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Abstract 

The major objectives of this research were to examine whether copper (Cu) exerts 

its growth promoting actions systemically, to assess the role of feed intake in Cu- 

stimulated growth and to investigate the effect of Cu on the growth control system. An 

economical and convenient bioassay system using non-fusing myogenic BC3H, cells and a 

MITT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide ) cell proliferation 

assay was developed, which measures serum mitogenic activity, an indicator for blood 

growth factor activity. The potential use of a previously reported cobalt-copper 

antagonism in reducing tissue Cu deposition in pigs fed high Cu diets was evaluated in two 

experiments using a total of 192 pigs. Feeding 150 or 300 ppm of inorganic cobalt (Co) 

as Cobalt Chloride reduced Cu deposition in the kidney, but failed to reduce Cu deposition 

in the liver and brain as reported in rats. Dietary Co of 150 ppm was found to be 

detrimental to weanling pigs. Therefore, inorganic Co feeding is of limited use in studying 

Cu-stimulated growth. The effect of intravenously injected Cu on growth was studied in 

two experiments with a total of 89 pigs. Amounts of Cu injected were calculated to 

simulate varying absorption rates in pigs fed 250 ppm of dietary Cu. Injecting appropriate 

amounts of Cu (calculated using digestibility of 5 % in Exp. 1 and 2-4 % in Exp. 2)



promoted growth by 12-31 % (P < .05). Copper injections also stimulated serum 

mitogenic activity. Pituitary growth hormone (GH) mRNA was not significantly affected 

by Cu injections. This study suggests that Cu may stimulate growth systemically, without 

acting in the gastrointestinal tract as proposed by the antimicrobial hypothesis. The 

importance of feed intake in Cu-stimulated growth was examined in two experiments with 

a total of 138 pigs. Pair-feeding (Exp. 1) and restricted feeding (Exp. 2) were used to 

equalize the feed intake of pigs fed high Cu diets to that of pigs fed basal diets. Both 

experiments showed that Cu-stimulated growth was greatly reduced when Cu-fed pigs 

were restricted to have the same amount of feed as the control, which indicates that 

enhancing feed intake is an important part of the growth promoting mechanism of Cu. 

Copper feeding also enhanced serum mitogenic activity and increased pituitary GH 

mRNA concentration, independently of feed intake. This suggests that Cu feeding also 

affects the growth control system directly. In Exp. 2, Cu-lysine (providing 200 ppm 

dietary Cu) was found to be more effective than Cu sulfate in promoting growth. This 

benefit of Cu-lysine was largely from an increase in feed intake. This research 

demonstrated that Cu is able to promote growth systemically; and identified the 

importance of feed intake and the growth control system for Cu-stimulated growth, which 

opens new areas for future research. 
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Chapter I 

INTRODUCTION 

Copper is a unique mineral in swine nutrition. Pigs have a physiological copper 

requirement of 3 to 6 ppm (ARC, 1982; NRC, 1988). Copper deficiency in pigs is not a 

normal occurrence because commonly used swine diets contain greater than 10 to 20 ppm 

of copper. Interestingly, high dietary levels of copper, 150 to 250 ppm, stimulate the 

growth of pigs, especially weanling pigs (Bowland, 1991). This phenomenon will be 

referred to as copper-stimulated growth. Compared with other growth promoters, copper 

sulfate is much cheaper and is widely used in the U. S. swine industry (Ewan 1986). 

According to a survey in Iowa, growth promoting levels of copper were found in 94% of 

the starter diets, 43% of the grower diets and 11% of the finisher diets (Ewan, 1986). 

The use of high dietary copper levels for growth promotion is one of the few 

successful growth regulation techniques used in the swine industry. However, the 

application of this technique has been hindered by a poor understanding of the growth 

stimulating mechanism of copper. The environmental impact of releasing large amounts of 

fecal copper has been the major concern over the use of copper as a feed additive. In fact, 

European Economic Community countries have limited the use of copper in animal feed 

(Cooke, 1983). Development of alternative copper-based growth promoters requires 

knowledge of the growth promoting mechanism. The efficacy of copper supplementation 

has also been questioned because not all experiments showed consistent improvement of 

growth by copper diets, indicating some unknown factors may affect the efficacy of 

copper. Recently developed techniques for growth stimulation, such as probiotics 

(direct-fed microbes), growth hormone injection, nutrient partitioning agents and 

transgenic pigs, have posed a new question about copper stimulated growth: how will



these new techniques interact with copper-stimulated growth? An understanding of the 

mode of action of copper is necessary to answer this question. 

The current antimicrobial hypothesis proposes that copper alters the 

gastrointestinal microflora to the benefit of animals. This hypothesis, however, lacks 

supporting evidence and has been challenged by contradictory evidence (Underwood, 

1971; Roof and Mahan, 1982; Cromwell et al., 1989). It has been demonstrated that 

copper promotes growth, independent of the presence of antimicrobials in the feed (Roof 

and Mahan, 1982), suggesting a mode of action other than antimicrobial activity. 

Furthermore, a positive correlation between copper absorption and growth promotion 

(Cromwell et al., 1989) indicates that copper may promote growth inside the body 

(systemically) rather than in the gastrointestinal tract. 

As a part of the effort toward understanding possible systemic growth promoting 

actions of copper, the major objective of this research was to investigate the theory that 

copper is able to promote growth systemically and to identify important areas for future 

research. Specific objectives of this research were: 1) to develop a practical method of 

measuring blood growth factor activity, 2) to examine whether copper is able to promote 

growth systemically, 3) to examine the role of feed intake in copper stimulated growth, 

and 4) to investigate the possible impact of copper feeding on the growth control system.



Chapter II 

LITERATURE REVIEW 

Introduction 

The discovery of Cu-stimulated growth was made as early as when Hart et al. 

(1928) first recognized Cu as an essential nutrient (Evvard et al., 1928). Before the 

1960s, the function of Cu was considered to be primarily in iron metabolism; very little 

was known about the biochemistry of Cu until recently. A lack of knowledge about the 

physiological functions of Cu hindered research on Cu-stimulated growth. Therefore, the 

mode of action of Cu is still poorly understood. 

Over the past twenty years, research on the biological importance of Cu has 

greatly enhanced our understanding about the physiological functions and metabolism of 

Cu, which allows us to explore Cu-stimulated growth from a new perspective. 

Biochemistry of Copper 

The chemical and physical properties of an element dictate its functions. All the 

known physiological functions of Cu can be traced to its unique biochemical properties. 

Chemistry of copper. In biological systems, Cu functions in ionic forms (Jameson, 

1987), namely as cupric (Cu2t, Cu (ID) and cuprous ions (Cu!+, Cu()). The 

Cu(I1)/Cu(]) oxidation/reduction couple makes Cu different from another important metal 

ion, Zn2*, which can not change valency. Among divalent ions, Cu (II) has the highest 

affinity for biomolecules because of its high electron affinity (Jameson, 1987). It is 

important that Cu(I) also has similarly high affinity for biomolecules. Therefore, the 

CudD/Cu(I) couple is frequently used in biological systems for oxidation/reduction in a 

bound form. 

The high affinity of Cu for biomolecules indicates its toxicity because free Cu will 

bind to virtually any biomolecules it encounters (Prohaska, 1991). For example, human



serum albumin (HSA) forms the HSA-Cu(I) binary complex with a dissociation constant 

of .66 X 10-!6 M (Lau and Sarkar, 1971). When histidine is present, the dissociation 

constant for HSA-Cu (II)-His is 1.38X10-22 M, which means that in living systems, free 

ionic Cu, if it exists, is undetectable by current available methodology (Wapnir, 1990). 

Calculated free ionic Cu concentration is in the femtomolar range, while total tissue Cu 

ranges from undetectable to 50 mM. A major portion of Cu binds to proteins, peptides, 

free amino acids or other biomolecules. Another important property of Cu is that Cu (I) 

can be a x electron donor and thus bind O7. The binding of O2 is extremely important 

because free dioxygen is also toxic. The three properties of Cu, oxidation/reduction, high 

affinity and binding dioxygen, dictate its major functions in living systems, namely, 

electron transfer, oxygen transfer and the catalysis of oxidative reactions (Jameson, 1987). 

Cuproenzymes. The high affinity of Cu implies that sophisticated transport and 

delivery systems for Cu have to be developed at the cellular level to ensure the safe use of 

Cu (Prohaska, 1991). This high affinity also implies that the functions of Cu are closely 

associated with proteins, especially enzymes (Table 2-1 and 2-2). 

The diverse structure of cuproenzymes explains the wide variety of functions of 

cuproenzymes, even though most of them are oxidases (Prohaska, 1991). Cuproenzymes 

can be single peptides (neurocuprein and ceruloplasmin), dimers (Cu, Zn-superoxide 

dismutase) or tetramers (dopamine-B-monooxygenase). Neurocuprein contains only one 

Cu atom, while ceruloplasmin has six. Cuproenzymes also employ a wide spectrum of 

catalysis mechanisms, ranging from the use of protein-derived-quinones in amino oxidase 

(Klinman et al., 1991), to direct metal catalysis in the dopamine-B-monooxygenase 

(Klinman et al., 1991) to radical Cu catalysis in galactose oxidase (Klinman et al., 1991). 

Copper deficiency reduces the incorporation of Cu into cuproenzymes and 

therefore reduces the total amount of active cuproenzymes (Prohaska, 1991). Once Cu is



TABLE 2-1. FUNCTIONS OF WELL CHARACTERIZED 
CUPROENZYMES 

(Adapted from Prohaska, 1991) 

  

  

Enzyme Functions 

Amine oxidase Oxidative deamination 

Ceruloplasmin Copper transport, Fe2+ oxidation, 

Cytochrome C oxidase 

Diamine oxidase 

Dopamine-B-monooxygenase 

Extracellular superoxide dismutase 

Lysyl oxidase 

Peptidylglycine a- amidating 
monooxygenase 

Cu, Zn-superoxide dismutase 

Tyrosinase 

electron transfer 

Electron transfer 

Oxidative deamination 

Norepinephrine synthesis 

Dismutation of O07 

Elastin and collagen synthesis 

C-terminal peptide modification 

Dismutation of O> 

Melanin synthesis 

  

incorporated, most cuproenzymes will not respond to a changing Cu concentration since 

the Cu exchange rate is low, i. e., the binding affinity of Cu to the protein is extremely 

high. Only a limited number of cuproenzymes, such as dopamine-f-oxidase and a- 

amidase, have a high Cu exchange rate. Local Cu concentration can affect the activity of 

these enzymes. It can be predicted that high Cu feeding would most likely result in an 

alteration of the activity of these enzymes.



