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ABSTRACT 

Two studies were designed to investigate the time 

course development of enlarged plasma volume and cholesterol 

pool size in copper (Cu)-deficient rats as well as influence 

of Cu deficiency on the lipid composition of lipoproteins. 

Rats were randomly assigned to three dietary Cu treatments 

(deficient, marginal, and adequate) in the Study I and two 

dietary Cu treatments (deficient and adequate) in Study II. 

Enlargement of plasma volume and cholesterol pool size were 

established prior to the increase in plasma cholesterol 

concentration. Cu concentration was decreased, whereas iron 

and zinc concentrations were increased in the organs of Cu-

deficient and Cu-marginal rats. The plasma pool size of 

VLDL triglyceride was elevated 6-fold, protein and 

phospholipid were unaltered, and cholesterol was reduced 

36%. The plasma pool size of lipid and protein components 

of HDL and LDL fractions were markedly elevated in Cu-

deficient rats. 
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INTRODUCTION 

Atherosclerosis is the leading cause of death in the 

United States and in most of the western developed countries 

(Kannel et al, 1964). Over 50% of all deaths in this 

country each year can be attributed to atherosclerosis 

(Mahley, 1981a). Hypercholesterolemia has been postulated 

as a cause for this disease. It has been suggested that 

lowering plasma cholesterol levels decreases risk of 

coronary heart disease (Tyroler, 1987). 

Cholesterol could be derived either from the diet or 

synthesized in the body. Regardless of the source, 

cholesterol is one of the major lipids that is transported 

through the blood to various cells of the body by plasma 

lipoprotein. Atherosclerosis is initiated by the deposition 

of cholesterol at the site of the wall of arteries and 

subsequently causes coronary heart disease and stroke. 

Klevay (1973; 1975a) has suggested that dietary Cu 

deficiency, associated with high ratio of zinc to Cu, is a 

major cause of coronary heart disease. Subsequent studies 

have confirmed that hypercholesterolemia induced by Cu 

deficiency can be observed in rats, mice, rabbits, monkeys 

and humans (reviewed by Lei, 1990). 

Various studies have been performed to explain the 

mechanisms responsible for the hypercholesterolemia observed 
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in copper (Cu)-deficient rats. Lei (1977; 1978) observed 

that a shift of cholesterol from the liver pool to the 

plasma pool appeared to be responsible for the elevated 

plasma cholesterol. Because the liver plays a key role in 

cholesterol and lipoprotein metabolism, synthesis of 

cholesterol was determined in vitro by incubating slices of 

liver with radiolabeled acetate. No change in the rate of 

hepatic cholesterol synthesis was detected by Lei (1977) in 

the Cu-deficient rats. On the other hand, Yount et al. 

(1989) indicated that in Cu-deficient rats, hepatic HMG-CoA 

reductase activity is increased. Moreover, it has been 

demonstrated that cholesterol ester, newly synthesized from 

[2-14C]mevalonate, cleared the liver much more rapidly in 

Cu-deficient rats compared to controls (Shao and Lei, 1980). 

A small reduction in hepatic cholesterol concentration has 

been observed in Cu-deficient rats (Lei 1977; 1978; Hassel 

et al. 1987; 1988). In addition, little or no change in 

bile acid synthesis or biliary cholesterol excretion was 

detected in Cu-deficient rats (Lei 1978; Allen and Klevay 

1978) . 

Two studies were designed to investigate the time 

course development of enlarged plasma volume and cholesterol 

pool size in Cu-deficient rats as well as the influence of 

Cu deficiency on the lipid composition of plasma lipoprotein 

fractions. 
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LITERATURE REVIEW 

Plasma Lipoprotein Metabolism 

The plasma lipoproteins are water-soluble macro-

molecules representing complexes of lipids (cholesterol, 

triglycerides, and phospholipids) and one or more specific 

proteins, referred to as lipoproteins. The hydrophobic 

lipids, triglyceride and cholesterol esters are located in 

the core of spherical plasma lipoprotein, whereas the 

hydrophilic lipids, free cholesterol, phospholipids and 

apolipoproteins are located on the surface. They are 

synthesized by the intestines and liver. The primary 

function of plasma lipoproteins is to transport lipids to 

various tissue throughout the body for energy metabolism, 

precursor of steroid hormone and bile acid as well as 

structural components of cellular membranes. Lipoprotein 

fractions can be separated according to their size (by gel 

filtration), density (by ultracentrifugation), net surface 

charge (by electrophoresis), or other surface properties 

(precipitation and absorption techniques) (Ernest and Levy, 

1980). Plasma lipoprotein are commonly divided into five 

major classes or fractions (Table 1): chylomicrons, very 

low density lipoproteins (VLDL), intermediate density 

lipoproteins (IDL), low density lipoproteins (LDL), and high 

density lipoproteins (HDL) (Gotto et al. 1986). All 
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Table 1. Major classes of the plasma lipoproteins1 

Density 
Range 
(g/ml) 

Diameter 
(nm) 

Molecular 
Weight 

(dalton x 106) 

Chylomicron <0.95 >100 400 

VLDL 0.950-1.006 30-80 18-80 

IDL 1.006-1.019 25-35 5-10 

LDL 1.019-1.063 18-25 2.5 

HDL 1.063-1.210 6-12 0.2-0.4 

*Table from Gotto et al. (1986) 



lipoproteins seem to possess a similar fundamental structure 

(Alanpovic 1981). 

The metabolism of plasma lipoprotein has different 

lipoprotein metabolic pathways, since the primary function 

of plasma lipoproteins is to transport lipids to different 

tissues (Goldstein and Brown, 1985). Chylomicrons are the 

lightest and the largest lipoprotein, having a diameter of 

>100 nm (Gotto et al., 1986). They are synthesized by the 

intestine to transport dietary triglyceride and cholesterol 

from the site of absorption in the intestinal epithelium to 

different cells of the body (Gotto et al., 1986). By the 

action of lipoprotein lipase, which is attached to 

endothelial surface, the triglycerides of these particles 

are hydrolyzed and the fatty acids liberated are stored by 

adipose tissue or used as an energy source by various cells 

(Cryer, 1981). Chylomicron remnants refer to the 

lipoprotein particles generated by lipoprotein lipase action 

on chylomicrons. They are rich in cholesterol ester, 

rapidly cleared by the liver through receptor-mediated 

endocytosis (chylomicrons remnant or apo E receptors) and 

they are not converted to LDL (Brown and Goldstein, 1974). 

Very low density lipoproteins are the second lightest 

and second largest of the lipoproteins, having a diameter of 

30 to 90 nm and density <1.006 g/ml. They are rich in the 

triglycerides and contain less cholesterol ester. 

Apolipoprotein B100 (apo B100) , apolipoprotein E (apo E) , and 
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apolipoprotein C (apo C) are three predominant proteins that 

are located on their surface. VLDL are synthesized mainly 

by the liver for the transportation of endogenously 

synthesized triglycerides and cholesterol from the liver for 

redistribution to various tissues (Havel et al., 1980). 

Within the plasma compartment, the triglycerides of 

VLDL are hydrolyzed by endothelial lipoprotein lipase in the 

capillary beds of muscle, and adipose tissue releases 

monoglycerides and fatty acids. During this hydrolysis, apo 

C leaves the VLDL and the resulting triglyceride-poor 

particles are converted to intermediate density lipoproteins 

(IDL). The size and density of IDL are between the VLDL and 

LDL. A portion of IDL are removed rapidly from the 

circulation by hepatic LDL receptors (apo B,E receptors). 

The other portion of IDL that is not cleared by the liver 

remains in the circulation for a long time. This portion 

will undergo further conversion in which most of the 

remaining triglycerides are lost and all lipoproteins are 

lost except apo B100. The completion of this process 

produces LDL (Havel et al., 1980). 

LDL are the final product of VLDL catabolism. They are 

the principal carriers of cholesterol through the 

bloodstream and are the major transport proteins for 

endogenous cholesterol. There are two pathways through 

which these particles are cleared from the circulation; 

approximately two-thirds of the LDL are metabolized after 
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binding to specific receptors (apo B, E receptors) located 

on the liver and other body cells which recognize apo B100 of 

LDL. The second pathway exists for catabolism of the rest 

that is taken up by receptors independent process (Goldstein 

et al., 1983). Elevated plasma LDL levels are associated 

with atherosclerosis and corneal arcus (Albers et al., 1978; 

Goldstein and Brown, 1977). 

High density lipoproteins (HDL) are the most dense of 

lipoproteins, comprised of approximately 50% protein by 

weight, 30% phospholipids, and 20% cholesterol. They seem 

to be synthesized by both the liver and the intestine (Tall 

and Small, 1978). The HDL are involved in a process 

referred to as reverse cholesterol transport, which involves 

the delivery of cholesterol by HDL from peripheral tissues 

to the liver for excretion (Mahley, 1982; Glomset, 1968). 

