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ABSTRACT 

This experiment was designed to determine if the function of 

the Pituitary-Thyroid Axis was affected in copper-deficient rats. 

Sixty male - rat-s were randomly assigned to two treatments, either a 

copper-adequate diet (8 ppm) or a copper-deficient diet (0.8 ppm). 

After 7 weeks of treatment, the rats were fasted for 12 hours and 

injected with thyrotropin releasing hormone (TRH). Six rats from 

each treatment were killed at 0, 0.5, 1, 2, and 4 hours after TRH 

injection for the radio immunoassay (RIA) of thyroid stimulating 

hormone (TSH) and thyroxine (T^). The liver copper content was 

determined by atomic absorption spectrophotometry. 

This experimental data demonstrated the physiological changes 

induced by copper deficiency. The heart and liver to body weight 

ratios and heart weights were significantly greater in copper-deficient 

rats. The body weight gain, liver copper content and liver weight 

were reduced in copper-deficient rats. There was no significant 

difference in the response of serum TSH to TRH injection between the 

two groups. 

The T^ response to TRH was significantly reduced in copper 

deficient rats. 
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CHAPTER I 

GENERAL BACKGROUND 

It was demonstrated by McHargue (1925) that copper was a 

component of plant and animal tissue and was an essential nutritent 

for rats. Dietary copper was shown to be involved in normal growth 

and development as early as 1928 (Davies, 1972). The metabolic role 

of copper became more apparent when laboratory animals were deprived of 

dietary copper. Anemia, steely hair, central nervous system disorders, 

achromotrichia, and cardiovascular and skeletal defects were among a 

few of the gross morphological abnormalities that occurred (Massie, 

Colacilco, and Aiello, 1979). Many of these copper-deficiency 

symptoms, however, were reversed upon copper supplementation. 

Subsequently, copper was shown to be an important component of certain 

metalloenzymes, proteins, and naturally occurring pigments (Davies, 

1972). 

Metabolism of Copper 

The anatomical site of maximal copper absorption within the 

digestive tract varies according to the species of animal involved. 

In dogs, the site of optimal copper absorption was found to be at 

the jejunum (Van Campen and Mitchell, 1965). In rats, copper 

absorption was found to occur primarily in the upper small intestine, 

but it was also found in the stomach and all portions of the small 

1 
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intestine. Underwood (1977) reported that absorption of copper was 

low in most animals but it was influenced by the chemical form and 

amount of copper ingested. Lassiter and Bell (1960) demonstrated that 

the more soluble forms of copper were more easily absorbed. Chapman 

and Bell (1963) tested the uptake of ^Cu from several inorganic 

64 
compounds in cattle. The relative absorption of Cu into the blood 

was: 

CuC03 > Cu(N03)2 > CuSO^ > CuCl2 > Cu20 > CuO. 

Absorption of copper in the rat was shown by Underwood (1977) to be 

influenced by copper status. He reported that copper absorption from 

the intestine was higher in copper-depleted rats than in copper-

adequate ones. He suggested that Cu absorption was regulated by 

bodily needs, particularly at low dietary copper levels. 

Underwood (1977) also reported that absorption of copper was 

influenced not only by the age and species of animal studied but 

particularly by levels of other metal ions and organic substances in 

the diet. 

Mills (1956) suggested that copper may be transported through 

the intestinal mucosa both as ionic copper and as copper complexed 

with organic substances such as those encountered in herbage. Fresh 

herbage was shown to contain the greater portion of its copper as 

neutral and anionic complexes (Kirehgessner and Grassman, 1970; 

Underwood, 1977), Schultz, Elvehjetn, and Hart (1936) 

demonstrated that anemic rats were able to use copper in the form of 
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the oxide, hydroxide, iodide, glutamate, glycerophosphate, aspartate, 

citrate, and pyrophosphate for hemoglobin synthesis. 

The transport of copper through the intestinal wall was 

reported by Davies (1972) to occur through complexes between copper and 

amino acids. In an experiment using amino acids as ligands, the rate 

of copper absorption was shown to vary depending upon the individual 

amino acid, its configuration, and the extent of polymerization. 

Differences in the type of amino acid absorbed may provide a partial 

explanation for the variation in copper's availability from diets that 

contain different amounts and types of protein (MacPherson and Heming

way, 1965; Suttle and Mills, 1966). Kirchgessner and Grassman (1970) 

reported that copper absorption was greatest with amino acids as 

monomeric, acidic, essential, L-amino acid complexes rather than as 

trimeric, basic nonessential complexes of D-configuration. 

The molecular basis for trace-mineral interaction is not 

completely understood; however, it is accepted that chemically and 

physically similar minerals interact competitively for a ligand in the 

digestive tract. The ligand was thought to be a carrier or storage 

protein for copper. Underwood (1977) reported that not all mineral 

interactions were similar, some were synergistic whereas others were 

indirect. Mineral antagonism in the digestive tract was shown to in

fluence the relative amount of minerals being absorbed. As an 

example, high concentrations of dietary zinc impaired the absorption 

of copper (Starcher, 1969). Other minerals were also found to 

interfere with the absorption of copper. Marcilese et al. (1969) 

demonstrated that dietary molybdenum and sulfate adversely affect 
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the availability and storage of copper. They showed that Mo and SO^ 

reduced the uptake of radioactive copper by the liver and its 

incorporation into ceruloplasmin, a carrier protein, as well as 

affected copper absorption from the gastrointestinal tract. 

Underwood (1977) showed that cadmium, calcium, iron, lead, 

and silver markedly affected Cu absorption, retention, and distribution 

within the body. Increased intakes of cadmium were reported (Underwood, 

1977) to cause histologic abnormalities that resemble copper deficiency. 

Using ligated segments of rat intestine, cadmium was shown to severely 

64 
depress Cu uptake resulting in low copper reserves. 

Although the mechanisms of copper absorption are not fully 

understood, it seems clear that metal-binding proteins serve a 

critical role in copper absorption and provide the sites for mineral 

competition. Starcher (1969) reported a single metal-binding protein 

in the chick duodenum which was able to bind copper, cadmium, and zinc. 

Evans and Hahn (1973) demonstrated that orally administered copper was 

associated with a variety of metal-binding ligands and micronutrients 

in the intestine of the rat. Underwood (1977) suggested two ligands 

may be involved in copper absorption: one to carry copper from the 

intestinal lumen across the mucosal cell and another from the mucosal 

cell to the plasma. His hypothesis was based upon results of investi

gations into Menke's kinky hair disease and a congenital meta

bolic disease in mice. Under these two conditions, copper readily 

entered the mucosal cells where it accumulated and entered the blood

stream in inadequate quantities due to an undefined defect in that 

phase of copper absorption (Underwood, 1977). 
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Because trace-mineral antagonism was found to occur within 

the duodenal mucosa, the site of mineral interaction appears to be 

due to a particular binding protein, metallothionein. Metallothi-

onein, in addition to its role in cellular metal detoxification 

mechanisms and as a storage protein for zinc, was reported by 

Underwood (1977) to bind with copper and cadmium- Zinc and cadmium 

were demonstrated by Starcher (1969) to behave as copper antagonists 

by. preferentially binding to this duodenal mucosal protein and 

displacing copper from it. Hence, an impaired copper absorption 

was found to occur due to the binding of other metals to the binding 

protein and copper binding to dietary chelating compounds. 

Bowland et al. (1961) demonstrated from studies using radio

active copper (^Cu) in animals that 5% - 10% of the ingested copper 

could be absorbed through the intestinal wall. Following an oral 

dose of labeled copper, the concentration of isotope in the plasma 

rose to its highest level 1-2 hours. Bush et al. (1956) demon

strated that once the copper traversed the intestinal wall, it became 

loosely bound to serum albumin and amino acids. In that form it 

was widely distributed to the tissues and could pass readily into 

erthyrocytes. 

Davies (1972) reported that plasma copper was taken up by 

and stored in the liver. This was determined by observing the 

64 
turnover in plasma copper following ingestion of Cu. After the 

peak in the plasma concentration of isotopic copper (1-2 hours after 

64 
ingestion) there was a sharp drop in the plasma Cu concentration 

because copper was taken up by the liver. This was followed by a 



slow secondary rise in plasma copper isotope concentration after 

48 - 72 hours, as radioactive copper was incorporated into newly-

synthesized ceruloplasmin, a copper-containing protein produced by 

the liver (Davies, 1972). The amount of copper absorbed and the 

size of the plasma copper pool were estimated from the plasma radio

activity. The height of the first peak reflected the amount of copper 

absorbed. The size of the second peak reflected the rate of synthesis 

of ceruloplasmin and the size of the copper pool. Gubler et al. (1953) 

reported that 95% of the plasma copper was bound to ceruloplasmin and 

the remaining 5% was bound to albumin. Underwood (1977) showed that 

whole-blood copper was distributed equally between the plasma and 

red cells. 

Tissue and blood copper contents were shown to be influenced 

by several factors (Davies, 1972). In general, copper content in body 

tissues reflected the intake of dietary copper. However, some tissues 

and organs responded less quickly than others to a change in dietary 

intake of copper (Underwood, 1977). Underwood reported that species 

differences existed in the ability of organs to become depleted of 

copper when animals were fed a copper-deficient diet. In man, high 

concentrations of copper were shown in skin, lung, liver, hair, and 

muscle. Those tissues that contained lower levels were cerebrospinal 

fluid, heart, brain, and endocrine glands (Underwood, 1977). The 

liver was the main storage organ for copper as well as the key organ 

in the metabolism of this element. Copper was shown to be incorporated 

into mitochondria, microsomes, nuclei, and the soluble fraction of 
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parenchymal cells in proportions which varied with age and copper 

status of the animal (Porter et al. 1961; Gregoriadis and Sourkes, 

1967). Barltrop and Burland (1969) reported that human fetal liver 

contained more than half of the body's copper reserve and that the 

concentration of liver copper was at its maximum at the time of birth 

but fel3 sharply after the second month. However, the concentration 

of copper in the serum was lower at birth than at any other time. 