TABLE 2-2. PUTATIVE CUPROPROTEINS OF ANIMALS 
(Adapted from Prohaska, 1991) 

  

  

  

Protein Reported location 

Albocuprein I Brain 

Albocuprein II Brain 

Coagulation factor V Plasma 

Ferroxidase II Piasma 

Guanylate cyclase Lung 

Lipolytic protein Liver 

Metabolite binding protein Bile 

Myeloma protein Plasma 

Pink protein Erythrocytes 

Transcuprein Plasma 

Metabolism of Copper 

Feeding high levels of Cu to animals is a great challenge to their Cu homeostasis 

regulation mechanism. Copper metabolism determines the distribution of Cu into various 

tissues where growth stimulation may occur. 

Intestinal absorption. The important sites of Cu absorption have not been well 

characterized. Some early reports indicate that a substantial amount of Cu is absorbed in 

the stomach of dogs (reviewed by Underwood, 1971). Rate of absorption in rodents may 

be fairly constant over the entire gastrointestinal tract, with no major sites for absorption 

(Crampton et al., 1965). In birds, the maximal absorption site has been shown to be in the 

duodenum (Starcher and Hill, 1965; Starcher, 1969). Duodenum was also reported to be 

the major site of Cu absorption in human (Thompsett, 1934). However, studies with



normal human subjects showed that radioactive Cu appeared rapidly in the blood, reaching 

a maximal level within 2-3 h after oral administration (Mason, 1979). This suggests that a 

large amount of Cu is also absorbed in the stomach. Small intestine and colon are possible 

sites for the absorption of Cu in pigs (Bowland et al., 1961). Swinkels (1992) found that 

stomach was also a major site for the absorption of Cu in zinc deficient pigs and very small 

amounts of Cu were absorbed in the large intestine. 

Mechanisms for the absorption of Cu have been mainly studied with intestinal 

preparations in vitro. In rat duodenum, there are both saturable and unsaturable 

components of Cu absorption (Bronner and Yost, 1985; Wapnir and Stiel, 1987). Kinetic 

evidence showed that the entry of Cu through the brush border membrane into enterocytes 

was facilitated by carriers (Harris, 1991). Sodium ions and a proper pH were required for 

optimum absorption (Wapnir and Stiel, 1987). Once Cu has entered enterocytes, it binds 

to a sulfur-rich small peptide called metallothionein by mercaptide bonds (Mason, 1979; 

Cousins, 1985; Ewans et al., 1970). Metallothionein is not only a simple storage for Cu, 

but also has been long known to play a regulatory role in the absorption of Cu (Ewans et 

al., 1970). For example, dietary zinc deficiency in rats induced the synthesis of 

enterocyte metallothionein, which increased the binding and thus the absorption of Cu 

(Cousins, 1985). Recently, Felix et al. (1990) have provided strong evidence indicating 

that metallothionein is also a carrier involved in the export of Cu from enterocytes into the 

portal fluid. In their experiments, serosal release of a Cu-thionein was observed after 

intralumenal addition of Cu in a porcine intestine segment perfusion system. By using gel 

chromatography, luminescence, electronic absorption, enzyme linked immunoassay and 

immunoblotting, Felix et al. (1990) conclusively identified the Cu-thionein as 

metallothionein. The physiological significance of this secretory metallothionein as a 

carrier of Cu has not been evaluated.



The effect of copper sources and amino acids on the absorption of copper. Many 

factors influence the absorption of Cu (Wapnir, 1990). Among these factors, the source 

of Cu has a great impact on absorption. Copper sulfate (or cupric sulfate, CuSO4) is the 

most common Cu source used for growth stimulation (Cromwell et al., 1989). Most 

organic Cu complexes and several water soluble inorganic Cu compounds are at least as 

available as Cu sulfate. In contrast, the Cu in water insoluble compounds, Cu sulfide and 

Cu oxide, is poorly absorbed (Cromwell et al., 1978; Cromwell et al., 1989). Some earlier 

work suggests that Cu oxide is as absorbable as Cu sulfate (Bunch et al., 1961; Buescher 

et al., 1961; Bunch et al., 1963). Cromwell et al. (1989) pointed out that the apparent 

conflicts might be due to the different types of Cu oxide used in these experiments. 

Different manufacturing processes produce Cu oxide of slightly different properties 

(Cromwell et al., 1989). 

Water solubility has been proposed to be positively correlated with the absorption 

rate of Cu from different sources (Cromwell et al., 1989). However, water solubility is 

not the only factor determining availability. In cattle, water insoluble cupric carbonate is 

more biologically available than the water soluble nitrate and chloride Cu salts (Chapman 

and Bell, 1963). In pigs, cupric carbonate is at least as available as cupric sulfate (Miller, 

1980). 

In the gastrointestinal tract, Cu is probably bound by protein degradation products, 

such as amino acids or small peptides (Wapnir, 1990). Kirchgessner and Grassmann 

(1970) proposed that amino acids are mandatory ligands for the uptake of Cu into the 

intestinal brush border membrane. This hypothesis has been disputed by in vitro 

experiments in which Cu is absorbed even when no amino acids or peptides are present 

(Wapnir, 1990). Nevertheless, overwhelming evidence suggests that by forming Cu 

complexes, amino acids in the intestinal lumen have a great impact on the rate of Cu



absorption (Kirchgessner and Grassmann, 1970; Cousins, 1985; Wapnir and Balkman, 

1990; Wapnir, 1990). The influence of amino acids on the absorption of Cu can be 

positive or negative. The majority of amino acids seem to facilitate the absorption of Cu 

in vitro (Cousins, 1985). In contrast, histidine, which has a very high affinity for Cu, 

interferes with the absorption of Cu (Wapnir, 1990). 

Plasma transport of copper to liver. Albumin is involved in the transport of Cu 

from enterocytes into the circulation (Harris, 1991). Copper forms ternary complexes 

with the three N-terminal amino acid residues of albumin (Owen, 1965; Owen, 1971; 

Marceau and Aspin, 1973; Campbell et al., 1981; Gordon et al., 1987; Cousins, 1985). 

Free histidine in blood can also join the complexes by forming a more stable ternary 

complex of albumin-Cu-histidine (Harris, 1991). 

Some recent evidence suggests that albumin does not deliver Cu directly into the 

liver (Linder et al., 1988). Albumin Cu is not readily available to cultured liver cells and 

albumin tends to inhibit the uptake of Cu by hepatocytes. In addition, hepatocytes lack 

specific albumin receptors. Based on kinetic data, Linder et al. (1988) proposed that 

transcuprein may be a mediator between albumin and hepatocytes. Transcuprein is a 270 

kDa Cu-containing protein found in plasma (Lau and Sarkar, 1984; Weiss et al., 1985; 

Linder et al., 1987; Linder et al., 1988; Barrow and Tanner, 1988). Linder et al. (1988) 

speculated that transcuprein binds to its receptor on the surface of hepatocytes and deliver 

its Cu into cells either by endocytosis or other mechanisms. Transcuprein then regains its 

Cu from albumin that serves as a temporary reservoir for Cu. Because transcuprein has 

higher affinity for Cu, it can readily obtain Cu from albumin. This hypothesis is supported 

by results from several radioactive Cu uptake studies using cell cultures (Darwish, et al., 

1984; McArdle et al., 1987; Hartter and Barnea, 1988).



Free amino acids also have a role in transporting Cu into hepatocytes (Harris, 

1991). In a liver cell line, HepG2, histidine facilitates the uptake of Cu (Darwish et al., 

1984). In mouse hepatocytes, histidine is required to achieve maximal transport (McArdle 

et al., 1987). Interestingly, histidine is not co-transported and Cu appears to have no 

effect on histidine uptake (Harris, 1991). 

Copper metabolism in liver. Once Cu enters hepatocytes, there are at least four 

routes of metabolism: directly excreted into the bile; incorporated into enzymes; stored in 

a protein bound form; or incorporated into ceruloplasmin for export (Montaser et al., 

1992). Intracellular Cu may be localized in discrete, interacting or non-interacting 

components. For example, Cu destined for excretion into bile is separated from other 

cellular Cu pools (Johnson and Murphy, 1988). A number of Cu proteins may be involved 

in the storage of Cu (Terao and Owen, 1973). Méetallothionein bound Cu is the major 

storage form of Cu in porcine hepatocytes. Also, a significant amount of Cu is bound to 

superoxide dismutase. When pigs are fed high Cu diets, a large amount of Cu deposits in 

their liver (Bowland, 1991). The storage form of this Cu deposition remains to be 

characterized. 

The transport of Cu from liver into other tissues is largely carried out by 

ceruloplasmin, a secretory protein synthesized in the liver (Wapnir, 1990; Harris, 1991). 

Ceruloplasmin is an a-glycoprotein of 132,000 daltons and binds six Cu atoms per protein 

molecule (Harris, 1991). Ceruloplasmin functions more than a transporter. It has oxidase 

activity and is involved in the catalysis of several important oxidative reactions (Wapnir, 

1990). Biological functions and properties of ceruloplasmin have been reviewed by 

Cousins (1985). 

Tissue uptake and utilization of copper. The delivery of Cu from ceruloplasmin 

into cells is mainly through membrane ceruloplasmin receptors (Harris, 1991). 
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Erythrocyte ceruloplasmin receptors are 60 kDa glycoproteins and probably a part of the 

glycophorin components of the erythrocyte membrane (Barnes and Frieden, 1984). 

Classical endocytosis was first adopted as the mechanism for Cu uptake (Linder et al., 

1988). According to the endocytosis hypothesis, transport proteins deliver ligands by 

entering the cell after binding to its receptor. However, double labeling experiments, with 

©5Cu and !25] labeled ceruloplasmin, shows that ceruloplasmin did not enter the cell with 

Cu (Percival and Harris, 1990). Furthermore, a Cu chelate, CuNTA, strongly inhibits Cu 

uptake, suggesting that Cu dissociates before entering the cell (Orena et al., 1986). 

Ascorbic acid (vitamin C) has long been known to enhance the utilization of Cu by tissues 

(Mason, 1979). Percival and Harris (1989) provided evidence showing that ascorbic acid 

might function by facilitating the transport of Cu from ceruloplasmin into cells. Ascorbic 

acid is a reducing agent; therefore, it is very likely that Cu (II) is reduced to Cu (1) which 

is the putative form of Cu entering the cell. The Cu transport process seems to be 

dependent on sulfhydryl groups on the cell surface (McArdle et al., 1987). On the basis of 

a composite of data, Harris (1991) proposed that, after the binding of ceruloplasmin with 

its receptor, ascorbic acid reduces the Cu (II) into Cu(I), which releases Cu from 

ceruloplasmin. This released Cu may be taken into the cell by sequestered vesicles. 

Ceruloplasmin deprived of Cu atoms may then be released from the receptor and reused 

(Fig. 2-1). Once Cu enters the cell, the delivery of Cu into cuproenzymes is probably 

carried out by glutathione, a tripeptide (Harris, 1991). 

