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The hypotheses of this research were (1) to test if 

the antagonistic effect of ethanol on liver copper could 

be seen within a short period when ethanol ingestion, 

low dietary copper and high metabolic demand represented 

by either pregnancy plus lactation or rapid growth are 

simultaneously present and (2) to test if ethanol 

ingestion would exaggerate a marginal dietary copper 

status to an obvious copper deficiency. 

Pregnant rats were fed liquid diets containing 

either 0.75 (low) or 3.75 (control) mg copper/L with or 

without 30% of kcal from ethanol throughout gestation 

and the first 15 days of lactation.  Maternal ethanol 

intake failed to exaggerate a marginal copper status to 

a copper deficient anemia in both dams and pups as 

estimated by concentrations of hemoglobin and liver iron 

and oxidase activity of the copper-metalloenzyme 

ceruloplasmin.  However, maternal ethanol intake did 



depress maternal liver copper concentration when diet 

copper was low (interactive effect P<0.05).  This effect 

was specific for liver because other tissue copper 

concentration was unaffected by ethanol.  Although 

ethanol depressed total pup liver copper concentration 

regardless of dietary copper level, the interactive 

effect seen in maternal liver was reflected in copper 

content of the pup liver metallothionein fraction eluted 

from a Sephadex G-75 column.  At least part of the 

depressive effect of ethanol on pup liver copper can be 

explained by elevated pup serum corticosterone (r=-0.61, 

P<0.001), a hormone known to enhance loss of neonatal 

liver copper by way of biliary excretion.  On the other 

hand, the copper status of weanling female rats which 

were fed liquid diets containing either 0.5 (low) or 2.5 

(control) mg copper/L for 5 weeks was unaffected by 

ethanol. 

Results demonstrate that the depressive effect of 

ethanol on liver copper can be seen within a period of 

weeks rather than months when ethanol ingestion, low 

dietary copper and pregnancy plus lactation are 

simultaneously present in contrast to non-pregnancy. 

This ethanol and copper interaction during reproduction, 

however, can not be detected if only either serum copper 

or oxidase activity of ceruloplasmin is used as an 

indicator of copper status. 
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EFFECT OF ETHANOL AND LOW DIETARY COPPER ON PERINATAL 

AND POSTWEANLING COPPER UTILIZATION IN THE RAT 

CHAPTER 1 

INTRODUCTION 

Alcoholism is a principal cause of nutritional 

deficiency in countries with an adequate food supply (1, 

2).  Alcohol abuse has been suggested to be the most 

common cause of vitamin and mineral deficiency in adults 

(3).  Reports of depressed nutritional status of 

thiamin, folic acid, pyridoxine, vitamin A, vitamin D, 

vitamin K, magnesium, calcium, zinc, and selenium in 

alcoholics (4) exemplify this statement.  Furthermore it 

is now understood that this reduction in nutritional 

status of the alcoholic can be caused in three different 

ways as classified by Lieber (5).  Primary alcohol 

malnutrition, for example, results from a decrease in 

the actual ingestion of foods and because of the 

negligible amounts of minerals, vitamins, and other 

nutrients contained in alcoholic beverages.  Secondary 

alcohol malnutrition results from a disturbance of 

digestion and absorption of essential nutrients due to 

direct effects of alcohol on the integrity of the 

gastrointestinal tract (1, 5, 6).  Tertiary alcohol 



malnutrition, a newly defined term (5), is related to 

alterations in activation and utilization of essential 

nutrients. 

Nutritional deficiency due to alcohol abuse is most 

severe when all three states of alcoholic malnutrition 

are present at the same time.  The major example of this 

situation is represented by alcoholic liver dysfunction 

(7, 8) which is characterized by fat accumulation, 

hepatitis, and cirrhosis.  This type of liver 

dysfunction is most likely to occur in a person who 

regularly consumes more than 80 g of ethanol a day for 

several years (9) in contrast to the occasional alcohol 

consumer.  About 9 million American adults consume this 

amount of alcohol and are at risk for alcoholic liver 

dysfunction (10).  On the other hand, the majority of 

the estimated 100 million American adults who consume 

alcohol are not considered to be chronic alcoholics and 

have a very low risk to develop alcoholic liver 

dysfunction (10).  It is therefore somewhat unfortunate 

that most of the experimental alcohol studies that have 

investigated nutrition and alcohol relationships have 

done so in the presence of alcoholic liver dysfunction 

rather than in its absence. 

In contrast to what is known about the depressive 

effect of alcohol on other nutrients, much less 

information is known about an alcohol and copper 



relationship.  Copper is a necessary component of 

several metalloenzymes involved in important metabolic 

processes (11, 12).  These include ceruloplasmin which 

plays a role in copper transport and iron reutilization, 

lysyl oxidase (important for cross-linking of the 

structural proteins collagen and elastin), and copper- 

zinc superoxide dismutase (protection from cellular 

oxidants) (12) .  In these metalloenzymes, copper is 

firmly associated with the protein and cannot be 

replaced by any other metal (11).  Therefore, anything 

that would disrupt the bioavailability of copper could 

depress metabolically significant, copper-dependent 

enzymes (11).  One of the factors that could affect 

copper bioavailability is alcohol, which has been 

recently reported to alter copper utilization evidenced 

by decreased liver copper concentration in alcoholic 

rats (13, 14), monkeys (15) and mice (16). 

Although many potential causes of anemia in 

alcoholics are discussed (17-19), it is unknown if the 

depressive effect of ethanol on copper status could be 

one of factors in the development of anemia in 

alcoholics.  If an ethanol-antagonized copper status is 

of sufficient magnitude, it could cause a copper- 

deficient anemia which is defined as decreased 

concentration of hemoglobin and liver copper and liver 

iron accumulation (20, 21), because ceruloplasmin is 



essential for internal iron recycling (20). 

Ceruloplasmin's role in this regard is to oxidize 

reductively released divalent iron from iron stores such 

as the liver into the trivalent state (20).  Trivalent 

iron is then complexed with transferrin, the transport 

form of iron that delivers iron mainly to the bone 

marrow for hemoglobin synthesis. 

Admittedly, a dietary copper deficiency is rare in 

the United States (23) .  However, it might be possible 

to see a depressive effect of alcohol on copper 

utilization if a marginal dietary copper intake was 

coupled to a period of high metabolic demand such as 

that represented by either pregnancy plus lactation or 

growth.  Present knowledge, however, does suggest that 

the copper requirement is greater during pregnancy than 

for simple growth in rats (24) and possibly in humans. 

It is also known that the average American diet is just 

adequate in copper content (23). 

With these thought in mind research hypotheses were 

developed (1) to test if the antagonistic effect of 

ethanol on liver copper could be seen within a short 

period when ethanol ingestion, low dietary copper and 

high metabolic demand represented by either pregnancy 

plus lactation or rapid growth and (2) to test if 

ethanol ingestion during a period of high metabolic 

demand would exaggerate a marginal dietary copper status 



to an obvious copper deficiency.  Specific aims to 

answer these hypothese were developed:  (1) to 

investigate the influence of ethanol ingestion on copper 

utilization during pregnancy and lactation when dietary 

copper is marginal, under conditions that do not promote 

liver dysfunction or primary alcoholic malnutrition, 

using the rat as an animal model;  (2) to determine if 

ethanol-antagonized copper utilization is dependent upon 

the level of dietary copper;  (3) to investigate the 

significance of a relationship between ethanol and 

copper with regard to iron utilization during pregnancy 

and lactation;  (4) to determine the effect of ethanol 

intake on copper utilization with respect to 

physiological state (pregnancy and lactation compared to 

growth);  and (5) to determine the effect of maternal 

ethanol intake on neonatal liver copper metabolism with 

respect to the cytosolic copper- and zinc- binding 

protein metallothionein. 

The following section (chapter 2) reviews copper 

absorption and metabolism, ethanol absorption and 

metabolism, and the effects of ethanol on copper 

metabolism with the intent of fully documenting the 

objectives presented.  Subseguent chapters will then 

present results in answer to each specific objective. 
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CHAPTER 2 

LITERATURE REVIEW 

COPPER ABSORPTION AND METABOLISM 

Copper Absorption.  Dietary copper is absorbed from 

the stomach and small intestine (1-3).  Thirty to sixty 

percent of dietary copper intake is absorbed, indicating 

that there is wide individual variation for the 

absorption of this element (3-5).  Copper is released 

from ingested food either as ionic copper or as a copper 

amino acid complex (2).  This fraction of ionic copper 

that combines with available amino acids in the 

intestinal lumen is actively transported across the 

intestinal mucosa.  The portion of copper that traverses 

the mucosal membrane as an uncomplexed ion combines with 

the cysteine-rich, intracellular protein metallothionein 

or another low molecular weight metal-binding protein 

(3).  Metallothionein has been shown to bind both 

nonessential metals like cadmium and mercury and 

essential metals such as zinc and copper (6-8).  Ionic 

copper, dissociated from intestinal metallothionein, 

either diffuses directly into the plasma or becomes 

complexed for subsequent transport to the serosal side 

of the intestinal cell.  Copper that remains bound to 
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metallothionein within the absorbing cell is eventually 

returned to the intestinal lumen.  This fraction of 

copper is probably unavailable for reabsorption and is 

thus subsequently excreted in the feces (3, 9, 10). 

Metallothionein synthesis can be induced by 

cadmium, high dietary levels of copper and zinc, and by 

enhanced secretion of glucocorticoid, glucagon, and 

epinephrine (1).  However, altered metallothionein 

biosynthesis may not be a major factor in regulating the 

extent of copper absorption under normal dietary 

conditions, because intestinal metallothionein levels do 

not appear to be altered by moderate changes in dietary 

levels of zinc or copper (1, 11). 

Copper Transport from Intestine to Liver. 

Following release from the intestinal mucosa, copper has 

long been assumed to bind to albumin and to amino acids 

(1, 2).  However, Weiss and Linder (12) and Wirth and 

Linder (13) have recently reported that absorbed copper 

can also bind to a protein which they named 

transcuprein.  A small fraction (about 5%) of absorbed 

copper may also complex with low molecular weight 

ligands such as the amino acid histidine (14). 

Collectively albumin, transcuprein and histidine, 

comprise short term copper transport.  Their job is to 

move copper from the intestine to the liver by way of 
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the portal circulation (12-14). Approximately 60-90% of 

the absorbed copper is ultimately deposited in the liver 

(4). 

Hepatic Copper Metabolism.  Upon arrival at the 

liver, copper is released from albumin, transcuprein, 

and amino acids to hepatocyte cell membrane receptors 

(2, 4).  Hepatic uptake of copper from the blood is 

rapid and efficient (1).  Under usual dietary conditions 

liver copper concentration is directly proportional to 

dietary copper level (1).  The liver incorporates a 

portion of copper into the protein ceruloplasmin, stores 

another portion of copper, and secretes the remainder 

into bile (8, 15). 

Ceruloplasmin, a 132,000 dalton, alpha- 

glycoprotein, contains 6-7 copper atoms/molecule (12). 

Ceruloplasmin is not only the primary source of copper 

for extrahepatic tissues (1) but it also possesses 

ferroxidase activity (16).  This latter attribute of 

ceruloplasmin is important because the reutilization of 

cell iron requires the oxidation of reductively released 

divalent iron to trivalent iron in order for iron to be 

complexed with transferrin, the transport form of iron. 

Transferrin iron is distributed to all cells, but its 

major purpose is to deliver iron to reticulocytes of 

bone marrow where it is used for hemoglobin synthesis 
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(16).  When animals are made copper deficient, iron 

accumulates in liver and spleen and anemia results (16- 

19).  In addition to these functions, ceruloplasmin has 

a role as an antioxidant, and serves as an acute-phase 

reactant of inflammatory response (20). 

The main storage organ for copper is the liver 

(21).  Frieden (14) has suggested that the identity of 

this stored copper fraction in liver is either copper- 

metallothionein or a high molecular weight protein such 

as copper-zinc superoxide dismutase.  Evans (3) lists 

microsomal, nuclear, large granule and cytosol fractions 

of liver for copper.  The approximate average 

distribution of copper in these subcellular fractions is 

10, 20, 20, and 50%, respectively.  Although 

metallothionein has been reported to be barely 

detectable in the liver cytosol of normal adult rat, the 

synthesis of this protein is induced and can form a 

control mechanism in zinc and copper metabolism when 

serious disturbances such as high dietary level of zinc 

and copper occur (22).  The function of metallothionein 

in the control of hepatic copper metabolism is still a 

matter of conjecture (21).  Balthrop and others (23) 

suggest that one function of hepatic metallothionein is 

to bind and recycle copper, liberated by turnover of 

copper-metalloenzymes, back into the synthesis of new 

enzyme.  Cousins (1, 24) suggests that hepatic 
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metallothionein plays a role in either the initial 

uptake or retention of cellular copper.  Bremner (8, 21) 

on the other hand suggests that metallothionein is not 

essential for initial uptake of copper.  Instead, he 

suggests that metallothionein is important for either 

temporary storage or cellular detoxification of copper, 

and excretion of copper into bile. 

Bile is the major pathway for excretion of 

endogenous copper from mammalian tissues (3).  The 

reabsorption of biliary copper is negligible because it 

is bound to a carrier that seems to prevent or inhibit 

its reabsorption from the gut (3, 4).  Fecal excretion 

of copper therefore represents unabsorbed dietary copper 

plus copper excreted by way of the biliary tract and 

mucosal cell desquamation (less than 1%) (2, 14, 25). 

Very small amounts of copper (30-60 ^g/day) are lost in 

the urine (14, 25).  Ceruloplasmin copper returned to 

the liver and intestine from peripheral tissues may also 

be excreted (12).  Thus, incorporation of copper into 

ceruloplasmin may also play a role in regulating 

internal copper balance (25). 

