,.” This is represented
by the forward migrating a-precipitation line in
Figure 2. The slower migrating antigen (aLP,) is
partially delipidated a lipoprotein believed to con-
tain a smaller polymer of the basic subunit of A
protein. Only aLP, is present in the high-density
lipoproteins isolated between density 1.063 and 1.12
(called the HDL, subclass when it is quantified in
the analytical ultracentrifuge).®® Both aLP, and
aLP, are present in the subclass separated in the
ultracentrifuge between densities 1.12 and 1.21
{called HDL, in the analytical ultracentrifuge).
Since alP, is formed during ultracentrifugation it
has been suggested that the relative concentrations
of HDL, and HDL, may represent the degree to
which native « lipoproteins are dissociated in the
ultracentrifuge.® The plasma concentrations of these
2 “forms” of « lipoproteins vary greatly with cer-
tain metabolic disorders as they are measured in the
analytical ultracentrifuge.$* It is possible that this is
a function not only of the degree of dissociability of
the lipoproteins but also of other factors still unap-
preciated that may control the amount of lipid asso-
ciated with the A protein or its state of polymeriza-
tion. Other small peaks have been seen in the
analytical ultracentrifuge besides the HDL, and
HDL, fractions.®® The possibility that these are
technical artifacts has been raised.ss

BETA LIPOPROTEINS
The Lipoprotein

The B lipoproteins represent a second homogene-
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FIGURE 2. Schematic Representation of the Major Portions of the Lipoprotein Spectrum as Defined by Paper Electrophoresss, the
Ultracentrifuge and by Immunoelectrophovesis Using Antiserums Reacting with Both a and B Lipoproteins.

The protein content is also depicted as in Figure .

ous component of the plasma lipoproteins. In the
newborn infant practically all the plasma lipid not
present in « lipoproteins is found in B8 lipopro-
teins.8” This perhaps “ideal” condition also holds in
most healthy, actively growing young human beings
in the postabsorptive state. As the members of most
populations grow older, however, there is a pro-
gressive departure from this simple picture of
plasma lipoproteins.

Beta lipoproteins migrate with sharp boundaries
in the 8 zone on most types of electrophoresis and
can be isolated in bulk in the Cohn fraction III-0.
In the ultracentrifuge B lipoproteins are isolated
between the densities 1.006 and 1.063 and have a
mean density of about 1.03.% Like the o« lipopro-
teins, 8 lipoproteins are found at densities less than
1.006 when plasma glyceride concentrations rise. In
these cases they do not usually have their 8 mobil-
ity but are part of the pre-8 lipoproteins and chylo-
microns. In the analytical ultracentrifuge, accord-
ing to the technic of Gofman et al.;36¢ the pure 8
lipoproteins normally are in the S, subclass of 0-20;
they have a mean S, of 6 and are mostly in the sub-
class S, 0-12. (S, refers to Svedberg units of flotation

expressed in 10713 em. per second per dyne per
gram).

In man B lipoproteins are the major cholesterol-
bearing lipoproteins. In the dry state a “‘typical” B8
lipoprotein consists (by weight) of 20 to 25 per cent
protein, 8 per cent free and 35 per cent esterified
cholesterol, 22 per cent phospholipid and 10 per
cent triglyceride.® In its native state it is extensive-
ly hydrated. The fatty acid components of its con-
stituent lipids are similar to those found in the total
plasma lipids and in a lipoproteins.?® There is rela-
tively more sphingomyelin in the B8 lipoproteins
than in «, ratio of the sphingomyelin to lecithin
being about 0.4.63

The molecular weight of representative 8 lipopro-
teins has been estimated at anywhere from 1.3 to
3.2 X 108818 Light-scattering studies indicate that
the usual complex is dyssymetric and a prolate
ellipsoid of about 150 x 350 A 6!