Uptake of Copper by brain. Brain hosts the neuroendocrine control of growth and 

voluntary feed intake. Therefore, it is important to understand copper homeostasis in the 

brain. Because of a blood-brain barrier to proteins, ceruloplasmin is probably not the 
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Fig. 2-1. Tissue uptake of Cu from ceruloplasmin. 

(According to Harris, 1991) 
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transport form of copper for brain. It has been speculated that amino acids or small 

peptides may be the ligands for Cu uptake into the brain (Hartter and Barnea, 1987; 

Hartter and Barnea, 1988). In hypothalamic tissue, Hartter and Barnea (1988) 

characterized two facilitated transport systems for Cu, a high affinity low capacity system 

and a low affinity and high capacity system. Both systems require the complexing of Cu 

with a ligand for optimal Cu accumulation. Histidine seems to be a very effective ligand 

for Cu uptake into brain tissue. 

Excretion of copper. Copper excretion is mainly through a biliary system in human 

(Mason, 1979), pigs (Bowland et al., 1961), dogs, mice, ducks and fowls (Underwood, 

1971). Copper is excreted in bound forms. Taurochenodeoxycholate (Lewis, 1973) and 

conjugated bilirubins (McCullars et al., 1977) are two ligands. The metabolic pathways 

for Cu excretion are still unclear. Urinary excretion of Cu seems to be small and highly 

variable (Mason, 1979). 

Intracellular distribution of copper. In hepatocytes, Cu accumulation is primarily 

within the granular fraction and the cytoplasm (Winge and Mehra, 1990). A small portion 

of Cu is found in the nucleus in rat hepatocytes. Kondo et al. (1991) found that 

mitochondria have the highest Cu concentration in skeletal muscle fibers. A significant 

amount of Cu is also found in the nucleus. Interestingly, the nucleus of red muscle has 

twice as much Cu as white muscle. The role of nuclear Cu is certainly worthy of future 

research attention. 

Tissue distribution. Distribution of Cu in pig tissues is summarized in Table 2-3, 

with liver having the highest concentration of Cu. The Cu deposition in liver, kidney, 

intestine, and brain are in response to dietary levels of Cu. In rodents, the brain has the 

second highest concentration of Cu (Sorenson, 1989). In contrast, the concentration of 

brain Cu is lower than that of kidney and some part of the intestine in pigs. 
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TABLE 2-3, TISSUE COPPER CONTENTS IN PIGS FED WITH 
NORMAL DIETS OR HIGH COPPER DIETS 

  

Dietary Cu, ppm 

  

Tissue 9-30 200-250 Reference 

Dry matter basis, g/g 

Whole brain 16.9 18.1 Chapter VI 

Kidney 34.0 45.5 Cromwell et al., 1978 

Liver 17.1 280.0 Cromwell et al., 1978 

Hair 13.8 - Okonkwo et al., 1979 

Femur 9.3 - Okonkwo et al., 1979 

Muscle 1.8 1.3 Bradley et al., 1983 

Fresh basis, g/g 

Plasma 1.62 1.75 Kornegay et al., 1989 

Spleen 7.1 - Okonkwo et al., 1979 

Heart 1.6 - Okonkwo et al., 1979 

Duodenum 9.0 44.0 Drouliscos et al., 1970 

Jeyunum 19.0 66.0 Drouliscos et al., 1970 

Ileum 9.0 76.0 Drouliscos et al., 1970 

Colon 7.0 176.0 Drouliscos et al., 1970 

Fat 8 9 Skalicky et al., 1985 

  

Diseases and copper metabolism. Diagnostic tools and treatments for Cu 

associated diseases are the major driving forces for studying Cu metabolism. Menkers' 
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disease (kink hair disease) is a sex-linked recessive genetic disorder of Cu metabolism, 

which results in copper deficiency in some tissues and a progressive brain damage 

symptom (Mason, 1979). The defects apparently are due to a reduced intestinal 

absorption of Cu in adults and placental transport of Cu into the fetus (Mason, 1979). 

Wilson's disease is another genetic disease with hepatic and neurological syndromes 

proposed to be caused by excessive Cu depositions in brain and liver (Mason, 1979). 

The molecular basis for Wilson's disease is unclear. 

A number of other diseases are associated with alterations of Cu metabolism. 

Serum Cu concentration was found to be increased in the presence of cancer (Fisher, 

1985; Coates et al., 1989). Infectious diseases, neurological diseases and certain 

cardiovascular diseases all result in elevated serum Cu concentration (Mason, 1979). The 

mechanism for hypercupremia is unknown. 

Molecular and Cellular Biology of Copper 

Copper and gene expression. Copper is directly involved in the regulation of yeast 

metallothionein gene expression (Furst et al., 1988; Kambadur et al., 1990; Baum, 1990). 

The yeast, Saccharomyces cerevisiae, synthesizes metallothionein in response to an 

increasing concentration of Cu in the media. A transcription factor, ACE1 protein, has 

been cloned and found to contain a Cu binding motif coined Cu "fist". This Cu binding 

protein actually changes conformation upon binding Cu and thus activates gene 

transcription in response to the cellular Cu concentration by the binding of Cu (Kambadur 

et al., 1990). This is different from zinc "finger" proteins in which zinc only serves as a 

structural component. Copper "fist" proteins, however, have not been isolated from 

mammals. 

Role of copper in the defense against free radical. A Cu-containing enzyme, Cu, 

Zn-superoxide dismutase (Cu, Zn-SOD), is a major defense enzyme against oxygen free 
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radicals (-O2) which are constantly generated in the cell and are highly damaging to the 

cell (Prohaska, 1991). Cu, Zn-SOD catalyzes the following reaction: 

20» + 2H* = HO» + 07 

The activity of Cu, Zn-SOD in liver and blood is decreased during Cu deficiency in 

rats (Bettger et al., 1978), pigs (Williams et al., 1975) and chicks (Bettger et al., 1979). 

Zinc status does not affect the activity of SOD (Bettger et al., 1978; Bettger et al., 1979). 

Another Cu-containing SOD, called extracellular SOD (EC-SOD), was 

characterized by Marklund (1982). The molecular structure of EC-SOD is different from 

Cu, Zn-SOD. Its function has been believed to be the removal of extracellular free oxygen 

radicals. 

Copper containing growth factors and cell growth. Growth factors, or peptide 

mitogens, are involved in the regulation of cell growth or proliferation. One Cu transport 

protein, ceruloplasmin induced angiogenesis or vascular growth when it complexed with 

Cu (Raju et al. 1982); therefore, it should be considered as a copper containing growth 

factor. Iamin, or glycyl-histidyl-lysine (GHL, Fig. 2-2), a Cu binding peptide originally 

isolated from human plasma, has been shown to induce the axonal and dendritic 

outgrowth of neurons and possess wound healing properties (Parkart, 1987). GHL is also 

mitogenic to a variety of cell lines. The molecular action of GHL is unclear. Parkart et 

al. (1980) proposed that GHL might stimulate cell growth by facilitating Cu uptake into 

the cell. 

Copper and growth factor synthesis. In healthy animals, splenic and mononuclear 

cells (MNC) proliferate in response to the stimulation of T-cell antigens. Lukasewycz 

and Prohaska (1983) reported that Cu deficiency reduced splenic lymphocyte proliferation 

in response to a bacterial antigen lipopolysaccharide and plant mitogens pokeweed, 

concanavalin A (ConA) and phytohemagglutinin (PHA) in mice. Numerous studies have 
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confirmed the depressing effect of Cu deficiency on T cell activation (reviewed by Failla 

and Bala, 1992). The role of Cu in T-cell activation acts at the cellular level because Cu 

deficient media impairs the antigen induced DNA synthesis and cell proliferation in vitro 

(Flynn, 1985). 

The antigen stimulated cell proliferation consists of two steps (Balkwill and Burke, 

1989; Unanue and Cerottini, 1989). The first step is the activation of T lymphocytes. 

Activated cells can be distinguished by the expression of surface transferrin and 

interleukin-2 receptors. The second step is the production of a lymphocyte growth factor, 

interleukin-2 (IL-2). Bala et al. (1991) demonstrated that a Cu deficiency did not affect 

cell activation itself. 

Lukasewycz and Prohaska (1990) first reported that Cu deficiency reduced the 

antigen stimulated IL-2 production in mouse splenocytes. Failla and Bala (1992) obtained 

a similar observation in rats. Supplementing Cu, but not other minerals, completely 

restored the production of IL-2 and antigen induced DNA synthesis. This indicates a 

rather specific role of Cu in the production of IL-2. Preliminary results from an on-going 

study of IL-2 gene expression show that IL-2 mRNA levels were decreased by Cu 

deficiency (M. L. Failla, personal communication). Copper dependent IL-2 production 

seems to be an interesting model for studying the role of Cu in gene regulation. 

Copper and cellular signal transduction. Protein kinase C (PKC) is a family of 

important enzymes involved in signal transductions (Gschwentdt et al., 1991). Among 

signals transduced by PKC are cell division and exocytosis. By examining the primary 

sequence of PKC, Barnea and Bhasker (1989) suspected that a cysteine-rich site could be 

a Cu binding site. They further speculate that the interaction between Cu and PKC may 

explain a Cu-stimulated hormone secretion. Two recent reports support the interaction 
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between Cu and PKC (Johnson and Dufault, 1991; Failla and Bala, 1992). Copper 

deficiency reduces PKC activity and thus alters the thrombin-induced dense granule 

Fig. 2-2. Proposed structure of Iamin in solution. 

This structure is based on X-ray analysis of amin crystals. The Cu ion was to bind to 

three nitrogens of Jamin and two oxygens of water. 

(From Parkart, 1987) 
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secretion from rat platelets (Johnson and Dufault, 1991). Failla and Bala (1992), while 

studying the effect of Cu on superoxide production by neurophils, found that Cu 

deficiency reduces the activity of the PKC signaling cascade. 

Copper is also a component of a putative cuproenzyme, guanylate cyclase (Gerzer 

et al., 1981). Guanylate cyclase is involved in cellular signaling (Darnell et al., 1991). The 

role of Cu in regulating guanylate cyclase activity remains to be defined. 

Toxicity of copper in microorganisms. Copper, as a cofactor of enzymes and 

electron transport proteins, is an essential nutrient for microorganisms (Trevors and 

Cotter, 1990). However, Cu can be toxic to microorganisms under certain conditions 

(Trevors and Cotter, 1990). Bordeaux, a Cu-containing mixture, is a fungicide (Baker, 

1974) and Cu sulfate has been used as an algaecide (Domek et al., 1984). In fact, 

antimicrobial activity has been proposed as one of the modes of action of Cu in promoting 

growth. 

Little is known about the toxic mechanism for Cu. According to its chemical 

properties, Cu has at least three possible toxic mechanisms (Ecker et al., 1989). First, Cu 

(II) is able to oxidize cysteine residues in vitro (Ecker et al., 1989). Ifa similar reaction 

occurs in vivo, a number of essential proteins can be inactivated (Ecker et al., 1989). 