Copper Metabolism in Other Tissues. Ceruloplasmin 

carries divalent copper from the liver to other tissues 

where it is utilized for the biosynthesis of key copper 

enzymes such as cytochrome c oxidase and lysyl oxidase 
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(14).  It had long been suggested that ceruloplasmin 

accounted for 90-95% of the circulating copper in a 

normal mammal with the remainder being attached to 

albumin and amino acid (1, 21).  However, Weiss and 

Linder (12) and Wirth and Linder (13) have recently 

suggested that only 70-80% of total plasma copper is in 

the form of ceruloplasmin copper with a 2:1 percent 

ratio of transcuprein to serum albumin accounting for 

the remainder.  This finding however remains to be 

confirmed by other laboratories. 

Copper Metabolism During Reproduction.  Elevated 

levels of plasma copper and ceruloplasmin in pregnancy 

have been shown to result from a combination of enhanced 

absorption and decreased biliary excretion of copper (2, 

3).  This increased retention of copper in pregnancy 

normally ensures that there is an adequate supply of 

copper to offspring (3).  Furthermore, elevated 

ceruloplasmin levels during pregnancy may reflect an 

attempt to insure iron transport to the fetus because 

the ferroxidase activity of ceruloplasmin plays a role 

in iron recycling (3).  Although there is no recommended 

dietary allowance for copper, a daily copper intake of 

2.0 to 3.0 mg is currently recommended for adults (26). 

Actual copper intake in pregnant women (1.0-1.7 mg/day) 

has been reported to be well-below this current 
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suggested value (27, 28).  A balance study conducted 

with 24 pregnant women in their second trimester, for 

example, showed that consumption of self-selected diets 

containing about 1 mg copper/day was insufficient to 

maintain positive copper balance (27).  Although severe 

maternal copper deficiency is known to cause fetal and 

neonatal death in rats (29), it is not known whether 

marginal maternal copper deficiency has any relevance to 

human health.  A need for increased dietary copper 

during pregnancy compared to a period of normal growth, 

however, has been demonstrated in rats (30). 

In most mammalian species, hepatic copper 

concentration in the newborn is significantly greater 

than that of the adult due in part to an inability to 

synthesize ceruloplasmin (31).  Age-dependent changes of 

liver copper utilization are inversely related to serum 

ceruloplasmin level in both the rat and human (32) .  In 

the rat, for example, elevated hepatic copper 

concentration present at birth decreases to adult values 

within sixty days, while ferroxidase activity of 

ceruloplasmin increases nearly fifteen-fold (32).  This 

increased synthesis of ceruloplasmin by liver and 

secretion into plasma accounts for a major portion of 

copper lost from the neonatal liver.  Additional copper 

is also lost during this same time period by way of 

enhanced biliary copper excretion.  In the latter case 
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copper loss is enhanced by the action of the hormone 

corticosterone suggesting a regulatory role for this 

hormone (31) .  In adults, however, corticosterone 

appears to play little or no role in regulating the fate 

of liver copper (31). 

Although metallothionein is barely detectable in 

normal adult rat liver, metallothionein has been found 

as a normal copper- and zinc- binding protein fetal and 

neonatal rat liver (33-37) and human fetal liver (38, 

39).  Metallothionein in human fetal liver has more 

bound copper (1 to 2 g-atoms of copper/mol) than does 

the adult (0.1 g-atom of copper/mol).  However, the 

predominant metal in metallothionein is zinc (5 g-atoms 

of zinc/mol) (38).  In fetal rat liver, the relative 

rate of hepatic metallothionein synthesis reaches a 

maximum by 18-21 days of gestation (34) .  Just before 

birth, 50% of the zinc and 25% of the copper in fetal 

rat liver is associated with metallothionein (7). 

Metallothionein concentration decreases with age to 

reach the low level characteristic of the adult at about 

25 days in the rat (35) .  The function of 

metallothionein in fetal and neonatal liver is similar 

to the role of induced metallothionein in zinc and 

copper metabolism in adult rat liver.  For example, high 

levels of metallothionein are present in tissues of 

neonatal rats to supply zinc and possibly copper, for 
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nucleic acid metabolism and protein synthesis (7, 35). 

Bakka and Webb (33) on the other hand have suggested 

that the role of metallothionein in fetal and newborn 

animals is a protective mechanism against excessive 

accumulation of zinc and copper ions prior to the 

development of intestinal absorption control mechanisms. 

To this point, nothing has been said about how 

other dietary components influence the absorption and 

utilization of copper.  One of the factors that may 

antagonize the metabolism of copper is ethanol (40). 

The next section reviews ethanol absorption and 

metabolism prior to a discussion of a relationship 

between copper and alcohol. 

ETHANOL ABSORPTION AND METABOLISM 

Ethanol Absorption.  Ethanol is a lipid-soluble 

non-electrolyte.  It can be absorbed from the skin, 

lungs and all levels of the alimentary tract (41). 

Following oral intake, alcohol is rapidly absorbed by 

diffusion into the blood from the small intestine and 

much less from the stomach (42). 

Presence of food in the gastrointestinal tract has 

long been known to affect alcohol absorption.  When 

alcohol is consumed on an empty stomach, absorption is 

rapid because nothing delays its access to the lining of 
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the gastrointestinal tract.  Alcohol consumed along with 

food will be absorbed more slowly because it no longer 

has uninhibited access to the lining of the stomach and 

intestine (43).  Absorption of ethanol is most efficient 

when concentrations are in the range of 15 to 30% (w/v) 

(41, 44).  Concentrations above 30% (w/v) cause a delay 

in the absorption of alcohol due to slow gastric 

emptying and damage to gastric mucosa (43).  Pregnancy 

does not appear to affect the rate of alcohol absorption 

(42). 

Distribution of Absorbed Ethanol.  Because of its 

solubility in water and fat, alcohol easily diffuses 

across all cell membranes and is distributed throughout 

all body tissues (42) .  A factor that has been shown to 

influence blood alcohol concentration is body water 

content (42). After consumption of identical amounts of 

alcohol, blood alcohol levels are higher in women than 

men because women have less body water (44-55%) for 

alcohol to distribute in than men (55-65%).  Therefore, 

women are more likely to experience alcohol-related 

health problems than men (42). 

Approximately two-thirds of 14 years and older 

American population drink alcoholic beverages with a 

male-to-female ratio of 1 to 1 in terms of numbers of 

drinkers (45, 46).  This consumption pattern does not 
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significantly change during pregnancy (46).  Maternal 

effects of alcohol are also likely to be observed in the 

offspring (44, 47) because alcohol passes across the 

placenta and is distributed to all tissues in the fetus. 

Fetal blood alcohol levels are in fact usually similar 

to maternal levels (42, 43, 48).  Ethanol may have a 

direct effect upon the developing embryo and could bring 

about abnormal development.  Physical malformations that 

have been described include either prenatal or postnatal 

growth retardation, characteristic facial anomalies, and 

central nervous system dysfunction.  If these three 

basic criteria are present, it is termed fetal alcohol 

syndrome (FAS) (47) .  If all three criteria cannot be 

met, the term fetal alcohol effect (FAE) has been 

suggested (47).  Indirectly, alcohol-induced maternal 

nutritional deficiency may account for at least part of 

observed physical malformations (40).  As many as 30,000 

children born each year in the United States are thought 

to show the effects of alcohol exposure in utero.  The 

cost to care for these children over their lifetime has 

been estimated to be nearly three billion dollars (43). 

The lowest level of alcohol ingestion at which the 

conceptus has been shown to be affected is 30 g alcohol 

a day (48).  However, women who drink less than 30 g 

alcohol a day, before they know they are pregnant, also 

have increased risk to have infants with low birth 
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weight and other FAE (49-51).  Alcohol which diffuses 

into breast milk can contribute to nutritional 

deprivation of the infant because alcohol impairs 

suckling ability of offspring and milk ejection (42, 

52) . 

Ethanol Metabolism.  About 80% of absorbed ethanol 

is metabolized by the liver, 10% is excreted in the 

breath, sweat, and urine, and the remainder is 

metabolized at other body sites such as the kidney and 

skeletal muscle (53, 54).  There are three main enzyme 

systems capable of metabolizing ethanol in liver.  These 

enzyme systems are alcohol dehydrogenase, the microsomal 

ethanol-oxidizing system (MEOS) and catalase (53-56). 

These three enzyme systems resemble one another in that 

they all oxidize ethanol to acetaldehyde.  Acetaldehyde 

generated by these systems is quickly metabolized by 

mitochondrial aldehyde dehydrogenase to acetate which 

enters the common acetate pool to be further oxidized to 

carbon dioxide and water (53-56).  These three enzyme 

systems, however, differ with regard to energy produced 

and the percent of total ethanol metabolized (53, 57). 

From an energy point of view, the alcohol dehydrogenase 

pathway appears to be an economical one, because the 

associated production of reduced nicotinamide-adenine 

dinucleotide (NADH) supplies the electron transport 
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chain with hydrogen equivalents and yields high-energy 

phosphate bonds in the form of ATP (57).  On the other 

hand, metabolism of ethanol by way of the microsomal 

oxidizing system results in the loss of chemical energy 

because reduced nicotinamide-adenine dinucleotide 

phosphate (NADPH) produced cannot be coupled to ATP 

synthesis (57).  In this case the chemical energy is 

dissipated as heat representing an inefficient use of 

ingested kcal (57) .  Metabolism of alcohol at an alcohol 

intake of less than 25-35% of kcal occurs primarily by 

way of the hepatic enzyme alcohol dehydrogenase and 

perhaps only 5% of total alcohol is metabolized by MEOS 

(53, 58).  At an alcohol intake higher than 35% of kcal, 

the activity of alcohol dehydrogenase is reduced and 

MEOS oxidizes more than 20% of the metabolizable ethanol 

(53, 58).  The catalase system is of very minor 

importance and is probably responsible for no more than 

10% of ethanol oxidation (53) . 

Although there are many factors that are known to 

influence ethanol metabolism, the major rate-limiting 

factor in ethanol metabolism has been suggested to be 

the rate of liver NAD regeneration rather than the level 

of alcohol dehydrogenase activity (53, 55, 59). 

However, alcohol dehydrogenase itself may be the rate 

limiting factor when its level is low (60).  The ability 

of the cell to reoxidize NADH depends on the transfer of 



23 

NADH into the mitochondria where reoxidation of NADH 

takes place.  The entry of NADH into the mitochondrial 

matrix requires a number of "shuttle" systems.  In the 

liver, the malate-aspartate shuttle is the major system 

in this regard (59). 

Pregnancy does not affect alcohol dehydrogenase 

activity or the rate of blood alcohol disappearance 

(42).  During lactation, however, it has been 

demonstrated that there is a considerable increase in 

the clearance of alcohol from maternal blood of rats 

(42).  In the rat, alcohol dehydrogenase activity is 

first detectable in the fetus at about 18 days of the 

gestation (about 3-4 days prior to birth).  At birth, 

alcohol dehydrogenase activity is about 25% of the adult 

level.  Adult activity is not reached until 18 days of 

age (42) .  Therefore maternal oxidation of alcohol 

largely determines the degree of alcohol exposure by 

offspring (41). 

Ethanol-Induced Malnutrition.  Nutritional 

deficiencies are common in alcoholics even in the 

absence of liver dysfunction (58).  However, these 

deficits are most severe in chronic alcoholics with 

liver dysfunction (58) because of decreased storage 

space in liver, increased urinary and fecal losses of 

nutrients, increased requirements of nutrients for 
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tissue repair, and impaired synthesis of nutrient 

transport proteins (61).  The daily amount of alcohol 

ingested and the duration of excessive drinking are the 

two most important determinants of the risk of 

developing alcoholic liver dysfunction (57). 

Additionally, consumption of diets high in fat can 

increase the risk of developing alcoholic liver 

dysfunction in chronic alcoholics (61).  Increased 

hepatic triglycerides, for example, were found in 

chronic alcoholics fed a diet that provided 36% of the 

kcal as fat compared to those fed a low fat (5% of kcal) 

diet (62).  In rats fed ethanol, there was a striking 

increase in hepatic triglyceride accumulation when the 

fat content of the diet was increased above 25% of the 

kcal (63).  To produce alcoholic fatty liver in rats, 

Lieber and DeCarli (64) have recommended that 35% of 

total kcal originates from fat in a liquid diet 

formulation. 

In this present thesis, the intent was to use a 

nutritionally-balanced liquid diet formulation (65) to 

investigate an ethanol and copper relationship during 

gestation and lactation under conditions that do not 

promote liver dysfunction, using the rat as an animal 

model.  The next section summarizes what is presently 

known about a relationship between ethanol and copper. 
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EFFECT OF ETHANOL ON COPPER METABOLISM 

Chronic alcohol intake has been shown to decrease 

copper concentration in the liver (66-69).  Dreosti and 

others (66), for example, found decreased concentration 

of liver copper in female rats after 32 weeks of 

exposure to ethanol (drinking water containing 20% 

ethanol).  Similarly, Bogden and others (67) showed 

decreased concentration of liver copper in male rats 

after 15 weeks of exposure to ethanol (drinking water 

containing 5% for the first week, 10% the second week, 

15% the third week, 20% for the fourth week, and 25% 

thereafter).  Hurley's group found that chronic ethanol 

consumption resulted in a trend towards reduction in 

liver copper (68).  Recently, Hopf and others (69) found 

decreased liver copper concentration in mice after 12 

weeks following ad libitum ingestion of ethanol (liquid 

diet containing 5% (w/w) ethanol).  A mechanism to 

explain why alcohol ingestion reduced concentration of 

liver copper has not been elucidated.  However, the 

induction of metallothionein synthesis in the intestine 

(70) and liver (71) after ethanol administration may be 

important because metallothionein can bind and sequester 

copper in tissues (6, 10, 23, 72) as previously 

discussed.  In addition, binding of hepatic copper to 

metallothionein favors its secretion into bile (8, 73). 
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Induced metallothionein synthesis resulting from ethanol 

ingestion may therefore reduce copper absorption and 

utilization. 

