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ABSTRACT

Two studies were conducted to determine how HDL
cholesteryl ester and apoprotein catabolism might contribute
to the observed hypercholesterolemia of copper-deficient
rats.

Weanling male Sprague-Dawley rats were divided into

two dietary treatments; copper-adequate (control, 5-7 mg
Cu/kg diet) and copper-deficient (0.6-0.8 mg Cu/kg diet).
Deionized water and diet were provided ad libitum.

Dietary

copper deficiency resulted in enlarged intravascular pools
of HDL cholesteryl esters and total protein.

HDL were

isolated from rats of both treatment groups, radiolabeled,
and injected into animals of the respective groups.

In

Study I, HDL apoproteins were labeled by iodination, whereas
HDL in Study II were doubly labeled by additionally
incorporating into the particle core [3H]cholesteryl
linoleyl ether, which served as a nondegradable analog of
HDL cholesteryl ester.

At specific time intervals up to 12

hours after injection, blood and tissue samples were removed
and analyzed for radioactivity.

Plasma disappearance curves

indicated that HDL cholesteryl esters were preferentially
catabolized 1.6-fold faster than HDL protein in controls and
2.5-fold faster in copper-deficient animals.

Clearance of

individual apoproteins did not occur at significantly
different rates in either treatment group.

Absolute mass
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removal of HDL cholesteryl ester and total protein from the
plasma was significantly increased in copper-deficient rats.
virtually all of the increased removal of HDL cholesteryl
ester was attributed to the liver, whereas most of the
increased uptake of HDL protein was attributed to the bulk
tissues and not the liver.

since previous studies indicate

that copper deficiency may not result in increased
cholesterol excretion, these data suggest that cholesteryl
esters delivered to the liver of copper-deficient rats are
possibly reassembled into new HDL particles at an increased
rate.

The observed hypercholesterolemia in this animal

model, then, appears to be the result of an imbalance in the
net flux of cholesterol between the tissues and the plasma.
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INTRODUCTION

The development of atherosclerosis in coronary
artery disease is the leading cause of death in western
civilization.

Only in recent years has hypercholesterolemia

been considered a causative factor in the disease.

Clinical

evidence now suggests that lowering blood cholesterol levels
will indeed reduce the risk of coronary artery disease in
individuals with hypercholesterolemia.
More complex are the mechanisms by which
atherosclerosis develops and how hypercholesterolemia
contributes to the disease.

A necessary component of normal

metabolism, cholesterol can be derived from either the diet
or synthesized within the body.

Regardless of the source,

cholesterol is transported in the bloodstream by
lipoproteins which deliver the cholesterol to the various
tissues of the body.

Atherosclerosis develops when

cholesterol is deposited at the site of plaque formation
within the coronary arteries; hypercholesterolemia
accelerates this process and coronary artery disease ensues.
Much attention has focused on environmental and
genetic factors which influence cholesterol levels in the
blood.

Dietary factors are of particular interest because

of the ease with which they can be controlled in the general
population.

While dietary fats, fiber, and protein have
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been studied extensively, information concerning the effects
of micronutrients is limited.

The degree to which dietary

trace elements contribute to cholesterol and lipoprotein
metabolism is uncertain.
Copper is a trace element necessary in the diet for
normal growth and development.

Recently, dietary deficiency

of copper was recognized to increase blood cholesterol
levels in a variety of animal species and humans.
Investigators have attempted to determine the mechanisms
attributable to this phenomenon, yet much information is
lacking.
Under normal conditions in humans, blood cholesterol
associated with "high density lipoproteins" is considered
the "good" cholesterol because this class of lipoproteins
transports the body's excess cholesterol to the liver for
excretion.

In the copper-deficient rat, high density

lipoproteins appear to be selectively increased, resulting
in hypercholesterolemia.

Although the rat is dissimilar to

humans in many ways regarding cholesterol metabolism, an
understanding of the mechanisms which operate in this animal
model may ultimately provide information on the metabolism
of high density lipoprotein-associated cholesterol in
humans.
Previous reports suggest that copper deficiency
contributes to the observed hypercholesterolemia in rats by
influencing the rate at which cholesterol is synthesized

13

and/or the mechanisms by which high density lipoproteins are
metabolized.

This study was undertaken to further assess

the characteristics of high density lipoprotein metabolism
in copper-deficient rats.

By injecting radiolabeled high

density lipoproteins intravenously, determination was made
of the rate at which these lipoproteins were metabolically
removed from the bloodstream as well as the tissue sites of
catabolism.
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LITERATURE REVIEW

Plasma Lipoproteins
Plasma lipoproteins are soluble macromolecules
comprised of various lipids and protein that function to
transport cholesterol, triglycerides, and phospholipids in
the circulation.

certain lipoproteins serve as vehicles for

dietary lipids entering the plasma from the intestine,
whereas other lipoproteins function to transport lipids from
one cell type to another.

The lipids may be utilized as a

source of energy (such as triglycerides and fatty acids), as
structural components of cells (phospholipids and
cholesterol for membranes), or as precursors of cell
products (cholesterol for steroid hormones).

Other than

albumin-bound fatty acids and a few other specialized
carriers, such as retinol-binding protein, the plasma
lipoproteins are the only recognized transport forms of
lipid in the circulation.
Lipoprotein particles are spherical, pseudomicellar
structures (Sata et al. 1972).

Neutral lipids, particularly

triglycerides and cholesteryl esters, comprise the
hydrophobic core.

Phospholipids, mainly phosphatidylcholine

(lecithin), are amphipathic molecules, having both a
nonpolar and region and a polar region.

The phospholipids

form an outer surface monolayer that surrounds the nonpolar
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lipids (Edelstein et ale 1979).

contained within the

monolayer is unesterified cholesterol and protein
(apoproteins).

Since the distribution of lipids between the

surface monolayer and the particle core is a function of
their phase behavior, appreciable amounts of unesterified
cholesterol may be distributed into the core and small
amounts of cholesteryl esters and triglycerides may be
located in the surface monolayer (Small and Shipley 1974).
The plasma lipoproteins may be separated into five
major classes (Table 1) according to their density, size,
and net surface charge:

Chylomicrons, very low density

lipoproteins, intermediate density lipoproteins, low density
lipoproteins, and high density lipoproteins.

Each class is

heterogeneous in size and composition, and several
subclasses have been identified (Gotto et al. 1986).

The

chemical composition of normal plasma lipoproteins is also
presented in Table 1.
chylomicrons are the largest and least dense of the
lipoproteins, containing as much as 90 percent triglyceride
in their hydrophobic core.

The chylomicrons are synthesized

in the intestine and are the vehicle by which dietary
triglycerides and cholesterol are transported from the site
of absorption to various tissues throughout the body.
of the small intestine appears capable of secreting
chylomicrons, although the majority is produced by the
jejunum (Tytgat et ale 1971).

Most

Table 1.

Physical and chemical Properties of the Major Plasma Lipoproteins

==========================================================================================================================================
Chemical Composition
(X of dry mass)
Lipoproteina

Density
(g/ml)

Molecular
lIeight

Diameter
(lin)

Total
Protein

Phospholipids

Free
Cholesterol

Cholesteryl
Esters

Triglycerides

400,000,000

80-500

2

7

2

3

86

Chylomicrons

0.93

VLDL

0.93 -1.006

10-80,000,000

30-80

8

18

7

12

55

IDL

1.006-1.019

5-10,000,000

25-35

19

19

9

29

23

LDL

1.019-1.063

2,300,000

18-25

22

22

8

42

6

HOL b

1.063-1.210
1,300,000

10-14

27

32

7

29

5

HOL

C

1

1_04 -1.09

HOL 2

1.063-1.125

360,000

9-12

40

33

5

17

5

HOL

1.125-1.210

175,000

6-9

55

25

4

13

3

3
==========================================================================================================================================
aData represent human plasma lipoproteins except where noted.
bHOL were originally designated according to density 1.063-1.210; metabolically distinct HOL subclasses are presently recognized.
caata represent rat plasma HOL 1, although this lipoprotein has also been identified in human plasma.

I-'
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Very low density lipoproteins (VLDL) are synthesized
in the liver and function as carriers of endogenously
synthesized triglycerides, as well as cholesterol, for
distribution to peripheral tissues.

VLDL and chylomicrons

are generally referred to as triglyceride-rich lipoproteins,
although VLDL have proportionally more cholesteryl esters
and are, hence, more dense than chylomicrons.
Intermediate density lipoproteins (IDL) are actually
VLDL "remnant" particles, generated through the progressive
catabolism of VLDL core triglycerides (Sata et al. 1972).
IDL particles are therefore smaller and more dense than
VLDL.
Low density lipoproteins (LDL) are the major
carriers of cholesterol and cholesteryl esters in human
plasma.

They are derived from VLDL through the catabolic

cascade that first generates IDL.

The plasma concentration

of LDL is directly correlated with the pathogenesis of
coronary artery disease (Goldstein and Brown 1982).
High density lipoproteins (HDL) are the smallest and
most dense of the lipoproteins, containing comparatively
little triglyceride.

HDL are much richer in protein

(approximately one-half protein by weight), while the lipids
are primarily phosphatidylcholine and cholesteryl esters.
The synthesis of HDL or HDL precursors appears to occur in
the liver and intestine, as well as within the plasma
compartment during the lipolytic processing of the

18
triglyceride-rich lipoproteins (Eisenberg 1984).

It has

been proposed that HDL are involved in transporting excess
cholesterol from peripheral tissues to the liver for
excretion (Glomset 1968).

The plasma concentration of HDL

are inversely correlated to the development of
atherosclerosis (Miller and Miller 1975; Gordon et al.
1977).
The plasma lipoproteins contain on their surface one
or more protein constituents called apoproteins.

The

ability of apoproteins to form an association with lipids is
based on the observation that polar and nonpolar amino acid
residues form amphipathic helical regions (Segrest et al.
1974).

The nonpolar regions penetrate into the lipid

surface, whereas the polar residues on the opposite side of
the helix remain in contact with the surrounding aqueous
phase.

It has been proposed that the role of the polar

amino acid residues is to keep the apoproteins at the
surface of the particle (Gotto et al. 1986).

Several

functions have been attributed to specific apoproteins
(Table 2).

In addition to maintaining the structure and

integrity of the lipoprotein particle, apoproteins regulate
lipoprotein metabolism by modulating the activity of enzymes
and by mediating the cellular uptake of lipoproteins by
specific receptors.
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Table 2.

Physical Properties and Metabolic Function of
Plasma Apoproteins

Apoprotein

Molecular
weight

Major
Sources

Function

A-I

28,000

Intestine,
Liver

LCAT cofactor

A-II

17,000

Intestine,
Liver

Unknown

A-IV

46,000

Intestine,
Liver

LCAT cofactor

B-48

200,000

Intestine

chylomicron synthesis and
secretion

B-100

400,000

Liver

VLDL synthesis/secretion;
Receptor recognition

C-I

6,200

Liver

Inhibition of interaction
with hepatic receptors;
LCAT cofactor

C-II

9,000

Liver

LPL activation;
Inhibition of interaction
with hepatic receptors

C-III

8,800

Liver

Inhibition of interaction
with hepatic receptors

D

22,000

Liver

Unknown

E

35,000

Liver

Receptor recognition
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Lipoprotein Metabolism
The

prima~y

function of plasma lipoproteins is to

transport triglycerides and cholesterol.

The transport

mechanisms by which lipoproteins function involve complex
interactions between lipoproteins and various cells and
molecules, as well as interactions between different
lipoprotein particles.

A discussion of lipoprotein

metabolism may be separated into three distinct metabolic
systems, depending upon the origin or source of lipid being
transported:
Dietary lipids, absorbed in the intestine, are
packaged in chylomicrons for delivery to peripheral tissues
and the liver in the "exogenous" lipid transport pathway.
Triglycerides of hepatic origin and cholesterol are
transported from the liver to the periphery in VLDL, as well
as IDL and LDL, to comprise the "endogenous" pathway.

In

the third lipid transport system, commonly referred to as
"reverse cholesterol transport", cholesterol from the
peripheral tissues are packaged in HDL and delivered to the
liver for excretion.

Exogenous Lipid Transport
The production of chylomicrons by intestinal
epithelial cells is a direct function of the rate of fat
absorption.

Dietary triglycerides are hydrolyzed in the

gastrointestinal lumen, absorbed as free fatty acids and
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2-monoglycerides, and resynthesized into triglycerides
(Isselbacher 1965).

The reformed triglycerides coalesce

into droplets visible in the smooth endoplasmic reticulum
(Sabesin and Frase 1977).

Chylomicron triglycerides may

also be derived from the small intestine in the
postabsorptive state; from cellular lipids of the intestinal
mucosa and from fatty acids of biliary phospholipids (Gotto
et al. 1986).

Cholesterol in the lumen of the intestine is

derived from both dietary and endogenous (biliary) sources.
Cholesterol is absorbed and esterified by the action of acyl
coenzyme A:cholesterol acyltransferase (ACAT; EC 2.3.1.26)
also within the smooth endoplasmic reticulum (Norum et al.
1983).

The growing lipid droplet is subjected to a series

of additions of specific apoproteins, phospholipids, and
carbohydrate before leaving the intestinal cell (Glickman et
al. 1972).
The protein components of the lipoproteins are
synthesized as typical secretory proteins on attached
ribosomes of the rough endoplasmic reticulum, together with
a signal peptide which is rapidly removed cotranslationally
(Gotto et al. 1986).

Protein synthesis has been shown, by

synthesis inhibition studies (Glickman et al. 1972) and
clinic studies (Herbert et ale 1983), to be necessary in the
assembly of chylomicrons particles, as well as facilitating
fat absorption (Glickman et ale 1972).

Association of the

protein with the lipid particle appears to occur at a point
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where the smooth and rough reticulum join (Alexander et al.
1976).

The resulting nascent chylomicrons are then

transported to the Golgi apparatus within the cisternae of
the endoplasmic reticulum, although it is not known whether
transport occurs within vesicles or via connecting tubules.
Further processing occurs within the Golgi apparatus,
particularly terminal glycosylation of the proteins by the
carbohydrate moiety of glycoproteins (Sabesin and Frase
1977).

The particles are segregated into secretory vesicles

that bud off from the organelle and migrate to the cell
surface, where they fuse with the plasma membrane to be
released into the extracellular environment (Havel 1987).
The secretion of chylomicrons from the intestinal
mucosal cell appears to be an exocytotic process, initiated
by the movement of the secretory vesicles to specific sites
(coated pits) on the lateral cell membrane (Sabesin and
Frase 1977).

Once released, intercellular chylomicrons pass

into the lamina propria through discontinuities of the
basement membrane (Rubin 1966), and finally gain access to
the lymphatics through gaps between adjacent endothelial
cells (easley-Smith 1962).

The chylomicrons are delivered

directly to the bloodstream by the mesenteric lymph via the
thoracic duct.

Redgrave and Carlson (1979) have calculated

that each 100 grams of dietary lipid produces 2.6 x 10 16
chylomicrons of average proportion.

The entire absorption

process occurs rapidly and efficiently, in which all phases
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of lipid absorption are completed within 30 minutes (Sabesin
and Frase 1977).
The protein constituents of newly secreted
chylomicrons are apoprotein B-48 (apo B-48) and apoproteins
A-I, A-II, and A-IV, all of which are synthesized in the
intestinal epithelial cell (Havel 1987).

