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ABSTRACT

In experiment I, 42 male weanling New Zeaiand White
rabbits were randomly divided into 3 treatments: a copper-
deficient, a copper-adequate and a chow group. One hundred
mg 2,3,2-tetramine, HCl1 (TETA)/kg. body weight/day were
administered orally to half of the rabbits from each group
for 10 days. Rabbits fed'copper-deficient diet and treated
with TETA displayed cardiac hypertrophy, markedly reduced
plasma and liver copper concentrations and 2 fold elevations
in low density 1lipoprotein (LDL) protein, cholesterol,
triglyceride and apolipoprotein B (apo B) concentrations.
In experiment II, 10 rabbits were assigned to 3 treatments:
copper-deficient plus TETA, copper-adequate plus TETA and
copper-adequate alone. Rabbits were fed 100 mg TETA/day for
12 days over 3 weeks and thereafter maintained on the diets
for 10 weeks. Plasma LDL protein level remained elevated
and the plasma and heart (ug Cu/g) copper levels were
reduced in rabbits maintained on copper-deficient diet 10
weeks after TETA treatment. Both studies demonstrated that
copper deficiency symptoms and hyperlipoproteinemia were
rapidly induced by TETA and were still evident 10 weeks post
treatment in rabbits maintained on a copper-deficient diet.

ix




INTRODUCTION

Most studies performed to examine the effect of
copper status on lipid metabolism were conducted solely with
rats. Hypercholesterolemia and hyperlipoproteinemia have
been observed in copper-deficient rats (Lei 1977, 1978,
1983; Allen and Klevay 1978, 1980; Petering et al. 1977).
Hypercholesterolemia and hyperlipoproteinemia were easily
acheived in rats which are known to be - resistant to the
development of hypercholesterolemia induced by dietary
manipulations. However, the rat may not be an ideal animal
model for lipoprotein research in view of the known
differences in lipoprotein metabolism between rats and
humans. In rat, the cholesterol transfer protein is not
present to aid the transfer of cholesterol esters from high
density lipoprotein (HDL) to lower density lipoproteins
(Dolphin 1985). Also, rats carry most of the plasma
cholesterol in HDL while humans carry a larger fraction in
LDL. The metabolism 6f lipoproteins carrying endogenous and
exogenous cholesterol in rabbit is very similar to the
pathway in humans (Goldstein et al. 1983). Studies in
rabbits indicate that the LDL receptor plays a dual role in

1
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cholesterol metabolism by which the receptor removes LDL
from the circulation and may also be the main route for the
removal of intermedate density lipoprotein (IDL) from the
circulation (Kita et al. 1982; Goldstein et al. 1983). 1In
normal human beings, as compared with normal rabbits, very
little IDL enters the liver and a large proportion escapes
hepatic uptake and is converted to . LDL. Studies with
Watanabe heritable hyperlipidemic (WHHL) rabbits have
highlighted the importance of LDL receptors in the liver in
controlling both the production and the clearance of
lipoproteins that carry endogenous cholesterol. Kita et al.
(1982) indicated that a deficiency in receptors can 1lead
both to LDL overproduction (by decreased hepatic uptake of
IDI, with increased shunting to LDL) and to decreased LDL
degradation (by decreased hepatic and extrahepatic uptake of
ILDL) as demonstrated in the WHHL rabbit. This reduction
might contribute to the enhanced production of LDL observed
'in  humans with homozygous familial hypercholesterolemia
(Bilheimer et al. 1879).

This study was performed to evaluate the suitability
of the rabbit as an animal model for future studies designed
to elucidate mechanisms responsible for the
hyperlipoproteinemia induced by copper deficiency. Rabbits
were selected because they are highly susceptible to
variations in dietary components. Hypercholesterolemia and

atherosclerosis can easily be produced by feeding diets high
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in cholesterol and fat eontents. In general, copper
deficiency is induced by feeding rats a diet low in copper.
In this study, the speeé and potency of 2,3,2-tetramine, HC1
(TETA) in conjunction with a copper-deficient diet to induce

copper deficiency was examined in rabbits.




LITERATURE REVIEW

Copper

Copper was considered to be an essential dietary com-
ponent when it was found to be necessary for hemoglobin
synthesis (Hart et al. 1928). The adult human body
contains approximately 80 mg of total copper (Cartwright and
Wintrobe 1964a). Spray and Widdowson (1950) indicated that
within the same species, newborn and very young animals
contain more copper per unit of body weight than adult
animals. The pituitary, thyroid, thymus, prostate gland,
ovaries and testes are organs low in copper concentration
while liver, brain, kidneys, heart and hair are relatively
high in copper concentration (Carlton and Henderson 1963).
Yet, Underwood (1977) noted that the distribution of total
body copper in the tissues varies with age and copper status
as well as within the species of the animal.

The main storage organ of copper is the liver with
copper concentrations higher in newborns and decreasing with
age in most species (Underwood 1977). In addition,
Gregoriadis and Sourkes (1967) observed that as the rat
matures, copper distribution changes among the subcellular

4




5
fractions of the liver. At Dbirth, the nuclear and
mitochondrial fractions contain 80% of the total copper
while in the adult rat the supernatant contains about one-
half the total copper content of the liver. Liver copper
concentrations in rats increase rapidly when dietary copper
levels reach 200 ppm. Milne and Weswig (1968) suggested
that the increase is due to overloading gf the excretory
mechanism. Other dietary factors such as zinc, cadmium,
iron, and calcium carbonate influence copper retention in
the 1liver and other tissues by their effects on the upper
intestinal absorption and/or excretion (Underwood 1977).
Sex appears to have no effect on liver concentration except
in the Australian salmon in which the female carries higher
levels than the male (Beck, 1956).

Blood copper exists in both erythrocytes and plasma.
At least 60% of the total red cell copper is bound as
erythrocuprein (Shields et al. 1961) which is known as the
enzyme superoxide dismutase (McCord and Fridovich, 1969).
About 95% of plasma copper exists as ceruloplasmin, an «2-
globulin which firmly binds 6-8 copper atoms per mole in a
non-exchangeable form (Underwood 1977). Osaki et al.
(1966) identified ceruloplasmin as a ferroxidase involved in
iron wutilization and in promoting iron saturation of
transferrin in the plasma. The primary transport forms of
plasma copper are its loosely bound complexes with albumin

(Gulber et al. 1957) and to a lesser extent, with selected
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amino acids such as histidine, threonine and glutamine
(Neumann and Sass-Kortsak 1967).

Hormonal changes such as pregnancy (Halsted et al.
1968), oral contraceptive therapy (Prasad et al. 1975) and
administration of stilbesterol in rats; thyroxine in sheep
(Underwood 1977); and estradiol in men (Johnson et al. 1959)
have been shown to elevate plasma copper levels above normal
concentrations (0.5 to 1.5 ug/ml; Beck 1961). In addition,
women have slightly higher plasma copper levels than men
(Hambidge and Droegemueller 1974). The trace elements such
as 2zinc, cadmium and iron which depress copper absorption
also reduce plasma copper concentrations when ingested at
high dietary 1levels (Underwood 1977). The effect of
molybdenum and sulfate depends on the status of the animal
with respect to these nutrients and copper (Gray and Daniel
1964). Milne and Weswig (1968)- found no increase in plasma
copper in rats when copper content of the diét was raised
from 10 to 50 ppm, while a copper intake of 100 ppm doubled
plasma copper concentrations. Pigs deﬁelop severe
hypercupremia with highly toxic intakes, such as 750 ppm
copper, which can be prevented by the administration of 500
ppm zinc (Suttle and Mills 1966). Van Campen and Mitchell
(1965) demonstrated that copper was absorbed from the
stomach and‘all portioﬂs of the small intestine in the rat.
Tompsett (1940) indicated that in man copper was absorbed

primarily in the upper small intestine, the duodenum. Most
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~copper in the sheep is absorbed in the large intestine
(Grace 1975). Dietary copper is poorly absorbed in almost

all species. Major factors influencing the copper
absorption are: 1) the pH of intestinal contents; 2) the
dietary level of organic chelating agents and other
minerals; 3) the chemical form of the copper ingested; and
4) the age of the animal (Underwood 1977) . Copper

absorption is reduced by: increased intestinal pH values
(Tompsett 1940); the formation of insoluble oxides (Lassiter

and Bell 1960) and insoluble complexes with phytates (Davis
et al. 1962); elevated intake of ascorbic acid (Van Campen
and Gross 1968), cadmium, zinc, diron and molybdenum
{(Underwood 1977); and increased age of the animal (Suttle

1973). The mechanisms regulating copper absorption are not

described, although metal-binding components seems to be
involved and that the inhibition of copper absorption by the

previously described metals, may result from competition for
protein metal-binding sites (Underwood 1977). In chick
duodenum, Starcher (1969) identified a single metal-binding
protein which would bind copper, as well as cadmium and
zinc. Evans and Hahn (1974) found that orally administered

copper to be associated with a variety of metél-binding
ligands and macromolecules in the intestine of +the rat.

Copper in the intestinal lumen is complexed with a protein
similar to metallothionein, but it is not clear whether this

compound is actually involved in copper transport from the
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intestine to the blood. Studies of genetically defective
copper metabolism in humans and animals (Danks et al. 1973)
indicated that copper absorption is regulated by two
distinct mechanisms, copper transport from intestinal lumen
to the mucosal cells and from the intestinal lumen to the
plasma. Copper in the plasma from the intestine is loosely
bound to serum albumin and amino acids, and forms a small
direct reacting copper pool from which copper is widely
distributed to various tissues (Bush et al. 1956).