If alcohol does antagonize utilization of copper as 

described above, the ability of ceruloplasmin to 

facilitate cell iron reutilization might be compromised 

(17, 18).  An alcohol and copper relationship could 

therefore help to explain why elevated hepatic iron and 

anemia are common features in alcoholics (74-76).  As 

previously discussed, modern diets fail to provide a 

recommended safe and adequate intake of copper during 

pregnancy (27, 28).  The significance of this 

observation is that present knowledge suggests a need 

for increased dietary copper during pregnancy in rats 

(30) and possibly in humans when compared to normal 

growth.  During this period of high metabolic demand for 

copper, the antagonistic effect of ethanol on copper 

metabolism may be sufficient to exaggerate a marginal 

copper intake into a copper deficiency.  In subsequent 

chapters, the results of studies designed to test this 

hypothesis are described:  (chapter 3) effect of ethanol 

and low dietary copper on copper utilization by pregnant 

rats and their offspring, (chapter 4) effect of ethanol 

and low dietary copper on copper content of maternal and 

offspring liver, and (chapter 5) influence of ethanol on 

copper utilization by pregnant and growing rats. 
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ABSTRACT 

A factorial experiment was conducted to determine 

the influence of ethanol intake (30% of kcal) on copper 

utilization (0.75 or 3.75 mg copper/L of liquid diet) 

during gestation and lactation in the rat.  Maternal 

weight gain and energy intake were unaffected by dietary 

treatments. Although maternal ethanol ingestion failed 

to exaggerate a marginal copper status to a copper 

deficient anemia in either dams and pups, maternal 

ethanol intake did depress maternal liver copper 

concentration when diet copper was low (interactive 

effect P<0.05).  At least part of the depressive effect 

of ethanol on pup liver copper, observed for either 

dietary copper level, can be explained by elevated pup 

serum corticosterone (r=-0.61, P<0.001), a hormone known 

to enhance loss of neonatal liver copper by way of 

biliary excretion.  The depressive effect of ethanol on 

tissue copper was specific for the liver in both dams 

and pups because copper content of kidney, spleen and 

heart was unaffected by ethanol.  Results, however, show 

that neither serum copper nor oxidase activity of 

ceruloplasmin can be used to assess internal copper 

status during ethanol ingestion because they fail to 

reflect a developing reduction of liver copper. 

Key words:  copper, ethanol, pregnancy 
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INTRODUCTION 

Although there are numerous studies about the 

effect of ethanol on utilization of vitamins and 

minerals (1), little information is currently available 

about a copper and ethanol relationship.  Two studies 

have found a reduction in the copper concentration of 

liver (2, 3), but it is unknown if this depressive 

effect of ethanol on liver copper has any physiological 

significance.  It is also unknown if the depressive 

effect of ethanol on copper status is dependent upon the 

level of copper intake.  If an ethanol-antagonized 

copper status is of sufficient magnitude, it could cause 

a copper deficient anemia defined as decreased 

concentration of hemoglobin and liver copper and liver 

iron accumulation (4) because the copper-metalloenzyme, 

ceruloplasmin, is essential for internal iron recycling 

(4, 5). 

Although a dietary copper deficiency is rare in the 

United States (6), recent analysis of a variety of diets 

has found that a copper intake of 0.8 to 1.7 mg per day 

(7, 8) is not unusual which is well-below the 

recommended daily intake of 2 to 3 mg (6). 

Determinations of the dietary copper requirement range 

from 1.5 to 2.1 mg daily for adult men (9) and 

nonpregnant women (10).  In pregnant women, however, 2.7 
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mg copper per day has been reported to be marginal in 

meeting copper requirement (11).  These observations 

suggest that the copper requirement is greater during 

pregnancy than for non-pregnancy in humans.  A similar 

observation has been made in the rat (12).  Therefore, 

if a marginal dietary copper intake was coupled to a 

period of high metabolic demand such as that represented 

by pregnancy and lactation, it might be possible to see 

a depressive effect of ethanol on copper utilization. 

The purpose of the present study was to determine 

if an antagonistic effect of ethanol on copper 

utilization would exaggerate a mildly depressed copper 

status to a copper-deficient anemia during pregnancy and 

lactation.  A liquid diet was used to administer alcohol 

to pregnant rats to prevent the depressive effect of 

ethanol on food intake (13).  Criteria of assessment 

included copper utilization, as judged by indices of 

copper deficient anemia (4) in both dams and pups.  It 

was also studied if the effect of alcohol on copper 

utilization was affected by enhanced secretion of 

corticosterone, a hormone known to influence copper 

metabolism especially in neonates (14). 

MATERIALS AND METHODS 

Forty proven breeder (one previous litter), female 
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outbred Sprague-Dawley rats (CR1:CD(SD)BR, Charles River 

Laboratories, Wilmington, MA), initially weighing 220- 

300 g, were mated overnight with stock-fed (Purina 

Laboratory Chow, St. Louis, MO) male rats of the same 

strain.  Presence of spermatozoa in a vaginal smear 

taken the following morning was considered to be day 0 

of gestation. The twenty-four pregnant rats obtained 

from breeding were divided into four treatment groups of 

6 rats per group.  Liquid diets containing either 0.75 

(low) or 3.75 (control) mg copper/L, with or without 30% 

of the kcal as ethanol, were fed daily throughout 

gestation and the first 15 days of lactation.  Rats were 

weighed and individually housed in a polycarbonate cage 

(48 x 27 x 20 cm, L x W x D) equipped with a stainless- 

steel wire top and raised wire floor (Lab Products Inc., 

Maywood, NJ).  Liquid-diet feeding tubes, sealed with 

silicone rubber stoppers (Arthur H. Thomas Co., 

Philadelphia, PA) were attached to each cage with a 

stainless steel clip.  The liquid diet, which has been 

described in greater detail elsewhere (13), contained 

(g/L) micropulverized casein, 69.75; DL-methionine, 0.5; 

cellulose powder, 10; dextrose, 144; corn oil, 13; 

xanthan gum, 2; vitamin mixture, 12.5; mineral mixture, 

10.0; and sufficient distilled-deionized water to give 

one liter when blended.  Composition of vitamin and 

mineral mixtures has been previously reported (13).  The 
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mineral mixture used in this study, however, did differ 

slightly in that the CuClj^HjO level (0.4293 g/kg mix) 

was adjusted in gram to 0.1575 for the low copper diet 

and 0.9624 for the control copper diet.  The liquid diet 

was designed to provide 1 kcal/mL in contrast to a solid 

diet which would provide an average of 4 kcal/g (15). 

Therefore, 0.75 mg copper/L in the liquid diet was 

equivalent to a solid diet containing 3 mg/kg copper or 

60% of the copper recommended for growth and 

reproduction in the rat (15).  Similarly, 3.75 mg 

copper/L of liquid diet was equivalent to a solid diet 

containing 15 mg/kg copper or 3 times as high as the 

recommended level.  Analysis of liquid diet samples 

showed that the actual concentration of copper was 

within 5% of each calculated copper level.  The liquid 

diet was completely replaced with fresh diet daily.  The 

amount of liquid diet offered was restricted to the 

amount of liquid diet consumed in the low copper plus 

ethanol group.  Furthermore, rats are known to overeat 

liquid diets provided ad-libitum (16).  From day 10 of 

gestation, body weights were taken at least twice a week 

to ensure adequate food intake on a body weight basis 

because initial weight of rats were variable from 220 to 

300 g. 

On day 20 of gestation, rats were transferred to 

clean cages without raised wire floors, and wood shaving 
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bedding material was supplied.  Rats were allowed to 

normally deliver and clean their young, and to ingest 

the placenta.  Litter size for all groups was reduced in 

size to eight within 1 day of parturition.  Dams were 

allowed to nurse pups only to the 15th day of lactation 

to prevent consumption of diet by pups.  At termination, 

blood was withdrawn from the abdominal aorta into 

plastic syringes (Monoject, Sherwood Medical Industries 

Inc., Deland, FL) under light sodium pentobarbital 

anesthesia.  After drawing blood, both dams and pups 

were killed by decapitation.  Twenty IL of blood were 

removed for hemoglobin analysis and the rest was 

transferred into a siliconized tube (Becton-Dickinson 

Co., Rutherford, NJ).  Collected blood was allowed to 

clot for 30 min prior to collection of serum by 

centrifugation for 10 minutes at 1,000 x g.  Serum, 

liver, heart, spleen and kidney were frozen at -60oC. 

Pup samples were pooled within litters to ensure 

adequate sample size for analyses. 

Hemoglobin was measured by the cyanmethemoglobin 

method (17).  Oxidase activity of ceruloplasmin in serum 

was estimated by its capacity to oxidize p- 

phenylenediamine (18) and the results were expressed in 

international units (19).  Serum corticosterone 

concentration was determined by a fluorometric method 

(20).  The concentration of copper and iron in tissues 
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was determined by atomic absorption spectrophotometry 

(Perkin-Elmer Model No. 2380, Norwalk, CT).  Liver and 

kidney were wet ashed with concentrated nitric acid 

followed by 30% hydrogen peroxide on a hot plate in a 

hood.  The ash of tissues was dissolved in 3N HC1 with 

gentle heat and diluted with redistilled water to an 

appropriate volume for analysis.  Spleen and heart were 

dried in a vacuum oven at 600C for 16 hours, weighed and 

ashed as described above.  Serum samples were treated 

with trichloroacetic acid to remove protein before 

analysis of copper (21). 

The statistical design for this study was a 2 x 2 

factorial experiment with six replicates per treatment 

(22).  Treatment effects were partitioned into effects 

of ethanol, copper, and the interaction of the two 

factors if a significant F-value was found for treatment 

effects.  Differences between planned comparisons of 

means were tested by Fisher's least significant 

difference (FLSD).  Effects were considered to be 

significant at P<0.05.  In addition, the relationship 

between serum corticosterone and liver copper 

concentration was evaluated by simple regression 

analysis (22) . 
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RESULTS 

Energy intake and growth.  As shown in Table 3.1, 

despite maternal food intake was slightly but 

insignificantly depressed in the low copper plus ethanol 

group compared to other groups, average energy intake on 

a body weight basis was similar for all groups.  Daily 

energy intake for all groups was typical of that 

expected from a conventional solid diet during gestation 

and lactation (23).  Maternal weight gain during 

gestation, litter size, and average weight of 1 day-old 

pups were unaffected by dietary treatments.  The average 

weight of 15 day-old pups in the low copper plus ethanol 

group, however, was depressed when compared to pups not 

exposed to alcohol. 

Tissue copper.  As shown in Figure 3.1 and 

Tables.2, the only tissue copper concentration adversely 

affected by ethanol in both dams and pups was the liver. 

In dams, liver copper concentration was only depressed 

by ethanol when dietary copper was low (interactive 

effect P<0.05) whereas in offspring, liver copper was 

depressed by ethanol regardless of diet copper level.  A 

similar interactive effect between maternal ethanol 

ingestion and diet copper level was not seen with 

respect to copper concentration in maternal kidney and 

spleen despite the fact that low diet copper resulted in 
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a significant depression of copper in these tissues. 

Copper concentration of maternal heart and pup kidney 

spleen and heart was unaffected by either ethanol or 

diet copper level. 

Serum copper and oxidase activity of ceruloplasmin. 

Low dietary copper depressed oxidase activity of 

ceruloplasmin and serum copper in dams (Table 3.3). 

Unexpectantly, ethanol intake increased oxidase activity 

of ceruloplasmin and serum copper in dams fed diets 

containing control, but not low, copper.  In offspring, 

oxidase activity of ceruloplasmin and serum copper were 

unaffected by dietary treatments. 

Liver iron.  Maternal hepatic iron concentration 

tended to be greater in the low copper group than in the 

control copper group (Table 3.3), but this difference 

was not statistically significant.  Ethanol intake 

increased maternal liver iron concentration at least 

two-fold at both dietary copper levels.  The greatest 

increase of liver iron content, however, was in the 

group fed a diet containing control copper plus ethanol 

compared to all other groups.  In offspring, maternal 

ethanol intake increased hepatic iron concentration by 

25% regardless of dietary copper level.  The low iron 

concentration of pup liver compared to maternal liver is 

similar to observation of others (12). 

Hemoglobin.  Maternal hemoglobin concentration was 
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unaffected by dietary treatments (Table 3.3). 

Hemoglobin concentration in offspring, however, was 

higher in groups fed diets containing ethanol than in 

groups without ethanol regardless of dietary copper 

level. 

Serum corticosterone.  The concentration of 

maternal serum corticosterone was unaffected by dietary 

treatment (Table 3.3).  The concentration of serum 

corticosterone in controls was similar to that reported 

by others (24) utilizing the same fluorometric technique 

used in the present study.  Maternal ethanol ingestion, 

however, increased pup serum corticosterone in the 

control copper group and tended to increase pup serum 

corticosterone in the low copper group when compared to 

pups not exposed to ethanol.  Dietary copper level alone 

failed to influence the concentration. 

Correlation between serum corticosterone and liver 

copper.  Regression analysis of serum corticosterone 

level versus liver copper concentration (n=24) in 15 

day-old pups indicated a significant inverse 

relationship (r=-0.61, P<0.001). 