Mild treatment with cold ether or n-heptane read-
ily removes much of the cholesterol and glycerides
from the B lipoproteins.222743 Attempts to remove
the neutral lipids more completely or to strip away
phospholipids usually yield a gel-like product that



is irreversibly aggregated. Both the state of hydra-
tion and the presence of lipid appear to be very
important in maintaining the integrity of B8 lipopro-
teins. Recently, delipidation in the presence of de-
polymerizing agents like urea and sodium dodecyl
sulfate has shown promise of yielding a lipid-free
and soluble protein from B lipoprotein.™

The B Protein71-7

The difficulties encountered in obtaining lipid-
free B protein leave it less well characterized than
the A protein. The low-density lipoproteins in egg
yolk (lipovitellin) have been suggested as a model
for B lipoprotein.”” When these are delipidated step-
wise formation of smaller protein components, each
approximately half the size of its immediate precur-
sor, occurs. The total number of polypeptide chains
is partially dependent on the total lipid content of
the complex. Analogous but less complete experi-
ments with human B8 lipoproteins suggest that the B
protein in the native lipoprotein consists of several
identical or at least similar peptide chains. Two
identical protein units of molecular weight 380,000
have been reported in lipoproteins having an S, 7.9
flotation value. Other predictions of protein molecu-
lar weight have been as low as 250,000. Recent
work suggests a protein on the order of 100,000
molecular weight as a possible repeating subunit.7
The B protein contains aminoterminal glutamic acid,
carboxyterminal serine and a total amino acid pat-
tern that differs from the A protein particularly in
the relative contents of isoleucine, leucine, glutamic
acid and alanine.27:50.74

immunochemistry™ ™

Immunochemical studies of B lipoproteins are
subject to difficulties not encountered with a owing
to interactions with media commonly used for pre-
cipitation reactions. Precipitation lines may appear
that do not reflect true immunoprecipitation. Puri-
fied agar and especially sulfate-free agar (agarose)
have made it easier to work with 8 lipoproteins. In
agarose they migrate in the B region and, although
they still do not diffuse freely, usually give a sharp
immunoprecipitation line with anti-g-lipoprotein
serums (Fig. 2).

Most antiserums reacting with 8 lipoproteins also
react with the soluble phospholipid-protein complex
obtained by mild ether delipidation. Some anti-
bodies fail to react with the products of more vigor-
ous lipid extraction, suggesting that the neutral lip-
ids of the lipoproteins are important as haptenes. It
has not yet been shown that an anti-8-lipoprotein
serum will react with a completely lipid-free B pro-
tein. This has made it impossible to learn whether
B protein circulates in plasma or exists in tissues
without appreciable amounts of associated lipid.

Thus far it appears that all 8 lipoproteins obtained
from a given subject are antigenically homogeneous,
but it is likely that as methods are improved anti-
genic forms of @ lipoprotein sharing only partial

identity will be detected in the same individual as
is the case with a lipoproteins. Several variations
(polymorphism) in plasma 8 lipoproteins have al-
ready been reported in man. These fall into 3 cate-
gories. In the first place. minor antigenic differences
occur between the B lipoproteins in different sub-
jects; these appear to be genetically determined.®*#*
They are usually demonstrable by immunochemical
technics using antiserums obtained from patients
who have had multiple blood transfusions. Second-
ly, there are cases in which 8 lipoproteins differ
from the normal in their electrophoretic and ultra-
centrifugal behavior. A peculiar “broad” 8 lipopro-
tein found in Type 111 hyperlipoproteinemia will later
be described in detail. There is also a recently de-
scribed “double B-lipoprotein” anomaly first detected
by starch-gel electrophoresis and restricted thus
far to 1 family#s Here there appears to be an altera-
tion in the physical state, perhaps in degree of poly-
merization, of some of the B lipoproteins, giving
them greater density and a higher molecular weight
than the normal. This intriguing abnormality may
provide a means for learning more about what con-
trols the normal structure of the lipoprotein. Finally,
the B lipoproteins also contain enzyme activity,
especially esterases® It is not yet known whether
this is located in the B protein or represents other
proteins adsorbed to the 8 lipoprotein molecules.

STRUCTURE AND INTRACELLULAR METABOLISM
OF THE LIPOPROTEINS

No further attempt will be made here to review
the fine structure of lipoproteins. The subject must
lean heavily upon analogies drawn from colloidal
and surface chemistry or study of bimolecular leaf-
lets such as myelin, and little progress beyond the
theoretical has been made. Since the plasma lipo-
proteins provide uniquely accessible models for
approaching the structural features of other lipid-
protein complexes in cells, knowledge in this area
may be expected to increase rapidly.

When certain difficulties encountered in the study
of tissue lipoproteins are overcome it will also be
possible to learn more about how and where the
plasma lipoproteins are synthesized and broken
down. It is not easy to apply to tissues the technics
presently used with plasma lipoproteins. Frequent
contamination of tissues with plasma, lability of the
relatively weak lipid-protein bonds and frequent
exchange or adherence of labeled precursors to lipo-
proteins all complicate experiments dealing with
cellular lipoproteins.