Second, Cu can form complexes with and thus destroy biomolecules, such as proteins, 

DNA, and membranes, with coordination bonds. The third toxic mechanism involves the 

catalytic role of Cu in the production of highly toxic free radicals (Ecker et al., 1989). Cu 

(II) is a toxic form under aerobic conditions (Summers and Silver, 1978). | Under 

anaerobic conditions, Cu (I) may be stable and possibly toxic (Beswick et al., 1976). 

Toxicity is influenced by pH, redox potential, moisture, temperature, the binding of Cu to 

environment constituents, and interactions with other ions (Trevors and Cotter, 1990). 
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Inhibition of respiration is typical for Cu toxicity in microorganisms (Heukeklekian 

and Gellman, 1955; Naiki, 1957; Malaney et al., 1959). Viability may also be decreased 

(Domek et al., 1984). Tolerance of microorganisms to Cu varies widely. For example, a 

tolerant E. coli. strain can grow at 20 mM Cu (1300 ppm); while a sensitive derivative 

strain could only grow at 6 mM (390 ppm) (Tonge et al., 1977). As low as .025 to .05 

ppm of Cu reduced viability of some coliforms (Domek et al., 1984). 

Copper and Neuroendocrine System 

Copper and the synthesis of neurotransmitters. Dopamine-B-monooxygenase 

catalyses the hydroxylation of dopamine to give the neurotransmitter norepinephrine (Fig. 

2-3). Kinetic studies showed that Cu is an activator and component of this enzyme 

(Ljones and Skotland, 1985). Thus, the activity of this enzyme responds to the 

concentration of Cu. Copper deficiency impairs the synthesis of norepinephrine in mice 

and rats (Prohaska et al., 1990). More interestingly, feeding 250 ppm of dietary Cu to 

rats caused a significant elevation of brain norepinephrine and dopamine levels (Murthy et 

al., 1981). Clearly, both Cu deficiency and Cu overloading influence the production of 

neurotransmitters. 

Copper and post-translational modification of regulatory peptides. At least two 

thirds of the hormonal and neural bioactive peptides undergo a_post-translational 

modification called carboxyl-terminal a-amidation (Giraud et al., 1992). This reaction is 

catalyzed by peptidylglycine a-amidating monooxygenase (PAM, Eipper and Mains, 1988; 

Bradbury and Smyth, 1991). The a-amidation is essential for the bioactivity and stability 

of bioactive peptides. PAM is a Cu-containing enzyme similar to dopamine-f- 

monooxygenase. It has been shown that the removal of Cu by chelation inhibits the PAM 

activity in cultured corticotropic tumor cells (Mains, et al., 1986). Recently, Giraud et al. 

(1992) reported that Cu affects the activity of PAM in cultured pancreas and 
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hypothalamus cells. Synthesis of thyrotrophin-releasing hormone (TRH) and 

corticotrophin-releasing factor (CRF) has also been affected by Cu. This suggests that Cu 

may play an important role in neuropeptide synthesis. 

Copper and the secretion of regulatory peptides. Interactions of Cu with 

neuropeptide secretion were first observed in rabbits, the well-known phenomenon of 

induced ovulation by injection of Cu acetate (Fevold et al., 1936; Brooks et al., 1940; 

Suzuki and Bialy, 1964; Tsou et al., 1977). It is now clear that Cu stimulates the release 

of luteinizing hormone releasing hormone (LHRH), a hypothalamic peptide (Barnea, 

1987). The cellular mechanism for the Cu stimulated secretion of LHRH has been 

extensively studied (Barnea and Cho, 1984; Barnea et al., 1986; Barnea and Cho, 1987; 

Magni and Barnea, 1991). Copper seems to induce cellular accumulation of cyclic AMP, 

a second messenger involved in the release of not only LHRH but also other 

neuropeptides (Magni and Barnea, 1991). This finding suggests that Cu may be a general 

modulator of neuropeptide secretion. This concept is supported by two additional 

findings. In an isolated hypothalamic granule system, Cu histidinate enhances the release 

of a-melanotropin (Barnea, 1987) and injections of Cu in rabbits stimulated the secretion 

of neuropeptide Y from the hypothalamus (Pau et al., 1986). In an in vitro study, a very 

low concentration of Cu, less than 1 ppm, was also found to stimulate growth hormone 

secretion from incubated pituitary glands (LaBella et al., 1973). 

Other Functions of Copper 

Iron metabolism. As early as the 1900's, Abderhalden (Mason, 1979) observed 

that animals fed a whole milk diet developed anemia that could not be alleviated by 

feeding iron. Hart et al. (1928) demonstrated that this type of anemia could be cured 

by supplementing Cu in addition to iron. This work has been regarded as a milestone for 

Cu nutrition research. The necessity of Cu for preventing anemia was confirmed in pigs 
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(Elvehjem and Hart, 1932). A defect in iron metabolism was quickly recognized as the 

cause of anemia induced by Cu deficiency (Underwood, 1971). A link between Cu and 

iron metabolism has been proposed by Frieden and Hsieh (1976). Iron is transported in 

blood by transferrin which only binds Fe(III). Interestingly, iron is absorbed most 

efficiently as Fe(II) and the iron released from liver storage also appears in the form of 

Fe(II). Frieden and Hsieh (1976) proposed that the oxidation of Fe(II) to Fe(III) is 

catalyzed by plasma ferroxidases, the activity of which may be the limiting factor in iron 

utilization. There are two types of ferroxidases in plasma, ceruloplasmin (ferroxidase I) 

and ferroxidase II, both of them are Cu-containing enzymes (Prohaska, 1991). The 

contribution of ceruloplasmin has been questioned by results from studies on Wilson's 

disease (O'Dell, 1984). While patients affected by Wilson's diseases have very low levels 

of ceruloplasmin, they have no obvious iron metabolism disorder. 

Cross-linking of collagen and elastin. Collagen and elastin are two of the most 

common animal fibrous proteins (Darnell et al., 1990). Cross-linking of collagen and 

elastin is catalyzed by cuproenzyme lysyl oxidase (Prohaska, 1991). Lack of this enzyme 

has been proposed to account for pathological changes in many connective and other 

tissues (O'Dell, 1984). Harris (1976) and Royton and Harris (1979) were able to 

demonstrate that Cu is not only a constituent of lysyl oxidase, but it also acts as an inducer 

for the synthesis of the apoenzyme, the protein part of lysyl oxidase. 

Lipid metabolism. The influence of Cu on fatty acid metabolism was first 

observed in swine (reviewed by Cunnane, 1982). When pigs are fed growth promoting 

levels of Cu (200-250 ppm), their backfat tends to be softer with a lower melting point, 

which suggests an alteration in fatty acid composition with increased unsaturated fatty 

acid contents (Christie and Moore, 1969; Myres and Bowland, 1973). The elevated 

unsaturated fatty acids have been attributed to a raised hepatic and adipose tissue 
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monounsaturation activity. Ho and Elliot (1974) have obtained in vitro evidence 

supporting this hypothesis. In their experiment, the reduction of 16:0 to 16:1n-7, 18:0 to 

18:1n-9 and 18:1n-9 to 18:2n-9 fatty acids in subcutaneous fat was increased by high Cu 

feeding. Monounsaturation is catalyzed by an electron transport chain in microsomes 

(Stritmatter et al., 1974). The terminal protein of this chain is a fatty acyl desaturase 

which has not been reported to contain Cu. However, in vitro studies indicated that Cu 

affects both the initial velocity and the stability of this enzyme (Thompson et al., 1973). 

The mechanisms for this interaction are unclear. 

A low dietary Cu to zinc ratio has been linked to high plasma cholesterol levels in 

rats (Klevay, 1973). Lei (1978) further demonstrated that the hypercholesterolemia was 

due to Cu deficiency. Studies by Allen and Klevay (1978) suggested that Cu deficiency 

increased the release of cholesterol from liver into circulation. The effect on cholesterol 

metabolism of feeding high Cu diets to pigs has not been well studied. In one study, a 

high Cu diet (125 ppm) tended to reduce plasma cholesterol concentration (Eisemann et 

al., 1979). 

Energy metabolism. Cytochrome c oxidase is generally recognized to be the first 

cuproenzyme to be affected by Cu deficiency (Crohen and Elvehjem, 1934). Cytochrome 

Cc oxidase is an important enzyme for oxidative phosphorylation which produces most of 

the ATP in eukaryotes (Stryer, 1988). In the hearts of Cu deficient rats or mice, slight 

alterations in energy charges have been reported (Kopp et al., 1983). Surprisingly, even 

when Cu deficiency reduced rat brain cytochrome c oxidase activity by 70%, there was no 

decline in brain ATP content (Rusinko and Prohaska, 1985). 

Copper and Immune Functions. The role of Cu in the immune system has recently 

attracted attention. Sandstead (1982) pointed out that a mild Cu deficiency is still present 

in Western populations. Copper deficiency has been linked to an increased incidence of 
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infectious diseases in infants (Failla and Bala, 1992), possibly due to a compromised 

immune function. Studies on the role of Cu in the immune system have greatly enhanced 

our knowledge about the cellular functions of Cu (Failla and Bala, 1992). Furthermore, 

the regulation of the immunosystem has a close relationship with the growth control 

system (reviewed by Gala, 1991). Both growth and immune functions are regulated by 

the neuroendocrinoimmune system. One of the most important growth regulators, growth 

hormone (somatotrophin), has been shown to be produced by lymphocytes. Studies on 

the role of Cu in immune system may provide insights facilitating the understanding of Cu- 

stimulated growth. 

Kornegay et al. (1989) studied the effect of dietary Cu on humoral and cellular 

immune response. Their results show that high Cu diets depress cellular immunity, when 

assessed by two antigens. Humoral immunity was not affected. The immunosupressive 

effect of Cu was also observed in rats (Porcino et al., 1991). When healthy rats were 

supplied with high Cu drinking water, mitogen-stimulated splenic cell proliferation was 

inhibited. 

Copper-Stimulated Growth 

Copper requirement for pigs. The National Research Council (NRC, 1988) 

recommended 3-6 mg Cu/kg diet for growing-finishing pigs. The British Agricultural 

Research Council (ARC, 1982) gave a similar recommendation (4 mg Cu/kg diet). 

Normal swine diets have Cu contents well above these levels. |The recommended 

requirement for Cu is mainly based on two studies by Dr. Miller's laboratory at Michigan 

State University. In the first study, pigs were fed diets with 6, 16 and 106 ppm of Cu 

(Ullrey et al., 1967). No significant differences in growth rate were found. In the second 

study, a more systematic approach was applied to assess the effect of dietary Cu levels (.6 

to 9.3 ppm) on neonatal pigs in three experiments using purified diets (Okonkwo et al., 
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1979). Based on growth, hematology, Cu metabolism and histology of several tissues of 

pigs, Okonkwo et al. (1979) estimated that dietary Cu level of 6 ppm was the minimal 

requirement for baby pigs. This requirement is close to that for other species (O'Dell, 

1984). The requirement for Cu has not been verified vigorously and as indicated by 

Okonkwo et al.(1979), many factors might affect Cu requirements. In practice, a lack of 

well-defined Cu requirements, however, has not been a major problem because swine 

feeds are usually supplemented with excessive levels of Cu. 