DISCUSSION 

The major hypothesis of this study was that ethanol 

ingestion during a period of high metabolic demand would 
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exaggerate a marginal copper status to a copper 

deficient anemia.  Because copper deficiency is defined 

as the simultaneous presence of decreased hemoglobin 

concentration and oxidase activity of ceruloplasmin and 

elevated liver iron (4), we conclude that the results of 

the present study failed to support the stated 

hypothesis.  For example, maternal ethanol ingestion did 

elevate liver iron concentration in both dams and pups, 

but the effect was independent of the oxidase activity 

of ceruloplasmin in the low copper group.  We therefore 

conclude that elevated liver iron concentration in 

alcohol groups may have been a direct effect of ethanol 

on iron absorption (25).  Exactly why this effect would 

be potentiated by higher dietary copper compared to low 

copper cannot be explained by the present results. 

Results of the present study, however, demonstrate 

that ethanol can exaggerate a marginal copper status 

with respect to maternal liver copper.  The observed 

ethanol and copper interaction (P<0.05) for maternal 

liver copper can be defined as a synergistic effect 

because the depressive effect of ethanol on maternal 

liver copper in the low copper group (22%), relative to 

the group fed control copper without ethanol, was 

greater than sum of the individual effects of low copper 

and ethanol (12%).  In pups, maternal ethanol ingestion 

depressed pup liver copper concentration regardless of 
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dietary copper level.  The reason why pup liver copper 

did not mimic the interactive effect seen in maternal 

liver is not defined by present results.  One 

explanation may be related to the fact that copper 

utilization is incompletely developed during the 

neonatal period (14) .  It is also possible that a 

measurement of total pup liver copper was too 

insensitive to uncover the interactive effect seen in 

maternal liver.  A solution to this possibility might be 

to redefine the effect of maternal ethanol ingestion on 

pup liver copper in terms of copper content of the 

cytosolic metal-binding protein metallothionein (26). 

Despite these uncertainties, it is clear from the 

present study that the depressive effect of ethanol on 

tissue copper was specific for the liver in both dams 

and pups because copper content of kidney, spleen, and 

heart was unaffected by ethanol.  Similar observations 

have been made in male rats (3).  Further research on 

the copper and ethanol relationship should therefore 

focus upon the liver with regard to mechanism and 

significance. 

The depressive effect of maternal ethanol ingestion 

on maternal and offspring liver copper cannot be 

explained on the basis of food intake because the slight 

but insignificant depression (5%) of food intake in the 

low copper plus ethanol group relative to the group fed 
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control copper without ethanol was much smaller than the 

depressive effect of ethanol on maternal liver copper in 

the low copper group (22%) relative to controls.  This 

contention was supported by the fact that gestational 

weight gain, litter size at parturition and offspring 

body weight on the first day of lactation were similar 

for all groups.  For reasons undefined by us, offspring 

body weight was slightly, but significantly, depressed 

by the 15th day of lactation in the low copper plus 

ethanol group relative to groups not fed ethanol. 

Other possible mechanisms that could explain why 

ethanol depressed liver copper concentration include a 

depressive effect of ethanol on maternal copper 

absorption, reduced copper transport from the intestine 

to the liver, and enhanced copper removal from the liver 

(27).  Although data from the present study cannot 

address the first two possibilities, we can comment on 

the latter mechanism.  Specifically it is a well-known 

fact that ethanol ingestion can stimulate secretion of 

glucocorticoids (28).  Because these hormones are known 

to enhance removal of copper from liver by way of 

biliary excretion (26), it might be possible to explain 

why ethanol promoted liver copper depletion.  In the 

present study maternal corticosterone concentration, the 

major glucocorticoid in the rat (20), was not a factor 

because its concentration in dams was unaffected by 
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ethanol.  In pups, however, at least part of the 

depressive effect of maternal ethanol ingestion on 

offspring liver copper can be explained by elevated 

corticosterone found in pup blood (r=-0.61, P<0.001). 

Because it is known that the average American diet 

is just adequate in copper content and that copper 

balance is more difficult to achieve during periods of 

high metabolic demand, pregnant women may be at special 

risk to develop a copper deficiency when ethanol is 

ingested.  This ethanol and copper interaction, however, 

will likely go undetected if only either serum copper or 

oxidase activity of ceruloplasmin is used as an 

indicator of copper status. 
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Table 3.1 

Influence of ethanol and copper on 
dietary intake and growth of dams and pups1'2 

Diet, * ; kcal from ethanol 

Measures 3. ,75 mg Cu/L 0. ,75 mg Cu/L 

T 30 T 30 

Food intake, kcal/day 
Gestation day 2 86 ± 11 70 t 30 84 * 10 81 t 7 

13 96 t 8 102 ± 10 99 t 9 94 ± 8 
20 119 t 11 109 ± 20 110 ± 18 108 ± 7 

Lactation day 3 120 t 7 125 ± 9 130 t 19 126 t   12 
8 132 t 12 134 t 18 142 ± 20 128 ± 16 
14 142 t 19 139 ± 21 138 t 21 132 t 30 

Energy intake, ave 
kcal/(100 g body wf day) 
Gestation 32 1 2 31 ± 2 33 ± 1 31 ± 3 
Lactation 41 ± 2 39 ± 3 43 t 2 41 ± 3 

Maternal wt gain, g 154 t 16 134 ± 20 145 l 21 135 ± 17 
thru 20 d gestation 

Litter size 14 ± 2 12 ± 3 13 t 4 14 ± 2 
(parturition, n) 

Pup wt, g 
Lactation day 1      7.7 ±0.57.5 ±0.4  7.6±0.47.1±0A3 
Lactation day 153     34 ± 4a  31 t 2a'°      34 ± 4a  29 ± 2° 

^■Values are means ± SD (n=6) . 

2Values in the same row with different superscripts are 
significantly different (P<0.05) from each other.  If any letter 
combination matches, the difference between means is not 
significant. 

3Effects of ethanol, Cu and ethanol + Cu are P<0.05, NS and NS, 
respectively. 
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Figure 3.1 Effect of ethanol and low dietary copper 
(hatched bars) on maternal and pup liver copper.  Values 
are means ± SD (n=6).  Different superscripts represent 
a difference (P<0.05) between means.  If any letter 
combination matches, the difference between means is not 
significant.  Effect of ethanol, Cu and ethanol + Cu are 
P<0.005/ P<0.001, and P<0.05 for dams, respectively; 
P<0.005, NS and NS for pups, respectively. 
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Table 3.2 

Influence of ethanol and copper on copper content of 
maternal and offspring kidney, spleen and heart1'2 

Tissue Cu 

Mg/g3 

Diet, % kcal from ethanol 

3.75 mg Cu/L 0.75 mg Cu/L 

30 30 

Dams 

Kidney4 

Spleen4 

Heart 

Offspring 

Kidney 

Spleen 

Heart 

6.6±1.4a     5.7±0.5a     4.2±0.5b     4.2±0.7b 

8.3   ±   0.6a     9.2   ±   0.7a     6.6   ±   1.0b     6.6±    1.0b 

23.1  ±   0.9     23.8  ±   2.4     22.7   ±   1.0     23.0  ±   1.2 

2.7 ±0.2 2.6+0.2 2.6 ±0.2 2.. 5 ± 0.2 

10.2 ± 1.1 8.7 ± 1.2 10.3 ± 1.3 9.0 ± 1.1 

20.9   ±   0.5     20.4  ±   0.8      19.8   ±   1.1     20.0  ±   0.6 

Values are means  ± SD   (n=6) . 

2Values  in the same row with different superscripts are 
significantly different   (P<0.05)   from each other. 

3Mg/g drY wt except kidneys   (^ig/g wet wt) . 

4Effects of ethanol,   Cu and ethanol + Cu are NS,   P<0.001, 
and NS,   respectively. 



Table 3.3 

Influence of ethanol and copper on 
maternal and offspring copper status and corticosterone1'2 

Measures 

Diet, % kcal from ethanol 

3.75 mg Cu/L 

30 

0.75 mg Cu/L 

30 

Significance levels 

Ethanol 
Ethanol 

Cu  + Cu 

Serum ceruloplasmin,IU 
Maternal 
Offspring 

Serum copper, jig/lOO mL 
Maternal 
Offspring 

Liver iron, yg/g wet wt 
Maternal 
Offspring 

Hemoglobin, g/100 mL 
Maternal 
Offspring 

63 ± 8* 
21 t  4 

44 ± 6 

56 ±   1^ 
34 ± 4* 

15 ± 1 
8 * I1 

Serum corticosterone, ng/100 mL 
Maternal 20 * 6 
Offspring 3.6 ±  1. 

80 ± 5C 

19 t   3 

41 ± 1 

218 t   89c 

42 ± 7a 

16 ± 1 
10 ± la 

17 t 7 

49 ± 11C 51 ± 16b,c <0.05 <0.001 NS 
20 ♦ 5 18 l 3 NS NS NS 

02 l llc 106 t 30c <0.05 <0.001 NS 
48 ± 6 42 ♦ 4 NS NS NS 

79 t I? 149 ± 45b <0.001 NS <0.05 
33 ± 44 ± 4a <0.001 NS NS 

14 ± 

b 15 ± 2 NS NS NS 
7 * 9 t la <0.001 NS NS 

19 t Is" 13 t 
5       ,   V, 

NS NS NS 
.4 * 4.8 * 0.9a'b <0.01 NS NS 

Values are means ± SD (n=6). 

2Values in the same row with different superscripts are significantly different (P<0.05) from each 
other.  If any letter combination matches, the difference between means is not significant. 

tn 
0\ 
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ABSTRACT 

Pregnant rats were fed a liquid diet to determine 

the influence of maternal ethanol intake on maternal and 

offspring liver copper when dietary copper was low.  The 

diets, which contained either 0.75 (low) or 3.75 

(control) mg copper/L with or without 30% of kcal from 

ethanol, were fed throughout gestation and the first 15 

days of lactation.  Maternal caloric intake and body 

weight were unaffected by dietary treatment.  Ethanol 

intake depressed maternal liver copper concentration 

only when diet copper was low (interactive effect 

P<0.05).  Although ethanol intake depressed total pup 

liver copper concentration regardless of dietary copper 

level, the interactive effect observed in maternal liver 

was reflected in copper content of the pup liver 

metallothionein fraction eluted from a Sephadex G-75 

column.  The zinc content of metallothionein was 

inversely related to copper content of metallothionein. 

Results suggest that pregnancy and lactation is a 

special period to develop a copper deficiency when low 

copper intake and ethanol ingestion are combined not 

only in mothers but also in their offspring. 

Indexing key words: copper, ethanol, pregnancy, 

metallothionein 
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INTRODUCTION 

In contrast to what is known about the effect of 

ethanol on utilization of many vitamins and minerals 

(1), much less information is known about a copper and 

ethanol relationship.  We do know, however, that female 

rats fed ethanol in their drinking water for 32 weeks 

cannot achieve a normal liver copper concentration 

relative to non-ethanol controls (2).  Furthermore, 

Bogden et al. (3) have demonstrated that this depressive 

effect of ethanol on tissue copper was specific for 

liver because copper content of kidney, spleen, testes, 

heart, brain, femur, and muscle was unaffected by 

ethanol in male rats after 15 weeks of exposure to 

ethanol in drinking water.  This latter observation is 

important because the liver is the key organ regulating 

internal copper homeostasis (4).  In any case it appears 

that ethanol must be ingested for many months before 

liver copper concentration is compromised which casts 

doubt on the possible significance of an ethanol and 

copper relationship. 

One situation that could significantly reduce the 

time required to see a depressive effect of ethanol on 

liver copper concentration would be to have a period in 

time that was represented by both low dietary copper 

intake and a high metabolic demand for copper.  In human 
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nutrition, such a situation naturally exists in the form 

of pregnancy and lactation.  For example, current 

analysis of a variety of American diets has found that a 

marginal dietary copper intake of 0.8 to 1.7 mg per day 

(5, 6) is not unusual which is well-below the 

recommended daily copper intake of 2 to 3 mg (7). 

Although men and non-pregnant women can apparently adapt 

to this low level of dietary copper and achieve 

metabolic balance (8, 9), pregnant women have difficulty 

in achieving copper balance even at the upper end of the 

provisionally recommended range of copper intake 

suggesting that copper requirement is greater during 

pregnancy (10) than non-pregnancy in humans.  A similar 

observation has been made in the rat (11).  Therefore, 

if a marginal dietary copper intake was coupled to a 

period of high metabolic demand, represented by 

pregnancy and lactation, it may be possible to see a 

depressive effect of ethanol on both maternal and 

offspring liver copper concentration in a matter of 

weeks rather than months.  In this regard a measurement 

of copper concentration in metallothionein of pup liver 

cytosol will be necessary to define an effect of 

maternal ethanol intake on pup liver copper status 

because this protein has been reported to play an 

important role in the initial uptake and temporary 

storage of copper in immature rat liver (12). 
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The purpose of the present study was to determine 

if the depressive effect of ethanol on liver copper 

concentration would exaggerate a marginal copper status 

during pregnancy and lactation.  Criteria of assessment 

included liver copper concentration in both dams and 

pups, and copper concentration of metallothionein in pup 

liver cytosol.  Because of the known inverse 

relationship of copper and zinc (13, 14), we also 

determined whether a depression in copper concentration 

of pup liver metallothionein led to an increase in zinc 

concentration in this same protein. 

