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ABSTRACT 

Three experiments were performed to determine the 

effect of low dietary copper on triglyceride and glucose 

14 
metabolism in rats. In vivo incorporation of glucose-U- C 

into saponifiable lipids was measured in adipose, liver and 

intestinal tissues in both fasted and fed copper-deficient 

and adequate rats. Copper-deficiency decreased incorporation 

of radioactivity into fatty acids in the liver of fed rats 

but had no significant effect in other tissues examined. 

Insulin stimulated lipogenesis was not affected by copper 

status in fasted rats. Copper-deficiency produced a highly 

significant glucose intolerance in rats responding to an 

intravenous glucose challenge. This was due to a delayed 

glucose stimulated insulin response in the copper-deficient 

rats. 



INTRODUCTION 

Recent reports indicate that copper is involved 

in cholesterol and triglyceride metabolism. Murthy and 

Petering (1976) demonstrated that serum cholesterol levels 

were inversely related to dietary copper and serum copper 

14 in rats. Lei (1977) found an increase in acetate-1- C 

incorporation into saponifiable lipids iji vitro in liver 

slices from copper-deficient rats compared to controls. 

Allen and Klevay (1980) observed a 25% increase in plasma 

triglyceride concentrations in rats as a result of copper 

deficiency. 

Choudry et al. (1981) found that rats fed a copper-

deficient diet exhibited impaired glucose clearance 

following oral glucose challenge. In addition, fasting 

insulin levels were elevated in copper-deficient rats 

compared to controls. 

The three studies were conducted to gain insight 

into the influences of copper on glucose and fatty acid 

metabolism in the rat. 

The objective of the first experiment was to 

determine the effects of dietary copper and exogenous 

insulin on serum lipids and incorporation of radioactivity 

14 
from glucose-U- C into fatty acids in various tissues. 

1 
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Experiment 2 examined the effect of dietary copper 

on serum lipids and radioactivity incorporation from 

14 glucose-U- C into fatty acids in various tissues of rats 

in an absorptive (fed) state. 

An intravenous glucose challenge was performed in 

the third experiment using copper-deficient and copper-

adequate rats. Plasma glucose and insulin responses were 

then measured to determine a copper effect on glucose 

utilization. 



LITERATURE REVIEW 

Copper 

Copper has been recognized to be an essential 

dietary component for over 50 years (Hart et al. 1928). 

Cartwright and Wintrobe (1964) estimated the adult human 

body to contain 80 mg of total copper. Spray and 

Widdowson (1951) indicated that newborn and very young 

animals contain more copper per unit of body weight than 

adults of the same species. Within the body, the 

pituitary, thyroid, thymus, prostate gland, ovaries 

and testes are low in copper; the liver, brain, kidneys, 

heart and hair are relatively high in copper concentra

tion (Carlton and Henderson 1963). 

Live concentrations of copper are shown to 

decrease with age in most species (Underwood 1977). 

Porter et al. (1961) determined that copper per gram 

of wet tissue in the mitochondrial fraction of immature 

liver were more than five times that in the corresponding 

fraction from adult liver. When dietary copper exceeds 

200 ppm, liver coooer concentrations in rats increase 

rapidly. Milne and Weswig (1968) suggested the increase 

is due to overloading of the excretory mechanism. Other 

dietary factors such as zinc, cadmium, molybdenum and 

3 
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calcium may also influence copper concentrations in the 

liver (Underwood 1977). With the exception of the 

Australian Salmon, sex has no influence on liver copper 

content (Underwood 1977). 

Blood copper exists in both erythrocytes and 

plasma. Shields et al. (1961) demonstrated that at 

least 60% of total red cell copper was bound as erythro-

cuprien. The copper in plasma occurs in two fractions, 

one firmly and one loosely bound. The former consists of 

ceruloplasmin, a blue copper containing enzyme identified 

by Osaki et al. (1966) as a ferroxidase which promotes 

iron saturation of transferrin in the plasma. Gubler et 

al. (1957) demonstrated that albumin bound copper consti

tutes the labile transport copper within the plasma. 

Plasma copper levels increase from normal concen

trations (0.5 to 1.5 ug/ml; Beck 1961), due to pregnancy 

(Halsted et al. 1968), administration of oral contra

ceptives in women (Prasad et al.); stilbesterol in swine 

and rats; thyroxine in sheep; and estradiol in humans 

(Underwood 1977). In addition, plasma copper levels are 

higher in women than men (Underwood 1977). Dietary trace 

elements such as zinc, cadmium and iron which depress 

copper absorption also reduce plasma copper concentration 

when ingested at high levels (Gray and Daniel 1964). 
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Milne and Weswig (1968) found no increase in plasma 

copper in rats when copper content of the diet was 

raised from 10 to 50 ppm, however, a copper intake 

of 100 ppm doubled plasma copper concentrations. 

Hypercupremia in pigs occurs with highly toxic dietary 

intakes, such as 750 ppm copper, which can be preven

ted by the administration of 500 ppm zinc (Suttle and 

Mills 1966). 

In a review, Underwood (1977) noted that copper 

levels of different tissues vary markedly in all species. 

The changes in copper content of individual tissues 

resulting from variations of copper intake differ within 

and among species (Underwood 1977). 

Thompsett (1940) indicated that in man copper was 

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

indicated copper was absorbed from the stomach and all 

portions of the small intestine in the rat. In almost 

all species, dietary copper is poorly absorbed. Three 

major factors influencing copper absorption are: 1) the 

pH of intestinal contents; 2) the dietary level of 

organic chelating agents and other minerals; and 3) the 

chemical form of the copper ingested (Underwood 1977). 

Copper absorption is reduced by: increased intestinal 

pH values (Dick 1954); the formation of insoluble oxides 

(Dick 1954) and insoluble complexes with phytates 
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(Davis et al. 1962); and elevated intake of ascorbic 

acid (Van Campen and Gross 1968) cadmium (Hill et al. 

1963), zinc, and molybdenum (Underwood 1977). The 

mechanisms regulating copper absorption are not 

described, although metal-binding factors are involved 

(Underwood 1977). Starcher (1969) identified a metal-

bindign protein in chick duodenum which bound copper, as 

well as cadmium and zinc. Danbs et al. (1973) indicated 

that copper absorption is regulated by two distinct 

mechanisms: copper transport from the intestinal lumen 

to mucosal cells; copper transport from the mucosal cells 

to the plasma. Newly absorbed copper is loosely bound 

to serum albumin, and forms the small direct reacting 

copper pool, from which copper is widely distributed to 

various tissues (Bush et al. 1956). 

The liver is the major organ of copper metabolism. 

The incorporation of copper into components of liver 

parenchymal cells varies with the age and copper status 

of the animal (Porter et al. 1961). Hepatic copper may 

be released for incorporation into erythrocuprien 

(Shields et al. 1961). ceruloplasmin (Wintrobe et al. 