There is fairly good evidence that the liver is
capable of synthesizing lipoproteins identical to
those found in plasma. Incorporation of ' C labeled
amino acids, and apparently net synthesis of 8 lipo-
proteins (density less than 1.063), occurs in rat-liver
slices and perfused rat livers®# The ability of the
rat liver to make lipoproteins that correspond in
peptide pattern to plasma a lipoproteins has been



similarly demonstrated,* and synthesis of lipopro-
teins has been reported in rat-liver microsomes. !

Less conclusive experiments suggest that intesti-
nal-mucosa cells can incorporate labeled amino
acids into both a and B8 lipoproteins.#?>* This is in
keeping with a recent report that the hepatecto-
mized dog can still synthesize plasma lipoprotein
but there yet is no basis for assessing the contribu-
tion of the intestine to the plasma lipoprotein pools.

Inhibitors of protein synthesis such as puromycin
cause accumulation of lipid in both the intestinal
and liver cells and therefore presumably inhibit
either the synthesis or the release of plasma lipo-
proteins.#7 In the liver the same effect has been
shown for hepatotoxins such as carbon tetrachloride.
Orotic acid not only produces a fatty liver but elim-
inates nearly all the plasma B lipoprotein in rats, a
nearly specific effect that is quickly reversed by
adenine. 9849

Turnover of plasma a lipoproteins has been stud-
ied by labeling of the protein with #1. The biologic
half-life of the protein, either in lipoprotein or as
apoprotein is about four days.?5210 A similar half-
life has been obtained with 8 lipoprotein tagged
with either ! or 38,1001t The plasma lipoprotein
proteins thus turn over faster than most other major
plasma proteins with the exception of fibrinogen.!

Recapitulation

Those who feel no great concern with the minu-
tiae concerning the plasma lipoproteins may find it
easiest to consider the essential elements as being
3, all represented symbolically in Figure 1. Two of
these are lipoproteins. Each consists of a different
protein, the A (or ) and the B (or 8), that has un-
usual affinity for lipids and prefers to circulate in
extracellular fluid accompanied by a complement of
cholesterol and phospholipid. The lipoproteins that
result have densities and electrostatic charges that
differ sufficiently to permit their operational defini-
tion by several technics. By the most commonly
employed methods, electrophoresis and the ultra-
centrifuge, they are identified as a, or high-density,
lipoproteins and B, or low-density, lipoproteins.

The a and 8 lipoproteins normally account for
about 90 per cent of the cholesterol and phospho-
lipid in plasma. The concentrations of those lipids
undergo very little tidal change in comparison to
that of the other major group of neutral lipids found
in plasma, the glycerides. Glycerides are the third
element in any discussion of lipoproteins and fat
transport (Fig. 1). They are the dynamic factor to
which the a and B lipoproteins seem related as
vehicles are to cargo. When appreciable glyceride is
present in plasma it associates with both « and B
lipoproteins in such a way as to decrease their den-
sity and alter the net effect of the charges on the
lipoproteins. The resultant combinations differ, de-
pending on whether the glycerides are coming in
from the diet or are made in the body. This distine-
tion is of great importance when one is in dealing

with hyperlipoproteinemia and merits detailed con-
sideration, which will be given in the next section
of this review.

GLYCERIDE TRANSPORT

Two Forms of Plasma Glyceride Transport

In subjects on fat-free diets the plasma lipid con-
centrations vary little throughout the day and tend
to be highest just before breakfast.?2 When the diet
contains fat the levels of cholesterol and phospholip-
ids in plasma are still relatively constant, but the
glyceride concentration, as already intimated, is
quite variable. It is lowest during the early morning
hours (when blood samples for analysis are usually
taken) and rises sharply, reaching a peak about
three hours after breakfast. The concentration is
boosted again by the midday meal, and after some
decline in the afternoon, again rises after dinner,
ebbing during the night.

The form in which glycerides are transported in
the plasma depends on whether their immediate
source is dietary fat or endogenous synthesis (Fig.
3). In normal subjects before breakfast, and in those
on fat-free diets at all times, the plasma glycerides
are exclusively of endogenous origin and are carried
predominantly on pre-g lipoproteins and particles.
Glycerides from dietary fat, on the other hand, are
carried on the chylomicrons.