Because of the

rapid remodeling that occurs immediately after the release
of chylomicrons, it is difficult to characterize truly
nascent particles.

Nevertheless, particles obtained from

rat intestinal cell Golgi fractions also contain
predominantly apo B-48 and the A apoproteins (Swift et ale
1984), supporting the conclusion that these are the major
apoproteins which are synthesized and secreted by the
intestine.

After secretion, nascent chylomicrons acquire

additional apoproteins primarily by transfer from HOL.

This

occurs to a minor extent in the extracellular space of the
intestinal villus and to a major extent in the blood (Havel
1987).

Apoprotein E (apo E) and apoproteins C-I, C-II, and

C-III are acquired by displacing phospholipids from the
chylomicron surface.

These modifications are critical to

subsequent metabolic events.

The intestine appears to

contribute little if any apo E, whereas C apoproteins are
acquired before release into the venous circulation.
Consequently, the protein of mesenteric lymph chylomicrons
is comprised of 10% apo B, 50% apo A-I, 7 to 13% apo A-IV,
and the remainder as C apoproteins (Imaizumi et ale 1978a).
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circulating chylomicrons are rapidly metabolized,
initiated by the action of an extrahepatic enzyme,
lipoprotein lipase (clearing factor lipase; EC 3.1.1.34).
Lipoprotein lipase (LPL) is responsible for the hydrolysis
of the core triglycerides, which have a half-life of 5
minutes in the circulation (Cryer 1981).

LPL activity is

found primarily in adipose, muscle, and lung tissue (Cryer
and Jones 1979), as well as lactating mammary gland
(Robinson 1963).

LPL is synthesized by the parenchymal

cells of these tissues and transported to the luminal
surface of the capillary endothelial cells, where functional
activity occurs (Blanchette-Mackie and Scow 1971).

An

obligatory cofactor for the enzyme is apo C-II, located on
the surface of the chylomicron particle, although the nature
of the interaction between apo C-II and active sites on LPL
are unknown (Cryer 1981).

In patients genetically deficient

in LPL or apo C-II, the metabolism of chylomicron
triglycerides is greatly impaired and severe hypertriglyceridemia ensues (Breckenridge et al. 1978; Havel and Gordon
1960).
The chylomicron particle binds to multiple enzyme
molecules, which hydrolyzes phospholipids in addition to
triglycerides.

Hydrolysis is initially very rapid and the

lipolytic products are efficiently utilized by the tissue
cells (Olivecrona and Bengtsson 1979), apparently by lateral
movement in the cell membrane after removal from the site of
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hydrolysis (Scow 1979).

As the particle becomes smaller,

the A apoproteins are rapidly transferred to HOL, together
with most of the phospholipids and C apoproteins (Havel
1987).

As the capacity for product utilization is exceeded

in the tissue, hydrolysis slows down primarily due to
product-induced abolition of apo C-II activation.
Consequently, the affinity of chylomicrons for LPL
diminishes, facilitating the release of partially lipolyzed
particles back into the circulation (Cryer 1981).

In this

manner, chylomicrons may go through a number of attachmenthydrolysis-detachment cycles during lipolysis (Schaefer et
ale 1978), until as much as 90 percent of the core
triglycerides have been hydrolyzed.

As a result of this

process, smaller chylomicron "remnants" are formed, greatly
depleted in triglycerides and having little affinity for LPL
(Cooper 1977).
chylomicron remnants, once formed, are cleared
rapidly from the circulation by the liver.

The remnant

particles, now containing almost exclusively apo B-48 and
apo E as their protein constituents, leave the peripheral
capillary bed and travel to the liver where they bind to
specific receptors on the surface of hepatocytes (Havel et
ale 1980).

The receptors recognize apo E, which appears to

be the major determinant of chylomicron remnant uptake by
the liver (Cooper et ale 1980; Hui et ale 1981).

Although

newly secreted chylomicrons aquire apo E, the recognition
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site is protected as long as the particle contains a
sUbstantial complement of C apoproteins.

Modification of

the particle during the interaction with LPL results in the
loss of C apoproteins which permits recognition of apo E by
the chylomicron remnant receptor (Havel 1987).

Binding to

the receptor is followed by endocytosis of the particle via
coated pits, which pinch off to form a primary endosome
(Jones et al. 1984).

Lysosomes derived from the Golgi

apparatus fuse with the endosomes, releasing acid hydrolases
(Jost-Vu et al. 1986).

This process leads to virtually

complete lipolysis and proteolysis of remnant components,
which are made available for metabolic processes with the
cell.

The cholesterol component, transported in

chylomicrons mainly as cholesteryl esters, is delivered
nearly quantitatively to the liver in chylomicron remnants.
The cholesterol is made available for the formation of bile
acids (Norum et al. 1983) or the biosynthesis of
lipoproteins (Gotto et al. 1986).

Endogenous Lipid Transport
The liver secretes triglycerides and cholesterol
into the circulation as VLDL, a process analogous to
chylomicron production by the intestine.

Whereas

triglycerides of chylomicrons are derived from the diet, the
triglycerides of VLDL are synthesized by membrane-bound
enzymes of the smooth endoplasmic reticulum.

They may also
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be derived from free fatty acids transported to the liver
from adipose tissue (Havel 1987).

Cholesteryl esters of

VLDL are also synthesized locally by the action of ACAT in
the smooth endoplasmic reticulum, or are derived from the
uptake of chylomicron remnants (Gotto et ale 1986).

The

activity of ACAT in human hepatocytes, however, is low
(Erickson and Cooper 1980), and newly secreted VLDL are
thought to contain relatively few cholesteryl esters.

This

component of VLDL is mainly acquired after secretion by
transfer from HDL (Tall 1986), which will be discussed
later.
within the hepatocyte, triglycerides and newly
synthesized phospholipids are organized in the outer leaflet
of the smooth endoplasmic reticulum (Coleman and Bell 1978).
They appear to be segregated by unknown mechanisms within
the cisternae of this organelle as preformed particles whose
size is similar to that of particles secreted from the cell
(Havel 1987).

As in chylomicron assembly, the apoproteins

are associated with the lipid particle at a point where the
smooth and rough endoplasmic reticulum join (Norum et ale
1983).

The particles are then transported to the Golgi

apparatus for further processing before being released into
the circulation (Sabesin and Frase 1977).

Nascent VLDL are

concentrated within secretory vesicles that bud off from the
Golgi apparatus and migrate to the cell surface, where they
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enter the bloodstream through the fenestrae of the hepatic
sinusoidal endothelium (Havel 1987).
Unlike chylomicrons, newly secreted VLDL contain
apo E, which are synthesized in the hepatocyte (Felker et
al. 1977), and a B apoprotein (apo B-100) that is different
than that made in the intestine (Kane 1983).

studies using

inhibitors of protein synthesis indicate that apo B-100 is
essential for secretion of VLDL particles (Siuta-Mangano et
al. 1982).

Thus, secreted VLDL contain endogenous

triglyceride, cholesteryl ester, phospholipid, apo B-100,
apo E, and C apoproteins (Gotto et al. 1986).
The metabolism of circulating VLDL is initiated by
binding to endothelial lipoprotein lipase (LPL), followed by
the hydrolysis of core triglycerides.

The action of LPL on

VLDL particles occurs more slowly than on chylomicrons,
apparently because fewer enzyme molecules associate with the
smaller VLDL particles (Havel 1987).

A second enzyme,

hepatic lipase, also acts on VLDL triglycerides but does not
require apo C-II as a cofactor (Nilsson-Ehle 1980).

Some of

the surface proteins, particularly the C apoproteins, are
transferred to HDL during the hydrolytic process.

A portion

of the surface phospholipids are also transferred to HDL,
while some is hydrolyzed by LPL (Eisenberg and Schurr 1976).
The fatty acids produced by LPL are either taken up into
tissues for oxidation or storage, or are recycled in the
blood as albumin-bound free fatty acids (Havel et al. 1980).

29

Hydrolysis continues until 80 to 90 percent of the core
triglycerides have been removed (Higgins and Fielding 1975),
resulting in VLDL remnant particles (intermediate density
lipoproteins).

The lDL formed during particle interaction

with LPL is unstable and the excess surface material (mostly
phospholipids and unesterified cholesterol) is transferred
to HDL (Brown et ale 1981).

The resulting lDL contain

primarily cholesteryl ester in the hydrophobic core and ape
B-lOO, apo E, and C apoproteins (Pagnan et ale 1977).

After

lipolysis, the lDL particles are released from the capillary
wall into the circulation.

Thus, by this process, VLDL

functions to transport endogenous triglycerides from the
liver to the peripheral tissues.
The subsequent metabolism of VLDL remnants (lDL)
differs from that of chylomicron remnants.

Whereas the

latter are rapidly and completely taken up by the liver, a
SUbstantial fraction of lDL is normally converted to LDL in
humans (Havel 1984).

Some lDL are catabolized by the liver

via "LDL" receptors before being converted to LDL.

Evidence

suggests that both receptor-mediated uptake and conversion
to LDL occurs in all mammals but to different relative
extents (Havel 1984).

lDL particles which bind to the liver

appear to be mediated primarily by their apo E content.

The

LDL receptor recognizes both apo E and apo B-100, but the
affinity of apo E is much greater (Mahley 1988; Yamamoto et
ale 1984).

The high affinity recognition site on apo E is
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due to a basic central region of the protein rich in arginy1
and 1ysy1 residues (Innerarity et a1. 1984).

IDL not taken

up by the liver eventually loss all of their surface
apoproteins except apo B-100 by transfer to HDL, as occurs
during initial lipolysis.

Because of the lower affinity of

apo B-100 for the LDL receptor, the resulting LDL particles
have a circulating half-life of several days, compared to 26 hours for newly formed IDL (Brown and Goldstein 1984).
Newly formed LDL particles contain apo B-100 as
their sole protein constituent and are rich in cho1estery1
esters, thus being the major transport vehicle of
cholesterol in humans.

These particles are removed from the

circulation by two pathways; about two-thirds of the LDL is
cleared by binding to LDL receptors and about one-third is
through nonreceptor mechanisms (Goldstein and Brown 1982).
A variety of tissues are known to express LDL receptors
(Spady et a1. 1985; 1986).

Delineation of the LDL receptor

pathway was initiated by Brown and Goldstein (1986) in
studies of individuals who genetically lacked the LDL
receptor (familial hypercholesterolemia).

In normal humans,

LDL particles are removed from the plasma with a fractional
catabolic rate of about 45 percent of the plasma pool per
day (Bi1heimer et a1. 1979).

Delivery of cholesterol is

achieved when LDL particles bind to the receptor protein,
located on the surface of cell membranes in pockets called
coated pits (Anderson et a1. 1976).

Receptor-bound LDL is
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then internalized by endocytosis forming vesicles.

LDL

receptors may be recycled after endocytosis and are
reutilized many times before they are eventually catabolized
(Brown et al. 1983).

Lysosomes derived from the Golgi

apparatus fuse with the vesicles, releasing hydrolytic
enzymes that degrade apo B-100 and hydrolyze the cholesteryl
esters.

The cholesterol leaves the lysosome and is utilized

in membrane synthesis or other cellular functions (Brown et
al. 1981).
In addition to degradation via the LDL receptor, LDL
can be removed from the plasma by nonreceptor mechanisms.
since the latter processes are not dependent upon the
synthesis and metabolism of the LDL receptor, degradation by
these mechanisms increases when plasma levels of LDL rise
(Brown et al. 1981).

Nearly every organ in the body is

capable of LDL uptake by receptor-independent mechanisms
(Spady et al. 1985; 1986), and must account for essentially
all LDL degradation when LDL receptors are lacking or
nonfunctional.

At least three categories of degradative

mechanisms may be considered independent of the LDL
receptor; (a) fluid or bulk endocytosis, (b) nonspecific
adsorptive endocytosis, and (c) high affinity uptake by
alternative receptor-mediated mechanisms (Pittman and
steinberg 1984).

Additionally, macrophages and other

scavenger cells of the reticuloendothelial system contribute
to receptor-independent uptake of LDL (Brown et al. 1981).
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The cholesterol derived from LDL mediates a series
of regulatory events which maintains cholesterol homeostasis
in the cell (Brown and Goldstein 1986).

First, increasing

cellular cholesterol suppresses the rate-controlling enzyme
in cholesterol biosynthesis, 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase (EC 1.1.1.34).

Second,

intracellular ACAT is activated, which esterifies excess
cholesterol for storage as cholesteryl ester droplets.
Finally, the synthesis of LDL receptors is suppressed, which
prevents an overaccumulation of cellular cholesterol via the
receptor mechanism.
Thus, the metabolism of VLDL and LDL are the
vehicles by which endogenous triglyceride and cholesterol,
respectively, are transported in the body.

A very important

feature of the VLDL-IDL-LDL cascade is the change of
biological activity associated with each particle.
Eisenberg (1986) points out that, in addition to the altered
apoprotein profile at the particle surface, changes in size
may be of primary importance in determining the affinity of
lipoproteins with the LDL receptor.

This possibility,

however, has not been determined experimentally.

High Density Lipoprotein Metabolism
Much interest centers on HDL metabolism because of
its demonstrated high negative correlation with risk of
coronary artery disease (Miller and Miller 1975; Gordon et
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al. 1977).

An important function of HDL is the transport of

cholesterol from peripheral tissue to the liver, although it
is difficult to define HDL solely as a vehicle for lipid
. transport.

HDL is also the site of plasma cholesterol

esterification, a reaction necessary for HDL particle
formation.

The cholesteryl esters of HDL can exchange for

triglycerides and cholesteryl esters of VLDL and LDL.

HDL

also serves as an acceptor of catabolic products (e.g.,
apoproteins and unesterified cholesterol) from the
degradation of other plasma lipoproteins.

Clearly, HDL

metabolism is much more complex than the "unidirectional"
pathways of chylomicrons, VLDL, and LDL.

A comprehensive

discussion of HDL metabolism would be voluminous and only
the briefest review is presented.

HDL formation.

Synthesis and secretion of precursor

HDL particles have been demonstrated in the liver and small
intestine (Norum et al. 1983).

These "nascent" particles

are discoidal lipoproteins composed of phospholipids,
apoproteins, and small amounts of free cholesterol.

It was

suggested by Hamilton et al. (1976) that once in the
bloodstream, they are transformed to mature spherical HDL
particles after interaction with lecithin:cholesterol
acyltransferase (LCAT; EC 2.3.1.43).

LCAT esterifies free

cholesterol, allowing cholesterol to be stored in the core
of HDL particles.

The view that several metabolic steps are
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involved in the development of mature HDL has remained
central to the study of HDL formation.

It is now clear,

however, that other metabolic pathways also contribute to
the HDL system.

Three processes can be considered as

sources of HDL precursors:

(a) Direct secretion of

discoidal high density structures from hepatic and
intestinal cells ("nascent" HDL particles); (b) lipid and
protein constituents released from lipolyzed triglyceriderich lipoproteins ("surface remnants"); and (c)
phospholipid-apoprotein associations, similar to those
formed under in vitro conditions (Eisenberg 1984).
The liver and small intestine are the primary
sources of apo A-I, the major apoprotein of HDL.