The liver is the main organ for copper metabolism.
The incorporation of copper into liver parenchymal cells
varies with age and the copper status of the animal (Porter
et al. 1961). The copper is either stored in the liver
cells or released for incorporation into erythrocuprein
(Shields et al. 1961), ceruloplasmin (Wintrobe et al. 1953),
and other cuproenzymes. The liver also is considered to be
the major pathway of copper excretion via the bile (Under-
Qood 1977).

Anemia is a common feature associated with severe and
prolonged copper deficiency in all species. The anemia is
hypochromic and microcytic in most copper-deficient animals
(Underwcod 1977). Erthrocyte maturation (Lahey et al. 1952)
and integrity appears to be impaired in copper deficiency
yet copper is not:involved in the heme biosynthetic pathway
(Lee et al 1968). Iron transport from tissue to plasma may

be impaired due to the reduction in ceruloplasmin activity
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required for the oxidation of ferrous to ferric iron in the
formation of Fe'3 transferrin (Osaki et al. 1966).

Neonatal ataxia was observed in copper-defidient
lambs, goats, pigs and rats (Underwood 1977). This condi-
tion was due to a deficiency of cytochrome oxidase, the
copper-containing terminal respiratory enzyme in the motor
neurons (Fell et al. 1965) . Gallagher et al (1956)
concluded from copper~deficient rat studies that the loss of
cytochrome oxidase activity is due to a lack of synthesis of
its prosthetic group heme. Demylination -associated with
neonatal ataxia 1is attributed to depressed cytochrome
oxidase activity which may lead fo inhibition of aerobic
metabolism and phospholipid synthesis (Gallagher and Reeve
1971) .

Sway back disease is a nervous disorder of lambs
induced by copper deficiency, which is characterized by
uncoordinated movement (Underwood 1977). Alloway (1973)
suggested that molybdenum-induced hypocuprosis might be a
contributing factor in the incidence of the disease.

- Achromotrichia, changes in growth and appearance of
hair, fur and wool, is one of the manifestations seen in
copper~deficient rats, rabbits, guinea pigs, dogs, cattle
and sheep. 0'Dell (1976) suggested the depigmentation is
caused by a reduction in the copper-containing polyphenyl
oxidases required to convert tyrosine to melanin. Impaired

keratinization, characterized by the appearance of
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abnormally straight, "stringy" hair, may be caused by a
reduction in the formation or incorporation of disulfide
groups in keratin synthesis (Underwood 1977).

In rats and guinea pigs, copper deficiency results in
reproductive failure causing fetal death and resorption
(Howell and Hall 1969). Low fertility in cattle grazing
copper~-deficient pastures 1is associated with delayed or
depressed estrus (Allcroft and Parker 1949).

Studies on a disease in cattle known as "falling
disease" was the first evidence of cardiovascular disorders
in copper deficiency (Bennetts and Hall 1939). Sudden
cardiac failure associated with cardiac hypertrophy has been
reported in copper deficient rats and pigs (Gubler et al.
1957) . Studies on copper-deficient pigs by Coulson and
Carnes (1963) demonstrated that massive internal hemorrage
caused by impairment in arterial vessel structure. 0'Dell
et al. (1961) observed a derangement of the elastic tissue
in the aortas of copper-deficient chicks while other
investigators demonstrated aortic rupture with degeneration
of the elastic membrane in such animals. These findings
combined with other findings suggest that copper plays an
important role in elastin (collagen) biosynthsis (Underwood
1977). A reduction of elastin and collagen levels were
observed in the aortas of copper-deficient pigs and chicks
(Weisman et al. 1963; Starcher et al. 1964). Collagen and

elastin from such animals contain elevated levels of lysine
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and decreased levels of desmosine apparently due to a
reduction of 1lysyl oxidase activity (Miller et al. 1965;
O'Dell et al. 1966). The condensation of lysine residues
is catalyzed by the copper-containing lysyl oxidase (Chou et
al. 1969) to form desmosine, the key cross-linkage group in
elastin and collagen (Partridge et al. 1964). Therefore,
copper deficiency causes fewer cross-linkages to be present
in the connecting tissue yielding less elasticity in the
aorta (Hill et al. 1968).

Copper deficiency impairs fatty acid metabolism.
Wahle and Davies (1975) observed in young copper-deficient
male rats a decrease in monosaturated:saturated ratios for
Cc and C fatty acids from subcutaneous adipose tissue and
a decrease in desaturase activity in liver microsome.

In the United States, dietary copper deficiency is
very rare in the adult population. However, copper
deficiency has been observed in premature infants fed only
modified cow's milk (Al-Rashid and Spangler 1971) and in
infants during prolonged parental alimentation (Karpel and
Peden 1972). Surveys of various United States diets report
a copper intake of less than 1 mg/day which is considerably
less than the recommended 2-3 mg/day for adults (Klevay
1975).
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Lipoprotein Metabolism

The circulation of cholesterol in plasma is 7% of the
body's total cholesterol (Goldstein and Brown 1982).
Compelling evidence implicates high plasma cholesterol
levels as a major cause of atherosclerosis (Goldstein and
Brown 1977). Human hypercholesterolemia is due to genetic
or acquired abnormalities in the synthesis or degradation of
plasma lipoproteins that transport endogeneous cholesterol
between body tissues. In laboratdry animals,
hypercholesterolemia is produced exogenously when the normal
mechanisms of lipoprotein clearance are saturated by large
amounts of dietary cholesterol. Dietary and endogenous
cholesterol are transported by different plasma
lipoproteins, therefore the analogy between the cholesterol-
feeding animal model and the human disease may be imperfect
(Goldstein et al. 1983).

Low density lipoprotein (LDL) is the major transport
protein for endogenous cholesterol in human plasma
(Goldstein et al. 1983). These lipoproteins are secreted
from the liver in precursor forms known as very low density
lipoproteins (VLDL) (Havel et al.1980). The core of VLDL
consists mostly of triglycerides synthesized in the liver
with small amounts of cholesterol esters and its surface
displays three proteins (apolipoproteins): apolipoprotein
B-100 (apo B-100), apolipoprotein E (apo E) and

apolipoprotein C (apo C). In the capillaries of adipose
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tissue and muscle, the VLDL triglyerides are hydrolyzed by
endothlial lipoprotein lipase which also removes apo C. The
result is a triglyceride-depleted particle fairly enriched
in cholesterol esters designated as intermediate density
lipoprotein (IDL). The IDL particles dissociate from the
endothelium and return to the circulation. Some IDL
particles bind with high affinity to hepatic LDL receptors
(apo B-100, E receptors) while those that escape hepatic
clearance, lose their triglyceride and apo E, leaving a core
of nearly pure cholesterol ester. This particle is
converted into LDL with apo B-100 as its only protein. LDL
receptors (apo B-100, E receptors) 1located on plasma
membrane of liver and other body cells, which recognize apo
B-100 of LDL are responsible for metabolizing at least two-
thirds of the LDL (Goldstein and Brown, 1983). Binding
leads to cellular uptake and lysosomal degradation of the
LDL by receptor-mediated endocytosis. The remaining one-
third of the LDL not taken up by the receptor is metabolized
by alternative receptor-independent processes, some of which
are express by macrophages and other scavenger cells of the
reticuloendothial system (Goldstein and Brown 1983).

In animals resistant to the development of
atherosclerosis, such as the rat, the majority of endogenous
cholesterol is transported by high density lipoproteins
(HDL) (Mahley 1978). It has been postulated that HDL plays

an essential role in returning cholesterol from peripheral
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tissues to the liver by a process of reverse cholesterol
transport (Mahley and Innerarity 1983; Sloop et al. 1983).
The 1liver secretes a nascent (discoidal) HDL conéisting
mainly of phospholipids and apolipoproteins E and A. In the
blood or periphery, the disc picks up free cholesterol from
cell membranes and from excess surface triglyceride-rich
particles in their conversion to remnant particles. Once in
the plasma, lecithin:cholesterol acyl transferase esterifies
the surface cholesterols. The cholesteryl ester produced
enters the core and the enrichment of these discoidal
particles with cholesterol ester leads to the formation of
spherical particles (Glomset 1968). The cholesteryl esters
can also be transferred rapidly to chylomicron remnant
particles during 1lipolysis ‘of the triglycerides. The
hepatic apo-E receptors recognizes and removes the HDL and
remnants. In rats, the lipoprotein remnants are catabolized
by the 1liver (Havel 1975) in contrast, the remnants in
humans are mostly converted to IDL then LDL (Siggurdsson et
al. 1975). At the hepatocyte membrane, the HDL may unload
their cholesteryl ester contents and recycle several times
to the pheriphery prior to degradation (Drevon et al. 1977).

The transport pathway for exogenous cholesterol
differs from the endogenous pathway. Dietary cholesterol
enters the circulation in the form of chylomicrons, whose
apoprotein (B-48) is of a lower molgcular weight than the

apoprotein B-100 of VLDL and LDL (Kane et al. 1980). After
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endothelial lipoprotein lipase hydrolyzes the triglycerides,
a cholesteryl ester-rich chylomicron remnant is produced and
rapidly cleared by uptake into the liver through receptor-
mediated endocytosis (apo E receptors or chylomicron remnant
receptors). None of these dietary particles are converted
to LDL.