METHODS

Analytical methods for the detection and quanti-
tation of a and B lipoproteins are relatively simple,
and the technics employed are generally compara-
ble from one laboratory to another. In the analvsis
of the glyceride-rich lipoproteins, however, there is
no such uniformity. Many different procedures are
used, none of them ideal. The ones that are of
greatest value at present have one common feature,
the ability to provide a qualitative separation of
lipoproteins and particles carrying mainly endoge-
nous glycerides from those containing exogenous

PRE &
LIPOPROTEIN

FIGURE 3. Origins of Plasma Glycerides and the Lipoproteins in
Which They Are Found as Separated by Paper Electrophoresis.



TasLe 1. Very-Low-Density Lipoproteins — Composition and Correlations.
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GLYCERIDE  CHOLESTEROL PHUSPHOLIPID
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Chylomicron a, (primary particles) Top > 400 0.5-25 79-95 2-12 3-15
B (secondary particles) Botiom >400
Pre-8 a, Throughout tube >400 2-10 60-80 10-20 10-20
20-400 10-13 50-70 10-25 15-25

glycerides. These technics, collated in Table 1, will
be considered one by one.

Ultracentrifugation

The preparative ultracentrifuge separates lipopro-
teins according to their flotation characteristics,
which depend upon size and density. It can be
used to separate the main chylomicron (exogenous)
glyceride mass from the endogenous particles. Such
separations are not complete, however, for the flota-
tion rates of chylomicrons and endogenous particles
overlap.67193 Thus, the “chylomicron” fractions pre-
pared by exposure of plasma to centrifugal fields of
about 105 g. per minute may contain a variable mix-
ture of endogenous as well as exogenous particles.
After this fraction has been removed a species of
very-low-density lipoproteins can next be isolated
that is generally considered endogenous in origin. It
is of §, 20-400 and identical to the pre-g8 lipopro-
teins separated by paper electrophoresis.'* By ma-
nipulation of the diet of subjects serving as lipopro-
tein sources — for example, fat-free diets, high in
carbohydrate, which induce high concentrations of
endogenous glycerides, or high-fat diets, which pro-
duce transient chylomicronemia — the preparative
ultracentrifuge may be used to obtain quantities of
pure or nearly pure particles of the two types.”™

Precipitation

Precipitation methods are among the oldest of the
technics for preparing lipoproteins and are of great
usefulness in the isolation of pure lipoproteins.2» No
reliable way has yet been found to use precipitation
alone for precise subfractionation of very-low-den-
sity lipoproteins and particles. Dextran sulfate, amy-
lopectin sulfate, heparin or polyvinylpyrrolidone
precipitate endogenous and exogenous particles
together.® The combination of gradient flotation and
precipitation by polyvinylpyrrolidone is used to sepa-
rate chylomicrons into 2 classes, “primary” and
“secondary’ particles, and these exogenous particles
can also be separated from endogenous particles 15
This technic can be employed to distinguish endog-
enous and exogenous hyperlipemia and is particu-
larly useful for preparative work since the floccu-
lated particles can be recovered for lipid and other
analyses.

Electrophoresis

It was noted quite early in the study of plasma by
free electrophoresis that the turbidity in lipemic
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samples obscured underlying protein peaks."s Exog-
enous particles in lymph were shown to migrate
with albumin whereas those in plasma moved with
B globulin. When the simpler technic of electropho-
resis in an inert medium of starch granules was
devised, similar turbid peaks were found and the
separateness of an a, lipoprotein (pre-8 lipoproteins
on paper electrophoresis) established.’ More re-
cently it has been demonstrated that exogenous
particles in plasma may accumulate in 2 regions on
starch blocks.¢"* Exogenous particles in the a, zone
are called “primary” because they appear in plasma
early after fat ingestion. The other group of exoge-
nous particles appear somewhat later in the 8 zone
and are called “secondary.” The primary particles
tend to be superimposed upon endogenous lipopro-
teins and particles when the latter are present.