1953) and other cuproenzymes or may also be secreted via 

the bile into the intestine; the latter is considered to 

be the major excretory pathway for copper in most species 

(Underwood 1977). 
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Hypochromic, microcytic anemia is a common feature 

associated with copper deficiency in all species. Copper 

deficiency is suggested to cause a lack of erythrocyte 

maturation (Lahey et al. 1952) and a reduction in ceru-

loplasmin activity required for oxidation of ferrous to 

ferric iron in order that iron may be transported from 

tissue to plasma (Osaki et al. 1966). 

Neonatal ataxia caused by a reduction of cyto

chrome oxidase activity in motor neurons (Fell et al. 

1965) was observed in copper-deficient lambs, goats, pigs 

and rats (Underwood 1977). Demyelination associated with 

neonatal ataxia is attributed to deficiencies of 

phospholipid synthesis and cytochrome oxidase activity 

(O'Dell 1965). 

Changes in growth and appearance of hair, fur 

and wool (achromotrichia) are found in copper-deficient 

rats, rabbits, dogs, cattle and sheep. O'Dell (1976) 

suggested this condition is caused by a reduction of 

tyrosinase required to convert tyrosine to melanin for 

pigments. Keratinization, characterized by the appear

ance of abnormally straight, stringy hair is seen in 

copper-deficient rats, rabbits, cattle, dogs and sheep 

(Underwood 1977). 

A nervous disorder of lambs characterized by 

uncoordinated movement results from copper deficiency 
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(Underwood 1977). Alloway (1973) suggested that 

molybdenum induced hypocuprosis might be a contributing 

factor in the incidence of this disease. 

Low fertility in cattle grazing copper-deficient 

pastures, associated with delayed or depressed estrus 

has been observed in several areas (Allcroft and Parker 

1949). 

The first evidence of cardiovascular disorders 

in copper deficiency emerged from studies of a disease 

in cattle known as "falling disease" (Bennetts and Hall 

1939). More recently, sudden cardiac failure associated 

with cardiac hypertrophy has been reported in copper-

deficient rats and pigs (Gubler et al. 1957). Studies 

by Shields et al. (1962) using copper-deficient pigs 

demonstrate that the massive internal hemorrhage 

resulting in sudden death is due to arterial failure in 

the vessel structure. O'Dell et al. (1961) observed a 

derangement of elastic tissue in the aortas of copper-

deficient chicks. This finding suggests that copper 

plays an important role in connective tissue metabolism. 

Starcher et al. (1964) observed reduced collagen and 

elastin levels in aortas of copper-deficient animals 

along with an accumulation of non-elastin, non-collagen 

protein. Collagen and elastin from such animals con

tained elevated levels of lysine and decreased levels of 
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desmosine due to a lack of amine oxidase activity 

(Miller et al. 1965 and O'Dell et al. 1966). Amine 

oxidase is required for the conversion of lysine to 

desmosine which provides the cross linkage group in 

collagen and elastin (Partridge et al. 1964). As a 

result of copper deficiency, fewer cross-linkages are 

present in the connective tissue, which in turn yields 

less elasticity in the aorta (Hill et al. 1978). 

In all animals, migh intake of dietary copper 

results in accumulation of copper in tissues, especially 

in the liver. Hepatic copper storage capacity varies 

greatly among species (Underwood 1977). Suttle and Mills 

(1966) observed copper toxicity in pigs given 250 ppm 

copper. Toxicity of copper is rerely observed in humans. 

However, it is an industrial hazard to workers in copper 

mining or processing industries (Underwood 1977). 

Cartwright and Wintrobe (1964) suggested that 

copper deficiency is very rare in the United States 

population. However, copper deficiencies have been 

seen in premature infants fed exclusively on modified 

cow's milk (Al-Rashid and Spangler 1971). Furthermore, 

recent evidence indicates that many diets commonly 

consumed in the United States provide considerably less 

copper than the 2 mg considered to be the daily require

ment of adults (Klevay 1975 and Wolf et al. 1977). 
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Copper Deficiency and 
Cholesterol Metabolism 

The biochemical role of copper in cholesterol 

metabolism is the subject of recent nutritional investi

gation. Murthy et al. (1972) suggested an important 

relationship between dietary zinc, copper and lipid 

metabolism in rats. Klevay (1973) produced hyper

cholesterolemia in rats by an increase in the ratio of 

zinc to copper ingested. A recent hypothesis suggested 

that a high ratio of dietary zinc to copper is associated 

with hypercholesterolemia and further postulated that 

coronary heart disease is predominantly a disease of 

imbalance of zinc and copper metabolism (Klevay 1975). In 

two large scale factorial experiments, using various levels 

of zinc and copper, Murthy and Petering (1976) demonstrated 

in rats that serum cholesterol, triglyceride and phospho

lipid levels tvere inversely related to dietary copper as 

well as serum copper concentrations. Neither dietary zinc 

nor serum zinc was directly related to serum cholesterol, 

however, when serum copper was low due to low dietary intake 

of copper, an excessive intake of zinc appeared to raise 

serum cholesterol levels due to the zinc-copper inter

relationship. Therefore, Petering and Murthy (1976) 

suggested that dietary copper controlled the metabolism of 

cholesterol to a greater degree than the zinc to copper 

ratio. 
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Subsequently, several investigators have attempted 

to elucidate the mechanisms responsible for the hyper

cholesterolemia observed in copper-deficient rats. An 

increase in hepatic synthesis of cholesterol was unlikely 

since the in vitro rate of cholesterogenesis from acetate-

14 1- C in liver slices was not increased by copper defi

ciency (Lei 1977). 

No alteration in cholesterol degradation In vivo 

(Lei 1978) or bile acid excretion (Allen and Klevay 1978) 

was found in copper-deficient rats. A shift of cholesterol 

from the liver pool to the plasma pool appeared responsible 

for the hypercholesterolemia observed in copper-deficient 

rats (Lei 1978 and Allen and Klevay 1978). Shao and Lei 

(1980) demonstrated that cholesterol ester, newly synthe-

14 sized from mevalonate-2- C, cleared the liver faster in 

copper-deficient rats compared to controls. Using a two 

pool kinetic analysis of plasma cholesterol levels, Lin 

and Lei (1981) further observed both increased pool size 

and reduced removal of cholesterol from the rapidly ex-

changable cholesterol pool in copper-deficient rats com

pared to controls. 
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Fatty Acid Synthesis 

The biosynthesis of saturated fatty acids from the 

precursor acetyl-CoA occurs in all organisms but is 

particularly prominent in the liver, adipose tissues, 

and mammary glands of higher animals (Wakil 1958). 

Originally it was believed that the biosynthesis of fatty 

acids occurred by a simple reversal of the enzymatic 

steps of B-oxidation. However, after the demonstration by 

Wakil (1968) that malonyl-CoA was an intermediate in 

fatty acid synthesis, it became apparent that the oxida

tion and synthesis of fatty acids were separate processes 

both in mechanism and in intracellular location. Liver and 

adipose tissue were both important sites for fatty acid 

synthesis in the rat (Leveille 1967). Franks et al. (1966) 

indicated that the synthesis of fatty acids occurs in the 

intestinal mucosal cell. 