The 1lipoprotein receptors are the primary control
mechanisms for the homeostasis of lipoproteins in the plasma
and consequently for the homeostasis of plasma cholesterol
and triacylglycerols. These receptors bind lipoproteins to
the cell surface, where they are internalized and therefore
degraded by the cell. Through the initial work of Brown and
Goldstein, they established the existence of 1lipoprotein
receptors, which bind LDL, on the surface of fibroblasts
{(Goldstein and Brown 1977). The LDL bind to the cell
surface apo B,E receptors and are localized in areas of
coated pits. These coated pits invaginate, forming coated
vesicles and then internalized into the cell with the
formation of endocytotic vesicles. These vesicles are
transported by an unknown mechanism to the lysosomes for
degradation. There the LDL are hydrolyzed, releasing amino
acids from apo-B and free cholesterol from cholesteryl
esters. The free cholesterol migrates into the cytoplasm,
where it elicits three intracellular regulatory responses
that maintain cholesterol homeostasis : 1) the suppression

of hydroxymethyl glutaryl-CoA reductase, the rate-limiting
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step in cholesterol biosynthesis, 2) the activation of acyl
CoA-cholesterol acyl transferase (ACAT) which esterifies
free cholesterol for storage inside the cell, and. 3) the
down-regulation of the expression of the LDL receptors. The
entry of LDL cholesterol is controlled by the number of
receptors, therefore providing both the means for obtaining
the cholesterol for various cellular functions (synthesis of
membranes, steroid hormones and bile acids) and a mechanism
to protect against excessive accumulation of cholesterol or
cholesteryl esters (Mahley and Innerarity 1983).

Familial hypercholesterolemia (FH) is one of the most
common genetic diseases affecting man. By in vitro studies
of cultured human fibroblasts, Tolleshaug et al. (1983)
established that the primary defect in FH lies in the gene
for the LDL receptor. Combined biochemical and genetic
studies have 1led to the identification of at least eight
allelic mutations. Each mutation disrupts a step in the
itinerary of the LDL receptor, affecting its synthesis,
postranslational processing, or localization in coated pits
(Goldstein and Brown 1984). The receptor-mediated
endocytosis and lysosomal degradation of plasma LDL appears
to be absent or markedly reduced which causes a rise in
plasma LDL levels thereby leading to an accumulation of
endogenous cholesterol and, eventually to atherosclerosis.
The LDL levels of heterozygote and homozygote FH individuals

are 2 to 3-fold and 6 to 8-fold above normal, respectively
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(Goldstein and Brown 1982). A majority of patients with
high LDL 1levels have functional LDL-receptor genes and
appear to have a form of endogenous hypercholesterolemia
produced by exogenous factors, including dietary
cholesterol. A high cholesterol diet causes cholesterol to
accumulate in the livers of rabbits (Kovanen et al. 198la)
and dogs (Hui et al. 1981) thereby suppressing hepatic LDL
(apo-B, E) receptor production. Mahley (1978) observed that
cholesteol feeding also induces a reduction in the level of
regular HDL (HDL without apo E) and an increase in the level
of HDL. (HDL with apo E and cholesteryl ester-rich) in many
species, thereby enhancing cholesterol transport to the
liver. In rabbits fed a cholesterol-free diet composed of
carbohydrate and casein, hepatic LDL receptors are
suppressed which contribute to the high 1LDL levels observed
in the absence of dietary cholesterol (Chao et al. 1982).
The expression of hepatic 1DL receptors in dogs, swine and
man decreases with age (Mahley et al. 1981), suggesting an
explanation for the age-related increase in plasma LDL
levels that occurs in humans. Therefore, several nongenetic
factors may contribute to the elevation of LDL 1levels by
suppressing hepatic LDL receptor synthesis. Goldstein and
Brown (1982) have used various therapeutic, receptor-
stimulating drugs to deplete the 1liver of cholesterol,
thereby inducing an increase in the expression of LDL

receptors (apo B, E). Cholestyramine, a bile-acid-binding .
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resin, interrupts the enterohepatic circulation of bile
acids (Dietschy and Wilson 1970). To block de novo
synthesis of cholesterol, the drug compactin was used as a
potent competitive inhibitor of 3-hydroxy-3-methylglutaryl
coenzyme A reductase, the rate=-controlling enzyme in
cholesterol synthesis (Brown and Goldstein 1976). These
d;ugs used in combination have been successful in limited
ciinical studies using dogs and may prove to be an effective
therapy for hypercholesterolemia (Kovanen et al. 1981b).

Hui et al. (1981) have reported a receptor capable of
specifically recognizing the E apoprotein of adult canine
liver. Though adult animals lack apo B, E receptors, they
possess the apo E receptor capable of interacting with HDL
containing apo E and chylomicron remnants. However, both
apo B, E receptors are present in immature animals (Mahley
et al. 1981). The expression of apo-E receptor remains
relatively constant for all ages of animals studied and is
not strictly regulated by metabolic perturbations (i.e.
cholesterol feeding, cholestyramine) (Mahley et al. 1981).
The importance of the apo E receptor in lipoprotein
metabolism and cholesterol homeostasis has been well
documented especially in the aging animal.

The apo B, E receptor binds not only with LDL
containing apo B but also with HDL containing apo E. This
relationship suggests that the interaction of lipoproteins

with the cells depends on a mechanism involving either apo B
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or apo E (Mahley and Innerarity 1983). Studies using
chemical modification of specific amino acid residues in
these apolipoproteins (apo B and apo E) established the
importance of these apolipoproteins in the interaction
between the lipoproteins and the apo B, E receptors. The
chemical modification of a limited number of arginine or
lysine residues prevented LDL and HDL-with apo E from
binding to the cell surface receptors on fibroblasts (Mahley
et al. 1980). This demonstrated the significance of these
particular amino acid residues in the recognition and uptake
of 1lipoproteins. Additional understanding on the way in
which apo E interacts with the apo-B, E receptor has been
accredited to the recent elucidation of the structure and
genetics of apo E. Human apo E exists in three major
isoforms, E-2, E-3, and E~4, as revealed by isoelectric
focusing on acrylamide gels (Weisgraber et al. 1982).
Patients with Type 1III hyperlipoproteinemia, a genetic
disease associated with defective plasma lipoprotein
clearance, possess only the E-2 isoform (Mahley and
Innerarity 1983). The apo-E~2 mutant form impairs apo B, E
receptor binding activity (Weisgraber et al. 1982) thereby
contributing to the abnormal lipoprotein clearance and the
development of hyperlipidemia. Amino acid sequence analyses
of apo E have demonstrated that the major apo E isoforms
differ from one another by single amino acid substitutions

of cysteine or arginine and account for the relative charge
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differences observed in isoelectric focusing (Rall et al.
1982). Studies of the apo E mutant forms have enabled the
region of the molecule responsible for receptor binding to
be determined. Just as with endogeneous
hypercholesterolemia other non-genetic factors may influence
the effects of the mutant E-2 protein on 1lipoprotein

metabolism.

Copper Deficiency and Lipoprotein Metabolism

The relationship between dietary copper and
hypercholesterolemia has been the subject of recent
nutritional investigation. Klevay (1973) induced
hypercholesterolemia in rats by increasing the ratio of zinc
to copper ingested. He postulated that the high ratio of
dietary zinc to copper is associated with
hypercholesterolemia and further hypothesized that coronary
heart disease is primarily a disease of imbalance of zinc
and copper metabolism (Klevay 1975). In two large scale
factorial experiments, with various levels of dietary zinc
and copper, Petering et al. (1977) and Murthy and Petering
(1976) demonstrated that there is an inverse relationship
between dietary copper, serum copper and levels of serum
cholesterol, triglyceride and phospholipids. There was no
significant relationship of serum or dietary zinc and serum
cholesterol, however, when serum copper was low due to low

dietary intake of copper, an excessive intake of zinc
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appeared to raise serum cholesterol levels due to the =zinc-
copper interrelationship. Therefore, Petering and Murthy
(1976) suggested that dietary copper governs the metabolic
fate of cholesterol more than.the zinc to copper ratio.

Subsequently, a number of experiments have been
performed to elucidate the mechanisms responsible for the
hypercholesterolemia observed in copper-deficient rats. Lei
(1977, 1978) suggested that a shift of cholesterol from the
liver pool to the plasma pool appeared to be responsible.
Sshao and Lei {1980) demonstrated that cholesterol ester,
newly synthesized from mevalonate-2-14C, cleared the 1liver
faster in copper-deficient rats than controls. Allen and
Klevay (1978) also suggested that a more rapid clearance of
cholesterol from the liver to the plasma pool caused the
cholesterol to be wunavailable for excretion as biliary
steroids, which may be responsible for the
hypercholesterolemia in copper~-deficient rats. Lin and Lei
(1981) observed marked increases in the size and half-life
of the rapidly exchangeable cholesterol pool in copper-
deficient rats compared to controls. Furthermore, there was
a prolonged half-life of the free cholesterol and total
cholesterol carried by the high density lipoproteins (HDL)
of copper—deficien; rats (Lei and Lin 1981). Therefore,
hypercholesterolemia may be due to a reduction in the rate

" of removal of cholesterol from the circulation.
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Lei (1983) observed significant elevations in protein

and cholesterol contents of HDL and LDL and in triglyceride
content of LDL in copper-deficient rats. In addition, HDL
was subfractionated into subclasses with or without apo E.
The protein and cholesterol contents of a HDL subclass rich
in apo E was elevated as a result of copper-deficiency
(Croswell and Lei 1985). Recently, receptor specific
subclasses of lipoproteins were employed in in vitro binding
studies, which involved isolated hepatic plasma membranes,
to examine the effect of copper deficiency on 1lipoprotein
receptof functions. Initial studies indicate that a
reduction in the binding of apo E-free HDL to their
functional binding sites may contribute to the
hypercholesterolemia and hyperlipoproteinemia observed in

copper deficiency (Hassel et. al 1986).