MATERIALS AND METHODS 

Twenty-four pregnant rats (CR1:CD(SD)BR, Charles 

River Laboratories, Wilmington, MA) were fed individual 

liquid diets containing either 0.75 (low) or 3.75 

(control) mg copper/L, with or without 30% of kcal from 

ethanol throughout gestation and the first 15 days of 

lactation.  The low level of diet copper provided 60% of 

the minimum copper needs of the pregnant rat (15).  This 

liquid diet, which has been described in greater detail 

elsewhere (16), contained (g/L) micropulverized casein, 

69.75; DL-methionine, 0.5; cellulose powder, 10; 

dextrose, 144; corn oil, 13; xanthan gum, 2; vitamin 

mixture, 12.5; mineral mixture, 10.0; and sufficient 



66 

distilled-deionized water to give one liter when 

blended.  Ethanol was isocalorically substituted for 

dextrose so that all diets provide 1 kcal/mL.  The 

amount of liquid diet offered was restricted to the 

amount of liquid diet consumed in the low copper plus 

ethanol group.  From day 10 of gestation, body weights 

were taken at least twice a week to ensure adequate food 

intake on the basis of body weight because initial 

weight of rats ranged from 220 to 300 g.  On day 1 of 

lactation, litter size for all groups was reduced in 

size to eight and dams were allowed to nurse pups to the 

15th day of lactation.  The study ended on day 15 of 

lactation to prevent consumption of diet by pups.  All 

dams and pups were killed by decapitation while under 

light sodium pentobarbital anesthesia.  Liver from dams 

and pups was weighed, collected on ice immediately and 

stored at -60° C. 

Copper concentration was measured in nitric acid 

digests of liver by atomic absorption spectrophotometry 

(Perkin-Elmer Model No. 2380, Norwalk, CT).  To study 

the distribution of copper in the cytosolic proteins of 

pup liver, one single litter in each treatment was 

selected by a simple random sampling procedure (17). 

Pooled pup livers of one dam in each treatment were 

homogenized with 3 volumes of 0.05M Tris-HCl buffer in 

isotonic saline, pH 8.6, with a Potter-Elvehjem 
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homogenizer.  Three mL of homogenate were removed for 

copper analysis and the rest was centrifuged at 160,000 

X g for 90 min at 5° C.  The supernatant solution 

(equivalent to 1.9-2.6 g wet weight liver) was 

fractioned by gel filtration on Sephadex G-75 columns 

(2.0 X 100 cm) with a 0.05M Tris-HCl buffer, pH 8.6, at 

4° C (18).  Fractions of 4 to 5 mL were collected at a 

flow rate of 24 to 30 mL per hour.  The concentration of 

copper and zinc in column fractions was then analyzed by 

direct aspiration into an atomic absorption 

spectrophotometry (Model 82-516, Jarrel-Ash Co., 

Waltham, MA).  The metal content in column fractions was 

calculated on the basis of 3 g pooled pup livers in each 

treatment for gel filtration and expressed as ig/mL. 

Copper content of maternal liver metallothionein was not 

determined because this protein has been reported to be 

barely detectable in normal adult rat liver (19). 

The statistical design for this study was a 2 X 2 

factorial experiment with six replicates per treatment 

(17).  Treatment effects were partitioned into effects 

of ethanol, copper, and the interaction of the two 

factors if a significant F-value was found for treatment 

effects.  Differences between planned comparisons of 

means were tested by Fisher's least significant 

difference (FLSD).  Effects were considered to be 

significant at P<0.05. 
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RESULTS 

Energy intake and growth.  Daily energy intake and 

body weight of dams during gestation and lactation are 

shown in Figure 4.1.  Average maternal body weight 

throughout gestation and lactation was unaffected by 

dietary treatment.  Standard deviation in this regard 

was about 10% of each mean value.  Daily energy intake 

during the first 3 days of gestation was slightly 

depressed in ethanol groups as compared to non-ethanol 

groups, but this difference was not statistically 

significant.  Standard deviation of average daily energy 

intake during the first 3 days of gestation and 2 days 

of lactation was about 30% of each mean value and about 

15% of each mean value thereafter.  Daily energy intake 

for all dams was typical of that expected from a 

conventional solid diet during gestation and lactation 

(20).  Although the amount of liquid diet offered was 

restricted by the amount of dietary intake consumed in 

the low copper plus ethanol group, energy intake in low 

copper plus ethanol group was slightly but not 

significantly depressed compared to other groups. 

However, maternal energy intake on the body weight basis 

was similar for all groups during gestation (32 kcal/100 

g body wfday) and lactation (41 kcal/100 g body 

wfday) .  Maternal weight gain during gestation (142 g), 
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litter size (13 pups), and average weight of 1 day-old 

pups (7.5 g) were unaffected by dietary treatments.  The 

average weight of 15 day-old pups in the low copper plus 

ethanol group (29 g), however, was depressed (P<0.05) 

when compared to pups not exposed to ethanol (34 g). 

Liver copper analysis.  Low dietary copper 

significantly decreased maternal liver copper 

concentration (Table 4.1).  Maternal ethanol intake 

depressed maternal liver copper concentration only in 

the low copper group (interactive effect P<0.05).  Pup 

liver copper concentration was reduced by maternal 

ethanol intake regardless of dietary copper level (Table 

4.1).  The high copper concentration of immature pup 

liver compared to mature maternal liver is similar to 

the observation of others (21). 

Distribution of copper in pup liver cytosol.  The 

Sephadex G-75 gel filtration elution profile of copper 

distribution in liver cytosol of 15 day-old pups is 

shown in Figure 4.2.  Copper was present in a high 

molecular weight (greater than approximately 70,000 

daltons) protein fraction that eluted at the void volume 

(fraction 25-33), in an intermediate molecular weight 

(approximately 30,000 daltons) protein fraction 

(fractions 34-45) and in a low molecular weight 

(approximately 10,000 daltons) protein fraction 

(fractions 46-65).  Whanger and Deagen (22) have 
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previously characterized this low molecular weight 

protein fraction as metallothionein by purification and 

amino acid analysis.  Copper in pup liver cytosol was 

associated mainly with the metallothionein fraction, 

similar to others (19).  The first highest peak in 

copper concentration of the metallothionein fraction was 

represented by the control group without ethanol.  The 

second peak was represented by the group fed low copper 

without ethanol.  The third peak was represented by the 

control copper plus ethanol group.  The fourth lowest 

peak was represented by the low copper plus ethanol 

group. 

Distribution of zinc in pup liver cytosol.  As 

shown in Figure 4.3, zinc was present in a high 

molecular weight protein fraction (fractions 25-37), in 

an incompletelyrseparated fraction of somewhat lower 

molecular weight protein fraction (fractions 38-45), in 

a metallothionein fraction (fractions 46-65), and in a 

very low molecular weight (approximately 1,000 daltons 

or less) protein fraction (fractions 67-80).  Zinc 

concentration of the metallothionein fraction in pup 

liver cytosol was inversely related to copper 

concentration of the metallothionein fraction.  For 

example, the first highest peak in zinc concentration of 

the metallothionein fraction was represented by the low 

copper plus ethanol group.  The second peak was 
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represented by control copper plus ethanol group.  The 

third peak was represented by the group fed low copper 

without ethanol.  The fourth lowest peak was represented 

by the control group without ethanol. 

DISCUSSION 

In the present study, we hypothesized that the 

known antagonistic effect of ethanol on liver copper 

concentration (2, 3) could be seen within a period of 

weeks rather than in months if ethanol ingestion, low 

dietary copper intake and high metabolic demand for 

copper, represented by pregnancy and lactation, were 

simultaneously present.  The fact that maternal ethanol 

ingestion for five weeks depressed maternal liver copper 

concentration only when dietary copper was low 

(interactive effect P<0.05) supports this hypothesis. 

At first glance, this interactive effect between ethanol 

and low dietary copper seen in maternal liver was not 

evident in pup liver because pup liver copper 

concentration was depressed by ethanol regardless of 

dietary copper level.  However, a redefinition of pup 

liver copper concentration in terms of the protein 

metallothionein did reveal the interaction between 

copper and ethanol seen in mature maternal liver.  This 

latter observation illustrates the important role that 
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metallothionein plays in immature rat liver with respect 

to initial uptake and temporary storage of copper unlike 

that for mature liver (12).  These attributes of 

immature liver metallothionein help to explain why the 

copper content of liver cytosol, mostly in the form of 

metallothionein in neonatal rat liver (19), is depleted 

most rapidly in a developing copper deficiency compared 

to all other subcellular liver fractions (23).  In 

addition, we conclude that the lowest copper 

concentration seen in pup liver metallothionein, 

represented by the low copper plus ethanol group, 

constituted a copper deficiency because the zinc 

concentration of this same fraction was the highest of 

all groups.  Our reasoning for this statement is based 

upon the fact that other lines of investigation have 

demonstrated an inverse relationship between zinc and 

copper (13, 14). 

At the present time, no one including ourselves has 

attempted to define a mechanism to explain why ethanol 

specifically depresses copper concentration of liver 

relative to all other tissues.  We suspect that a major 

reason why this is true is because until now the 

antagonistic effect of ethanol on liver copper status 

appeared to be a chronic effect of ethanol.  Now that we 

have shown that this need not be the case, additional 

studies will be hopefully attempted to define a 
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mechanism for the copper and ethanol interaction seen in 

pregnancy and lactation.  Pursuit of the answer to this 

question is relevant because the liver regulates copper 

distribution to all other tissues (24).  If ethanol, for 

example, caused the liver to increase its synthesis of 

the copper transport protein, ceruloplasmin, it could 

explain why other tissues appear to be unaffected by 

ethanol in the face of a developing depletion of liver 

copper.  If liver copper concentration reached a 

critically low level, exacerbated by a pre-existing 

dietary copper deficiency and high metabolic demand for 

copper, it could lead to a significant impairment of 

several metalloenzymes known to require copper (24).  In 

the present study we have shown that ethanol ingestion 

during pregnancy and lactation is an excellent model to 

pursue such questions. 
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Figure 4.1.  Influence of ethanol and copper on daily 
energy intake and body weight of dams.  Data shown are 
average values obtained from 6 rats per group. 



Table 4.1 

Influence of ethanol and copper on maternal and offspring liver copper content ' 

Diet, % kcal from ethanol 
   Significance levels 

Measures 3.75 mg Cu/L 0.75 mg Cu/L  
    Ethanol 

Hg Cu/g wet wt       0 30 0 30      Ethanol  Cu    + Cu 

Maternal liver   4.80 ± 0.27a  4.63 t 0.27a'b 4.42 t  0.32b  3.73 ± 0.29c  <0.005  <0.001   <0.05 
Offspring liver  43.4 t  16.3a  26.8 * 5.4b   43.4 ±  19.3a  22.2 ± 4.3b   <0.005   NS      NS 

1Values are means t SD (n=6). 

2Values in the same row with different superscripts are significantly different (P<0.05) from each 
other.  If any letter combination matches, the difference between means is not significant. 
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Figure 4.2 Distribution of copper in the liver cytosol 
of 15 day-old pups.  Cytosol was prepared from pooled 
pup livers of one dam in each group by 
ultracentrifugation and separated on Sephadex G-75 
column (2.0 x 100 cm) using Tris-HCl (0.05 M, pH 8.6) as 
eluant.  MT is the metallothionein fraction. 
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Figure 4.3  Distribution of zinc in the liver cytosol of 
15 day-old pups.  Cytosol was prepared from pooled pup 
livers of one dam in each group by ultracentrifugation 
and separated on Sephadex G-75 column (2.0 x 100 cm) 
using Tris-HCl (0.05 M, pH 8.6) as eluant.  MT is the 
metallothionein fraction. 
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ABSTRACT 

Pregnant and weanling female rats were fed a liquid 

diet for 5 weeks to compare the effect of ethanol on 

copper utilization during pregnancy plus lactation to 

that seen during growth.  Diets contained either 0.75 

(low) or 3.75 (control) mg copper/L with or without 30% 

of kcal from ethanol for pregnant rats, whereas similar 

diets contained either 0.5 (low) or 2.5 (control) mg 

copper/L for weanling rats.  Dietary intake was 

unaffected by dietary treatment in both studies. 

Ethanol intake depressed maternal liver copper but only 

when dietary copper was low (interactive effect P<0.05), 

whereas ethanol depressed pup liver copper regardless 

diet copper level. Although ethanol slightly depressed 

liver copper in weanling rats fed normal copper, this 

depressed liver copper was well within the normal range. 

Ethanol increased liver iron in dams and pups but not in 

weanling rats.  Results suggest that pregnancy and 

lactation is a special period to develop a copper 

deficiency when ethanol is combined with low copper 

intake in contrast to growth.  Results, however, show 

that this ethanol and copper interaction during 

reproduction can not be detected if oxidase activity of 

ceruloplasmin is used as an indicator of copper status. 

Indexing key words: copper, ethanol, pregnancy, growth 
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intake was coupled to a period of high metabolic demand 

such as that represented by either pregnancy or growth, 

it might be possible to see a depressive effect of 

alcohol on copper utilization in a matter of weeks 

rather than in months as has been reported in the few 

copper and ethanol studies currently available (9, 10). 

However, because dietary copper requirement has been 

reported to be 3.0 mg daily for pregnant women (11) in 

contrast to a copper requirement of approximately 2.0 mg 

for adolescent females (12), the antagonistic effect of 

ethanol on copper utilization may be more pronounced 

during pregnancy and lactation than for normal growth. 

The rat can serve as an experimental model in this 

regard because the copper requirement for normal growth 

in rats is 5 mg/kg of diet (13), whereas during 

pregnancy and lactation the copper requirement increases 

to 9 mg/kg (14). 

The hypothesis of this study was that ethanol 

ingestion during a period of high metabolic demand, 

represented by pregnancy plus lactation and growth, 

would exaggerate a marginal copper status to an obvious 

copper deficiency.  However, because of the greater 

demand for copper during pregnancy and lactation than 

for normal growth, an antagonistic effect of ethanol on 

copper utilization in the weanling rat should be less 

than effects seen in pregnant rats.  Criteria of 
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assessment included determination of liver copper 

concentration and oxidase activity of the copper- 

metalloenzyme ceruloplasmin in both pregnant and 

lactating rats and weanling female rats.  Because 

ceruloplasmin is essential for internal iron recycling 

(15), it was also studied if ethanol-induced copper 

deficiency was characterized by liver iron accumulation. 