The chemical pathway from glucose to fatty acids 

is well described. Carbohydrate entering the cell is 

converted via glycolysis to pyruvic acid, which in turn 

forms acetyl-CoA. Conversion of acetyl-CoA to saturated 

fatty acids is augmented in the cytosol by two enzyme 

systems which function sequentially: acetyl-CoA carboxylase 

and fatty acid synthetase (Volpe and Vaquelos 1973). 

Acetyl-CoA carboxylase catalyzes the first committed step 

in the synthesis of fatty acids; the biotin dependent 
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carboxylation of acetyl-CoA to malonyl-CoA (Lynen 1967). 

Synthesis of saturated fatty acids from malonyl-CoA is 

catalyzed by fatty acid synthetase, a multienzyme complex 

(Lynen 1967). In studies of liver and adipose tissue, 

Wakil (1959) suggested the following systems are respon

sible for fatty acid synthesis: 1) the cytoplasmic 

palmitate synthesizing system described above; 2) the 

fatty and elongation system in mitochondria; and 3) the 

fatty acid desaturase system in microsomes. 

Tatty Acid Metabolism 
in Copper Deficiency 

Whale and Davies (1975) observed decreased mono-

unsaturated to saturated ratios for C16 and C18 fatty 

acids from subcutaneous adipose tissue in copper-deficient 

rats. Decreased desaturase activity in liver microsomes 

was also observed. These conditions were reversed when 

the animals were replenished with dietary copper. Taylor 

and Thomke (1964) indicated that increased dietary copper 

is associated with a softening of adipose tissue in pigs. 

This observation was presumably the result of an increase in 

the ratio of unsaturated to saturated fatty acids within 

the tissue (Elliot and Bowland 1968). Moore et al. (1969) 

have similarly stated that fatty acid desaturase activity 

in liver and adipose tissue was increased in pigs given 

copper supplemented diets. Thompson et al. (1973) 
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suggested that the in vitro addition of copper ion is 

accompanied by increased activity and stability in 

microsomes from pig liver. 

Allen and Klevay (1980) recently reported that 

copepr deficiency in rats produced a 250% increase in 

plasma triglyceride concentration. Lei (1977) observed 

14 an increased in vitro conversion of acetate-1- C into 

fatty acids in liver slices from copper-deficient rats 

compared to controls. 

Insulin 

Insulin, first discovered in crude form by Banting 

and Best (1922), is a hormone which performs a wide variety 

of functions in various tissues throughout the body. 

Insulin is synthesized in the beta cells of the pancreas 

where it is stored and released upon stimulation. The 

biosynthetic mechanism of proinsulin, as well as conver

sion of proinsulin to insulin has been well elucidated 

(Steiner 1969). Following synthesis, the insulin molecule 

is incorporated into a granule produced by the endoplasmic 

reticulum which gradually changes into a small vesicular 

sac, ultimately formed into a dense, round beta granule. 

In this way, a 100 gram rat is capable of synthesizing 

an estimated two to three units of insulin per day (Wagle 

1965). 
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Insulin release in vivo is modulated by a number 

of factors which act in either a direct or delayed manner 

upon the pancreatic beta cell (Malaisse 1972). Among 

the factors described by Malaisse are glucose, amino acids, 

ketoacids, pancreatic hormones and gastro-intestinal 

hormones. The insulin releasing mechanisms are not clearly 

defined although various releasing factors are suggested 

to couple with different stimulatory pathways (Malaisse 

1979). Calcium ions, however, are believed to act as a 

final trigger of insulin release, regardless of the 

activating mechanism (Malaisse 1977). Steiner et al. (1970) 

demonstrated that upon stimulation, secreted insulin is 

released from performed beta granules and not directly 

from biosynthetic sites within the beta cell. 

A major result of insulin action on adipose tissue 

is the storage of triglycerides due to increased synthesis 

of fatty acids. Krahl (1951) first demonstrated that 

uptake of glucose by adipose tissue is stimulated by the 

addition of insulin in vitro. Winegrad and Reynold (1958) 

observed that insulin markedly augments fatty acid 

synthesis and the oxidation of carbon 1 of glucose. These 

authors suggested that stimulation of fatty acid synthesis 

by insulin was a result of increased glucose uptake. 

Although this explanation has since been confirmed 

(Denton et al. 1969), Halperin (1970) provided evidence 
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that this is not the only mechanism involved in insulin 

stimulated fatty acid synthesis. In his experiments, in 

vitro incorporation of tritiated water into fatty acid 

was increased by insulin in the absence of glucose in the 

medium. Jungas (1970) demonstrated that insulin is capable 

of inducing an increase in pyruvate dehydrogenase activity. 

These data indicate that the insulin stimulated conversion 

of pyruvate into fatty acids occurs by a mechanism 

distinct from and in addition to the known insulin stimu

lation of glucose transport. 

Glucose Tolerance Test 

The glucose tolerance test (GTT) is a simple 

procedure which indicates plasma glucose and insulin 

response following administration of a glucose load either 

orally (GTT) or intravenously (IVGTT). The OGTT involves 

ingestion of 500 - 1000 mg glucose per kilogram of body 

weight in a 50% w/v solution (Elrick et al. 1964). 

Because the ingested glucose is absorbed in a normal manner, 

its presence in the gastrointestinal trace elicits the 

release of gut hormones, which in turn stimulate the 

pancreatic release of insulin. Plasma glucose levels rise 

relatively slowly as glucose gradually diffuses through the 

intestinal epithelial cell into the bloodstream. By 

contrast IVGTT is initiated by an intravenous injection 

of 100 - 200 mg per kilogram of body weight directly into 
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the bloodstream (Elrick et al. 1964). The plasma glucose 

level rises rapidly and is the only stimulator of insulin 

release in the pancreatic beta cells. 

The physiological manifestations of these two 

tests are significant. During the OGTT, plasma glucose 

and insulin levels peak 20 - 40 minutes after administration 

of glucose (Perley and Kipnis 1967). By comparison,, in 

IVGTT plasma insulin and glucose levels rise more drama

tically, peaking as rapidly as 10 - 20 minutes (Perley 

and Kipnis 1967). Furthermore, Perley and Kipnis (1967) 

found the insulin response to IVGTT was only 30 to 40 

percent of the response observed in OGTT. This was attri

buted to the collective effect of the gastrointestinal 

hormones released as a result of oral administration of 

glucose (Perley and Kipnis 1967). 

The results of either type of GTT can be affected by 

a number of variables. Among those factors decreasing 

GTT response were increasing age (Florence and Quarterman 

(1972), ad libitum feeding pattern (Leveille and 

Chakrabarty 1968), and lower food consumption on the day 

prior to fasting (Florence and Quarterman 1972). 

Florence and Quarterman (1972) indicated that in addition 

to these factors, dietary carbohydrate source and length 

of time on a particular feeding pattern must be controlled 

in order to insure reproducible GTT results. 