Young mice were shown to have more "free" copper than older mice. 

Serum copper and ceruloplasmin increased with age in male mice 

suggesting the absence of ceruloplasmin at birth (Barltrop and Burland, 

1967). Barltrop and Burland suggested that it was only at birth that 

the animal begins to synthesize ceruloplasmin. 

Copper was found to be excreted in the feces primarily from 

biliary routes. A small amount of copper was, however, excreted via 

the urine and nonresorbed digestive fluid. Butler and Newman (1956) 

reported that changes in the excretion rate and concentration of urinary 

copper occurred in accordance with diurnal rhythm. Urinary copper has 

been shown to increase in disease states characterized by proteinuria. 

The normal urinary-copper excretion in adults reportedly varied from 

3.9 to 29.6 jig/2 4 hours (Butler and Newman, 1956). 

Excessive levels of tissue copper have been observed in experi

mental toxicosis and known diseases associated with copper overloading. 

Excessive tissue copper was shown to be toxic to chickens, rodents, 

sheep, ruminants, and humans (Sternlieb, 1980), In those animals, 

continual ingestion of copper in excess of copper requirements led 
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to the accumulation of copper in tissues, especially liver. The 

capacity for hepatic copper storage varies greatly among species. 

Rats appear to be especially tolerant. For example, it was demon

strated that rats grew normally and were healthy after being 

maintained on diets containing 500 ppm copper (approximately 100 

times greater than normal) which' resulted in a 14-fold increase in 

liver copper (Underwood, 1977). Experimental liver necrosis (which 

can be induced by copper toxicity) reportedly led to the release of 

copper from the liver to the blood, causing enzyme inhibition, 

hemolysis of red blood cells and renal insufficiency. These 

conditions were similar to those observed in hepatolenticular 

degeneration (Wilson's disease)(Mclntyre et al., 1967). 

Wilson's disease has been identified as an expression of an 

inborn error of metabolism that affects copper homeostasis. This 

autosomal recessive abnormality results in excessive copper accumulation 

in the liver, brain, kidneys, and cornea. Underwood (1977) reported 

that Wilson's disease was also characterized by low serum cerulo-

plasmin levels, high levels of serum copper not bound to ceruloplasmin, 

and increased urinary copper output, and a decreased fecal copper 

output. Uzman et al. (1956) reported that Wilson's disease was due 

to the synthesis of an aberrant protein that had an exceptionally 

high binding affinity for copper. This protein was found to bind 

copper four times greater than the protein of normal subjects 

(Evans, Dubois, and Hambridge, 1973). The aberrant protein, copper 

thionein, was believed to shift the normal equilibrium of the hepatic 
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copper pool resulting in a depressed biliary excretion of copper along 

with a decreased incorporation of copper into ceruloplasmin. The 

saturation of that protein in Wilson's disease resulted in an elevation 

in plasma copper (Underwood, 1977). 

Metabolic Role of Dietary Copper 

Studies with copper-deficient diets indicated that the mineral was 

essential for normal growth, development, and functioning of many organs. 

The main disorders observed in copper deficiency were anemia, depigmen

tation of hair or wool, difficulty in parturition, abnormalities in bone 

formation, myocardial fibrosis, demyelinization of nerve fibers, and 

disturbances of gastrointestinal functions (Davies, 1972). 

Copper was found to be a constituent of several metalloenzymes 

in which it acts as a cofactor. The main enzymes with which copper was 

associated were: ceruloplasmin, tyrosinase, amine oxidase, cytochrome 

C oxidase, uricase, dopamine ^-hydroxylase, and erythrocuprein 

(Davies, 1972). 

Anemia was reported to be a consistent feature of copper 

deficiency. Davies (1972) reported that copper was involved with the 

maturation of the red blood cell membrane and with the survival of 

red cells within the circulation. He suggested that copper plays a 

role in incorporation of iron into heme in synthesis of hemoglobin 

and also in other aspects of iron metabolism. The involvement of 

copper in iron metabolism was found to be through the oxidation of 

Fe(II) to Fe (III) in transferrin, an iron-carrying protein. Transferrin 

was reported to play a role in hemoglobin synthesis as well as 
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influencing the mobilization of iron from the reticuloendothelial 

system to the plasma (Underwood, 1977). 

Pigmentation of hair and wool was demonstrated to be 

impaired in copper deficiency. The mechanism was shown to be a 

reduction in the enzyme polyphenyl oxidase which converts tyrosine to 

melanin, a skin pigment (Underwood, 1977). Changes in the appearance and 

growth of hair have been demonstrated in copper-deficient rats and 

individuals with Menke's kinky-hair syndromes. 

Menke's kinky-hair syndrome displays many of the symptoms of 

copper deficiency and is believed to be caused by a genetically deter

mined defect in copper absorption from the intestinal mucosa to the 

blood (Danks et al., 1973). The syndrome is characterized by subnormal 

copper levels in blood, liver, and hair. It is also characterized by 

progressive mental deterioration, hypothermia, defective keratinization 

of hair, metaphyseal lesions, and degenerative changes in aortic 

elastin (Danks et al., 1972). 

Bony abnormalties were observed in almost all copper-deficient 

animals, especially younger rats (Owen, 1981). In chickens, there 

is an increased solubility of collagen in bones, a decreased number of 

cross links in collagen, and an increased incidence of bone deforma

tion. Amine oxidase, an enzyme necessary for cartilage cross-linkage, 

was shown to be- reduced along with total bone copper and cytochrome 

oxidase. Consequent to these reductions, an abnormal collagen 

emerged (Owen, 1981). Similarly, copper was also shown to play a role 

in proper collagen formation through the metalloenzyme, lysyl 
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oxidase, which influences the stability and strength of bone collagen 

by the cross-linkage of polypeptide chains (Underwood, 1977). 

Underwood (1977) reported that neonatal ataxia was observed 

in copper-deficient lambs. The ataxia was due to the loss of cytochrome 

oxidase activity. The loss in cytochrome oxidase activity led to the 

inhibition of aerobic metabolism and phospholipid synthesis. Hence, 

with a reduced phospholipid synthesis, myelin was not being laid down 

at a critical time in gestation, which resulted in underdeveloped 

nerve fibers (Underwood, 1977). 

Owen (1981) reported central nervous system disorders charac

terized by demyelinization were common in most copper-deficient 

animals. There was swelling of the brain, gleatinous changes, 

necrosis of larger neurons, and lesions in the lateral spinal cord. 

The myelin residue seemed normal, but an abnormal glycoprotein was 

observed. 

Cardiovascular Abnormalties in 
Copper-Deficient Animals 

The first evidence of cardiac lesions in copper-deficient 

cattle reported in Western Australia in 1939 (Underwood, 1977). The 

syndrome was characterized by an atrophy of the myocardium accompanied 

by replace-fibrosis. The sudden deaths were believed to be due to 

an acute heart failure usually after mild exercise or excitement. The 

disease could be prevented by administering copper supplements to the 

animals or by treating the pastures with copper compounds. 

O'Dell et al. (1961) presented histological evidence of a derange

ment in the elastic tissue of aortas in copper-deficient chicks. 
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Carries et al. (1961), Shields et al. (1961), and Coulson and Cames 

(1963) described the cardiovascular changes in copper-deficient pigs 

that resulted in ruptures of the major blood vessels and death. The 

tensile strength of the aortic wall was markedly reduced, and the 

myocardium was abnormally friable. This histological evidence impli

cated a derangement in the elastic membranes of the aorta and of the 

coronary and pulmonary arteries. Extensive internal hemorrhage and 

aortic aneurysms were also observed in young copper-deficient guinea 

pigs (Everson, Tsai, and Wang, 1967). 

The elastin content of the aortas in copper-deficient pigs 

(Weisman, Shields, and Carnes, 1963) and chicks (Starcher, Hill, and 

Matrone, 1964) was decreased. According to Miller et al. (1965) and 

O'Dell et al. (1966), the elastin from such animals contained an 

elevated lysine content but significantly less desmosine and iso-

desmosine than that of normal animals. Desmosine and isodesmosine, 

tetracarboxylic tetraamino acids, are the key cross-linkage groups 

in elastin (Partridge et al., 1964). The role of copper in the 

formation of aortic elastin can best be stated by the words of Hill, 

Starcher, and Kim (1968): 

The primary biochemical lesion is a reduction in amine-
oxidase activity of the aorta. This reduction in enzymatic 
activity results, in turn, in a reduced capacity for oxida-
tively deaminating the epsilon-amino group of the lysine 
residues in elastin. The reduction in oxidative deamination 
results, in turn, in less lysine being converted to desmo
sine. The reduction in desmosine, which is the cross-
linkage group of elastin, results in fewer cross-linkages 
in this protein, which, in turn, results in less elasticity 
in the aorta. 



13 

The cardiac hypertrophy that occurs in copper-deficient 

rats (Dallman and Loskutoff, 1967) and swine (Shields, Coulson, 

and Kimball, 1962; Gubler, Cartwright, and Wintrobe, 1957) 

was once considered a compensatory response to the reduced respiratory 

activity associated with anemia and/or depressed activity of myocardial 

cytochrome oxidase. However, electron microscopic studies (Dallman 

and Goodman, 1970; Goodman, Warshaw, and Dallman, 1970) have shown 

that the heart enlargement in the copper-deficient rat was partly the 

result of an increase in the mitochondrial organelle component of the 

myocardial fibers. The change preceded the development of anemia or 

demonstrable reduction in myocardial cytochrome oxidase activity. 

Aside from the well-documented cardiac hypertrophy, copper-deficient 

rats also exhibited hemopericardium and hemothorax upon necropsy 

(Kelly, Kesterson, and Carlton, 1974; Shields, Coulson, and Kimball, 

1962). Allen and Klevay (1978) reported that the hearts of copper-

deficient rats displayed large areas of distorted and depleted elastic 

fibers that may cause atherosclerosis. They suggested that copper was 

one of the few nutrients that altered arterial-and cardiac electro-

physiology. Klevay (1980) observed electrical 

impulses of copper-deficient rats. 