There is a negative correlation existing between the plasma 

concentration of HDL and accelerated vascular disease in man 

(Heiss et al., 1980; Gordon et al., 1977). 

Apo B is a primary apolipoprotein of chylomicrons, 

VLDL, IDL, and LDL. Apo B is heterogeneous and exists as 

apo B100 or apo B48 (Kane et al., 1980; Knishnaiah et al., 

1980) . Apo B100, which has the higher molecular weight, is 

produced by the liver and is an obligatory constituent of 

VLDL, IDL, and LDL. Apo B48, which has the lower molecular 

weight, is biosynthesized by the intestine and is found in 

chylomicrons and chylomicron remnants (Kane, 1983). 
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Apo E is mainly associated with chylomicrons, VLDL and 

HDL. By using heparin-Sepharose affinity chromatography, 

HDL can be subfractionated into several subclasses. They 

can be separated into HDL-with apo E and HDL-without apo E 

(Mahley, 1981b). Both LDL receptors (apo B,E) and apo E 

receptors can take up the HDL with apo E. However, apo A-I 

binding sites can interact with apo E-free HDL. The 

different types of apolipoproteins as well as their 

biosynthetic site, distribution, and functions are shown in 

Table 2. 

Copper 

Copper is considered to be an essential element in the 

diets of mammals and birds because it has been recognized to 

be necessary for hemoglobin formation (Hart et al., 1928). 

The adult human body has been estimated to contain 80 mg of 

total copper (Cartwright and Wintrobe, 1964a). Spray and 

Widdowson (1951) indicated that adult animals contain less 

copper per unit of body weight than the newborn and very 

young animals of the same species. Copper concentrations 

are highly variable in the tissues and within the body of 

all species. The pituitary, thyroid, thymus, prostate, 

ovaries and testes are examples of organs low in copper 

while the liver, brain, kidneys, heart and hair contain 

relatively high copper concentrations (Carlton and 

Henderson, 1963). Underwood (1977) observed that within the 



Table 2. The Different Types of Apolipoproteins1 
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Molecular Synthetic Distri-
Weight Site bution 

(daltons) 
Functions 

A-1 28,331 Intestine, 
Liver 

A-II 17,414 Intestine, 
Liver 

A-IV 46,000 Intestine 

B-100 549,000 Liver 

B-48 264,000 Intestine 

E 34,145 Liver 

C-I 6,550 Liver 

C-II 8,837 Liver 

C-III 8,240 Liver 

HDL3, CM 

HDLg, CM 

HDL, CM 

VLDL, LDL 

CM, and 
CM remnant 

CM, VLDL, 
HDL2 

CM, VLDL, 
HDL 

CM, VLDL, 
HDL 

CM, VLDL, 
HDL 

LCAT activation, 
receptor binding 

Hepatic lipase 
activator 

LCAT activation, 
receptor binding 

Lipoprotein 
biosynthesis 
and secretion 

Lipoprotein 
biosynthesis 
and secretion 

Receptor binding 

LCAT activator 

Lipoprotein 
lipase 
activator 

Inhibition of 
LPL and 
premature remnant 
clearance 

^able from Dolphin (1985). 
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same species of animal, the distribution of total body 

copper in tissues varies with age and copper status. The 

concentrations of copper in the liver, the main storage 

organ of copper, are shown to decrease with age in most 

species (Underwood, 1977). In addition, Gregoriadis et al. 

(1967) noted a change in copper distribution among 

subcellular fractions of liver as the rat matures. At 

birth, over 80% of total cellular copper is present in the 

nuclear and mitochondrial fraction, while in the adult rat 

the supernatant contains 50% of the total copper content of 

the cell. 

When dietary copper levels reach 200 ppm, liver copper 

levels increase rapidly. This increase may be due to 

overloading of the excretory mechanism (Milne and Weswig, 

1968). By their effects on the upper intestinal absorption 

and/or excretion processes, zinc, cadmium, iron, and calcium 

carbonate influence copper retention in the liver and other 

tissues (Underwood, 1977). There is no effect of sex on the 

liver copper concentration, except in the Australian salmon, 

in which the male carries lower levels than the female 

(Beck, 1956). 

Copper exists in both erythrocytes and plasma in the 

blood. Shields et al. (1961) determined that at least 60% 

of the total copper in the red blood cell is bound as 

erythrocuprein. There are two main forms of copper in the 

plasma; one is firmly bound and the other is loosely bound. 



About 95% of the copper in plasma exists as ceruloplasmin, 

an a2-globulin which firmly binds 6-8 copper atoms per mole 

in an non-exchangeable form (Underwood, 1977). Osaki et al. 

(1966) identified ceruloplasmin as an oxidase (ferroxidase) 

involved in the utilization of iron and in promoting iron 

saturation of transferrin in the plasma. Within the plasma, 

the primary transport forms of copper exists as loosely 

bound complexes with albumin (Gubler et al., 1957). 

Because of pregnancy (Halsted et al., 1968), as well as 

the administration of oral contraceptives in women (Prased 

et al., 1975), stilbesterol in swine and rats, thyroxine in 

sheep, and estradiol in humans (Underwood, 1977), the plasma 

copper levels increase from 0.5 to 1.5 ng/ml (Beck, 1961). 

In addition, plasma copper is higher in human females than 

in males (Underwood, 1977). Trace elements, such as zinc, 

cadmium, and iron, also decrease plasma copper concentration 

when ingested at high dietary levels because they depress 

copper absorption (Underwood, 1977). Milne and Weswig 

(1968) indicated that in the rat, when the copper content of 

the diet was raised from 10 to 50 ppm, there was no change 

in plasma copper concentration; on the other hand, a copper 

intake of 100 ppm doubled plasma copper concentration. At 

toxic levels of dietary copper intake, such as 750 ppm, a 

severe hypercupremia develops in pigs, which can be 

prevented by administration of 500 ppm zinc (Suttle and 

Mills, 1966). 
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Tompsett (1940) indicated that copper was absorbed from 

the duodenum in man. Van Campen and Mitchell (1965) 

determined that in the rat, copper was absorbed form the 

stomach and small intestine. Most of the copper is absorbed 

in the large intestine in the sheep (Grace, 1975). In dogs, 

copper is absorbed mainly form the upper jejunum (Sacks, 

1943) and in the small intestine and colon in pigs (Bowland, 

1961). Studies show that ingested copper is poorly absorbed 

in most species. The acidity of the intestinal contents, 

the dietary level of organic chelating agents and other 

minerals, the chemical forms in which the copper is 

ingested, and the animals' age are four major factors 

affecting the absorption of copper (Underwood, 1977). High 

levels of dietary protein, amino acid, and citrate enhance 

copper absorption (Cousins, 1985), while an increase in 

intestinal acidity (Thompsett, 1940); the formation of 

insoluble oxides (Lassiter and Bell, 1960); the presence of 

phytates (Davis, NOrris, and Kratzer, 1962); an increase in 

intake of ascorbic acid (Van Campen and Gross, 1968), zinc, 

cadmium, iron, molybdenum (Underwood, 1977); and an increase 

in the animal age (Suttle, 1973) decrease copper absorption. 

The mechanisms regulating copper absorption are not 

explained, although it appears that metal-binding factors 

are involved (Underwood, 1977). In chick duodenum, a single 

metal-binding protein was identified which would bind 

copper, as well as cadmium and zinc (Starcher, 1969). In 



19 

the intestine of the rat, orally administered copper has 

been found to be associated with a variety of metal-binding 

ligands and macro-molecules (Evans and Hahn, 1974). In the 

intestine, copper was found to be complexed with a protein 

similar to metallothionein in the intestine lumen, and this 

protein may be involved in copper transport from the 

intestine to the blood. 

Danks et al. (1973) found that there are two distinct 

mechanisms involved in the regulation of copper absorption; 

copper transport from the intestinal lumen to mucosal cells, 

and from mucosal cells to the plasma. Bush et al. (1956) 

indicated that the newly absorbed copper becomes loosely 

bound to serum albumin and specific amino acids and form a 

small direct reacting copper pool from which copper is 

widely distributed to different tissues. 

The liver is the key organ in copper metabolism. The 

copper reaching the liver is incorporated into components of 

liver parenchymal cells and this incorporation varies with 

the age and copper status of the animal (Porter et al., 

1961). The copper is either stored in the liver cells or 

may be released and then incorporated into ceruloplasmin 

(Wintrobe et al., 1953), erythrocuprien (Shields et al., 

1961), and other cuproenzymes. In most species, the liver 

is considered to be the main pathway of copper excretion 

(Underwood, 1977). 
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In all species, the common feature of severe and 

prolonged copper deficiency is microcytic and hypochromic 

anemia (Underwood, 1977). It has been suggested that lack 

of erythrocyte maturation (Lahey et al., 1952) and a 

reduction in ceruloplasmin activity were caused by copper 

deficiency. The oxidation of ferrous to ferric iron 

catalyzed by ceruloplasmin, is a necessary step in the 

transport of iron from tissue to plasma (Osaki et al., 

1966). 