MATERIALS AND METHODS 

Experiment I 

This experiment was completely randomized block 

design involving four treatment groups in a 2 x 2 factorial. 

The two variables examined were dietary treatment (copper-

deficient and adequate) and insulin effect (administration 

of exogenous insulin or saline). Thirty-two male weanling 

Sprague-Dawley rats weighing 50 - 90 grams were randomly 

and equally assigned to one of the four treatment groups. 

The basal diet in all experiments was prepared 

according to American Institute of Nutrition (1977) 

recommendations except no copper supplement was included in 

the mineral mix (Table 1). This served as the copper-

deficient diet and contained 0.85 mg Cu/kg diet as measured 

by flameless atomic absorption spectrophotometry. The 

copper-adequate diet included the addition of Cu Co^ with 

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

Diet and distilled demineralized water (distilled water 

passed through a mixed bed resin, Barnstead Co., Sybron 

Corp., Boston, MA) were supplied on an ad libitum basis 

through the duration of the experiment. 

18 
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TM 
Table 1. AIN-76 Purified Diet (for rats and mice). 

Ingredient Percent g/kg 

Casein 20.0 200 

DL-Methionine 0.3 3 

Glucose 
Monohydrate 

65.0 650 

Fiber 5.0 50 

Corn Oil 5.0 50 

AIN Mineral Mix1 3.5 35 

AIN Vitamin Mix^ 1.0 10 

Choline bitartrate 0.2 2 

1See Appendix Table A for composition 

2 See Appendix Table B for composition 

All rats were housed in stainless steel cages kept 

at 20 - 22°C with 12 hours of light and 12 hours of 

darkness. Feed consumption was measured twice weekly 

and body weights were recorded throughout the experiment. 

After seven weeks, the rats were fasted for 12 

hours and anesthetized by a subcutaneous injection of 5 

mg sodium pentobarbitol per 100 grams of body weight. 

Eight pairs of copper-adequate and copper-deficient rats 

were injected intravenously via femoral vein with a tracer 

dose of 18.0 uCi of glucose-U-^C followed by 0.2 U of 

insulin per kg of body weight 60 seconds later. Another 
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eight pairs of rats were injected with 18.0 uCi of glucose-

14 U- C followed by saline solution to serve as controls 

for the insulin-treated rats. The rats were killed by 

exsanguination 30 minutes after injection of glucose. 

Heart, liver, and intestinal tissues were excised, weighed 

and immediately frozen in liquid Ng to stop activity. Two 

adipose tissue samples (approximately 1 g each) were taken 

from the testicular fat pad, weighed and similarly quick-

frozen. Whole blood samples collected by heart puncture 

were centrifuged at 4000 rpm for 25 minutes at 4°C. All 

sera and tissue samples were stored at -10°C for further 

analysis. 

Procedure for Tissue Lipid Extraction 

Weighed slices of liver, adipose and intestinal 

tissues (approximately 1 g) were placed into a hand held 

tissue homogenizer containing 6 ml of chloroform:methanol 

(2:1, v/v). Tissues were homogenized for several minutes. 

The supernatant from each sample was poured into a 

saponification tube; this was followed by two more washings 

with 6 ml of the chloroform:methanol solution. Four ml of 

an aqueous 0.04% CaClg solution were added to the total 

lipid extract from each sample. The contents of the tubes 

were mixed, allowed to stand briefly, and the aqueous layer 

removed by pasteur pipette. Tissue lipid extracts were 

then dried under Ng. 



21 

Procedure for Tissue Lipid Saponification 

Ten ml of 10% KOH in ethanol were placed into the 

screw-capped saponification tube and samples were saponi

fied by heating in a water bath held at 85°C for the 

appropriate time period (30 minutes for adipose tissue; 

3 hours for liver and intestinal tissues). As the tubes 

were allowed to cool to room temperture, a 10 ml aliquot 

of distilled water was added to each of the tubes. The 

non-saponifiable fraction was obtained by three successive 

extractions with 5 ml portions of petroleum ether. The 

saponifiable fraction remained in the bottom layer of the 

saponification tube. 

Procedure for Extraction of Saponifiable Lipids 

The contents of each tube were acidified with 

concentrated HC1. Congo Red Paper was used to check the 

effectiveness of the acidification. The saponifiable-lipid 

fraction containing fatty acids was obtained by three 

successive extractions with 5 ml aliquots of petroleum 

ether. The fatty acid extract was transferred to a 

scintillation vial, evaporated to dryness and the residue 

was dissolved in 1 ml 100% ethanol before the addition of 

10 ml Omniflour scintillation fluid. The radioactivity 

incorporated into fatty acids was measured using a Packard 

Tri-carb 460 CD liquid scintillation spectrophotometer. The 

in vivo rate of fatty acid synthesis was expressed as the 
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in vivo rate of fatty acid synthesis was expressed as the 

14 amount of C (dpm) per gram of sample. 

Procedure for Plasma Cholesterol Determination 

Plasma cholesterol .levels for all experiments were 

determined quantitatively using an enzymatic kit (Boehringer 

Mannheim, Indianapolis, IN). By following methodology 

included, all cholesterol esters in the plasma were split 

quantitatively yielding free cholesterol, which, in turn, 

was oxidized to CH0LEST-4-EN-3-0NE, producing equivalent 

hydrogen peroxide. Methanol, in the presence of hydrogen 

peroxide and catalase, was converted to formaldehyde, which 

formed the chromophore via the Hantzsch (Nash 1953) reaction. 

The yellow color was read at 410 X against a blank using 

a Bausch and Lomb model 710 spectrophotometer. 

Procedure for Plasma Triglyceride Determination 

Plasma triglyceride values for all experiments were 

measured colorimetrically using an enzymatic kit from 

Boehringer Mannheim (Indianapolis, IN). Plasma trigly

cerides were hydrolized to fatty acids and free glycerol by 

the lipase/esterase mixture contained in the kit. The 

liberated glycerol was phosphorylated and oxidized with 

NADH generated quantitatively. The NADH then reacted with 

(MTT) 3-(4,5-Dimethyl Thiazolyl-2)-2,5 Diphenyl 

Tetrazolium Bromide which in reduced form served as the 
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chromophore. Reduced MTT was measured at 560 X against 

a blank using a Bausch and Lomb model 710 spectrophotometer. 

Statistics 

All data were analyzed by analysis of variance 

according to Nie et al. (1975). The interaction between 

dietary copper effect and insulin effect^ was analyzed by 

two-way analysis of variance. 

Experiment II 

This experiment was a completely randomized block 

design and involved two dietary treatments (copper-deficient 

and copper-adequate). Twenty weanling male Sprague-Dawley 

rats weighing 40-50 g were equally and randomly divided into 

each treatment. Rats were housed individually in suspended 

stainless steel cages kept at 20 - 22°C with 12 hours of 

light and 12 hours of darkness. Feed consumption and body 

weights were recorded weekly. Appropriate diet (described 

previously) and distilled deionized water were provided 

ad libitum. 