CHAPTER 2 

THE INFLUENCE OF COPPER ON 
LIPID METABOLISM 

Murthy, O'Flaherty, and Petering (1972) demonstrated that 

dietayr and serum copper levels were inversely related to serum 

cholesterol concentration in rats. Following this, Klevay (1973) 

induced hypercholesterolemia in rats by increasing the ratio of 

zinc to copper in the diet. Klevay (1975) then hypothesized that a 

metabolic imbalance between zinc and copper was responsible for the 

hypercholesterolemia observed in the copper-deficient rats. He 

suggested that the metabolic imbalance was due either to a relative or 

an absolute deficiency of copper characterized by a high ratio of zinc 

to copper. Petering, Murthy, and O'Flaherty (1977) and Murthy and 

Petering (1976) suggested, however, that because Klevay (1973) used 

diets that were relatively low in copper the zinc-to-copper ratio 

hypothesis may not hold true if the diets contained high levels of 

dietary zinc and copper. Petering, Murthy and O'Flaherty (1977) 

and Murthy and Petering (1976) demonstrated that it was the dietary 

copper level (rather than the zinc-to-copper ratio) that was responsi

ble for the hypercholesterolemia in copper-deficient rats. They con

firmed this by using large-scale factorial experiments that involved 

numerous levels of zinc and copper. Similarly, Fischer et al. (1980) 

demonstrated that different amounts of copper, whether marginal or 

14 
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adequate, together with marginal, adequate, or high zinc influenced 

cholesterol metabolism. Their investigation supported the findings 

of Petering et al. (1977) and Murthy and Petering (1976) that it 

was the different levels of minerals that affected the serum and liver 

copper concentration. However, the higher level of dietary minerals 

had no effect upon the levels of total, esterified, or free choles

terol in the serum and liver. In summary, Fischer et al. (1980) did 

not support the zinc-to-copper ratio hypothesis as set forth by Klevay 

(1973). 

In addition, Lei (1977, 1978) confirmed that the dietary copper 

level governed the plasma cholesterol level more so than the zinc-to-

copper ratio. The exact biochemical mechanisms involved in hypercho

lesterolemia have not been fully clarified. The hypercholesterolemia 

in copper-deficient rats was thought by Lei (1977) to be due to either 

an increased cholesterol synthesis, a decreased degradation of choles

terol, or an impaired bile acid excretion. He examined the effect of a 

copper-deficient diet in serum and liver cholesterol concentrations 

and on the in vitro rate of cholesterol synthesis in rat liver. Lei's 

(1977) experimental design consisted of two dietary levels of copper 

and cholesterol in a factorial arrangement (control, copper-deficient, 

control plus cholesterol, and copper-deficient plus cholesterol). 

This in_ vitro study measured the rates of hepatic cholesterol synthesis 

14 
as determined by the incorporation of acetate-1- C into digitonin-

precipitable sterols. No alteration in the rate of liver cholesterol 

synthesis was observed in the copper-deficient rats. Copper defi

ciency, however, resulted in an increase in the rate of iji vitro 

fatty acid synthesis in the liver. 
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An elevated serum cholesterol level was observed for the group 

fed the copper-deficient diet when cholesterol was not added. Choles

terol supplementation increased liver lipid and cholesterol concentra

tions and reduced the rate of cholesterol synthesis in the liver. But, 

copper-deficient rats with added cholesterol had a greater reduction in 

liver lipid and liver cholesterol than those without added cholesterol. 

Lei (1977) then suggested that the hypercholesterolemia observed in 

copper deficiency may be due to a shift of cholesterol from the liver 

to the serum pool together with a reduction in cholesterol degradation. 

Lei (1978) demonstrated the effect of copper deficiency on the 

14 in vivo catabolism and excretion of injected [26- C] cholesterol. 

This study involved four treatments with two levels of dietary copper 

and two levels of dietary cholesterol in a factorial arrangement. 

An elevation in the serum ester and total cholesterol 

concentration and a reduction in liver free cholesterol 

:were observed in the copper-deficient rats. The specific activities 

(dpm x 103 per mg of cholesterol) of the free, ester, and total serum 

cholesterol were reduced in the copper-deficient rats, indicating a 

possible increase in serum pool size or turnover of these metabolites. 

Cholesterol supplementation increased the concentration and reduced 

the specific activities of serum and liver cholesterol. The liver 

free-cholesterol concentration was not influenced by cholesterol 

supplementation. 

Concentration of free cholesterol in the serum was, however, 

increased and specific activity of liver ester cholesterol was 
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reduced in copper-deficient rats with no added cholesterol in the 

diet. In summary, Lei (1978) demonstrated that the hypercholestero

lemia observed in copper-deficient rats was not due to an impaired 

14 
oxidation and excretion of [26- C] cholesterol. He suggested that a 

shift of cholesterol from the liver to the serum pool appeared to be 

responsible for the hypercholesterolemia observed in copper deficiency. 

Consequently, the reduction in liver free-cholesterol may have contri

buted to the increase in serum total cholesterol. 

Allen and Klevay (1978) also suggested that the observed 

hypercholesterolemia was due to a more rapid clearance of cholesterol 

from the liver to the plasma pool but the plasma cholesterol was 

unavailable for excretion as biliary steroids in copper-deficient rats. 

. 3 
Allen and Klevay (1978) measured the H incorporation into choleste-

3 
rol following [ H] mevalonate injection and the excretion of biliary 

steroids from cannulated bile ducts in copper-deficient rats. Mevalo-

3 
nate is an obligatory metabolite in cholesterol synthesis and H 

3 
incorporation into plasma lipids following H mevalonate was used as a 

measure of the net cholesterol influx to and efflux from the plasma 

3 
pool during a given interval. Changes in H incorporation in the 

J 
plasma pool are dependent upon cholesterol synthesis, clearance to the 

plasma, and degradation to bile acids in the liver with subsequent 

biliary excretion. They reported a more rapid clearance of cholesterol 

to the plasma pool. They did not observe, however, a reduction in 

'synthesis or excretion of bile acids. This suggested that the elevated 

cholesterol in plasma was unavailable for conversion to bile acids, 
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with subsequent biliary elimination. Conversion to bile acids with 

subsequent biliary elimination represents the only significant 

pathway for cholesterol excretion. The enhanced clearance of 

cholesterol from liver to plasma makes this cholesterol pool 

unavailable for catabolism and excretion as bile acids. 

The observed hypercholesterolemia in copper-deficient rats 

was believed (Lei, 1977, 1978; Allen and Klevay, 1978) to be due to 

a shift of cholesterol from the liver pool to the plasma pool with 

this cholesterol being unavailable for excretion as biliary steroids. 

Further investigations, however, were performed to determine the 

mechanisms responsible for this Impaired clearance of liver choles

terol in copper-deficient rats. 

Shao and Lei (1980) reported the results of an investigation 

14 
into the conversion of [2- C] mevalonate into cholesterol, lanosterol, 

and squalene in copper-deficient rats. They measured the conversion 

of mevalonate into liver, kidney, and plasma cholesterol at 40, 80, 

14 
and 120 minutes after an intravenous injection of [2- C] mevalonate. 

In rats, the kidney reportedly converts a significant portion of 

mevalonate to form squalene and lanosterol. The capacity of the 

kidney to convert squalene and lanosterol to form cholesterol is 

less than that of the liver. Their results indicated that the speci

fic activities of total cholesterol of the kidney, and kidney squalene 

and lanosterol were equal in copper-deficient and copper-adequate 

rats. However, they did report elevated serum free-cholesterol and 

reduced liver ester-cholesterol concentration in copper-deficient 

rats. The specific activity of liver ester cholesterol peaked at 
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or before 40 minutes in copper-deficient rats but reached a peak 

between 40 and 120 minutes in copper-adequate rats. Hence, Shao 

and Lei (1980) suggested that liver ester-cholesterol, newly 

14 
synthesized from [2- Cj mevalonate, was leaving the liver pool 

at an increased rate confirming that an increased clearance of 

cholesterol to the plasma was the main contributor to hyper

cholesterolemia in copper deficiency. 

Consequent to the work of Shao and Lei (1980), the influence 

of copper deficiency on the turnover of serum cholesterol and the 

kinetics of cholesterol metabolism was reported by Lin and Lei (1981). 

They suggested that the turnover of serum cholesterol in rats could 

be described by a two-pool model. An exchangeable two-pool system 

was based on the idea that the various tissue pools of cholesterol 

could be divided into two groups in terms of the rates at which 

they equilibrated with serum cholesterol. The first group of pools, 

which was characterized by pools that equilibrated rapidly with 

serum cholesterol, were the plasma, red blood cell, and liver 

cholesterol. In addition, the cholesterol in the spleen, kidney, 

lung, and intestines also constituted part of the rapidly turning 

over pool (Pool A). The second group of pools, characterized by 

pools which equilibrated slowly (in terms of days to weeks) with serum 

cholesterol, consisted of cholesterol in the viscera and cholesterol 

in peripheral tissues such as skeletal muscle (Pool B). Their experi

mental design allotted 90 male rats randomly into two treatment groups 

(copper-deficient and copper-adequate). After 5 weeks of treatment, 
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the rats were injected intraperitoneally with 6.35 pCi^C C [4-^c] 

cholesterol/kg body weight). A disappearance curve of the serum 

cholesterol specific activity (SA) was constructed for the copper-

deficient and copper-adequate rats. The turnover of [4- C] choles

terol was determined for each treatment group by killing one animal 

at 1, 2, 7, 14, 56, 70, and 77 days after the tracer injection. Sub

sequently, the serum cholesterol turnover curves were subjected to a 

kinetic two-pool analysis to derive the kinetic parameters. These 

parameters included the size of the first pool (Pool A), the rate con

stants for the total rate of removal from each cholesterol pool, and 

the production rate in the pools which equilibrated rapidly with Pool 

A. 