Copper and Chelating Agents

Metal chelating drugs are commonly used clinically to
bind metals and enhance their excretion or prevent their
absorption. Recently these agents have been used to induce
copper deficiency and to investigate teratogencity produced
by copper deficiency (Keen et al. 1982; Cohen et al. 1982;
Keen et al. 1983). The tetramine triethylene, 2,2,2-
tetramine(trien), is a chelating drug used clinically in the
treatment of Wilson's disease, a genetic disorder

characterized by excess copper deposited in the 1liver and
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brain. Trien binds copper and increases its urinary
excretion (Walshe 1973) thus lowering tissue copper levels.
Another tetramine, 2,3,2-tetramine, HCl (TETA), was
synthesized with a higher affinity for Cu(II) than trien
(Weatherburn et al. 1970). Trien and TETA are structurally
similar except that TETA contains an extra CH2 unit
(Weatherburn et al. 1970). Borthwick et al. (1979) reported
that TETA induced a significant cupruresis when administered
intravenously and orally to rats, and was more effective
than trien and D-penicillamine in induction of cupruresis in
both normal and copper-loaded rats (Borthwick et al. 1980).
Hunsaker et al. (1985) observed reduced hepatic copper and
enhanced urinary copper in dogs treated with TETA. These

findings suggest that tetramines may aid in reducing tissue

copper levels rapidly in experimental animals.




MATERIALS AND METHODS

Experimental Animal

The rabbit was selected as the experimental animal
because of the following reasons: 1) They are highly
susceptible to dietary alterations. Rabbits on a commercial
feed have normal plasma cholesterol levels and are free of
atherosclerosis. Whereas, hypercholesterolemia and
athérosclerosis were produced in rabbits fed semi-purified
diets high in cholesterol and fat contents (Kovanen et al.
1981) or with proteins (i.e. casein) from animal sources
(Kritchevsky et al. 1977; Carroll and Hamilton 1975); 2)
Normal rabbits have similar lipoprotein profile as compared
to humans. However, normal rabbit IDL has a higher
triglyceride content than human "LDL. Thus,
hypercholesterolemia and hypertriglyceridemia is due to an
elevation of cholesterol and triglycerides in LDI. (Havel et
al. 1982); 3) The discovery of Watanabe heritable
hyperlipidemic (WHHL) rabbits has provided an appropriate
animal model for +the human genetic disorder familial
hypercholesterolemia. Similar to human patients, the WHHL
rabbits have a genetic deficiency in the LDL receptor

24
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resulting in elevated levels of IDL and LDL (Goldstein et

al. 1983).

Experimental Diet

The basal diet (copper-deficient) was prepared
similarly to that designed by Kritchevsky et al. (1975)
except no copper supplement was included in the mineral mix
(Table 1) and the isolated soy protein and wheat straw
(fiber) were washed with 0.25% EDTA to remove any residual
copper. In the mineral mix, K,CO, (6.24%) replaced half of
the KC1 (12.47%) of the original formulation to prevent
acidosis in the rabbits (West et al. 1982). The basal diet
contained 2.3 mg Cu/kg diet as measured by flame atomic
absorption spectrophotometry using a NSA Hitachi model 180-
70 polarized Zeeman atomic absorption spectrophotometer
(Mountain Vview, CA) (Table 2). The copper-adequate diet was
prepared by the addition of Cucd3 to the basal diet to
provide a final concentration of 13.5 mg Cu/kg diet. The
semi-purified diets were pelleted before feeding. A
préctical rabbit diet (chow) was obtained from a local feed
company (Arizona Feeds, Tucson, AZ) with a concentration of
21.6 mg Cu/kg diet. The diets and distilled-demineralized
water (distilled water passsed through a mixed-bed resin,
Barnstead Co., Sybron Corp., Boston, MA) were provided ad

libitum.
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Table 1 Semipurified diet for rabbitsl)

Ingredient Percent =~ g/kg

Soy Protein2 20.0 200.0
DL~Methionine 0.2 2.0
Glucose Monohydrate 53.8 538.0
Wheat Straw (fiber)? 15.0 150.0
Corn 0il 5.0 50.0
Mineral Mix> 5.0  50.0
Vitamin Mix" 1.0 10.0

1Semipurified diet based on the study of Kritchevsky et al. (1975),
2Protein and fiber washed with 0.257 EDTA to remove residual copper.
3Salt Mix USP XIV (Z): A12(804)3'24 H20(0.009), CaHPO4'2 H20(11.28),

CaC04(6.86), Cas(CeH0,)+4 Hy0(30.83), Fe(NH,)(CgHs0,),(1.526), MgCO,

(3.52), MgSOA(3.83), MnSO4(0.02), K1(0.004), KH2P04(21.88), NaCl(7.71),
NaF(0.05), KC1(12.47). Instead of using 12.47% KCl, half the KCl of the
original formulation was replaced with K2002(6.24Z) to prevent acidosis
(West et al. 1982). CuCO3 was added to provide a final concentration of
13 mg of Cu per Kg of diet and ZnC04(0.23), Na,Se0,-5 H,0(0.001) and
CrK(SO4)2-12 H20(0.001) were also added to the diet.

“Vitamin Mix, (g/kg diet): p-aminobenzoic acid (0.11), vitamin C
(1.017), Biotin (0.0004), Ca pantothenate (0,066), choline citrate
(3.715), folic acid (0.002), inositol (0.11), vitamin K (0.05), nico-
tinic acid (0.009), pyridoxine-HCl (0.022), riboflavin (0.022), thia-
mine-HC1 (0.002), vitamin A, 500,000 U/g (0.039), vitamin B12(0.029),
vitamin D,, 500,000 U/g (0.004), vitamin E acetate, 250 U/g (0.485).




Table 2 Copper, Zinc and Irom Concentrations in Diets
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mg/kg diet
DIET Cu Zn Fe
~Cu=semipurified 2,27 + 0,19 80.06 + 0.14 230.38 + 10.08
Cu deficient
+Cu=semipurified 13.47 #* 0.59 86.10 + 3.13 236.14 * 14,40
Cu adequate
Chow 21.65 + 1,21 231.49 + 8.12 279.70 * 3.96
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Experiment Design I

Forty-two male New Zealand White rabbits, 35 days of
age, weighing between 700-1000 gms, were divided into three
dietary treatments, namely a copper-deficient groupv(2.3 mng
Cu/kg diet), a copper-adequate group (13.5 mg Cu/kg diet)
and a chow group (21.6 mg Cu/kg diet). They were housed,
individually, in stainless steel cages with wire mesh
floors. The room was maintained at 22°C with 12 hours each
of 1light and darkness. ‘Body weights were recorded weekly
throughout the experiment.

Approximately half of the rabbits from each treatment
group were treated with 100 mg 2,3,2-tetramine , HC1
(TETA) /kg body weight for 10 days while the remaining
rabbits were untreated. The TETA solution (100 mg/ml) was
given orally through a syringe into the mouth of the animal.
After 10 ten days of treatment, all rabbits were fasted
overnight and asphyxiated with CO,. Blood was collected in
a syringe with EDTA (1 mg/l1 ml blood) by cardiac puncture.
The plasma was rapidly isolated and processed for
lipoprotein separation. Several tissues were collected,

weighed and stored for mineral analyses.

Experiment Design II

Ten male New Zealand White rabbits, 35 days of age
weighing 600-900 gms were randomly divided into 3 dietary

treatments: 1) copper-deficient plus TETA (n=4), 2) copper-
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adequate plus TETA (n=3) and 3) copper-adequate (n=3).
Rabbits were housed individually in stainless steel cages in
a room maintained at 22°C with 12 hours each of light and
darkness. Body weights were recorded weekly throughout the
experiment. Appropriate diets (previously described for
experiment #1) and distilled-demineralized water were
provided ad libitum.

The rabbits were given orally a TETA dose of 100 mg
per day for 3 four-day periods over 3 weeks and maintained
on assigned diets for another 10 weeks. The procedure for
treating the animals with TETA was previously mentioned in
Experimental Design I. On the thirteenth week, all animals
were fasted overnight and asphyxiated with COj. Blood was
collected by cardiac puncture and prepared for 1lipoprotein

separation. Tissues were collected for mineral analyses.