MATERIALS AND METHODS 

Experiment 1:  Gestation plus lactation.  The 

purpose of this study was to define the possible 

interaction between ethanol and low dietary copper 

during pregnancy and lactation in the rat.  Forty 

proven-breeder female Sprague-Dawley outbred rats 

(CR1:CD(SD)BR, Charles River Laboratories, Wilmington, 

MA), initially weighing 220-300 g, were bred overnight 

with stock-fed males of the same strain.  Presence of 

spermatozoa in a vaginal smear taken the following 

morning was considered to be day 0 of gestation.  The 

twenty-four pregnant rats obtained by breeding were 

assigned to one of the four experimental diet groups 

(n=6/group), and individually housed in polycarbonate 

cages (48 x 27 x 20 cm, L x W x D) equipped with 

stainless steel wire tops and raised wire floors (Lab 

Products, Inc., Maywood, NJ).  Liquid-diet feeding tubes 
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(Bio-Serve, Frenchtown, NJ), sealed with silicone rubber 

stoppers (Arthur H. Thomas Co., Philadelphia, PA) were 

attached to each cage with a stainless steel clip. 

Liquid diets containing either 0.75 (low) or 3.75 

(control) mg copper/L, with or without 30% of kcal 

supplied from ethanol, were fed daily throughout 

gestation and the first 15 days of lactation.  The low 

level of diet copper provided about 40% of copper 

required for reproduction in the rat (14), whereas the 

control level of diet copper provided about twice the 

required amount.  Copper-supplemented diets were 

prepared by pipetting cupric chloride dihydrate solution 

into diets when blended.  This liquid diet, which has 

been described in greater detail elsewhere (16), 

contained (g/L) micropulverized casein, 69.75; DL- 

methionine, 0.5; cellulose powder, 10; dextrose, 144; 

corn oil, 13; xanthan gum, 2; vitamin mixture, 12.5; 

mineral mixture, 10.0; and sufficient distilled- 

deionized water to give one liter when blended.  For 

ethanol diets, ethanol was isocalorically substituted 

for dextrose.  The liquid diet was completely replaced 

with fresh diet daily.  The amount of liquid diet 

offered was restricted by the amount of liquid diet 

consumed in the low copper plus ethanol group.  Body 

weights were taken at regular intervals to ensure 

adequate food intake based on body weight because 
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initial weight of rats were variable from 220 to 300 g. 

On day 20 of gestation, rats were transferred to clean 

cages with bedding material for delivery.  They were 

allowed to normally deliver the pups, ingest the 

placenta, and clean the young.  On the first day of 

lactation, each litter was reduced in size to eight. 

Dams were allowed to nurse pups only to the 15th day of 

lactation to prevent diet consumption by pups.  On day 

15 of lactation, all dams and pups were killed by 

decapitation while under light sodium pentobarbital 

anesthesia.  The blood sample drawn from dams and pups 

was used to determine oxidase activity of serum 

ceruloplasmin (17, 18).  Pup samples were pooled within 

litters to ensure adequate sample size for analysis. 

Liver was obtained and wet-ashed with concentrated 

nitric acid followed by 30% hydrogen peroxide.  The ash 

of liver was dissolved in a minimal volume of 3N HCl and 

diluted with redistilled water to an appropriate volume 

for analysis.  The concentration of copper and iron in 

the liver was determined by atomic absorption 

spectrophotometry (Perkin-Elmer Model No. 2380, Norwalk, 

CT) . 

Experiment 2;  Growth.  The purpose of this study 

was to determine if there was an interaction between 

ethanol and low dietary copper during a rapid growth 

phase.  Five weeks were selected as the experimental 
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time period to approximately match the length of study 

in experiment 1.  Thirty-two female Sprague-Dawley 

outbred rats (CR1:CD(SD)BR, Charles River, Wilmington, 

MA), initial age of 25 days and weight of 70-78 g, were 

assigned to each of four liquid diets (n=8/group). 

Liquid diets were prepared as previously described in 

Experiment 1 with the exception that dietary copper 

level was adjusted to provide 0.5 mg copper/L for the 

low copper diet and 2.5 mg copper/L for the control 

copper diet.  The level of low copper provided 40% of 

the copper recommendation for growth in the rat (13), 

whereas the level of control copper provided twice the 

recommended amount.  At the end of 5 weeks, liver and 

serum were collected and analyzed by the same methods 

described in Experiment 1. 

Statistical analysis.  The statistical design for 

both studies was a 2 x 2 factorial experiment with six 

replicates per: treatment for the gestation plus 

lactation study (Experiment 1) and eight replicates for 

the growth study (Experiment 2).  Treatment effects were 

partitioned into effects of ethanol, copper, and the 

interaction of the two factors if a significant F-value 

was found for treatment effects (19).  Differences 

between planned comparisons of means were tested by 

Fisher's least significant difference (FLSD).  Effects 

were considered to be significant at P<0.05. 
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RESULTS 

Gestation plus lactation (Experiment 1).  As shown 

in Table 5.1, although average maternal dietary intake 

was slightly but not significantly depressed in the low 

copper plus ethanol group compared to other groups, 

average maternal energy intake on a body weight basis 

was similar in all groups.  Body weight during gestation 

and lactation, litter size, and average weight of 1 day- 

old pups were unaffected by dietary treatments.  The 

average weight of 15 day-old pups in the low copper plus 

ethanol group, however, was depressed when compared to 

pups not exposed to ethanol. 

As shown in Table 5.2, low dietary copper depressed 

maternal liver copper concentration.  Ethanol intake 

decreased maternal liver copper concentration, but only 

in the low copper group (interactive effect P<0.05). 

Maternal ethanol intake produced a decrease in pup liver 

copper regardless of the level of dietary copper.  The 

high copper concentration of immature pup liver compared 

to mature maternal liver is similar to the observation 

of others (20).  Low dietary copper depressed oxidase 

activity of ceruloplasmin in dams (Table 5.2). 

Unexpectantly, ethanol intake increased maternal oxidase 

activity of ceruloplasmin in the control copper group, 

but not in the low copper group.  In pups, oxidase 
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activity of ceruloplasmin was unaffected by dietary 

treatments. The low oxidase activity of ceruloplasmin 

in pups compared to dams is similar to the observation 

of others (20).  Liver iron concentration in dams was 

increased at least two-fold by ethanol intake at both 

dietary copper levels (Table 5.2).  The greatest 

increase of maternal liver iron, however, was in the 

control copper plus ethanol group compared to all other 

groups.  In pups, maternal ethanol intake produced a 25% 

increase in liver iron concentration regardless of 

dietary copper level. 

Growth (Experiment 2).  As shown in Table 5.3, 

average dietary intake and initial body weight of 

weaning female rats were similar in all groups.  Rats 

fed diets containing high copper without ethanol grew 

significantly better than those fed diets containing 

either ethanol or low copper.  Ethanol depressed final 

body weight of young growing rats at the control level 

of diet copper. 

Low dietary copper did not affect liver copper 

concentration in young growing rats (Table 5.3). 

Ethanol ingestion caused a small but significant 

reduction in liver copper concentration but only in the 

group fed a diet containing the control level of dietary 

copper, (interactive effect P<0.025).  However, liver 

copper concentration in all groups was well within the 
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normal range as reported by others (21).  Low dietary 

copper did not affect oxidase activity of ceruloplasmin 

in young growing rats (Table 5.3).  However, ethanol 

intake increased oxidase activity of ceruloplasmin in 

the control copper group, but not in the low copper 

group.  Liver iron concentration in young growing rats 

was unaffected by dietary treatment (Table 5.3). 

DISCUSSION 

The major hypothesis of this study was that ethanol 

ingestion during a period of high metabolic demand, 

represented by pregnancy and lactation (Experiment 1) 

versus growth (Experiment 2), would exaggerate a 

marginal copper status to an obvious copper deficiency. 

The results obtained support this hypothesis evidenced 

by a significant reduction in maternal liver copper 

concentration.  One dissenting piece of information in 

this regard was that maternal ethanol ingestion 

depressed pup liver copper regardless of dietary copper 

level.  The reason why pup liver copper did not mimic 

the interactive effect seen in maternal liver is not 

defined by present results.  One explanation may be 

related to the fact that copper utilization is 

incompletely developed during the neonatal period (22). 

This explanation is supported by the high liver copper 
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concentration and low oxidase activity of ceruloplasmin 

in pups compared to dams.  On the other hand, ethanol 

had little or no effect upon liver copper concentration 

in growing rats despite the fact that the level of 

dietary copper deficiency in both the reproductive and 

growth study was 40% of that recommended (13, 14). 

At least two factors may have influenced our 

inability to see a depressive effect of ethanol on liver 

copper concentration of weanling rats in contrast to the 

reproductive study.  It is possible, for example, that 

weanling and pregnant rats would have responded 

similarly to ethanol if the time-frame of the weanling 

rat study had been extended.  This contention is 

supported by Dreosti et al. (9) who reported a 21% 

reduction in liver copper in ethanol-fed female rats 

after 32 weeks.  The length of the weanling rat study 

reported here, however, was only 5 weeks to 

approximately match the experimental time-frame of the 

reproductive study.  The second factor which might 

explain differences in liver copper concentration 

between pregnant and weanling rats is the amount of 

dietary copper needed to achieve copper balance.  The 

copper requirement to maintain positive copper balance 

for pregnant women (11) has been reported to be greater 

than adolescent females (12).  Thus, it is easy to see 

that a pregnant woman must consume more copper to meet 
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the requirements of increased metabolic demand.  The 

present studies suggest that this is also true in the 

rat.  Furthermore, when ethanol is combined with a diet 

low in copper, copper balance appears to be even more 

difficult to achieve during pregnancy. 

Exactly why ethanol would only depress liver copper 

concentration of pregnant and lactating rats when 

dietary copper was low (interactive effect P<0.05) is 

unclear from present results.  This ethanol effect 

however can not be explained on the basis of food intake 

because maternal energy intake and body weight 

throughout gestation and lactation were similar for all 

groups.  Other possible mechanisms that could explain 

the observed ethanol and copper interaction include an 

effect of ethanol on copper absorption and an enhanced 

effect of ethanol on removal of copper from the liver 

(24).  Obviously, further research will be necessary to 

determine the mechanism. 

Ethanol intake did elevate liver iron concentration 

in both dams and pups, but the effect was independent of 

the oxidase activity of ceruloplasmin in the low copper 

group.  On the other hand, liver iron concentration in 

the weanling female rats was unaffected by ethanol 

intake.  A similar observation has been made in chronic 

ethanol-fed male rats (10).  We, therefore, conclude 

that elevated liver iron in pregnant and lactating rats 
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fed ethanol may have resulted from the ability of 

ethanol to enhance iron absorption during a high 

metabolic demand for iron such as in pregnancy (25). 

Because it is known that the average American diet 

is just adequate in copper content, and that copper 

balance is more difficult to achieve during pregnancy, 

pregnant women may be at special risk to develop a 

copper deficiency when ethanol is consumed.  This 

ethanol and copper interaction, however, will likely go 

undetected if only oxidase activity of ceruloplasmin is 

used as an indicator of copper status, because it fails 

to reflect a developing depletion of liver copper when 

ethanol is ingested. 
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Table 5.1 

Effect of ethanol and copper on maternal and 
offspring dietary intake and growth1'2 

Diet, % ; kcal from ethanol 

Measures 3. .75 mg Cu/L 0. ,75 mg Cu/L 

"o" 30 "o" 30 

Dietary intake, kcal/day 
Gestation 95 ± 4 94 i 11 94 t 6 89 t 5 
Lactation 136 £ 11 131 t 15 138 ± 18 130 t   16 

Energy intake, ave 
kcal/(100 g body wt day) 
Gestation 32 ± 2 31 t 2 33 ± 1 31 ± 3 
Lactation 41 t 2 39 t 3 43 ± 2 41 * 3 

Maternal body wt., g 
Gestation day 0 276 * 24 274 t 31 260 t 16 261 t 22 

day 20 430 t 38 407 * 48 404 t 33 396 ±   30 
Lactation day 1 346 t 35 337 ± 32 332 t 41 319 * 27 

day 15 307 t 47 295 t 35 297 t 35 277 t 22 

Litter size 14 ±  2   12 ± 3     13 ±  4   14 * 2 
(parturition, n) 

Pup wt, g 
Lactation day 1,    7.7±0.57.5±0.4   7.6±0.47.1±0y.3 
Lactation day 153     34 ± 4a  31 ± 3a'b  34 ±   4a  29 t 2D 

^•Values are means ± SD (n=6) . 

2Values in the same row with different superscripts are 
significantly different (P<0.05) from each other.  If any letter 
combination matches, the difference between means is not 
significant. 

3Effects of ethanol, Cu and ethanol + Cu are P<0.05, NS and NS, 
respectively. 



Table 5.2 

Effect of ethanol and copper on maternal and offspring 
liver copper, serum ceruloplasmin and liver iron ' 

Diet, % kcal from ethanol 
  Significance levels 

Measures 3.75 mg Cu/L 0.75 mg Cu/L 
Ethanol 

30 0 30      Ethanol  Cu  + Cu 

Liver Cu, ng/g wet wt 
Maternal 4.80 * 0.27a 4.63 ± 0.27a'b 4.42 ± 0.32b 3.73 ± 0.29c <0.005 <0.001 <0.05 
Offspring        43.4 * 16.3a 26.8 ±   5.4b    43.4 ± 19.3a 22.2 t  4.3fa  <0.005   NS     NS 

Serum ceruloplasmin,IU 
Maternal 63 * 8b     80 t 5a       49 ± llc    51 t  16b'c <0.05 <0.001  NS 
Offspring 21 i 4       19 ±   3 20 ± 5       18 ±  3        NS    NS     NS 

Liver iron, )ig/g  wet wt 
Maternal 56 * 13c   218 ± 89a      79 ± 29c   149 t  45b    <0.001 NS  <0.05 
Offspring 34 * 4b      42 ± 7a        33 ± 6b     44 ± 4a     <0.001  NS     NS 

Values are means ± SD (n=6). 

