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ABSTRACT 

The influence of dietary copper deficiency on hepatic apolipoprotein A-I synthesis 

and mRNA abundance, as well as on whole body energy metabolism was examined in 

rats. Weanling male Sprague-Dawley rats were divided into two dietary treatments; 

copper-adequate (6.0 mg Cu/kg diet) and copper-deficient (0.6 mg Cu/kg diet). After· 

6 weeks of treatment, an increase in intravascular apolipoprotein A-I pool size was 

observed in copper-deficient rats. In part I, in vivo hepatic apolipoprotein A-I synthesis 

was determined by the injection of a flooding dose of [3H]phenylalanine and measurement 

of the incorporation of [3H]phenylalanine into newly synthesized immunoprecipitable 

apolipoprotein A-I in liver homogenates as well as plasma. A pulse-chase study was 

designed using [lH]phenylalanine, to determine the in vitro hepatic apolipoprotein A-I 

synthesis and intracellular degradation in freshly isolated hepatocytes. Furthermore, 

hepatic apolipoprotein A-I mRNA abundance was determined by dot blot analysis. In 

part II, rats were individually housed in metabolic cages within indirect calorimetry units 

to study their energy metabolism. Total body composition was determined by total body 

electrical conductivity. 

Copper deficiency resulted in a specific 2-fold increase in hepatic apolipoprotein A-I 

synthesis and secretion. In vitro hepatic intracellular degradation was small and not 

affected by copper status. The hepatic apolipoprotein A-I mRNA abundance was 

increased by 28 % when corrected for liver-to-body weight ratio in the copper-deficient 

rats. Copper deficiency resulted in a distinct shift in energy substrate utilization from 
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carbohydrate to fat. Body weight gain and net energy retention were reduced as a result 

of copper deficiency. Total body composition analysis showed a reduction in percent fat 

mass in the copper-deficient rats. The present data suggest that copper deficiency results 

in an increased cellular demand for lipids as energy substrate in order to maintain an 

adequate energy balance. The observed increase in hepatic apo A-I synthesis may be a 

result of an increased demand for HDL formation to sustain an increased flux of lipid 

substrates between the liver and peripheral tissues, resulting in the observed 

hypercholesterolemia in copper-deficient rats. 
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CHAPTER 1 

INTRODUCTION 

Atherosclerosis is by far the leading cause of death in the United States in all 

persons above age 45 and in males after age 35. Recently, a general agreement has 

developed from an epidemiologic perspective which indicates that hypercholesterolemia 

may be one of the most potent risk factors involved in the causation of atherosclerosis. 

Clinical evidence now suggests that hypercholesterolemia is a reversible risk factor for 

the development of atherosclerosis because lowering of blood cholesterol levels reduces 

the risk of coronary arterial disease. 

Cholesterol can be derived either from the diet or from synthesis within the body. 

As a precursor of steroid hormones and bile acids and structural component of cell 

membranes, cholesterol is required for normal metabolism. However, cholesterol can 

also be toxic to cells when it accumulates in excess amounts intracellularly. Therefore, 

a complicated mechanism, involving lipoproteins, has evolved in mammals to transport 

cholesterol in the bloodstream for delivery to various tissues of the body. Atherosclerosis 

develops when macrophages present in the blood stream adhere to the arterial 

endothelium of the coronary arteries, accumulate cholesterol and lipids intraceIIularIy, 

and initiate plaque formation. Hypercholesterolemia accelerates this process and coronary 

artery disease ensues. 

Recently, a number of factors which may increase cholesterol levels in the blood . 

have been identified. These factors have been termed risk factors and can be divided into 
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two categories; irreversible and potentially reversible factors. Dietary factors have been 

the focus of many studies because of their potential reversible character and the ease with 

which they can be controlled in the general population. The influence of caloric intake 

as well as dietary cholesterol, fat, fiber, and protein on blood cholesterol levels have been 

studied extensively. However, very little information on the effects of micronutrients on 

blood cholesterol levels has been obtained. 

Copper is an essential micronutrient necessary for normal growth and development. 

Although numerous studies in a variety of species including humans, have shown that 

copper deficiency results in hypercholesterolemia, the underlying mechanism by which 

this hypercholesterolemia is induced is not fully understood. 

In humans, strong positive and negative correlations exist between coronary artery 

disease and blood cholesterol levels associated with low density lipoproteins (LDL) and 

high density lipoproteins (HDL), respectively. In addition, recent studies have indicated 

that serum levels of apolipoprotein A-I (apo A-I), the major protein constituent of HDL, 

are also negatively correlated with coronary artery disease .. The cholesterol associated 

with HDL is considered the "good" cholesterol because HDL transport excess cholesterol 

back to the liver for excretion. The observed hypercholesterolemia in copper-deficient 

rats, results from a selective increase in cholesterol associated with HDL. Although there 

are distinct differences in lipoprotein and cholesterol metabolism between rats and 

humans, information on the mechanisms that operate in the rat may ultimately lead to a 

better understanding of lipoprotein metabolism in humans. 
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Previous studies have indicated that the observed hypercholesterolemia in copper-

deficient rats was a result of the accelerated synthesis and clearance of cholesterol from 

the liver to the plasma pool, where it became associated with an increased number of 

HDL particles. Subsequent studies demonstrated that the increase in plasma HDL 

particles was not the result of an impaired degradation process because an enhanced 

catabolism of HDL was observed in copper-deficient rats. The present studies were 

undertaken to assess the effects of dietary copper deficiency on the hepatic apolipoprotein 

A-I synthesis and secretion. In addition, the influence of copper status on whole body 

energy metabolism was studied in order to determine whether the hyperlipoproteinemia 

observed in copper-deficient rats may be associated with an altered energy metabolism. 
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CHAPTER 2 

LITERATURE REVIEW 

Plasma Lipoproteins 

Plasma lipoproteins appear in the blood plasma as microemulsions (Edelstein et at., 

1979) and their major function is to transport triglycerides, cholesterol, phospholipids, 

and other hydrophobic compounds present in the circulation to their specific target cells. 

The transported lipids can be used as a major substrate for energy metabolism (i.e. 

triglycerides») as structural components of cell membranes (i.e. cholesterol and 

phospholipids) or as precursors of steroid hormones and bile acids (i.e. cholesterol). 

Besides lipoproteins, which are responsible for the bulk transport of lipids, plasma 

albumin can function as a transport vehicle for fatty acids in the form of albumin-fatty 

acid complexes. However, the latter system does not permit the specific targeting of fatty 

acids to specific sites. 

Although, plasma lipoproteins vary widely in size and lipid content, they have a 

common general structure. Lipoprotein particles are spherical and consist of a 

hydrophobic core containing nonpolar lipids such as triglycerides and cholesterol esters 

surrounded by a hydrophilic surface monolayer of polar lipids (primarily phospholipids 

and unesterified cholesterol) and apolipoproteins. However, significant amounts of 

unesterified cholesterol may be found in the hydrophobic core as well, because of its 

amphiphatic properties. The plasma lipoproteins may be separated into five major classes 

based on their density, size, and compositional and functional properties: chylomicrons, 
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very low density lipoproteins (VLDL), intermediate density lipoproteins (IDL) , low 

density lipoproteins (LDL), and high density lipoproteins (HDL). Several subclasses have 

been identified based on differences in size and composition within each class (Gotto et 

aI., 1986). The physical and compositional properties of the different lipoprotein classes 

present in the plasma are shown in Table 1. 

Chylomicrons are the largest and least dense lipoproteins, containing up to 90% 

triglyceride in their hydrophobic core. They are synthesized predominantly in the 

jejunum (Tytgat et aI., 1971) although most of the small intestine is capable of secreting 

chylomicrons. Chylomicrons transport the intestinal absorbed lipids and cholesterol via 

the bloodstream from the intestine to other tissues in the body. 

VLDL are synthesized and secreted by the liver and transport endogenous 

synthesized lipids as well as cholesterol for delivery to extrahepatic tissues. VLDL 

contain relatively less triglycerides but more cholesteryl esters than chylomicrons and are 

therefore more dense. 

IDL are the remnants of VLDL that are produced after hydrolysis of the VLDL 

triglycerides by adipose and muscle lipase (Sata et aI., 1972). As a result IDL are 

smaller and more dense than VLDL. IDL are rapidly cleared from the plasma via a 

receptor mediated process or further catabolized to LDL after hydrolysis of their 

triglycerides. 

LDL are generated from the lipolytic processing of IDL. They are the major 

transport vehicles of endogenous synthesized cholesterol in humans. There is a direct 



TABLE 1. Physical and chemical properties of the major plasma lipoproteins 

Chemical Composition 
(% of dry mass) 

Density Molecular Diameter Total Free Cholesteryl 
Lipoprotein" (g/ml) Weight (nm) Protein Phospholipids Cholesterol Esters Triglycerides 

Chylomicrons 0.93 400,000,000 80-500 2 7 2 3 86 

VLDL 0.93-1.006 10-80,000,000 30-80 8 18 7 12 55 

IDL 1.006-1.019 5-10,000,000 25-35 19 19 9 29 23 

LDL 1.019-1.063 2,300,000 18-25 22 22 8 42 6 

HDLb 1.063-1.210 175-360,000 6-12 

HDL l
c 1.04-1.09 1,300,000 10-14 27 32 7 29 5 

HD~ 1.063-1.125 360,000 9-12 40 33 5 17 5 

HD~ 1.125-1.210 175,000 6-9 55 25 4 13 3 

aData represent human plasma lipoproteins except where noted. 

bHDL were originally designated according to density 1.063-1.210; metabolically distinct HDL subclasses are presently recognized. 

CData represent rat plasma HDL., although this lipoprotein has also been identified in human plasma. 

--...l 
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correlation between the plasma concentration of LDL and the risk for coronary artery 

disease (Goldstein and Brown, 1982). 

HDL are synthesized in the liver and intestine as precursors and their maturation 

continues in the plasma during the catabolic processing of the triglyceride-rich 

lipoproteins (Eisenberg, 1984). They are the smallest lipoproteins present in the plasma 

and because of their relatively high protein and low lipid content, also the most dense of 

all plasma lipoproteins. HDL are believed to be involved in the transport of excess 

cholesterol from the peripheral tissues, either directly or via transfer of cholesterol to 

other lipoproteins, to the liver for excretion by a process known as 'reverse cholesterol 

transport' . The plasma HDL concentration is inversely related to the development of 

atherosclerosis (Miller and Miller, 1975; Gordon et aI., 1977). 

The different classes of plasma lipoproteins show distinct compositional differences 

in apolipoprotein content. It is the presence of the apolipoproteins on the surface of the 

lipoproteins that determines the specific role of each class of lipoproteins in lipid 

metabolism via their interaction with specific enzymes or cellular receptor molecules. 

Some of the known physical properties and functions of the specific apolipoproteins are 

listed in Table 2. 

Lipoprotein Metabolism 

The major function of lipoproteins is to transport water insoluble lipids through the 

aqueous environment of the blood circulation to their target cells. Lipoprotein 

metabolism is a complex system involving interactions between different lipoprotein 
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TABLE 2. Physical properties and metabolic function of plasma apolipoproteins 

Molecular Major 
Apolipoprotein Weight Tissue Sources Function 

A-I 28,000 Intestine LCA T cofactor 
and Liver HDL receptor recognition (?) 

A-II 17,000 Intestine Unknown 
and Liver 

A-IV 46,000 Intestine LCA T cofactor 
and Liver 

B-48 264,000 Intestine Chylomicron synthesis/secretion 

B-IOO 550,000 Liver VLDL synthesis/secretion 
Receptor recognition 

C-I 6,200 Liver Inhibition of interaction with 
hepatic receptors 
LCA T cofactor 

C-II 9,000 Liver LPL activation 
Inhibition of interaction with 
hepatic receptors 

C-III 8,800 Liver Inhibition of interaction with 
hepatic receptors 

D • 22,000 Liver Unknown 

E 35,000 Liver Receptor recognition 
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particles as well as interactions of lipoproteins with specific enzymes and receptor 

molecules on target cells. Lipoprotein metabolism involves the transport of lipids from 

three different sources: A) intestinal absorbed dietary lipids that are incorporated into 

chylomicrons and transported to the liver as well as peripheral tissues (Le. "exogenous" 

lipid transport); B) lipids and cholesterol derived from the liver that are packaged into 

VLDL, IDL or LDL and transported to the peripheral tissues (Le. "endogenous" lipid 

transport); C) cholesterol from the peripheral tissues that is packaged into HDL and 

transported to the liver for excretion (Le. "reverse cholesterol transport"). 

Exogenous Lipid Transport 

There is an direct correlation between the synthesis of chylomicrons by the 

enterocytes and the rate of dietary fat absorption. Dietary triglycerides are hydrolyzed 

in the gastrointestinal lumen, absorbed as free fatty acids, and reformed into droplets 

visible in the smooth endoplasmic reticulum (Sabesin and Frase, 1977). Cholesterol 

present in the lumen of the intestine is derived from either the diet or biliary excretion. 

The efficiency of cholesterol absorption is inversely correlated with the dietary cholesterol 

intake. Once the cholesterol is absorbed it is esterified within the lumen of the smooth 

endoplasmic reticulum by the action of acyl coenzyme A:cholesterol acyltransferase 

(ACAT;EC 2.3.1.26) (Norum et aI., 1983). Specific apolipoproteins, phospholipids, and 

carbohydrates are added to the lipid droplets prior to secretion by the enterocytes 

(Glickman et aI., 1972). Nascent chylomicrons contain apolipoprotein B48 (apo B 48) and 

apolipoproteins A-I, A-II, and A-IV as their protein constituents which are all synthesized 
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in the enterocytes (Havel, 1987). After secretion the chylomicrons obtain apolipoproteins 

C-I, C-II, C-III, and E primarily by transfer from HDL. The secreted chylomicrons 

enter the lymphatic system through gaps between adjacent endothelial cells and are 

released into the bloodstream via the thoracic duct. The triglycerides present in the core 

of the circulating chylomicrons are subject to rapid hydrolysis by the action of the 

extrahepatic enzyme lipoprotein lipase (EC 3.1.1.34). Lipoprotein lipase (LPL) activity 

is found primarily in adipose, muscle, and lung tissue (Cryer and Jones, 1979) as well 

as lactating mammary gland (Robinson, 1963). Apo C-II present on the surface of the 

chylomicron particle is an obligatory cofactor for LPL (Cryer, 1981). Up to 90% of the 

core triglycerides may be hydrolyzed as the chylomicrons go through a number of 

attachment-hydrolysis-detachment cycles during lipolysis (Schaefer et aI., 1978). The 

particles become smaller as a result of the lipolysis and their A apolipoproteins together 

with most of the C apolipoproteins and phospholipids are transferred to HDL (Havel, 

1987). The resulting chylomicron "remnants" have little affinity for LPL (Cryer, 1981) 

and are rapidly cleared from the blood by the liver via the interaction of apo E present 

on the surface of the remnant particle and specific receptors on the surface of the cell 

membrane of the hepatocytes (Cooper et aI., 1980; Hui et aI., 1981). The chylomicron 

remnants are internalized and the remnant components undergo lipolysis and proteolysis 

as a result of the release of lysosomal acid hydrolases. The resulting amino acids and 

fatty acids can be used for metabolic processes within the hepatocytes. The cholesterol 

is used for the formation of bile acids (Norum et aI., 1983) or is incorporated into newly 

synthesized lipoproteins secreted by the liver (Gotto et aI., 1986). 
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Endogenous Lipid Transport 

VLDL are synthesized and secreted by the liver and transport triglycerides, 

synthesized by the liver or derived from fatty acids transported from adipose tissue to the 

liver, as well as cholesterol, for delivery to extrahepatic tissues (Havel et al., 1980). 