The HDL

originating in the intestine mainly contain newly
synthesized apo A-I, with relatively smaller amounts of apo
E and C apoproteins (Imaizumi et al. 1978b; Wu and
Windmueller 1979).

Hepatic HDL exhibit higher amounts of

apo E, compared to apo A-I and C apoproteins (Marsh 1976; WU
and Windmueller 1979).

Although discoidal HDL structures

have been identified in liver perfusates and intestinal
lymph, they have not been identified along the intracellular
secretory pathways as the triglyceride-rich lipoproteins
(Hamilton et al. 1976; Felker et al. 1977; Green and
Glickman 1981).

(Chylomicrons and VLDL are abundant in

intracellular organelles and can readily be isolated from
the Golgi apparatus.)

It has been suggested (Eisenberg
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1984) that the cells produce free apoproteins that become
associated with phospholipids at a later stage of the
secretory process or even after secretion, although this has
not been tested experimentally.
The second potential source of HDL precursors is
from the catabolism of triglyceride-rich lipoproteins.

The

apoproteins normally found in mature HDL are also secreted
with chylomicrons and VLDL, which may be transferred to
preexisting HDL particles in the plasma during the course of
lipolysis (Havel 1987).

The transfer mechanisms are

unclear, although one mechanism may be the release or
exclusion of entire fragments of surface components from
shrinking chylomicrons and VLDL particles (Eisenberg 1984).
Other mechanisms may exist, and the exclusion and transfer
of individual apoprotein and lipid molecules should not be
precluded.
The third possible source of HDL precursors is
through apoprotein-phospholipid associations.

According to

this view, as described by Eisenberg (1984), shortly after
apoproteins (primarily apo A-I) become dissociated, they
form complexes with phospholipids derived from cells or
lipoproteins.

Apo A-I can also be derived from cellular

synthesis and secretion.

Free cholesterol is added to the

complex from cell membranes or lipoproteins.

Mature HDL are

formed when sufficient cholesteryl esters are generated by
the action of LCAT.

The important feature of this scheme is
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that the previous two proposals are compatible.

While

apoprotein-phospho1ipid associations may indeed occur, it is
evident that the formation of HDL is complex and undoubtedly
involves precursor particles synthesized and secreted by
hepatic and intestinal cells, as well as the transfer of
apoprotein and lipid components from triglyceride-rich
lipoproteins.
Although the relative contribution of these
processes to the formation of HDL is not fully understood,
it is well established that transformation of HDL precursors
to mature spherical HDL particles is dependent on LCAT
activity (Fielding 1986).

HDL are the locus for LCAT

activity and is responsible for the synthesis of essentially
all plasma cho1estery1 esters, except those that represent
dietary cholesterol transported in chy1omicrons (Havel
1987).

The enzyme transfers a fatty acyl residue from

lecithin to cholesterol to yield lysolecithin and
cho1estery1 esters as products.

In patients with familial

LCAT deficiency (G1omset and Norum 1973), their plasma
contains abundant amounts of discoidal and vesicular
structures, and "surface remnants" accumulate after a fatty
meal (Glomset et al. 1975).

Transformation to mature HDL

occurs rapidly when LCAT is added to the plasma (Glomset et
al. 1975).

Apo A-I appears to be the most effective

activator of LCAT (Fielding et al. 1972), although apo A-IV
and apo C-I may also serve as cofactors (Havel 1987).
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EDL subclasses.

The presence of several discrete

HDL populations has been confirmed in many studies.

In

earlier studies, Gofman et al. (1954) separated HDL into
three subclasses; HDL1 , HDL2, and

HD~,

with the latter group

of lipoproteins being the smallest and most dense.

HDL2 and

HDLa are the major HDL populations present in the plasma of
most animal species, including humans.

The core diameter of

HDL2 is about 50 percent larger than HDLa, resulting in a
core volume which is 3.5-fold larger (Eisenberg 1984).

The

molecular weight of HDL2 is about twice that of HDLa (Patsch
et al. 1980).

using rate-zonal ultracentrifugation, Patsch

et al. 1974) developed a procedure that allows separation of
HDL2 and HDLa from each other, from other lipoproteins, and
from the residual plasma proteins in a single
ultracentrifugal spin.

Although the two HDL subclasses

demonstrate a certain amount of micropolydispersity (Patsch
et al. 1980), distinct separation of this type indicates
that each subclass represents thermodynamically favorable
structures, with only a relatively narrow margin of
variation with each subclass (Eisenberg 1984).
Other discrete HDL populations have been described
by several investigators.

substantial amounts of HDLl are

present in the plasma of rats (Lusk et al. 1979; Oschry and
Eisenberg 1982), and has also been identified in humans.
Unlike humans, however, rats completely lack

HD~

as a
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separate lipoprotein subclass (Oschry and Eisenberg 1982;
Lee and Koo 1988).

Rat HDLl occupies a density interval

which overlaps both LDL and

HD~,

and demonstrates an

isopycnic point of 1.054 glml (Lusk et ale 1979).

HDLl can

be separated from other HDL subclasses using rate-zonal
ultracentrifugation (Lusk et ale 1979; Schmitz and Assmann
1982) or affinity chromatography on a heparin-Sepharose
column (Weisgraber and Mahley 1980; Marcel et ale 1980).
Whereas HDLz and HDL3 contain apo A-I as their major
apoprotein, HDLl is rich in apo E (50 to 60 percent of total
protein) and also contains relatively large amounts of C
apoproteins (Eisenberg 1984).

Using heparin-affinity

chromatography, Lee and Koo (1988) have isolated rat HDLl
and two subpopulations of HDLz , one containing apo E and one
devoid of apo E.

(The latter two subpopulations, however,

may not represent physiologically discrete particles, since
elution from the heparin column is dependent solely on the
affinity for apo E.

Adjustments in the elution procedure

can potentially yield a host of compositionally distinct
particles.)

Another lipoprotein that is rich in apo E and

separates at similar density intervals is found in the
plasma of animals on high-cholesterol diets (Mahley 1982).
This lipoprotein is designated

HD~

and is now considered to

be an analog of the normally circulating HDLl (Mahley 1985;
1988).
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HDL interconversions.

SUbstantial evidence suggests

that HDL particles can become larger or smaller when lipid
and protein molecules from different sources are added to or
removed from the particles.

Studies indicate that HDL3,

HDL2, and HDLl are all metabolically interrelated, and that
the conversion processes are regulated by specific enzymes
and transfer proteins (Eisenberg 1984).
For the conversion of HDL3 to HDL2 to occur, it is
necessary for the smaller particle to accept surface
components (phospholipids, free cholesterol, and
apoproteins) from lipolyzed triglyceride-rich lipoproteins
(Patsch et ale 1978; Taskinen et ale 1982).

Indeed, plasma

HDL concentrations are in general proportion to lipoprotein
lipase (LPL) activity (Nikkila 1978; Kekki 1980), and nearly
all the variation in HDL concentration is explained by the
variation of HDL2 (Anderson et ale 1978; Shepherd et ale
1980).

By this process, the content of phospholipids and

free cholesterol in HDLa increases by nearly 100 percent,
and that of apoproteins by about 50 percent (Eisenberg
1984).

Complete conversion to HDL2 further requires the

action of LCAT to supply adequate cholesteryl esters for the
particle core.

If the LCAT reaction does not occur,

conversion appears to be fully reversible (Eisenberg 1984).
The capacity of HDLa to accept cholesterol from cell
membranes as a substrate for LCAT has been well established
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and is considered a major part of the "reverse cholesterol
transport" process, which will be discussed later.
Several reports suggest that HDLz may be depleted of
lipid and protein constituents to form the smaller HDL3
particles.

In order for this conversion to be complete, two

events appear to occur; (a) the hydrolysis of phospholipids
and triglycerides by hepatic lipase, and (b) the removal of
cholesteryl esters from the particle core.

While much of

the data concerning the participation of hepatic lipase is
indirect, strong negative correlations exist between plasma
HDL levels and hepatic lipase (Kuusi et ale 1980; 1982).
Human patients with hepatic lipase deficiency were reported
to have remarkably high levels of HDLz (Breckenridge et ale
1982).

Although conversion of HDLz to HDLa particles has

been demonstrated using in vitro incubations containing
hepatic lipase (Groot et ale 1983; Deckelbaum et ale 1986),
removal of about two-thirds of the HDLz-cholesteryl esters
is necessary for conversion to be complete (Eisenberg 1986).
A possible mechanism involves the replacement of cholesteryl
esters by triglycerides, followed by hydrolysis of the
transferred triglycerides (Oschry and Eisenberg 1982;
Deckelbaum et ale 1982).

By these processes, it appears

that HDLz and HDLa may be involved in a somewhat cyclic
pathway, although direct in vivo evidence is lacking.
In the plasma of rats and humans, studies indicate
that HDLl is formed from

HDI~I

and is

~robably

governed by
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the same reactions that regulate the conversion of HDLa to
HDLz (Eisenberg 1984).

As stated above, HDLl is rich in apo

E, which is derived from the lipolysis of triglyceride-rich
lipoproteins (Blum 1982; Rubinstein et al. 1982).

That HDLl

is larger than HDLz also reflects an increased capacity to
aquire LCAT-derived cholesteryl esters (Schmitz and Assmann
1982; Daerr and Greten 1982).

The requirement to transport

large quantities of cholesterol in the plasma is probably
responsible for the accumulation of HDlt in cholesterol-fed
animals (Mahley 1982).

Thus, apo E-rich HDLl particles are

formed in the plasma from apo A-I-rich HDLz particles.
Because apoproteins serve as markers for the interaction of
lipoproteins with cells and enzymes, the metabolic
significance of the shift in apoprotein profiles of the HDL
subclasses cannot be overemphasized.

HDL cholesterol transport.

Much is known about the

exogenous and endogenous lipid transport systems and
cholesterol delivery to the peripheral cells, yet relatively
little information is available about the removal of
cellular cholesterol and the maintenance of tissue
cholesterol levels.

As originally described by Glomset

(1968), evidence suggests that plasma HDL playa pivotal
role in cholesterol removal from the periphery and delivery
to the liver for excretion from the body, commonly referred
to as "reverse cholesterol transport".

In peripheral
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tissues, reverse cholesterol transport is initiated by the
efflux of unesterified (free) cholesterol from cells to HDL
particles (Tall and Small 1980; Reichl and Miller 1986).
Newly acquired cholesterol is rapidly esterified by the LCAT
reaction, which facilitates the transfer of free cholesterol
from the cell (Ray et al. 1980; Fielding and Fielding 1981).
The newly synthesized cholesteryl esters can be transported
directly to the liver in HDL or transferred to other plasma
lipoproteins by means of a specific transfer protein
(Zilversmit 1983; Tall 1986).

Cholesteryl esters

transferred to VLDL and LDL then have the potential to be
delivered to the liver via the LDL receptor.
The mechanisms by which HDL accepts cholesterol from
peripheral cells is poorly understood, and disagreement
exists whether specific binding of HDL to the cell surface
membrane facilitates cholesterol transfer.

One group of

investigators (Biesbroeck et al. 1983; Brinton et al. 1986;
1987) state that specific binding of HDL is the major
determinant of cholesterol .efflux from cells to HDL
particles.

Interestingly, these same researchers also

presented evidence in which binding was not required for the
removal of cellular cholesterol (Slotte et al. 1987).
Another group reports that, subsequent to binding, HDL
actually enter the cell by endocytosis, acquire cholesterol
from the cytoplasm, then exits the cell by "retroendocytosis" (Schmitz et al. 1985).

Alternatively, other

43

investigators (Tabas and Tall 1984; Karlin et al. 1987;
Johnson et al. 1988; Mendel and Kunitake 1988) have
consistently reported a lack of relationship between
specific binding and cholesterol efflux from peripheral
cells, in which the transfer of cholesterol occurs by free
diffusion of cholesterol molecules from the cell surface.
According to the latter hypothesis, the transfer of
cholesterol between cells and HDL is bidirectional and does
not require the direct input of metabolic energy (Rothblat
and Phillips 1982; Johnson et al. 1986; Phillips et al.
1987).

The direction of transfer depends on the relative

enrichment of cholesterol in either the cell or HDL
(Phillips and Rothblat 1987; Johnson et al. 1988).

When

cholesterol is transferred to HDL, cholesterol enrichment in
the cell membrane must exceed that in the lipoprotein
particle.

Because of the rapid consumption of unesterified

cholesterol by the LCAT reaction, net movement of
cholesterol from peripheral cells to HDL is therefore
favored and reverse cholesterol transport ensues.

The

possibility that all three mechanisms of cellular
cholesterol efflux operate in reverse cholesterol transport
should not be precluded.
The existence of a specific HDL membrane receptor is
also in question.

A putative "HDL receptor" has apparently

been identified and partially characterized in various
tissues using ligand blotting techniques.

The molecular
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mass of this HDL-binding protein is uncertain, and values
have been reported to be 110 kDa in human fibroblasts
(Graham and Oram 1987), 120 kDa in human placenta (Keso et
ale 1987), and 78 kDa in rat adrenal, liver, and kidney
membranes (Fidge et ale 1985; Fidge 1986).

Conversely,

Mendel et ale (1988a; 1988b) present evidence that binding
sites for HDL are not "classical" receptors, in that they
are kinetically heterogeneous and small in molecular mass.
While the mode of interaction between cells and HDL
/

in the periphery is not completely understood, it is agreed
that

HD~

particles are much more effective than HDL2 in

promoting cholesterol removal from cells and reducing
cellular cholesterol (Oram et ale 1981; Daniels et ale 1981:
Oram 1983).

As stated above, HDL2 are the preferred

substrate for hepatic lipase (Groot et ale 1983; Deckelbaum
et ale 1986).

Taken together, these observations support

the concept that

HD~

and

HD~

are interconverted between

the periphery and the liver, and may operate in a cyclic
pathway during reverse cholesterol transport.
In the rat, HDL normally transports cholesterol from
and to peripheral cells.
LDL, is devoid of

HD~,

Rat plasma is relatively low in

but contains large amounts of apo E-

rich HOLl (Lusk et ale 1979; Oschry and Eisenberg 1982).
Because apo E is a ligand for the LDL receptor, HDLl can
participate in cholesterol delivery to the periphery and in
reverse cholesterol transport via the LDL receptor (Van't
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Hooft and Havel 1982).

This is significant because the rat

is deficient in cholesteryl ester transfer activity (Ha and
Barter 1982), a mechanism in other species whereby LDL and
VLDL have the capacity to receive HDL cholesteryl esters.
The absence of this mechanism appears to be the basis for
the presence of the larger HDLl particles (Tall 1986).

Thus

at least 80 percent of the total plasma cholesterol in rats
is transported in HDL (Spady and Dietschy 1983).

HDL catabolism.

In spite of considerable

investigational efforts, the tissue sites and mechanisms of
HDL catabolism are still obscure.

As mentioned above, HDL

may have several modes of interaction with cells which,
consequently, affect the degradative processes in vivo.
Because of its central role in reverse cholesterol
transport, the liver appears to be a most important site of
HDL catabolism.