Lin and Lei (1981) demonstrated that mean disappearance 

of serum cholesterol SA of the copper-deficient group was signifi

cantly lower than that of the control group; the difference being most 

'prominent at Day 1 and 2. The studies presented here indicated that 

the size of Pool A in copper-deficient rats was larger than that of 

controls, suggesting a reduced rate of cholesterol degradation in Pool 

A. In addition, copper deficiency decreased the rate of removal of 

cholesterol from Pool A, decreased the irreversible removal of choles

terol from Pool A to the slowly exchangeable Pool B. Copper deficiency 

did not alter the production rate of cholesterol in Pool A. They sug

gested that the hypercholesterolemia in copper-deficient rats may be 

due to a reduction in the rate of removal of cholesterol from Pool A. 

There have been other anomalies in lipid metabolism character

ized in copper-deficient rats. Allen and Klevay (1980) reported 
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significant changes in the plasma cholesterol which were associated 

with high-density lipoproteins (HDL) and low-density lipoproteins 

(LDL). Lipids are insoluble in an aqueous medium such as 

plasma. Kudzma (1981) reported that lipids interact with specific 

proteins in the plasma to form soluble complexes called lipoproteins. 

He reported that lipoproteins carry plasma cholesterol into and out 

of cells. Allen and Klevay (1980) reported that changes in 

cholesterol concentrations associated with HDL and LDL were observed 

in copper-deficient rats; the percentage of HDL-cholesterol was 

decreased but the LDL-cholesterol was elevated. The distribution of 

cholesterol among certain plasma lipoproteins and the total amount of 

cholesterol in plasma has been correlated with a higher risk of cardio

vascular disease. An increased risk of coronary heart disease has been 

associated with an elevation in LDL-cholesterol; conversely, a 

reduced risk has been associated with high density lipoprotein 

cholesterol (Allen and Klevay, 1980). 

In view of the impaired clearance of liver cholesterol and a 

reduction in the rate of cholesterol removal from the plasma pool, the 

reported elevation in LDL-cholesterol and a decreased HDL-cholesterol 

contributed to the understanding of hypercholesterolemia in copper 

deficiency. 

Kudzma (1981) reported that LDL cholesterol originated from 

very low-density lipoprotein cholesterol because nearly all of LDL 

apoprotein B in man arose from the catabolism of plasma very low 

density lipoprotein (VLDL) which originates in the liver. Some LDL 

cholesterol reportedly arose through the action of plasma lecithin 
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cholesterol acyltransferase (LCAT)The LCAT and HDL mediate the trans

fer of a fatty acyl group from phosphatidylcholine to cholesterol. 

LCAT was reported to be responsible for the esterfication of free 

cholesterol to form cholesteryl esters. Harvey and Allen (1981) 

stated that LCAT esterification of HDL free cholesterol allowed for 

the transfer of cholesterol esters to LDL and VLDL in association with 

apoprotein-E. Thus, the role of LCAT in esterfying HDL free-choleste

rol was believed to be important in the efflux of cellular cholesterol 

and the transport of cholesterol to the liver (Glomset, 1979). Kudzma 

(1981) suggested that much of the lipoprotein-cholesterol secreted by 

the liver was used by nonhepatic cells for membrane synthesis and 

repair. The cholesteryl esters of LDL may be removed from plasma by 

the receptor-mediated uptake by extrahepatic cells (Goldstein and 

Brown, 1977). 

The extrahepatic cell membrane regulates the influx and efflux 

of lipoprotein cholesterol by specific receptors of LDL. The influx 

of extracellular cholesterol was demonstrated to be in equilibrium 

with the cholesterol secretion by the cell (Kudzma, 1981). Choles

terol secreted by the cell was associated with circulating 

HDL, whereby it may be transferred to LDL and VLDL by the action of 

LCAT. 

Harvey and Allen (1981) and Lau and Klevay (1981) 

reported that LCAT activity was markedly reduced in copper-deficient 

rats. The reduction in LCAT activity may be responsible for the 

impaired lipoprotein metabolism observed in copper deficiency. In view 

of the altered cholesterol content of lipoproteins in copper-deficient 
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rats, Harvey and Allen (1981) suggested the reduction in LCAT 

activity was due to these changes in lipoprotein metabolism. LCAT 

was observed to preferentially esterify HDL free cholesterol and to 

be activated by an HDL apoprotein. 

Several other aberrations in lipid metabolism have been 

reported by other investigators. Alterations in triglyceride and 

phospholipid metabolism have also been observed in copper-deficient 

rats. Lei (1977) demonstrated that copper deficiency led to an 

increase in the rate of in vitro fatty acid synthesis resulting in an 

elevated plasma triglyceride concentration. Similarly, Allen and 

Klevay (1980) demonstrated that plasma triglyceride concentration was 

252% greater in copper-deficient rats than in controls. Balevska, 

Russanov, and Tihova (1981) reported that the phospholipid-to-protein 

ratio and total phospholipid content were decreased in the liver 

mitochondria of copper-deficient rats. The liver microsomes were 

shown to be enriched with phosphatidylcholine and phosphatidylinositol 

in the copper-deficient rats. Balevska, Russanov and Tihova (1981) ex

plained that these differences were due to impaired transfer of phos

pholipid between the intracellular membranes in the presence of cyto-

32 
plasm. They reported that P-labeled phospholipids transferred to 

mitochondria were lower if the incubation medium contained cytosol 

from copper-deficient rats. 



CHAPTER 3 

EFFECT OF THYROID HORMONE 
ON LIPID METABOLISM 

The thyroid gland is a component of the endocrine system. 

It is located in the base of the neck anterior to the trachea and 

the thyroid cartilage. Thyroxine (T^) and triiodothyronine (T^), 

two thyroid hormones, will be discussed with reference to lipid 

metabolism. The concentration of thyroxine was reported to be higher 

in plasma than T^; however, T^ was shown to be the more physiologi

cally active hormone (Jenson, 1980). Thyroid hormone reportedly 

influences almost all physiological processes directly or indirectly 

throughout life. Thyroid hormone stimulates oxygen consumption and 

heat production, influences cellular differentiation, growth, and 

protein synthesis, and stimulates adenylate cyclase (Labhart, 1974). 

Turner and Bagnara (1971) reported that thyroid hormone 

influenced the metabolism of almost all cells and that no other 

hormone had the breadth of action of thyroid hormone. They proposed 

two general categories for the action of thyroid hormones: 

(1) metabolic effects, and (2) growth promoting developmental effects. 

Metabolic effects include calorigenesis, regulation of water and ion 

transport, and the regulation of intermediary metabolism. This pre

sentation will focus on the effects of thyroid hormones on inter

mediary metabolism. 

24 



Martin, Mayes and Rodnell (1981) reported on the mode of 

action of thyroid hormones. Thyroid hormones bind directly to pro

teins associated with chromatin in the nucleus without intermediate 

binding to any cytosol receptor. They reported that the nuclear 

protein, nohistone which is bound to nuclear DNA, served as a specific 

receptor for thyroid hormone. An increased mRNA, rRNA, tRNA and pro

tein synthesis resulted from thyroid hormone binding suggesting an 

increased gene expression at the transcriptional level (Martin, Mayes, 

and Rodnell 1981). The production of specific proteins and enzymes, 

which are essential for metabolic regulation, would be the end result 

(Haussler, 1982). Hence thyroid hormone influences metabolism of 

lipids, proteins, and carbohydrates through different mechanisms. 

Felig et al. (1981) reported that thyroid hormones acted upon different 

cells and metabolites differently. They reported that these differ

ences in hormone action were due to the stimulation of a few key 

functions that in turn have more general influences on the cell. For 

example, thyroxine has been said to be lipotropic through the actions 

of epinephrine (Keyes and Heimburg, 1979). 

Thyroxine reportedly stimulates virtually all aspects of 

metabolism, including synthesis, degradation, and mobilization (Keyes 

and Heimburg, 1979). However, thyroid hormone influences adipose 

tissue lipolysis in conjunction with epinephrine (Felig et al., 1981). 

In rat fat cells, the number of 3-adrenergic receptors in the thyroid-

ectimized rat is one-third that of the euthyroid animal. Felig et al. 

(1981) reported that T^ administration restored the receptor number to 

normal. In hypothroid human adipose tissue, norepinephrine reduces 
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lipolysis. Thyroid hormone may affect the response to catecholamines 

by alterations in receptor number or in phosphodiesterase activity. 

Haussler (1982) suggested that thyroid hormone may act in a permissive 

capacity through the action of epinephrine. Epinephrine may stimulate 

adenylate cyclase thus producing cAMP. The increase concentration 

of cAMP in turn stimulates cAMP-dependent protein kinase which converts 

inactive hormone-sensitive triacylglycerol lipase into active lipase. 

Lipolysis is largely controlled by the amount of cAMP present in the 

tissue (Martin, Mayes and Rodwell, 1981). 

Regulation of thyroid hormone secretion is maintained by 

intrathyroidal and extrathyroidal control mechanisms. The extra-

thyroidal control system consists of pituitary thyrotropin (TSH) 

which is regulated by the hypothalamic thyrotropin-releasing hormone 

(TRH). Thyroid hormones are known to influence both the pituitary 

and hypothalamus via feedback control mechanism (Mazzaferri, 1980). 

The TRH was reported to interact with the cell membranes of the 

anterior pituitary gland thus activating the adenyl cyclase-cylic 

AMP system. This system, in turn, stimulated TSH release from 

the pituitary gland. The TSH was reported to bind with a specific 

membrane receptor on the thyroid follicular cell membrane. This, 

then, stimulated thyroid hormone synthesis and secretion. Van Herle, 

Vassart, and Dumont (1979) reported that administration of thyro

tropin enhanced many of the steps of thyroid metabolism (e.g., 

iodide binding to proteins, iodothyronine synthesis, thyroglobulin 

secretion in the follicular lumen and protein synthesis) within 
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minutes and other steps within hours such as iodide trapping and cell 

growth and multiplication. 