Copper-stimulated growth. Most Cu nutrition research in pigs has concentrated 

on the so-called Cu-stimulated growth. The growth promoting action of high levels of 

Cu was first reported by Evvard et al. (1928). This phenomenon had not caught wide 

attention until it was independently discovered and characterized by Dr. Braude's group in 

the 1940s (Braude, 1945; Barber et al., 1955). Since then, numerous Cu feeding studies 

have been conducted all over the world and several researchers have reviewed data 

accumulated over the years (Wallace, 1967; Braude, 1975; Braude and Hosking, 1982; 

Bowland, 1991). Pigs fed diets containing 200-250 ppm of Cu have a higher growth rate, 

greater feed intake and a more efficient conversion of feed than pigs receiving normal diets 

(Table 2-4). The extent of growth promotion is greater in weanling pigs (10-25%) than in 

finishing pigs (3-7%). To establish an optimum level of dietary supplementation, the 

United Kingdom Agricultural Supply Trade Association (UKASTA) surveyed 129 

references which included 1343 results (Wilson et al., 1979). A dose response curve was 

produced by regression (Fig. 2-4). The maximal response tends to be around 224 ppm of 

Cu supplement. Cromwell et al. (1989) published a similar dose response curve for 

weanling pigs, with maximal response around 250 ppm (Fig. 2-5). 

Although growth promotion has been observed in most studies, negative results 

were also reported (Hanrahan and O'Grady, 1968). Braude (1975) explained that the 
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variation in results might be partially due to a normal distribution of biological response. 

In addition, insufficient dietary zinc or iron contents might account for some of the 

negative results. A proper dietary Cu-zinc-iron balance has been implicated to be 

important for Cu-stimulated growth (Wilson et al., 1979). High dietary Cu may reduce 

iron absorption and thus induce anemia if an insufficient dietary level of iron is provided 

(Gipp et al., 1974). Similarly, because of the known Cu-zinc antagonism, 

TABLE 2-4. INFLUENCE OF HIGH LEVELS OF COPPER ON 
IMPROVEMENTS IN GROWTH RATE AND EFFICIENCY IN SWINE 

  

Percent improvement 

  

  

from feeding high Cu Diets 

No. pigs Daily gain Feed/gain 

83 experiments 1955-65 2,430 8.1 5.4 

119 experiments 1965-75 5,260 9.1 7.4 

Coordinated experiment in 6,412 5.0 3.9 
Poland 1969 

Coordinated experiment in 490 1.5 8.1 
Britain 1962 

Coordinated experiment in 304 6.1 5.3 
Britain 1973 

43 weaner pigs US trials 1,280 22.1 8.3 

57 growing pigs US trials 2,614 6.5 2.3 

54 growing-finishing US trials 2,060 3.6 1.1 

  

Summary by Wallace (1960) and Braude (1975) 
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high levels of zinc (above 100 ppm) are used to prepare high Cu diets to prevent zinc 

deficiency (Wilson et al., 1979). 

Dietary vitamin levels may also have an impact on the response of pigs. Copper 

supplementation tends to increase vitamin requirements for pigs. Laytymer et al. (1985) 

demonstrated the importance of adequate pantothenic acid in high Cu diets. Brooks et al. 

(1984) reported that biotin could substantially enhance the growth promoting action of 

Cu. An interaction between Cu levels and biotin levels has also been observed by 

Kornegay et al. (1989), which suggests that Cu feeding slightly increases the biotin 

requirement. 

Copper feeding and body composition. Studies on the influence of Cu on growth 

od various tissues have been inconclusive (Omole, 1980). Relative organ weights are 

generally not affected by Cu feeding (Shurson et al., 1989). Castell and Bowland (1968) 

found no effect of Cu on carcass characteristics. In contrast, Myres and Bowland (1973) 

observed lower backfat and larger loin area in pigs fed with high Cu diets. 

A number of studies suggest that Cu feeding increased softness of backfat in pigs 

(Elliot and Bowland, 1968). Backfat softness is mainly due to a reduction of stearic acid 

and increases in oleic and palmitoleic acids (Myres and Bowland, 1973; Castell and 

Bowland, 1968). 

Copper feeding and reproductive performance. Wallace et al. (1966) first 

observed that weaning weights of pigs were improved when high Cu diets were fed to 

sows during lactation. Roos and Easter (1986) and Lillie and Frobish (1978) reported 

similar results. In 1980s, Cromwell (1992) initiated a long term study to evaluate the 

effect of Cu feeding on reproductive performance. Copper feeding to sows increased 

average weaning weight of piglets. During lactation, sows receiving high Cu diets lost 

more weight. It seems that Cu feeding stimulates milk production. 
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Toxicity of copper in pigs. Toxicological mechanisms of Cu for mammals are 

poorly understood. Most researchers only studied the tolerance levels and recorded toxic 

symptoms. Pigs are more tolerant to Cu than sheep, but less tolerant than horses (NRC, 

1980). Dietary Cu at 425 to 750 ppm resulted in reduced growth rate, anemia, jaundice, 

elevated blood aspartic transaminase activity and death of pigs (Combs et al., 1966; Suttle 

and Mills, 1966). A dietary level of 1,000 ppm was reported to be lethal for pigs (NRC, 

1980). 

Dietary toxic levels are subject to the influence of many factors including 

interactions with other minerals. Supplementing high levels of iron and zinc has been 

shown to alleviate the toxic symptoms of Cu, presumably by reducing the absorption of 

Cu (Suttle and Mills, 1966). 

Environmental concerns over the use of copper in swine feed. Copper sulfate has 

been successfully used as a growth promoter in the swine industry for over thirty years. 

One major concern over the continuing use of Cu is the possible Cu pollution by manure 

from Cu-fed pigs. Approximately 90% of dietary Cu is excreted in the feces (Bowland et 

al., 1961; Prince et al., 1979). The application of Cu enriched manure to land has met 

with strong resistance in EEC countries. It is suspected that Cu would accumulate in soil 

and plants. Over twenty years of study at Virginia Tech, however, has shown that the 

application of Cu enriched manure has minimal influence on plant growth or plant mineral 

contents (Kornegay, 1989). 

Fermentation is an important method of waste disposal in the swine industry. The 

high levels of Cu in fecal material were suspected to inhibit microbial activity and thus 

affect the digestion of organic matter. This concern has not been consistently verified. It 

has been shown that the microbial activity of lagoon waste was not destroyed by manure 

from pigs fed high levels of Cu (Clarke, 1965). Preliminary results showed that the 
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alteration of microbial flora in manure by Cu feeding is limited (reviewed by Kornegay, 

1989). 

Despite the lack of a scientific basis, EEC countries have limited the use of Cu in 

animal feed, which has resulted in economic loss for farmers (Cooke, 1983; Anonymous, 

1984). Food and Drug Administration (FDA, 1990) initially proposed a ban on the use of 

Cu as a growth promoter, however, they later retracted the proposal because of a lack of 

evidence to support the claims that the application of copper-enriched manure was an 

environmental problem. There was also strong resistance from the scientific community 

and producers. 

Proposed Growth Promoting Mechanisms of Copper 

Even though Cu sulfate has been used in most studies, other Cu sources are also 

effective as growth promoters (Bowland, 1991). Sulfate, itself, has not been shown to 

stimulate growth (Kline et al., 1971). Because of these two facts, studies on the 

mechanism of Cu-stimulated growth have been concentrated on Cu itself, more 

specifically, cupric ions. Several hypotheses about Cu-stimulated growth have been 

proposed. 

Antimicrobial hypothesis. | The most influential hypothesis for Cu-stimulated 

growth has been the antimicrobial hypothesis which proposes that high levels of Cu might 

modify intestinal microflora and thus have beneficial effects on animals (Fuller et al., 1961; 

Hawbaker et al., 1961; Visek, 1978). This hypothesis is based on the fact that cupric ion, 

when present in high concentration, suppresses the growth of certain microbes (Trevors 

and Cotter, 1990). For Cu to exert its antimicrobial action, it has to be in high 

concentrations and probably in specific forms. High dietary Cu may not be able to create 

such an environment because of the dilution by digestive fluid and by the binding of Cu to 
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other molecules inside the gastrointestinal tract. Although high dietary Cu did reduce 

fecal ureolytic bacterial counts (Varel et al., 1987) and Streptococci number (Fuller et al., 

1960), those changes occurred whether or not the pigs showed a response to Cu in terms 

of enhanced growth. Because rectal samples of fecal material had less moisture than 

intestinal contents and presumably higher Cu concentration, an alteration in fecal 

microflora by Cu does not necessarily imply an antimicrobial effect of Cu inside the 

gastrointestinal tract. In follow-up experiments, no significant alteration of microflora in 

the gastrointestinal tract of Cu-fed pigs was detected (Smith and Jones, 1963; Pond et al., 

1988). Gastrointestinal contents contain about 300 ppm of Cu (Drouliscos et al., 1970), 

which is normally high enough to inhibit the growth of many microorganisms (Trevors and 

Cotter, 1990). To resolve the dilemma, Smith and Jones (1963) tested in vitro inhibition 

of bacteria by Cu. When Cu was added into culture medium at the level of 250 ppm, 

bacterial growth was inhibited. However, when Cu was first mixed with feed, it no longer 

inhibited bacterial growth. Therefore, the apparent lack of antimicrobial activity of Cu in 

the gastrointestinal tract was probably due to the binding of Cu to other molecules. 

Binding of Cu with other molecules has been observed by several researchers. 

Ramamorthy and Kushner (1975) found that most of the Cu added into Difco Nutrient 

Broth (200 ppm) was bound to medium components such as casamino acids, yeast extract, 

bactotryptone and peptone. Similarly, Bird et al. (1985) have also shown that growth 

medium significantly reduces the availability of Cu. 

Shurson et al. (1989) tested the antimicrobial hypothesis directly using germ-free 

pigs. If the antimicrobial hypothesis was correct, Cu would not promote growth of germ- 

free pigs since no microbes are present in those animals. Numerically, Cu promoted the 

growth of conventional pigs but not germ-free animals in their experiment, which led them 

to favor the antimicrobial hypothesis. Careful examination of their data, however, 
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revealed several problems. First, no statistical analysis was performed for their growth 

data because of the lack of replications. Second, and more importantly, the germ-free 

animals, when fed a high Cu diet, accumulated extremely high levels of Cu (1911 g/g) in 

their liver to the extent of Cu toxicity. A large reduction of iron was also found in the 

liver of these pigs. Obviously, the germ-free pig study could not provide useful 

information concerning the growth promoting mechanism. Furthermore, this experiment 

indicates that germ-free pigs may have a different Cu metabolism rate from conventional 

pigs. 