Yet, virtually all tissues appear to have

the capacity to catabolize, at least partially, HDL
particles.
To determine the major sites of HDL catabolism,
early studies were carried out using iodinated HDL.

Results

suggested that the liver and possibly the small intestine
were the major sites of HDL catabolism (Roheim et al. 1971;
Rachmilewitz et al. 1972; Eisenberg et al. 1973).

However,

Van Tol et al. (1978) found that the fractional catabolic
rate of iodinated HDL was not altered after partial
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hepatectomy and further reported that the majority of HDL
catabolism occurred in skeletal muscle and not the liver.
Since the iodination procedure radiolabels only the protein
moiety of HDL particles, further studies were designed to
examine the catabolic sites of HDL cholesteryl esters and
phospholipids (Van't Hooft et ale 1981).

Results indicated

that the liver was indeed the major catabolic site for both
HDL cholesteryl esters and phospholipids.

It was therefore

suggested that, at least in the rat, the catabolism of the
individual HDL components could occur by separate metabolic
pathways depending on the tissue site and metabolic state of
the animal (Van't Hooft et ale 1981).
More recently, nondegradable radioactive ligands
have been used to label the various HDL components, thus
providing a cumulative marker of tissue uptake and
degradation.

stein et ale (1983) labeled HDL particles with

[3 H]cholesteryl linoleyl ether to serve as a nondegradable

analog of HDL cholesteryl esters.

Results confirmed earlier

studies that the liver is the major site of HDL cholesteryl
ester uptake, and that uptake in the carcass is also
significant.

Glass et ale (1983a) also utilized cholesteryl

ether, but, in addition, exchanged into the HDL particle apo
A-I covalently attached to

125 I -tyramine

cellobiose, which

accumulates in cells that degrade apo A-I.

These data

clearly indicated that the majority of HDL cholesteryl
esters are catabolized in the liver.

While the liver
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remained predominant as a catabolic site for apo A-I,
substantially less was degraded in this organ as compared to
cholesteryl ethers.

The apparent differential uptake of HDL

components was later demonstrated in a variety of tissues
(Glass et al. 1985); in general, greater uptake of
cholesteryl ethers occurred in the steroidogenic tissues,
whereas the skin and kidneys exhibited greater uptake of apo
A-I.

Increased uptake of apo A-I observed in the kidney

probably reflects degradation of filtered apo A-I not
associated with HDL particles (Glass et al. 1983b).

These

studies have also demonstrated that total HDL cholesteryl
ester are cleared from the plasma at a greater rate than HDL
protein (stein et al. 1983; Glass et a1. 1983a; Glass et al.
1985), which support the concept that a significant fraction
of plasma HDL is not degraded as a whole particle.
Differential uptake has also been demonstrated in a
variety of cultured cells.

HDL cholesteryl esters are

preferentially catabolized by primary cultures of rat
hepatocytes (Leitersdorf et al. 1984; Glass et al. 1985;
Pittman et al. 1987a) and adrenal cells (Glass et al. 1985;
Leitersdorf et al. 1986; Pittman et al. 1987a).

Mouse-

derived macrophages (stein et al. 1986), as well as human
Hep G2 hepatoma cells and fibroblasts (Pittman et al. 1987a;
Rinninger and Pittman 1988) also exhibit differential
uptake.

These studies suggest that HDL can deliver

cholesteryl esters to a variety of cells, particularly
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steroidogenic cells (Gwynne and Strauss 1982), in addition
to removing free cholesterol from them.

Furthermore, it

appears that preferential delivery is regulated by the
cholesterol status of the cell (Rinninger and Pittman 1987;
1988).

The mechanisms of selective cholesteryl ester

transfer into the cell apparently does not involve
endocytosis of the HDL particle (Pittman et al. 1987a;
1987b), nor is HDL binding to the cell surface required
(Rinninger and Pittman 1988).
Liver perfusion studies confirm the occurrence of a
differential uptake of apoprotein and cholesteryl ester
components in the liver (Mackinnon et al. 1986; Arbeeny et
al. 1987).

The uptake of HDL cholesteryl esters was 4- to

6-fold higher than that of the protein moiety.

It appears

that a portion of the HDL may bind specifically to the
liver, but that binding is not necessarily required for the
uptake of cholesteryl esters (Arbeeny et al. 1987).
Furthermore, results indicate that a fraction of the HDL
that initially bind are eventually released as smaller, more
dense particles, significantly depleted of core cholesteryl
esters (Mackinnon et al. 1986; Arbeeny et al. 1987).

These

results further support the notion that cholesteryl esterrich HDL2 are converted to smaller HDL3 by the liver during
reverse cholesterol transport.
The mechanisms by which HDL components are
catabolized at the cellular level have been studied using
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various types of isolated and cultured cells.

In general,

fibroblasts and steroidogenic cells serve as models of
peripheral cell metabolism in vivo, while hepatocytes are
the focus of HDL catabolism during reverse cholesterol
transport.

A plethora of studies have reported on the

specific binding and internalization of HDL by hepatocytes
(reviewed by Eisenberg 1984).

An HDL "binding site" clearly

distinct from the LDL and apo E receptors has been
delineated.

It appears that only part of the HDL that binds

to the cell may be degraded, and it has been suggested that
internalization of the particle is a rate-limiting step in
the intracellular degradation (Van Berkel et al. 1981).

HDL

binding appears to be completely reversible (Bachorik et al.
1985).

Lysosomes also play an important part in the

degradative process of internalized HDL (Ose et al. 1980;
Bachorik et al. 1982; 1985).
In summary, the studies cited above demonstrate the
complexity of HDL metabolism.

Plasma HDL function as

acceptors of cellular cholesterol as well as surface
components from triglyceride-rich lipoproteins generated
during catabolism.

Conversely, HDL can transfer cholesteryl

esters to other lipoproteins and serve as an important
source of cholesterol for steroidogenic tissues.

Delivery

of HDL cholesterol to the liver involves several distinct
processes:

(a) Transfer of unesterified cholesterol from

HDL by diffusion; (b) transfer of cholesteryl esters
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directly from HDL; (c) endocytotic uptake and degradation of
HDL particles; and (d) transfer of HDL cholesteryl esters to
other lipoproteins and subsequent endocytosis.

In this way,

HDL function to transport excess cholesterol from peripheral
tissue to the liver for excretion from the body during
reverse cholesterol transport.

Lipoproteins and Atherosclerosis
Atherosclerosis is the major cause of death in the
united states.

It is a disease of the arteries,

characterized by the presence of numerous macrophage-derived
"foam cells" (Brown and Goldstein 1983) that develop on the
inner portion of the artery wall, restricting blood flow.
Most commonly affected are the aorta and the iliac, femoral,
cerebral, and coronary arteries (Ross and Glomset 1973).
Occlusion of the coronary arteries leads to myocardial
infarction, which accounts for about 60 percent of
atherosclerosis-related deaths.

Advanced arterial lesions

are associated with cellular proliferation, fibrosis, and
the accumulation of cholesterol derived from plasma
lipoproteins (Mahley 1985; Steinberg 1987).
Epidemiological studies have suggested that elevated
plasma cholesterol levels are consequential in promoting the
formation of atherosclerotic lesions.

Because the plasma

lipoproteins play very distinct roles in the metabolism and
maintenance of tissue cholesterol, it is important to
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identify the specific lipoproteins responsible for the
delivery of cholesterol to the site of lesion formation.
Coronary artery disease of clinical significance develops
when influx and deposition of cholesterol exceeds efflux of
cholesterol from the arterial wall (Mahley 1985).

Thus, it

seems the type of lipoprotein-associated cholesterol may be
more important than the absolute level of total plasma
cholesterol.
The concentration of LDL-associated cholesterol in
the plasma has been demonstrated to be highly correlated to
the incidence of coronary artery disease (Lipid Research
Clinics Program 1984).

Factors which regulate LDL

concentrations are undoubtedly linked to the atherogenicity
of the particle (Rudel et al. 1986).

Perhaps the most

convincing evidence of this is in the genetic disorder,
familial hypercholesterolemia, in which homozygous patients
lack LDL receptors and develop massive increases in LDL
concentrations (Goldstein and Brown 1982).

These

individuals develop premature atherosclerosis and frequently
die within the second decade of life.

The mechanisms

responsible for the atherogenicity of LDL are not completely
understood, although macrophages which normally scavenge
lipoprotein-cholesterol have been implicated.

Brown and

Goldstein (1983) proposed that at the site of lesion
formation, macrophages become overwhelmed in response to
increased LDL concentrations, resulting in cholesterol-laden
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foam cells.

Alternatively, the ability of the macrophages

to excrete cholesterol may become limited.

Nevertheless,

more information is needed to establish the precise
mechanisms by which plasma LDL contribute to the
pathogenesis of atherosclerosis.
strong negative correlations between plasma HDL
cholesterol levels and risk of coronary artery disease has
been firmly established (Miller and Miller 1975; Gordon et
ale 1977).

The strength of this negative correlation is

probably better than the strength of the positive
correlation with LDL cholesterol levels.

If the

effectiveness of the reverse cholesterol transport system is
directly related to plasma HDL concentrations, the negative
correlation between HDL and risk might indicate that reverse
cholesterol transport is also important in moving
cholesterol out of the arterial wall (steinberg 1987).
However, direct evidence that raising HDL levels will
decrease risk is lacking.

The benefit of lowering LDL

concentration is assumed to be greater than raising HDL
levels as a protective measure against atherosclerosis
(Steinberg 1987).

Thus, the widespread use of total plasma

cholesterol concentration as an indicator of risk of
coronary artery disease, although effective in most cases,
can be misleading if increased HDL levels are advantageous.
The ratio of plasma LDL to HDL may be much better than the
absolute cholesterol concentration as an indicator of risk.
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Copper Metabolism
Copper is essential to metabolic functioning of all
living systems.

In animals, mechanisms have evolved that

control the homeostasis of this element to ensure that
adequate, but not toxic, levels are absorbed, transported,
stored, utilized, and excreted.

Historically, copper was

first shown to be an essential dietary component in the
prevention of anemia (Hart et al. 1928).

Subsequently,

copper was demonstrated to be essential for the metabolism
of hemoglobin (Elvehjem and Sherman 1932) and cytochrome
oxidase (Cohen and Elvehjem 1934), thus establishing the
biological function of copper as a biochemically significant
catalyst.

It is now known that copper functions in concert

with a host of specific protein ligands (Prohaska 1988).
The healthy adult body has been estimated to contain
80 mg of total copper (Cartwright and wintrobe 1964a;
1964b).

The distribution of body copper among the tissues

varies with species, age, and copper status of the animal
(Underwood 1977).

In general, the endocrine glands, muscle,

and bone have low copper concentrations.

Intermediate

levels are found in the pancreas, skin, spleen, and
intestine, whereas relatively high copper levels are found
in the liver, brain, kidneys, heart, and hair (Carlton and
Henderson 1963; Evans 1973).

Individual tissues may differ

greatly in their susceptibility to variations in dietary
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copper intake.

The liver, kidneys, and plasma are

particularly responsive to such changes, while the endocrine
glands, muscle, and heart are less responsive (Underwood
1977).

Furthermore, copper levels in the liver and plasma

are affected by other dietary factors that influence copper
retention in the body through their effects on copper
absorption and/or excretion (Underwood 1977).

Dietary zinc,

cadmium, iron, and molybdenum can reduce copper levels by
depressing copper absorption (Gray and Daniel 1964; Evans
1973).

Dietary iron has also been shown to decrease liver

copper by increasing copper excretion (Sourkes et al. 1968).
Dietary copper is absorbed in the stomach and in the
small intestine, particularly the duodenum (Owen 1964: Van
Campen and Mitchell 1965).

The extent of absorption is

influenced by the amount and chemical form of the copper
ingested, and by dietary levels of other metal ions as
mentioned above.

Copper in foods occurs in many different

forms and combinations which affect its availability to the
animal.

In most species, dietary copper is poorly absorbed

(Evans 1973).

The mechanisms which govern absorption are

not completely understood, although it appears most of the
copper absorbed into the intestinal mucosal cell is bound to
metallothionein (Starcher 1969; Evans et al. 1970).

It has

been demonstrated that zinc interacts with copper in the
intestinal lumen, causing a reduction in copper uptake by
the mucosal cells (Oestreicher and Cousins 1985).

Since
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zinc also binds to metallothionein, it is not clear whether
this interaction represents competition for specific
receptors on the cell membrane or for absorbable binding
ligands (cousins 1985).

Nevertheless, these data suggest a

possible mechanism by which the absorption of dietary copper
is inhibited of other metal ions.
The majority of copper transported in the plasma is
tightly bound to ceruloplasmin (Gubler et ale 1953).

A much

smaller percentage is loosely bound to albumin and possibly
free amino acids.

These latter components may increase

directly after a meal, and appear to be the ligands that
transport copper in the portal circulation (Marceau and
Aspin 1973; weiner and Cousins 1983).

This suggests that

loosely bound copper is the form donated to the liver,
although the specific ligand(s) that transport copper from
the intestine to the liver has not been fully elucidated
(Cousins 1985).

It does appear that albumin possesses a

specific binding site for copper (Lau and Sarkar 1971).
Copper that is secreted by the liver is principally in the
form of ceruloplasmin, and probably represents the state in
which extrahepatic copper is transported to peripheral
tissues (cousins 1985).

Copper Deficiency
Pathological changes associated with copper
deficiency ultimately occur as a result of decreased
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activity of copper-dependent enzymes (Fell 1987).

One of

the most significant is the reduction in cytochrome oxidase
activity, resulting in decreased cellular respiration.
Consequently, energy-requiring synthetic and homeostatic
processes of the cell are disrupted, leading to pathological
changes (Fell 1987).

The manifestations of copper

deficiency vary with age, sex, and species of the animal and
with the severity and duration of deficiency (Underwood
1977).
Anemia is a common expression of copper deficiency
in all species.

The caus 7 appears to be an impairment in

hemoglobin synthesis and erythrocyte maturation (Gubler et
ale 1952; Lahey et ale 1952).

Ceruloplasmin plays an

essential role in promoting the rate of iron absorption and
transport, and in the utilization of iron by bone marrow for
hemoglobin synthesis (Osaki et ale 1966; Evans and Abraham
1973; Williams et ale 1974).

Copper does not appear to be

directly involved with the enzymes responsible for heme
synthesis (Lee et ale 1968).

However, cytochrome oxidase

activity is required for the reduction of ferric iron to
ferrous iron necessary for heme synthesis (Williams et ale
1976).
Changes in the growth and appearance of hair and
wool have been reported in copper deficiency.

A reduction

in the quality and quantity of wool produced by sheep
results from the failure of the follicles to impart crimp to
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the wool fibers (Underwood 1977).

The characteristic

physical properties of wool are dependent on the presence of
disulfide groups that provide cross-linkages of keratin.
Copper deficiency impairs keratinization by disrupting the
orientation or alignment of the keratin fibrils (Marston
1952).

Impaired keratinization has also been demonstrated

in a variety of other animals (Underwood 1977; Fell 1987)
and in humans with a genetic defect in copper metabolism
(Danks et al. 1972).

The pigmentation of hair and wool is

also affected by copper status.