VLDL contain B, E, and C apolipoproteins on their surfaces (Gotto et aI., 1986) and 

their core triglycerides are hydrolyzed by the action of LPL as well as hepatic lipase. 

During the hydrolytic process some of the C apolipoproteins and phospholipids are 

transferred to HDL (Eisenberg and Schurr, 1976). The resulting VLDL remnants (lDL) 

are unstable and rapidly cleared from the circulation by hepatic LDL receptors (apo BIE 

receptors) or further catabolized to LDL after they loose their triglycerides and all of 

their apolipoproteins except apo BlOo due to the hydrolytic action of LPL. Newly formed 

LDL are rich in cholesteryl esters and are the major transport vehicle of endogenous 

cholesterol in humans. More than two-thirds of the LDL are removed from the plasma 

via binding to LDL receptors (apo BIE receptors) and about one-third through receptor

independent mechanisms (Goldstein and Brown, 1982). A variety of tissues are known 

to express LDL receptors (Spady et aI., 1985). LDL particles bind to the receptor 

molecules located on the surface of cell membranes located in pockets called "coated pits" . 

(Anderson et aI., 1976). The receptor-bound LDL is then internalized by endocytosis 

forming vesicles and the cholesterol from the LDL particles is delivered to the cell. The 

LDL receptors are recycled back to the cell membrane surface and may be reutilized 

many times before they are catabolized (Brown et aI., 1983). The vesicles fuse with 

lysosomes and the release lysosomal hydrolases results in the proteolysis of apo BIOO and 
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hydrolysis of the cholesteryl esters. Plasma clearance of LDL by nonreceptor 

mechanisms is directly correlated with the plasma concentration of LDL (Brown et al., 

1981) and nearly every organ in the body is capable of receptor-independent uptake of 

LDL (Spady et aI., 1985; 1986). The cholesterol derived from LDL mediates a series 

of cellular regulatory mechanisms which maintain cholesterol homeostasis in the cell 

(Brown and Goldstein, 1986). An increase in cellular cholesterol content results in: (A) 

a decreased activity of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase 

(BC 1.1.1.34), the rate limiting enzyme in cholesterol synthesis; (B) activation of 

intracellular ACAT, which leads to an increased esterification of excess cholesterol for 

storage as cholesteryl esters; (C) suppression of LDL receptor synthesis, which protects 

the cell from overaccumulation of cholesterol derived from receptor mediated uptake. 

Thus, VLDL and LDL are the vehicles for transportation of endogenous triglyceride 

and cholesterol in the body. It should be noted that VLDL may not be the only precursor 

to LDL, since direct secretion of LDL-like particles by the liver has been described 

(Rudel et aI., 1986). 

Reverse Cholesterol Transport 

The major function of HDL is the transport of cholesterol from the peripheral 

tissues to the liver for excretion into bile acids in a process known as "reverse cholesterol 

transport" (Glomset, 1968). Nascent HDL are synthesized in the liver and small intestine 

as discoidal precursor particles (Norum et aI., 1983) and their maturation continues in the· 

plasma due to the interaction with lecithin:cholesterol acyltransferase (LCAT; BC 



24 

2.3.1.43) (Fielding, 1986). Free cholesterol is esterified by the action of LCAT, 

allowing the storage of cholesterol in the HDL core. Besides their major protein 

component apo A-I, HDL also have apo A-II, A-IV, E, and C's on their surfaces. 

Eisenberg (1986) suggested that the apolipoproteins are synthesized by the hepatocytes 

and intestinal cells as free proteins and become associated with the phospholipids at a 

later stage of the secretory pathway or even after secretion. 

HDL precursors may also be derived from the catabolism of triglyceride-rich 

lipoproteins. The apolipoproteins from circulating chylomicrons and VLDL that are lost 

during lipolysis may be transferred to preexisting HDL in the plasma (Havel, 1987). The 

LCAT activity associated with HDL is responsible for the synthesis of almost all 

cholesteryl esters present in the plasma, except those that are derived from intestinal 

cholesterol absorption and are incorporated into chylomicrons (Havel, 1987). LCAT 

transfers a fatty acyl residue from lecithin to cholesterol to yield lysolecithin and 

cholesteryl esters as products. The most effective activator of LCAT is apo A-I (Fielding 

et aI., 1972; Soutar et aI., 1975), although apo A-IV and apo C-I may also serve as 

cofactors (Havel, 1987). 

Reverse cholesterol transport starts with the transfer of unesterified cholesterol from 

the peripheral cells to HDL particles (Tall and Small, 1980; Reichl and Miller, 1986). 

The mechanism of transfer is unknown and it is not clear whether specific binding of 

HDL to the cell surface membrane facilitates the cholesterol transfer. The existence of 

a specific HDL receptor is also in question, although a HDL binding protein has been 
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identified and partially characterized in various tissues (Rifici and Eder, 1984; Graham 

and Oram, 1987; Keso et at, 1987; Fidge et at, 1985; Fidge, 1986). 

The newly acquired cholesterol is rapidly esterified by the action of LCAT and the 

cholesteryl esters can be transported directly to the liver in HDL or transferred to other 

lipoproteins, by means of a specific cholesteryl ester transfer protein (CETP) (Zilversmit, 

1983; Tall, 1986). Delivery of HDL cholesterol to the liver cell can be accomplished by 

endocytosis of the intact particle, transfer of free cholesterol by diffusion, or selective 

uptake of cholesteryl esters. 

Copper Metabolism 

Copper is an essential micronutrient for humans and animals, as it functions in 

concert with a number of important enzymes (Underwood, 1977). Copper is also a very 

toxic ion and mechanisms have evolved to transport copper to the sites where it is 

required without allowing toxic accumulation of free ions. Historically, it was first 

shown by Aberhalden in 1900 that laboratory fed animals fed a whole-milk diet developed 

iron-resistant anemia. In 1928, Hart et a1. showed that the addition of copper to the diet 

was essential to prevent the iron-resistant anemia. Subsequently, the biological function. 

of copper was established when it was demonstrated that the role of copper was essential 

in the metabolism of hemoglobin (Elvehjem and Sherman, 1932) and cytochrome oxidase 

(Cohen and Elvehjem, 1934). The first copper-responsive syndrome of copper deficiency 

in humans was reported in 1964 (Cordano et at, 1964) and the frequency of reported 
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cases of copper-deficiency in humans has increased since the advent of total parenteral 

nutrition. 

Estimates for total-body copper for healthy adult man range from 70 to 80 mg 

(Mason, 1979; Cartwright and Wintrobe, 1964a; 1964b). The distribution of copper 

among organs in descending order is as follows: skeletal muscle (24.7%), skin (15.3%), 

bone marrow (14.8%), skeleton (19.0%), liver (8.0 to 15.0%), and brain (8.0%). 

Copper concentration per gram of wet weight of tissue are the highest in the brain (6.3 

p.g/g) and liver (5.1 p.g/g). Intermediate copper concentrations (> 2.0 p.g/g) are found 

in skin, bone, kidneys, and heart. The copper concentration in skeletal muscle is 0.9 

p.g/g (Bloomer and Lee, 1978). It needs to be noted that the distribution of copper varies 

with age and copper status. Dietary copper intake may effect copper levels in individual 

tissues differently. For example, the copper concentrations in the liver, kidney, and 

plasma are very responsive to changes in dietary copper intake whereas the muscle and 

heart are much less responsive (Underwood, 1977). In addition, various dietary factors 

influence the copper levels of the liver and plasma by affecting copper absorption and/or 

excretion (Underwood 1977). High zinc intakes induce intestinal metallothionein which 

traps copper within the enterocytes (Hall et al., 1979). Most of the bound copper is then 

lost when the cells shed from the villi. High iron intakes can result in a reduction in 

liver copper content by increasing copper excretion (Sourkes et al., 1968). Copper 

homeostasis depends on the balance between intestinal absorption and biliary secretion, . 

since other means of intake (i.e. absorption through the skin) or loss (Le. excretion in 

urine or loss in sweat) are insignificant. 
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Dietary copper is absorbed in the stomach and small intestine, particularly the 

duodenum (Owen, 1964; Van Campen and Mitchell, 1965). Copper absorption and 

retention is affected by the chemical forms in which the metal is ingested, by the dietary 

levels of several other minerals and organic substances, and by the acidity of the 

intestinal contents in the absorptive area. Copper in foods is present in bound form and 

requires digestion of the food in order to dissociate the copper into a free ionic form. 

Studies using stable and radioactive isotopes indicate that dietary copper is poorly 

absorbed in most species (Evans, 1973). The mechanism of copper absorption is poorly 

understood, but absorption is regulated at the level of the intestinal mucosa. Within the 

intestinal mucosal cells copper can interact with metallothionein. In addition, zinc can 

block copper uptake by the mucosal cells (Oestreicher and Cousins, 1985). Zinc also 

binds to metallothionein, but whether the interaction involves competition for specific 

receptor molecules on the surface of the mucosal cell membrane or for binding ligands 

is not clear (Cousins, 1985). 

Over 90% of the copper transported in human plasma is present in ceruloplasmin 

(Cousins, 1985). A much smaller percentage is attached to albumin and free amino acids 

or small peptides. Copper bound to albumin is transferred to amino acids prior to uptake 

by the liver (Darwish et al., 1983). Thus, albumin may serve as a "reservoir" for 

copper, limiting the rate of uptake by the liver. It is generally assumed that the liver acts 

as the major storage depot for copper, which can be made available to other tissues when 

this is required. The method by which copper is transported from the liver to other 

tissues is not known. However most of the copper that is secreted by the liver is in the 
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form of ceruloplasmin, and probably represents the major pathway of transport of 

extrahepatic copper to peripheral tissues (Cousins, 1985). In rats, and probably in 

humans, biliary excretion varies in response to liver copper load to prevent toxic copper 

accumulation (Cousins, 1985). The copper excreted in the bile is present in a form 

which cannot be absorbed. There is no effective enterohepatic circulation of copper 

(Cousins, 1985), so the biliary copper excretion represents the major pathway of copper 

loss from the body. 

Copper Deficiency 

The current understanding of the roles of copper is based on the functions of the 

known copper-dependent enzymes, as well as copper's established role in the disulfide 

bonding of keratin by an unknown mechanism (Gillespie, 1973). Most of the symptoms 

of severe copper deficiency can be explained by failure of one or more of the copper 

enzymes (Fell, 1987). However, despite extensive research in many species, it is still 

not possible to relate all the pathological changes associated with copper deficiency to 

specific copper functions, nor are all the subtle effects of long-term marginal copper 

deficiency known. Copper deficiency has been observed in a host of animal species, and 

has been studied extensively in sheep, cattle, pigs, and poultry (Underwood, 1977). Rats 

have been studied most extensively in the laboratory, with fewer studies performed with 

mice, guinea pigs, and rabbits. A wide variety of disorders has been associated with 

dietary induced copper deficiency. They include anemia, depressed growth, bone 

disorders, depigmentation of hair and wool, abnormal wool growth, neonatal ataxia, heart 
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failure, and cardiovascular defects (Underwood, 1977). The extent to which copper 

deficiency manifests itself depends on the species and its age and sex, and on the severity 

and duration of the copper deficiency (Underwood, 1977). 

Anemia is a common expression of copper deficiency in all species studied. The 

anemia appears to be caused by an impaired erythrocyte maturation and a defect in 

hemoglobin synthesis (Lahey et aI., 1952; Gubler et aI., 1952). Although, no impairment 

in the activity of the heme biosynthetic enzymes has been observed (Lee et aI., 1968), 

plasma ceruloplasmin levels are significantly decreased in copper deficiency (Danks, 

1981). The ferroxidase activity of ceruloplasmin which catalyzes the oxidation of ferrous 

iron is required for the transport of iron from tissue stores to the plasma as well as for 

the utilization of iron by bone marrow for hemoglobin synthesis (Osaki et at., 1966; 

Evans and Abraham, 1973; Williams et aI., 1974). Therefore, the lack of ferroxidase 

activity of ceruloplasmin and consequent failure of release of iron from tissue stores has 

been indicated as the causative factor of the anemia (Frieden, 1980). However, this is 

unlikely to be the complete explanation (Prohaska, 1981; 1983), because patients with 

Wilson disease or Menkes disease who have very little ceruloplasmin do not develop 

anemia (Danks, 1983) nor do brindled mice (Prohaska, 1983). Severe reduction of 

cytochrome oxidase, which is required for the reduction of ferric iron to ferrous iron 

necessary for heme synthesis, has been shown in the bone marrow of copper-deficient 

mice, but not in brindled mice (Prohaska, 1983). This might be the possible explanation 

for the observed anemia. 
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Osteoporosis is another symptom of copper deficiency observed in all species. It 

is probably the consequence of inadequate cross-linking of collagen caused by a reduced 

activity of the copper-dependent enzyme lysyl oxidase (Rucker et aI., 1969; Siegel et aI., . 

1970). Lysyl oxidase deficiency also results in an inadequate cross-linking of elastin, a 

defect that is responsible for the aortic rupture seen in several species (Carnes, 1971; 

O'Dell, 1981). 

Changes in growth and appearance of hair, fur, and wool have been observed in 

copper deficiency in a host of animal species. The quality and quantity of wool produced 

by copper-deficient sheep is reduced as a result of a deterioration of the keratinization 

process leading to the failure of the wool follicles to impart crimp to the wool fibers 

(Underwood, 1977). The characteristic physical properties of wool are dependent on the 

presence of disulfide groups that provide cross-linkages or bonding of keratin. The lack 

of copper impairs keratinization by disrupting the orientation or alignment of the keratin 

fibrils (Marston, 1952). Impaired keratinization has also been observed in a host of other 

animal species (Underwood, 1977) as well as in humans with Menkes disease (Danks et 

aI., 1972). In addition, the effects of copper deficiency on the pigmentation of hair and 

wool have been reported. The lack of pigment formation is believed to be caused by a 

loss in conversion of tyrosine to melanin, since this conversion is catalyzed by copper

containing polyphenyl oxidases (Fell, 1987). 