After six weeks, rats were anesthetized (5 mg 

pentobarbitol/100 g body wt.) in early morning shortly 

after the 12 hours of darkness had ended. This was to 

ensure the rats were in a fed state. All rats were 

injected intrafemorally with a tracer dose of 36.0 uCi of 

14 glucose-U- C per kg of body wt. Thirty minutes after 
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glucose inejction the rats were killed by exsanguination. 

Adipose, liver and intestinal tissues were rapidly excised, 

weighed and a 1 g sample of each was placed into chloroform; 

methanol extraction solvent. An additional liver sample of 

approximately 1 g was stored frozen for copper analysis by 

atomic absorption spectrophotometry. Blood samples were 

centrifuged and the plasma was stored at -10°C for further 

analysis. 

Tissue lipids from all samples were extracted, 

saponified and counted for incorporation of radioactivity 

as previously described. Serum cholesterol and trigly

ceride values were determined as before using the identi

cal enzymatic methodology. 

Procedure for Liver Acid 
Digestion and Copper Analysis 

Weighed liver samples were placed into tared 18 ml 

Nalgene tubes and dried at 80°C for 24 hours. The dried 

samples were cooled in a dessicator under vacuum for another 

24 hour period. Five ml of concentrated HNOg were added 

to the sample tubes which were then packed in ice for 12 

hours. Following the cold digest, samples were vortex 

mixed and placed in a water bath for four hours which was 

heated to 95 - 100°C. The samples were allowed to cool and 

were diluted to 10 ml for copper determination. All samples 
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were analyzed for copper by flameless atomic absorption 

spectrophotometry using a Hitachi model 180-70 spectro

photometer .1 

Statistics 

All data were analyzed by one way analysis of variance 

according to Nie et al. (1975). 

Experiment III 

This experiment was a completely randomized block 

design involving two different dietary treatments (copper-

deficient and copper-adequate). Forty male weanling 

Sprague-Dawley rats weighing 40 - 50 g were equally and 

randomly divided into each treatment. All rats were housed 

in suspended stainless steel cages kept at 20 - 22°C with 

12 hours of light and 12 hours of darkness. Feed consump

tion and body weights were recorded weekly throughout the 

experiment. Appropriate diet (described previously) and 

distilled demineralized water were provided ad libitum. 

After five weeks, the rats were fasted for 18 hours 

and anesthetized by a subcutaneous injection of 5 mg 

pentobarbitol per 100 g body wt. 

Six rats from each dietary treatment were then 

exsanguinated to determine fasting glucose and insulin 

Handbook, Polarized Zeeman Atomic Absorption Spectropho
tometry. NSI. Hitachi Scientific Instruments. Mountain 
View, CA 94043 
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levels. The remaining rats were injected intravenously 

via femoral vein with a solution of glucose (1 g/kg body 

wt., 50% w/v). Six pairs of copper-deficient and adequate 

rats were killed by exsanguination at 30, 60 and 120 

minutes subsequent to injection. 

A liver sample of approximately 1 g was excised from 

all rats and stored at -10°C for copper analysis. Blood 

samples from all rats were heparinized and centrifuged at 

4000 rpm for 20 minutes at 4°C. Plasma was stored at -20°C 

for glucose and insulin determinations. Liver copper 

determinations were performed as described previously. 

Procedure for Plasma Glucose Determination 

Plasma glucose levels were determined quantitatively 

using an enzymatic kit (Boehringer Mannheim, Indianapolis, 

IN). Plasma glucose was oxidized by a specific oxidase to 

gluconic acid and hydrogen peroxide. The hydrogen peroxide 

reacted in the presence of peroxidase with phenol and 

4-aminophenazone to form an 0-quinone imine dye. The 

intensity of the color formed was proportional to the 

original glucose concentration and was measured against a 

blank using a Bausch and Lomb model 710 spectrophotometer 

at 505 A 

Principle for Determination of Plasma Insulin 

Plasma insulin levels were determined using an insulin 

radioimmunoassay kit (Amersham Corp., Arlington Hts., IL). 
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The methodology is based on a modification of the double 

antibody technique of Hales and Randle.(1963). The insulin 

binding reagent contained in the kit consists of guinea 

pig antibodies to insulin complexed with rabbit anti-guinea 

pig serum. This complex forms a microprecipitate in solu

tion which can react with insulin. Insulin labeled with 

125 
I forms the basis for measurement of plasma insulin. The 

unlabeled insulin in plasma competes with labeled insulin 

for antibody binding sites. As a result, unbound insulin 

can be separated from the bound insulin by microfiltration 

and the amount of insulin present in plasma is inversely 

proportional to the amount of radioactive insulin retained 

in the microprecipitate. 

Procedure for Determination of Plasma Insulin 

Working insulin standards (0, 10, 20, 40, 80 and 

160 uU/ml) were prepared from a stock standard solution 

diluted with appropriate amounts of buffer provided with 

the insulin kit. One hundred ul of buffer, insulin standard 

and plasma were delivered to blank, standard and sample 

tubes, respectively. Insulin binding reagent (100 ul) was 

pipetted into all tubes except blanks; the contents of tubes 

were vortex mixed and incubated at 4°C for 140 minutes. 

Following the final incubation, 700 ul of buffer were added 

to the tubes. The contents of all tubes were then decanted 

TM 
onto 0.2 micron millipore microfilters. Tubes were then 
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washed twice with 500 ul aliquots of buffer and the contents 

decanted onto the filter carefully after each washing. 

Each microfilter containing bound insulin was then 

transferred to a 20 ml scintillation vial and allowed to 
mw * 

dry briefly. Ten ml of aquaflour scintillation fluid 

was added to each vial. AH samples were counted for 

radioactivity in a Packard Tri-carb 460 CD liquid scintil

lation spectrophotometer. 

Statistics 

All data were analyzed by two way univariate analysis 

of variance. The interactions of time and dietary treatment 

on glucose and insulin responses were partitioned into 

single degrees of freedom (Nie et al. 1975). 



RESULTS 

Experiment I 

No significant differences in final body weight, 

body weight gain, feed consumption or feed to gain ratio 

were observed in rats fed the copper-deficient diet compared 

to controls.(Table 2). However, the elevated heart weight 

(P<.05) and heart to body weight ratio (P<.05) in rats fed 

the copper-deficient diet indicate that the hearts of 

these rats constituted a higher percentage of the total 

body weight than the hearts of rats fed the copper-adequate 

diet. Both serum cholesterol and serum triglyceride levels 

were higher (P<.001) in copper-deficient rats than in rats 

fed the copper-adequate diet. 