It has been suggested that

a loss in conversion of tyrosine to melanin is responsible,
since this conversion is catalyzed by copper-containing
polyphenyloxidases (Fell 1987).
Skeletal abnormalities have been reported in a host
of animal species, and are specific metabolic effects of
copper deficiency unrelated to the concurrent anemia
(Underwood 1977).

A reduction in the activity of the

copper-dependent enzyme, lysyl oxidase, apparently leads to
a diminished stability and strength of bone collagen as a
result of impaired cross-linking (Rucker et al. 1969; siegel
et al. 1970).
Neurological disorders result primarily from
decreased cytochrome oxidase activity associated with copper
deficiency (Fell 1987).

Neonatal ataxia has been observed

in a variety of animals exhibiting cell necrosis and nerve
fiber degeneration in the brain stem and spinal cord (Barlow

58
1963).

It appears that demyelination occurs and that copper

is essential for myelin formation, although it is unclear
whether the mechanisms involve specific effects on a
particular synthetic process or a more general impairment of
energy metabolism (Fell 1987).
The first evidence of cardiovascular abnormalities
in copper deficiency emerged from studies of sudden cardiac
failure in grazing cattle known as "falling disease"
(Bennetts and Hall 1939; Bennetts et ale 1948).

Sudden

death attributable to cardiac hypertrophy and rupture of the
myocardium have been reported (Gubler et ale 1957; Goodman
et ale 1970; Kelly et ale 1974).

Considerable enlargement

in the mitochondrial compartment of the myocardial fibers
appear to contribute significantly to the observed cardiac
hypertrophy (Dallman and Goodman 1970; Leigh 1975).
Furthermore, cytochrome oxidase activity in the myocardium
is diminished in animals depleted of copper (Fell 1987).
The rupture of major blood vessels may also cause sudden
death of copper-deficient animals (O'Dell et ale 1961;
Coulson and Carnes 1963; Everson et ale 1967).

The

defective formation of elastin in vessels is attributed to
decreased activity of lysyl oxidase (Underwood 1977).

As in

collagen formation, molecular cross-linking of lysine
residues is impaired.

Starcher et ale (1964) observed

reduced collagen and elastin levels in aortas of copperdeficient animals with a concomitant accumulation of non-
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elastin, non-collagen pro'cein.
can equally be affected.

The peripheral circulation

structural weakening of arteries

leading to aneurysm formation has been reported ,in a variety
of species deficient in copper (Fell 1987).
Nutritional copper deficiency in adult humans is
virtually non-existent.

However, human infants, either

premature (Griscom et ale 1971; Ashkenazi et ale 1973) or
suffering from general malnutrition (Graham and Cordano
1969; AI-Rashid and Spangler 1971; Karpel and Peden 1972;
Heller et ale 1978), exhibit anemia and osteoporosis
attributed to copper deficiency.

Depigmentation of hair has

also been reported in infants (Ashkenazi et ale 1973),
although abnormalities of the cardiovascular and
neurological systems have not been described in humans.
genetically determined form of copper deficiency was
reported by Menkes et ale (1962), in which individuals
rarely survive past 3 years of age (Danks 1987).

The

dietary copper requirement for adults is estimated to be
approximately 2 mg per day, although methodological
imprecision and inconsistencies suggest that no reliable
estimates exist for humans (Suttle 1987).

Copper Deficiency. Cholesterol and Lipoproteins
The biochemical role of copper in lipoprotein and
cholesterol metabolism has been the subject of recent
nutritional investigations.

It is generally agreed that

A
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dietary copper deficiency increases plasma cholesterol
levels (Lei 1989).

Klevay (1973; 1975) first proposed that

the observed hypercholesterolemia was due to an increased
dietary zinc to copper ratio, and further hypothesized that
this imbalance was a factor in the etiology of coronary
artery disease.

In large scale factorial experiments using

various levels of dietary zinc and copper, an inverse
relationship between dietary or serum copper and levels of
serum cholesterol, triglycerides, and phospholipids was
demonstrated (Murthy and Petering 1976; Petering et ale
1977).

These latter results suggested that dietary copper

governs the metabolic fate of cholesterol more than the zinc
to copper ratio.

Subsequent studies have clearly

established a trend of increasing plasma cholesterol
concentration with the degree of copper deficiency (reviewed
by Lei 1989).

The majority of studies conducted to

elucidate the mechanisms of hypercholesterolemia in copper
deficiency have involved rats, although the condition has
been demonstrated experimentally in mice (Jones 1984),
monkeys (Milne et ale 1981), and humans (Klevay et ale 1984;
Reiser et ale 1987).
Because of the central role of the liver in
cholesterol metabolism, cholesterol synthesis was determined
by in vitro incubations of liver slices with radiolabeled
acetate.

Results indicated that synthesis was not affected

by copper deficiency using this method (Lei 1977).

However,
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recent studies (Yount et ale 1989) suggest that hepatic
HMG-CoA reductase is indeed increased in copper-deficient
rats.

Furthermore, Shao and Lei (1980) demonstrated that

cholesteryl esters, newly synthesized from mevalonate, leave
the liver at an increased rate in copper deficiency.

While

lower hepatic cholesterol concentrations have also been
reported in these animals (Lei 1977: 1978: Hassel et ale
1987: 1988), there appears to be no change in bile acid
synthesis or biliary cholesterol excretion (Lei 1978: Allen
and Klevay 1978).

These results imply that a shift of

cholesterol from the liver to the plasma without a
concomitant increase in excretion may contribute to the
observed hypercholesterolemia of copper-deficient rats.
Kinetic experiments have attempted to determine the
characteristics of cholesterol clearance from the plasma.
Mathematical estimations of the plasma disappearance of
radiolabeled cholesterol suggested marked increases in the
size and half-life of the rapidly exchangeable cholesterol
pool in copper-deficient rats (Lin and Lei 1981).

This pool

is thought to consist of tissues that equilibrate rapidly
with plasma cholesterol.

The calculated half-life of the

slower turning over cholesterol pool was not different in
copper-deficient animals compared to controls (Lin and Lei
1981).

Furthermore, the half-life of plasma cholesterol

associated with the HDL fraction was prolonged by copper
deficiency (Lei and Lin 1981).

That total and HDL
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cholesterol metabolism was altered in these studies suggests
an influential role of dietary copper in lipoprotein
metabolism.
Alterations in the metabolism and composition of the
various lipoprotein fractions have been attributed to copper
deficiency.

The majority of plasma cholesterol in normal

rats is transported in HDL.

In copper-deficient rats,

elevated cholesterol levels are associated primarily with
increased HDL concentrations (Allen and Klevay 1980; Lei and
Lin 1981; Hassel et al. 1987; 1988).

The triglyceride

composition of the HDL population appears to be unaltered by
copper deficiency, although the proportion of cholesterol
increases and the protein component becomes enriched with
apo E (Lei et al. 1983; Croswell and Lei 1985; Lefevre et
al. 1985; 1986).

Using nondenaturing gradient-gel

electrophoresis and heparin-affinity chromatography, Lefevre
et al. (1986) demonstrated that apo E enrichment was due to
a selective increase in HDLl particles relative to HDLz
rather than a compositional change in HDL.
The observation that apo E-rich HDLl particles are
selectively increased in copper-deficient rats is consistent
with other observations concerning copper deficiency.
considering the role of HDLl in acquiring excess cholesterol
during normal conversion from HDLz (Eisenberg 1984),
increased hepatic HMG-CoA reductase activity as well as the
shift of hepatic cholesterol to the plasma in copper-
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deficient animals could be accounted for by elevated
concentrations of HDLI •

Biliary sterol excretion and bile

acid synthesis, two major catabolic routes of HDL
cholesterol in rats, apparently do not increase concurrently
with elevated HDLI levels in copper-deficient rats (Lei
1978; Allen and Klevay 1978).

In addition, lower LCAT

activity has also been reported in these animals (Harvey and
Allen 1981; Lau and Klevay 1981), suggesting lower substrate
reactivity rather than lower enzyme activity, since HDLI is
a poor substrate for LCAT (Marcel et ale 1980).

It is

possible that the net flux of HDL cholesterol in copperdeficient rats is altered, being manifested by increased
HDLI in the plasma.
Thus it appears that increased formation and/or
alterations in the catabolism of HDL, primarily HDL1 , may be
contributory factors to the hypercholesterolemia observed in
copper-deficient rats.

This conclusion is, at present,

speculative since no direct in vivo evidence exists
concerning increased formation or catabolism of HDL
particles in this animal model.
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MATERIALS AND METHODS

Experimental Design
Two studies were conducted to determine various
aspects of HDL catabolism in copper-deficient rats.

The

first study (Study I) focused on the processes of HDL
apoprotein clearance from the plasma and tissue uptake,
whereas the second set of experiments (Study II) attempted
to characterize the differential uptake of the apoprotein

.

and cholesteryl ester moieties of HDL using doubly labeled
particles.

Both studies utilized the tracer-dose injection

technique for determining the characteristics of plasma
clearance and subsequent tissue uptake.

Animals and Diets
Male weanling rats were randomly divided into two
dietary treatments; copper-deficient and adequate.

The

basal diet was prepared according to American Institute of
Nutrition (1976; 1980) specifications, except copper was
excluded from the mineral mix.

Briefly, the diet was

comprised of 20% casein (supplemented with 0.3% methionine),
65% glucose, 5% cellulose, 5% corn oil, and all necessary
vitamins and minerals.

The copper-adequate (control) diet

was prepared by adding CUC03 to the basal diet to a final
concentration of 5-7 mg Cu/kg diet.

The copper-deficient
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diet contained 0.6-0.S mg Culkg diet.

Upon arrival, all

animals were fed the copper-adequate diet one week before
the start of the experiments.

Lipoprotein Isolation
After 5 weeks, rats from each treatment group were
fasted 24 hours and blood was obtained by cardiac puncture.
Plasma lipoproteins were separated and purified according to
Rudel et ale (1974).

Plasma was adjusted to a density of

1.225 glml with 0.3517 g KBr/ml plasma and overlayered with
buffer solution (d 1.225) in ultracentrifuge tubes.

The

plasma was centrifuged in a SW-2S rotor at 100,000 x g for
24 hours at 15°C using a Beckman LS-SOM ultracentrifuge
(Beckman Instruments, Fullerton, CAl.

The floated

lipoproteins were aspirated and applied to an agarose column
containing Bio-Gel A-5m (Bio-Rad, Richmond, CAl, maintained
at 6°C.

Lipoproteins were eluted at 20 mllhr with 150

NaCI, 0.01% EDTA, and 0.02% NaN3 at pH 7.4.

roM

The eluate was

collected in 4 ml fractions and monitored for protein
concentration at 2S0 nm.

Identification of the separated

plasma components was validated by calibrating the column
with rat VLDL, LDL, and HDL obtained by sequential
ultracentrifugation (Havel et ale 1955) and with purified
molecular weight standards (Sigma Chemical Co., st. Louis,
MO).

A typical elution profile is presented in Fig. 1.

Fractions corresponding to the HDL peak were pooled and
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Fig. 1. Gel filtration chromatographic elution profile of
plasma lipoproteins. Plasma was first adjusted to
density 1.225 glml and centrifuged at 100,000 x g for
24 hrs at 15°C to obtain lipoproteins. Column
contained 6% agarose and lipoproteins were eluted at 20
mllhr with 150 mM NaCl, 0.01% EDTA, and 0.02% NaN3 at
pH 7.4.
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concentrated using CF-25 ultrafiltration cones (Aroicon
Corp., Danvers, MA).
Protein concentration of the lipoprotein fractions
were estimated by 'the procedure of Lowry et al. (1951).

HDL

cholesteryl esters and free cholesterol were separated by
thin layer chromatography (TLC) on silica gel 60 plates
(AlltechAssociates, Deerfield, IL) using hexane:ether:
acetic acid:methanol (90:20:2:3, v/v).

The corresponding

regions were scraped from the plate, the lipids extracted
according to Folch et al. (1957), and total cholesterol in
each region assayed enzymatically (Boehringer Mannheim,
Indianapolis, IN).

The enzymatic kit contains cholesterol

esterase for the hydrolyze of cholesteryl ester to produce
free cholesterol.

Each molecule of free cholesterol is

assayed colorimetrically by oxidation with cholesterol
oxidase.

Some HDL samples were directly assayed for free

and total (free and esterified) cholesterol prior to TLC
separation by incubating duplicate samples with cholesterol
oxidase in the absence and presence of cholesterol esterase
(Sale et al. 1984).

Results were in close agreement with

samples separated by TLC.

Cholesteryl ester mass was

calculated as 1.7x esterified cholesterol mass.

Apoprotein Separation
separation of the HDL apoproteins was achieved using
sodium dodecyl sulfate-polyacrylamide electrophoresis
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(SDS-PAGE) as described by Laemmli (1970).

Aliquots of HDL

protein were incubated at 37°C with buffer containing 50 roM
Tris-HCl and 2% mercaptoethanol, 1% SDS, 0.01% bromphenol
blue, and 30% glycerol.

After incubation, 30

of total

~g

protein were applied to a 7.5-20% gradient gel and run at 20
mA

for approximately 5 hours.

Gels were stained with

Coomassie Brilliant Blue (Bio-Rad Laboratories, Richmond,
CA) to visualize the individual protein bands.

The

apoproteins were identified by comparing their migration
rates with purified protein molecular weight standards (BioRad Laboratories, Richmond, CA) and purified apoprotein
preparations (Calbiochem-Behring, San Diego, CA).

Fig. 2

portrays a typical gel of HDL apoproteins from control and
copper-deficient rats.

The gels were scanned for

quantitative estimation of protein.

HDL Radiolabeling
To label the HDL apoproteins, isolated HDL from each
treatment group were iodinated as described by Goldstein et
al. (1983) using the iodine monochloride method (McFarlane
1958).

Four to six mg of HDL protein were used in each

preparation and allowed to react with 2 mCi lla 1251 (Amersham
Corp., Arlington Heights, IL) in 1 M glycine-NaOH buffer (pH
10) for up to 3 minutes.

The reaction was stopped by

quickly injecting 2.64 roM iodine monochloride.

The stock

ICI solution was freshly prepared by injecting 99 mg NaI0 3
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Fig. 2. SOS-PAGE of HOL apoproteins. Total HOL protein was
incubated at 37°C with 50 mM Tris-HCl and 1% SOS, 2%
mercaptoethanol, 0.01% bromphenol blue, and 30%
glycerol. 30 ~g total protein was applied to each lane
of the 7.5-20% gradient gel and run at 20 rnA for
approximately 5 hrs.

70
(in 2.0 ml H20) into 150 mg NaI (in 8.0 ml 6 M HCI).

This

mixture was diluted to 40 ml, extracted with carbon
tetrachloride, and the upper organic phase discarded.

The

stock ICI solution was adjusted to 2.64 mM with 2 M NaCI
prior to use in the iodination reaction.

The iodinated HDL

was applied to a prepacked Sephadex G-25M column (Pharmacia,
Uppsala, Sweden) to remove unreacted

125 1

•

The HDL

preparation was dialyzed 24 hours against 150 mM NaCI and
0.24 mM EDTA at pH 7.4 (three changes of 3 liters each).
After dialysis, iodinated HDL was sterilized by passing
through a 0.45

~m

filter (Millipore Corp., Bedford, MA) and

stored at 4"C up to 2 weeks.