Results of studies on the combinational use of Cu and other growth promoters 

provide additional evidence against the antimicrobial hypothesis. The growth promoting 

effect of Cu is additive with that of most antimicrobial growth promoters such as 

carbadox, chlortetracycline, oxytetracycline and virginiamycin (Stahly et al., 1980; Roof 

and Mahan, 1982; Edmonds et al., 1985). Thus, the growth promoting effect is 

independent of the presence of antimicrobials (Fig. 2-6). Because antimicrobial agents 

against diverse bacterial spectra have been used in many studies (Stahly et al., 1980; Roof 

and Mahan, 1982; Edmonds et al., 1985), it is unlikely that Cu would have a 

complementary antimicrobial effect. The additive action strongly suggests that Cu acts 

differently from antimicrobial agents. 

Another hypothesis for Cu-stimulated growth, which is basically a specific version 

of the antimicrobial hypothesis, postulated that Cu-stimulated growth is due to the 

inhibition of urease activity of gastrointestinal contents by high levels of Cu (Varel et al., 

1987). This inhibition could be direct or through the suppression of ureolytic bacteria. 

While the effect of Cu on intestinal urease activity is still questionable (Pond et al., 1988), 

the suspected beneficial effect of reducing urease activity to pig growth could not be 

confirmed (Kornegay et al., 1964). 
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Fig. 2-6. Relative improvements in performance of weanling pigs from single addition and 

the combinational addition of copper and antibiotics to the diet. 

(from Kornegay, 1989) 

Enhancement of digestive enzyme activity. This hypothesis was proposed by 

Kirchgessner et al. (1976) who found that Cu (II), at appropriate concentrations, activated 

pepsin in vitro. This hypothesis is not supported by balance studies. Energy or nitrogen 

(protein) digestion and absorption were not significantly influenced by Cu feeding (Castell 

and Bowland, 1968). 
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Systemic Growth Promoting Actions of Copper 

A systemic action of Cu was first speculated by Bowland et al. (1961) and 

Drouliscos et al. (1970). The word "systemic" was used to mean somewhere inside body 

as opposed to "enteric". No specific sites of action or mode of action have been 

proposed. 

If Cu promotes growth systemically, Cu feeding should increase the amount of Cu 

absorbed and alter Cu metabolism in certain tissues. In addition, tissues important for 

growth should be able to respond to an increasing Cu uptake, most likely by changing the 

activity of cuproenzymes. Blocking the absorption of Cu should abolish the effect of Cu. 

Copper metabolism in pigs fed high levels of Cu. Copper feeding greatly increases 

Cu absorption (Roof and Mahan, 1982). Liver and kidney Cu contents are greatly 

increased (Table 2-3); whereas the Cu contents in the skeletal muscle and fat are only 

slightly affected. 

Skalicky et al. (1985) studied the impact of high Cu feeding on Cu metabolism 

using ©5Cu (Table 2-5). Interestingly, the half life of Cu in skeletal muscle and fat is 

greatly reduced by Cu feeding, which indicates that Cu feeding profoundly influences the 

Cu metabolism by increasing uptake and output simultaneously with a net result of only a 

slight increase in Cu deposition in these tissues. This study indicates that high dietary Cu 

not only influences tissue Cu metabolism by increasing Cu deposition, but also affects 

tissues by increasing Cu turnover. 

Copper feeding and tissue enzyme activity. The effect of high dietary Cu on 

cuproenzyme activity has not been studied. However, Cu feeding has been shown to 

increase the activity of two non-cuproenzymes: terminal monosaturase (Myres and 

Bowland, 1973) and glutathione transferase (Zhang et al., 1985). Future research in this 

area is clearly needed. 
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TABLE 2-5. BIOLOGICAL HALF LIFE (DAYS) OF COPPER IN 
VARIOUS ORGANS 

( Adapted from Skalicky et al., 1985) 

  

  

  

Dietary Cu, ppm 

Organs 8 250 

Kidney 1.3 1.9 

Liver 14.9 15.3 

Pancreas 49.7 16.5 

Spleen 227.4 33.7 

Skeletal muscle 117.0 36.0 

Fat 65.2 2.5 

  

Correlation between copper availability and growth promoting action. There has 

been only one attempt to test the growth promoting effect of parenterally administrated 

Cu in pigs (Gipp et al., 1973). Unfortunately, pigs receiving subcutaneous injections of 

cupric glycinate developed severe anemia, growth depression and abscess formation at the 

site of injection so that injections had to be discontinued. The growth depression 

observed could have been due to the abscess formation or Cu toxicity which resulted from 

the high dose of injected Cu. 

Several lines of evidence suggest a positive correlation between the availability and 

the growth promoting activity of Cu. Bowland et al. (1961) studied Cu metabolism using 

Cu sulfate and Cu sulfide and Cu as a marker. It appeared that Cu solubility in the gut 

was important for Cu-stimulated growth. Cromwell et al. (1989) pointed out that there is 

a correlation between availability of Cu and growth promoting activity, which confirms 

earlier observations (Barber et al., 1961). 
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Liver Cu deposition was once thought to be detrimental to the animal. Several 

researchers have attempted to prevent hepatic Cu deposition. Kline et al. (1972) used 200 

or 300 ppm of zinc to reduce the absorption of Cu and thus decrease the liver deposition 

of Cu. Interestingly, high dietary zinc also reduced Cu-stimulated growth, which stresses 

the importance of absorbed Cu to Cu-stimulated growth. 

Dietary protein source has been shown to influence the efficacy of Cu (Omole, 

1980). Greater growth and feed efficiency were obtained when Cu was supplemented to 

dried skim milk based diets than to fish meal based diets (Allen et al., 1961). Pigs fed fish 

meal containing diets gave a greater response to Cu supplements in growth than those fed 

soybean meal containing diets (Braude et al., 1962; Drouliscos et al., 1970). Omole (1980) 

speculated that fish meal might enhance the efficacy of Cu by facilitating the absorption of 

Cu. Barber et al. (1981), however, found no difference between fish meal diets and 

soybean meal diets. 

The relationship between Cu deposition and growth promoting effect has also been 

studied with roxarsone, an antimicrobial growth promoter which can form a complex with 

Cu and thus enhance Cu excretion (Demonds and Baker, 1986). When 400 mg of 

roxarsone was added to the pigs’ diets, growth promotion by Cu was abolished and a 

reduced liver Cu deposition was observed. 

In summary, a strong correlation between Cu availability and growth promoting 

action has been observed, which suggests a systemic action of Cu. Alternatively, this 

correlation could also be due to a correlation between the solubility and antimicrobial 

activity of Cu. Experiments designed to test the importance of Cu absorption and Cu 

deposition in non-hepatic tissues are needed. 

Hepatic Cu deposition and growth promoting effect of Cu. Hepatic Cu deposition 

is usually a good measurement of Cu absorption or availability. Experiments, however, 
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have shown that liver Cu deposition may not be a good indicator of Cu absorption under 

certain circumstances. Cromwell et al. (1978), Prince et al. (1979) and Ribeiro de Lima 

et al. (1981) demonstrated that sulfide (S-2), in the form of ferrous sulfide (FeS) or 

sodium sulfide (Na2S), was able to reduce hepatic Cu deposition without sacrificing Cu- 

stimulated growth. Sulfide apparently did not block the absorption of Cu since kidney Cu 

deposition was not affected (Cromwell et al., 1978). Also, sulfide did not appear to form 

insoluble Cu sulfide in the intestinal lumen because Cu sulfide failed to promote growth. 

These studies imply that hepatic Cu deposition might not be necessary for Cu-stimulated 

growth; however, the importance of absorbed Cu and Cu deposition in other tissues was 

not assessed. 

Possible Mode of Growth Promoting Action of Copper 

Copper and feed intake regulation. An increase in voluntary feed intake 

accompanies Cu-stimulated growth (Hedges and Kornegay, 1973; Edmonds et al., 1985; 

Burnell et al., 1988; Kornegay et al., 1989). Voluntary feed consumption is a limiting 

factor for the growth of pigs (Pekas, 1985; Pekas and Trout, 1990). Copper-stimulated 

growth could result from an enhanced feed intake. Some workers (Edmondss et al., 1985) 

believe that increased feed intake accounted for all of the growth stimulation, while others 

(Barber et al., 1955; Bowland, 1991) argued that feed intake played only a minimal role. 

Recently, the release of neuropeptide Y from rabbit hypothalamus has been found 

to be induced by intravenous injection of Cu acetate (Pau et al., 1986). Neuropeptide Y is 

one of the most potent orexigenic agents and was reported to increase feed intake of 

satiated pigs (Forbes, 1989). 

Copper and neuroendocrine control of growth. Hypothalamic neurons secrete 

growth hormone releasing hormone (GHRH), which directly controls the secretion of 

pituitary growth hormone (Frohman and Jansson, 1986). Growth hormone modulates 

38



cell growth and metabolism either by acting directly on cells and/or by stimulating insulin- 

like growth factor synthesis. 

High dietary Cu has been shown to elevate brain norepinephrine levels in rats 

(Murthy et al., 1981). Norepinephrine is a stimulant of growth hormone secretion in most 

mammals except for ruminants (Frohman and Jansson, 1986). Moreover, Cu has been 

shown to induce growth hormone secretion from bovine pituitary explants (LaBella et al., 

1973). The interaction between Cu and neuroendocrine control of growth is worthy of 

research attention. 

Summary 

Copper is an essential mineral of diverse functions, ranging from energy 

metabolism to maintaining proper immune functions. Copper functions largely by acting 

as a component of enzymes. Over the last three decades, it has been firmly established 

that high dietary Cu stimulates the growth of pigs. The growth promoting mechanism of 

Cu is still poorly understood. The prevailing antimicrobial hypothesis lacks supporting 

evidence. There appears to be a correlation between the absorption of Cu and growth 

promoting effect, which suggests a systemic action rather than an enteric action. 

Experiments designed to test systemic actions are a pressing need because the outcome of 

these experiments will direct future research. 