2 Values in the same row with different superscripts are significantly different (P<0.05) from each 
other.  If any letter combination matches, the difference between means is not significant. 



Table 5.3 

Effect of ethanol and copper on dietary intake, body weight, liver 
copper, serum ceruloplasmin, liver iron of young growing female rats1'2 

Diet, % kcal from ethanol 

Measures 
Significance levels 

2.5 mg Cu/L 0.5 mg Cu/L 

Ethanol Cu 
Ethanol 

0           30 0 30 + Cu 

Dietary intake, mL/day  68 ± 0.1 65 ± 2 67 ± 5 66 t   2 NS NS NS 

Body wt, g 
Initial 
Final 

74 ±  4 
214 i 7£ 

74 ± 4 
186 * llc 

74 ± 4 
200 ± 13* 

74 t 5 
193 *    18b'c 

Liver Cu, ng/g wet wt  5.84 ± 0.43a 5.19 ± 0.24b 5.45 t 0.33a'b 5.53 * 0.64a'b NS 

Serum ceruloplasmin,IU  58 t  8D     70 * 12a    57 ± 7D 

Liver iron, ng/g wet wt 167 ± 57    155 * 44    137 ± 48 

60 t   71 

131 ± 33 

NS NS NS 
<0.01 NS <0.05 

1  NS NS <0.025 

<0.05 NS NS 

NS NS NS 

LValues are means * SD (n=6). 

2Values in the same row with different superscripts are significantly different (P<0.05) from each 
other.  If any letter combination matches, the difference between means is not significant. 

oo 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The hypotheses of this research were (1) to test if 

the antagonistic effect of ethanol on liver copper could 

be seen within a short period when ethanol ingestion, 

low dietary copper and high metabolic demand represented 

by either pregnancy plus lactation or rapid growth are 

simultaneously present and (2) to test if ethanol 

ingestion during a period of high metabolic demand would 

exaggerate a marginal copper status to an obvious copper 

deficiency. 

Pregnant rats were fed diets providing either 0.75 

(low) or 3.75 (control) mg copper/L combined with or 

without 30% kcal from ethanol throughout gestation and 

the first 15 days of lactation.  Maternal ethanol 

ingestion failed to exaggerate a marginal copper status 

to a copper deficient anemia in both dams and pups. 

Copper deficient anemia in this study was defined as the 

simultaneous presence of decreased hemoglobin 

concentration and oxidase activity of the copper- 

metalloenzyme ceruloplasmin and elevated liver iron. 

Results that ethanol depressed maternal liver 

copper concentration only when diet copper was low 

(interactive effect P<0.05) did support the hypothesis 
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that ethanol ingestion can exaggerate a marginal copper 

status with respect to copper utilization by liver.  At 

first glance, the copper and ethanol interaction seen in 

maternal liver was not evident in pup liver because a 

simple measurement of total pup liver copper 

concentration was depressed by ethanol regardless of 

dietary copper level.  However, a redefinition of pup 

liver copper concentration in terms of the cytosolic 

metal-binding protein metallothionein did reveal the 

interaction between copper and ethanol seen in mature 

maternal liver.  On the other hand, the copper status of 

weanling female rats was unaffected by ethanol despite 

the fact that the level of dietary copper deficiency in 

both the reproductive and growth studies was 40 percent 

of that recommended. 

With regard to mechanism for the copper and ethanol 

interaction seen in pregnancy and lactation, maternal 

serum corticosterone, a major rat glucocorticoid hormone 

known to enhance loss of liver copper by way of biliary 

copper excretion, was not a factor because its 

concentration was unaffected by ethanol.  In pups, 

however, at least part of the depressive effect of 

maternal ethanol ingestion on pup liver copper can be 

explained by elevated corticosterone found in pup blood 

(r=-0.61, P<0.001).  Further research on the copper and 

ethanol relationship should focus upon the liver because 
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the depressive effect of ethanol on tissue copper was 

specific for the liver in both dams and pups. 

The major conclusions of this study are: (1) the 

depressive effect on liver copper can be seen within a 

period of weeks rather than months when ethanol 

ingestion, low dietary copper and pregnancy plus 

lactation are simultaneously present in contrast to non- 

pregnancy; (2) the copper content of metallothionein 

fraction in pup liver cytosol is a better indicator to 

reflect the effect of maternal ethanol intake on pup 

copper status than the simple measurement of total pup 

liver copper concentration; (3) at least part of the 

depressive effect on pup liver copper concentration can 

be explained by increased pup serum corticosterone, a 

hormone known to enhance loss of maternal liver copper 

by way of biliary copper excretion; (4) the depressive 

effect of ethanol on copper status is specific for the 

liver in contrast to other tissues; (5) maternal ethanol 

ingestion does not exaggerate a marginal copper status 

to a copper deficiency anemia which is defined as a 

simultaneous presence of decreased hemoglobin 

concentration, oxidase activity of ceruloplasmin and 

increased liver iron concentration; and (6) the ethanol 

and copper interaction during pregnancy plus lactation 

can not be detected if only either serum copper or 

oxidase activity of ceruloplasmin are used as an 
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indicator of copper status. 



107 

BIBLIOGRAPHY 

Abel, E.L. (1984) Fetal Alcohol Syndrome and Fetal 

Alcohol Effects, pp. 29-45, Plenum Press, NY. 

Abel, E.L. (1984) Fetal Alcohol Syndrome and Fetal 

Alcohol Effects, pp. 47-57, Plenum Press, NY. 

Abel, E.L. (1983) Marihuana, Tobacco, Alcohol, and 

Reproduction, pp. 113-118, CRC Press, Inc., Boca 

Raton, FL. 

Abel, E.L. (1983) Marihuana, Tobacco, Alcohol, and 

Reproduction, pp. 119-126, CRC Press, Inc., Boca 

Raton, FL. 

Alfaro, B. & Heaton, F.W. (1974) The subcellular 

distribution of copper, zinc and iron in liver and 

kidney.  Changes during copper deficiency in the 

rat.  Br. J. Nutr. 32: 435-445. 

Altura, B.M. (1986) Symposium on vitamins, minerals, and 

alcohol.  Introduction and overview.  Alcoholism: 

Clin. Exp. Res. 10: 570-572. 

Anonymous (1985) Newly found roles for copper.  Nutr. 

Rev. 43: 117-119. 

Anonymous (1985) Zinc deficiency impairs ethanol 

metabolism.  Nutr. Rev. 43: 158-159. 

Armstrong, J. (1982) Dietary intakes of zinc, copper, 

calcium and iron in human pregnancy.  Proc. Nutr. 

Soc. 41: 147A (abs). 



108 

Badawy, A.A.-B. (1986) Alcohol as a 

psychopharmacological agent.  In: Alcohol and 

Aggression (Brain, P.F., ed.)/ PP* 55-83, Croom 

Helm, London. 

Bakka, A. & Webb, M. (1981) Metabolism of zinc and 

copper in the neonate:  changes in the 

concentrations and contents of thionein-bound Zn 

and Cu with age in the livers of the newborn of 

various mammalian species.  Biochem. Pharmacol. 30: 

721-725. 

Balthrop, J.E., Dameron, C.T. & Harris, E.D. (1982) 

Comparison of pathways of copper metabolism in 

aorta and liver. Biochem. J. 204: 541-548. 

Bogden, J.D., Al-Rabiai, S. & Gilani, S.H. (1984) Effect 

of chronic ethanol ingestion on the metabolism of 

copper, iron, manganese, selenium, and zinc in an 

animal model of alcoholic cardiomyopathy.  J. 

Toxicol. Environ. Health 14: 407-417. 

Brady, F.O. (1982) The physiological function of 

metallothionein.  Trends Biochem. Sci. 7: 143-145. 

Bremner, I. (1980) Absorption, transport and 

distribution of copper.  In: Biological Roles of 

Copper (Evered, D. & Lawrenson, G., eds.), Ciba 

Found. Symp. 79: pp. 23-48, Casparie, Amsterdam. 

Bremner, I. (1987) Involvement of metallothionein in the 

hepatic metabolism of copper.  J. Nutr. 117: 19-29. 



109 

Bremner, I., Mehra, R.J., Morrison, J.N. & Wood, A.M. 

(1986) Effects of dietary copper supplementation of 

rats on the occurrence of metallothionein-I in 

liver and its secretion into blood, bile and urine. 

Biochem. J. 235: 735-739. 

Cerklewski, F.L. (1979) Determination of a copper 

requirement to support gestation and lactation for 

the female albino rat.  J. Nutr. 109: 1529-1533. 

Chapman, R.W., Morgan, M.Y., Boss, A.M. & Sherlock, S. 

(1983) Acute and chronic effects of alcohol on iron 

absorption.  Dig. Dis. Sci. 28: 321-327. 

Chapman, R.W., Morgan, M.Y., Laulicht, M., Hoffbrand, 

A.V. & Sherlock, S. (1982) Hepatic iron stores and 

markers of iron overload in alcoholics and patients 

with idiopathic hemochromatosis.  Dig. Dis. Sci. 

27: 909-916. 

Cohen, N.L., Keen, C.L., Hurley, L.S. & Lonnerdal, B. 

(1985)  Determinants of copper-deficiency anemia in 

rats. J. Nutr. 115: 710-725. 

Conrad, M.E. & Barton, J.C. (1980) Anemia and iron 

kinetics in alcoholism.  Semin. Hematol. 17: 149- 

163. 

Cousins, R.J. (1985) Absorption, transport, and hepatic 

metabolism of copper and zinc:  special reference 

to metallothionein and ceruloplasmin.  Physiol. 

Rev. 65: 238-309. 



110 

Dreosti, I.E. (1984) Interactions between trace elements 

and alcohol in rats.  In: Mechanisms of Alcohol 

Damage in Utero (Porter, R., O'Connor, M. & Whelan, 

J., eds.), Ciba Found. Symp. 105, pp. 103-123, 

Pitman, London. 

Dreosti, I.E., Manuel, S.J. & Buckley, R.A. (1982) 

Superoxide dismutase, manganese and the effect of 

ethanol in adult and foetal rats.  Br. J. Nutr. 48: 

205-210. 

Duhring, J.L. (1984) Nutrition in pregnancy.  In: 

Present Knowledge in Nutrition (Olson, R.E., 

Broquist, H.P., Chichester, CO., Darby, W. J., 

Kolbye, A.C. & Stalvey, R.M., eds.), 5th ed., pp. 

636-645, The Nutrition Foundation, Inc., 

Washington, DC. 

Dwyer, J. (1981) Nutritional requirements of 

adolescence.  Nutr. Rev. 39: 56-72. 

Eckardt, M.J., Harford, T.C., Kaelber, C.T., Parker, 

E.S., Rosenthal, L.S., Ryback, R.S., Salmoiraghi, 

G.C., Vanderveen, E. & Warren, K.R. (1981) Health 

hazards associated with alcohol consumption.  J. 

Am. Med. Assoc. 246: 648-666. 

Evans, G.W. (1973) Copper homeostasis in the mammalian 

system.  Physiol. Rev. 53: 535-570. 

Evans, G.W. (1973) The biological regulation of copper 

homeostasis in the rat.  World Rev. Nutr. Diet. 17: 



Ill 

225-249. 

Evans, G.W., Myron, D.R., Cornatzer, N.F. & Cornatzer, 

W.E. (1970) Age-dependent alterations in hepatic 

subcellular copper distribution and plasma 

ceruloplasmin.  Am. J. Physiol. 218: 298-302. 

Evans, J.L. & Abraham, P.A. (1973) Anemia, iron storage 

and ceruloplasmin in copper nutrition in the 

growing rat.  J. Nutr. 103: 196-201. 

Fischer, P.W.F., Giroux, A. & I/Abbe, M.R. (1983) 

Effects of zinc on mucosal copper binding and on 

the kinetics of copper absorption.  J. Nutr. 113: 

462-469. 

Fischer, P.W.F., Giroux, A. & I/Abbe, M.R. (1981) The 

effect of dietary zinc on intestinal copper 

absorption.  Am. J. Clin. Nutr. 34: 1670-1675 

Food and Nutrition Board (1980) Recommended Dietary 

Allowances, 9th ed., pp. 151-154, National Academy 

of Sciences, Washington, DC. 

Frieden, E. (1986) Perspectives on copper biochemstry. 

Clin. Physiol. Biochem. 4: 11-19. 

Frieden, E. (1983) The copper connection.  Semin. 

Hematol. 20: 114-117. 

Frieden, E. (1980) Ceruloplasmin: a multi-functional 

metalloprotein of vertebrate plasma.  In: 

Biological Roles of Copper (Evered, D. & Lawrenson, 

G., eds.), Ciba Found. Symp. 79: pp. 93-124, 



112 

Casparie, Amsterdam. 

Gordon, E.F. & Zemel, M.B. (1984) Effects of prenatal 

ethanol exposure on iron utilization in the rat. 

Nutr. Res. 4: 469-475. 

Guerri, C., Esquifino, A., Sanchis, R. & Grisolia, S. 