A reduction of cytochrome oxidase (the copper-

containing terminal respiratory enzyme) activity in motor 

neurons causing neonatal ataxia (Fell et al., 1965) was 

found in copper-deficient lambs, goats, pigs and rats 

(Underwood, 1977). The loss of cytochrome oxidase 

activity, which was concluded from studies of copper-

deficient rats, is due to a lack of synthesis of its 

prosthetic group, heme. Gallagher and Reeve (1971) have 

shown that demyelination associated with neonatal ataxia is 

attributed to depressed cytochrome oxidase activity, which 

may cause inhibition of aerobic metabolism and phospholipid 

synthesis. 

In lambs, a nervous disorder, "swayback" disease, has 

been recognized in different parts of the world (Underwood, 

1977). This disease was characterized by a lack of 

coordination of movement. Alloway (1973) indicates that 



molybdenum-induced hypocuprosis could be a contributing 

factor in the incidence of this disease. 

In copper-deficient rats, rabbits, guinea pigs, dogs, 

cattle and sheep, changes in the growth rate and appearance 

of hair, fur and wool are some of the deficiency symptoms. 

O'Dell (1976) suggested that this condition is caused by a 

reduction in the activity of the copper-containing 

polyphenol oxidases, which are required to convert tyrosine 

to melanin in the production of pigments. A reduction in 

the formation or incorporation of disulfide groups in 

keratin synthesis has been shown to impair keratinization, 

resulting in the appearance of abnormally straight hair 

(Underwood, 1977). 

Copper deficiency in rats and guinea pigs results in 

reproductive failure leading to fetal death and resorption 

(Howell and Hall, 1969). In cattle, low fertility has been 

associated with copper deficiency (Allcroft and Parker, 

1949). 

Studies on a disease in cattle, known as "falling 

disease", was the first indicator of cardiovascular 

disorders (Bennets and Hall, 1939). It has been reported 

that, in copper-deficient rats and pigs, the sudden cardiac 

failure is associated with cardiac hypertrophy (Grubler et 

al., 1957). By using copper-deficient pigs, Shields et al. 

(1961) observed that the massive internal hemorrhage 

resulting in sudden death is due to arterial failure in the 
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vessel structure. O'Dell et al. (1961) found a derangement 

of elastic tissue in the aortas in copper-deficient chicks. 

This observation indicates that copper has an important role 

in the metabolism of connective tissue (Underwood, 1977). 

Due to a lack of amino oxidase activity, collagen and 

elastin from such animals contained high levels of lysine 

and low levels of desmosine (O'Dell et al., 1966). The 

conversion of lysine to desmosine, which provides the cross-

linkage group in collagen and elastin, requires amino 

oxidase (Partridge et al., 1964). Therefore, as a result of 

copper deficiency, fewer cross-linkages are present in 

connective tissue, causing less elasticity of the aorta 

(Hill et al., 1968). 

Cartwright and Wintrobe (1964b) observed that, in the 

United States population, copper deficiency is very rare. 

However, copper deficiency has been suggested in premature 

infants fed exclusively modified cow milk (Al-Rashid and 

Spangler, 1971). Copper deficiency has also been reported 

in infants and young children during prolonged parental 

alimentation (Karpel and Peden, 1972). More recently, 

surveys of various American diets report lower copper 

intakes than the amount considered to be the daily 

requirements of adults (Klevay, 1975b; Wolf et al., 1977). 
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Copper Deficiency and Cholesterol Metabolism 

The biochemical function of copper on the metabolism of 

cholesterol has been the subject of recent nutritional 

investigations. An important relationship between dietary 

zinc and copper on lipid metabolism in rats has been 

suggested (Petering et al., 1977). After the induction of 

hypercholesterolemia in rats by an increase in the ratio of 

zinc to copper ingested, Klevay (1973) hypothesized that 

coronary heart disease is predominantly a disease of 

imbalance in regard to zinc and copper metabolism. He 

postulated that high ratios of dietary zinc to copper is 

associated with hypercholesterolemia. By the use of large-

scale factorial experiments, Petering et al. (1977) and 

Murthy and Petering (1976) observed clearly that there is an 

inverse relationship between dietary copper as well as serum 

copper and levels of serum cholesterol, triglycerides and 

phospholipids by using different levels of dietary zinc and 

copper. Neither dietary zinc nor serum zinc has an effect 

on the serum cholesterol; however, when serum copper was low 

due to low dietary intake of copper, an excessive intake of 

zinc appeared to raise serum cholesterol levels because of 

the zinc-copper interrelationship. Therefore, Murthy and 

Petering (1976) reported that dietary copper governed 

cholesterol metabolism to a greater degree than the zinc to 

copper ratio. 
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Therefore, several investigators have tried to explain 

the mechanisms responsible for the hypercholesterolemia 

demonstrated in copper-deficient rats. Lei (1977) observed 

that no alteration of in vitro rate of hepatic cholesterol 

synthesis was found in the copper-deficient rats. Moreover, 

the degradation of cholesterol in vivo was found not to be 

affected (Lei, 1978). Allen and Klevay (1978) demonstrated 

that no reduction in biliary steroid excretion was observed 

in copper-deficient rats. 

A shift of cholesterol from liver to plasma in copper 

deficiency has been suggested as an explanation for the 

hypercholesterolemia of copper-deficient rats (Lei, 1977, 

1978). Allen and Klevay (1978) also reported that a more 

rapid clearance of cholesterol to the plasma pool, with this 

cholesterol being unavailable for excretion as biliary 

steroids, might be responsible for the hypercholesterolemia 

in copper-deficient rats. 

Shao and Lei (1980) demonstrated that in the rats fed 

the copper-deficient diet, the cholesterol ester newly 

synthesized from [2-14C]mevalonate may be entering the serum 

pool at an increased rate compared to the controls. In 

addition, a kinetic-two-pool analysis of serum cholesterol 

demonstrated increases in the size and half-life of the 

rapidly exchangeable cholesterol pool within copper-

deficient rats (Lin and Lei, 1981). Lei and Lin (1981) 

further observed that copper deficiency prolonged the half-
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life of free and total cholesterol associated with plasma 

high-density lipoproteins (HDL). Lei (1983) observed that 

rat plasma lipoprotein profiles are changed as a result of 

copper deficiency. In copper-deficient rats, increases in 

protein and cholesterol content of HDL and LDL and in the 

triglyceride content of LDL were found. Moreover, 

apolipoprotein E (apo E) content of HDL was also elevated by 

copper deficiency (Lei et al., 1983). HDL are heterogeneous 

and can be separated into apo E-rich HDL and apo E-poor HDL 

by using heparin-Sepharose affinity chromatography 

(Weisgraber, 1980). Mahley and Innerarity (1983) have 

observed in many species that cholesterol feeding induces a 

reduction in apo E-poor HDL and an increase in apo E-rich 

HDL. Similarily, Croswell and Lei (1985) demonstrated that 

the cholesterol contents of apo E-rich HDL were increased as 

a result of copper-deficiency. 
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MATERIALS AND METHODS 

Experimental Design. Study I 

Fifty-four weanling male Sprague-Dawley rats were 

randomly assigned to three dietary copper (Cu) treatments; 

deficient (0.9 mg Cu/kg diet), marginal (1.6 mg Cu/kg diet), 

and adequate (6.6 mg Cu/kg diet). They were housed 

individually in suspended stainless steel wire cages in a 

laboratory, maintained at 22°C with 12 h each of light and 

darkness. Weight gain was assessed weekly throughout the 

experiment. The diets and distilled-demineralized water 

(distilled water passed through a mixed-bed resin; Barnstead 

Co., Sybron Corp., Boston, MA) were provided ad libitum. 

Six rats from each treatment were fasted overnight, 

anesthetized with ether and sacrificed after 3, 5, and 7 

weeks. Blood was collected in a syringe containing 

ethylenediamine tetracetic acid (EDTA) (1 mg/ml blood) by 

heart puncture for hematocrit and plasma isolation. The 

plasma was rapidly isolated and processed for cholesterol 

and triglyceride determination. Liver, heart, and kidney 

were collected, weighed and stored for mineral analyses. 

Experimental Design. Study II 

Forty weanling male Sprague-Dawley rats were randomly 

divided into two dietary Cu treatments; deficient (0.57 mg 
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Cu/kg diet) and adequate (6.50 mg Cu/kg diet). Rats 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. 

Diets and distilled, demineralized water were provided ad 

libitum. After seven weeks of treatment, all rats were 

fasted overnight, anesthetized with ether and sacrificed. 

Blood was collected by cardiac puncture and plasma was 

obtained by centrifugation for lipoprotein separation. 

Liver and heart were weighed and stored. 