In all iodinations, greater

than 97% of the radioactivity was precipitated by
trichloroacetic acid and less than 6% was associated with
the lipids extracted in chloroform/methanol (2:1, v/v).
specific activity ranged from 247 to 429 cpm/ng protein.
The cholesteryl ester moiety of HDL was labeled by
incorporating into the particle core [3H]cholesteryl
linoleyl ether ([3 H]CLE), which serves as a nonhydrolyzable
analog of cholesteryl linoleyl ester.

In this procedure,

[3 H]CLE was incubated with HDL in the presence of

cholesteryl ester transfer protein (CETP) as described by
Roberts et ale (1985).

specifically, 250 ~Ci of [l,2- 3H]CLE

(Amersham Corp., Arlington Heights, IL) in 300

~l

acetone

was added dropwise to 10 ml rabbit LPDS and incubated for 45
minutes at room temperature.

This mixture was then
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incubated with 8 mg HDL protein for 30 minutes at 4°C.

The

density of the incubation mixture was adjusted to 1.225
glml, overlayered with 5 ml buffer solution, and centrifuged
at 100,000 x g for 24 hours at 15°C.

The overall efficiency

of the procedure in all preparations was greater than 50%
and specific activity ranged from 15.7 to 28.0 dpmlng
cholesteryl ester.
This method of cholesteryl ether incorporation into
HDL has several advantages over the procedure of stein et
ale (1980; 1981; 1983) which utilizes lipoproteins or
Intralipid
reaction.

as carriers of cholesteryl ether for the CETP
The latter procedure requires 3 to 4 days to

prepare labeled HDL and transfer is only about 25%
efficient.

The method of Roberts et ale (1985) involves

fewer steps, is twice as efficient in cholesteryl ether
transfer, and requires one day to complete.

HDL Injection
Rats were anesthetized with sodium pentobarbital (5
mg/100 g body weight; subcutaneously) and injected with
radiolabeled HDL via the femoral vein.

An incision

approximately 2 cm was made lateral to the femur to expose
the vein, and the area was flushed with sterile saline.
tracer dose of labeled HDL (30-40

~g)

A

was injected using a

1 ml tuberculin syringe and 27-gauge needle.

The precise

amount of HDL injected was determined by weighing the
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syringe before and after injection, and by calculating the
density, concentration, and specific activity of the HDL
preparation.

Rats were sacrificed at specific time

intervals according the protocol of each study, and tissue
and plasma samples obtained for analysis.
In some experiments, HDL preparations were
biologically screened before injecting into recipient rats.
In this procedure, radiolabeled HDL was first injected into
donor rats and allowed to circulate for 4 hours.

The serum

of these animals was collected by letting the blood to clot
and centrifuging for at 2000 x g for 20 minutes.

The

resulting preparation was designated "screened HDL".

The

rationale of biological screening is to remove any
radioactivity not associated with intact HDL particles, and
is discussed in detail elsewhere (Roheim et al. 1971;
Sigurdsson et ale 1979; stein et ale 1983).

Tissue Analysis
Blood was removed by cardiac puncture and retained
for further analysis.

The vasculature was flushed of

residual blood with normal saline (150 roM NaCl) containing
0.01% EDTA as described by Pittman and Taylor (1986).

Whole

body perfusion was initiated through the left ventricle
after the inferior vena cava was cut and clamped above the
incision, allowing for drainage.

The effluent was carefully

collected and monitored for radioactivity.

After flushing
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with approximately 200 ml saline, the liver was further
perfused with an additional 20 ml through the portal vein.
Immediately after perfusion, the heart, liver, spleen,
adrenal glands, kidneys, testes, small intestine, and
multiple skin and muscle samples were removed and weighed on
an analytical balance.

Total organ mass of the skin and

muscle were estimated according to literature values (Caster
et al. 1956).
Tissue samples (0.5-1.0 g) were weighed and counted
for radioactivity using an LKB-Wallac gamma counter, model
1272 (LKB Instruments, Inc., Gaithersburg, MD).

For the

spleen and adrenal glands, the whole organ was used.
assay for 3H in tissue samples containing both
[3 H]CLE,
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To

1 and

lipids were extracted according the method of Dole

(1956), using isopropanol:heptane:H2S0 4 (40:10:1, v/v).

The

characteristics of this method are similar in principle to
the chloroform:methanol procedure of Folch et al. (1957) and
the heptane:ethanol procedure of Blankenhorn and Ahrens
(1955), whereby lipids are extracted into a one-phase system
and subsequently converted to two phases.

The method of

Dole (1956) was used because heptane is a more convenient
solvent than chloroform; the lipids are carried into an
upper phase from which aliquot samples are easily taken.
Furthermore, isopropanol appears to be more efficient than
ethanol in bringing together heptane and water into the
initial single phase.

In the present study, the tissue
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samples were first homogenized in 10 ml solvent using a
Polytron (Brinkmann Instruments, Westbury, NY) and allowed
to stand overnight.

The homogenate was briefly centrifuged

to remove insoluble material and a known portion obtained
for separation into two phases.

Sample aliquots of the

upper phase were taken, the solvent evaporated, and the
residue resolubilized in Aquasol (New England Nuclear,
Boston, MA) for scintillation counting.

The validity of

this method was tested by adding known amounts of [3 H]CLE to
homogenates of various tissues and assaying as described.
Recovery of [3H]CLE after lipid extraction was 87.0 ± 0.9%.
Contamination of the tissue samples with
of the total

125 I

was 3.7 ± 0.8%

radioactivity present in the samples prior

125 I

to extraction.
Hepatic copper content was estimated by atomic
absorption spectrophotometry.

Liver samples were prepared

by drying approximately 1-g samples at S6°C for 48 hours
then digesting in S ml nitric acid (Ultrex, J.T. Baker) for
3 hrs at 9SoC.

All samples were brought to equal volume

with distilled water before atomic absorption determination.

Plasma Analysis
The blood of experimental animals was collected by
cardiac puncture into 12 cc syringes containing 1 mg/ml
EDTA.

The blood was centrifuged at 2000 x g for 20 minutes

to obtain plasma.

Plasma from each rat was adjusted to
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density 1.225 glml, overlayered, and centrifuged as
described above for the initial isolation of lipoproteins.
The top 3 ml were removed, and in all cases, greater than
98% of the total plasma radioactivity was recovered.

The

floated lipoproteins were separated and purified by agarose
column chromatography as previously described, using the
method of Rudel et al. (1974).

The fractions corresponding

to VLDL, LDL, HDL, and albumin from each animal were
collected and concentrated using CF-25 ultrafiltration cones
(Amicon Corp., Danvers, MA).

The amount of total

radioactivity recovered with each of the major lipoprotein
classes was determined.

Individual HDL apoproteins were

separated by SDS-PAGE (Laemmli 1970) for the determination
of total

125 1

radioactivity associated with each apoprotein

band.

Data Analysis
Plasma disappearance curves were plotted for total
HDL protein and individual HDL apoproteins, as well as HDL
cholesteryl esters, based on the percent of injected dose
remaining in the plasma at various time intervals.

The

disappearance of HDL apoproteins was calculated by
multiplying the percentage of radioactivity associated with
individual apoproteins at each time interval by the percent
of injected dose associated with total HDL protein at the
same time interval.

The fractional catabolic rate (FCR) was
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estimated by the method of Matthews (1957), assuming a
two-compartmental model for plasma HDL clearance.

The

absolute catabolic rate (ACR) of total HDL protein was
calculated as FCR x intravascular pool of HDL protein.
Plasma volume was determined by the dilution of total
injected radioactivity in the blood 10 minutes after
injection.
Tissue uptake of HDL protein and cholesteryl ester
moieties was calculated as the percent of total tissue
uptake, and was assessed at various time intervals after HDL
injection.

In order to determine the mass of HDL protein

uptake, the ACR of HDL protein removal from plasma was
multiplied by the fraction of total uptake attributed to
each organ up to 12 hours after injection.

This calculation

represents the absolute mass of HDL protein cleared/hour per
organ, and is termed the Organ Catabolic Rate.

Because

organ weights were altered by the copper-deficient diet,
data were normalized to 100 g body weight to allow direct
comparison of the organ catabolic rate between treatment
groups.
Because of the differences in body weight between
animals of the two dietary treatments, data were normalized
to 100 g of body weight where appropriate.

Significant

differences between treatment groups were tested at the
P<0.05 level using the two-tailed Student's t-test.
Analysis of variance was used to determine the effect of
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time after injection on HDL apoprotein radiolabel
distribution in order to establish differences in plasma
disappearance of the various apoproteins.
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STUDY I

Results
Rats fed the copper-deficient diet demonstrated a
significant reduction in body weight gain, hematocrit, and
liver copper concentration (Table 3).

Increases were

observed in the relative heart and liver weights, as well as
plasma volume (54% above controls).

Each of these

observations are indicative of copper deficiency.

Feed

intake was not significantly different between the dietary
groups in Study I.
The total intravascular protein pool of HDL was
significantly increased more than 2-fold in copper-deficient
rats (Table 4).

This finding was attributed to both an

increase in HDL protein concentration and plasma volume.
The plasma protein concentration of VLDL and LDL was not
significantly affected, implying that HDL metabolism may be
selectively altered in copper-deficient rats.

Because of

the increase in plasma volume, an increased total pool size
of VLDL and LDL protein was also observed.
The relative proportion of HDL apoproteins was
determined as the percentage of total HDL protein (Table 5).
Copper deficiency resulted in increased apo E content of the
total HDL population, whereas apo A-I was unchanged.

A

concomitant decrease in the C apoproteins and apo A-IV was
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Table 3.

Effect of Dietary Copper Deficiency on Various
Physiological Measurements ft

Measurement

eu-Adequate

eu-Deficient

P-valueb

Body weight (g)

254 ± 4

219 ± 5

<0.001

Feed Intake (g/wk)

132 ± 4

128 ± 4

NS

Heart wt (g/100 g BW)

0.419 ± 0.013

0.620 ± 0.038

Liver wt (g/100 g BW)

4.37 ± 0.11

5.20 ± 0.28

<0.02

Liver eu (J..'g/g wet

2.87 ± 0.34

0.83 ± 0.09

<0.001

47.0 ± 0.9

28.8 ± 2.1

<0.001

6.23 ± 0.30

<0.001

Hematocrit (% peV)

wt)

Plasma Vol (ml/100 g BW) 4.05 ± 0.12
ftValues represent means ± SEM; n

= 12.
bStudent's two-tailed t-test; NS = not significant.

<0.001
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Table 4.

Effect of Dietary Copper Deficiency on Plasma
Lipoprotein Levels B

Lipoprotein

Cu-Adequate

Cu-Deficient

P-valueb

Plasma Protein Concentration (mg/dl)
HDL

115.0 ± 3.8

145.1 ± 6.5

<0.001

LDL

3.51 ± 0.45

3.29 ± 0.35

NS

VLDL

2.89 ± 0.44

3.89 ± 0.50

NS

Intravascular Protein Pool Size (mg/100 g BW)
HDL

4.50

LDL

0.140

VLDL

0.118

±
±
±

BValues represent means

±

9.10

0.18
0.018

0.209

0.018

0.285

±
±
±

0.69

<0.0001

0.028

<0.05

0.055

<0.01

SEM; n

=

12.

bStudent's two-tailed t-test; NS

=

not significant.

81

Table 5.

Effect of Dietary Copper Deficiency on HDL
Apoprotein compositionB

HDL Apoprotein

Cu-Adequate

Cu-Deficient

P-valueb

% of Total HDL Protein

Apo A-I

31.7

± 1.2

32.1

± 1.3

NS

Apo E

32.5

± 0.7

36.3

± 1.2

<0.01

Apo CIS

18.5

15.0

± 0.7

<0.05

Apo A-IV

± 1.4
7.95 ± '0.34

5.80

± 0.47

<0.01

Apo A-II

2.86

± 0.15

3.46

± 0.39

NS

BValues represent means ± SEMi n = 12.
bStudent's two-tailed t-testi NS = not significant.
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also observed.

These data probably reflect a shift in the

relative amounts of HDL subpopulations rather than a
compositional change of HDL particles.
In order to verify that the radiolabel was not being
exchanged or converted to other plasma components in
appreciable amounts, the redistribution of radioactivity
among plasma components was determined (Table 6).

In all

cases, less than 1% of the injected dose was recovered in
plasma fractions other than HDL during the 6 hour
experimental period, and was therefore considered
negligible.

Analysis of the radiolabel distribution among

the apoproteins of HDL (Table 7) demonstrated that 85-90% of
the total radioactivity was associated with apo A-I, apo E,
and the C apoproteins.

The radiolabel associate.d with the

major apoproteins was not significantly altered during the 6
hour experimental period in either treatment group.
The first objective of this study was to determine
the characteristics of HDL protein removal from the
circulation.

The plasma clearance of total HDL-associated

radioactivity is illustrated in Fig. 3.

The disappearance

curves appeared biexponential (i.e., exhibiting a rapidly
disappearing component and a slower, straight-line
component) for both treatment groups.

While this pattern is

typical of an equilibration of tracer within a two-pool
kinetic model (Shipley and Clark 1972), it has been
suggested (Roheim et ale 1971; Stein et ale 1983) that the
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Table 6.

HDL Radiolabel Redistribution Among Plasma
Lipoproteins 8
Time After Injection

Plasma
Lipoproteinb

1 hr

3 hr

6 hr

% Injected Dose Recovered

VLDL
Cu(+)

0.22

Cu(-)

0.44

±
±

0.07

0.31

0.06

0.32

±
±

0.10

0.53

0.07

0.33

5.7

48.2

3.5

59.0

±
±

0.06

0.20

0.04

0.48

±
±

0.06

0.26

0.01

0.25

±
±

4.6

38.3

3.5

46.0

±
±

0.07
0.21

LDL
Cu(+)

0.57

Cu(-)

0.57

±
±

0.06

±
±

1.7

0.06

HDL
Cu(+)

54.3

Cu(-)

65.0

±
±

8Values represent means
b

CU (+)

=

±

SEM; n

copper adequate; Cu(-)

= 4.
= copper

deficient.

2.3
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Table 7.

HDL Apoprotein Radio1abe1 DistributionS
Time After Injection

HDL
Apoproteinb

1 hr

6 hr

3 hr

% of Total HDL Radioactivity
Apo A-I

Cu(+)

54.1 ± 4.0

52.5 ± 1.7

58.2 ± 1.4

Cu(-)

52.1 ± 1.6

59.3 ± 1.8

53.3 ± 0.9

Cu(+)

29.2 ± 3.0

29.5 ± 1.4

26.8 ± 0.9

Cu(-)

24.7 ± 1.8

23.5 ± 2.2

25.2 ± 3.7

Cu(+)

5.40 ± 0.46

6.53 ± 0.46

5.83 ± 0.17

Cu(-)

8.73 ± 0.57

7.25 ± 0.37

7.38 ± 0.81

Cu(+)

3.63 ± 0.24

3.70 ± 0.26

3.15 ± 0.18

Cu(-)

4.08 ± 1.03

2.58 ± 0.13

2.83 ± 0.25

Cu(+)

2.65 ± 0.19

2.48 ± 0.14

2.63 ± 0.16

Cu(-)

3.35 ± 0.62

2.23 ± 0.06

3.00 ± 0.34

Apo CIS

Apo E

Apo A-IV

Apo A-II

sVa1ues represent means ± SEM; n
b

CU (+)

=

copper adequate; Cu(-)

= 4.
= copper

deficient.
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Fig. 3. Plasma disappearance of total protein from
iodinated HOL. Values are expressed as the percent
of injected radioactivity recovered with the plasma
HOL fraction. Each point represents the mean value
of 4 rats.
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rapid component could be due to the preferential removal of
denatured protein in the iodinated HDL preparation.