Biochemical Procedures

Plasma Lipoprotein Separation

Plasma lipoproteins were separated and purified by
ultracentrifugation and gel filtration chromatography using
the method of Rudel et al. (1974). Blood mixed with EDTA
was centrifuged at 1000 x g at 15°C for 30 minutes in order
to collect the plasma. The plasma density was raised to d
1.221 by adding solid KBr (0.3867 gm of KBr/ml of plasma)
into ten milliliters of plasma. The density adjusted plasma

was placed in ultracentrifuge tubes and overlayered with a
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d 1.225 buffered solution (Scanu and Granada 1966). Tubes
were centrifuged in a Ti70 rotor for 24 hours at 18° C at
100,000 x g in a model L8-80M ultracentrifuge (Beckman,
Fullerton, CA). The top 2 ml containing the 1lipoprotein
concentrate were quantitatively removed and applied to
agarose chromatography columns.
Lipoproteins were sequentially eluted through a 2.6 x
90 cm column of Sepharose CL~4B (Pharmacia, Inc.,
Piscataway, NJ) and a 2.6 x 90 cm column of Bio-Gel Al.5m
{BioRad, Richmond, CA) in series. Two sets of these columns
were housed in a cold room maintained at 6°C. The columns
were eluted at 40 ml/hr with 0.15M NaCl, 0.02% NaAzide, and
0.01% EDTA at pH 7.4. Fractions of the eluate were
collected by a LKB model 2111 fraction collector (LKB
Instruments 1Inc., Rockville, MD) and a LKB model 2112
fraction collector. The protein component was monitored at
280 nm. Four individual peaks of lipoproteins were eluted
(peaks 1, very low density, VLDL; peak 2, low density, LDL;
peak 3, high density, HDL; peak 4, albumin, Alb). Fractions
from each lipoprotein peak were combined and concentrated to
2 ml by wultrafiltration wusing YM 30 filters in Amicon
stirred cells (Amicon Corp., Danver, MA). To delay protein
denaturation, 5 ul of 100 uM phenylmethylsulfonyl-
fluoride (Calbiochem~-Behring, La Jolla, CA) was added to one
ml of the concentrated lipoproteins which will be used for

protein and apolipoprotein determinations. The other half
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of the concentrate was stored for cholesterol and

triglyceride determinations.

Apolipoprotein Composition
of Lipoprotein Fractions

The apolipoproteins of individual lipoprotein
fractions were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). To separate
apolipoproteins of LDL and HDL, gradient slab gels of 4.5
to 20% and 7.5 to 20% acrylamide with stacking gels of 4.5%
were used, respectively, according to the method of Laemmli
(1970). The protein concentration of LDL and HDL fractions
were determined prior to application. Approximately 25 ug
of HDL, 25 ug human apolipoprotein standard and 30 ug of low
molecular weight standard were individually applied to
separate sample wells on the gradient slab gel and run on a
Hoefer model SE 400 vertical slab unit (Hoefer Scientific
Instruments, San Francisco, CA) at 20 mA. The 25 ug human
apolipoprotein standard (human lyophilized apolipoprotein,
CalbioChem-Behring, La Jolla, CA) contained 10 ug
apolipoprotein C~III and 15 ug apolipoprotein A-I. The 30
ug of SDS-PAGE low molecular weight standard (SDS-7, MW
range 14,000-70,000, Sigma Chemical Co., St. Louis, MO)
contained 5 ug each of bovine albumin, ovalalbumin,
glyceraldehyde-3-phosphate dehydrogenase, carbonic

anhydrase, trypsin inhibitor and lactalbumin. Approximately
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20 ug of LDL, 40 ug human apolipoprotein standard and 35 ug
of high molecular weight standard were individually applied
to separate sample wells on the gradient slab gel and run on
a Hoefer vertical slab unit at 20 maA. The 40 ug human
apolipoprotein standard contained 10 ug apolipoprotein C-
I1I, 15 ug apolipoprotein A-I and 15 ug apolipoprotein B.
The 35 ug of SDS-PAGE high molecular weight standard
(#26959, MW range 40,000-250,000, BioRad Laboratories,
Richmond, Ca) contained 7 ug each of myosin, B-
galactosidase, phosphorylase B, BSA and ovalbumin. Protein
bands were stained with 0.2% coomassie blue.

Apolipoprotein concentrations (apo A-I1, B and C-III)
were quantitated by scanning the stained gels with a Hoefer
model GS 300 transmittance/reflectance scanning densitometer
at a scanning séeed of 6.5 cm/min. The peak areas were
integrated by a Spectra-Physics SP4270 integrator. The
individual apolipoprotein bands were identified by comparing
their mobilities to the standard apolipoproteins and
expressed as mg/dl. Apolipoproteins were quantitated by
comparing sample peak areas with peak areas of the standard
curves that were constructed with 5 to 30 ug of purified
human apolipoproteins. This method was validated by running
a series of polyacrylamide gels with known and increasing
amounts of apolipoproteins (Dory and Rohein 1981). The

quantity of individual apolipoprotein was found to be
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directly proportional to the dye bound to each

apolipoprotein.

Procedure for Plasma Protein Determination

The protein concentrations of the lipoprotein
fractions were measured colorimetrically using the methods
of Lowry et al. (1951). Graded levels of protein standards,
0, 25, 50, 100, 150, and 200 mg were used to construct a
standard curve. Bovine albumin (#A4503, bovine fraction V,
Sigma Chemical Co., St. Louis, MO) was used as the protein
standard. There are two steps which lead to the final color
with plasma protein in solution: 1) reaction with copper in
alkali solution and 2) reduction of the phosphomolybdic-
phosphotungstic reagént by the copper-treated protein. If
necessary to delipidate the protein samples, 0.10 ml of
Triton X-100 was added after the blue color developed. The
blue color complex was read at 750 nm against a blank using
a Beckman model 25 spectrophotometer (Beckman Instruments,

Inc., Fullerton, CA).

Procedure for Plasma Cholesterol Determination

Plasma cholesterol levels were quantitatively
determined by the method of Roeschlau et al. (1974) using an
enzymatic kit (Boehringer Mannheim, Indianapolis, 1IN).
Certified standards of cholesterol, 50, 100, 125, 150 amd

200 mg/dl (Boehringer Mannheim) were used to construct a
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standard curve. All cholesterol esters in plasma were split
quantitively into free cholesterol and fatty acids. The
free cholesterol was oxidized to cholest~4-en-3-one
producing equivalent hydrogen peroxide. Hydrogen peroxide
reacted in the presence of peroxidase with phenol and 4-
aminophenazone to form an orange product, p=-quinone imine
dye. The orange color was read‘at 520 nm against air using
a Beckman model 25 spectrophotometer.

Procedure for Plasma Triglyceride Determination

Plasma triglyceride values were measured
enyzmatically based on the method of Wahlefeld (1974) using
an enzymatic kit from Boehringer Mannheim. Graded levels of
triglyceride standard, 0, 30, 60, 90, 120, 135 and 150 mg
were used to construct a standard curve. Triolein (#405-10,
Sigma Chemical Co., St. Louis, MO) was used as the
triglyceride standard. Plasma triglycerides were hydrolyzed
into free fatty acids and glycerol using the lipase/esterase
solution. The liberated glycerol was phosphorylated by ATP.
The ADP reacts with phosphoenolpyruvate in the presence of a
kinase to give pyruvate which is reduced by NADH. The
decrease NADH concentration during the reaction is
proportional to the amount of triglyerides and free glycerol
in the speciman, which results in a change in absorbance.
The NADH concentration was measured at 366 nm using a

Beckman model 25 spectrophotometer.
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Procedure for Mineral Analysis

A half gram of liver sample from each 1liver were
placed into tared 18 ml Nalgene tubes and dried at 57°C for
7 days. The dried samples were cooled in a dessicator under
vacuum for 24 hours before weighing. The dried samples were
digested in 3 ml of concentrated nitric acid and then packed
in ice for 12 hours. Following the cold digest, one ml of
perchloric acid was added to further the digestion. The
samples were vortex mixed and placed in a water bath at 95 -
100°C for 3 hours. The samples were cooled and diluted to 5
ml for mineral determination.

One ml of plasma from each animal was diluted with 2
ml distilled-demineralized water for mineral determination.

All samples were analyzed for copper, zinc and iron

by flame atomic absorption spectrophotometry.

Statistical Analysis

Differences between treatment and control values for
all data were calculated. These values were separated into
diet effect and tetramine effect. All data were analyzed by
two way analysis of variance. The interactions of tetramine
and dietary ‘treatment on mineral, plasma lipoproteins,
apolipoproteins, cholesterol and triglyceride responses were
partitioned into single degrees of freedom. A student's

"t" test was used to statistically analyze some of the data.




RESULTS

Experiment I

Rabbits fed copper~deficient and adequate
semipurified diets had reduced body weights, liver weights
and heart weights than those fed commercial chow (Table 3).
The administration of TETA depressed body weights mainly in
rabbits fed the copper-deficient and adequate diets and
exerted no effect in rabbits fed chow. In addition, TETA
treatment elevated the heart-to-body weight ratio only in
rabbits fed the copper-deficient diet and induced no changes
on rabbits fed the copper-adequate diet or chow.

Typical elution profiles of lipoproteins separated by
agarose-column chromatography are shown in Figure 1. - This
figure demonstrated the effect TETA treatment has on the
lipoprotein profiles derived from rabbits fed the copper-
deficient diet. Administration of TETA appeared to have
decreased the VLDL level, markedly elevated the LDL level
and exerted no change in the HDL level as measured by
absorbance at 280 nm.