Thyroid hormone regulation by the pituitary and the hypothala

mic pathway has been referred to as' the hypothalamic-pituitary-thyroid 

axis. Thyroid hormone synthesis and secretion were reported to be 

regulated by the pituitary gland through TSH (Jenson, 1980). The TSH 

secretion, however, was reported to be operated by neural and neuro

endocrine mechanisms (Jenson, 1980). Thyroid hormones were thought to 

participate in the feedback regulation of TRH, but the principle con

trol is mediated via hypothalamic neural activity. 

Hypothyroidism may be defined as the clinical expression of a 

subnormal thyroid hormone concentration which responds to treatment with 

thyroid hormone therapy. . Clinical and laboratory assessment of thy

roid function permits the definition of three types of hypothryoidisni: 

overt hypothyroidism (myxedema), mild hypothyroidism, and preclinical 

hypothyroidism. Mazzaferri (1980) stated that primary hypothyroidism 

refers to disorders that affect the thyroid gland, secondary hypothy

roidism denotes a pituitary dysfunction, and tertiary implies a hypo

thalamic failure. Some classification schemes of hypothyroidism that 

were used to determine the origin of hypothyroidism were: the pre

sence or absence of thyroid enlargement, the nature of the defect in 

thyroid hormone biosynthesis or secretion, or whether the abnormality 

was thyroidal, pituitary or hypothalamic. Mazzaferri (1980) reported 

that hypothyroidism due to radioactive iodine therapy 

was the most prevalent form of hypothyroidism. He also 
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stated that hypothyrodism was more prevalent after the fourth 

decade and was considerably more common among women. 

Hypercholesterolemia and less frequently hypertriglyceridemia 

have been common observations in hypothyroidism (Fredrickson, Levy, 

and Rees, 1967). Williams (1974) reported that the net effect of thy

roid hormone deficiency was an elevation in stores of most 

lipids and usually their concentration in plasma. This was found to 

be true for triglyceride, cholesterol, and phospholipids. In some 

cases of hyperlipidemia, thyroxine administration reduces 

both fasting cholesterol and triglyceride levels (Eisalo, 

Ahrenburg, and Nikilla, 1963). In the rat, thyroid hormones have been 

shown to stimulate hepatic cholosterol biosynthesis, increase bile 

formation, increase the excretion of and decrease the intestinal 

absorption of cholesterol. Dory and Roheim (1981) stated that hypo

thyroidism, then, could be expected to act in the opposite direction, 

resulting in a net increase in plasma cholesterol concentration. 

Mathe and Chevallier (1976) reported that in vivo hepatic 

synthesis of cholesterol was reduced in thyroidectomized rats, but the 

intestinal absorption coefficient was elevated. The observed hypercho

lesterolemia reported in hypothyroidism, however, was demonstrated to 

be caused primarily by marked decreases in cholesterol destruction and 

biliary excretion (Kritchevsky, 1960). This explanation was based upon 

the observation that hypothyroid rats cleared intravenously Injected 

cholesterol at a much slower rate compared to hyperthyroid or control 

rats. Hypercholesterolemia has been consistently observed in hypo

thyroidism. Hypothyroidism was shown to be accompanied by normal, 
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moderately elevated, or very high concentrations of plasma triglyce

ride (TG). Engelken and Eaton (1980) reported on the relationship 

between plasma cholesterol and TG in hypothyroidism. They found 

plasma total cholesterol concentration was reduced and plasma 

TG concentration was elevated with increasing plasma T^ levels. They 

also found a positive correlation between TG secretion rate in 

liver and plasma TG concentration in rats with increasing plasma 

levels. 

Effects of thyroid hormone on lipoprotein metabolism have 

been well investigated (Mazzaferri, 1980). Lipoproteins have been 

described as complexes of lipid in association with specific plasma 

proteins called apoproteins. Thus, lipids were known to be transported 

in the vascular network by carrier -proteins which influenced the solu

bility of the circulating lipids. Kudzma (1981) stated that lipopro

teins vary in protein content, density, electrical charge, lipid com

position, and particle size. These physical-chemical differences 

allowed for the separation, isolation, characterization of lipopro

teins. The four major lipoproteins commonly identified by ultracen-

trifugation or electrophoresis were: chylomicrons, very low-density 

lipoproteins (VLDL), low-density lipoproteins (LDL), or high-density 

lipoproteins (HDL). A variety of diseases have been known to alter 

lipoprotein metabolism. 

Kudzma (1981) reported that hypothyroidism consis

tently caused secondary hyperlipoproteinemia in rats. 

Patten et al. (1980) suggested that thyroid hormones 

influence regulation of lipoproteins because a negative relationship 
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existed between serum thyroxine and certain lipoproteins. Dory and 

Roheim (1981) reported an increased plasma LDL and HDL together 

with a reduced VLDL concentration in hypothyroidism. This was 

attributed to a decreased rate of low-density lipoprotein degradation. 

Dory and Roheim (1981) reported an increased concentration of 

apoprotein B (apo-B) in intermediate density lipoprotein (IDL) and 

LDL as well as increases in apoprotein E in VLDL in hypothyroid rats. 

Their results indicated that hypothyroidism may have induced an 

accelerated production of VLDL metabolic by-products, LDL, but at the 

same time reduced the rate of removal of lipoproteins from the 

circulation. 

Increased circulating TG in hypothroid rat plasma was shewn to 

be carried on the VLDL fraction (Fredrickson, Levy and Rees, 1967) 

which was produced in the liver. The elevated TG level may have been 

caused by an impaired clearance of plasma TG. Scow et al. (1972) 

reported that clearance of circulating TG was accomplished at the 

capillary wall which was regulated by lipoprotein lipase (clearing 

factor) system. This enzyme system was found to be active at the 

capillary endothelium and was shown to hydrolyze the TG fraction of 

circulating chylomicrons and VLDL. The hydrolysis allowed for 

transfer of the fatty-acid moiety across the capillary wall for meta

bolism or storage. Scow et al. (1972) reported that clearance rate 

of exogenous TG was low in hypothyroid subjects while TG production 

(Nikkila and Kekki, 1972) was normal. 

Abrams, Grundy and Ginsberg (1981) carried out several investi

gations on the turnover of chylomicrons and VLDL-TG in hypothyroidism. 



They suggested that thyroid hormones have multiple actions on TG 

metabolism since many hypothyroid and hyperthyroid individuals were 

able to maintain plasma TG concentrations in the normal range. Abrams 

Grundy and Ginsberg (1981) found no evidence of an abnormality in chyl 

micron metabolism in hypothyroidism. Hyperthyroid patients had a 

remarkable ability to clear plasma VLDL-TG. They stated that TG 

metabolism was not impaired in hypothyroidism but thyroid hormones 

apparently can promote catabolism of VLDL. 



CHAPTER 4 

EXPERIMENTAL PROCEDURE 

This experiment involved the use of two dietary copper treat

ments, copper adequate and copper deficient. The basal diet (copper 

deficient) was similar to the semi-purified diet, AIN-76A recommended 

by the American Institute of Nutrition (1977), except that no copper 

supplement was added (Table 1). The control diet, however, contained 

0.85 mg Cu/kg as determined by flame atomic absorption spectroscopy 

on the Atomic Absorption Spectrophotometer (NSI Hitachi 

Scientific Instruments, Mountain View, CA). In addition, butylated 

hydroxytoluene was added (0.01% of the corn oil) as an antioxidant 

along with a 10-fold increase (to 500 yg/kg diet) in vitamin K. The 

copper-adequate diet was prepared by the addition of CuCO^ to the 

basal diet to provide a final concentration of 8 mg Cu/kg diet. 

Thirty weanling male Sprague-Dawley rats, weighing an average 

of 45 g, were randomly assigned to each treatment. Rats were housed 

individually in suspended stainless steel wire cages in a laboratory 

maintained at 22°C with 12 hours of light and darkness. The diets and 

distilled-deionized water (distilled water passed through a mix-bed 

resin)(Barnstead Co., Sybron Corp., Boston, MA), were supplied ad 

libitum. Six rats from each dietary treatment were randomly assigned 

to be sacrificed at 0, 0.5, 1, 2, and 4 hours after injection of 

thyrotropin-releasing hormone (TRH). After a 12-hour over-night 

32 
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Table 1. Composition of the basal diet 

Component Wt. (%) 

Casein 20.0 

Glucose 65-0 

Cellulose 5.0 

d-1 methionine 0.3 

Com oil 5.0 

Choline bitartrate 3.5 

Vitamin mix (supplied as g/kg mix): 1.0 

Thiamin HCL 0.6 

Riboflavin 0.6 

Pyridoxine HC1 0.7 

Nicotinic acid 3.0 

D-calcium pantothenate 1.6 

Folic acid 0.2 

D-biotin 0.02 

Cyanocobalamin 0.001 

Retinyl palmitate (IU) 4,000.0 
(vitamin E activity/kg) 

dl-a-tocopherol acetate 50.0 
(vitamin E activity/kg) 

Cholecalciferol 1,000.0 
(vitamin D activity/kg) 

Menaquinone 0.005 
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Table 1. Continued 

34 

Component Wt. (%) 

Mineral mix (supplied as g/kg): 

Calcium phosphate, dibasic 

Sodium chloride 

Potassium citrate, monohydrate 

Potassium sulfate 

Magnesium oxide 

Manganous carbonate 

Ferric citrate 

Zinc carbonate 

Potassium iodate 

Sodium selenite 

Chromium potassium sulfate 

3.5 

500.00 

74.0 

220.0 

52.0 

24.0 

3.2 

6.0 

1.6 

0.01 

0.55 

0.55 

a. Glucose—finely powdered to make 1,000.00 
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fast the rats were anesthetized with sodium pentobarbitol (5 tng/100 g 

body weight) subcutaneously. Thyrotropin-releasing hormone 

(Calbiochem-Behring Corp., LaJolla, CA) was injected (30 rtg/100 g of 

body weight) into the femoral vein. Blood was removed by heart 

puncture and centrifuged for 20 minutes at 2500 xg to obtain the 

serum. Liver and heart tissue were immediately excised and weighed. 