Similar separations can be achieved with the sim-
pler technic of paper electrophoresis. It was early
noted that with barbital buffer, chylomicrons remain
at the origin, as do the larger endogenous particles,
whereas the smaller particles and S, 20-400 lipopro-
teins form a “pre-8” band.w¢ws1w When albumin is
added to buffer to decrease adsorption to the paper
sharper separations are obtained.!*12 The chylomi-
crons (both “primary” and “secondary” exogenous
particles) remain at the point of application; the
endogenous glyceride-rich lipoproteins are concen-
trated in the pre-8 position, with trailing of the
larger endogenous particles between the origin and
pre-f region. 712

Nature of Pre-3 Lipoproteins™

The pre-B lipoproteins and endogenous particles
cover a wide density spectrum varying from 1.006 to
0.93. Their composition depends on their density.
As the density decreases, the relative proportion of
glyceride rises, and that of protein falls. The fatty
acid pattern of a given subclass is not the same in
all subjects; grosser differences may obtain between
normal and abnormal subjects. Nevertheless, certain
generalizations can be made about the composition
of the usual pre-8 group of lipoproteins (Table 1).
Lipids make up over 85 per cent of the total weight
of the complex, protein being 2 to 15 per cent. Glyc-
eride is the major lipid class. When pre-8 lipopro-
teins and particles are isolated under conditions that
minimize lipid exchange with other lipoproteins,
the glyceride fatty acid composition is that of endog-
enously synthesized fat, low in linoleic acid and
high in palmitic and oleic acids.%7



Proteins in Pre-8 Complexes™- 3

The protein moiety of pre-8 lipoproteins was for a
long time considered to be mainly or exclusively
the B protein, identical to that in the B lipopro-
teins.! Native pre-8 lipoproteins react with anti-
B-lipoprotein serums and not with anti-a serums.
Certain chemical findings, however, were never
explained by the assumption of a single protein.
The increased electrophoretic mobility of pre-g
lipoproteins over that of B8 lipoproteins, the higher
ratio of phospholipid to cholesterol and a significani
content of aminoterminal aspartic acid (the same as
in the A protein) in the protein residues, spurred a
search for other companions of the B protein in
pre-8 lipoproteins. Recently, it has been shown that
after careful delipidation of pre-8 lipoproteins sig-
nificant amounts of both @ and 8 lipoproteins are
immunologically identifiable (Fig. 2). Hydrolysis of
pre-B lipoproteins catalyzed by postheparin enzymes
also immediately increases the plasma content of a
and B lipoproteins. In subjects fed various experi-
mental diets the concentrations of pre-B8 lipoproteins
vary inversely with those of @ and 8 lipoproteins.
The evidence is good that both the A and B pro-
teins, probably as their lipoproteins, are normally
present in the triglyceride-rich complexes grouped
as pre-B (very-low-density) lipoproteins.

C protein.!13 Analyses of the proteins obtained in
pre-B lipoproteins and particles usually reveal some
aminoterminal residues (threonine and serine) dif
fering from those in the A or B proteins. The
amounts have been variable, and the source conjec-
tural.’ In recent years one series of studies have
dealt with the isolation of a third protein, called
apoprotein C. This apoprotein has been isolated as
a phospholipid-protein complex along with the A
and B apoproteins after lyophilization and partial
delipidation of very-low-density lipoproteins with
heptane. Whether the particle sources of this pro-
tein contain glycerides of endogenous or exogenous
origin has not been established. The C apoprotein
is characterized as a 7S protein with hydrated den-
sity of 1.09 (gm. per milliliter) and a molecular
weight of about 834,000. Although it appears homo-
geneous in the analytical ultracentrifuge it migrates
as a double band with a prealbumin position on
starch-gel electrophoresis and contains both amino-
terminal serine and threonine. The C apoprotein
fails to react with antiserums to a and 8 lipoprotein.
Peptide fingerprints obtained by trypsin or pepsin
digestion have been considered different from those
of the A and B apoproteins. The C apoprotein ap-
parently binds phospholipid more avidly than A or
B. The bid of C protein for entry into the family of
fat-transporting proteins is greeted with great inter-
est. Although its presence in glyceride-rich particles
is as indubitable as its separateness from apoprote-
ins A and B, it remains for further work to demon-
strate its specificity and its physiologic role. There
is not yet sufficient knowledge about it to fit C pro-
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tein into any of the concepts being developed in
this review, and it does not appear in any of the
accompanying illustrations.