Plasma copper levels appeared not to be affected by
dietary treatment (Table 4). However, TETA therapy
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Table 3 Influence of
in Rabbitsl

Diet and Tetramine (TETA) on Body Weight

and Liver Weight and Heart Weight

DIET TETA N BODY WT. LIVER WT. LIVER (%) HEART WT. HEART (%)
(gm) (gm) BODY WT. *” (gm) BODY WT. "
-Cu - 8 986 + 72 32.4 + 2.8 3.27 £ 0.12 2.24 + 0,12 0.23 £ 0.01
+ 8 844 * 50 31.0 £ 2.9 3.68 + 0.28 2.42 + 0.15 0.29 + 0.02
+Cu - 8 1141 + 62 35.8 £ 2.3 3.13 £ 0.10 2.47 £ 0.07 0.22 = 0,01
+ 6 960 * 54 29.4 £ 1.4 3.10 + 0.21 2.19 £ 0.11 0.23.i 0.01
Chow - 7 1353 + 84 40.9 £ 2.2 3.03 + 0.08 3.53 + 0.15 0.26 + 0.01
+ 5 1332 #100 45.2 £ 2.6 3.44 + 0.24 3.53 + 0.22 0.27 £ 0.01
P-Values for
ANOVA Treatment
Comparisons
df
Tetramine
Effect (T) 1 0.05 0.01
Diet Effect (D)
Dp= =Cu vs.
4+Cu & Chow 1 0.001 0.05 0.001
DB= +Cu vs.
Chow 1 0.001 0.001 0.001 0.01
Interactions 2
T x Dy 1 0.01
T x Dg 1 0.05

1 Mean * standard error.

LE
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FRACTION NUMBER

Figure 1. Gel Filtration of Rabbit Plasma Lipoproteins on Agarose Gel.

Lipoproteins were floated by ultracentrifugation from 10ml of
plasma (density adjusted to 1.221 with solid KBr). Lipopro-
teins vere sequentially eluted through a Sepharose CL-4B

(2.6 x 90 cm) colunn and a Bio~Gel Al.5m (2.6 x 90 cm) column
in series. The columns were eluted at 40ml/hr with 0.15M
NaCl, 0.02% NaAzide, and 0.01% EDTA at pH 7.4. Each fraction
contained 7.8 ml.




Table 4 Effect of Diet and Tetramine on Plasma Copper, Zinc and Iron Concentrations in Rabbits

1

Plasma, ug/dl
DIET TETA Cu Zn Fe
~Cu - 67.73 + 4.98 122.28 + 6.21 234,04 + 14.00
+ 9.75 + 1.31 112.55 + 6.64 266.51 *+ 19.86
+Cu - 84.46 + 11.84 101.96 * 2,36 186,79 * 16.05
+ 50.24 + 9.76 123,30 + 5,53 241.52 + 13.92
Chow - 63.88 + 3.82 205.70 + 13,58 161.74 + 25.05
+ 64.23 + 5,23 198,00 + 11,91 178.58 *+ 18.24
P-Values for ANOVA
Treatment Comparisons
df
Tetramine Effect (T) 1 0.001 0.05
Diet Effect (D) 2
DA= =Cu vs.
+Cu & Chow 1 0.001 0.001 0.001
Dg= +Cu vs. Chow 1 0.001 0.05
Interactions 2
T x Dy 1 0.01
T x Dy 1 0.05

IMean + standard error.

6¢
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significantly depressed plasma copper levels by 85% and 40%
in rabbits fed copper deficient and adequate diets,
respectively. In contrast, plasma copper levels of rabbits
fed chow were not influencgd by TETA treatment. In
addition, rabbits fed copper-deficient and adequate diets
demonstrated significantly lower plasma 2zinc and higher
plasma iron levels than those fed chow (Table 4) .
Furthermore, TETA treatment exerted no effect on plasma zinc
levels, but slightly increased plasma iron levels in all
dietary treatments.

Mineral 1levels in the liver on a per gram dry weight
have a similar response when the levels are expressed on the
whole wet liver. Hepatic copper and zinc levels appeared to
be 1lower in rabbits fed the copper deficient and adequate
diets as compared to those fed chow (Table 5). In addition,
TETA treatment significantly increased both hepatic zinc and
iron 1levels only in rabbits fed the copper-deficient diet.
Although analysis of variance indicated that TETA treatment
may not have any influence on 1liver copper, a t-test
comparison suggested that TETA treatment significantly
reduced (p<0.05) 1liver copper in rabbits fed the copper-
deficient and adequate diets but exerted no influence on
chow fed animals.

Marked elevations in 1lipid and protein levels
induced by TETA administration were confined only to the LDL

fraction. Approximately, two fold increases in LDL protein,




Table 5 Liver Copper, Zinc and Iron Concentrations in Rabbits on Tetramine (TETA) and Various
Levels of Copper1

DIET  TETA Cu Zn Fe Cu Zn Fe
: (ug/g dry wt.) (mg/whole wet liver)
—Cu - 24,7+ 5.7°  152.0* 6.3  1396x120  0.20£0.05°  1.16+0.07  10.8:1.3
+ 11.0¢ 0.9%  215.6#31.5  2333%500  0.09:0.01%  1.62$0.26  26.4%5.4
+Cu - 24.1+ 3.9 174.2416.9  1233:115  0.20£0.03°  1.43%0.12  10.2:1.0
+ 17.4¢+ 2.1 185.9+ 7.2 1159:191  0.11#0.01°  1.18+0.06 7.4%0.5
Chow - 81.7¢34.5°  194.3+ 6.8 630£135  0.74:0.31°  1.7820.09 8.4%2.0
+ 40.6+16.4°  179.3+14.1 7284146  0.39:0.13°  1.87¢0.11 5.7+1.7

P-Values for
ANOVA Treatment

Comparisons
df
Tetramine
Effect (T) 1 0.05 0.05
Diet Effect 2
(D)
D,= -Cu vs.
+Cu & Chow 1 0.001 0.001
DB= +Cu vs,
Chow 1 0.01 0.01 ¢.01
Interactions 2
T x DA 1 0.05 0.05 0.05 0.001
T x DB 1

Means * standard error. abMeans with different supersubscripts are significantly different
within the same diet group, Student's t-test, p<0.95.

1%
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cholesterol, triglyceride and apolipoprotein B levels due to
TETA treatment were observed in rabbits fed the copper-
deficient diet (Tables 6 and 7). The magnitude of increases
for the LDL protein were less prominent fﬁr the two other
dietary treatments. In the rabbits fed the copper-adequate
diet, TETA exerted little or no effect on LDL cholesterol
and triglyceride levels. The protein and triglyceride
concentrations of HDL were slightly but significantly lower
in rabbits fed the copper-deficient or the adequate diets
than those fed chow (Tables 6 and 7).

Among the rabbits fed the copper-deficient diet the
VLDL cholesterol and triglyceride levels were 1lower than
those of the two other dietary treatments (Tables 7}. This
was mainly due to the reductions (approximately 2 £fold)
observed in rabbits fed copper-deficient diet treated with

TETA as compared to those not treated (t-test, p<0.05).

Experiment II

Experiment #2 was designed to determine whether the
depressed copper status induced by TETA could be sustained
over a period of time. Final body weights were greater and
liver-to-body weight and heart-to-body weight ratios were
lower in rabbits fed the copper-deficient diet than those
fed copper-adequate diet (Table 8).

In the rabbits treated with TETA and then maintained

on copper-deficient diet, a 37% elevation in plasma iron




Table 6

Distribution of plasma lipoproteins and LDL apolipoproteins in rabbits on tetramine (TETA) and
various levels of copperl

Protein, mg/dl

DIET TETA VLDL LDL HDL LDL~ApoB
-Cu - 11.79 * 1.93 54.98 = 2.23 78.67 = 5.41 48.43 + 2.18b
+ 15.42 * 4.77 98.53 + 8.89 66.40 £ 3.95 84.58 * 9.482
+Cu - 113.82 + 5.87 77.03 £ 7.07 77.86 * 3.81 69.29 6.10b
+ 11.83 * 3.40 86.32 + 8.80 73.24 £ 8,73 79.32 8.20b
Chow ~ 9.34 + 3.26 68.41 * 6.44 85.29 £ 6.29 60.62 * 6.93b
+ 25.39 = 7.69 78.74 * 11.53 97.32 £ 6.72 72.76 10.94b

P-Values for ANOVA
Treatment Comparisons

df
Tetramine Effect (T) 1 0.001 0.005
Diet Effect (D) 2
Dp= -Cu vs. +Cu Chow 1 0.05
D= +Cu vs. Chow 1 0.05
Interactions 2
T x D 1 0.05
T x D 1

lMeans * standard error.
abMeans with different supersubscripts are significantly different within the same diet group,
Student's t-test, p<0.05.