Table 3 shows the influence of the two experimental 

treatments (low dietary c6pper and administration of 

exogenous insulin) on serum lipids and radioactivity in-

14 corporation from glucose-U- C into saponifiable lipids in 

adipose, liver and intestinal tissues in rats. Copper-

deficiency significantly increased (P<.001) serum choles

terol levels and although exogenous insulin injection 

elevated cholesterol levels slightly, this effect was not 

statistically significant. No interaction of copper and 

insulin effects was observed since both treatments 

29 
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Table 2. Influence of Dietary Copper on Body, Heart and 
Liver Weight, Feed Consumption, Serum Lipids 
and Incorporation of Glucose-U-14c into 
Saponifiable Lipids in Adipose, Liver and 
Intestine. 

Copper Copper 
Deficient Adequate P Value 

N=16 N=16 

Final Body wt. 
(g) 335. 5 + 10. 41 333 .6 + 7. 2 N.S. 

Body wt. gain 
(g/7 wk) 260. 6 + 8. 0 262 .0 + 8. 7 N.S. 

Feed 
Consumption 
(g) 945 + 18 936 + 11 N.S. 

Feed/Gain 3. 65 + 0. 08 3 .63 + 0. 13 N.S. 

Liver wt. (g) 11. 32 + 0. 42 10 .55 + 0. 25 N.S. 

Heart wt. (g) 1. 54 + 0. 42 1 .36 + 0. 25 <.05 

Heart/Body wt. 
(%) 0. 47 + 0. 02 0 .40 + 0. 01 <.05 

Serum 
Cholesterol 
(mg/dl) 113. 6 + 3. 5 82 .7 + 3. 4 < .001 

Serum 
Triglycerides 
(mg/dl) 67. 8 + 3. 3 50 .2 + 2. 5 <.001 

^"Mean + Standard Error of the Mean (SEM) 

2 
N.S. = Non Significant 
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Table 3. Influence of Dietary Copper and Exogenous 
Insulin on Serum Lipids and Incorporation of 
Glucose-U-l^C into Saponifiable Lipids in 
Adipose, Liver and Intestine. 

No Insulin With Insulin Average AOV 

Serum Cholesterol mg/dl 

112.1 + 5.21 115.1 + 5.0 113.6 + 3.5 Cu P<.001 

76.4 + 5.2 88.9 + 3.2 82.7 + 3.4 I N.S. 

94.2 + 5.8 102.0 + 4.4 X N.S. 

Cu Deficient 

Cu Adequate 

Av. 

Cu Deficient 

Cu Adequate 

Av. 

Serum Triglyceride mg/dl 

71.7 + 4.0 63.9 + 5.0 67.8 + 3.3 CuP<.001 

51.8+3.9 48.5+3.3 50.2+2.5 N.S. 

61.8 + 3.7 56.2 + 3.5 X N.S. 

Adipose DPM/100 g tissue 

Cu Deficient 25,563 + 6096 158,987 + 20,992 92,275 + 20,203 Cu N.S. 

Cu Adequate 36,732 + 12,999 163,132 + 29,143 99,932 + 22,447 I P<.001 

Av. 31,417 + 7083 161,015 + 17,357 X N.S. 

Cu Deficient 

Cu Adequate 

Av. 

Liver DPM/Organ 

1060 + 127 1740 + 442 

1234 + 462 1355 + 197 

1147 + 245 1547 + 239 

1400 + 239 

1295 + 245 

Cu N.S. 

I N.S. 

X N.S. 

Cu Deficient 

Cu Adequate 

Av. 

Intestine DPM/Organ 

468+37 4209 + 954 

595 + 81 3651 + 903 

531 + 46 3930 + 636 

2339 + 665 

2123 + 590 

Cu N.S. 

I P<001 

X N.S. 

^Mean + SEM 

2 AOV, P values for treatment comparisons in analysis of 
• variance, Cu, copper effect; I, insulin effect; X, inter
action of copper and insulin effects. 
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elevated serum cholesterol levels to varying degrees. Serum 

triglyceride levels were increased (P<.001) in rats fed the 

low-copper diet. No significant insulin effect was observed, 

nor was there any significant interaction between copper and 

insulin treatments. Incorporation of radioactivity from 

14 glucose-U- C was not affected by copper status in any of 

the tissues examined. However, both adipose and intestinal 

tissue responded (P<.001) to administration of exogenous 

insulin while no significant response was observed in liver. 

No significant interaction of copper and insulin 

influence was present in any of the tissues studied. 

Experiment II 

In this experiment, mean body weight (P<.001), body 

weight gain (P<.001) and feed consumption (P<.005) were 

depressed in rats fed the copper-deficient diet, although 

the feed to gain ratio was unaffected by dietary treatment 

(Table 4). Elevated mean heart weight (P<.001), heart to 

body weight ratio (P<.001), liver to body weight ratio 

(P<.05) and plasma cholesterol levels (P<. 001) were observed 

in rats fed the low-copper diet. Low dietary copper levels 

significantly reduced liver copper concentration (Pc.OOl) 

but had no effect on total liver weight or plasma trigly

ceride concentrations. Incorporation of radioactivity from 

14 
glucose-U- C into saponifiable lipids was not influenced 
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Table 4. Influence of Dietary Copper on Body, Heart and 
Liver Weight, Feed Consumption, Liver Copper, 
Plasma Lipids and Incorporation of Glucose-U- C 
into Saponlfiable Lipids in Adipose, Liver and 
Intestine. 

Copper 
Deficient 

N=10 

Significance 

N=10 

Final Body Wt. 
(g) 

Body Wt. Gain 
(g/6 wk) 

Feed 
Consumption 
(g) 

Cholesterol 
(mg/dl) 

Plasma 
Triglycerides 
(mg/dl) 

Adipose 
(DPM/100 g 
body wt.) 

Liver 
(DPM/organ) 

Intestine 
(DPM/organ) 

255.1 + 8.5 

208.8 + 9.0 

771 + 39 

304.7 + 8.6 P<.001 

259.1 +7.5 P<.001 

929 + 28 P<.005 

Feed/Gain 3.69 + 0.07 3.59 + 0. 05 N.S. 

Heart Wt. (g) 1.77 + 0.11 1.09 + 0. 03 P<.001 

Heart/Body Wt. 
(%) 

0.70 + 0.05 0.36 + 0. 01 P<.001 

Liver Wt. 
(g) 

10.68 + 0.66 11.32 + 0. 33 N.S. 

Liver/Body Wt. 
(%) 

4.18 + 0.19 3.72 + 0. 08 P<. 05 

Liver Cu (ppm) 1.00 + 0.13 4.54 + 0. 14 P<.001 

Plasma 109.4 + 5.2 77.3 + 3. 6 P<.001 

184.1 + 11.6 187.4 + 17.2 N.S, 

108,573 + 56,232 76,780 + 22,581 N.S, 

7414 + 2755 

640 + 158 

16,893 + 2583 P<.05 

671 + 100 N.S. 

*Mean + SEM 



by dietary treatment in adipose or intestinal tissues but 

was decreased in the livers (P<.05) of rats fed the test 

diet. 