Significant reductions in cytochrome oxidase activity in brain, heart, liver, and bone 

marrow is believed to be the primary cause of the neurological disorders observed in 

copper deficiency. Neonatal ataxia has been observed in a variety of animals deficient 
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in copper exhibiting cell necrosis and nerve fiber degeneration in the brain stem and 

spinal cord (Barlow 1963). The reduction in cytochrome oxidase activity induced by 

copper deficiency may be involved in demyelination and myelin synthesis. However, it 

is not clear whether copper deficiency exerts a specific effect on the synthetic process of 

myelin or a more general impairment of energy metabolism which results in the observed 

demyelination. 

Myocardial disease due to copper deficiency was first noted as a cause of sudden 

death or "falling disease" in grazing cattle in the late 1930's (Bennetts and HaIl, 1939; 

Bennetts et al., 1948). Acute heart failure as a result of cardiac hypertrophy and rupture 

of the myocardium has been reported (Gubler et al., 1957; Goodman et al., 1970; Kelly 

et al., 1974). Fibrosis is found to be diffused throughout the hypertrophied muscle, and 

the collagen framework of the myocardium has been shown to be abnormal (Borg et aI., 

1985). In addition, the mitochondrial compartment of the myocardial fibers is found to 

be enlarged (Dallman and. Goodman, 1970; Leigh, 1975); and the cytochrome oxidase 

activity in the myocardium is reduced in copper-deficient animals (Fell, 1987). Sudden 

death may also result from the rupture of major blood vessels (O'Dell et al., 1961; 

Coulson and Carnes, 1963). The reduced lysyl oxidase activity observed in copper 

deficiency results in a reduced capacity for oxidative deamination of the lysine residues 

in elastin leading to fewer cross-linkages and less elasticity of the arteries (Underwood, 

1977). Starcher et al. (1964) observed reduced collagen and elastin levels in aortas of 

copper-deficient animals. In addition, structural weakening of the arteries leading to 
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aneurysm formation has been reported in a variety of animals deficient in copper (Fell, 

1987). 

Only a small number of cases of adult humans suffering from nutritional copper 

deficiency has been described in the medical literature. However, copper deficiency due 

to inadequate copper intake has been described in many ex-premature babies (AI-Rashid 

and Spangler, 1971; Ashkenazi et aI., 1973; Sutton et aI., 1985) and in young children 

with severe malnutrition and chronic diarrhea (Cordano et aI., 1964; Graham and 

Cordano, 1969). Anemia, neutropenia, osteoporosis, and depigmentation of the hair have 

been reported in infants suffering from nutritional copper deficiency (Ashkenazi et aI., . 

1973) but no neurological or cardiovascular disorders have been observed in humans. 

In addition to dietary induced copper deficiency, a genetic disease resulting in a deficient 

supply of copper to the copper enzymes has been described by Menkes et aI. (1962). 

Although it is estimated that the dietary copper requirement for adults should be 

approximately 2 mg/day in order to maintain an adequate copper balance, methodological 

imprecision and inconsistencies suggest that no reliable estimates exist for humans (Suttle, 

1987). 

Copper Deficiency and Lipoprotein Metabolism 

Recently, the role of copper as an essential micronutrient in lipoprotein and 

cholesterol metabolism has been the subject of extensive research. Klevay (1973; 1975) 

first produced hypercholesterolemia in rats by feeding a high ratio of zinc to copper. 

Klevay subsequently hypothesized that the high dietary zinc to copper ratio constitutes as 
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a major factor in the etiology of coronary heart disease. In later studies using various 

levels of dietary zinc and copper, an inverse relationship between dietary copper and 

plasma cholesterol concentrations was demonstrated (Murthy and Petering, 1976; Petering 

et aI., 1977). These data indicate that the observed hypercholesterolemia is the result of 

copper deficiency, rather then an increased zinc to copper ratio. Subsequently, 

hypercholesterolemia has been consistently reported in numerous studies that reported 

dietary induced copper deficiency mainly in rats (Lei, 1990) and to a lesser extent in mice 

(Jones, 1984; Klevay, 1985), monkeys (Milne et aI., 1981), and humans (Klevay et aI., 

1984; Reiser et aI., 1987). 

Because a large body of information has come from studies using copper-deficient 

rats, the effects of copper deficiency on lipoprotein and cholesterol metabolism will be 

discussed using the rat as an animal model. Data derived from these studies will be. 

presented to demonstrate how cholesterol and lipoprotein metabolism may be altered by 

copper deficiency. 

Absorption of dietary cholesterol occurs in the intestine and the efficiency of this 

process decreases when dietary intake increases. Once the cholesterol is absorbed it is 

packaged either as free cholesterol or cholesteryl esters into chylomicrons inside the 

enterocytes and secreted into the lymphatic system. Koo et al. (1988) showed that 

cholesterol absorption was reduced in copper-deficient rats after an intraduodenal infusion 

of eH]cholesterol. They hypothesized that this was probably due to the partial atrophy 

of the intestinal villi. In view of the reported reduction in copper-dependent cytochrome 

oxidase and changes in the morphology of the mitochondria in the enterocytes of the· 
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copper-deficient rats, they also suggested that an impairment in the energy requiring 

processes involved in the synthesis and secretion of chylomicrons may also be 

responsible. 

The chylomicrons enter the bloodstream and deliver their triglycerides to adipose 

tissue and muscle via a process that involves hydrolysis by endothelial lipoprotein lipase. 

Two studies have reported results which indicate that post-heparin plasma lipoprotein 

lipase activity may be decreased in copper-deficient rats (Lau and Klevay, 1982: Koo et 

aI., 1988). However, it needs to be noted that copper deficiency results in a significant 

increase in plasma volume in rats (Carr and Lei, 1989;1990; AI-Othman et aI., 1992a) 

and that these data were not corrected for altered plasma pool size. When corrected for 

this, a large part of the decrease in lipoprotein lipase activity could be accounted for in 

these animals by the expanded plasma pool. The remnants of the chylomicron particles 

are then rapidly cleared by the liver via a specific apolipoprotein E (apo E or 

chylomicron remnant) receptor-mediated process. The effect of copper deficiency on the 

rate of plasma clearance of the chylomicrons was examined by Koo et al. (1988) using 

[3H]retinoI. The authors concluded that the overall plasma chylomicron clearance is not 

impaired by copper deficiency. 

Hepatic cholesterol homeostasis not only involves the accumulation of dietary 

cholesterol derived from intestinal lipoprotein remnants but also endogenous hepatic 

cholesterol synthesis, production of bile acids and cholesterol secretion into bile or 

assembling into lipoproteins. Lei (1978) measured the fecal excretion and oxidation of 

[26-14C]cholesterol to 14C02 in order to estimate the bile acid production in copper-
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deficient rats. The data from this study indicate that copper-deficient rats have the 

capacity to increase cholesterol oxidation and secretion during cholesterol feeding but this 

control mechanism is not utilized to normalize the hypercholesterolemia in these animals. 

Furthermore, data from a second study by Allen and Klevay (1978) indicate that steady

state excretion of bile acids and cholesterol is not impaired in copper-deficient rats when 

bile acids and cholesterol collected from bile duct cannulae over 72 hours were assayed. 

In rats, the liver contributes 50% of the total body sterol synthesis and is the major 

site of cholesterol synthesis. A small but significant decrease in hepatic cholesterol 

content as well as an increase in plasma cholesterol has been reported consistently in 

copper-deficient rats (reviewed by Lei, 1990). HMG-CoA reductase catalyzes the rate 

limiting step in endogenous cholesterol synthesis and its activity is decreased as dietary 

cholesterol is increased. Yount et al. (1990) studied the hepatic HMG-CoA reductase 

activity in copper-deficient rats and found an increased reductase activity in these 

animals. They hypothesized that the increased hepatic capacity for cholesterol synthesis 

together with the consistently reported decrease in hepatic cholesterol content in copper 

deficiency indicated an increased efflux of cholesterol and lipoproteins from the liver 

resulting in the hypercholesterolemia and hyperlipoproteinemia in copper-deficient rats. 

Lei (1977) examined the influence of copper deficiency on the in vitro hepatic cholesterol . 

and fatty acid synthesis from [14C]acetate using liver slices. Furthermore, two in vivo 

studies were conducted to examine cholesterol synthesis from [14C]mevalonate (Shao and 

Lei, 1980) and [3H]water (Yount et al., 1991) in copper-deficient rats. The data from 



36 

all three studies indicate that the hepatic synthesis of cholesterol and fatty acids is 

increased in copper-deficient rats. 

The newly synthesized hepatic VLDL containing endogenously synthesized 

triglycerides and cholesterol enter the bloodstream and deliver their triglycerides to the 

peripheral tissues. After the hydrolysis by lipoprotein lipase the VLDL remnants called 

IDL are either further catabolized to LDL or are cleared from the plasma together with 

the LDL by hepatic as well as extrahepatic tissues via a receptor-mediated pathway 

involving the LDL (apo B/E) receptor or by the 'scavenger' receptors found on 

phagocytic cells such as monocytes, macrophages and Kupffer cells of the liver. Data 

from a study performed by Koo et al. (1992) indicate that the uptake of LDL via the 

'scavenger' receptor is unaffected, but that taken up by the apo B,E receptor is 

upregulated in copper-deficient rats. 

HDL are the smallest lipoproteins and contain relatively large amounts of 

cholesteryl esters. In rats, in contrast to humans, the majority (> 80%) of the plasma 

cholesterol is associated with HDL. HDL precursor synthesis occurs in the liver and 

intestine but HDL maturation continues in the plasma. HDL are believed to be 

responsible for the transport of excess cholesterol from the peripheral tissues to the liver 

for excretion by a process known as 'reverse cholesterol transport'. Data from a study 

performed by Carr and Lei (1990) indicate that plasma clearance and tissue uptake of 

[3H]cholesteryl ether associated with HDL is increased in copper-deficient rats. Virtually 

all of the increase in plasma clearance of HDL [3H]cholesteryl ether is taken up by the 

liver. In addition, an increase in maximal binding capacity for 1251 apo E-free HDL was 
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observed in freshly isolated liver parenchymal cells derived from copper-deficient rats 

(Zhang and Lei, 1990). The increased binding may be responsible for the enhanced 

hepatic uptake of HDL cholesterol esters observed in vivo. 

The plasma enzyme LCAT is necessary for maturation of HDL and responsible for 

the esterification of free cholesterol so that the cholesterol can be assembled into the core 

of the HDL particle. The plasma LCAT activity in copper-deficient rats has been 

determined in three studies by independent laboratories. Two studies reported a 

decreased plasma LCAT activity (Harvey and Allen, 1981; Lau and Klevay, 1981) and 

one study (Lefevre et al., 1985) concluded that LCAT activity was not affected by copper 

status. It needs to be noted that the two studies reporting the decreased plasma LCAT 

activity did not correct their data for the enlarged plasma pool observed in copper 

deficiency. HDL contain A, E and C apolipoproteins. They are heterogeneous in size 

and can be partitioned into several subfractions such as apo E-free and apo E-rich HDL. 

Data from several studies indicate that apo E and apo A-I (Croswell and Lei, 1985) 

concentrations as well as the cholesterol content of HDL are selectively increased in 

copper deficiency (Allen and Klevay, 1980; Lei, 1983; Hassel et al., 1987;1988). 

However, neither the apolipoprotein profile nor the cholesterol/protein ratio of the HDL 

was affected. These data indicate that copper deficiency results mainly in an increase in 

HDL particle number rather than a change in particle composition. 

Apo A-I is the major protein associated with HDL and is the major activator of 

LCAT (Fielding et al., 1972). Carr and Lei (1989) used 1251 labeled HDL protein to 

study the effect of copper deficiency on the plasma clearance of HDL protein in rats. 
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The data showed an increase in the absolute mass of F2sI]HDL protein cleared from the 

plasma. This increased clearance was attributed to an enhanced uptake of P2sI]HDL 

protein mainly by the skin and muscle tissues in the copper-deficient rats. Based on the 

enlarged plasma HDL protein pool and the increased plasma clearance of HDL protein, 

the authors hypothesized that copper deficiency in rats may result in an increased 

synthesis of apolipoproteins associated with HDL, in particular apo A-I, since this is the 

major HDL protein constituent. The present studies were designed to examine the apo 

A-I synthesis in this copper-deficient animal model. 

In conclusion, the available data clearly indicate that there are significant changes 

In cholesterol and lipoprotein metabolism in copper deficiency leading to 

hypercholesterolemia. Although a small decrease in cholesterol absorption is observed 

in copper-deficient rats, the rate of plasma chylomicron clearance is not impaired by 

copper deficiency. Furthermore, the increased hepatic HMG-CoA reductase activity and 

hepatic synthesis of cholesterol and fatty acids, as well as the decreased hepatic 

cholesterol content, indicate an increased efflux of cholesterol and lipoproteins from the 

liver to the enlarged plasma pool in the copper-deficient rats. The increased efflux may 

be due to an increased rate of packaging of cholesterol as well as lipids into lipoprotein 

as a result of enhanced apolipoprotein synthesis and lipoprotein secretion. The data . 

derived from studies which examined the plasma clearance of LDL and HDL demonstrate 

that the hypercholesterolemia observed in copper-deficient rats is not due to a decreased 

plasma clearance of cholesterol associated with LDL or HDL. In contrast these studies 

indicate that LDL receptors are upregulated and HDL catabolism is increased in copper 
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deficiency. The increased uptake of HDL cholesteryl ester by the liver indicates that an 

elevated amount of plasma cholesterol is recycled back to the liver to sustain the 

increased efflux of cholesterol from the liver. Cholesterol derived from the increased 

hepatic cholesterol synthesis and plasma HDL cholesteryl ester clearance appear not to 

be available to enhance bile acid production and cholesterol excretion. A prolonged net 

efflux of cholesterol from the liver results in a depletion of liver cholesterol content, as 

well as an increased plasma cholesterol concentration and enlarged plasma cholesterol 

pool. 
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CHAPTER 3 

PART I: HEPATIC APO A-I SYNTHESIS AND mRNA ABUNDANCE 

These studies were conducted to determine various aspects of the kinetics of hepatic 

apo A-I synthesis, secretion, and intracellular degradation, as well as apo A-I mRNA 

abundance in copper-deficient rats. The effect of copper status on in vivo hepatic 

synthesis and secretion of apo A-I in rats was determined by the injection of a flooding 

dose of L-[4-3H]phenylalanine and measuring the incorporation of L-[4-3H]phenylalanine 

into newly synthesized immt:noprecipitable apo A-I in liver homogenates, as well as 

plasma. To determine the effect of copper deficiency on the in vitro synthesis, secretion, 

and intracellular degradation of apo A-I; a pulse-chase study was performed in freshly 

isolated hepatocytes using L-[4-3H]phenylalanine. In addition, hepatic apo A-I mRNA 

abundance was measured using dot-blot analysis, in order to determine whether copper 

status affects hepatic apo A-I mRNA levels. 