Experimental Diet 

The basal diet (Cu-deficient) was similar to that 

recommended by the American Institute of Nutrition (1977, 

1980) except that no Cu supplement was included in the 

mineral mix (Table 3). It contained 0.9 mg of Cu per kg of 

diet in the first experiment and 0.57 mg of Cu per kg of 

diet in the second experiment as measured by atomic 

absorption spectrophotometry. Copper carbonate was added to 

the basal diet to provide the Cu-adequate diet with 6.5 mg 

of Cu per kg of diet in first and second experiment. Copper 

carbonate was also added to the basal diet to provide the 

Cu-marginal diet with 1.6 mg at Cu per kg of diet in the 

first experiment. The diets and distilled demineralized 

water were provided ad libitum. 
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Table 3. Diet Composition 

Ingredient 
Copper-
Deficient 

Copper-
Marginal 

Copper-
Adequate 

Percent Composition 

Casein 20.0 20.0 20.0 

DL-Methionine 0.3 0.3 0.3 

Glucose Monohydrate 65.0 64.5 64.0 

Cellulose (fiber) 5.0 5.0 5.0 

Corn Oil 4.0 4.0 4.0 

AIN Mineral Mix1 3.5 3.5 3.5 

Vitamin Mix (water soluble) 1.0 1.0 1.0 

Vitamin Mix 1.0 1.0 1.0 

Choline Bitartrate 0.2 0.2 0.2 

Cupric Carbonate 1.05 g/kg 0.0 0.5 1.0 

100.0 100.0 100.0 

Dietary Cu (ppm)2 

Study I 0.9 1.6 6.6 

Study II 0.6 6.5 

Contains all minerals except copper. 

2AS determined by atomic absorption spectrophotometry. 
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Plasma Lipoprotein Separation 

Plasma lipoproteins were isolated and purified by the 

method described by Rudel et al. (1974). Blood was mixed 

with EDTA (final concentration, 1 mg/ml) and plasma was 

obtained quickly by centrifugation at 1000 x g at 15°C for 

15 minutes. The plasma from three animals were pooled 

together. The plasma density was raised to d 1.225 by 

adding solid KBr (0.3517 g/ml plasma). The plasma were 

placed in ultracentrifuge tubes and over-layered with 1.225 

g/ml buffered solution. Samples were centrifuged in a Ti-70 

rotor for 24 hours at 15°C at 100,000 x g in a Beckman model 

L8-80M ultracentrifuge (Fullerton, CA). The top 2 ml 

containing the lipoproteins were collected and applied to an 

agarose chromatography column (2.5 x 90 cm) containing Bio-

Gel A-5m (Bio-Rad, Richmond, CA), maintained in a cold room. 

The lipoproteins were eluted at 20 ml/h, with 0.15 M NaCl, 

0.01% EDTA, 0.02% Na Azide, at pH 7.4. Fractions of the 

eluate were collected by an LKB Model 2111 fraction 

collector (LKB instruments Inc., Rockville, MD). Protein 

components of the elute was monitored at 280 nm. Fractions 

corresponding to individual lipoprotein peaks were combined: 

Peak 1, very low density (VLDL); peak 2, low density (LDL); 

peak 3, high density (HDL). 
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Concentration of Lipoprotein Fractions 

In order to analyze protein, cholesterol, triglyceride, 

and phospholipid contents of the lipoprotein fractions, one-

half of the VLDL, LDL, and HDL solutions were concentrated 

down to 3 ml volume by ultrafiltration using YM-30 filters 

in Amicon stirred-cells (Amino Corp., Danvers, MD). The 

other one-half of HDL, LDL, and VLDL solutions were stored. 

Plasma Protein Determination 

The protein concentrations of the lipoprotein fractions 

were measured colorimetrically by using the method of Lowry, 

et al. (1951). Graded levels of protein standards, 0, 5, 

10, 20, 30, 40, 50 mg were used to construct a standard 

curve. Bovine albumin (albumin, crystallized and 

lyophilized,, Sigma Chemical Co., St. Louis, MO) was used as 

the protein standard. Plasma protein in solution was 

reacted with alkaline copper solution to form products which 

quantitatively reduced a phosphotungstic-phosphomolybdic 

agent. If the solution turned milky after the blue color 

developed, 0.1 ml of Triton X-100 was added. The blue color 

complex was read at 750 nm against a blank using a Beckman 

Model 25 spectrophotometer (Beckman Instruments, Inc., 

Fullerton, CA.). 

Plasma Cholesterol Determination 

Plasma cholesterol levels were quantatively determined 
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by using an enzymatic kit (Boehringer Mannheim, 

Indianapolis, IN.). Certified standards of cholesterol, 50, 

100, 150, 200, 300 and 400 mg/dl (Boehringer Mannheim) were 

used to construct a standard curve. Cholesterol esters in 

the samples were hydrolyzed by cholesterol esterase yielding 

free cholesterol. In the presence of oxygen, free 

cholesterol was oxidized to cholest-4-en-3-one and in the 

process produced equivalent amounts of hydrogen peroxide. 

Methanol was converted to formaldehyde, in the presence of 

hydrogen peroxide and catalase. In the Hantzsch reaction, 

formaldehyde reacted with ammonium ions and acetylacetone to 

produce a yellow product, 3,5-diacetyl-l,4-dihydrolutidine. 

This product was directly proportional to the concentration 

of cholesterol. The yellow color was read at 500 nm against 

a blank by using a Beckman Model 25 spectrophotometer. HDL 

cholesteryl esters and free cholesterol were separated by 

thin layer chromatography (TLC) on silica gel plates 

(Alltech Associates, Deerfield, IL) using hexane:ether: 

acetic acid:methanol (90:20:2:3, v/v). According to the 

method of Folch et al. (1957), the lipids were extracted 

after the corresponding regions were scraped from the plate. 

The cholesterol contents of the cholesteryl ester and free 

cholesterol fractions were determined by the enzymatic 

method described above. 
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Plasma Triglyceride Determination 

Plasma and lipoprotein fraction triglyceride values 

were measured colorimetrically using an enzymatic kit from 

Sigma Diagnostics (St. Louis, MO). A certified standard was 

used. Triglycerides in plasma and lipoprotein samples were 

hydrolyzed by lipoprotein lipase to glycerol and free fatty 

acid. Glycerol was then phosphorylated by (ATP) to form 

glycerol-l-phosphate and adenosine-5-diphosphate in a 

reaction catalyzed by glycerol kinase. The glycerol-l-

phosphate was reacted with NAD to form dihydroxyacetone 

phosphate and NADH. The NADH was oxidized with the 

simultaneous reduction of 2-(p-iodophenyl)-3-p-nitrophenyl-

5-phenyltetrazolium choloride (INT) to INTH (Formazan) in 

the presence of diaphorase. The resulting formazan was 

highly colored. INTH was read against a blank at 500 nm 

using a Beckman model 25 spectrophotometer (Beckman 

Instruments, Inc., Fullerton, CA). 

Plasma Phospholipid Determination 

The phospholipid concentration of the lipoprotein 

fractions were measured colorimetrically using a 

modification of the Fisk and Subbarow method (Bartett 1959). 

Graded levels of sodium phosphate (0-200 nmoles) were used 

to construct a standard curve. Lipoprotein phospholipid and 

500 nl of 10 N H2S04 were placed in glass tubes and heated 

in a 150°C oven for three hours; 60 pi of 30% H202 were 



added and returned to the oven for 1.5 hours. To develop 

the blue color, 4.6 ml of 22% ammonium molybdate and 200 fil 

of the Fiske-Subbarow reagent (Sigma Diagnostics, St. Louis, 

MO) were added and put in a boiling water bath for 7 min. 

Absorbance was read at 830 nm using a Beckman 

spectrophotometer, model DU-30 (Beckman Instruments, Inc., 

Fullerton, CA). 

Mineral Analysis 

One-half gram samples of tissue (liver, heart and 

kidney) from each tissue were placed into tared 18 ml 

Nalgene tubes and dried at 80°C for 4 days. The dried 

samples were cooled in a desiccator under vacuum for one day 

before weighing. The dried samples were digested in 3 ml of 

concentrated nitric acid in an ice bath for 24 hours. 

Following the cold digest, samples were votex-mixed and 

placed in a hot water bath (95-100°C) for three hours. The 

samples were allowed to cool and then diluted to 5 ml for 

mineral determination. All samples were analyzed for 

copper, zinc, iron and magnesium by flame atomic absorption 

spectrophotometry. 
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RESULTS 

Study I 

The effects of dietary Cu and treatment duration on 

body and organ weights are shown in Table 4. In the rats 

fed the Cu-deficient and marginal diets, reductions in body 

weight were evident as early as 5 weeks and became more 

pronounced at the end of the study. The depressed growth 

response was most prominent for the rats fed the Cu-

deficient diet. Enlargements of heart and liver weights 

were noted at 3 and 5 weeks for the rats fed either the Cu-

deficient or marginal diets, respectively. At the end of 

study, there was a tendency for the heart weights to be 

reduced in all treatments. Dietary Cu status appeared to 

exert no effect on the kidney weights. However, there was a 

trend for the kidney weights to decline with time, 

especially in the rats fed the marginal and adequate diets. 