Experiment III 

The mean body weight, body weight gain and feed 

consumption were significantly decreased (P<.001) in rats 

fed the copper-deficient diet (Table 5). The mean liver 

weight of the rats fed the low-copper diet was decreased 

(P<.05), but when expressed as a percentage of body weight 

was increased (P<.05) compared to controls. The elevated 

mean heart weight (Pc.001), heart to body weight ratio 

(P<.001) and decreased liver copper concentration (P<.001) 

in rats fed the test diet indicated that these rats were 

indeed copper-deficient. 

No signficant differences in fasting glucose levels 

were observed among the two treatments (Table 6). However, 

when compared to controls rats fed the copper-deficient 

diet showed a market increase in plasma glucose levels 30 

minutes after injection. The difference was less prominent 

after 60 minutes and no significant difference was observed 

at 120 minutes after injection. These data show a signi

ficant dietary effect in the response of plasma glucose 

levels to glucose injection (Figure 1). 

No significant difference (P<.05) in mean fasting 

insulin levels were observed between the two treatment 



Table 5. Effect of Dietary Treatment on Body Weight, 
Organ Weights and Liver Copper. 
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Dietary Treatment p Value 

Copper Adequate Copper Deficient 

Body wt. (g) 270.6 + 4.5 195.0 + 5.2 <.001 

Body wt. gain 231.0 + 4.0 153.7 + 4.7 <.001 

Feed Cons. 829 + 27 666 + 31 <.005 

Heart wt. 1.06 + 0.02 1.49 + 0.07 <.001 

Heart/Body 
wt., % 

0.39 + 0.01 0.79 + 0.04 <.001 

Liver wt. 8.22 + 0.15 7.63 + 0.10 < .05 

Liver/Body wt. 3104 + 0.24 3.91 + 0.19 <.05 

Liver Copper 4.44 + 0.28 0.76 + 0.08 <.001 

Mean + SEM N=24 



36 

Table 6. Effect of Copper Deficiency on the Response of 
Plasma Glucose after an Intravenous Glucose 
Injection in Rats. 

Treatment , Plasma Glucose mg/dl 

Time after Glucose Load, Minutes 

0 30 60 120 

Copper 
Adequate 

94.0 +9.9 197.5 + 20.5 143.2+ 8.7 130.0+ 7.9 

Copper 
Deficient 

73.81 + 8.2 324.8 + 16.8 185.8 + 10.4 156.0 + 15.1 

Treatment Comparisons Degree of Freedom P Value 
in Analysis of Variance 

Cu = Copper Effect 

^ = Linear Effect 

TQ = Quadratic Effect 

T = Cubic Effect 
c 

1 <.001 

1 <.001 

1 <.001 

1 N.S.2 

Interactions 

Cu x Tj 1 N.S. 

Cu x T 1 <.001 q 

Cu x T 1 N.S. 

*Mean + SEM (N=6) 

2N.S. = Non Significant 
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Figure 1. Plasma glucose responses to intravenous glucose 
injection (lg/kg body wt. in a 50% w/v solution) 
in Cu deficient ( ) and Cu-adequate ( ) 
rats. 
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groups (Table 7). However, the plasma insulin response to 

glucose challenge appeared to have peaked at 30 minutes for 

the copper-adequate rats, but was delayed to 60 minutes for 

the copper-deficient rats. A highly significant interaction 

(P<.001) was observed between the copper effect and the 

cubic time effect. This confirmed that the two insulin 

response curves were significantly different (Figure 2). 
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Table 7. Effect of Copper Deficiency on the Response 
of Plasma Insulin after an Intravenous Glucose 
Injection in Rats. 

Treatment Plasma Insulin yU/ml 

Time after Injection, minutes 

0 30 60 120 

Copper 
Adequate 24.8 + 2.9 44.5 + 6.3 24.2 + 3.2 18.2 + 4.2 

Copper 
Deficient 19.3 + 4.2 19.0 + 1.7 56.5 + 10.5 31.3 + 2.7 

Treatment Comparisons 
in Analysis of Variance Degree of Freedom P Value 

Cu = Copper Effect 

T^ = Linear Effect 

TQ = Quadratic Effect 

T = Cubic Effect 
c 

1 

1 

1 

1 

N.S.' 

N.S. 

N.S. 

<.01 

Ineractions 

Cu x T1 

Cu x T 
Q 

Cu x T 

1 

1 

1 

N.S. 

< .005 

< .001 

•""Mean + SEM (N=6) 

^N.S. = Non Significant 
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Figure 2. Plasma insulin responses to intravenous glucose 

injection (1 g/kg body wt. in a 50% w/v solution) 
in Cu-deficient ( ) and Cu-adequate ( ) 
rats. 



DISCUSSION 

Experiment I 

A decrease in body weight gain is usually observed 

in copper-deficient rats (Underwood 1977), but not always 

(Murthy and Petering 1976). Although no decrease in body 

weight was observed among copper-deficient rats in this 

experiment (Table 2), the elevated heart weight and heart 

to body weight ratio provided evidence that cardiac hyper

trophy, a well established symptom of copper deficiency 

in rats (Hill 1969), was present in this study. In addi

tion, the elevated serum cholesterol and triglyceride 

levels in rats fed the copper-deficient diet is consistent 

with the findings of other investigators (Allen and Kelvay 

1978 and Lei 1978). Thus, the alternations in heart weight 

and serum lipids served as good indicators for copper status. 

14 Incorporation of radioactivity from glucose-U- C 

into saponifiable lipid was not affected by copper status 

in any tissues examined in both insulin treated and control 

rats. However, the rats were in a fasted state and the 

blood glucose available as substrate for fatty acid 

synthesis may not have been sufficient to saturate enzyme 

pathways in the various tissues. Consequently, these 

41 
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experimental conditions may not produce maximum tissue 

lipogenic activity and could mask any effect of copper 

nutriture. 

The influence of exogenous insulin administration 

on radioactivity incorporation was highly significant in 

adipose and intestinal tissues but not in liver (Table 3). 

These results were observed in both copper-deficient and 

copper-adequate rats and indicate that in intestine and 

adipose tissues, insulin stimulated lipogenesis from 

glucose is not impaired by copper deficiency. Since 

insulin is not necessary for glucose uptake by liver 

parenchymal cells, it is not surprising that no signi

ficant insulin effect was observed in liver. These data 

indicate that the influence of insulin in stimulating 

glucose uptake by insulin sensitive tissues is not adversely 

affected by copper status. 

Experiment II 

The data in Table 4 indicate that the rats fed 

the low-copper diet in this experiment were more severely 

depleted of body copper stores than the copper-deficient 

rats in the first study. However, the diets for both 

experiments were carefully mixed in an indentical manner. 

Therefore, it would seem likely that the smaller and 

younger rats used in this experiment were more susceptable 
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to the test diet because they contained less total body 

copper at the start of the feeding regimen. 

Plasma cholesterol levels were elevated by copper-

deficiency (P<.001) as in the previous study even though 

the rats in this experiment were in a fed state. The 

hypercholesterolemia observed in copper-deficient rats 

thus appears to be independent of the absorptive state of 

the animal. 