Materials and Methods 

Animals and Diets 

Male weanling Sprague-Dawley rats were randomly divided into two dietary 

treatments; copper-adequate (102.2 Jtmol Cu/kg diet) and copper-deficient (9.0 Jt~o1/kg 

diet). The animals were housed individually in stainless steel cages at 22°C and a 12-hr 

light:dark cycle. Diets and distilled, demineralized water were provided ad libitum. The 

basal diet (copper-deficient) was prepared according to American Institute of Nutrition 
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TABLE 3. Diet composition 

Diet 

Copper Adequate Copper Deficient 

Ingredient % Composition 

Glucose Monohydrate 64.0 65.0 

Casein 20.0 20.0 

Cellulose 5.0 5.0 

Com Oil 5.0 5.0 

AIN Mineral Mixl 3.5 3.5 

AIN Vitamin Mix 1.0 1.0 

DL-Methionine 0.3 0.3 

Choline Bitartrate 0.2 0.2 

Cupric Carbonate - Mix 1.0 0.0 
(1.05 g CuCOikg glucose) 

Dietary eu Content (ppm)2 5.7 0.6 

ME, kcaIlg 4.11 4.11 

Diet RQ .915 .915 

IContains all minerals except copper 

2 As determined by atomic absorption spectrophotometry 



42 

(AIN, 1980) specifications (Table 3) with the exception that no copper supplement was 

included in the mineral mix. This basal diet contained 9.0 ftmol Cu/kg diet as 

determined by atomic absorption spectrophotometry. The copper-adequate (control) diet 

was prepared by adding cupric carbonate (1.05 g/kg) mix to the basal diet to obtain a 

final concentration of 102.2 ftmol eu/kg diet. The animals were fed their respective diets 

for six weeks prior to the start of the experiments. 

Apolipoprotein A-I Isolation and Purification 

Blood was obtained from twenty male Sprague Dawley rats by heart puncture and 

adjusted to a final concentration of 1 mg/ml EDTA. Plasma was obtained by 

centrifugation at 1000 x g at 15°C for 15 min and pooled. Plasma lipoproteins were 

separated and purified according to Rudel et al. (1974). Plasma was adjusted to a density 

of 1.215 g/ml with 0.3366 g KBr per ml plasma and overlayered with a buffer solution 

(d=1.215) containing 35.116% KBr, 0.01 % EDTA, 0.02% NaAzide, 0.727% NaCI, 

0.142%, Na2HP04' pH 7.4 in ultracentrifuge tubes. The plasma was centrifuged in a 

Ti-70 rotor at 100,000 x g for 24 hrs at 15°C using a Beckman L8-80M ultracentrifuge, 

(Beckman Instruments, Fullerton, CA). The floated lipoprotein fraction was aspirated 

and applied to a 6% agarose column (2.6 x 90 cm) containing Bio-Gel A-5m (Bio-Rad, 

Richmond, CA), maintained at 4°C. The lipoproteins were eluted with elution buffer 

containing 0.15 M NaCI, 0.01 % EDTA, 0.02% NaAzide, pH 7.4 at a flow rate of 20 

mllhr. Fractions of 4 ml eluate were collected and monitored for protein content by 

measuring absorbance at 280 nm. The HDL fraction was identified by calibrating the 
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column with rat VLDL, LDL, and HDL obtained by sequential ultracentrifugation (Havel 

et al., 1955). Fractions containing HDL were pooled and concentrated by ultrafiltration 

using diaflo YM-30 membranes (Amicon Corp., Danvers, MA) and CF-25 filtration 

cones (Amicon Corp., Danvers, MA). The concentrated HDL fraction was delipidated 

using methanol:diethyl ether (3:7, v/v) according to the procedure of Herbert et al. 

(1978). The dried protein pellet was reconstituted in 2 ml of equilibration buffer 

containing 10 mM Tris-HCl (pH 8.2), I mM EDTA, 0.02% NaAzide and 6 M guanidine 

hydrochloride and applied to a Sephacryl S-100 column (1.6 x 380 cm) (Pharmacia LKB 

Inc., Piscataway, NJ) and eluted at a flow rate of 20 ml/hr at 4°C. Fractions of 4 ml 

eluate were collected and monitored for protein content by measuring absorbance at 280 

nm. The fractions of each absorbance peak were pooled and dialyzed against 5 mM 

ammonium bicarbonate for 48 hrs at 4°C. The protein solutions were concentrated inside 

the dialysis tubing using Aquaside III (Calbiochem, San Diego, CA). The separated 

apolipoproteins were identified by comparing their migration rates with those of purified· 

protein molecular weight standards (Bio-Rad, Richmond, CA) when subjected to sodium 

dodecyl sulfate-polyacrylamide electrophoresis (SDS-PAGE) using a 7.5 - 20% gradient 

gel according to the procedure described by Laemmli (1970). The apolipoprotein fraction 

containing predominantly apo A-I was further purified by ion-exchange chromatography 

using a 2.6 x 7.5 cm DEAE-cellulose column (Pharmacia LKB Inc., Piscataway, NJ) 

equilibrated with 10 mM Tris-HCI, pH 8.0. After the protein sample was applied, the 

column was washed several times with equilibration buffer and the buffer solution was 

monitored for protein content at 280 nm in order to assess that all the applied protein was 
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bound. The apolipoproteins were eluted with 150 ml of a linear ionic Tris-HCI gradient 

(10 mM - 250 mM Tris-HCI), pH 8.0, at 15 mllhr at 4°C. The eluate was collected in 

fractions of 3 ml and monitored for protein concentration at 280 nm absorbance. 

Fractions from the major absorbance peak were pooled and the obtained apo A-I fraction 

showed no detectable impurity when tested by SDS-PAGE. The protein concentration 

of the apo A-I fraction was determined according to the procedure of Lowry et al. (1951) 

and aliquots of apo A-I were lyophilized and stored at -70°C. 

Apolipoprotein A-I Antibody Production 

Polyclonal antibodies against rat apo A-I were produced in sheep. Prior to the 

immunization 300 ml of preimmune blood was collected from the jugular vein and 

allowed to clot at room temperature. Serum was obtained by centrifugation at 1000 x g 

at 15°C for 15 min. 

Sheep were immunized subcutaneously at multiple sites (300 III antigen/site) with 

an initial dose of 300 Ilg lyophilized apo A-I emulsified in 1 ml of phosphate buffered 

saline (PBS), pH 7.4, 350 III Arlacel A (Sigma, St. Louis, MO), and 500 III Complete 

Freund's Adjuvant (Sigma, St. Louis, MO). This injection was repeated 10 days after 

the initial injection. However, for this second injection a dose of 500 Ilg lyophilized apo 

A-I was used and Incomplete Freund's Adjuvant (Sigma, St. Louis, MO) was substituted 

for Complete Freund's Adjuvant (Sigma, St. Louis, MO). The second injection was 

repeated every 15 days in order to maintain' a high titer for the antiserum. Repeated 

blood samples of 300 ml each were obtained from the jugular vein at 20 days time-
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intervals starting at 20 days after the second injection. The blood was allowed to clot at 

room temperature and serum was obtained by centrifugation at 1000 x g at 15°C for 15 

min. The serum was assayed for antibody titer and monospecificity prior to storage at 

-70°C. 

Determination of Antiserum Monospecificity 

The monospecificity of the antiserum were assayed by Western-Blot analysis of rat 

plasma. Increasing amounts of rat plasma proteins (0.05 - 0.5 ",1 plasma/lane) were 

separated on a 7.5 -20% SDS polyacrylamide gradient gel according to the procedure 

described by Laemmli (1970). Aliquots of rat plasma were incubated at 100°C for 5 min 

with a buffer solution containing 50 mM Tris-HCl (pH 6.8), 6 M urea, 2 % (3-

mercaptoethanol, 1 % SDS, 0.01 % bromophenol blue, and 30% glycerol. Following 

incubation, the samples were cooled on ice, applied to the gel and run at 100 V constant 

for 1 hr. After electrophoresis, the gel was soaked in transfer buffer containing 25 mM 

Tris (pH 8.3), 192 mM glycine and 20% v/v methanol, for 1 hr. The separated plasma 

proteins were transferred to a nitrocellulose membrane (NC, pore size: 0.45 ",m, 

Schleicher & Schuell, Keene, NH) for 45 min at 300-350 rnA using a Biotrans Model A 

semi-dry blotting apparatus (Gelman Sciences Inc., Ann Arbor, MI). The NC membrane 

was rinsed several times with Tris-saline (0.9% NaCl, 10 mM Tris-HCl, pH 7.4), 

incubated for 1 hr with blocking solution containing 5 % w/v non-fat dry milk (Carnation, 

Pico Rivera, CA) dissolved in Tris-saline, followed by incubation with blocking solution 

containing either 1: 10 diluted anti-rat apo A-I antiserum or preimmune sheep serum 
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(control) for 1 hr. After rinsing several times with Tris-saline, the membrane was 

incubated with blocking solution containing 1: 1000 diluted anti-sheep IgG alkaline 

phosphatase labeled antibody (cat.# A-7789, Sigma, St. Louis, MO) for 1 hr. Again, the 

membrane was rinsed several times with Tris-saline and once with reaction buffer 

containing 0.1 M Tris-HC1, 0.1 M NaCl, 50 mM MgCI2 , pH 9.5. Thereafter, the NC 

membrane was incubated with 20 ml reaction buffer containing 44 1-'1 NBT and 33 1-'1 

BCIP for 5-20 minutes until a dark purple reaction product was formed with positive 

bands. The nitrocellulose was rinsed several times with water and dried between filter 

paper. A positive protein band was identified with a molecular weight of approximately 

27 Kd, corresponding to that of apo A-I, when it's migration rate was compared with that 

of known prestained protein molecular weight standards (Amersham Corp., Arlington 

Heights, 11). No positive bands were detected when the membrane was incubated with 

preimmunne sheep serum. 

Determination of Plasma Volume 

Plasma volume was determined using the formula of Carr and Lei (1990). The 

authors determined the plasma volume in Sprague-Dawley rats by isotope dilution 10 min 

after injection and normalized the intravascular pool size to 100 g of body weight. A 

strong correlation between plasma volume when expressed as per 100 g body weight and 

hematocrit was established. The following linear regression equation was derived: 
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y = 8.41 - 0.0905x in which y represents plasma volume (mll100 g body weight) and 

x represents hematocrit (% packed cell volume). The correlation coefficient of the 

equation was 0.909. 

Determination of Amino Acids Precursor Pool In Vivo 

After 6 weeks of dietary treatment, rats from each treatment group were 

anesthetized using diethyl ether. Blood was collected by heart puncture and adjusted to 

1 mg EDTA/ml blood. The livers were perfused with ice-cold Phosphate Buffered Saline 

(154 mM NaCl, 10 mM Na phosphate, pH 7.4) for 1 min, excised and weighed. Five 

grams of liver tissue were homogenized in 25 ml methanol using a Polytron (Brinkmann 

Inc., Westbury, NY) for 3 x 30 sec at 20,000 rpm on ice. The homogenates were 

centrifuged at 5,000 x g for 20 min and the supernatant was aspirated for free amino acid 

analysis by HPLC. Plasma was obtained by centrifugation at 2,000 x g for 20 min at 

4°C and 2 volumes of methanol was added. The plasma/methanol mixture was 

centrifuged at 5,000 x g for 20 min and the supernatant was used for free amino acids 

analysis by HPLC. Amino acid analysis was performed using a Spectra-Physics Model 

8000-B HPLC with a R-18 column (Rainin, 3J,tm, spherical) using methanol as the mobile· 

phase at a flow rate of 1.1 mllmin. Individual amino acids were identified by comparison 

of their retention times with those of known amino acid standards (Sigma, St. Louis, 

MO) and quantitated by measuring the absorbance at 455 nm using o-Phthalaldehyde 

(OPA) as a fluorescent reagent containing 0.1 % Brij 35. An internal standard, a-amino 

butyric acid, was added to the samples to correct for sample loading dosage. 
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Hepatic Apo A-I Synthesis and Secretion In Vivo 

The hepatic synthesis and secretion of nascent apo A-I in rats was examined using 

the method of Banerjee et al. (1985) which was modified by the injection of a flooding 

dose of L-[4-3H]phenylalanine according to the method of Garlick et al. (1980). After 

6 weeks, rats from each treatment group were anesthetized with a subcutaneous injection 

of 5 mg sodium pentobarbitall 100 g bodyweight. The anesthetized rats were then 

injected with 1.0 mIl 100 g bodyweight of a 150 mM L-[4-3H]phenylalanine solution (50 

I'Ci/ml) via the portal vein. At various times after injection (5,10,15,30, and 60 min) 

blood was collected by heart puncture, adjusted to 1 mg EDTA/ml blood, and the liver 

was perfused for 1 min with ice-cold steri1e homogenizing buffer containing 10 mM Na 

phosphate, 154 mM NaCI, 100 I'g/ml PMSF, 100 U/ml Trasylol, I mM TPCK, and I 

mM benzamidine (pH 7.4). Following the perfusion, the liver was excised and 5.0 g of 

liver were homogenized in 10 ml of ice-cold homogenizing buffer using a Polytron 

(Brinkmann Inc., Westbury, NY) for 3 x 30 sec at 20,000 rpm. The homogenate was 

disrupted by the addition of 1 % Na deoxycholate and 1 % Triton X-100 and centrifuged 

in a Ti-70 rotor at 105,000 x g for 60 min at 15°C using a Beckman L8-80M 

ultracentrifuge (Beckman Instruments, Fullerton, CA) to obtain a detergent soluble 

fraction. Plasma was obtained by centrifugation at 1,000 x g for 15 min at 4°C and 

adjusted to 10 mM Na phosphate, 154 mM NaCl, 100 U/ml Trasylol, 1 mM 

benzamidine, 100 I'g/ml PMSF, 1 mM TPCK, 1 % Na deoxycholate, and 1 % Triton X-

100 (pH 7.4). Apo A-I in the detergent-soluble fraction and the plasma was isolated by 

immunoprecipitation, followed by SDS-PAGE, and quantitated by scintillation counting. 
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In addition, the L-[4-3H]phenylalanine incorporation into albumin and total trichloroacetic 

acid (TCA) precipitable protein was also determined to establish whether copper 

deficiency specifically alters hepatic apo A-I synthesis or protein synthesis in general. 