Reductions in hematocrit were evident only after 3 

weeks of treatment in rats fed the Cu-deficient (reduced 

48%) and Cu-marginal (reduced 20%) diets (Table 5). 

Thereafter, the hematocrit values for all treatments were 

maintained relatively constant throughout the study. As a 

result of the reduction in hematocrit values, the values for 

plasma volume were correspondingly increased 51% and 18% in 

the rats fed the Cu-deficient and marginal diets, 
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Table 4. Influence of Dietary Copper and Time on Body and 

Organ Weights1 

Time Deficient Marginal Adequate ANOVA2 
<wk) 

Body Weight 3 147 + 5 162 + 11 158 + 6 Time: <0.001 
(8) 

5 175 + 8 194 + 9 222 + 6 Cu: <0.001 

7 238 + 9 289 + 18 327 + 7 Cu X Time: <0.005 

Liver Height 3 3.92 + 0. 09 3.60 + 0.18 3.59 + 0, .14 Time: <0.001 
(g/100 g body wt) 

5 4.14 + 0. .15 3.66 + 0.11 3.11 + 0. .09 Cu: <0.001 

7 3.80 + 0. 11 3.37 + 0.11 2.71 + 0. 04 Cu X Time: <0.005 

Heart Weight 3 0.698 + 0. 320 0.585 + 0.040 0.448 + 0. .019 Time: <0.001 
(g/100 g body wt) 

5 0.686 + 0. 060 0.590 + 0.050 0.466 + 0. 035 Cu: <0.001 

7 0.612 + 0. 010 0.471 + 0.020 0.353 + 0. .035 Cu X Time: NS 

Kidney Weight 3 0.835 + 0. 010 0.896 + 0.060 0.892 + 0. .020 Time: <0.001 
(g/100 g body wt) 

5 0.813 + 0. 023 0.743 + 0.025 0.766 + 0. .010 Cu: NS 

7 0.826 + 0. 043 0.717 + 0.032 0.686 + 0. .011 Cu X Time: NS 

xMeans + SEM; n = 6. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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Table 5. Influence of Dietary Copper and Time on Hematocrit 

and Plasma Volume1 

Time Deficient Marginal Adequate ANOVA2 
<wk) 

Hematocrit 3 26.7 + 4.8 39.8 + 1.9 51.7 + 1.0 Time: NS 
(X PCV) 

39.8 + 1.9 

5 28.3 + 4.4 39.2 + 1.0 50.1 + 1.1 Cu: <0.001 

7 27.8 + 1.7 40.7 + 2.6 50.1 + 2.3 Cu x Time: NS 

Plasma Volume 3 5.93 + 0.51 4.54 + 0.54 3.52 + 0.21 Time: NS 
(ml/100 g body wt) 

5 5.66 + 0.39 4.87 + 0.14 3.98 + 0.35 Cu: <0.001 

7 5.86 + 0.14 4.97 + 0.28 4.01 + 0.18 Cu x Time: NS 

^eans + SEM; n = 6. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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respectively. These observations suggested that the 

hematocrit was very sensitive to Cu deficiency during the 

present study. 

In the rats fed the Cu-deficient and marginal diets, 

the reduction in Cu concentration of the liver, heart and 

kidney indicates that these animals were indeed deficient 

and marginal in Cu status (Table 6) . In all organs, most of 

the reductions occurred prior to the first 3 weeks of 

treatment. As the study progressed, a gradual decline in 

liver Cu content was observed for all treatment groups. The 

greatest decline with time was observed in the Cu-deficient 

rats, followed by the Cu-marginal rats, then by the adequate 

rats. A decline in heart Cu content in time was observed in 

the Cu-deficient and marginal rats. However, the kidney Cu 

concentrations were not affected by the time on the diet for 

all treatment groups. 

Most of the increases in the zinc concentration of the 

liver and kidney for the Cu-deficient rats appeared to occur 

prior to the first 3 weeks of dietary treatment (Table 7). 

These elevations were maintained for the rest of the study. 

Little or no change in the zinc content of the liver and 

kidney was observed for the Cu-marginal rats as compared to 

controls throughout the study. In addition, dietary Cu 

treatment exerted no influence on the zinc concentration of 

the heart for both Cu-deficient and marginal rats. A 

gradual reduction in liver zinc content was observed for all 
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Table 6. Influence of Dietary Copper and Time on Tissue 

Copper Concentration1 

Time Deficient Marginal Adequate ANOVÂ  
(wk) 

Liver Copper 3 3.01 + 0.15 7.77 + 0.39 14.3 + 0.8 Time: <0.001 
C/ig/S> 

5 1.92 + 0.14 7.14 + 0.60 12.4 + 1.1 Cu: <0.001 

7 1.96 + 0.14 5.35 + 0.73 10.9 + 0.7 Cu X Time: NS 

Heart Copper 3 4.91 + 0.18 7.48 + 1.23 12.2 + 0.2 Time: <0.005 
(USIB) 

S 4.42 + 0.30 6.03 + 0.57 10.5 + 0.7 Cu: <0.001 

7 2.95 + 0.22 5.10 + 0.38 13.2 + 0.6 Cu X Time: <0.005 

Kidney Copper 3 8.47 + 0.17 9.01 + 0.10 12.0 + 0.7 Time: NS 
(P8/8) 

5 7.42 + 0.45 12.7 + 1.38 14.0 + 0.5 Cu: <0.001 

7 7.50 + 0.30 9.82 + 0.37 13.0 + 1.2 Cu X Time: NS 

^eans + SEM; n = 6; copper content expressed as pq/q dry 
weight of tissue. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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Table 7. Influence of Dietary Copper and Time on Tissue 

Zinc Concentration1 

Time Deficient Marginal Adequate ANOVA2 
<wk) 

Liver Zinc 3 B8.7 + 4.9 77.6 + 

CO CV
] 

76.6 + 4.4 Time: <0.001 
0»8/S> 

5 73.4 + 2.6 69.0 + 3.3 61.8 + 3.1 Cu: <0.001 

7 64.6 + 3.0 62.3 + 2.3 56.2 + 4.3 Cu X Time: NS 

Heart Zinc 3 54.7 + 2.7 46.2 + 1.7 47.4 + 2.4 Time: <0.001 
(fB/8) 

5 49.3 + 1.6 49.7 + 1.3 48.6 + 0.7 Cu: NS 

7 60.0 + 1.6 55.3 + 1.2 56.0 + 1.1 Cu X Time: NS 

Kidney Zinc 3 73.5 + 1.1 68.3 + 2.3 66.9 + 1.7 Time: <0.001 
lit 8/8) 

5 78.0 + 1.2 68.8 + 1.4 67.1 + 2.6 Cu: <0.001 

7 60.8 + 0.6 47.2 + 2.7 49.6 i 2.2 Cu X Time: NS 

*Means + SEM? n = 6; zinc content expressed as ng/q dry 
weight of tissue. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05) . 
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treatment groups as the study progressed. In contrast, the 

zinc concentrations of the kidney were reduced and those of 

the heart were increased only at the end of the study for 

all three treatments. 

Throughout the study, elevated iron concentration of 

the liver, heart and kidney were observed in the Cu-

deficient rats as compared to the controls, with the 

exception of liver iron contents at 3 weeks (Table 8). In 

Cu-marginal rats, elevated kidney iron concentrations were 

also observed from 3 to 7 weeks, but elevated liver and 

heart iron contents were detected only at the end of the 

study, when compared to corresponding values of the 

controls. Furthermore, as the study progressed, marked 

elevations in the iron concentration of the liver, heart and 

kidney were observed only at the end of the study for all 

treatment groups, with the exception of the iron content of 

liver and heart for the adequate rats. 

Unlike the other minerals, the concentrations of 

manganese in the various organs were not influenced by 

dietary Cu treatment or duration of the experiment (Table 

9). The only exception was the rise in kidney manganese 

concentration observed at 5 and 7 weeks for all treatment 

groups. 