1%



Table 7

Cholesterol and triglyceride levels of plasma lipoproteins in Rabbits on tetramine and various

levels of copper1

Cholesterol, mg/dl Triglyceride, mg/dl
DIET TETA VLDL LDL HDL VLDL LDL HDL
—Cu - 26.7 + 2.5P 46,5 + 2.8 15.8 + 1.1 130,1 10.0b 34.5 + 0.8b 18.7 + 3.8
+ 15.8 + 3.52 85.3 + 8.7 15.8 + 1.0 67,3 + 15.68 77.2 + 14.72 13.7 £ 1.8
+Cu - 30.8 £ 5.6 67.6 £ 11.6 16.5 £ 1.1 131.3 + 28.4 56.3 * 10.7 14.5 + 1.8

+ 33.9 +x 2.9
Chow - 36.1 + 7.2

+ 36.1 £ 9.6

69.1 £ 11.9 17.2 + 1.9 143.1

+

17.5 52.5 % 7.6 17.2 * 3.4

52.3 £ 3.7 17.3 £ 1.3 196.2

+
I+

38.1 66.1 * 10.8 20.1 £ 1.6

56.8 £+ 7.3 16.8 + 1.7 170.3

-+

43.4 93.6 t 16.1 27.2

I+

5.3

P-Values for ANOVA
Treatment Comparisons
df
Tetramine
Effect (T) 1
Diet Effect (D) 2
Dp= -Cu vs.
4+Cu & Chow 1 0.01
Dg=tCu & Chow 1

Interactions 2
T x Dy 1
TXDB 1

0.05 . 0.05

0.05
: 0.05 0.05

0.05

IMeans *-standard error.

abMeans with different superscripts are significantly different with-

in the same diet group, Student's t-test, p<0.05.



Body weights, liver weights and heart weights in rabbits treated

Table 8

maintained on semipurified dietsl

with TETA and subsequently

DIET N TETA BODY WT. LIVER WT. LIVER ., HEART WT. _HEART _
(gm) (gm) BoDY wr. ‘% (gm) BopY wr. (%)
‘-Cu 4 + 2239 * 297 62.3 + 9.8 2,76 £ 0.07 4.43 * 0.62 0.20 £ 0.00
+Cu 3 + 1419 = 43 83.8 + 12.1 5.93 * 0.93 3.38 £ 0.01 0.24 *+ 0.01
+Cu 3 - 1684 = 370 50.6 * 8.8 3.08 + 0.23 3.63 * 0.54 0.22 + 0.02
P-Values for ANOVA
df
Treatment Effect (T) 2
TA 1 0.05 0.05
TB 1 0.001

1Means + standard error.

T, = (- Cu, +TETA) vs. (+ Cu, +TETA) & (+ Cu, -TETA)

TB = (+ Cu, #TETA)‘vs. (+ Cu, - TETA)

Sy
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level was accompanied by a 46% reduction in plasma copper
level as compared to those fed the adequate diet (Table 9).
The heart cdpper per gram was lower than the copper adequate
groups, however, when the copper level was expressed as
mg/organ, no difference was detected (Table 9). Overall,
the tissue mineral levels were similar in all- treatments
(Table 9).

There was a trend for LDL protein and cholesterol to
be elevated in rabbits treated with TETA and maintained on
copper-deficient diet as compared to those in the other
treatments (Tables 10). However, only LDL protein level was
significantly elevated. These observations were similar to
the first study. In addition, the LDL apo B was
significantly higher in rabbits treated with TETA and

maintained on copper-deficient diet (Table 10).




Table 9

Copper, zinc and iron concentrations in plama, liver and heart tissues in rabbits treated with
TETA and subsequently maintained on semipurified dietsl

Plasma Liver Heart
DIET TETA Cu Zn Fe Cu Zn Fe Cu Zn Fe Cu s Cu
(ug/dl) (ug/g dry wt.)  (mg/whole wet liver) (ug/g) (mg/HT)*
~Cu + 35.1 132.7 224.1 15.3 173.6 5278 0.23 2.63 83.5 8.7 9.1
5.4 * 6.6 =10.7]{xx1.,9 %+ 2.3 + 1018 * 0.04 * 0.04 + 22.91+ 0.7 * 2.1
+Cu + 63.8 107.3 158.9 10.2 136.2 3147 0.21 2.94 64.0 | 11.4 7.2
6.6 *+ 7.8 +35.81+2.6 t14.4 ¢+ 874 *0.01 *0.26 * 5.8+ 0.7 * 0.2
+Cu - 66.2 135.4 168.5 15.6 187.4 4057 0.20 2.34 52.1 12.4 9.0
+80 +£21.9 +£38.0[l+x2,1 *12.8 *+ 1072 % 0.05 * 0.43 % 18.7 {+x 2.1 * 2.3
P-Values for ANOVA
df
Treatment
Effect (T) 2
T 1 0.01 0.05
A
.05
TB 1 0.0

1Means + standard error.

T, = (- Cu, + TETA) vs. (+ Cu, + TETA) & (+ Cu, - TETA)
Tg = (+ Cu, +TETA) vs. (+ Cu, - TETA)

%
Sug/g dry wt, *HT= whole wet heart

Ly



Table 10

Protein, cholesterol and apolipoprotein levels of plasma lipoproteins in rabbits treated with
TETA and subsequently maintained on semipurified dietsl

Protein, mg/ d1

Cholesterol, mg/d1 ApoB, .mg/

DIET TETA VLDL

LDL HDL VLDL

LDL HDL LDL

-Cu + 20.4 + 2.7 89.9 £ 10.7 82.3 ¢+ 6.5 13.1

+Cu + 32.5

i+

+

9.9 64.9 + 10.9 84.0 £ 13.2 22.8

+Cu - 14.1 # 4.2 51.3 £+ 9.1 93.8 = 17.3 12.1

i+

1.2 80.4 *17.5 16.2 *2.8 81.7 *10.5
4,5 53.4 £ 9.8 11.5 £5.5 58.6 *10.3

4.5 51.4 + 5.0 14.8 £2.4 46.4 * 9.3

P-Values for ANOVA

df
Treatment
Effect 2
TA 1 0.05 0.05
TB 1
1Means + standard error.
TA = (~Cu, + TETA) vs. (+ Cu, + TETA) & (+ Cu, - TETA)
TB = (+ Cu, + TETA) vs. (+ Cu, - TETA)

8y



DISCUSSION

Experiment I
Depressed growth (Lei 1977; Shao and Lei 1980),

cardiac hypertrophy (Hill 1969; Goodman et al. 1970) and
depleted hepatic copper stores (Lei 1977; Tsai and Lei 1979)
are well-established indicators of copper deficiency in rats
produced by a copper-deficient diet alone. Copper-deficient
rabbits induced by a milk-sucrose diet also exhibited
reduced growth, achromotrichia, alopecia and myocardial
necrosis (Hunt and Carlton 1965). Other studies have
demonstrated 1low copper concentrations in the 1livers and
plasma of rats treated with various chelating agents (Cohen
et al. 1982; Keen et al. 1983). Hunsaker et al. (1985)
observed a decrease in serum copper levels and approximately
a two fold decrease in liver copper concentration in dogs
treated with 2,3,2~tetramine, HC1l (TETa). In the first
experiment, TETA treatment significantly reduced plasma
{(p<0.001) (Table 4) and liver copper levels (p<0.05) (Table
5) in rabbits fed copper-deficient diets compared to the
copper—~adequate and chow fed animals. In addition, the
increase in heart-to-body weight ratio indicated that

49
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cardiac hypertrophy was present in these animals, an
anatomical change seen in copper-deficient rats and pigs
(Underwood 1977). Therefore, the rabbits fed copper-
deficient diet and treated with TETA were indeed copper
deficient. TETA also reduced plasma and 1liver copper
levels to a small extent in rabbits fed the adequate diet.
This may have resulted from an insufficient amount of copper
in the adequate diet to compensate for the loss of copper
induced by TETA. Mobilization of iron from iron stores
requires the presence of the copper-containing enzyme of the
plasma ceruloplasmin (ferroxidase I) (Underwood 1977). The
increase 1liver iron levels observed in the rabbits treated
with TETA and fed the deficient diet may be due to a
decrease in liver iron mobilization as a function of low
ceruloplasmin 1levels. The liver cytosol of ruminants and
rats contains copper/zinc binding components of differiqg
molecular weight and lability, the amounts and proportions
of which vary with the copper/zinc status of the animal
(Underwood 1977). With the low copper status seen in the
rabbits treated with TETA and fed the deficient diet, the
increased zinc liver concentration reported may bé
associated with an increasing amount of zinc appearing in
metallothionein or metallothionein-like forms.

Several studies have demonstrated that cholesterol-
free semipurified diets composed of casein were more

cholesterolemic and atherogenic than soy protein diets in
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rabbits (Kritchevsky et al. 1977; Huff et al. 1982; Chao et
al 1982). Thus, soy protein was selected as the protein

source in this project. 1In rabbits fed the copper-deficient

diet and treated with TETA, the reduction in tissue copper
.content was accompanied by marked increases in LDL protein
and cholesterol levels. However, raﬁbits ;ed the adequate
diet and chow diet in conjunction with of without TETA
exhibited 1little or no difference in LDL protein or 1lipid
concentrations. Thus, the results suggest that coppe£ status
may play an important role in lipid metabolism.

In rabbits, increases in plasma lipoproteins as a
result of copper deficiency were mainly confined to the LDL
fraction. However, these results were in contrast to
observations seen in copper-deficient rats in which the
elevations in plasma lipoproteins were most prominent in HDL
and small in LDL fractions (Allen and Klevay 1980; Lei
1983). Thus, the rabbit and the rat may transport
endogenous cholesterol differently when the animals are
copper-deficient. 1In rabbits, rats and hamsters, the liver
removes at least two-thirds of the LDL from the circulation
daily and the majority of this LDL is removed by LDL
receptors (Brown and Goldstein 1983). Chao et al. (1982)
reported a suppression in the number of hepatic LIL
receptors (apo B,E receptors) was responsible for the
elevation of plasma LDL levels in rabbits fed a cholesterol-

free diet containing casein as the protein source. The
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study on LDIL binding sites using rabbit liver membranes also
demonstrated that cholestyramine (a bile acid-binding reéin)
therapy prevented the observed repression of hepatic LDL
binding sites (Chao et al. 1982). The increase in LDL
observed may also have resulted from a reduction in hepatic
uptake of LDL.