Current research strongly suggests that Cu is involved in the regulation of growth 

and feed intake. The involvement of Cu in the regulation of peptide synthesis and 

secretion is especially intriguing. However, most knowledge about the functions of Cu 

has been gained through studying Cu deficient animals. The impact of Cu feeding on 

various regulatory processes remains to be determined. 
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Chapter III 

A MICROPLATE BASED BIOASSAY SYSTEM FOR MEASURING 

PORCINE SERUM MITOGENIC ACTIVITY 

Abstract 

A bioassay system has been developed to measure porcine serum mitogenic 

activity which is an indicator of growth factor activity. A MTT (3-(4,5-dimethyithiazol-2- 

yl)-2,5-diphenyl-tetrazolium bromide) cell proliferation assay was used to monitor cell 

growth, instead of electronic counting, which makes the bioassay system sensitive, 

economical and semi-automatic. A non-fusing cell line, BC3H1, was used instead of L 6 

cells, which makes it possible to increase seeding density and thus improve precision. The 

assay is carried out in 96-well microplates with automatic reading and data processing by a 

computer-controlled ELISA reader. Results are highly correlated with a previously 

available method. This assay system is of potential value in studying growth regulation in 

pigs. 

Key Words: Growth Factors, Serum, Bioassay, Pigs



Introduction 

The mammalian growth control systems consist of multiple levels of hormones and 

other regulatory molecules (Frohman and Jansson, 1986). Among them, growth factors, 

or mitogenic peptides, directly stimulate cell division. Many other hormones, nutrition, 

and other factors affect growth by altering growth factor levels. Therefore, efficient 

methods for measuring total serum growth factor activity are of great importance for 

studying animal growth regulation. 

Two types of methodologies, immunoassays and bioassays, are currently used for 

measuring growth factors. Immunoassays, such as radioimmunoassay, enzyme linked 

immunoabsorbant assay and Western blotting, have been successfully used to measure 

those growth factors which have been well characterized. Immunoassays, however, 

require antibodies against the growth factor of interest. If antibodies are not available, or 

if, in the case of our studies, total growth factor activity of a sample is of interest, the 

second methodology, bioassays, are the choice (Kotts et al., 1987). In a bioassay system, 

samples are supplemented into media of certain cell cultures. After a period of incubation, 

cell growth is measured. Rather than reporting the amount of growth factors, bioassays 

measure the ability of samples to stimulate cell growth in vitro, which is called mitogenic 

activity. Established cell lines are often employed as biosensors because a specific clone of 

cells can be used in all experiments to achieve high repeatability (Freshney, 1989). Since 

different cell lines may not respond to growth factors in the same way, the choice of a cell 

line is critical for the detection of mitogenic activity of interest. Attempts to use myogenic 

cells have met with more difficulties than assays with other cell lines. Most myogenic cells 

will fuse to form myotubes when they reach a critical density (Kotts et al., 1987). 

Immediately before fusion, cells tend to reduce their proliferation rate (Linkart et al., 

1981; Yaffe, 1971) and fused cells do not proliferate in response to growth factor 
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stimulation (Kornigsberg et al., 1978). Cell fusion seems to be a serious technical problem 

when porcine serum was present in culture medium because myogenic cells have been 

reported to be much easier to fuse in medium containing porcine serum (Kotts et al., 

1987). 

The objective of this study was to develop a bioassay for measuring the mitogenic 

activity of a large number of porcine serum samples. Ideally, the bioassay should be 

performed in 96-well microplates, so that multichannel pipettes, multichannel cell 

harvester or a multichannel vertical photometer can be used. 

Materials and Methods 

Porcine serum preparations. Blood samples from five weanling pigs (BW, 7.2 kg) 

were pooled and serum was prepared according to Kotts et al. (1987) as control swine 

serum (CSS). Serum samples from zinc deficient pigs (Swinkels, 1992) and pigs fed high 

cu diets were also used to verify our bioassay system. 

Cell lines, maintenance and subcloning. Myogenic cell lines, L 6 (rat skeletal 

myoblast, ATCC CRL 1458), L 8 (rat skeletal myoblast, ATCC CRL 1768) and BC3H] 

(mouse smooth muscle like, ATCC CRL 1443), were obtained from American Type 

Culture Collection (Rockville, Maryland). Omega RMo cells were a generous gift from 

Dr. G. F. Merrill (Dept. Biochemistry, Oregon State University., Corvallis, Oregon). 

Stock cell cultures were tested to be mycoplasma free by Hochest dye method (Freshney 

1989). All cell lines except L 6 were subcultured five times to generate sufficient frozen 

cell stocks for use in all the assays reported in this chapter and other studies in this 

dissertation. Stock cells were maintained with Dulbecco's modified eagle's medium 

(DMEM, Gibco Laboratories, Grand Island, NY) with 20% fetal bovine serum (FBS, 

Gibco) for BC3H] cells or 10% FBS for other cells. Trypsin (.25%) and EDTA (1 mM) 
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solution (Gibco) were used for cell harvest. Culture flasks were incubated with 10% CO2 

and 100% humidity. 

The ATCC stock L 6 cell line was observed to be contaminated with non- 

myogenic cells (W. R. Dayton, personal communication) and thus was subcloned for 

myotube formation ability by dilution cloning method (Freshney, 1989) using 96-well 

microplates (Corning Glass Work, Corning, NY). Cells from ATCC were propagated 

with DMEM containing 10% FBS for five subcultures and then diluted to 1 cell/100 pl 

with DMEM. The diluted cell suspension was dispensed into microplates at the rate of 

100 pl/well. After 24 h of incubation, each well was inspected with a phase contrast 

microscope for number of cells present. Wells with single cells were marked as clones. 

After 3 d of culture, cloned cells were harvested and propagated until sufficient cells were 

obtained (approximately, 6 X 106 cells). One portion of the cells was frozen and the 

remainder were seeded for the myotube formation test. Several clones were found to 

form high percentages of myotubes and one line, L 6-H1 (approximately 94% myotube 

formation 7 d after confluence), was chosen for further characterization and used in all the 

studies. 

Myotube formation. Cells from different lines were seeded into microplate wells at 

a density of 100 to 3000 cells/well at increments of 100 cells/well. After 24 h of 

attachment, media were removed and cell wells washed with Hank's salt solution (Gibco) 

three times, 5 min each. Following washing, 200 pl of DMEM containing 2.5 or 5% CSS 

was added. Cultures were further incubated for 72 h. Myotube formation was examined 

according to Kotts et al. (1987). 

Microplate creatine kinase activity. Myotube formation could not be used as a 

measurement of differentiation for non-fusing BC3H] cells. Therefore, creatine kinase 

activity of BC3H] cells at various seeding density was also examined. Creatine kinase 
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activity was directly assayed in 96-microplates according to the kinetic assay procedure by 

Florini (1989) with slight modifications. 

Cells were treated with cold (4°C) .05 M glycylglycine (Sigma Chemical Co., St. 

Louis, MO), pH 6.75. Plates were frozen at -80°C until analysis. The assay solution was 

similar to Florini (1989) except that NAD (Sigma) was used instead of thioNAD. Florini 

(1989) originally used a more expensive thioNAD because the earlier model of plate 

readers was only able to measure the reduction of thioNAD. The vertical photometer 

(Titertek Multiskan MCC/340, ICN Biomedicals, Huntsville, AL) used in our laboratory 

was able to monitor the absorbance change at 304 nm. 

Kinetic assay was performed with a Titertek MCC/340 linked to an IBM PC/XT 

through an RS 232 cable. Software was designed to control the plate reader to monitor 

absorbance change of all 96 wells in a plate. The slope of absorbance change was used as 

a measurement of enzyme activity. Duplicate plates were assayed for protein contents 

with a BCA protein assay detailed below. 

Thymidine uptake assay. Thymidine uptake assays were performed in 96-well 

microplates. One microcurie of 3H-thymidine (ICN, 1 mCi in 10 pl with specific activity 

of 20 mCi/mmol) was added into each well. After 2 h of incubation, cells were trypsinized 

and transferred to membranes with a multichannel Mini-Mash II cell harvester (Whittaker 

Bioproducts, Walkersville, MD). Membranes containing cells were washed with Hank's 

solution (Gibco) five times. Afterwards, dried membranes were put into vials with 5 mL 

of scintillation counting fluid. Radioactivity was measured with a scintillation counter 

(Beckman, LS 5000TA, Fullerton, CA). 

Electronic cell counting. Cells that were grown in 25 cm2 flasks were trypsinized 

and diluted to appropriate concentrations (at least 15000 cells/mL), and then .8 mL of cell 

suspension was dispensed into Coulter counting vials. Operation of a Coulter Counter



(Coulter Co., Hialeah, FL) was carried out according to Fresheney (1989). Cell sizing 

was not performed. 

BCA protein assay. The total protein content of cells attached in microplate wells 

was measured by a bicinchoninic acid (BCA) protein assay procedure, according to 

Goldschmidt and Kimelberg (1989). Cells which were grown in 96-well microplates were 

washed with cold mannitol wash (.29 M mannitol, .01 M Tris, .5 mM Ca(NO3)2, pH 7.4, 

4°C) several times to remove media. After the final washing solution was aspirated, 50 pl 

of 2 N NaOH was added to each well. Plates were incubated at 600C for 2 h to dissolve 

cells. Then, 50 pl of HCl was added to each well to neutralize the solution. 

BCA assay was performed in the microplates by adding 100 wl of Micro BCA 

assay solution (Pierce Chemical Co., Rockford, IL) to each well and afterwards the plates 

were incubated at room temperature for 2 h. Optical density at 540 nm was determined 

for individual wells using a multichannel vertical photometer. Protein contents were 

calculated using human serum albumin solution (Pierce) as standards. 

MIT cell proliferation assay. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide, Sigma) cell proliferation assay was based on the procedure 

of Carmichael et al. (1987) for measuring tumor cell growth. This assay measures the 

activity of mitochondrial succinate-dehydrogenase activity (Denizot and Lang, 1986). A 

MTT solution was added to microplate wells seeded with cells. Following incubation, the 

MTT solution was removed. The deposited blue formazan was dissolved with dimethyl 

sulfoxide (Sigma). Absorbance of solutions in wells was measured with a multichannel 

vertical photometer. Concentrations of MTT, incubation time and absorbance spectrum 

were tested to optimize the assay for myogenic cells. 
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Data analysis. Each assay was repeated at least three times. The statistical 

analysis system (SAS)'s General Linear Model procedures were used for correlation 

analysis (SAS, 1988). 

Results 

Myotube formation. The maximal seeding density at which no myotube formation 

was observed is shown in Table 3-1. Either 2.5 or 5% CSS was used in the culture 

medium, which was the middle (2.5%) or high (5%) end of the reported linear response 

range of L 6 cells to porcine serum (Kotts et al., 1987). L 6-H1, a clone of the original L 

6, fused at a seeding density of 300 cells/well, but no myotube formation was found at 200 

cells/well, which is similar to the observation by Kotts et al. (1987) at an equal surface 

area basis. Another clone, L 6-C3, differentiated at a lower density (100 cells/well at 

2.5% CSS). The myotube formation of the L 8 cells was similar to that of the L 6-H1. 

RMo cells differentiated at less than 100 cells/well seeding density. Because of large 

experimental error, a seeding density lower than 200 cells/well is not practical for large 

scale assays. Therefore, L 6-C3 and RMo are not suitable for microplate assays. No 

BC3H1] cell fusion was found even at the highest seeding density of 3000 cells/well. 