Elevations of plasma concentration and pool size of 

cholesterol and triglyceride were detected as early as 3 

weeks in the Cu-deficient rats as compared to the controls 
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Table 8. Influence of Dietary Copper and Time on Tissue 

Iron Concentration1 

Time Deficient Marginal Adequate ANOVA2 
(wk) 

Liver Iron 3 353.3 + 19.8 398.9 + 15.8 347.8 + 18.1 Time: <0.001 
(MS/B> 

5 380.2 + 7.3 356.5 + 10.4 327.2 + 8.2 Cu: <0.001 

7 513.2 + 20.5 494.1 + 14.0 389.6 + 39.0 Cu X Time: NS 

Heart Iron 3 251.4 + 9.3 200.4 + 6.9 193.6 + 5.6 Time: <0.001 
(PS/S) 

5 219.9 + 8.1 205.3 + 7.3 188.6 + 6.7 Cu: <0.001 

7 307.5 + 16.5 284.8 + 10.2 204.2 + 5.8 Cu X Time: <0.001 

Kidney Iron 3 207.7 + 5.4 188.9 + 11.1 126.5 + 5.7 Time: <0.001 

5 223.6 + 9.2 202.5 + 8.3 142.8 + 2.6 Cu: <0.001 

7 290.4 + 6.9 264.9 + 9.7 157.9 + 13.3 Cu X Time: HS 

^eans ± SEM? n = 6; iron content expressed as ng/g dry 
weight of tissue. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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Table 9. Influence of Dietary Copper and Time on Tissue 

Manganese Concentration1 

Time Deficient Marginal Adequate ANOVA2 
(Wk) 

Liver Manganese 3 10.5 + 0.7 8.36 + 0.42 8.65 + 0. 22 Time: NS 
(Mg/g) 

5 8.46 + 0.73 8.92 + 0.78 9.22 + 0. 26 Cu: NS 

7 8.92 + 0.60 8.82 + 0.51 8.24 + 0. 17 Cu X Time: NS 

Heart Manganese 3 1.93 + 0.08 1.97 + 0.07 2.01 + 0. 06 Time: NS 
0*8/6) 

5 2.40 + 0.23 2.29 + 0.18 2.04 + 0. 13 Cu: NS 

7 2.41 + 0.27 2.33 + 0.25 2.82 + 0. 29 Cu X Time: NS 

Kidney Manganese 3 2.73 + 0.10 2.93 + 0.07 2.93 + 0. 12 Time: <0.001 
(CB/e) 

5 4.67 + 0.23 4.34 + 0.21 4.54 + 0. 16 Cu: NS 

7 4.35 + 0.25 4.41 + 0.32 4.46 + 0. 31 Cu X Time: NS 

^eans + SEM; n = 6; manganese content expressed as ng/g dry 
weight of tissue. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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(Table 10). In contrast, in the Cu-marginal rats, the 

elevations in plasma pool size of cholesterol and 

triglyceride were observed after only 3 weeks but the 

increase in the concentration of cholesterol and 

triglyceride were detected later at 5 and 7 weeks, 

respectively. A gradual increase in plasma cholesterol 

concentration and pool size with the passage of time was 

generally observed for the Cu-deficient and marginal rats 

but not for the adequate rats. In all 3 treatments, 

increases in plasma triglyceride concentration and pool size 

were also detected at 7 weeks as compared to their 

corresponding values at 3 weeks. 

Study II 

A number of clinical and pathological signs, usually 

associated with Cu deficiency, were observed in this study 

(Table 11). The reductions in growth response and 

hematocrit, as well as the enlargements of plasma volume, 

liver and heart weights observed in rats fed the Cu-

deficient diet suggest that they were indeed Cu-deficient 

(Table 11). 

Changes in the concentrations of protein and lipid 

components as a result of Cu-deficiency were more diverse in 

the VLDL than in the LDL and HDL fractions (Table 12). An 

increase in triglyceride, an unaltered protein, as well as 

reduction in phospholipid and cholesterol concentrations of 
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Table 10. Influence of Dietary Copper and Time on Plasma 

Cholesterol and Triglyceride1 

Time 
<wk) 

Deficient Marginal Adequate ANOVA2 

Plasma Concentration (mg/dl) 

Cholesterol 3 121 + 3 95.1 + 2.9 90.6 + 3.1 Time: <0.001 

5 133 + 2 112 + 5 92.7 + 4.4 Cu: <0.001 

7 132 + 3 116 + 3 90.8 + 5.23 Cu X Time: NS 

Triglyceride 3 114 + 3 73.5 + 0.5 75.0 + 0.6 Time: <0.001 

5 — Cu: <0.001 

7 144 + 4 118 + 4 92.3 + 3.8 Cu X Time: <0.005 

Plasma Pool Size (mg/100 g body weight) 

Cholesterol 3 7.15 + 0.21 4.54 + 0.22 3.52 + 0.21 Time: <0.005 

5 7.52+0.25 5.44 + 0.29 3.67 + 0.15 Cu: <0.001 

7 7.78+0.12 5.49 + 0.21 3.63 + 0.14 Cu X Time: NS 

Triglyceride 3 6.86 + 0.21 4.02+0.36 2.85 + 0.04 Time: <0.001 

5 Cu: <0.001 

7 9.36 + 0.11 5.75 + 0.23 3.51 + 0.14 Cu X Time: NS 

*Means + SEM; n = 6. 

2P-values from two-way analysis of variance (ANOVA) using 
time and dietary copper as factors; NS = not significant 
(P>0.05). 
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Table 11. Influence of Dietary Copper on Body, Liver and 

Heart Weights, and Hematocrit and Plasma Volume1 

Copper Copper 
Adequate Deficient ANOVA2 

Body Weight 
(g) 

Liver Weight 
(g/100 g body wt) 

Heart Weight 
(g/100 g body wt) 

Hematocrit 
(% PCV) 

Plasma Volume 
(ml/100 g body wt) 

^eans + SEM; n = 15. 

2P-values from one-way analysis of variance (ANOVA). 

293 + 5 208 + 6 <0.001 

3.39 + 0.40 5.11 + 0.18 <0.001 

0.39 + 0.05 0.93 + 0.10 <0.001 

49.5 + 0.9 26.0 + 1.0 <0.001 

4.04+0.04 6.02+0.07 <0.005 
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Table 12. The Concentration of Protein, Triglyceride, 

Phospholipid and Cholesterol Among the Various 

Plasma Lipoprotein Fractions1 

Lipoprotein Copper Copper 
Fraction Adequate Deficient ANOVA2 

Plasma Concentration (mg/100 ml) 

Protein VLDL 3.59 + 0.39 3.20 + 0.40 NS 

LDL 6.05 + 0.41 7.15 + 0.29 NS 

HDL 91.8 + 2.2 118.4 + 3.3 <0.001 

Triglyceride VLDL 7.45 + 1.02 36.8 + 3.5 <0.001 

LDL 7.12 + 0.89 23.6 + 1.1 <0.001 

HDL 16.0 + 2.1 27.4 + 1.3 <0.005 

Phospholipid VLDL 7.25 + 0.76 3.55 + 0.93 <0.05 

LDL 6.23 + 1.36 14.8 + 4.9 <0.001 

HDL 94.5 + 6.4 126.8 + 4.4 <0.005 

Cholesterol 
(Total) 

VLDL 

LDL 

6.82 

24.2 

+ 

+ 

0.38 

0.8 

3.04 

47.9 

+ 

+ 

0.12 

1.5 

<0.001 

<0.001 

HDL 44.1 + 2.5 66.8 + 4.3 <0.005 

Cholesteryl 
Ester 

HDL 30.2 + 2.0 41.8 + 2.7 <0.05 

Free 
Cholesterol 

HDL 13.9 + 0.8 25.1 + 1.4 <0.001 

xHeans + SEM; n = 5. 

2P-values from one-way analysis of variance (ANOVA) ; NS = 
not significant (P>0.05). 
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the VLDL fraction were observed in the Cu-deficient rats. 

In contrast, marked increases in protein, triglyceride, 

phospholipid and cholesterol concentrations were detected in 

the HDL and LDL fractions of Cu-deficient rats. However, 

the trend for an increase in LDL protein concentration was 

not significant. Furthermore, increases in the 

concentration of both the free and esterified cholesterol of 

HDL were observed in the Cu-deficient rats. 

When the lipoprotein data were expressed as the amount 

present in the vascular pool corrected for body weight 

(plasma pool size, Table 13), the increase in VLDL 

triglyceride became exaggerated and the reduction in VLDL 

cholesterol was less severe because of the expanded plasma 

volume of the Cu-deficient rats. In addition, the plasma 

pool size of protein, triglyceride, phospholipid and 

cholesterol of LDL and HDL were increased more than 2-fold 

by Cu deficiency. Similarly, in the Cu-deficient rats, the 

increases in free and esterified cholesterol of HDL were 

magnified when expressed on the basis of pool size. Most of 

the compositional changes associated with Cu deficiency 

resided mainly in VLDL and to a lesser extent in LDL 

fractions (Table 14). In the Cu-deficient rats, the percent 

composition of protein was reduced by one-half and 

triglyceride was increased by 1.6 and 2.7-fold in LDL and 

VLDL fractions, respectively. In the VLDL fraction, the 

2.7-fold increase in percent composition of triglyceride was 
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Table 13. The Plasma Pool Size of Protein, Triglyceride, 

Phospholipid, and Cholesterol Among the Various 

Plasma Lipoprotein Fractions1 

Lipoprotein Copper Copper 
Fraction Adequate Deficient ANOVA2 

Plasma Pool Size (mg/100 g body weight) 

Protein VLDL 0. 15 + 0.01 0.19 + 0.03 NS 

LDL 0. 25 + 0.02 0.43 + 0.02 <0.001 

HDL 3. 76 + 0.11 7.07 + 0.18 <0.001 

Triglyceride VLDL 0. 36 + 0.04 2.20 + 0.22 <0.001 

LDL 0. 29 + 0.03 1.42 + 0.08 <0.001 

HDL 0. 65 + 0.08 1.62 + 0.09 <0.001 

Phospholipid VLDL 0. 30 + 0.04 0.22 + 0.06 NS 

LDL 0. 25 + 0.06 0.90 + 0.30 <0.001 

HDL 3. 85 + 0.26 7.56 + 0.27 <0.001 

Cholesterol 
(Total) 

VLDL 

LDL 

0. 