Serum and tissue samples were stored at -20° for further analysis. 

Frozen serum samples were completely thawed and mixed by 

vortexing before the assay. Sera obtained at 0, 0.5, 1 hours and 

at 0, 2, and 4 hours were used for the radioimmunoassay of thyroid-

stimulating hormone (TSH) and thyroxine (total serum T^), respectively. 

Serum samples with gross lipemia, hemolysis, or turbidity were not 

used. 

A standard curve was obtained to determine the serum total T, 
4 

concentration in the rat serum. Seven standard sera (freeze-dried 

human sera, Amershara, Arlington Heights, IL) were reconstituted by 

addition of one milliliter of distilled water to each vial. Vials 

were stoppered and the serum allowed to dissolve at room temperature 

for 10 minutes. Vials were gently swirled to obtain a homogenous 

solution while being careful to avoid agitation and foaming. 

The standard sera and unknown serum samples were then 

assayed in triplicate as follows: 100 yl aliquots of standards and 

unknown samples were pipetted into the appropriately labeled tubes. 

125 
Precisely 500 yl of the I-labeled thyroxine solution were added 

125 125 
to each tube. The I-labeled thyroxine solution contained 5 yCi I 
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(the SI unit of radioactivity is the becquerel (Bq) equal to one 

disintegration per second: 1 yCi = 37 k Bq) and 250 ing of bovine 

serum albumin in 28 ml of solution. 

After the reagents equilibrated to room temperature, precisely 

TM 
500 yl of antibody suspension (Amerlex , Arlington Heights, IL) were 

then pipetted into each tube. [It is important to ensure proper mixing 

of the antibody particles.] All tubes were vortexed, capped, and 

incubated in a water bath at 37° for 1 hour. After the incubation 

period, all tubes were centrifuged for 15 minutes at 1500 x g or greater 

at room temperature. After centrifugation, the supernatant was 

decanted. While being inverted, the mouths of the tubes were placed 

on an absorbent pad and blotted gently to remove the last drop of 

liquid. The remaining precipitate was resolubilized with a 

scintillation cocktail (aquasol, New England Nuclear, Boston, MA) 

by adding 2.5 ml to the tube, vortexing and transferring the liquid 

to a glass scintillation vial. This step was repeated twice to ensure 

a quantitative transfer of the precipitant. Five milliliters of 

distilled water were then added to the tube and then transferred to the 

scintillation vial and the vial agitated. Water was added to produce 

an opaque gel with aquasol in order to suspend the precipitant in 

the vial. The radioactivity of the sample was determined 

by a scintillation spectrometer (Model 460 CD, Packard Instrument Co.). 

A liquid scintillation counter was used to measure low levels of 

125 12.5 
I in a sample. The emission of the radioisotope I in a 

scintillation cocktail is accompanied by the ionization of molecules 

in the surrounding medium. 
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The cocktail contains flours which are capable of emitting 

flashes of light when excited by the radioisotope. The rate and 

intensity of these light flashes is proportional to the rate of 

radioactive decay and the energy of the decaying beta particle. 

The liquid scintillation counter can count the beta emissions of 

125 
I, which has a characteristic energy level, and quantify the 

level in a sample. 

The results were expressed as counts per minute. All tubes 

were counted for the time to accumulate at least 10,000 counts to 

reduce the statistical error. 

Radioactive decay is a random process and therefore the 

counting of radioactivity is subject to variation among the same 

sample. The liquid scintillation counts radioactive decay over a 

given time period. The counting procedure has associated with it 

error calculations which are based upon the total counts accumulated 

over a certain time period. The error calculation is based upon 

the predetermined level of confidence which is determined by the 

"sigina percent error". Two sigma involve a confidence of 95%. The 

2 sigma error is: 

X 100% (N = total Net Counts). 
N 

The smaller the required error in counting, the greater 

time is required as more counts must be accumulated to achieve 

lower error (Beckman Instrument Co.). 



38 

Once the standards were counted, a standard curve was con

structed by plotting the counts per minute (cpm) against ng of 

total T^. The unknown T^ concentration in the serum samples was 

determined by using the average cpm for the unknown samples and then 

reading off the total T^ standard curve. 

The principle of radioimmunoassay for serum thyroid stimulating 

hormone is similar to that for T. determination. The TSH determination 
4 

required highly specific immunochemicals for rat TSH. From personal 

experience, I have found that antisera prepared against TSH from non-

rat sources have reacted poorly with TSH. Hence, rat serum TSH 

concentrations were performed by Dr. Albert Parlow (University of 

California at Los Angeles, CA.) 

There have been several indices to confirm whether rats fed 

a copper-deficient diet were indeed copper deficient. The determina

tion of the liver-copper content is one such index. The hepatic-

copper content was analyzed by flame-atomic absorption spectroscopy 

(Hitachi, Model 180-70; Hitachi Scientific Instrument Co., Mountain 

View, CA). Atomic-absorption spectroscopy provides a sensitive means 

to determine more than 60 elements. Skoog and West (1976) reported 

that production of atomic spectra in ultraviolent or visible regions 

requires the conversion of the elements in a sample to gaseous 

monoatomic particles (atoms or ions) because absorption in these 

regions involves the excitation of the electrons. By separating an 

element from those to which it was bonded, one can obtain pure atomic 

spectra. 



Thus, the spectra can be obtained by atomizing the liver 

sample, a process whereby the constituent molecules are decomposed 

and converted to gaseous elementary particles (Skoog and West, 1976). 

There appears to be very little interference in copper analysis 

except that due to the nonspecific absorption in the liver matrix. 

Wet ashing by nitric acid is sufficient to digest the interfering 

organic matter (Hitachi Handbook, NSI, Hitachi Scientific Instruments, 

Mountain View, CA). 

Frozen liver samples were thawed and cut into approximately 

1 g slices. The weighed liver samples were placed in pre-weighed 

polypropylene test tubes and oven dried for 3 days at 80°C. The 

oven dried liver samples were then placed in a desiccator for 24 

hours to cool. Drying the liver samples in a desiccator prevented 

the accumulation of moisture while the liver samples were cooling. 

Nalgene test tubes containing the dried liver samples were weighed 

to obtain the dry liver weight. Test tubes were soaked in an acid 

bath to minimize mineral contamination. Five milliliters of concen

trated, analytical-grade nitric acid were added to each tube and the 

tubes were then placed in an ice bath overnight. The next day the 

test tubes were placed in a boiling water bath for 4 hours. 

Once the liver digest cooled, sufficient distilled-deionized 

water was added to dilute the solution to a final volume of 10 ml. 

The copper content of the liver samples was determined by flame 

atomic absorption spectrocopy (Model 180-70 Hitachi, Hitachi 

Scientific Instruments, Mountain View, CA). 
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The standard curve was determined by measuring the absorbance 

of standard solutions of copper (50, 100, 150, 250, 500, 1,000 ppb) in 

2% HNOg. The standard curve was then constructed by plotting the 

concentration of the standard copper solutions (ppb) against 

absorbance. 

Statistical Analysis 

All data were analyzed statistically by analysis of variance. 

The data input was placed onto data cards. Subsequently, the data 

were analyzed by the computer program "SPSS MANOVA" (Statistical 

Program for the Social Sciences Multiple Analysis of Variance) at the 

University Computer Center. Missing values were corrected by least 

squares analysis. The treatment comparisons were partitioned into 

individual degrees of freedom to determine copper and time effects. 



CHAPTER 5 

RESULTS AND DISCUSSION 

Mean body weight of copper-deficient rats was significantly 

reduced (P .001) compared to body weight of the copper-adequate 

rats (Table 2). Lei (1977, 1978), Shao and Lei (1980), and Lin and 

Lei (1981) also reported similar observations in copper-deficient 

rats. Petering, Murthy and O'Flaherty (1977) demonstrated that rats 

maintained on a diet marginally copper-deficient had a reduced body 

weight compared to that of controls. Hall and Howell (1973) reported 

that copper-deficient and copper-adequate rats had similar weights 

for several weeks but the control animals eventually became heavier, 

They reported that copper deficiency reduced growth rate of younger 

rats but had less effect upon the weight of more mature rats. Davies 

and Nightingale (1975) suggested that the decreased growth rate could 

be accounted for by the reduced food consumption which was observed 

in copper-deficient rats. 

Mean liver copper content for the two groups of rats is also 

shown in Table 2. Copper-deficient rats had lower (P .001) liver-

copper content than copper-adequate rats. The liver-copper content 

has been demonstrated by other investigators to be a useful index 

of copper status in animals (Dreosti and Quicke, 1966). 
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Table 2. Effect of dietary copper on body weight gain, heart and liver 
weight, heart and liver to body weight ratio, and liver 
copper concentration 

Copper-
adequate 
Diet 

Coper-
deficient 
Diet 

Treatment 
Comparison 
P value3 

Body weight gain 
(g/7 weeks) 

309±6b 243±4 <0.001 

Heart weight (g) 1.27±0.03 1.58+0.05 <0.001 

Liver weight (g) 9.80+0.03 9.43±0.20 N.S.C 

Heart-to-body 
weight ratio, % 

0.36±0.01 0.55+0.02 <0.001 

Liver-to-body 
weight ratio, % 

2.8l±0.05 3.24+0.09 <0.001 

Liver copper 
(yg/g wet weight) 

5.06± 0.13 0.79±0.06 <0.001 

a. Copper effect, degree of freedom = 1 

b. Mean ± SEM, N = 30 

c. N.S. = not significant 
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These results confirm observations by Murthy, Klevay, and 

Petering (1974), Hall and Howell (1973), and Lei (1977, 1978), who 

also reported that liver copper content was lower in copper-deficient 

rats. Therefore, these results confirm the relationship of dietary 

copper content and liver-copper content. Dreosti and Quicke (1966) 

reported that the liver conserved copper even when the central 

nervous system, bones, and connective tissue were severely 

affected. Thus, liver-copper content varies little throughout life 

and serves as an index of copper status in rats. 