In Vitro Apo A-I Synthesis, Intracellular Degradation, and Secretion by Isolated 
Hepatocytes 

Isolation of Liver Parenchymal Cells. After 6 weeks of dietary treatment, liver 

parenchymal cells were isolated from rats of each treatment group by the method of 

Berry and Friend (1969). Rats were anesthetized with a subcutaneous injection of 5 mg 

Na pentobarbitalllOO g bodyweight. The liver was perfused in situ via the portal vein 

with perfusion buffer A containing 142 mM NaCI, 6.7 mM KCI, 0.5 mM EGTA, 0.1 % 

dextrose, 10 mM HEPES (pH 7.4), at 37°C for 10 min at a flow rate of 10 mllmin. The 

perfusion was continued with buffer A without EGTA for an additional 3 min at 37°C 

and a flow rate of 25 mllmin, followed by a 20 min perfusion with perfusion buffer B . 

containing 6.7 mM NaCI, 0.67 mM KCI, I mM Ca2 +, 1 % dextrose, 0.05% collagenase, 

and 10 mM HEPES (pH 7.4). The liver was excised, trimmed and placed in 50 ml of 

serum-free M199 with Hank's salts solution on ice. The liver capsule was detached and 

the crude cell suspension filtered through 250 /Lm nylon mesh, resuspended, and 

centrifuged at 30 x g for 4 min. The cells were suspended in a 45% Percoll solution and 

centrifuged at 50 x g for 10 min at 4°C. The isolated hepatocytes were washed and 

maintained in MEM with 20 mM HEPES, pH 7.4, on ice for no longer than 30 min prior 

to incubation. An average cell viability of >95% was established by testing the cell's 
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ability to exclude 0.4% trypan blue. Cells were counted using a hemacytometer and the 

average yield was 3.5 x 108 viable cells per 300 g bodyweight. 

Pulse-Chase Experiment. Freshly isolated hepatocytes (2 x 108 cells) were 

suspended in 7 ml of phenylalanine-free MEM containing 0.1 mM nonessential amino 

acids, 1 mM sodium pyruvate, penicillin/streptomycin (10,000 units/ml each), 20 mM 

HEPES (pH 7.4), generated from a MEM Select-amine kit (catalog no. 300-9050AV, 

GIBCO) and 142p,Ci/ml L-[2,3,4,5,6-3H]phenylalanine (130Ci/mmol, Amersham Corp.) 

was added to the medium. The cells were incubated in a shaking water bath at 37°C for 

20 min of pulse and the cell suspension was centrifuged at 300 x g for 1 min at 37°C. 

The labeling medium was removed and the cells were washed once with warm (37°C) 

PBS, centrifuged at 300 x g for 1 min at 37°C, and resuspended in 7 ml of MEM 

containing 0.1 mM phenylalanine for the chase. At 0, 10, 20, 30, 45, 90 and 180 min 

of chase, 1 ml of cell suspension was removed, chilled on ice, and centrifuged for 30 sec· 

at 300 x g. The clear supernatant was removed, and 0.5 ml of ice-cold lysis-buffer (150 

mM NaCI, 15 mM EDTA, 0.1875 M sucrose, and 150 mM Tris, pH 7.4) with protease 

inhibitors was added. The supernatant was adjusted to 0.5% Triton X-l00 and 0.5% 

sodium deoxycholate and immediately frozen in liquid nitrogen prior to storage at -70°C. 

The pelleted cells were resuspended in 0.5 ml ice-cold lysis-buffer with protease 

inhibitors, adjusted to 0.5% Triton X-l00 and 0.5% sodium deoxycholate, and diluted 

with 1.0 ml PBS. The final concentrations of protease inhibitors in both the supernatant 

and the pelle ted cells were 2 mM PMSF, 100 p,M TPCK, 100 KIU aprotinin/ml, 10 p,g 

leupeptin/ml, and 100 p,g benzamidine/ml. The lysed cell suspensions were immediately 
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frozen in liquid nitrogen and stored at -70°C. Cell suspensions were sonicated and both 

cell suspensions and culture media were centrifuged at 15,000 x g for 15 minutes, to 

obtain a detergent soluble fraction. Apo A-I in the detergent-soluble fractions of both 

cells and media were isolated by immunoprecipitation, followed by SDS-PAGE and 

quantitated by scintillation counting. 

Immunoprecipitation Methods 

Aliquots of 200 III each of the detergent soluble fractions were mixed with either 

100 III of anti-rat apo A-I antiserum, 100 III of preimmune sheep serum (control), or 50 

III of anti-rat albumin antiserum and incubated for 24 hrs at 4°C. Following the 

incubation period, 50 III of a 2 mg/ml protein G solution (Pharmacia, Piscataway, NJ) 

was added to each sample and the mixtures were incubated for 1 hr on ice. Samples 

were centrifuged for 1 min at 16,000 x g at 4°C and the precipitates were washed 4 times 

with NET-buffer (150 mM NaCI, 5 mM EDTA, 50 mM Tris, pH 7.4) containing 0.5% 

Triton X-loo, and 0.1 % SDS. The precipitates were suspended in 6 M urea, 1 % SDS, 

2% {3-mercaptoethanol, 0.02% bromophenol blue, 0.05 M Tris-HCI, pH 6.8 and boiled 

for two min. The mixtures were applied to SDS-PAGE for apo A-lor albumin 

separation. The apo A-I and albumin were identified using protein molecular weight 

standards and excised from the gel. Excised gel pieces were digested overnight in 1 ml 

30% hydrogen peroxide at 70°C. Samples were cooled on ice and the radioactivity 

associated with the apo A-I and albumin bands was counted using scintillation counting. 

No apo A-I was precipitated in the samples treated with preimmune sheep serum. To 
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assure that the immunoprecipitation was completed, the remaining supernatant of each 

sample was subjected to an additional immunoprecipitation with an excess amount of 

either anti-rat apo A-I antiserum or anti-rat albumin antiserum. All immunoprecipitations 

were performed in duplicate. 

Trichloroacetic Acid (TCA) Precipitation 

Aliquots of 25 ~l of the detergent soluble fractions were mixed with 1 ml of a 10% 

TCA solution in microcentrifuge tubes and incubated for 20 min on ice. The mixtures 

were centrifuged at 10,000 x g for 1 min at 4°C and the supernatant was discarded. The 

pellets were resuspended in 1 ml of a 10% TCA solution and centrifuged as above. This 

washing procedure was repeated 3 more times. After the final wash, the pellets were 

dried and dissolved overnight in 1 ml of 0.1 N NaOH at 4°C. The samples were 

neutralized by the addition of 100 ~l of 1.0 N HCI, scintillation liquid was added, and 

radioactivity measured by scintillation counting. 

RNA Isolation 

Total cellular RNA was prepared by the guanidinium isothiocyanate/cesium chloride· 

method described by Chirgwin et al. (1979). Rats were killed by CO2 asphyxiation, the 

livers excised and immediately frozen in liquid N2• One g of liver was homogenized on 

ice in 6 ml of homogenization buffer containing 4.0 M guanidinium isothiocyanate, 0.1 

M Tris-HCI, pH 7.5, and 1 % fj-mercaptoethanol using a Polytron homogenizer 

(Brinkmann Inc., Westbury, NY) for 3 x 30 sec at 20,000 rpm. The homogenate was 

adjusted with CsCI and homogenization buffer to 2.4 M CsCI in a total volume of 10 ml 
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and layered onto a 2 ml cushion of 5.7 M CsCI in 0.01 M EDTA (pH 7.5) in a 16 x 76 

mm Polyallomer Quick-Seal ultracentrifuge tube (Beckman Instruments, Fullerton, CA) 

and centrifuged at 35,000 rpm in a Ti-70.1 rotor (Beckman Instruments, Fullerton, CA) 

for 15 hrs at 20°C. The top of the centrifuge tubes was cut and the tubes were quickly 

inverted to pour off the supernatant. Tubes were cut at 2 cm from the bottom and the 

RNA pellets were dissolved in 1 ml of homogenization buffer. RNA was precipitated at - . 

20°C with 0.10 volume of 3 M Na acetate (pH 5.2) and 3.0 volume of 100% ethanol, 

pelleted at 10,000 x g for 10 minutes, reprecipitated in 100% ethanol, and repelleted by 

centrifugation. The pellets were vacuum dried using a SpeedVac Concentrator (Savant 

Instruments Inc., Farmingdale, NY) and the yield of RNA was determined by measuring 

the absorbance at 260 nm in DEPC-treated water prior to storage at -70°C. Prior to 

Northern and dot blot analysis, the RNA content was also determined by the orcinol 

procedure described by Williams et al. (1986). 

Determination of Hepatic Apo A-I mRNA Abundance 

Apo A-I and B-actin cDNA Probes. Rat apo A-I cDNA was kindly provided by 

Dr. Lawrence Chan (Baylor College of Medicine, Houston, Texas). It consisted of an 

8oo-base pair fragment of apo A-I inserted into the Bco RI site of pGEM. Cross

hybridization to cloned human apo A-I cDNA was used to identify the clone (Cheung & 

Chan, 1983). The clone consisted of 80% of the rat apo A-I mRNA from the 3' end. 

E coli JM 109 was used as a host. 
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Mouse l3-actin cDNA was kindly provided by Dr. G. Tim Bowden (University of 

Arizona, Tucson, Arizona). It consisted of an 5OO-base pair fragment of the 3' end of 

l3-actin inserted into the Hind/Bco RI site of pGEM (Ostrowski et al., 1989). E coli 

HB 10 1 was used as a host. 

Plasmid DNA Preparation. Plasmid DNA was isolated using the alkaline lysis 

method as described by Sambrook et al. (1989). Cells were grown overnight in 500 ml 

Luria Broth with 50jlg ampicillin/ml at 37°C until an ODsSOnm of 0.48 was obtained. The 

cells were pelleted by centrifugation at 2,000 x g for 15 min at 4°C and resuspended in 

5 ml ice-cold GTE buffer containing 50 mM glucose, 25 mm Tris (pH 8.0), 10 mM 

EDTA, and 2 jlg oflysozyme/ml, and incubated on ice for 10 min. The incubation was 

continued for an additional 10 min after the addition of 10 ml solution containing 0.2 N 

NaOH and 1 % SDS. Following the addition of 7.5 ml ice-cold 3 M K acetate (pH 4.0), 

the suspension was mixed, incubated as described above, and centrifuged at 3,000 x g 

for 15 min at 4°C. The supernatant was obtained and mixed with an equal amount of 

phenol:chloroform to extract the DNA. The mixture was centrifuged at 3,000 x g for 

15 min at 4°C and the supernatant transferred to a new tube. The DNA was precipitated 

with 2 volumes of ethanol at -20°C and pelleted by centrifugation at 3,000 x g for 15 min 

at 4°C. The DNA pellet was dried, rinsed with 70% ethanol at 4 °C, and resuspended 

in TE buffer (10 mM Tris, 0.5 mM EDTA, pH 8.0) containing 20 jlg/ml DNAase-free 

pancreatic RNAase. The concentration and purity of the isolated plasmid DNA was 

determined by measuring the absorbance at 280 nm and 260 nm, prior to storage at 

-70°C. The apo A-I and l3-actin cDNA inserts were cut from the plasmid DNA with Bco 
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RI and Pst I/Eco RI respectively according to the protocols provided by the manufacturer 

(Promega Corp., Madison, WI). The cDNA inserts were purified by electrophoresis 

using a 1.5 % low melting point agarose gel horizontal gel electrophoresis system 

(GIBCO-BRL, Gaithersburg, MD). The apo A-I cDNA was labeled with 32p using a nick 

translation kit purchased from Boehringer Mannheim (catalog no. 976776). A Prime-a

gene Labeling kit purchased from Promega (catalog no. U1100) was used for the labeling 

of the J3-actin cDNA. Unincorporated dNTP's were removed using a Nick column 

purchased from Pharmacia (catalog no. 17-0855-02). The assays were performed 

according to the protocols provided by the manufacturers. The labeled apo A-I and 13-

actin cDNA probes had an average specific activity of 2.2 x 108 and 1 x 109 cpmIJ.l.g 

DNA, respectively. 

Northern Blot Analysis. Up to 40 p.g RNA (4.5 p.l) were mixed with 3.5 p.l 

formaldehyde (12.3 M), 10 p.l formamide, and 2.0 p.l of5 x gel-running buffer containing 

0.1 M MOPS (pH 7.0),40 mM Na acetate, and 0.5 mM EDTA (pH 8.0), and incubated 

at 65°C for 15 min. After incubation the RNA samples were chilled on ice and 2 p.l of 

gel-loading buffer containing 50% glycerol, ImM EDTA (pH 8.0), 0.25% bromophenol 

blue, and 0.25 % xylene cyanol FF were added. The RNA was loaded onto a 5 mm thick 

1 % agarose gel containing 2.2 M formaldehyde, casted in a horizontal electrophoresis 

system (GIBCO-BRL, Gaithersburg, MD ), and submerged in 1 x gel-running buffer. 

Electrophoresis was carried out at 5 V/cm for 3.5 hrs at room temperature. After 

electrophoresis, the RNA was briefly stained in DEPC treated water containing 0.5 p.g/ml 

EtBr to locate the 18S and 28S rRNA bands, transferred overnight to a nitrocellulose 
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filter in 10 x SSC (1.5 M NaCI and 0.15 M Na citrate), and hybridized to the filter by 

exposure to UV light using a UV crosslinker (Fisher Scientific, Pittsburgh, PA). The 

filter was incubated for 2 hrs at 42°C in 25 ml prehybridization solution containing 50% 

v/v formamide, 6X SSC, 5x Denhardt's reagent, 100 JLg/ml heat-denatured salmon sperm 

DNA, and 0.1 % SDS. Following the prehybridization, 2 x 107 cpm of either denatured 

single stranded [32P]-labeled apo A-lor fj-actin cDNA probe was added to the. 

prehybridization solution and the filter was incubated for an additional 17 hrs at 42°C. 

After the incubations, the filter was washed 3 times for 30 min each with 2 x SSC, 0.2 % 

SDS at room temperature followed by 3 washes of 30 min each with 0.2 x SSC, 0.2% 

SDS at 68°C. The filter was blotted dry and autoradiography performed by exposing the 

filter to X-ray film for 24-48 hrs at -70°C with intensifying screens. The specificity of 

the apo A-I and fj-actin cDNA probes was established by determination of the size of the 

mRNA that hybridized to the probes by comparison of their migration with that of the 

18S and 28S rRNA's as well as RNA standards. 

Apo A-I mRNA Ouantitation. Dot blot hybridization to [32P]apo A-I cDNA was 

used to quantitate apo A-I mRNA. Serial dilutions of total hepatic RNA ranging from 

8 to 0.5 IJ.g were made in triplicate and adjusted to 50% formamide, 7% formaldehyde, 

and 1 x SSC prior to incubation at 68°C for 15 min. The RNA solutions were adjusted 

to 10 x SSC and then blotted onto a nitrocellulose filter using a dot-blot apparatus (Bio

Rad, Richmond, CA). The filter was washed 2 times with 10 x SSC, air dried, and the 

RNA was hybridized to the filter using a UV Crosslinker (Fisher Scientific, Pittsburgh, 

PA). Prehybridization and hybridization conditions were identical to those described for 



57 

the Northern blot analysis. The filter was washed as described previously and 

autoradiography was performed. The developed autoradiographs were scanned and the 

RNA was quantitated using a laser-densitometer (Molecular Dynamics, Sunnyvale, CA). 

The correlation between the amount of RNA in p.g per dot and integrated density units 

was determined for both apo A-I and ~-actin mRNA. (3-Actin mRNA was used as a 

control to determine if differences in apo A-I mRNA abundance were specific or reflect. 

a general alteration in mRNA abundance. 