Metabolism of Endogenous Glyceride! 115117

Corisiderable evidence points to the liver as the
major site of synthesis of the endogenous triglycer-
ide and presumably elaboration of many if not all of
the circulating pre-8 lipoproteins. An important
source of fatty acid substrate for glyceride synthesis
is the plasma free fatty acids. The flux of free fatty
acids into liver, heart, skeletal muscle and other
tissues is governed by their rate of release from
adipose tissue. Any factor that increases lipolysis or
decreases glycerol esterification in the adipose tis-
sue causes outpouring of free fatty acids.!™ Much of
this free fatty acid is removed by the liver, and the
excess beyond what it can use or store is resynthe-
sized into glycerides and resecreted as pre-g8 lipo-
proteins since the acids apparently are not returned
to adipose tissue as such. A significant “overshoot”
in release of free fatty acids, therefore, may tempo-
rarily elevate the plasma glyceride concentration.
Potential causes of hyper-pre-8 lipoproteinemia
include a number of abnormal physiologic states
that are accompanied by increased release of free
fatty acids.

Carbohydrate induction.!''2¢ Endogenous hyper-
lipemia perhaps first became a distinctly recognized
phenomenon in 1950, when Watkin and his co-work-
ers'® noted that fat-free, high-carbohydrate diets
increased the glyceride concentration in a group of
hypertensive men. Many others have confirmed and
extended these observations. The concept of carbo-
hydrate-induced hyperlipemia is an important out-
growth of such studies. Not all carbohydrate induc-
tion is abnormal, however, for it is now clear that
the response of practically all subjects to very
high-carbohydrate feeding is conversion of much of
the carbohydrate to fat and its eventual release into
the plasma as pre-8 lipoproteins. In healthy young
subjects the plasma glyceride rises to a peak three
to ten days after the beginning of carbohydrate
feeding and usually falls slowly thereafter despite
continuation of the diet. The response is widely
variable; the average rise in glyceride concentration
is about 200 mg. per 100 ml. above the initial level,
but in a “normal” subject may be as much as 400
mg. per 100 ml.”>» The ease of induction of endoge-
nous hyperlipemia in normal subjects is probably
due to the relatively limited rate of removal of such
lipid from the plasma. The previously mentioned
estimates of a tumover rate of glycerides in pre-g8
lipoproteins of about 2 gm. per hour in the adult
have been obtained in subjects with normal and
somewhat elevated glyceride concentrations® The
capacity of removal mechanisms to adapt to higher
loads has not been established. The question of
whether endogenous and exogenous glycerides are
removed by an identical mechanism also has not
been resolved and is important to the understanding



of certain kinds of hyperlipemia.’’” In some experi-
ments tagged glycerides in fatty acids administered
in a form comparable to the pre-g8 lipoproteins have
been found predominantly in the liver in the fasting
state and in the adipose tissue in the fed state."t In
others, the role of the liver in removing endogenous
glycerides has seemed unimportant.'

Particles of Exogenous Glyceride (Chylomicrons):» w117

Definition. The term chylomicron was coined in
1920 for the visible particles that appear in lymph
and blood in response to fat feeding and contain the
fed triglycerides.'s For a time all particulate lipid
was given this name, but it has become useful to
return to the original meaning to provide some easy
way of distinguishing dietary particles.?

It is easier to define chylomicrons in physiologic
than in operational terms (Table 1). They float too
rapidly in the ultracentrifuge to be quantified by
optical means, and arbitrary centrifugal forces have
been adopted for their definition and isolation.
Sometimes, all particles having an S, greater than 400
have been considered chylomicrons. Endogenous
particles may also have flotation rates of this order,
however, and the ultracentrifuge sometimes cannot
be used to separate chylomicrons from significant
quantities of endogenous particles.

In free or starch-block electrophoresis chylomi-
crons have a wide range of mobility. Those isolated
from thoracic-duct lymph migrate with albumin.s As
already noted, in plasma they may move with a,
globulin (primary particles) or with g globulin (sec-
ondary particles)."* Endogenous particles likewise
have a, mobility and cannot always be separated
clearly from chylomicrons by this technic. One sep-
aration of the 3 types of particles by polyvinylpyrrol-
idone gradient tubes has already been described.®

“For clinical purposes the presence of chylomi-
crons in plasma is most conveniently indicated by
paper electrophoresis. In albumin-containing buffer
chylomicrons remain as a distinct band at the origin
on electrophoresis whereas all other lipoprotein
species migrate to some extent (Fig. 3).7

Composition (Table 1). In the light or electron
microscope the chylomicrons appear to be spheres
that vary in diameter from about 0.1 to 5.0 u. The
upper limit may reflect aggregation during isolation,
and it is possible that circulating chylomicrons are
not larger than about 1 u. Chylomicrons, like pre-g8
lipoproteins, are made up mainly of glyceride, with
lesser amounts of phospholipid and cholesterol. The
proportions depend on the average size of the par-
ticles under study. Usually less than half the cho-
lesterol is esterified, as compared to 65 to 75 per
cent of esters in other lipoproteins. Patients with
severe chylomicronemia may have a low percentage
of esterified cholesterol in the plasma without the
usual implication of abnormal liver function.