To test

whether the initial component could be removed by prior
screening of the HDL, the experiment was repeated using
biologically screened HDL as a tracer.

Disappearance curves

of screened and nonscreened HDL from both treatment groups
were nearly identical (data not shown), suggesting that the
rapid exponential in this study reflected an equilibration
of tracer rather than the removal of denatured protein.
The plasma disappearance of individual HDL
apoproteins was also determined and circulating half-life
calculated (Fig. 4).

The major apoproteins (apo A-I, apo E,

and C apoproteins) were cleared from the plasma of both
treatment groups at,similar rates, with the half-life
ranging from 8.8 to 12.4 hrs.

These data were not

significantly different and concur with previously reported
values for circulating half-life of HDL apoproteins (Roheim
et ala 1972; Eisenberg et ala 1973; Sparks et ala 1981).
Based on these observations, plasma clearance of total HDL
protein was used as an indicator of treatment differences
and in calculating tissue uptake of HDL protein.

The

circulating half-life of total HDL protein in both the
copper-deficient and control animals was 9.9 hrs (refer to
Fig. 3).

However, because of the increased intravascular

protein pool of HDL in copper deficiency, total mass removal
of HDL protein from the plasma was calculated as absolute
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catabolic rate (ACR).

± 49
12

~g/hr)

~g/hr),

The ACR of copper-deficient rats (640

was 2-fold greater than control animals (316

±

when normalized to 100 g body weight.

The second objective of study I was to determine
possible sites of HDL protein uptake by measuring
radioactivity associated with various organs.

Table 8 shows

the mean percentage of total tissue uptake attributed to
specific organs determined at 1, 3, and 6 hours after
injection.

(Analysis of variance demonstrated that the

proportion of uptake was similar at each time interval among
the organs sampled.)

Direct comparison of the data between

treatment groups may not be appropriate since proportional
uptake does not reflect the difference in intravascular pool
size of HDL protein.

In order to make a valid treatment

comparison, the absolute mass uptake of HDL protein
attributed to each organ was calculated, in which the
intravascular pool of HDL protein was considered (Fig. 5).
This method of data expression represents the mass of total
HDL protein cleared/hour per organ, normalized to 100 g body
weight.

The liver was quantitatively the most important

site of HDL protein uptake of the organs sampled and was not
significantly different between treatment groups, although
the liver of copper-deficient rats appeared to degrade 34%
more protein than controls.

Each of the other organs

sampled in the present study exhibited significant increases
in total HDL protein uptake.
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Table 8.

Proportional Tissue Uptake of Total HDL Proteinft

Organ

eu-Adequate

eu-Deficient

% of Total Tissue Uptake

Liver

10.2

± 1.2

8.5

± 1.7

Kidneys

3.1

± 0.4

2.7

± 0.3

Testes

1.3

± 0.1

1.4

± 0.2

Spleen

0.59

± 0.07

0.63

± 0.08

Heart

0.43

± 0.07

1.03

± 0.16

Adrenals

0.19

± 0.03

0.18

± 0.03

aValues represent means ± SEM; n

=

12.
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Discussion
Cardiac hypertrophy (Goodman et al. 1970; Kelly et
al. 1974), reduced liver copper (Lei 1977; Allen and Klevay
1978), and growth depression (Lei 1977; Croswell and Lei
1985) are well established indicators of copper deficiency
and were observed in the present study.

Most notable was

the increase in plasma volume, apparently as a result of
reduced hematocrit.

Nearly identical increases in plasma

volume of copper-deficient rats have been previously
reported using the Evan's Blue injection method (Lei et al.
1983).

These data confirm that rats fed the experimental

diet were indeed copper-deficient.
Analysis of plasma disappearance curves of total HDL
protein in control and copper-deficient animals demonstrated
a circulating half-life of 9.9 hours.

These values, based

on the second exponential of the curve, concur well with
previously reported values for the clearance of total
iodinated HDL (Roheim et al. 1971; Sigurdsson et al. 1979;
stein et al. 1983).

The clearance of the major HDL

apoproteins did not occur at significantly different rates
in either treatment group, which supports previous reports
(Roheim et al. 1972; Sparks et al. 1981).

Alternatively,

Eisenberg et al. (1973) suggested that clearance of HDL
apoproteins may occur at different rates, although their
results were not tested statistically and appeared similar
to the studies in which significant differences were not
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detected (Roheim et ale 1972; Sparks et ale 1981).
Dissimilar clearance rates of individual apoproteins,
although not significantly different, probably reflect the
heterogeneity of the total HDL population, in which certain
subpopulations may be cleared from the plasma by
metabolically distinct mechanisms.
While turnover data provide kinetic information on
the fractional clearance (FCR) of the intravascular HDL
protein pool, the absolute mass of HDL protein removed from
the plasma cannot be determined unless the pool size is
considered (Shipley and Clark 1972).

Copper deficiency in

rats has been reported to greatly increase the HDL protein
pool by both increased plasma volume (Lei et ale 1983) and
HDL concentration (Lei et ale 1983; Croswell and Lei 1985).
The results of Study I confirm these observations.

Thus,

when pool size was considered, the data demonstrate that
total mass of HDL protein was removed from plasma at twice
the rate in copper-deficient rats.

Consequently, the use of

FCR alone as an indicator of treatment differences is
insufficient and plasma pool size must necessarily be
determined.
The slopes of the plasma disappearance curves of
both treatment groups were similar, although the percentage
of radioactivity remaining in the plasma at each time
interval was greater in copper-deficient rats.

This

difference can be attributed to the dilution of tracer
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during initial equilibration.

Since the injected dose was

similar between treatments and because the HDL protein pool
was twice as large in the copper-deficient group, the
dilution of labeled HDL in the intravascular compartment was
greater than controls.

As a result, a greater percentage of

the injected dose remained in the plasma after initial
equilibration with the extravascular spaces in the copperdeficient animals.

This observation further indicates that

the rapid component does not necessarily reflect any
physiological catabolic event and may simply be an inherent
property of the tracer-labeling technique.
To determine the effects of copper deficiency on HDL
protein uptake by specific organs, a single tracer dose of
iodinated HDL was administered and organs removed at
subsequent time intervals.

The validity of this approach

could be sUbstantiated only after certain criteria were met.
First, relatively short time intervals were used to avoid
significant "leakage" of radiolabel from cells in which
degradation occurs.

stein et al. (1983) demonstrated that

leakage of radioactivity from tissues (e.g., liver, spleen,
and adrenal gland) could be detected between 6 and 12 hours
after injection of iodinated HDL.

Preliminary experiments

in our laboratory (data not shown) indicated that the
recovery of radiolabel decreased slightly by 12 hours after
injection.

Therefore, tissue-associated radioactivity was

determined up to 6 hours after injection to insure maximal
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recovery.

The second requirement for validation of this

technique was to determine if the radiolabel of HDL was
redistributed among other
amounts.

components in appreciable

pl~sma

If this were to occur, the radioactivity recovered

in tissues could represent uptake of other lipoprotein
classes in the plasma.

The current data suggests that

intravascular exchanges of label were negligible, adding
confidence that tissue-associated radioactivity represented
the uptake of only HDL protein.

In the case of rat LDL, a

decrease in radioactivity was observed during the 6 hour
period after injection (Table 6).

This probably reflects

degradation of small amounts of HDL which could not be
completely separated from the LDL fraction.

The difficulty

in purifying rat LDL has been well documented (Lusk et al.
1979; Oschry and Eisenberg 1982; Van't Hooft and Van Tol
1985).

Because the amount of radioactivity in the LDL

fraction accounted for approximately 0.5% of the total, this
effect was considered negligible.

The third criterium for

validation was to account for any residual plasma remaining
in the tissue, which would yield an overestimation of the
tissue-associated radioactivity.

Whole-body perfusion

(Pittman and Taylor 1986) was used in the present study to
clear all residual plasma not associated with tissues.

This

method seemed most appropriate since individual tissues
exhibit different relative capacities in the space occupied
by plasma (Koelz et al. 1982).

If perfusion were not
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performed, the plasma tissue space would have to be
determined for each tissue sampled.

Since whole-body

perfusion removes virtually all residual plasma within the
tissue space, the differences between tissues can be
ignored.

Finally, to determine if the observed treatment

differences were the result of alterations in the HDL
particle which may have occurred during the iodination
procedure, the experiment was repeated using an iodinated
HDL particle which had been biologically screened for 4
hours in donor rats, as previously described (Roheim et ale
1971).

After reisolation of the serum and injection into

recipient animals, similar results were obtained for each of
the tissues compared to non-screened data.

Thus, the

following potential sources of error were minimized in
determining tissue-associated radioactivity:

(a) leakage of

radiolabel from cells, (b) uptake of lipoproteins other than
HDL, (c) residual plasma radioactivity, and (d) uptake of
denatured protein.
The absolute removal of total HDL protein from the
plasma was significantly increased in copper-deficient rats,
indicating a requisite increase in the total organ catabolic
rate.

Of the organs examined in this study, the liver,

which is normally sensitive to cellular cholesterol and can
further metabolize it (Gwynne and Strauss 1982), did not
exhibit a significant increase in HDL protein uptake.
liver is a highly regulated organ and has been shown to

The
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possess distinct catabolic mechanisms by which the uptake of
the various HDL components can occur independently (Van't
Hooft et al. 1981; stein et al. 1983; Glass et al. 1985).
While it is not the purpose of this study to elucidate the
mechanisms involved in the uptake of HDL, the present data
suggest that HDL protein uptake in the liver of copperdeficient rats may be regulated, whereas the other organs
examined in study I demonstrated an obligatory increase in
protein mass uptake in response to the increased protein
pool.

Furthermore, these data imply that HDL protein uptake

must necessarily be increased in tissues not directly
assayed in the present study, particularly the bulk tissues,
to account for the increase "in total plasma HDL protein
removal observed in copper-deficient rats.
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STUDY II

Results
Cardiac hypertrophy, splenomegaly, reduced liver
copper, and reduced hematocrit were observed in Study II
(Table 9) and are indicative of dietary copper deficiency.
Furthermore, plasma volume was increased 1.4-fold in copperdeficient rats when the data were normalized to 100 g body
weight.

These results demonstrate that the animals were

indeed copper-deficient.
Alterations in plasma HDL were also observed in the
present study as a result of copper deficiency (Table 10).
The concentrations of HDL protein, cholesteryl esters, and
free cholesterol were increased in the plasma of copperdeficient rats.

The compound effect of both increased HDL

concentration and plasma volume resulted in an increased
intravascular pool size of HDL components that was nearly
doubled in copper deficiency.

In addition, the mass ratio

of free cholesterol/cholesteryl ester was increased in
plasma HDL of copper-deficient rats, whereas the total
cholesterol/protein ratio was unchanged.
The plasma disappearance of total HDL protein and
cholesteryl esters is illustrated in Fig. 6.

The fractional

catabolic rate (FCR) of HDL protein in control and copperdeficient rats was 0.0755 ± 0.0017 and 0.0589 ± 0.0047
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Table 9.

Effect of Dietary Copper Deficiency on Various
Physiological Measurements"

Measurement

eu-Adequate

eu-Deficient

P-valueb

Body weight (g)

267

± 7

223

± 9

<0.01

Feed Intake (g/wk)

124

± 4

109

± 4

<0.05

± 0.059

<0.001

± 0.13

<0.01

± 0.072

<0.05

± 0.013

Heart wt (g/100 g BW)

0.440

Liver wt (g/100 g BW)

4.52

Spleen wt (g/100 g BW)

0.220

Liver eu (,.,.g/g wet wt)

3.01

± 0.17

0.59

± 0.08

<0.001

Hematocrit (% peV)

55.0

± 0.8

33.5

± 2.8

<0.001

± 0.12

4.70

± 0.20

<0.001

Plasma Vol (ml/100 g BW) 3.41
BValues represent means

± 0.12
± 0.008

± SEM; n = 10.

bStudent's two-tailed t-test.

0.752
5.12
0.374
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Table 10.

Effect of Dietary Copper Deficiency on Plasma
HDL components D

HDL Component

Cu-Adequate

Cu-Deficient

P-valueb

Concentration (mg/dl)
Protein

107.0 ± 5.2

133.9 ± 4.1

<0.01

Cholesteryl Esters

77.2 ± 3.9

91.6 ± 2.7

<0.01

Free Cholesterol

20.9 ± 1.1

32.2 ± 1.0

<0.001

Intravascular Pool Size (mg/100 9 body wt)
Protein

3.64 ± 0.16

6.10 ± 0.46

<0.001

Cholesteryl Esters

2.62 ± 0.11

4.21 ± 0.31

<0.001

Free Cholesterol

0.71 ± 0.03

1.47 ± 0.11

<0.001

HDL Component Mass Ratio C
FC/CE

0.273 ± 0.025

0.358 ± 0.008

TC/Protein

0.627 ± 0.010

0.646 ± 0.022

DValues represent means ± SEM; n

=

10.

bStudent's two-tailed t-test; NS

=

not significant.

cFC
TC

= free
=

cholesterol, CE = cholesteryl ester,
total cholesterol (free + esterified).

<0.02
NS
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pools/hr,

respectively~

the FCR of cholesteryl esters was

0.120 ± 0.016 and 0.149 ± 0.004 pools/hr, respectively.

In

both treatment groups, HDL cholesteryl esters were cleared
from the plasma at a greater rate than total protein,
suggesting a differential removal of HDL components.
Cholesteryl ester removal from the plasma was 60% greater
(P<0.05) than the clearance of protein in control animals
and 153% greater (P<O.OOl) in copper-deficient rats.

These

data indicate that differential removal of the cholesteryl
ester moiety occurred to a greater extent in copperdeficient animals.
That a significantly increased intravascular pool of
HDL components resulted from copper deficiency, direct
comparison of FCR between treatment groups may not be
appropriate.

Therefore, the absolute mass clearance of HDL

cholesteryl ester and protein moieties was calculated by
taking into account the pool size of each component.

The

absolute catabolic rate (ACR) of HDL protein in control and
copper-deficient rats was 278 ± 12 and 369 ± 22

~g/hr,

respectively, when normalized to 100 g body weight.
of HDL cholesteryl esters was 321 ± 13
647 ± 37

~g/hr

in deficient animals.

~g/hr

The ACR

in controls and

These data clearly

demonstrate that the mass clearance of HDL components is
increased in copper

deficiency~

moreover, the magnitude of

the increase in cholesteryl ester mass removal (102% above
controls, P<O.OOl) was much greater than the increase in
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protein removal (33% above controls, P<O.Ol), suggesting
that selective clearance of HDL cholesteryl esters is
preferentially increased in copper-deficient rats.
The proportion of HDL component uptake attributed to
various organs was calculated as the percentage of total
tissue uptake and is presented in Table 11.