Analysis of Hepatic DNA, RNA, and Protein Content 

Approximately 100 mg of frozen liver tissue was homogenized in 2 ml of 5% ice 

cold trichloroacetic acid (TCA) using a motor driven ground glass tissue grinder 

(Wheaton, Millville, NJ) until the homogenate was uniform and milky in appearance. 

The homogenate was quantitatively transferred to a capped graduated centrifuge tube and 

centrifuged at 2,000 x g for 10 min. The supernatant was discarded and the pellet 

suspended in 3 ml of 5% TCA and mixed vigorously. The suspension was centrifuged 

again at 2,000 x g for 10 min and the pellet was washed 3 more times with 5% TCA .. 

The pellet was suspended in 0.5 ml of 0.3 N KOH and incubated overnight at 37°C. The 

sample was chilled on ice and 5 p.l was removed for determination of the protein 

concentration according to the procedure of Lowry et al. (1951) prior to the addition of 

0.5 ml of 10% TCA. The sample was cooled on ice for an additional 15 min and 

centrifuged as described above and the supernatant was removed for the determination 

of the RNA concentration by the orcinol procedure described by Williams et al. (1986). 
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The pellet was suspended in 5 ml of 5% TeA, centrifuged as above, and the supernatant 

was discarded. The pellet was suspended in 1 ml of 5 % TCA and heated for 20 min at 

90°C. The sample was cooled on ice, the volume adjusted to 1.5 ml with 5 % TeA, and 

centrifuged as above. The supernatant was removed for the determination of the DNA 

concentration using the diphenylamine procedure described by Williams et aI. (1986). 

Data Analysis 

Hepatic apo A-I, albumin, and total (TeA precipitable) protein synthesis curves 

were plotted based on the amount of radioactive labeled phenylalanine incorporated in 

immunoprecipitable apo A-I, albumin, or TeA precipitable protein present in liver 

homogenates at various time intervals. These data were analyzed by two-way analysis 

of variance (Winer, 1971). 

For the pulse-chase study in freshly isolated hepatocytes, the intracellular protein 

depletion and secretion curves were analyzed by two-way analysis of variance for 

independent or interactive effects of dietary copper and time. In addition, the difference 

between the intracellular apo A-I level at 20 min and at 180 min was used to determine 

apo A-I depletion from the cells. The amount of intracellularly degraded apo A-I was 

determined by subtracting the amount of apo A-I secreted into the media between 20 and 

180 min from the amount of apo A-I depleted from the cells. Similar calculations were 

performed to determine the amounts of TeA precipitable protein that were depleted, 

secreted, and intracellularly degraded by the isolated hepatocytes. These data were 

analyzed by one-way analysis of variance (Winer, 1971). 
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Dot blot hybridization to a specific single stranded [32P]apo A-I cDNA probe was 

used to quantitate hepatic apo A-I mRNA. The correlation between the amount of RNA 

in p.g per dot and integrated density units was determined for both apo A-I and ~-actin 

mRNA. J3-actin mRNA was used as a control to determine if differences in apo A-I 

mRNA were specific or reflect a general alteration in hepatic mRNA abundance. Data 

obtained from the determination of hepatic protein, RNA, and DNA content as well as 

mRNA abundance were analyzed by one-way analysis of variance. 

Results 

Reductions in body weight gain, hematocrit, and hepatic copper content as well as 

increases in relative liver and heart weights, and plasma volume were observed in rats 

fed the copper-deficient diet (Table 4). These observations are indicative of dietary 

induced copper deficiency. The plasma apo A-I concentration was significantly increased 

by approximately 50% in the copper-deficient rats. As a result of the increased plasma 

volume observed in copper deficiency, the intravascular apo A-I pool size was increased 

by more than 2-fold (Table 4) and coincided with the previously reported 2-fold increase. 

in HDL plasma pool size in copper-deficient rats (Carr and Lei, 1989). Plasma and liver 

concentrations of free phenylalanine as well as other free amino acids were determined 

in both treatment groups to identify possible differences in protein precursor pools which 

may affect measurements of hepatic protein synthesis rate. The concentrations of liver 

and plasma phenylalanine (Table 4) and other amino acids (data not shown) were not 
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affected by copper status, suggesting that possible alterations of the hepatic protein 

synthesis rate were not confounded by the abundance of free amino acids in these organs. 

In order to accurately determine the rate of in vivo hepatic protein synthesis, an 

injection of 150 J.'mol of [lH]phenylalanine/l00 g body weight was used (Garlick et aI., 

1980) to flood phenylalanine pools so that they rapidly reached the same specific 

radioactivity and remained relatively constant during the synthesis study. Incorporation 

rates of [lH]phenylalanine into hepatic TCA precipitable protein (Figure 1) as well as 

albumin (Figure 2) were not altered by copper status. However, the rate of incorporation 

of pH]phenylalanine into hepatic apo A-I was significantly higher in the copper-deficient 

rats (Figure 3). Synthesis rates for all hepatic proteins studied remained linear for at 

least 30 min after [lH]phenylalanine injection. The amount uf [lH]-labeled TCA 

precipitable protein and albumin appearing in the plasma of the copper-deficient rats 1 

hr after the injection of [lH]phenylalanine was not significantly different from that of the 

control group (Figure 4). In contrast, copper deficiency resulted in a more than 2-fold 

increase in the accumulation of [lH]-labeled apo A-I in the plasma. This finding is in 

agreement with the 2-fold increase in intravascular apo A-I pool size found in copper

deficient rats. 

A pulse-chase study was performed, using freshly isolated liver parenchymal cells 

from both copper-deficient and adequate rats, to study the effect of dietary copper status 

on the kinetics of hepatic apo A-I protein synthesis and secretion. Response curves of 

intracellular [lH]-labeled apo A-I for both treatment groups are shown in Figure 5. After 

20 min of pulse the amount of [lH]-labeled apo A-I present in the hepatocytes isolated 
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from the copper-deficient rats was significantly higher than that of the control grouP. 

(Figure 5, Table 5). This finding suggests that the apo A-I synthesis rate was increased 

due to copper deficiency. Apo A-I secreted into the media by the copper-deficient cells 

was more than 2-fold higher than that by the control cells (Figure 6). To establish if the 

secretion of apo A-I was regulated by changes in intracellular degradation or turnover, 

the amount of degraded apo A-I was determined by subtracting the amount of apo A-I 

secreted into the media from the amount of cellular depleted apo A-I. No significant 

differences in absolute amounts of intracellularly degraded apo A-I were observed 

between the two treatment groups (Table 5). These data suggest that the increase in apo 

A-I secretion is due to an increased apo A-I synthesis rather than a reduced intracellular 

apo A-I degradation. Similar response curves for total (TCA precipitable) protein were 

generated but no significant changes in either intracellular content or secretion into the 

media were found (data not shown). Furthermore, the rate of total protein synthesis after 

20 min of pulse (Table 5) and the amount of TCA precipitable protein depleted, secreted, 

and intracellularly degraded during the 20 - 180 min of chase (Table 5), were not affected 

by copper status. 

In order to determine whether the increase in relative liver weight observed in 

copper deficiency was a result of liver hypertrophy and/or hyperplasia, the total hepatic 

protein, DNA, and RNA content were analyzed. Results from these studies are 

summarized in Table 6. When the data were expressed as per g of liver, the small but 

significant reduction in DNA content accompanied by no changes in protein and RNA 

contents, suggest that the hepatocytes may be slightly enlarged in copper-deficient rats 
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(Le. hypertrophy). In addition, the protein : DNA ratio tended to be higher in the 

copper-deficient rats even though the difference was not significant. When the data were 

expressed on the basis of per liver/ 100 g body weight, significant increases in the 

amount of hepatic protein, DNA, and RNA were found in the copper-deficient group. 

The increase in DNA/liver/l00 g body weight indicates that copper deficiency may result 

in an increased number of cells/liverllOO g body weight (i.e hyperplasia). Furthermore, 

the increase in RNA: DNA ratio suggests that the liver cells may be more metabolically 

active in copper-deficient rats. 

In order to determine whether the difference in apo A-I synthesis was reflected at 

the mRNA level, liver apo A-I mRNA abundance was measured using dot-blot 

hybridization with a single stranded rat apo A-I cDNA probe. Hepatic ~-actin mRNA 

abundance was also determined by dot-blot hybridization as a control to assess if 

differences in apo A-I mRNA abundance were specific or reflect a general alteration in 

mRNA abundance. The specificity of the apo A-I and ~-actin cDNA probes was 

determined by Northern blot analysis. Northern blot analysis (Figure 7) showed that the 

apo A-I cDNA probe hybridized to a single mRNA with a size of approximately 1100 

nucleotides with RNA isolated from liver tissue of both copper-deficient and adequate 

rats. In addition, the ~-actin cDNA detected a single hybridizing mRNA of 

approximately 1900 nucleotides with RNA from rat liver of both treatment groups (Figure 

7). The correlation between the amount of total cellular RNA and O.D. units for apo A-I 

and ~-actin are depicted in Figures 8 and 9, respectively. Correlation coefficients were 

>0.98 for both apo A-I and ~-actin, and all assays were performed with amounts of total 
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hepatic RNA within the linear range. No significant differences in hepatic apo A-lor {3-

actin mRNA abundance when expressed as per p,g total hepatic RNA were detected 

between the two treatment groups (Table 6). These results suggest that the 2-fold 

increase in hepatic apo A-I synthesis observed in the copper-deficient rats may not be due 

to a specific increase in hepatic apo A-I mRNA abundance. Nevertheless, the 28 % 

increase in hepatic apo A-I mRNA abundance when expressed as per liver/100 g body' 

weight may in part contribute to the 2-fold increase in hepatic apo A-I synthesis induced 

by copper deficiency. The increased hepatic {3-actin mRNA abundance when expressed 

as per liverllOO g body weight may result from the hepatic hypertrophy observed in 

copper-deficient rats. 



TABLE 4. Influence of dietary copper on various physiological measurements, 
hepatic phenylalanine and copper, and plasma phenylalanine and apo 
A-I 

Copper Copper 
Adequate Deficient ANOYA3 

Body weight (g) 280 ± 31 212 ± 51 <0.001 

Liver weight (gllOO g body wt) 3.26 ± 0.061 4.32 ± 0.121 <0.001 

Heart weight (gIlOO g body wt) 0.35 ± 0.011 0.78 ± 0.051 <0.001 

Liver copper (p.g/g wet wt) 2.90 ± 0.301 0.80 ± 0.101 <0.001 

Hematocrit (% PCY) 50.2 ± 0.501 21.5 ± 1.201 <0.001 

Plasma volume (mlllOO g body wt) 3.86 ± 0.041 6.46 ± 0.101 <0.001 

Plasma phenylalanine (p.mol/ml) 0.11 ± 0.022 0.13 ± 0.012 NS 

Liver phenylalanine (p.mol/g) 0.15 ± 0.032 0.18 ± 0.012 NS 

Plasma Apo A-I (mg/L) 173 ± 222 264 ± 2P <0.05 

Plasma Apo A-I 
0.62 ± 0.082 1.45 ± 0.122 <0.002 (mg/plasma volumellOO g body wt) 

1Yalues represent mean ± SEM from 20 rats 

2Yalues represent mean ± SEM from 5 rats 

3P-values from one-way analysis of variance (ANOYA); NS = not significant 
(P>0.05). 
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TABLE 5. Influence of dietary copper on apo A-I and total protein synthesis rate and 
intracellular degradation by isolated hepatocytes l 

Total protein 
synthesis rate 

Apo A-I 
synthesis rate 

Total protein 

Apo A-I 

Depleted3 

Secreted 
Degraded4 

Depleted3 

Secreted 
Degraded4 

Time interval 

20 min to 180 min 

Copper 
Adequate 

Copper 
Deficient 

dpm X 106/mg cell protein/20 min 

1.19 ± 0.10 1.36 ± 0.20 

dpm X 104/mg cell protein/20 min 

3.06 ± 0.30 4.21 ± 0.40 

dpm X lOSlmg cell protein 

1.81 ± 0.25 1.57 ± 0.39 
0.52 ± 0.10 0.50 ± 0.14 
1.29 ± 0.27 1.08 ± 0.37 

dpm X 103/mg cell protein 

6.75 ± 1.62 9.00 ± 3.87 
3.00 ± 0.16 7.45 ± 2.04 
3.74 ± 1.68 1.56 ± 3.65 

IValues represent mean ± SEM from 5 experiments. 

ANDVN 

NS 

<0.05 

NS 
NS 
NS 

NS 
<0.05 

NS 

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

3Depleted protein was the difference between the intracellular level at 20 min and that at 
180 min of the chase period for each experiment. 

4Degraded protein was the difference between the amount of protein depleted and secreted 
for each experiment. 
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TABLE 6. Influence of dietary copper on hepatic protein, DNA, and RNA contents and 
mRNA abundance of apo A-I and {3-actin 

Copper Copper 

66 

Adequate! Deficient! ANOVA2 

Protein (mg/g liver) 196 ± 6 184 ± 6 NS 

Protein (mglliverllOO g body wt.) 693 ± 16 881 ± 24 <0.001 

DNA (mg/g liver) 2.70 ± 0.07 2.41 ± 0.08 <0.05 

DNA (mglliver/l00 g body wt.) 9.50 ± 0.31 11.52 ± 0.31 <0.005 

RNA (mg/g liver) 6.99 ± 0.22 7.16 ± 0.20 NS 

RNA (mg/liverllOO g body wt.) 24.64 ± 1.07 34.30 ± 1.01 <0.001 

Protein: DNA ratio 72.94 ± 1.94 76.77 ± 2.73 NS 

RNA: DNA ratio 2.59 ± 0.09 2.98 ± 0.05 <0.005 

Apo A-I mRNA (A.U.I/Lg RNA)3 257 ± 11.4 235 ± 15.9 NS 

{3-Actin mRNA (A.U.I/Lg RNA)3 48 ± 4.9 52 ± 5.3 NS 

Apo A-I mRNA 6.34 ± 0.28 8.04 ± 0.53 <0.05 
(A.U. X 106lliver/l00 g body Wt.)3 

{3-Actin mRNA 1.18 ± 0.12 1.81 ± 0.22 <0.05 
(A.U. X 1061liverll00 g body wt.)3 

!Values represent the mean ± SEM from 6 rats 

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

3A.U. denotes arbitrary units 
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FIGURE 1. Effect of dietary copper on 3H-phenylalanine incorporation into TCA 
precipitable hepatic protein. Values of each dietary treatment group represent mean ± 
SEM from 4 experiments for each time point. Comparison of the slopes was done by 
two-way ANDV A and were not significantly different (P> 0.05). 
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FIGURE 2. Effect of dietary copper on 3H-phenylalanine incorporation into 
immunoprecipitable hepatic albumin. Values of each dietary treatment group represent 
mean ± SEM from 4 experiments for each time point. Comparison of the slopes was 
done by two-way ANOVA and were not significantly different (P>O.OS). 
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FIGURE 3. Effect of dietary copper on 3H-phenylalanine incorporation into 
immunoprecipitable hepatic apo A-I. Values of each dietary treatment group represent 
mean ± SEM from 4 experiments for each time point. Comparison of the slopes was 
done by two-way ANOVA and were significantly different (P<O.05). 
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FIGURE 4. 3H-Phenylalanine labeled TeA precipitable protein, albumin, and apo 
A-I in plasma 1 hr after 3H-Phenylalanine injection. Values represent means ± SEM 
from 3 rats. * denotes significant difference from copper-adequate group when analyzed 
by one-way ANOVA; P<0.05. 
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FIGURE 5. 3H-phenylalanine incorporation into immunoprecipitable apo A-I in 
hepatocytes isolated from copper deficient and adequate rats. Values of each dietary 
treatment group represent means ± SEM from 5 experiments for each time point. 
Response curves were analyzed by two-way ANOVA; eu effect (DF= 1), P<O.05; time 
effect (DF=6), P<O.05. 
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FIGURE 6. 3H-phenylalanine incorporation into immunoprecipitable apo A-I 
secreted into the media by hepatocytes derived from copper deficient and adequate rats. 
Values of each dietary treatment group represent means ± SEM from 5 experiments for 
each time point. Response curves were analyzed by two-way ANOV A; eu effect 
(DF=l), P<O.05; time effect (DF=6), P<O.05. 
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FIGURE 7. Northern blot analysis of hepatic apo A-I and (3-actin mRNA. 
Total hepatic RNA isolated from copper adequate (Cu +) and copper deficient (Cu-) 
animals was separated by electrophoresis on a 1 % agarose gel (20 p.g RNA per lane), 
transferred to nitrocellulose, and hybridized to either 32P-Iabeled apo A-lor (3-actin 
eDNA. The positions of the 28S and 18S ribosomal bands as well as RNA standards are 
indicated. 
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Discussion 

Reductions in body weight gain, hematocrit, and liver copper (Lei, 1983) as well 

as cardiac and hepatic hypertrophy (Lei, 1983) are well established symptoms of dietary 

induced copper deficiency. All of these symptoms were observed in the present study. 