The protein content of chylomicrons is usually
between 0.5 and 2.5 per cent of their total weight,
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Reports of higher protein content are probably due
to contamination of the isolates. There is no general
agreement about the nature of this protein or
whether it is an intrinsic part of the chylomi-
cron.»27127:12 It therefore does not appear in Figure
2. Even in chylomicrons washed many times by
ultracentrifugation several different serum proteins,
including albumin and gamma globulin, can often
be identified immunologically. Amino acid or pep-
tide analyses on such small quantities of protein are
subject to errors compounded by the probability
that a mixture of proteins is usually present. Amino-
terminal aspartic and glutamic acid are often ob-
tained, and the aminoterminal serine and threonine
typical of apoprotein C are inconsistently present.
Considering all the available evidence, the 2 pro-
teins obtained most consistently after delipidation
are the A and B proteins. These can be seen best
by immunologic means, but peptide analyses have
also demonstrated the A protein on one occasion.!2
It is not known how the chylomicrons are actually
stabilized, and some or all of the proteins present
could be adsorbed to the surface or dissolved in
these complexes without serving a functional pur-
pose. It seems clear that upon entering plasma,
chylomicrons take on additional protein, for the
protein content is higher than that of similar parti-
cles isolated from lymph and, as noted earlier, the
electrophoretic mobility also changes.¢ We shall
have occasion shortly to examine evidence that the
2 major plasma lipoproteins have more than a casual
relation to the chylomicron,

Origin of chylomicrons>'™ In the intestinal lu-
men dietary glycerides are dispersed by the action
of bile salts and rendered easily vulnerable to hy-
drolysis by lipases. The resulting products are mi-
celles containing glycerol, free fatty acids, monoglye-
erides and diglycerides that are taken up by in-
testinal epithelial cells and there resynthesized to
triglycerides. Cholesterol, phospholipid and proba-
bly protein are added, and the resulting chylomi-
crons are extruded from the mucosal cell into the
lymphatic spaces. The precise details of chylomi-
cron formation and movement from the base of the
jejunal epithelial cell into the lymphatics are not
known. Chylomicrons travel in the intestinal lymph
through the regional lymph nodes and the thoracic
duct into the venous blood.

Chylomicron removal. " Chylomicrons are rapidly
removed from the plasma. When chylomicrons con-
taining tagged glycerides are infused into human
subjects they disappear with a half-time of five to
fiffteen minutes.’ From the distribution of tagged
glyceride fatty acids it appears that most organs of
the body rapidly receive chylomicron fatty acids.
The possibility that some of the glycerides are hy-
drolyzed very rapidly and the resulting fatty acids
distributed as free fatty acids to some tissues has to
be considered in the interpretation of experimental
studies of glyceride removal. It appears from such
studies in several species that after an overnight fast



the major site of chylomicron removal may be the
liver. In animals allowed access to food most of the
chylomicrons may be cleared by adipose tissue. The
concept of net hepatic removal of chylomicron glyc-
erides has recently been challenged by experi-
ments in which rat livers were perfused with chy-
lomicrons in the presence and absence of heparin.13
Without heparin, which may release lipolytic en-
zymes into the medium, there was no net uptake or
metabolism of the particless When heparin was
added to the perfusate, uptake and oxidation began
immediately. Other perfusion experiments'3 have
not been in agreement, however, and the question
of direct participation of the liver in glyceride re-
moval remains unsettled.