Liver weights were similar for rats fed the copper-deficient 

diet and those fed the copper-adequate diet (Table 2). Liver-to-body 

weight ratio was larger in copper-deficient rats, indicating a 

reduced body weight and an increased organ mass. 

The heart weight of rats fed the copper-deficient diet was 

significantly increased (Table 2). Cardiac hypertrophy is a well-

establis.hed symptom observed in copper deficiency (O'Dell 

et:a1., 1969; O'Dell et al., 1961; Lei, 1977 , 1978). The 

cardiac enlargement that occurs in copper-deficient rats was once 

considered a compensatory response to the reduced respiratory activity 

associated with anemia and a depressed activity of myocardial cyto

chrome oxidase. Electron microscopic studies (Dallman and Goodman, 

1970; Goodman, Warshaw, and Dallman, 1970) have shown that heart 

enlargement in copper-deficient rats was partly the result of an 

increase in the mitochondrial organelle component of the myocardial 

fibers; a change which precedes development of anemia 

or demonstrable reduction in myocardial cytochrome oxidase 
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activity. Heart tissue of copper-deficient rats was 

considerably more friable and had less tensile strength than heart 

tissue of copper-adequate rats. The heart-to-body weight ratio was 

increased in copper-deficient rats (Table 2). These results indicated 

that hearts of copper-deficient rats were significantly enlarged 

(P<.001) and constituted a higher percentage of body weight than in the 

control rats. The increases in heart weight and heart-to-body weight 

ratio, together with a reduced body weight and liver copper content, 

were used as measurements to confirm that the rats fed the copper-

deficient diet were deficient in copper. 

There was no difference in the response of serum TSH to the 

TRH injection observed between the two treatments (Table 3; Fig. 1). 

The TSH level appeared to peak at 30 minutes and was still 3 to 5 times 

higher than basal levels 60 minutes after TRH injection. Thyrotropin-

releasing hormone, a tripeptide consisting of pyroglutamyl-histidyl-

prolinamide, is produced by the hypothalamic nuclei. It is secreted 

into the hypophyseal portal venous system, which carries blood from 

the hypothalamus to the anterior pituitary (Carlson and Hershman, 1975). 

Intravenous administration of synthetic TRH to normal human beings 

results in an increase in serum TSH, as measured by radioimmunoassay 

(Hollander et al,, 1972; Carlson and Bershman, 1975). This response 

is probably mediated both by an increased release of preformed TSH from 

the pituitary and by an increased de novo synthesis (Bowers et al., 

1967). Thyroid-stimulating hormone was elevated as early as 10 

minutes following an administration of TRH and reached a peak 15 to 

30 minutes after, followed by a decline to basal levels over the 
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Table 3. Effect of copper deficiency on the response of serum TSH 
after TRH injection in rats3 

Serum TSH (ng/ml) 

Treatment 

Copper adequante 

Copper deficient 

Time after TRH injection, hours 

0 30 

325±40 

202±14 

2,299±230 

2,568±284 

60 

1,036±133 

1,068+147 

Treatment Comparisons in Analysis of Variance 

Degree of 
Freedom M.S. P value 

Cu •= Copper effect 

TL = Linear time effect 

TQ = Quadratic time effect 

1 

1 

3.15 x 10 

3.72 x 10€ 

2.52 x 10y 

N.S. 

0.001 

0.001 

Interactions Cu x TL 

Cu x TQ 

Error 

1 

1 

30 

3.6 x 10 

1.98 x 10! 

1.75 x 10' 

N.S . 

N.S . 

a. TSH assays performed by Dr. Albert Farlow 

b. Mean + SEM (N = 6) 

c. N.S. = not significant 
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Figure 1. Effect of Copper Deficiency on the Response of Serum TSH after 
TRH Injection in Rats. 
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4 hours. It was reported that': increasing intravenous doses of 

TRH produced an increasing TSH response; no additional response was 

seen with doses greater than 400 yg (Hollander et al., 1972). 

The TSH, a glycoprotein, circulates in the plasma unbound to 

plasma proteins. It has a half-life of about 1 hour (Mazzaferri, 

1980). Plasma TSH levels normally range from undetectable levels to 

about 8 yU/ml (Carlson and Hershman, 1975). Feedback control of TSH 

secretion appears to operate at both the hypothalamic and pituitary 

levels. At the pituitary level, low concentrations of circulating 

thyroid hormones stimulate and high concentrations suppress the release 

of TSH. Thyroid hormones participate in feedback regulation of TRH, 

but the effects are unclear (Mazzaferri, 1980). Similarly, the 

influence of T^ and T^ on hypothalmic-pituitary regulation is not 

yet entirely certain; however, the level of circulating thyroid 

hormone alters the responsiveness of TSH production (Yu, Friedman, 

and Burke, 1976). 

The basal serum TSH levels and the TSH response to TRH are 

useful in the diagnosis of certain disorders manifested by hyper-

thyroid or hypothyroid individuals. These data seem to indicate the 

ability of the pituitary gland to respond to TRH was not impaired 

in the copper-deficient rats. An altered TSH secretion by the 

pituitary in response to TRH challenge may have been character

ized by a lowered basal TSH level (0 time) and a delay in the serum 

TSH peak. These findings would indicate secondary hypothyroidism 

which results in impaired serum T^ levels and as a consequence hyper

cholesterolemia. 



However, serum levels were significantly lower (Pc.001) in 

copper-deficient rats at all time intervals, 0, 2, and 4 hours 

(Table 4). There was an observable response 2 hours after the TRH 

injection. A marked increase was seen in serum 4 hours after 

TRH injection in copper-deficient rats. The level of T^ in the 

copper-deficient at 4 hours only reached the basal T^, level of the 

copper-adequate rats. 

Conversely, the serum T^ response was apparent in copper-

adequate rats 2 hours after TRH injection (Table 4). Hollander et 

al. (1972) demonstrated a significant elevation in plasma T^ in 

human subjects 60 minutes after an intravenous injection of TRH. 

In addition, the serum T^ level in copper-adequate rats was markedly 

elevated after 4 hours in this experiment. This elevation in the 

serum T, from 2 to 4 hours, however, was not as marked as that of 
4 

the copper-deficient rats in this time interval. 

By comparison, rats fed the copper-deficient diet were 

considered hypothyroid because of the reduction in total serum T^ 

at 0, 2, and 4 hours after the TRH injection. Hypothyroidism could 

be defined as the condition which results from suboptimal circulating 

levels of one or both thyroid hormones (Mazzaferri, 1980). These 

copper-deficient rats may be considered to be suffering from primary 

hypothroidism. This classification of an abnormal thyroid condition 

to determine the defective mechanism responsible for these 

lowered T^ levels in copper deficiency. The defect may be due to 

an impaired biosynthesis and secretion of thyroid hormones. 
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Table 4. Effect of copper deficiency on the response of total serum 
T^ after TRH injection in rats3 

Serum total T^ ng/ml 

Treatment Time after TRH injection, hours 

Copper adequate 11.05±0.39 11.35±0.26 12.37±0.43 

Copper deficient 8.40±1.01 8.15±0.61 10.76±0.70 

Treatment Comparisons in Analysis of Variance 

Degrees of 
Freedom M.S. P value 

Copper effect (Cu) 

Linear time effect (Tl) 

Quadratic time effect (Tq) 

1 

1 

1 

58.33 

17.97 

6.01 

0.001 

0.01 

N.S.b 

Interactions 

Error 

Cu x Tl 

Cu x Tq 

a. Mean ± SEN (N =6) 

b. N.S. = not significant 

1 

1 

29 

1.45 

2.25 

2.19 

N.S. 

N.S. 
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Primary hypothroidisra by definition, limits the origin of 

the defect to the thyroid gland itself. In view of copper-deficient 

rats having reduced total serum at 0, 2, and 4 hours, copper-

deficient rats may have a defective thyroid gland. Although the 

copper-deficient rats responded to the TRH challenge, the response 

was depressed more than the copper-adequate rats. This depression 

in response, together with no difference in TSH levels between the 

two treatments, suggests that the thyroid gland's ability to 

synthesize and secrete thyroid hormone is defective. 

The reduction in T^ may not be significant to stimulate the 

feedback production of TSH by the pituitary. Normally, a reduced 

thyroid hormone level will activate the feedback regulation of TSH 

production and elevate plasma TSH levels (Mazzaferri, 1980). In 

summary, the possible role of dietary copper in thyroid function may 

be to influence the synthesis or secretion of thyroid hormones. 

In view of the hypercholesterolemia and reduced serum T^, 

levels observed in copper-deficient rats, it would be reasonable to 

speculate that the alteration in lipid metabolism may be due to an 

altered thyroid function. Other similarities in lipid metabolism 

which exist among hypothyroid and copper-deficient rats were an 

elevated plasma triglyceride concentration and significant increases 

in plasma LDL. The increased plasma LDL levels observed in hypo

thyroidism have been attributed to a decrease in LDL degredation 

(Dory and Roheira, 1981). 



52 

Hypothyroidism is a well-established cause of secondary hyper

lipoproteinemia (Fredrickson, Levy and Rees, 1967). The clinical 

features of hyperlipoproteinemia included hypercholesterolemia 

accompanied by normal, moderately elevated, or very high concentration 

of triglyceride (Dory and Roheim, 1981). One mechanism whereby thyroid 

hormones may decrease plasma TG would be to increase the enzyme lipo

protein lipase (LPL) as measured by phostheparin lipolytic activity 

(PHLA). This enzyme complex was shown to be involved in the clearance 

of TG from plasma. Hypothyroid patients, however, do not possess an 

impaired LPL (Abrams, Grundy and Ginsberg, 1981), Although chylomicron 

clearance was normal in hypothyroid sugjects, thyroid hormones are 

thought to influence the catabolism of VLDL. When plasma TG was 

elevated in hypothyroidism, the increase was associated with VLDL. 