1. 

28 

00 

+ 

+ 

0.20 

0.03 

0.18 

2.87 

+ 

+ 

0.01 

0.08 

<0.05 

<0.001 

HDL 1. 80 + 0.11 3.99 + 0.57 <0.001 

Cholesteryl 
Ester 

HDL 1. 22 + 0.06 2.52 + 0.16 <0.001 

Free 
Cholesterol 

HDL 0. 58 + 0.04 1.47 + 0.10 <0.001 

^eans + SEM; n = 5. 

2P-values from one-way analysis of variance (ANOVA); NS = 
not significant (P>0.05). 
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Table 14. The Percent Composition of Protein, Cholesterol, 

Triglyceride and Phospholipid Among the Various 

Plasma Lipoprotein Fractions1 

Lipoprotein Copper Copper 
Fraction Adequate Deficient ANOVA2 

Percent Composition 

Protein VLDL 14. 38 + 0.42 6.96 + 0. 82 <0.001 

LDL 13. 35 ± 0.95 6.53 + 0. 68 <0.001 

HDL 36. 73 ± 1.66 34.89 + 0. 33 NS 

Cholesterol VLDL 27. 24 ± 1.09 6.11 + 0. 66 <0.001 

LDL 53. 43 ± 2.27 51.90 + 2. 88 NS 

HDL 19. 65 ± 1.19 19.65 + 1. 02 NS 

Triglyceride VLDL 29. 51 ± 3.00 78.82 + 2. 54 <0.001 

LDL 15. 72 ± 2.03 25.48 + 1. 50 <0.05 

HDL 6. 34 ± 0.81 8.06 + 0. 22 NS 

Phospholipid VLDL 28. 84 ± 2.49 7.55 + 2. 00 <0.001 

LDL 13. 64 ± 2.81 17.99 + 4. 86 NS 

HDL 36. 37 ± 2.01 37.40 + 1. 18 NS 

*Means + SEM; n = 5. 

2P-values from one-way analysis of variance (ANOVA); NS = 
not significant (P>0.05). 



compensated by at least a 3-fold decrease in cholesterol and 

phospholipid as a result of Cu deficiency. No treatment 

difference in the percent composition of the various 

components of HDL was detected. 
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DISCUSSION 

Study I 

A number of clinical and pathological signs usually 

associated with Cu deficiency, such as growth depression 

(Lei 1977; 1978), cardiac hypertrophy (Goodman et al. 1970; 

Kelly et al. 1974; Lei 1977), and reduced hematocrit (Lei et 

al. 1983; Carr and Lei 1989a; 1989b) were observed in both 

studies. In Cu-deficient rats, previous studies have 

demonstrated that a reduction in hematocrit resulted in an 

enlarged plasma volume (Lei et al. 1983; Carr and Lei 

1989b). Similar results have been obtained in both studies. 

Reduction in hematocrit and liver Cu concentration as 

well as enlargement of the heart, plasma volume, and plasma 

pool size of cholesterol were detected as early as 3 weeks 

for both deficient and marginal rats. Reduction in body 

weight was observed in Cu-deficient and Cu-marginal rats at 

5 and 7 weeks, respectively. Plasma cholesterol 

concentration was elevated in rats fed Cu-deficient diet 

after 3 weeks, but much later at 5 weeks for the Cu-marginal 

rats. The sequence of events in this study suggest that in 

the Cu-marginal rats, enlargements of plasma volume and 

cholesterol pool size developed prior to increases in plasma 

cholesterol concentration. Therefore, changes in hematocrit 

and plasma pool size of cholesterol are more sensitive 
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indexes of marginal Cu deficiency than measurement of plasma 

cholesterol concentration and growth responses. 

Consequently, the practice of measuring plasma pool size is 

crucial in early detection of changes in cholesterol 

metabolism during marginal Cu deficiency. 

In addition, plasma triglyceride pool size was elevated 

in Cu-deficient and Cu-marginal rats at 3 weeks, but the 

increase in the concentration of triglyceride was detected 

later at 7 weeks. The increase in plasma triglyceride 

concentration is consistent with the results of other 

investigators (Allen and Klevay 1978; Lei et al. 1983). 

Tissue Cu concentrations are highly responsive to 

dietary manipulation since reductions in Cu concentrations 

in all organs occurred prior to the first 3 weeks of 

treatment (Table 6). As Study I progressed, a reduction in 

liver Cu content was observed in all treatment groups. This 

reduction may be attributed to the following: first, as 

liver grows in size, Cu content is diluted, and second, 

dietary Cu status may contribute to a gradual depletion, 

since the greatest depletion, when expressed as a percentage 

of the corresponding 3 week values, was observed in Cu-

def icient rats (reduced 35%), followed by the marginal rats 

(reduced 31%), and then by the adequate rats (reduced 23%). 

Moreover, the gradual decrease in heart Cu concentration in 

deficient and marginal rats, but not adequate rats, 

indicated that Cu was slowly depleted from the heart. 
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Similar reductions in Cu concentration were reported in the 

liver (Lei 1977; Tsai and Lei 1979) of rats fed a comparable 

diet (2 mg Cu/kg diet) for 9 weeks. Tissue Cu data provided 

additional evidence that Cu deficiency in rats results in an 

altered concentration of tissue Cu and demonstrated that 

these animals were indeed deficient and marginal in Cu 

status. 

The small but significant increase in liver and kidney 

zinc content in rats fed the Cu-deficient diets as compared 

to those fed Cu-adequate diets may be explained on the basis 

of antagonistic effect between zinc and Cu. Zinc tended to 

accumulate in the liver of rats fed Cu-deficient diet, 

indicating that competition with Cu may occur similarly to 

that observed in the intestine (Van Campen 1969). These 

observations are similar to previous findings (Alfaro and 

Heaton 1973; Lei et al. 1976; Lei 1977; Tsai and Lei 1979) 

and suggest that physiological competition for similar 

binding sites at the cellular level exists between zinc and 

other elements. 

Since liver iron concentration was increased at 5 weeks 

in Cu-deficient rats and at 7 weeks in Cu-marginal rats, the 

tissue iron content is less responsive to dietary 

manipulation. The antagonistic effect of dietary Cu status 

on liver iron content was clearly evident by 7 weeks. 

Elevations in liver iron content due to Cu deficiency have 

been reported in previous studies (Elvehjem et al. 1932; 
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Sourkes et al. 1967; Lei 1977; Tsai and Lei 1979). In rats 

deficient in both Cu and iron, Morgan (1961) observed an 

elevation of iron stores (liver and spleen) compared to 

animals deficient only in iron. The accumulation of iron 

content in liver appeared to be caused by an impaired 

mobilization of iron from that organ (Table 8). Iron has 

also been found to be accumulated in the duodenal mucosa and 

reticuloendothelial system owing to a similar impairment in 

iron mobilization from these tissues in the Cu-deficient pig 

(Roeser et al. 1970). 

Study II 

Changes in the protein and lipid components of major 

lipoprotein fractions, especially the HDL and its 

subtractions, as a result of Cu deficiency has been recently 

reviewed by Lei and Carr (1990). However, information 

concerning other major lipoprotein fractions (LDL and VLDL) 

has not been fully established. These results derived from 

the present study provide the most extensive data on the 

influence of Cu status on VLDL, LDL and HDL components. 

Similar effects were observed in the same Cu-deficient rat 

model fed a cholesterol-free diet (Lei et al. 1983; Croswell 

and Lei 1985; Hassel et al. 1987; 1988). In this study, 

plasma phospholipid concentration and pool size in all 

fractions of lipoproteins derived from Cu-deficient rats 

were determined, but they have not been measured in the 
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past. When the lipoproteins were expressed as the amount 

present in the expanded plasma pool, it was found that, with 

the exception of unaltered VLDL protein and phospholipid 

pool and a reduction in VLDL cholesterol pool, the plasma 

pool size of all components in the various lipoprotein 

fractions were elevated. The largest increase in the 

absolute amount was found in the HDL protein, phospholipid 

and cholesterol as well as triglyceride of VLDL. However, 

when the data were expressed as a percentage of increase 

over the control, the highest lipid elevation was observed 

in VLDL triglyceride (5.9-fold increase), followed by the 

LDL triglyceride (4.9-fold increase), and then by LDL 

phospholipid (3.6-fold increase) as well as LDL cholesterol 

(2.9-fold increase). 