Plasma triglyceride levels did not respond in this 

manner. In this experiment, plasma triglyceride levels 

were three-fold higher than those in the first study 

reflecting the fed state of these animals. However, copper 

status did not influence plasma triglyceride level under 

these conditions in contrast to the elevated plasma tri

glyceride level observed in the fasted copper-deficient 

rats of the first study. It would appear that hyper

triglyceridemia is not a steady state condition in the 

copper-deficient rat, but is only observed when the 

deficient rat has been fasted for a sufficient period of 

time. In the fasted animal, increased ketone body forma

tion may result from catabolism of free fatty acids for 

energy. Sufficient levels of ketone bodies in fasted 

copper-deficient rats may allow acetate to be available 

as a significant substrate for fatty acid biosynthesis via 

acetyl-CoA. Indeed, in liver slices from fasted copper-
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deficient rats, Lei (1977) observed an increase in fatty 

14 
acid synthesis from acetate-1- C jln vitro compared 

to controls. It may be likely that fasting hypertrigly

ceridemia observed in copper-deficient rats is due to 

enhanced hepatic fatty acid synthesis from acetate or a 

decreased triglyceride uptake in peripheral tissues. 

14 Incorporation of radioactivity from glucose-U- C 

into saponifiable lipids was depressed in the liver of 

copper-deficient rats compared to controls (Table 4). 

Since all animals in this experiment were in an absorptive 

state, plasma glucose and insulin levels.would be high, 

thereby saturating the lipogenic enzyme pathways with sub

strate. Under these conditions, the data indicate a 

decreased maximum lipogenix capacity in the liver of 

copper-deficient rats compared to controls. 

The livers of copper-deficient rats therefore appear 

to have a lower capacity to produce fatty acids from 

glucose in an absorptive state. However, in a post 

absorptive state, an increase in hepatic synthesis of 

fatty acids from acetate in copper-deficient rats may be 

responsible for the elevated fasting triglyceride levels. 

Experiment III 

The data in Table 5 indicate that rats fed the 

low copper diet were severely copper-deficient. Liver 

copper concentrations in rats fed the test diet were 
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depressed below 1 ppm in only five weeks. This was due 

to the small size (~40 g) and low total body copper stores 

in rats at the start of this experiment. 

The results in Table 6 demonstrate the inability 

of copper-deficient rats to clear glucose from the blood 

when challenged intravenously. A similar oral glucose 

intolerance was reported in copper-deficient rats (Choudry 

et al. 1981). Figure 1 illustrates the quadratic time 

curve and dietary copper effect of plasma glucose responses 

in rats from both treatment groups. 

Plasma insulin responses to intravenous glucose 

challenge are given in Table 7 and Figure 2. No differ

ences in fasting insulin were observed between the two 

treatment groups. This is in contrast to previously 

reported findings (Choudry et al. 1981). The copper 

deficient rats show a lack of insulin response to high 

plasma glucose levels up to 30 minutes after injection. 

The copper-deficient rats show no impairment in overall 

insulin response compared to controls, however, the delayed 

insulin response would appear to be responsible for the 

glucose intolerance observed in copper-deficient rats. 

The delayed insulin effect may not be found in 

copper-deficient rats challenged with glucose orally. 

The release of gastro-intestinal hormones with oral 

glucose tolerance testing results in stimulation of 
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pancreatic B cells to secrete insulin before blood glucose 

levels rise significantly (Perley and Kipnis 1967). Whether 

copper status influences the effects of gastrin, secretin 

and other gastrointestinal hormones on pancreatic insulin 
• 

release is not known. These data do, however, suggest a 

role for copper in the.glucose stimulated release of 

insulin in vivo. 



SUMMARY 

Experiment I 

Thirty-two male weanling rats were used in a seven 

week experiment to determine the effect of dietary copper 

and exogenous insulin on serum lipids and incorporation 

14 of glucose-U- C into fatty acids in liver, adipose and 

intestinal tissues. 

Heart weight and heart to body weight ratio was 

significantly elevated in rats fed the low copper diet. 

Serum cholesterol and triglyceride levels were increased 

in copper-deficient rats compared to controls. No effect 

14 of dietary copper was observed in glucose-U- C conversion 

to fatty acids in any of the tissues examined. However, 

insulin significantly increased incorporation of radio

activity into fat'ty acids in adipose and intestinal 

tissue of both copper-adequate and copper-deficient rats. 

This was due to insulin stimulated glucose uptake in these 

tissues. 

Experiment II 

Twenty male weanling rats were used in a six week 

experiment to determine the dietary copper effect of 

14 
incorporation of radioactivity from glucose-U- C into 

fatty acids in an absorptive state. 
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Body weight gain, final body weight and feed con

sumption were depressed, and heart weight and serum 

cholesterol were significantly elevated in rats fed the 

low copper diet. Liver copper concentrations were sig

nificantly reduced in copper-deficient rats. No dietary 

copper effect was observed in plasma triglyceride levels. 

Copper-deficient rats exhibited reduced hepatic incorpora-

14 tion of radioactivity into fatty acids from glucose-U- C 

compared to controls indicating a decreased maximum lipo-

genic capacity from glucose in the liver of copper-

deficient rats. 

Experiment III 

Forty-eight male weanling rats were used to 

determine the effect of copper deficiency on plasma glucose 

and insulin responses to an intravenous glucose challenge. 

Final body weight, body weight gain, feed consumption 

and liver copper were significantly reduced in rats fed 

the diet low in copper. Plasma glucose levels were sig

nificantly higher at 30 and 60 minutes after glucose 

injection in copper-deficient rats compared to controls. 

Plasma insulin levels of copper-deficient rats were lower 

at 30 minutes but higher at 60 minutes compared to controls. 

A delayed insulin response in copper-deficient animals 

appeared responsible for the glucose intolerance observed 

in these animals. 
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Appendix Table A. AIN-76^M Vitamin Mixture. 

Vitamin Mg per kg Mixture 

Thiamin*HC1 

Riboflavin 

Pyridoxine-HCl 

Nicotinic Adic 

D-Calcium Pantothenate 

Folic Acid 

D-Biotin 

Cyanocobalamin 

Retinyl Acetate 

dl-oc_Tocopheryl Acetate 

Cholecalciferol 

Menaquinone 

Glucose, finely powdered to make 

600 

600 

700 

3000 

1600 

200 

20 

1 

800 

5000 

2.5 

5 

1,000 g 



Appendix Table B. AIN-76™ Mineral Mixture. 

Ingredient Per kg Mixture 

CaHP0„ 4 500 g 

NaCl 74 g 

K3C6H5°7"7H2° 220 g 

K2S°4 52 g 

MgO 24 g 

FeC6H5°7 6 g 

MnCOg 3200 mg 

ZnCOg 1600 mg 

KI03 10 mg 

NagSeOg * SHgO 10 mg 

CrK (S04)2-12H„0 550 mg 

Glucose, finely powdered to make 1,000 g 
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