The role of lipolysis.! 17134 It is fairly certain that a
hydrolytic step must initiate or accompany the re-
moval of chylomicrons from the circulation. The
evidence is inferential and of the following nature.
Although the endothelium of the hepatic sinusoids
may contain spaces that could admit chylomicrons,
the capillary walls in other tissues appear continu-
ous, Passage of chylomicrons through the endothe-
lial wall by pinocytosis has not been convincingly
demonstrated by the electron microscope. Further-
more, during removal of glycerides, the fatty acids
appear quickly in the free fatty acids, perhaps 10 per
cent of which represent fatty acids coming in with
the glycerides 1 Tagged fatty acids appearing in
liver do not remain in the glycerides in which they
were delivered but are rapidly reshufled, many
appearing in phospholipids. The initial hydrolysis of
the glycerides entering extrahepatic tissues is be-
lieved by some to be catalyzed by lipoprotein lipase
concentrated in the capillary wall.!'” Lipoprotein
lipase catalyzes the hydrolysis to fatty acid and
glycerol of glycerides in chylomicrons and other
lipoproteins, and will also split artificial fat emul-
sions if they are first activated by added serum or
plasma. Parenteral administration of heparin and
other polyanions causes lipoprotein lipase activity to
appear rapidly in plasma. The activity rapidly dis-
appears if liver function is normal. There is evi-
dence that postheparin lipolytic activity is due to
more than 1 enzyme, including a phospholipase.!
The intravascular lipolysis induced by heparin or
similar agents is a gross exaggeration of normal chy-
lomicron removal to the extent that the fatty acids
cannot all be removed by the immediately adjacent
tissues. The free fatty acid content does rise slightly
during normal chylomicron clearing. How much
lipoprotein lipase is present in the adipose tissue
cells themselves as opposed to their capillary epi-
thelium is unclear.’¥ It has been detected in he-
patic-vein blood™*13 but never convincingly dem-
onstrated in liver parenchymal cells. The level of
lipoprotein lipase in adipose tissue bears a relation
to the insulin activity. In rats made diabetic with
alloxan the enzyme activity is low and restored to
normal by insulin treatment .14
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Recapitulation. Plasma glycerides are transported
by 2 different systems. Dietary fat is carried from
the intestine into the bloodstream as large particles
(chylomicrons), consisting mainly of glycerides.
Phospholipids, cholesterol and a little protein are
also present and probably stabilize the particle. The
presence of chylomicrons can be established, and
the quantity estimated by several technics. One of
the simplest and most useful is based on the lack of
mobility of chylomicrons on paper electrophoresis.
The plasma concentration of chylomicrons is varia-
ble and dependent upon the timing of fat ingestion.
Only quantities below the limits of detection by
paper electrophoresis are normally present after an
overnight fast. The disposal of these particles is
relatively rapid and depends upon 2 major steps.
The first is hydrolysis, which possibly takes place at
the capillary wall and is catalyzed by lipoprotein
lipase. The second is the ability of tissues beyond
the capillary wall to take up the fatty acids released.
In the adipose tissue, one of the major sites of dis-
posal, re-esterification depends upon an adequate
supply of o glycerolphosphate, which in turn is
derived from glucose breakdown. The fate of the
other constituents of the chylomicron, which seem
to include small amounts of & and B8 lipoproteins, is
not known. It is possible that chylomicrons after
removal of some of their glycerides become pre-8
lipoproteins. Alpha and 8 lipoproteins, freed of their
mantle of glycerides, may join others of their spe-
cies in the plasma.

Glycerides synthesized in the liver either from
carbohydrate or from re-esterification of circulating
free fatty acids are transported from that organ in
pre-B lipoproteins and larger endogenous particles.
These represent a broad spectrum of density and
size from particles large enough to be seen in the
light microscope to others merging with the density
limits of the soluble 8 lipoproteins. The endogenous
particles have higher protein and cholesterol con-
tent than the chylomicrons and different properties.
On paper electrophoresis, they migrate in the pre-B8
range with increasing trailing as particle size in-
creases. Their concentration in plasma changes
slowly but can vary widely over the period of a few
days, particularly in association with marked
changes in the carbohydrate content of the diet. The
removal rate of glyceride in the pre-8 lipoproteins
seems to be slower than that of glyceride in chylo-
microns. The large endogenous particles may be
cleared at about the same rate as chylomicrons,
however, and it has not been shown that glyceride
molecules of different origin have different disposal
mechanisms.

INHERITED LIPOPROTEIN DEFICIENCY STATES

Several mutations in man have been discovered
that have laid to rest all uncertainty that the A and
B proteins in lipoproteins have separately evolved
to serve different functions. They have also consid-
erably illuminated some of the transport tasks that






































































