Since the increase in HDL protein and lipid components 

are relatively uniform, these results indicate that there 

was an increase in the particle number, but not in particle 

size. In the Cu-deficient rats, the plasma pool size of LDL 

protein, cholesterol, phospholipid and triglyceride were 

increased 1.7, 2.8, 3.6, and 4.9-fold, respectively. 

Therefore, while the increase in LDL protein pool size 

indicates an increase in particle number, the 

disproportional increase in triglyceride, cholesterol and 

phospholipid indicates that the particles contain more 

lipids resulting in an enlarged particle size. Moreover, 

the plasma pool size of VLDL triglyceride was increased 5.9-
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fold, protein and phospholipid were unchanged, and 

cholesterol was reduced 36% by Cu deficiency. These 

observations indicate that there was no change in particle 

number, but there was an increase in particle size. 

Gamejo (1967) has observed that HDL in rats fed regular 

diet was found to carry 41.7% protein, 39.6% phospholipid, 

and 18.7% cholesterol. The previous finding is in agreement 

with data of the present study. 

Considerable difference exists between the percent 

composition of HDL observed in this study and that of a 

previous study performed by Lee and Koo (1988), because the 

percent composition of apo E-free HDL and apo E-rich HDL 

reported by these investigators was derived from Cu-

deficient rats fed a diet containing 1% cholesterol. Their 

data indicate that HDL was found to carry higher cholesterol 

(28-50% vs. 20%), lower phospholipid (16-26% vs. 37%), and 

proportional lower triglyceride (2.5-6% vs. 7.2%), 

compensated by a relatively similar protein value (28-43% 

vs. 36%) when compared to data from Cu-deficient rats fed a 

cholesterol-free diet in the present study. 

Unlike the lack of treatment difference in the percent 

composition of HDL components, the reduction in protein and 

increase in triglyceride percent composition of LDL and VLDL 

fraction indicate more triglyceride was being carried per 

unit of protein. In addition, the elevated amount of lipid 

associated with VLDL resulted from a disproportionate 



increase in the amount of triglyceride incorporated in place 

of phospholipid and cholesterol. Thus, the percentage 

composition data substantiated the contention derived from 

the pool size results. 

The mechanism responsible for the changes in plasma 

pool size and percent composition of VLDL and LDL has not 

been fully established. Data derived from this study 

substantiated findings of previous studies and provided the 

following postulations. First, the lack of change in VLDL 

protein pool size indicates that equilibrium established 

between the processes of VLDL synthesis and degradation 

maintained the same amount of VLDL protein in an enlarged 

plasma volume. Second, the elevation in LDL protein pool 

size indicates an increase in particle number. This 

increase may be attributed to an enhanced production of 

VLDL, which were rapidly converted to LDL, or an impaired 

plasma clearance of LDL, or a combination of both. Third, 

the increase in the triglyceride percent composition of 

lipoprotein fractions, particularly VLDL, may be due to an 

enhanced lipogenesis. Indeed, a 2-fold increase in hepatic 

fattty acid synthesis in liver slices as a result of Cu 

deficiency has been reported (Lei 1977). Finally, the 

reduction in cholesterol percent composition of VLDL in Cu-

deficient rats fed a cholesterol-free diet suggests that 

cholesterol derived from an enhanced hepatic synthesis 

(Yount et al. 1989) and uptake of HDL cholesterol ester 
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(Carr and Lei 1989b) is unavailable or insufficient to 

maintain the normal cholesterol composition of VLDL. In 

contrast, in Cu-deficient rats fed a diet containing 1% 

cholesterol, similar to that used by Lee and Koo (1988), the 

percent composition of VLDL cholesterol would be expected to 

be the same or even elevated in the presence of an abundant 

supply of cholesterol from the diet. 

A recent review (Lei and Carr 1990) has provided an 

overview of the influence of Cu deficiency on lipoprotein 

metabolism, especially on HDL metabolism. Several lines of 

evidence indicate that the increased plasma pool size or 

concentration of HDL components in Cu-deficient rats did not 

result from an impairment in HDL degradation. First, an 

enhanced plasma clearance and tissue uptake of HDL protein 

and cholesterol ester was increased in vivo (Carr and Lei 

1989b). This finding indicates that the degradation process 

may be accelerated in Cu deficiency. Second, an increased 

binding of HDL to liver plasma membranes was determined in 

vitro with lipoprotein and membranes from Cu-deficient rats 

as compared to controls (Hassel et al. 1988). Third, an 

increase in binding and uptake of HDL was observed in 

cultured liver parenchymal cells derived from Cu-deficient 

rats (Zhang et al. 1988). Thus, the increase in plasma pool 

size of HDL observed in this study may be attributed to an 

increase in HDL production by the liver. 



59 

Recent studies suggest that hepatic HMG-CoA reductase 

activity (Yount et al. 1989) and cholesterol synthesis 

(Yount et al. 1990) may be increased as a result of Cu 

deficiency. Shao and Lei (1980) also demonstrated that 

cholesterol ester, newly synthesized from [2-14C]mevalonate, 

cleared the liver faster in Cu-deficient rats as compared to 

the controls. Furthermore, a reduction in hepatic 

cholesterol concentration was repeatedly confirmed by 

numerous investigators (Lei 1977; 1978; Hassel et al. 1987; 

1988). These findings indicate that an accelerated 

cholesterol efflux from the liver resulted in a depletion of 

liver cholesterol stores and subsequently induced an 

increase in hepatic cholesterol synthesis. 

The recent in vivo study by Carr and Lei (1989b) using 

doubly labeled HDL indicated that the plasma clearance of 

HDL cholesteryl ester was 1.6-fold higher than HDL protein 

in Cu-adequate rats and 2.5-fold higher in Cu-deficient 

rats. In addition, the absolute amount of cholesterol 

cleared from the plasma was increased more than 2-fold in 

Cu-deficient rats and virtually all of the increased removal 

of cholesteryl ester was attributed to the liver. The 

amount of HDL cholesteryl ester returned to the hepatic 

tissue in Cu-deficient rats will be either excreted in the 

bile or secreted to the plasma again. It has been reported 

that no change in bile acid formation and cholesterol 

elimination was observed in Cu-deficient rats (Lei 1978). 
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Therefore, cholesterol derived from an enhanced hepatic 

synthesis (Yount et al. 1989) and an increased uptake from 

HDL cholesteryl ester (Carr and Lei 1989b) is unavailable 

for bile acid synthesis and excretion. These observations 

indicate that a net efflux of cholesterol from the liver to 

the plasma resulted in the reduced liver cholesterol as well 

as the elevation of plasma cholesterol concentration and 

pool size. 
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SUMMARY 

In the first experiment, fifty-four weanling male 

Sprague-Dawley rats were randomly assigned to 3 dietary 

copper treatments; deficient (0.9 ppm), marginal (1.6 ppm), 

and adequate (6.6 ppm). Six rats from each treatment were 

sacrificed after 3, 5, and 7 weeks of treatment. These 

animals were used to investigate the time course development 

of enlarged plasma volume and cholesterol pool size. 

Decreases in liver Cu were observed in Cu-deficient and Cu-

marginal rats (79 and 46%, respectively) at 3 weeks compared 

to Cu-adequate rats. Liver Cu concentration decreased with 

time on diet in all treatment groups. Reductions in body 

weight and increases in heart weight were observed in Cu-

deficient and Cu-marginal animals at 5 and 7 weeks, 

respectively. Plasma cholesterol concentration was elevated 

in Cu-deficient rats (34%) after 3 weeks and in Cu-marginal 

rats (21%) after 5 weeks as compared to Cu-adequate rats. 

In Cu-deficient and Cu-marginal animals, increases in plasma 

volume (51 and 18%, respectively) and plasma cholesterol 

pool size (103 and 29%, respectively) were apparent at 3 

weeks. Furthermore, hematocrit was significantly decreased 

in Cu-deficient (48%) and Cu-marginal (20%) rats, and was 

not affected by time on diet. Thus, the reduction in 

hematocrit appears to be a most sensitive indicator of 
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dietary copper deficiency. The sequence of events in this 

study suggest that the enlargement of plasma volume and 

cholesterol pool size develop prior to the increase in 

plasma cholesterol concentration. 

In the second study, forty weanling male Sprague-Dawley 

rats were randomly divided into two dietary Cu treatments; 

deficient (0.6 ppm) and adequate (6.5 ppm). These animals 

were used to establish the influence of Cu deficiency on the 

lipid composition of plasma lipoproteins. The plasma pool 

size of protein, triglyceride, phospholipid, and cholesterol 

of LDL and HDL were increased from 2 to 5-fold by Cu 

deficiency. In contrast, the plasma pool size of VLDL 

triglyceride was increased 5.9-fold, protein and 

phospholipid were unchanged, and cholesterol was reduced 36% 

by Cu deficiency. 
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