(1984) Growth, enzymes and hormonal changes in 

offspring of alcohol-fed rats.  In: Mechanism of 

Alcohol Damage in Utero (Porter, R., O'Connor, M. & 

Whelan, J., eds.), Ciba Found. Symp. 105, pp. 85- 

102, Pitman, London. 

Halas, E.S., Wallwork, J.C. & Sandstead, H.H. (1982) 

Mild zinc deficiency and undernutrition during the 

prenatal and postnatal periods in rats:  effects on 

weight, food consumption, and brain catecholamine 

concentrations.  J. Nutr. 112: 542-551. 

Henry, R.J., Cannon, D.C. & Winkelman, J.W. (1974) 

Clinical Chemistry Principles and Technics, 2nd 

ed., pp. 1131-1135, Harper and Row Publ., 

Hagerstown, MD. 

Hopf, G., Bocker, R., Kusch, G. & Estler, C.-J. (1986) 

The effect of long-term ethanol treatment on a 

metal binding protein fraction in liver and kidneys 

of mice.  Acta Pharmacol. Toxicol. 59: 43-46. 

Houchin, O.B. (1958) A rapid colorimetric method for 

the quantitative determination of copper oxidase 

activity (ceruloplasmin).  Clin. Chem. 4: 519-523. 



113 

Hurley, L.S. (1981) Tetratogenic aspects of manganese, 

zinc, and copper nutrition.  Physiol. Rev. 61: 249- 

295. 

Keen, C.L., Tamura, T., Lonnerdal, B., Hurley, L.S. & 

Halsted, C.H. (1985) Changes in hepatic superoxide 

dismutase activity in alcoholic monkeys.  Am. J. 

Clin. Nutr. 41: 929-932. 

Klevay, L.M., Reck, S.J. & Barcome, D.F. (1979) Evidence 

of dietary copper and zinc deficiencies.  J. Am. 

Med. Assoc. 241: 1916-1918. 

Klevay, L.M., Reck, S.J., Jacob, R.A., Logan, G.M., 

Munoz, J.M. & Sandstead, H.H. (1980) The human 

requirement for copper.  I. Healthy men fed 

conventional, American diets.  Am. J. Clin. Nutr. 

33: 45-50. 

Knott, D.H. (1986) Alcohol Problems.  Diagnosis and 

Treatment, pp. 114-140, Pergamon Press, NY. 

Korsten, M.A. & Lieber, C.S. (1985) Medical 

complications of alcoholism.  In: The Diagnosis and 

Treatment of Alcoholism (Mendelson, J.H., & Mello, 

N.K., eds.), 2nd ed., pp. 21-64, McGraw-Hill Book 

Co., NY. 

L'Abbe, M.R. & Fischer, P.W.F. (1984) The effects of 

high dietary zinc and copper deficiency on the 

activity of copper-requiring metalloenzymes in the 

growing rat.  J. Nutr. 114: 813-822. 



114 

Lex, B.W. (1985) Alcohol problems in special 

populations.  In: The Diagnosis and Treatment of 

Alcoholism (Mendelson, J.H. & Mello, N.K., eds.), 

2nd ed., pp. 89-187, McGraw-Hill Book Co., NY. 

Lieber, C.S. (1979) Alcohol-nutrition interactions.  In: 

Alcohol and Nutrition (Li, T.-K., Schenker, S. & 

Lumeng, L., eds.), pp. 47-66, U.S. Government 

Printing Office, Washington, DC. 

Lieber, C.S. (1983) Interactions of alcohol and 

nutrition.  Introduction to a symposium. 

Alcoholism: Clin. Exp. Res. 7: 2-4. 

Lieber, C.S. (1984) Metabolism and metabolic effects of 

alcohol.  In: Ethyl Alcohol and Disease (Geokas, 

M.C., ed.), Med. Clin. North Amer., 68, pp. 3-32, 

W.B. Saunders Co., Philadelphia, PA. 

Lieber, C.S. (1984) To drink (moderately) or not to 

drink? N. Engl. J. Med. 310: 846-848. 

Lieber, C.S. & DeCarli, L.M. (1970) Quantitative 

relationship between amount of dietary fat and 

severity of alcoholic fatty liver.  Am. J. Clin. 

Nutr. 23: 474-478. 

Lieber, C.S. & DeCarli, L.M. (1986) The feeding of 

ethanol in liquid diets.  Alcoholism: Clin. Exp. 

Res. 10: 550-553. 

Lieber, C.S. & Spritz, N. (1966) Effects of prolonged 

ethanol intake in man:  role of dietary, adipose 



115 

and endogenously synthesized fatty acids in the 

pathogenesis of alcoholic fatty liver.  J. Clin. 

Invest. 45: 1400-1404. 

Lindenbaum, J. & Roman, M.J. (1980) Nutritional anemia 

in alcoholism.  Am. J. Clin. Nutr. 33: 2727-2735. 

Linder, M.C. (1985) Nutritional Biochemstry and 

Metabolism, pp. 151-198, Elsevier, NY. 

Little, R.E., Asker, R.L., Sampson, P.D. & Renwick, J.H. 

(1986) Fetal growth and moderate drinking in early 

pregnancy.  Am. J. Epidemiol. 123: 270-278. 

Little, R.E., Young, A., Streissguth, A.P. & Uhl, C.N. 

(1984) Preventing fetal alcohol effects: 

effectiveness of a demonstration projects.  In: 

Mechanisms of Alcohol Damage in Utero (Porter, R., 

O'Connor, M. & Whelan, J. eds.), Ciba Found. Symp. 

105, pp. 254-264, Pitman, London. 

Mason, K.E. (1979), A conspectus of research on copper 

metabolism and requirements of man.  J. Nutr. 109: 

1979-2066. 

Mason, R., Bakka, A., Samarawickrama, G.P. & Webb, M. 

(1980) Metabolism of zinc and copper in the 

neonate:  accumulation and function of (Zn, Cu)- 

metallothionein in the liver of the newborn rat. 

Br. J. Nutr. 45: 375-389. 

Mezey, E. (1980) Alcoholic liver disease:  roles of 

alcohol and malnutrition.  Am. J. Clin. Nutr. 33: 



116 

2709-2718. 

Mitchell, M.C. & Herlong, H.F. (1986) Alcohol and 

nutrition:  caloric value, bioenergetics, and 

relationship to liver damage.  Ann. Rev. Nutr. 6: 

457-474. 

Morgan, M.Y. (1979) Alcohol and the liver.  J. Human 

Nutr 33: 350-356. 

National Research Council Subcommittee on Laboratory 

Animal Nutrition (1978) Nutrient Requirements of 

Laboratory Animals, No. 10, 3rd ed., pp. 7-37, 

National Academy of Sciences, Washington, DC. 

Nordberg, M. & Kojima, Y. (1979) Role in metal 

metabolism and toxicity.  In: Metallothionein 

(Kagi, J.H.R. & Nordberg, M., eds.), pp. 76-87, 

Birkauser Verlag, Basel. 

Oestreicher, P. & Cousins, R.J. (1985) Copper and zinc 

absorption in the rat: mechanism of mutual 

antagonism.  J. Nutr. 115: 159-166. 

Owen, C.A. (1982) Physiological Aspects of Copper, 

Copper in Organs and Systems, pp. 105-158, Noyes 

Publications, Park Ridge, NJ. 

Panemagalore, M., Banerjee, D., Onosaka, S. & Cherian, 

M.G. (1983) Changes in the intracellular 

accumulation and distribution of metallothionein in 

rat liver and kidney during postnatal development. 

Dev. Biol 97: 95-102. 



117 

Parker, M.M., Humoller, F.L. & Mahler, D.J. (1967) 

Determination of copper and zinc in biological 

material.  Clin. Chem. 13: 40-48. 

Peters, T.J. (1982) Ethanol metabolism.  Br. Med. 

Bulletin 38: 17-20. 

Piletz, J.E., Andersen, R.D., Birren, B.W. & Herschman, 

H.R. (1983) Metallothionein synthesis in foetal, 

neonatal and maternal rat liver.  Eur. J. Biochem. 

131: 489-495. 

Pimstone, N.R. & French, S.W. (1984) Alcoholic liver 

disease.  In: Ethyl Alcohol and Disease (Geokas, 

M.C., ed.), Med. Clin. North Amer. 68, pp. 39-56, 

W.B. Saunders Co., Philadelphia, PA. 

Pirola, R.C. (1978) Drug Metabolism and Alcohol, pp. 9- 

16, Univ. Park Press, Baltimore, MD. 

Rice, E.W. (1962) Standardization of ceruloplasmin 

activity in terms of international enzyme units. 

Anal. Biochem. 3: 452-456. 

Riordan, J.R. & Richards, V. (1980) Human fetal liver 

contains both zinc- and copper-rich forms of 

metallothionein.  J. Biol. Chem. 255: 5380-5383. 

Robinson, M.F., McKenzie, J.M., Thomson, CD. & Van Rij, 

A.L. (1973) Metabolic balance of zinc, copper, 

iron, molybdenum and selenium in young New Zealand 

women.  Br. J. Nutr. 30: 195-205. 

Roe, D.A. (1979) Alcohol and the Diet, pp. 42-75, AVI 



118 

Publishing Co., Inc., Westport, CT. 

Rosett, H.L. (1980) A clinical perspective of the fetal 

alcohol syndrome.  Alcoholism: Clin. Exp. Res. 4: 

119-122. 

Ryden, L. & Deutsch, H.F. (1978) Preparation and 

properties of the major copper-binding component in 

human fetal liver.  J. Biol. Chem. 253: 519-524. 

Sandstead, H.H. (1982) Copper bioavailability and 

requirements.  Am. J. Clin. Nutr. 35: 809-814. 

Silber, R.H. (1966) Fluorimetric analysis of corticoids. 

In: Methods of Biochemical Analysis (Click, D., 

ed.), pp. 63-78, Interscience Publishers, NY. 

Silverman, B. & Rivlin, R.S. (1982) Ethanol-provoked 

disturbances in the binding of zinc to rat jejunal 

mucosal proteins.  J. Nutr. 112: 744-749. 

Snedecor, G.W. & Cochran, W.G. (1980) Statistical 

Methods, 7th ed., Iowa State Univ. Press, Ames, IA. 

Sternlieb, I. (1980) Copper and the liver. 

Gastroenterology 78: 1615-1628. 

Taper, L.J., Oliva, J.T. & Ritchey, S.J. (1985) Zinc and 

copper retention during pregnancy: the adequacy of 

prenatal diets with and without dietary 

supplementation.  Am. J. Clin. Nutr. 41: 1184-1192. 

Templeton, D.M., Banerjee, D. & Cherian, M.G. (1985) 

Metallothionein synthesis and localization in 

relation to metal storage in rat liver during 



119 

gestation.  Can. J. Biochem. Cell Biol. 63: 16-22. 

Underwood, E.J. (1977) Trace Elements in Human and 

Animal Nutrition, 4th ed., pp. 56-108, Academic 

Press, NY. 

Van der Vies, J. (1961) Individual determination of 

cortisol and corticosterone in a single small 

sample of peripheral blood.  Acta Endocrinol. 38: 

399-406. 

Van Thiel, D. (1983) Adrenal response to ethanol: a 

stress response?  In: Stress and Alcohol Use 

(Pohorecky, L.A. & Brick, J., eds.), pp. 23-27, 

Elsevier Sci. Publ. Co. NY. 

Waalkes, M.P., Hjelle, J.J. & Klaassen, CD. (1984) 

Transient induction of hepatic metallothionein 

following oral ethanol administration.  Toxicol. 

Appl. Pharmacol. 74: 230-236. 

Webb, M. & Cain, K. (1982) Functions of metallothionein. 

Biochem. Pharmacol. 31: 137-142. 

Weinberg, J. (1984) Nutritional issues in perinatal 

alcohol exposure.  Neurobehav. Toxicol. Teratol. 6: 

261-269. 

Weiner, A.L. & Cousins, R.T. (1980) Copper accumulation 

and metabolism in primary monolayer cultures of rat 

liver parenchymal cells.  Biochim. Biophys. Acta 

629: 113-125. 

Weiss, K.C. & Linder, M.C. (1985) Copper transport in 



120 

rats involving a new plasma protein.  Am. J. 

Physiol. 249: E77-E88. 

Whanger, P.D. & Deagen, J.T. (1982) Rat liver 

metallothionein interactions of silver, zinc, and 

cadmium.  Biol. Trace Elem. Res. 4: 199-210. 

Whanger, P.D., Oh, S.-H. & Deagen, J.T. (1981) Ovine and 

bovine metallothioneins:  accumulation and 

depletion of zinc in various tissues.  J. Nutr. 

Ill: 1196-1206. 

Williams, D.M. (1982) Clinical significance of copper 

deficiency and toxicity in the world population. 

In: Clinical, Biochemical, and Nutritional Aspects 

of Trace Elements (Prasad, A.S., ed.), pp. 277-300, 

Alan R. Liss, Inc., NY. 

Williams, D.M., Kennedy, F.S. & Green, B.B. (1983) 

Hepatic iron accumulation in copper-deficient rats. 

Br. J. Nutr. 50: 653-660. 

Winge, D.R., Geller, B.L. & Garvey, J. (1981) Isolation 

of copper thionein from rat liver.  Arch. Biochem. 

Biophys. 208: 160-166. 

Wirth, P.L. & Linder, M.C. (1985) Distribution of copper 

among components of human serum.  J. Natl. Cancer 

Inst. 75: 277-284. 

Wright, J.T., Waterson, E.J. & Barrison, I.G. (1983) 

Alcohol consumption, pregnancy, and low birth 

weight.  Lancet 1: 633-665. 



121 

Yeh, L.-C.C. & Cerklewski, F.L. (1984) Formulation of a 

liquid diet for ethanol studies involving gestation 

and lactation in the rat.  J. Nutr. 114: 634-637. 