The IDL receptors (apo B,E receptors) on the liver
and other body cells, which recognize apo B-100 of LDIL are
responsible for metabolizing at least two-thirds of the LDL
(Goldstein and Brown 1983). In the Watanabe heritable
hyperlipidemic (WHHL) rabbit, a genetic deficiency of
hepatic ILDL (apo B,E) receptors, which is similar to the
defect observed in patients with familial
hypercholesterolemia, ‘causes massive hypercholesterolemia in
these animals (Goldstein et al. 1983). The major B
apolipoprotein of VLDL, IDL and LDL of WHHL rabbits is B-
100. The increase concentration of apo B in VLDL and IDL in
these animals may suggest a defect in catabolism of these
lipoproteins at the level of VLDL remnants (Havel et al.
1282). Kita et al. (1982) demonstrated that the clearance
of VLDL and IDL from plasma was delayed in the WHHL rabbit.
By following the metabolic fate of 125 1-v1LDL apo B, the
investigators reported only a small fraction of the labeled
apo B component being converted to LDL in normal rabbits,
while in WHHL rabbits the decrease clearance of labeled

components lead to enhanced conversion of the apo B
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component to LDL (Kita et al. 1982). Kita et al. (1982)
indicated that in the WHHL rabbit, a deficiency of LDL
receptors was responsible for an accumulation of 1IDL, an
increase conversion to LDL and subsequently resulted in a
build=-up of LDL.

The data observed in study #1 demonstrated that
copper deficiency can be induced in rabbits in a short
period of time using TETA and a copper deficient diet. The
deficient animals exhibited symptoms commonly seen in
copper-deficient rats. TETA treatment resulted in a
markedly lower plasma copper and liver copper levels in the
rabbits fed copper-deficient diet and the reductions were
smaller in magnitude in rabbits fed the adequate diet but no
alterations were observed in the chow fed rabbits. The
moderate or lack of response in protein, lipid and
apolipoprotein 1levels in rabbits treated with TETA and fed
either the copper-adequate or chow, respectively, ruled out
the possibility that TETA was directly involved in the
alteration of 1lipoprotein metabolism. Thus the results
indicated that the depressed copper status may be directly
responsible for the hyperlipoproteinemia. In addition, the
increase in both IDL protein and cholesterol and the
constant LDL cholesterol/protein ratio observed in the
rabbits fed copper-deficient diet and treated with TETA
demonstrated that the hyperlipoproteinemia was caused by an

increase in the number of LDL protein particles rather than
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an enrichment in lipid composition. This increase in LDL
particles may have resulted from an impairment of hepatic
apo B,E receptor activity. The uptake of IDL may thus be
depressed resulting in the conversion of IDL to LDL and the
accumulation of LDL in the plasma. Furthermore, receptor-
mediated wuptake and degradation process may have been
impaired and subsequently contributed to the increase in

LDL.

Experiment II

Comparing the observations in experiment #1, the
rabbits in the second study demonstrated less dramatic
changes as observed right after TETA treatment. The
increase size in the animals treated with TETA and
maintained on copper-deficient diet may have contributed to
the observed decrease in heart-to-body weight ratio.
However, a significantly reduced plasma copper and increased
plasma zinc and iron concentrations were still evident in
these animals at the end of the 10 week study (Table 9). 1In
addition, a reduction of heart Cu (mg/g) was detected. The
magnitude of the increases in plasma zinc and iron was
similar to the first study. However, plasma copper was only
reduced 50% as compare to almost 90% in the first study.
There were no reductions in total liver and heart copper
levels (expressed as mg/organ) among the treatment groups

(Table 9). Ten weeks after TETA treatment, the rabbits fed
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the copper adequate diet with or without TETA showed no
differences in plasma or total 1liver copper levels.
Furthermore, these copper levels were indistinquishable from
those observed in the first study for rabbits given the same
diet without TETA treatment. Thus, it appears that after 10
weeks the TETA effect is diminished and the
hyperlipoproteinemia was due to reduced copper status.
Animals treated with TETA and maintained on copper-deficient
diet had significant increases in LDL protein levels and LDL
apo B levels. The cholesterol levels appeared to be higher
in these animals than the adequate group but the difference
was not significant. A small sample population may be
responsible for the lack of significance. The data from
the first and second study appeared to follow a similar
pattern in which increases in plasma LDL protein, apo B,
zinc and iron 1levels, as well as a reduction 1in plasma
copper levels were present. However, no significant
reduction in liver copper was demonstrated in the long term
study. Therefore, the rabbits treated with TETA and
maintained on copper-deficient diet for 10 weeks may not be
as severely deficient in copper and did not exhibit all of
the changes in lipoprotein and tissue mineral parameters
observed in the first experiment.

The second study indicated that the severely copper
deficient state induced by TETA may not be fully sustained

in rabbits maintained on the copper-deficient diet,. These
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animals appeared to have replenished some of their tissue
copper stores after ten weeks. An improvement in copper
status could be due +to the copper content of the
semipurified diet is not low enough to maintain the severely
depressed copper status observed right after TETA treatment.
With the plasma copper levels still remaining 1low, the
restoration of copper appeared to begin first in the liver
before plasma copper levels could be normalized. Though the
copper status may have slightly improved, the
characteristics of hyperlipoproteinemia and depressed
plasma copper were still evident in the animals maintained
on the copper-deficient diet. The data suggest that in
order for marked alterations in LDL to be evident, the
plasma copper must be reduced to about 38 ug/dl. In
conclusion, the data from both studies demonstrate that
copper deficiency can be rapidly induced in rabbits by the
use of TETA. In addition, the rabbits may be a suitable
animal model for investigation of the mechanism(s)
responsible for hyperlipoproteinemia observed in copper

deficiency.




SUMMARY

Two experiments were conducted to investigate the
suitability of the rabbit as an animal model for studying
the influence of dietary copper on lipid metabolism and the
effectiveness of 2,3,2-tetramine, HC1l (TETA) on inducing
copper deficiency. The first experiment examined the
potency of TETA on inducing copper deficiency in rabbits
within 10 days and the second experiment was designed to
acertain that the hypocupremia and hyperlipoproteinemia
could be maintained by a marginal copper-deficient diet for
10 weeks after TETA administration.

In the experiment I, 42 male weanling New Zealénd
White rabbits were randomly divided into 3 dietary
treatments, namely, a copper-deficient (2.3 mg Cu/kg diet),
a copper-adequate (13.5 mg Cu/kg diet) and a chow (21.6 mg
Cu/kg diet) group. One hundred mg TETA/kg body weight/day
were administered orally to half of the rabbits £from each
treatment group for 10 days while the remaining rabbits were
untreated. In the first study, only rabbits fed copper-
deficient diet and treated with TETA displayed cardiac
hypertrophy. However, the adequate and chow groups showed
no signs of cardiac hypertrophy when treated with TETA. The
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liver copper concentrations were lower in rabbits fed the
copper-deficient and adequate diets than the chow fed
rabbits. The TETA treatment significantly reduced the
plasma and 1liver copper levels in the animals fed the
semipurified diets as compared to those fed chow. In
addition to TETA treatment, the rabbits fed copper-deficient
diet demonstrated dramatic 2 fold elevations in LDL protein,
cholesterol, triglyceride and apo B levels than the copper-
adequate and chow groups. In 10 days, cardiac hypertrophy,
reductions in plasma and liver copper concentrations and
hyperlipoproteinemia were observed in rabbits fed copper-
deficient diet and treated with TETA. These findings have
also been reported in copper-deficient rats.

In experiment 1II, 10 rabbits were assigned to 3
treatments: copper~-deficient plus TETA (n=4); copper-
adequate plus TETA (n=3); copper-adequate alone (n=3). The
rabbits were fed 100 mg TETA/day for 3 four-day periods over
3 weeks and thereafter maintained on the diets for 10 weeks.
Cardiac hypertrophy was not observed in any treatment groups
of the second experiment. The rabbits treated with TETA and
maintained on copper-deficient diet exhibited a reduction in
plasma copper levels and heart copper levels (ug Cu/ug).
However, no significant changes in liver copper
concentrations were observed. As observed in the first

experiment, the plasma LDL protein, cholesterol and apo B




59
levels remained elevated in the rabbits maintained on
copper-deficient diet 10 weeks post TETA treatment.

The results from the two experiments indicate that
copper deficiency can induce similar symptoms'in rabbits as
observed in copper-deficient rats. In the TETA treated
rabbits fed the copper-deficient diet, the
hypercholesterolemia and hyperlipoproteinemia were primarily
confined to the LDL fraction. This data suggest that
hypercholesterolemia associated with copper deficiency may
have resulted from an impairment in the cholesterol
degradation process and may possibly involve an alteration
in LDL receptors. Thus, the rabbit appears to be a suitable
animal model to study the effects of dietary copper on lipid
metabolism. Furthermore, TETA in conjunction with a copper-
deficient diet can produce copper deficiency symptoms within

10 days than by diet alone.
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