Organs not

directly assayed for radioactivity were determined by
difference from the total amount of injected radioactivity.
In both treatment groups, approximately 74% of the HDL
cholesteryl ester leaving the plasma was attributable to
hepatic uptake; a sUbstantial percentage was also cleared by
the skin and muscle.

Conversely, only about 4% of total HDL

protein uptake occurred in the liver of either copperdeficient or control rats.

The skin and muscle were the

major sites of HDL protein uptake in both treatment groups.
While these data are an indication of the relative
distribution of plasma HDL component removal by various
organs, direct comparison between treatment groups may not
be appropriate since the absolute mass clearance was
significantly increased in copper-deficient animals.
The absolute mass uptake of total HDL protein and
cholesteryl esters was determined by multiplying the ACR of
removal from the plasma by the fraction of that clearance
attributed to each organ (Fig. 7 and 8).
~g/hr

When expressed as

per 100 g body weight, the liver of copper-deficient

rats cleared more than twice the mass of HDL cholesteryl
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Table 11.

Proportional Tissue Uptake of HDL Cholesteryl
Ester and Total Protein a
[3 H ] Cholesteryl

Linoleyl Ether

125 I

Total
- Pro tein

% of Total Tissue Uptake
Liver
Cu(+)
Cu(-)

73.8
74.9

± 3.4

2.6

3.73
3.76

± 0.40

±

0.70

Skin
Cu(+)
Cu(-)

12.1
9.1

± 2.1
± 1.9

13.7
21.7

±
±

1. 4 c
2.7

Muscle
Cu(+)
Cu(-)

8.26
4.49

± 1.98

15.7
15.0

± 2.5

Kidneys
Cu(+)
Cu(-)

2.42 ± 0.16 c
0.63 ± 0.05

1.27
1.40

± 0.16
± 0.14

Spleen
Cu(+)
Cu(-)

1.54
1.38

± 0.21
± 0.31

0.252
0.551

± 0.011
± 0.165

Heart
Cu(+)
Cu(-)

0.929
1.081

± 0.177
± 0.483

0.242
0.485

± 0.054 c
± 0.059

Small Intestine
Cu(+)
Cu(-)

0.756 ± 0.048 c
0.358 ± 0.041

1.92
1.90

Adrenals
Cu(+)
Cu(-)

0.146 ± 0.012 c
0.082 ± 0.009

0.095
0.110

Testes
Cu(+)
Cu(-)

0.129
0.077

±

±

1.55

± 0.021
± 0.012

1.13
1.14

±

3.1

± 0.44
± 0.28
± 0.010
± 0.028
± 0.10
± 0.14

aValues represent means ± SEM;
n = 5 for Cu(+) and n = 6 for Cu(-).
b CU

(+)

=

copper adequate; Cu(-)

=

copper deficient.

cDietary treatment groups significantly different (P<0.05).
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esters compared to controls.

Alternatively, the catabolic

rate of cholesteryl esters in the kidneys of copperdeficient animals decreased 56%.

Total HDL protein was

increased 2.4-fold in the skin and accounted for the bulk of
protein uptake in copper deficiency.

An obligatory increase

in total HDL protein uptake was observed in all organs
examined, particularly the heart, spleen, and kidney.

An

exception was noted in the kidney in which HDL protein
uptake was increased, whereas cholesteryl ester uptake was
decreased.

This occurrence may be due to renal filtration

and reabsorption of apoproteins not associated with intact
HDL particles (Glass et al. 1983a; 1983b), concurrent with a
decreased cellular requirement for cholesteryl esters,
although this has not been determined experimentally.

Discussion
Physiologic indicators of dietary copper deficiency,
such as cardiac hypertrophy (Goodman et al. 1970; Kelly et
al. 1974), reduced liver copper (Lei 1977; Allen and Klevay
1978), and reduced hematocrit (Lei et al. 1983; AI-Othman
and Lei 1989), have been used extensively and were observed
in the present study.

In addition, splenomegaly was noted

in copper deficiency, as previously reported (Goodman et ale
1970).

Reduced hematocrit resulted in an increased plasma

volume, which was measured directly by isotope dilution 10
minutes after injection.

Similar results have been obtained
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by Evan's Blue dye dilution method (Lei et ale 1983).

These

data suggest that determination of plasma volume is
essential in assessing alterations in lipoprotein metabolism
since plasma concentration alone may not reflect increases
in particle numbers or intravascular pool size.

Only one

published report (Lei et ale 1983) exists in which plasma
volume was directly determined and shown to be significantly
increased in copper-deficient animals.

Thus, it seems that

alterations in intravascular pool size of HDL components may
be a more sensitive indicator of progressive copper
deficiency than plasma concentration alone.
Current observations suggest that the increased
intravascular pool of HDL in copper-deficient rats may be
attributed to an increase in the HDLl subpopulation relative
to HDLz •

First, the mass ratio of HDL free cholesterol to

cholesteryl esters was increased in the present study,
whereas the total cholesterol/protein ratio was unchanged.
In detailed studies of the lipoprotein system in rats,
Oschry and Eisenberg (1982) demonstrated that rat HDLl has a
higher free cholesterol/cholesteryl ester ratio than HDLz.
Second, HDLl contains a higher proportion of apo E compared
to HDLz (Oschry and Eisenberg 1982).

Analysis of total

plasma HDL protein in Study I demonstrated a significant
increase in apo E content.

Previous reports (Lei et ale

1983; Croswell and Lei 1985; Lefevre et al. 1985) also
indicate an enrichment of apo E in the total HDL fraction of
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copper-deficient rats.

other studies by Lefevre et ale

(1986), using nondenaturing gradient-gel electrophoresis and
heparin-affinity chromatography, strongly suggest that the
observed hypercholesterolemia of copper-deficient rats is
indeed the result of a selective increase in the HDLl
subpopulation.
Plasma clearance of HDL cholesteryl esters occurred
at a higher rate than total protein in both treatment
groups.

Differential clearance of protein and cholesteryl

ester lnoieties from the plasma has been well documented
(Stein et ale 1983; Glass et ale 1983a; Glass et ale 1985),
supporting the conclusion that a significant fraction of HDL
is not degraded as a whole particle.

The disproportionate

clearance of HDL cholesteryl esters was greater in copperdeficient rats, indicating greater flux of the cholesteryl
ester pool from the plasma relative to protein.

It is

possible that the cellular requirement for cholesterol is
increased in copper deficiency.

Alternatively, greater

turnover of HDL cholesteryl esters may simply reflect an
increased response to the enlarged cholesteryl ester pool of
copper-deficient rats.

Further speculation requires the

consideration of the pool size of HDL components in order to
determine the absolute mass flux from the plasma and
subsequent tissue uptake.
To calculate the absolute mass uptake of HDL
components in the various organs, the percentage of total
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tissue uptake attributable to those organs was first
determined.

Several previous reports have estimated tissue

uptake by expressing data as the percent of injected dose
recovered with the tissues (Roheim et ale 1971; Eisenberg et
ale 1973; Van Tol et ale 1978; Van't Hooft et ale 1981;
stein et ale 1983).

Percent injected dose, however, is

highly variable depending on when the tissues are sampled
post-injection.

In the case of iodinated HDL (Roheim et ale

1971; Eisenberg et ale 1973), the amount of recovered
radioactivity decreases in the tissues with time as the HDL
protein is degraded.

This effect can be minimized if

relatively short time intervals «12 hours) are used, but
not completely eliminated.

Nondegradable labels have been

employed to avoid this problem, although data expressed as
percent injected dose increases with time as radioactivity
accumulates in the tissues (stein et ale 1983).

Trapped

label methodology, then, appears to be valid only when
essentially all of the tracer has been cleared from the
plasma.

Glass et ale (1983a; 1985) have demonstrated that

even 24 hours after injection, as much as 10% of the initial
radioactivity of nondegradable labels remains in the plasma.
In attempts to circumvent these potential sources of error
in the present study, which utilized a nondegradable label
([3 H]CLE)

and iodinated protein concurrently, data were

calculated as the percent (proportion) of total tissue
uptake rather than percent injected dose.

Data determined
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by this method, when compared 6 and 12 hours post-injection,
were not significantly different.

In other words, the

proportion of total tissue uptake attributable to the
various organs appeared to be unaffected by the time
interval at which tissues were sampled.

Consequently, data

expressed in this manner appear to have advantages compared
to data expressed as percent injected dose; (a) clearance of
essentially all nondegraded labels from the plasma prior to
removal and sampling of tissues is unnecessary, since only
tissue-associated radioactivity is considered and any
radioactivity remaining in the plasma is not used in the
calculation, and (b) "leakage" of radioactivity from cells
degrading iodinated protein apparently does not alter the
proportional uptake when determined up to 12 hours after
injection.

These conclusions support the validity of using

doubly labeled HDL in the present study, as well as
providing an alternative method for determining tissue
uptake of lipoprotein components.
The absolute mass uptake of HDL components clearly
demonstrated that virtually all of the increased removal of
cholesteryl esters observed in copper-deficient rats was
attributable to the liver.

Because of the central role of

the liver in cholesterol metabolism and reverse cholesterol
transport (Glomset 1968), these data imply an increased
cholesterol removal from the body.

However, previous

studies demonstrated that dietary copper deficiency in the
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rat does not increase bile acid synthesis or biliary sterol
excretion (Lei 1978; Allen and Klevay 1978).

Therefore, it

appears that the production rate of HDL may be increased in
copper-deficient rats to offset the observed increase in
catabolism.

Three lines of evidence supports this

hypothesis:

(1) Hepatic HMG-CoA reductase activity is

increased in these animals (Yount et ale 1989); (2) newly
synthesized cholesteryl esters leave the liver at an
increased rate (Shao and Lei 1980); and (3) total hepatic
cholesterol concentrations are lower in copper-deficient
rats (Lei 1977; Hassel et ale 1987; 1988).

It is possible

that plasma cholesteryl ester delivered to the liver are
also "repackaged" into HDL at an increased rate.

That the

majority of the increased HDL protein uptake of copperdeficient rats occurred in the bulk tissues and not the
liver further supports this hypothesis.

In this way,

dietary copper deficiency may be responsible for increased
flux of cholesteryl esters (and possibly other HDL
components), with the balance in favor of the intravascular
compartment.

Since rats are normally deficient in

cholesteryl ester transfer activity (Ha and Barter 1982),
the increased shift of cholesteryl esters to the plasma
would be accounted for by the increased HDLl subpopulation
(Tall 1986), similar to the observed increase in HDlt of
cholesterol-fed animals (Mahley 1982).
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That HDL cholesteryl ester uptake in the kidneys of
copper-deficient rats was decreased despite the increase in
plasma pool of HDL suggests a general alteration of
cholesterol metabolism in this organ.

Unlike most tissues,

the normal kidney synthesizes the majority of cholesterol
from circulating mevalonate (Edmond et ale 1976), followed
by delayed release of the newly synthesized cholesterol
(McNamara et ale 1985).

Shao and Lei (1980) demonstrated

that the conversion of mevalonate to cholesterol in the
kidney may be decreased in copper-deficient rats.

While the

concentration of total renal cholesterol appears to be
unchanged by copper deficiency (Hassel et ale 1987; 1988),
these data imply a decreased demand of cholesterol by the
kidney.

In addition, hypercholesterolemia associated with

some renal diseases has been attributed to impaired
utilization of mevalonate by the kidney, which apparently
leads to increased hepatic synthesis and increased release
of cholesterol into the blood (Edmond et ale 1976).

Yount

et ale (1989) recently reported increased hepatic HMG-CoA
reductase activity in copper-deficient rats.

Furthermore,

Edgren and Hellstrom (1972) reported a much increased
utilization of mevalonate by the liver in experimental
nephrosis, resulting in increased release of cholesterol and
hypercholesterolemia.

In copper-deficient rats, Shao and

Lei (1980) demonstrated that cholesteryl esters, newly
synthesized from mevalonate, leave the liver at a faster
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rate.

These data suggest that copper deficiency may also

contribute to the observed hypercholesterolemia by altering
cholesterol metabolism in the kidney, similar to that seen
in clinical and experimental renal disease or nephrectomy.
Degeneration of elastic tissue is a common occurrence in
copper deficiency (Fell 1987), which could impair or alter
the unique circulatory properties of the kidney more
profoundly than other organs, although this has not been
determined experimentally.

While these conclusions seem to

explain previous observations of lipoprotein and cholesterol
metabolism in copper-deficient rats, the physiochemical
events which regulate these processes are still obscure.
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CONCLUSIONS

These studies were conducted to determine the
effects of dietary copper deficiency on the in vivo
catabolism of HDL cholesteryl ester and protein moieties in
the rat.

Doubly labeled HDL particles were prepared in

which the protein was radiolabeled by iodination and the
cholesteryl ester was traced by incorporating into the
particle core tritiated cholesteryl linoleyl ether, which
served as a nondegradable marker of tissue uptake.
Plasma clearance of the HDL components occurred at
different rates irrespective of dietary treatment,
supporting existing evidence that circulating HDL are not
necessarily catabolized as whole particles.

HDL cholesteryl

esters were removed from the plasma 1.6- to 2.5-fold faster
than total HDL protein.

Clearance of individual HDL

apoproteins from the plasma did not occur at significantly
different rates, although slightly different rates observed
herein probably reflect distinct catabolic pathways by which
the HDL subpopulations are metabolized.
Analysis of the tissue sites and rates of HDL
component uptake required data be expressed by methods that
heretofore have not been applied to in vivo studies of this
type.

Because copper-deficient rats exhibited significantly

increased plasma volumes, it was necessary to determine the
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intravascular pool size of HDL components.

This allowed for

estimation of the absolute mass clearance of HDL cholesteryl
ester and total protein from the plasma rather than the
fractional clearance of the plasma pool.

To determine the

proportion of that clearance attributable to specific
organs, it was equally necessary to estimate total tissue
uptake.

Previous studies have determined tissue uptake as

the percent of total radioactivity injected, but this method
does not account for any residual radioactivity remaining to
be cleared from the plasma.

Determining total tissue uptake

thus allowed estimation of the proportion of the total
attributable to each organ; this calculation is not affected
by residual plasma radioactivity.
The absolute mass clearance of HDL components was
significantly increased in copper-deficient rats.

Virtually

all of the increased removal of HDL cholesteryl ester was
attributed to the liver, whereas most of the increased
uptake of HDL protein was attributed to the bulk tissues and
not the liver.

Based on these results, as well as previous

observations in copper deficiency, it is possible that
cholesteryl esters delivered to the liver are reassembled
into new HDL particles at an increased rate, since
cholesterol excretion does not appear to be increased in
copper-deficient rats.

The observed hypercholesterolemia in

these animals may be the result of an imbalance in the net
flux of cholesterol and cholesteryl esters between the
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tissues and the plasma.
speculativ~,

While these conclusions are merely

experiments examining the biosynthetic rate of

HDL components as well as the intravascular maturation of
HDL particles, could provide information needed to establish
the mechanisms operating in this hypercholesterolemic model.
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