The mechanisms responsible for an elevated plasma cholesterol, 

TG, and lipoproteins in copper deficiency need to be further elucidated. 

The mechanisms by which copper influences lipid metabolism may be 

numerous. I would speculate that copper influences the catabolism of 

VLDL to form LDL. Allen and Klevay (1980) have observed elevated LDL 

cholesterol in copper-deficiency. The catabolism of VLDL to LDL may 

be increased by copper deficiency. Copper may also be associated with 

the enzymes (lipoprotein lipases) associated with the extrahepatic 

uptake of LDL cholesterol. It may be that copper influences the 

metabolism of apoproteins associated with lipoprotein metabolism. 



ANIMAL DATA 
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Appendix Table 1. 

Initial Final 
Animal Copper Weight Weight 
Number Status3 (g) (g) 

Weight Heart Liver 
Gain Weight Weight Heart/Body 
(g) (g/wet wt) (g/wet wt) Weight, % 

Liver Copper 
Liver/Body Content 
Weight, /o (pg/g wet wt) 

1 A 49 322 273 1.111 9.306 .35 2.89 4.303 
2 A 45 326 281 1.116 8.756 .35 2.69 5.678 
3 A 53 333 280 1.300 11.278 .39 3.39 4.624 
4 A 46 340 294 1.119 8.869 .33 2.60 4.273 
5 A 44 285 241 .941 .32 6.386 
6 A 49 339 290 1.773 10.047 .52 2.96 4.873 
7 A 48 375 327 1.247 10.042 .33 2.68 6.903 
8 A 47 340 293 1.163 9.205 .34 2.71 4.777 
9 A 48 392 344 1.460 9.032 .37 2.30 5.500 
10 A 52 416 364 1.280 10.860 .31 2.61 5.246 
11 A 53 403 350 1.434 10.244 .36 2.54 5.460 
12 A 50 350 300 1.235 .35 4.853 
13 A 51 380 329 1.312 11.007 .34 2.88 7.145 
14 A 48 348 280 1.278 9.394 .37 2.70 4.538 
15 A 48 355 307 1.202 9.572 .34 2.70 5.412 
16 A 51 355 304 1.203 9.620 .34 2.71 4.597 
17 A 50 408 358 1.335 10.505 .33 2.57 5.558 
18 A 52 372 320 1.211 10.268 .33 2.76 4.546 
19 A 44 315 271 1.145 9.034 .36 2.87 4.387 
20 A 55 350 295 1.138 9.053 .33 2.59 4.938 
21 A 49 360 311 1.377 1.117 .38 3.10 4.746 
22 A 46 324 278 1.248 9.550 .39 2.95 4.734 
23 A 48 424 376 1.414 14.272 .33 3.37 4.427 
24 A 48 382 334 1.554 11.251 .41 2.94 4.853 



Appendix Table 1, Continued. 

Initial Final Weight Heart Liver 
Animal Copper Weight Weight Gain Weight Weight Heart/Body Liver/Body Liver Copper 
Number Statusa (g) (g) (g) (g/̂ et wt) (g/wet wt)Wei8ht> "/a Weight, % Content 

(ug/g wet wt) 

25 A 50 350 300 1.269 9.153 .36 2.62 4.919 
26 A 48 397 349 1.282 11.802 .32 2.97 4.628 
27 A 50 339 289 1.281 9.609 .38 2.83 5.238 
28 A 46 372 326 1.296 11.690 , .35 3.14 • 4.284 
29 A 51 372 321 1.296 9.666 .35 2.60 4.695 
30 A 49 335 286 1.180 10.134 .35 .303 5.137 
31 D 44 295 251 1.734 10.092 .59 3.42 .854 
32 D 44 279 235 1.408 8.970 .50 3.22 .698 
33 D 46 290 244 1.589 8.752 .55 3.02 .670 
34 D 49 263 214 1.848 9.292 .70 3.53 .545 
35 D 45 268 223 1.715 9.783 . 64 3.65 .615 
36 D 42 288 246 1.856 .64 .524 
37 D 48 298 250 1.328 8.859 .45 2.97 .938 
38 D 48 338 290 1.070 7.050 .32 2.09 2.006 
39 D 46 316 270 1.496 9.279 .47 2.94 .875 
40 D 48 280 232 1.144 8.817 .41 3.15 1.465 
41 D 44 286 242 1.202 8.755 .42 3.06 .862 

42 D 45 316 271 1.800 10.124 .57 3.20 .663 
43 D 53 320 267 1.408 8.820 .44 2.76 .575 
44 D 53 298 245 1.492 11.500 .50 3.86 .341 
45 D 49 334 285 1.378 9.967 .41 2.95 .656 
46 D 49 317 268 1.309 8.325 .41 2.63 1.064 

47 D 46 284 238 1.735 9.294 .61 3.27 .465 
48 D 42 284 242 1.941 9.517 .68 3.35 .627 
49 D 56 250 194 1.593 9.845 . 64 3.94 .494 

Ut 
Ui 



Appendix Table 1, Continued. 

Initial Final Weight Heart Liver Liver Copper 
Content Animal Copper 

Status3 
Weight Weight Gain Weight Weight Heart/BQdy Liver/Body 

Liver Copper 
Content 

Number 
Copper 
Status3 (8) (g) (g) (g/wet wt) (g/wet wt) Weight, % Weight, % (ug/g wet wt) 

50 D 49 305 256 1.939 11.726 .64 3.84 .509 
51 D 48 257 209 1.176 8,622 ,46 3.35 .664 
52 D 47 263 216 1.906 9.835 .72 3.74 .527 
53 D 50 319 269 2.233 10.605 .70 3.32 .765 
54 D 52 265 213 1.329 9.233 .50 3.48 .708 
55 D 48 302 254 1.126 7.943 ,57 2.63 1.175 
56 D 50 296 246 1.987 10.572 .67 3.57 .851 
57 D 46 242 196 1.841 10.201 .76 4.22 1.166 
58 D 47 290 243 1,374 8.733 .47 3.01 1.082 
59 D 46 270 224 1.238 8.039 . 46 2.98 .943 
60 D 54 305 251 1.616 10.959 .53 3.59 .541 

A=adequate; D=deficient 

Ln 
CT> 



Appendix Table 2. 

Sample 
Number 

Copper 
Status 

Time after 
TRH Injection 

Serum TSH 
(ng/ml) 

1 Adequate 0 hours 324 
2 Adequate 0 hours 369 
3 Adequate 0 hours 426 
4 Adequate 0 hours 221 
5 Adequate 0 hours 417 
6 Adequate 0 hours 197 

1 Adequate 30 minutes 3193 
2 Adequate 30 minutes 2799 
3 Adequate 30 minutes 1921 
4 Adequate 30 minutes 2075 
5 Adequate 30 minutes 2031 
6 Adequate 30 minutes 1772 

1 Adequate 60 minutes 873 
2 Adequate 60 minutes 778 
3 Adequate 60 minutes 956 
4 Adequate 60 minutes 1073 
5 Adequate 60 minutes 865 
6 Adequate 60 minutes 1671 

1 Deficient 0 hours 233 
2 Deficient 0 hours 210 
3 Deficient 0 hours 249 
4 Deficient 0 hours 163 
5 Deficient 0 hours 171 
6 Deficient 0 hours 187 

1 Deficient 30 minutes 2479 
2 Deficient 30 minutes 2197 
3 Deficient 30 minutes 1624 
4 Deficient 30 minutes 2348 
5 Deficient 30 minutes 3274 
6 Deficient 30 minutes 3483 



Appendix Table 2, Continued. 

Sample Copper Time after Serum TSH 
Number Status TRH Injection (ng/ml) 

1 Deficient 60 minutes 720 
2 Deficient 60 minutes 673 
3 Deficient 60 minutes 1306 
4 Deficient 60 minutes 1489 
5 Deficient 60 minutes 1372 
6 Deficient 60 minutes 851 
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Appendix Table 3. 

Sample 
Number 

Copper 
Status 

Time after 
TRH Injection 

T4 
ng/ml 

1 Adequate 0 hours 125 
2 Adequate 0 hours 104 
3 Adequate 0 hours 110 
4 Adequate 0 hours 117 
5 Adequate 0 hours 109 
6 Adequate 0 hours 098 

1 Adequate 2 hours 109 
2 Adequate 2 hours 122 
3 Adequate 2 hours 114 
4 Adequate 2 hours 107 
5 Adequate 2 hours 109 
6 Adequate 2 hours 120 

1 Adequate 4 hours 122 
2 Adequate 4 hours 139 
3 Adequate 4 hours 108 
4 Adequate 4 hours 129 
5 Adequate 4 hours 117 
6 Adequate 4 hours 128 

1 Deficient 0 hours 089 
2 Deficient 0 hours 113 
3 Deficient - 0 hours 072 
4 Deficient 0 hours 062 
5 Deficient 0 hours 056 
6 Deficient 0 hours 112 

1 Deficient 2 hours 070 
2 Deficient 2 hours 080 
3 Deficient 2 hours 074 
4 Deficient 2 hours 111 
5 Deficient 2 hours 079 
6 Deficient 2 hours 075 
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Appendix Table 2, Continued. 

Sample Copper Time 
T4 Number Status TRH Injection 

ng/mg 

1 Deficient 4 hours 086 
2 Deficient 4 hours 109 
3 Deficient 4 hours 101 
4 Deficient 4 hours 128 
5 Deficient 4 hours 114 
6 Deficient 4 hours — 



DEFINITIONS 

TRH thyrotropin releasing hormone 

RIA radioimmunoassay 

thyroxine 

TSH thyroid stimulating hormone 

AAS atomic absorption spectroscopy 

dpm disintegrations per minute 

LDL low density lipoprotein 

VLDL very low density lipoprotein 

HDL high density lipoprotein 

T3 triiodothyronine 

TG triglyceride 

AXN American Institute of Nutrition 

ppm parts per million 

ml milliliters 

yl microliters 

cpm counts per minute 

ppb parts per billion 
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