Furthermore, an almost 2-fold increase of the plasma pool size in the copper-deficient 

rats, apparently as an effect of reduced hematocrit, was observed in this study. These 

data concur with previously reported increases in intravascular pool size with copper 

deficiency (Carr and Lei, 1990; Lei, 1983) using similar or different methods to 

determine plasma pool size. Hepatic and plasma free amino acid concentrations were not 

significantly changed with copper deficiency and agreed well with values of 0.08 - 0.10 . 

JLmollml for Sprague-Dawley rats reported by Altman (1961). In this present study 

copper deficiency resulted in an significant increase in plasma apo A-I concentration and 

is in agreement with previously reported data (Lei, 1983; Croswell and Lei, 1985). The 

apo A-I plasma pool size was more than doubled when corrected for increase in plasma 

pool size and coincides with a previously reported doubling of the HDL plasma pool 

(Carr and Lei, 1989). 

A specific increase in hepatic apo A-I synthesis rate was observed in the copper

deficient rats whereas hepatic total protein and albumin synthesis were not affected by 

copper status. In the present study the in vivo hepatic synthesis rates for all proteins 

studied remained linear for at least 30 min after [3H]phenylalanine injection, indicating 

that the phenylalanine pools remained at a relative constant specific radioactivity. Garlick 

et al. (1980) reported in a similar study using a phenylalanine flooding dose that the 
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phenylalanine pools remained at a constant specific radioactivity for at least 20 min of 

protein incorporation. No significant amounts of radioactive TeA precipitable protein, 

albumin or apo A-I could be detected in the plasma before 30 min. These findings do 

not agree well with data reported by Banetjee et a!. (1985) who reported the first 

appearance of detectable amounts of apo A-I in the plasma at 15 min. However, 

Banetjee studied hepatic apo A-I synthesis using chickens and did not use a flooding dose 

design. The differences in species or the experimental design may be responsible for this 

contradictory finding. The appearance of apo A-I into the plasma was specifically 

increased by 2-fold and reflected the specific increase in hepatic apo A-I synthesis. 

Together with previously reported data by Carr and Lei (1989) who showed that apo A-I 

clearance from the plasma was not decreased in copper-deficient rats these data indicate 

that the increased plasma concentration of apo A-I can be partly explained by the 

increased hepatic apo A-I synthesis in these animals. However, another major site of apo 

A-I synthesis in rats is the intestine (Wu and Windmueller, 1979). Since the design of 

this study did not allow us to evaluate the contribution of each site of apo A-I synthesis 

to the appearance of newly synthesized apo A-I into the plasma pool, we can not exclude 

the possibility of an altered intestinal apo A-I synthesis rate in copper-deficient rats. 

Since the amount of apo A-I that appears in the plasma 1 hr after the injection is doubled 

and the hepatic synthesis rate was increased by only 60%, an increased intestinal apo A-I 

synthesis may have contributed to this finding. 

The pulse chase experiments using freshly isolated liver parenchymal cells showed 

a specific increase in apo A-I synthesis and secretion in the copper-deficient cells and 
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confirmed the specific increase in apo A-I synthesis observed in copper deficiency in the 

in vivo study. No detectable amounts of radioactive apo A-I were secreted into the media 

during the first 20 min of chase period. It is possible that apo A-I was secreted into the 

media during this time period in quantities that were below the detection limit of the 

assay used in this experiment. Another possible explanation could be that no apo A-I was 

secreted during this initial time period immediately following the pulse as a result of an 

increased protein turnover or alterations in the protein secretory pathway caused by an 

increased physical or environmental stress on the cells. However, during the entire 

duration of the pulse-chase experiment the cell viability was determined and never 

dropped below 85% for either treatment group. Furthermore, Stoffel et at. (1983) 

reported, in a similar study using freshly isolated hepatocytes, that the first time point that 

apo A-I could be detected in the media was 45 min after initiation of the pulse while the 

cells remained highly viable for at least 90 min of pulse period. These findings suggest 

that the observed delay in apo A-I secretion into the media may be inherent to the design 

of the experiment. Intracellular degradation of apo A-I was small and not affected by 

copper status suggesting that the increase in apo A-I secretion observed in the copper- . 

deficient cells was due to an increased apo A-I synthesis rather than a reduction in 

intracellular degradation. Copper deficiency did not affect total protein synthesis, 

secretion, or intracellular degradation. The amount of intracellular degraded total protein 

or apo A-I for both treatment groups never exceeded 12.2% of the total intracellular 

amount of TCA precipitable protein or apo A-I, respectively. These data suggest that 

intracellular degradation is not a major regulatory pathway of hepatic apo A-I synthesis 
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in contrast to hepatic apolipoprotein B synthesis and secretion where Jackson et aI. (1990) 

and Dixon et al. (1991) reported significant contributions of intracellular degradation to 

apo B secretion. 

In order to determine whether the difference in hepatic apo A-I synthesis was a 

result of an increased apo A-I mRNA level, the total hepatic RNA content was 

determined prior to the determination of the hepatic apo A-I mRNA level, since the 

increase in liver-to-body weight ratio could result in difference in total hepatic RNA 

abundance due to hepatic hypertrophy or hyperplasia. The small but specific reduction 

in hepatic DNA content when expressed per g tissue observed in the copper-deficient rats 

together with the finding that the protein : DNA had the tendency to be increased, 

indicate that the liver cells may be slightly enlarged and may partly explain the hepatic 

hypertrophy indicative of copper deficiency. However, the increased liver-to-body 

weight ratio observed in the copper-deficient rats resulted in highly significant increases 

in hepatic protein, RNA, and DNA content, when the data were expressed as per 

liverllOO g body weight. Specifically, the increase of DNAlliver/100 g body weight 

suggests that an increased number of liver cells (i.e. hyperplasia) is the major contributor 

to hepatic hypertrophy observed in copper deficiency. An interesting finding was that 

the hepatic RNA: DNA ratio was significantly increased in the copper-deficient rats, 

suggesting that the liver cells were metabolically more active. AI-Othman et al. (1991) . 

previously reported an increase in rough endoplasmic reticulum (RER) content and an 

increased number of mitochondria in liver parenchymal cells as a result of copper 

deficiency. These data suggest that the hepatocytes from the copper-deficient rats were 
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metabolically more active and support our findings in the present study. Although no 

significant differences were found in the hepatic apo A-I and ,8-actin mRNA abundance 

when expressed per p.g of total hepatic RNA between the two treatment groups, the apo 

A-I mRNA level was significantly increased by 28 % when corrected for liver-to-body 

weight ratio in the copper-deficient rats. However, this 28% increase can not fully 

explain the specific 2-fold increase in hepatic apo A-I synthesis observed in copper 

deficiency. Effects of copper status on posttranscriptional events or translational 

efficiency may be partly responsible for this difference in hepatic apo A-I mRNA 

abundance and apo A-I secretion observed in this study. Indeed, Strobl et al. (1990) 

showed that in rats suffering from chronic hyperthyroidism, posttranscriptional events 

leading to an increased stability of hepatic nuclear RNA precursors can be a mechanism 

for enhanced hepatic apo A-I gene expression. Since, in our present studies we did not 

use RNA isolation techniques that enabled us to separate hepatic nuclear RNA from 

cytoplasmic RNA, it was not possible to determine if a similar mechanism as described 

by Strobl et al. (1990) is responsible for the increased apo A-I gene expression observed 

in copper-deficient rats. 

In addition, a review by Hershey (1991) discusses the possibility of changes in 

distribution of mRNA's between active polysomes and inactive messenger 

ribonucleoprotein particles (mRNPs) as a possible mechanism responsible for changes in 

protein synthesis rates without affecting the total cellular mRNA abundance in mammalian 

cells. Hershey further argues that the regulation of specific mRNA activity rather than 

the overall mRNA abundance allows the cell to alter protein synthesis rates more rapidly. 
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It is possible that the increased hepatic apo A-I synthesis observed in copper deficiency 

may be partly a result of an alteration in specific apo A-I mRNA activity. 
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CHAPTER 4 

PART II: WHOLE BODY ENERGY METABOLISM 

In order to determine energy utilization as affected by dietary copper status, rats 

were housed individually in a respiration chamber for indirect calorimetry measurements. 

Continuous measurements of carbon dioxide and oxygen was used to calculate heat 

production. Carbohydrate and fat metabolism was calculated from respiratory quotient 

(RQ = carbon dioxide produced / oxygen consumed). Net energy efficiency and fasting 

heat production were determined from regression analysis of metabolizable energy (ME) . 

intake and energy retention (ME intake - heat production). 

Rats from both dietary treatments were subjected to total body electrical 

conductivity (TOBEC) measurements in order to determine the effect of copper status on 

total body composition. 

Materials and Methods 

Animals and Diets 

Male weanling Sprague-Dawley rats were randomly divided into two dietary 

treatments; copper-adequate (102.2 JLmol eu/kg diet) and copper-deficient (9.0 JLmollkg 

diet). The animals were housed individually in stainless steel cages at 22°C and a 12-hr . 

light:dark cycle for four weeks. Diets and distilled, demineralized water were provided 

ad libitum. Both basal (copper-deficient) and copper-adequate (control) diet (Table 3) 

were prepared as described in chapter 3. Both diets had a metabolizable energy (ME) 
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content of 4.11 kcal/g diet as calculated using Atwater's values (Atwater and Benedict, 

1903) and a diet RQ value of 0.915 (Table 3). After four weeks the animals were 

individually housed in metabolic cages within indirect calorimetry chambers and allowed 

to adapt to their new housing. They were maintained on their respective diets for three 

weeks at 22°C and a 12 hr light:dark cycle in order to measure their energy utilization. 

All rats were fed ad libitum for 10 days. After the initial 10 days the animals were 

restricted to 70% of ad libitum intake in order to provide a range of energy intakes for 

regression analyses of energy utilization; therefore, energetic evaluations were determined 

by a modest food restriction (30%) for 2 days. Rats were then fed ad libitum for an 

additional 9 d prior to euthanasia. Food intakes and body weight gain were recorded 

daily. 

Energy Metabolism 

Twelve chambers, each constructed to house an individual metabolism cage, were 

incorporated into a multi-chamber indirect calorimeter for the determination of energy 

requirements. Air flow (0-10 standard liters per minute) was regulated with air mass 

flow transducers (Model FMA-507V, Omega Engineering Inc., Stamford, CT) in each 

chamber according to experimental needs. Except during sampling, the system was open 

to room air and initial oxygen and carbon dioxide readings were recorded before each 

30 min sampling cycle. Oxygen and carbon dioxide concentrations were measured at the 

exhaust of each chamber by an electrochemical oxygen sensor (Model N-22, Ametek

Thermox Instruments Div., Pittsburgh, PA) and an infrared carbon dioxide sensor (Model· 
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1-61, Ametek-Thermox Instruments, Div., Pittsburgh, PA), respectively, with sample 

flow (180 mllmin) controlled by a flow controller (Model R-l, Ametek-Thermox 

Instruments Div., Pittsburgh, PA.). Respective signals from both sensors were processed 

by oxygen and carbon dioxide analyzers (Model S-3Al and ModeICD-3A, respectively, 

Ametek-Thermox Instruments Div., Pittsburgh, PA). Oxygen and carbon dioxide 

analyzers were calibrated with an oxygen-carbon dioxide mixture of known concentration. 

Analog outputs from both analyzers and the flow meters were converted to digital by an 

ADALAB analog/digital board (Interactive Microware, Inc., State College, PA) and all 

data processed by an IBM-compatible computer. Volume corrections for room humidity 

and barometric pressure to standard conditions were applied to intake flow rates 

(McArdle et aI., 1986) and an air volume correction factor applied to all exhaust oxygen 

and carbon dioxide volumes. Heat production was calculated from oxygen and carbon 

dioxide volumes according to the equation derived by Brouwer (1965) and carbohydrate 

and fat oxidation levels were calculated as described by Abbott et aI. (1988). 

Body Composition Analysis 

A total body electrical conductivity (TOBEC) instrument (Model 2A, EM-SCAN, 

Springfield, IL), interfaced with a computer, was used to determine the percentage of 

lean, water and fat (Bracco et aI., 1983; Walsberg, 1988) in the experimental rats after 

four weeks of dietary treatment and at the end of the experiment. The TOBEC 

instrument uses the principle that total body electrical conductivity is dependent on the 

differences in conductivity between the fat and lean compartments of the body. The 
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difference between conductivity measurements with the chamber empty and with an 

animal present is proportional to the lean body mass and/or body fat depending on the 

prediction equations used. 

In previous studies, TOBEC prediction equations used have been validated from 

TOBEC readings and actual chemical assessments of body fat, water and lean body mass 

from 92 carcass analyses (Galaviz-Moreno et aI., 1993). Multiple regression analyses 

were used to derive the prediction equation for body water in g = ax2 + bx + cd + e 

(x = TOBEC readout; a = coefficient for x2
; b = coefficient for x; c = coefficient for 

body weight; d = body weight in g; e = intercept on y axis) which provided a r = 

0.993. The lean body mass in g was calculated as total body water in g/0.732, and the 

difference between body weight and lean body mass provided the fat mass. TOBEC 

measurements were obtained in triplicate on lightly ether-anesthetized rats, and body 

weights were recorded prior to euthanasia. 

Data Analysis 

Calorimetry data, expressed as kcal per kg physiological body weight (BW~5), were 

subjected to regression analyses using energy retention (ER = energy intake - heat 

production) values as the dependant variable and ME intake as the independent variable. 

Fasting heat production (FHP) was estimated as the Y -intercept and maintenance ME as 

the X-intercept. The Slope for the fitted regression above maintenance represented the 

net energetic efficiency. Data were analyzed by one-way analysis of variance, except for 

the body weight gain curves which were analyzed by two-way analysis of variance for 
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independent or interactive effects of dietary copper and duration of dietary treatment on 

body weight gain (Winer, 1971). 

Results 

Significant increases in relative liver and heart weight were observed in rats fed the 

copper-deficient diet (Table 7). These findings, together with reductions in hematocrit 

and body weight (Table 7), are indicative of copper deficiency. Although the copper

deficient rats showed a slower rate of body weight gain (Figure 10), their daily 

metabolizable energy intake did not differ significantly from that of the control group 

(Table 7). Figure 11 illustrates the effect of copper status on the dietary substrate 

utilization. Daily carbohydrate utilization was significantly decreased (66% of control) 

in the rats fed the copper-deficient diet. In contrast, their daily fat utilization increased 

by approximately 42 %, thereby significantly lowering the RQ value when compared to 

the copper-adequate rats. Furthermore, copper deficiency resulted in a significant 

increase in daily heat production (HP) when expressed as per physiological body weight 

(Figure 12). The daily metabolizable energy intake was not affected by copper status; 

therefore, the increase in daily heat production resulted in a significant decrease in energy. 

retention (RE) in the copper-deficient rats when expressed as kcal per physiological body 

weight (Figure 12). These data suggest that the reduction in body weight gain observed 

in the copper-deficient rats may be partly explained by a depressed energy balance. 

Copper status had no effect on the fasting heat production (FHP) when expressed as kcal 

per physiological body weight (data not shown). Net energetic efficiency (NEE), as 
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determined from regression analysis of ME intake and RE was significantly decreased in 

the copper-deficient rats (88% vs. 98% for control group) (Figure 12). 

No changes in absolute lean body mass, fat mass, or total body composition were 

observed between the two treatment groups after four weeks of dietary treatment (data 

not shown). These findings agree with the body weight gain data (Figure 10), indicating 

that no significant changes in body weight were observed at this time point. However, 

after seven weeks of dietary treatment, copper deficiency tended to reduce the absolute 

lean body mass as well as fat mass, although only the reduction in absolute fat mass 

reached significance (Figure 13). These reductions appeared to have contributed to the 

observed depression in body weight gain over this time period in the copper-deficient. 

rats. When these data were expressed as a percentage of total body composition, a 

significant increase in percent lean body mass and a decrease in percent of fat mass 

(Figure 13) were observed in the copper-deficient group. Thus, the body composition 

of the rats used in this study appeared to be altered by copper deficiency. 



TABLE 7. Influence of dietary copper on body, liver and heart weight, 
hematocrit, and metabolizable energy (ME) intake! 

Copper Copper 
Adequate Deficient ANOYA2 

Body Weight (g) 289 ± 11 263 ± 6 <0.05 

Liver Weight (gllOO g body wt) 3.28 ± 0.06 4.40 ± 0.12 <0.05 

Heart Weight (gllOO g body wt) 0.35 ± 0.01 0.50 ± 0.02 <0.05 

Hematocrit (%PCY) 51.8 ± 0.7 27.0 ± 0.3 <0.05 

ME Intake (kcaI/day) 69.9 ± 2.7 64.5 ± 2.1 NS 

ME Intake/PBW (kca1/BWic~5Iday) 177.8 ± 3.7 175.6 ± 3.1 NS 

!Means ± SEM from 6 rats 

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

88 
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FIGURE 10. Effect of duration of dietary treatment on body weight gain in rats. 
Values of each dietary treatment group represent means ± SEM from 6 rats. The body 
weight gain curves were analyzed by two-way ANOVA; Cu effect (DF=l), P<O.05; 
time effect (DF=7), P<O.05. 
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analyzed by one-way ANOVA; P<0.05. 



91 

_ Cu-adequate 
~ Cu-deftctent 

- • >- 200 100 
0 

"'0 180 90 ........ -11)01 ~ 
~::.: 160 80 ....... 

>-
140 70 

u 
~ r:: 
CD CD 

~ 120 60 ] 
0 .... .... 
(.) 100 50 LoJ 
~ ....... .!:? 
~ 80 40 -CD 
~ 01 c::: 60 30 ~ 
LoJ CD 
Z r:: 
LoJ 40 20 LoJ -20 10 

CD 
z 

0 0 

-20 NEE -10 • 

FIGURE 12. Influence of dietary copper on heat production (HP), energy retention 
(RE) , and net energetic efficiency (NEE). Values of each dietary treatment group 
represent means ± SEM from 6 rats. * denotes significant difference from copper
adequate group when analyzed by one-way ANOVA; P<O.05. 



92 

_ Cu-adequafe 
~ Cu-deficlenf 

300 100 

270 90 

240 80 z 
210 70 ~ 

,-.. 180 60 ~ 0) a.. '-' 
50 ~ (/') 150 

(/') u < 
~ 120 40 >-c 

90 30 g 
60 20 ~ 

30 10 

0 0 
BWT LBM FM % LBM % FM 
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(LBM), and fat mass (FM). Values of each dietary treatment group represent means ± 
SEM from 6 rats. * denotes significant difference from copper-adequate group when 
analyzed by one-way ANOVA; P<O.05. 
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Discussion 

Cardiac and hepatic hypertrophy (Lei, 1983) as well as reductions in hematocrit and 

body weight gain (Lei, 1983) are well established symptoms of dietary induced copper 

deficiency. All of these symptoms were observed in the present study. Furthermore, 

copper deficiency tended to reduce daily food intake and metabolizable energy (ME) 

intake, but the reductions did not rr.ach significance. This finding agrees with previously 

reported data on food intake in copper-deficient rats (Hassel et aI., 1983). 

In the present study rats fed the copper-deficient diet showed a distinct shift in 

energy substrate utilization from carbohydrate to fat, resulting in a decreased RQ value. 

The copper-deficient rats not only utilized an increased daily amount of fat as a substrate 

for energy metabolism, but their increased fat utilization coincided with a decrease in 

daily carbohydrate utilization. Hassel et aI. (1983) previously reported that copper 

deficiency in rats resulted in an impaired glucose tolerance and the authors concluded that 

a delayed insulin response was responsible for the glucose intolerance. In addition, 

increases in in vivo (AI-Othman et aI., 1992b) as well as in vitro (Lei, 1977) hepatic fatty 

acid synthesis rates have been reported in copper-deficient rats. These data concur with 

our findings and suggest that copper deficiency may induce an enhanced hepatic fatty acid 

synthesis in response to an increased fat oxidation in rats. In order for the copper

deficient rats to maintain an adequate energy balance, the demand for fat as a substrate 

for oxidation may be increased in response to the reduced carbohydrate oxidation 

resulting from the impaired carbohydrate metabolism. Fasting heat production was not 

affected by copper status in this present study, indicating that basal metabolic rate was 
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not altered by copper deficiency. In contrast, copper deficiency did result in a 

significant increase in daily heat production when expressed as kcal per physiological 

body weight. The increase in daily heat production may be explained in part by a 

possible increased amount of physical activity or stress in the copper-deficient animals. 

However, an increased number of hepatic mitochondrial organelles observed in copper

deficient rats (AI-Othman et aI., 1991) suggests that the cellular machinery for energy 

substrate utilization is enhanced by copper deficiency. In addition, data from a study by 

Kelly et ai. (1974) indicate that the energy metabolism of the myocardium of copper

deficient rats is dramatically changed as a result of increased activities of lactic 

dehydrogenase and several mitochondrial oxidative enzymes, including NAD diaphorase 

as well as succinic, malic, and glutamic dehydrogenase. Because the feedback control 

of NAD dehydrogenase of the citric acid cycle is achieved primarily through changes of 

the oxidation-reduction state of the pyridine nucleotide system, the increased activities of 

the enzymes observed by Kelly et ai. (1974) may represent a loss of coordinated control 

in the presence of high NADH levels. Thus an increase in uncoupling of oxidative 

phosphorylation, also known as 'futile cycles' or 'substrate cycles', resulting in an 

enhanced flow of substrates through the glycolytic and citric pathways, is a possible 

explanation for the increased amount of energy (Le. ATP) dissipated by the copper

deficient rats. Furthermore, copper deficiency may possibly lead to a greater portion of 

the ingested carbohydrates being converted into fat before being used as a substrate for 

oxidation by peripheral tissues, resulting in the observed increase in heat production. 

This may explain the increases in in vivo (AI-Othman et aI., 1992b) as well as in vitro 
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(Lei, 1977) hepatic fatty acid synthesis rates observed in copper-deficient rats. Indeed, 

an increased conversion of carbohydrate to fat prior to being oxidized has been 

established by Flatt (1993) as energetically inefficient. His findings concurred with our 

contention of a reduced energetic efficiency resulting from the shift of substrate utilization 

from carbohydrate to fat. 

In the present study copper deficiency resulted in a significant reduction in daily 

energy retention when expressed as kcal per physiological body weight. This finding 

together with the reduction in net energetic efficiency may partly explain the depressed 

body weight gain observed in the copper-deficient group. However, the mean value for 

the energy retention reached a small negative value in the copper-deficient rats, 

suggesting that these animals were not able to sustain an adequate energy balance. This 

finding seems to contradict the reported body weight gain data, which demonstrates that 

although the body weight gain was depressed in the copper-deficient rats, the animals did 

show a continuous net gain in body weight. Since the value for daily energy retention 

was calculated by subtracting the daily heat production from the daily metabolizable 

energy intake, variations in either heat production or metabolizable energy intake may 

possibly result in an underestimation of the amount of net energy retained. The second 

possible explanation could be that the net body weight gain observed in the copper

deficient rats may partially be the result of a change in body composition. Our data on 

total body composition seem to support this latter contention, since copper deficiency 

resulted in a marked reduction in the absolute fat mass, a decrease in the percent of body 

fat, as well as an increase in the percent of lean body mass. These alterations in body 
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composition may lead to an increase in total body density, resulting in the net body 

weight gain observed in the copper-deficient rats. 
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CHAPTER 5 

CONCLUSIONS 

The present studies were conducted to determine the effect of dietary induced 

copper deficiency on hepatic apo A-I synthesis and mRNA abundance, as well as whole 

body energy metabolism in rats. 

Copper deficiency resulted in an increase in plasma apo A-I concentration, and 

when corrected for plasma pool size the apo A-I plasma pool size was doubled. These 

data are in agreement with a previously reported doubling of the intravascular HDL pool 

in copper-deficient rats. 

In vivo as well as in vitro hepatic apo A-I synthesis and secretion was significantly 

increased as a result of copper deficiency. This increase in hepatic apo A-I synthesis 

appears to be specific since the hepatic total TCA precipitable protein synthesis and 

secretion was not affected by copper status. In view of the relatively small in vitro 

hepatic intracellular degradation of apo A-I, which was less than 12.2 % of the total 

amount of apo A-I synthesized and not affected by copper deficiency, the increase in apo 

A-I secretion may have resulted primarily from an enhanced apo A-I synthesis rather than 

a reduction in intracellular degradation. 

In order to determine whether the increase in liver-to-body weight ratio observed 

in the copper-deficient rats was a result of hyperplasia or cellular hypertrophy, the total 

hepatic DNA, RNA, and protein content were determined. Copper deficiency resulted 

in a small reduction in hepatic DNA content when expressed as per g tissue as well as 
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an increased hepatic protein: DNA ratio, suggesting that the liver cells may be slightly 

increased in size. However, the highly significant increases in hepatic DNA, RNA, and 

protein content when expressed per liverllOO g body weight indicate that hyperplasia is 

the major contributor to hepatic hypertrophy observed in copper-deficient rats. In 

addition, copper deficiency resulted in an increased RNA content of the hepatocytes. 

This finding suggests that the hepatocytes derived from the copper-deficient rats were 

more metabolically active, which was supported by previously reported data. Although, 

no significant differences were found in the hepatic apo A-I and fj-actin mRNA 

abundance when expressed per mg of total hepatic RNA between the two treatment 

groups, the hepatic apo A-I mRNA level was only increased by 28% when corrected for 

the liver-to-body weight ratio in the copper-deficient rats. Since the 2-fold increase in 

hepatic apo A-I synthesis can not be fully explained by the 28% increase in hepatic apo . 

A-I mRNA abundance, effects of copper status on translational activity or post

translational processing may contribute to the enhanced hepatic apo A-I secretion 

observed in these studies. An alteration in specific apo A-I mRNA activity may be partly 

responsible for the increased hepatic apo A-I synthesis observed in dietary induced copper 

deficiency. 

The copper-deficient rats showed a distinct shift in energy substrate utilization from 

carbohydrate to fat, resulting in a significantly lower RQ value. Previous reports have 

indicated that copper deficiency in rats results in an impaired glucose tolerance as well 

as an increased hepatic fatty acid synthesis. Therefore, it is possible that in order to 

maintain an adequate energy balance, the fat oxidation in copper-deficient rats is 
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increased in response to a reduced carbohydrate oxidation resulting from an altered 

carbohydrate metabolism. Basal metabolic rate was not affected by copper status. 

However, the daily heat production was significantly increased in the copper-deficient 

rats. Previously reported data indicate that copper deficiency results in an increased 

uncoupling of oxidative phosphorylation, which may result in an enhanced flow of 

substrates through the glycolytic and citric pathways. The accelerated flow of substrates 

through these "futile cycles" may increase the amount of energy dissipated, resulting in 

the enhanced heat production observed in the copper-deficient rats. Copper deficiency 

resulted in a reduced body weight gain which may be partly explained by the observed 

decrease in energy retention. In addition, the copper-deficient rats showed a marked 

reduction in percent fat mass which coincided with an increase in percent lean body mass, 

indicating that total body composition was altered by copper deficiency. Based on the 

results from these studies as well as previously reported data, the impaired glucose 

tolerance observed in copper deficiency may lead to an increased cellular demand for 

lipids as the major energy substrate in order for the cells to maintain an adequate energy 

balance. As a result, the formation of lipoproteins is enhanced in order to transport an 

increased amount of lipids to the peripheral tissues. The observed increase in hepatic apo 

A-I synthesis may be a result of an increased demand for HDL formation in order to 

transport lipids to peripheral tissues and cholesterol from peripheral tissues back to the, 

liver to maintain an increase flux of substrates between the liver and peripheral tissues. 
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