Creatine kinase activity. Creatine kinase activity is an indicator of myogenic cell 

differentiation (Florini, 1989). BC3H] cells did not increase specific activity of creatine 

kinase until seeding density reached 4000 cells/well (Fig. 3-1), which indicated that under 

the conditions specified, BC3H] started to differentiate at a seeding density around 4000 

cells/well. 

MIT cell proliferation assay for myogenic cell lines. One problem with the MTT 

assay is the variability of optical density of the plastic well bottom. From the spectrum 

(Fig. 3-2) of MTT formazan, the product of MTT reduction, the maximal absorbance is 

around 540 nm with an extremely low absorbance at 690 nm. In contrast, there is no



difference between absorbance at 540 nm and 690nm for plastic well bottoms (data not 

shown). Therefore, OD549nm-OD690nm was measured to correct for variability and for 

possible scratches of well bottoms. 

TABLE 3-1. MAXIMUM SEEDING DENSITY (CELL/WELL) OF 

SEVERAL CELL LINES AT WHICH NO MYOTUBE FORMATION WAS 

  

  

  

DETECTED@ 

CSS, % 

Cell Lines 2.5 5 

L 6-H15 200 100 

L 6-C3b 100 0 

L8 200 100 

RMo 0 0 

BC3H) 3000 3000 

  

4 Cells were cultured with DMEM containing either 2.5% CSS (control swine serum) or 

5% CSS, under 10% COp. 

b Subclones obtained from ATCC L 6 cells. 

MITT assay systems have been developed for many cell lines but not for myogenic 

cell lines. Thus, the concentration of MTT and incubation time must be tested for the 

MITT assay to be used for measuring myogenic cell growth. Increasing concentration of 

MTT, or incubation time increased OD readings (Table 3-2). However, when the 

concentration was too high, visible cell detachment could be detected and no accurate 
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Fig. 3-1. Effect of seeding density on the differentiation of BC3H] cells. 
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Fig. 3-2. Absorbance Spectrum of formazan in DMSO. 
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measurements could be obtained. Note that optimum assay conditions for the two cell 

lines differed. For L 6 H1, 1 mg MTT/mL and 120 min. incubation seemed to be the best 

combination, while 2 mg MTT/mL and 60 min. incubation gave the best result for BC3H1 

cells. 

Comparison of cell growth assays. Three microplate cell growth assays, BCA 

protein, thymidine uptake and MTT assays, were compared for their ability to measure cell 

numbers of L 6 Hi and BC3H]. Cells were plated at the density of 100 to 3000 

cells/well. After 24 h of attachment, cell growth was assayed by three methods. Minimum 

detected cell numbers and coefficients of variation (C. V.) of assays by various methods 

are shown in Table 3-3. Detection limit was arbitrarily set as .01 OD above blank wells 

for colorimetric assays or 100 dpm above background for the thymidine uptake assay. 

Both thymidine uptake and the MTT assay were fairly sensitive; however, based 

on the lower C.V. (Table 3-3), the MTT assay was much more accurate when cell 

numbers were low. All three methods linearly measured cell numbers up to about 20000 

cells/well (Figures 3-3a and 3-3b). 

Comparison of growth assay methods for detection of porcine serum mitogens. 

Two microplate procedures were designed based on previous experiments. In procedure 

1, L 6 cells at a 200 cells/well seeding density, and in procedure 2, BC3H] cells at a 

seeding density of 1000 cells/well were used. MTT was used to monitor cell growth. 

Test medium preparation, incubation duration and electronic counting were similar to 

Kotts et al. (1987). Both microplate procedures were found to be highly correlated with 

Kotts' procedure (Fig. 3-4). However, based on a lower C. V. (Table 3-4), procedure 2 

using BC3H] was considered to be more precise. The lower C.V. was probably due to a 

lower experimental error since more cells were transferred in procedure 2. 
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TABLE 3-2. EFFECT OF MTT CONCENTRATIONS AND 

INCUBATION TIME ON SENSITIVITY (OD549NM-OD690NM) OF 

MTT ASSAY@ 

  

MTT concentration, mg/mL 

  

Incubation 

  

time, min. 0 5 1.0 1.5 2.0 2.5b 

L6HI1 

30 05 14 21 cb¢ CD CD 

60 05 22 35 CD CD CD 

120 05 34 54 CD CD CD 

180 05 CD CD CD CD CD 

BC3H] 

30 05 12 19 23 34 36 

60 05 18 26 32 58 57 

120 05 CD CD CD CD CD 

180 05 CD CD CD CD CD 

  

4 10,000 cells/well were plated in DMEM with 10% FBS. After 24 h attachment, 

medium was replaced with 50 tl of MTT solution. Each data point is an average of 

four replicates. No statistical analysis was performed. 

b In actual experiments with higher concentrations, cell detachment was found; thus data 

are not reported. 

© CD: cell detachment. 
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TABLE 3-3. MINIMUM DETECTABLE CELL NUMBERS (MDCN) 

AND COEFFICIENTS OF VARIATION (C.V.) OF VARIOUS CELL 

  

  

GROWTH ASSAYS4 

Assays MDCN, cells/wellb C.V.,%C 

L6HI1 

3H thymidine 
uptake 100 55 

BCA 1000 9 

MTT 100 5 

BC3H 

3H thymidine 
uptake 100 38 

BCA 1000 9 

MTT 100 8 

  

4 Cells were allowed to attach for 24h. Four replicates for each data point. MTT 

assays were performed according to optimum conditions specified in previous section. 

b Cell numbers lower then 100 cells/ well have not been tested because of the difficulties 

of accurate pipetting. Average OD or dpm values of four replicates were used to judge 

MDCN. 

© C.V. at the MDCN. 
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TABLE 3-4. WITHIN ASSAY COEFFICIENT OF VARIATION (%) OF 

VARIOUS ASSAYS FOR MEASURING MITOGENS IN MEDIA WITH 

  

  

DIFFERENT LEVELS OF CSS2 

CSS% Kotts' MITT with L 6 MTT with BC3H] 

1 1.2 15.2 11.4 

2 11.7 15.4 1.2 

3 15.2 17.2 8.2 

4 78 14.3 5.4 

5 9.2 15.4 3.2 

  

4 C.V. calculated from 4 assays at each CSS level. 

Application of MTT assays. Procedure 2 has been used to detect serum mitogen 

changes of pigs with zinc deficiency (Swinkels, 1992) and for pigs fed high copper diets 

(Chapter VI). Serum samples from zinc deficient pigs showed a significant reduction in 

mitogenic activity, which corresponded well with a decline in growth rate, compared with 

pigs fed a control diet. High dietary copper was shown to stimulate serum mitogenic 

activity in weanling pigs. 

Discussion 

Detection of myogenic mitogens in porcine serum has been a challenging task. 

One major problem is the differentiation or cell fusion of myogenic cells (Kotts et al., 

1987). The only practical way to prevent this from happening is to reduce the seeding 
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density. A low seeding density makes it difficult to use microplate cultures with electronic 

counting. Therefore, it was important to find a more sensitive method to monitor cell 

growth. In pilot experiments, we found MTT assay, BCA protein assay and thymidine 

uptake assay to be potentially useful (unpublished data). 

The MTT cell proliferation assay is based on the conversion of MTT into blue 

formazan by the mitochondrial succinate-dehydrogenase (Denizot and Lang, 1986). The 

assumption of this assay is that the succinate dehydrogenase activity is proportional to the 

number of living cells. This method has been used as a convenient assay for monitoring 

growth of several hundred cell lines (Twentyman and Luscombe, 1987; Carmichael et al., 

1987; Scudiero et al., 1988). The MTT assay, however, was considered to be an assay of 

low sensitivity (Scudiero et al., 1988). In our study, the MTT assay was found to be 

extremely sensitive for measuring myogenic cell growth, more sensitive and precise 

compared with thymidine uptake. This is probably due to the high number of 

mitochondria present in muscle cells. 

One potential problem with the MTT assay is the assumption that mitochondrial 

succinate dehydrogenase activity accurately reflects cell numbers (Twentyman and 

Luscombe, 1987). Therefore, when MTT assay is intended to be used to test samples of 

unknown nature, initial calibration with traditional methods is necessary. 

BC3H{] cells have been extensively used in studying interactions between muscle 

cells and growth factors (Shurbert, 1984). Our results showed that even at high levels of 

seeding density, BC3H1 cells still linearly responded to the supplementation of porcine 

serum. By using BC3H] cells, a much higher seeding density can be used and thus 

pipetting errors can be minimized. 

Serum mitogenic activity assay systems can be of great importance in studying the 

growth regulation of pigs. Using a mitogen assay, White et al. (1988) partially purified a 
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porcine serum fraction containing growth inhibitory factors which are inducible by fasting. 

The same group also detected an increase in serum mitogen activity of pigs fed 

antimicrobial growth promoters. 

Implications 

A semi-automatic assay for measuring serum mitogenic activity has been 

established. Because it uses BC3H] cells and a MTT cell proliferation assay, this assay is 

easier to perform and more economical than a previously available method and is highly 

correlated with the previously available method. This assay can be of potential use in 

studying animal growth regulation. 
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Chapter [V 

CHARACTERIZATION AND APPLICATION OF COBALT- 

COPPER ANTAGONISM TO THE STUDY OF COPPER- 

STIMULATED GROWTH IN WEANLING PIGS 

Abstract 

Two experiments with 96 pigs each were conducted to study the effectiveness of 

Co to reduce tissue Cu accumulation in pigs. A 2 x 3 factorial design with two levels of 

Cu (15 and 280 ppm) and three levels of Co (0, 150 and 300 ppm) was used in both 

experiments. Tissue samples were taken at d 35 of Exp. 1. and d 14 and d 28 of Exp. 2 

for mineral analysis. In both experiments, Co failed to alleviate the hepatic or brain Cu 

deposition at both dietary Cu levels and increased (P < .05) Cu deposition in the liver of 

the 150 ppm Co group. In contrast, increasing levels of Co linearly decreased (P < .05) 

Cu deposition in the kidney. Increasing dietary Co level also linearly decreased hepatic Zn 

deposition. High dietary Cu increased (P < .05) serum Cu level and Cu deposition in the 

liver, brain and kidney. Copper feeding stimulated (P < .05) growth only during the first 

week in Exp. 1. Dietary supplementation of 150 and 300 ppm of Co greatly depressed (P 

< .05) feed consumption and reduced growth rate (P < .05). In summary, the Cu-Co 

antagonism is tissue specific and could not be used to prevent hepatic or brain Cu 

accumulation and thus is of limited use in studying Cu-stimulated growth. In addition, the 

Co tolerance level for weanling pigs is lower than 150 ppm. 

Key Words: Copper, Cobalt, Pigs 
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Introduction 

Although dietary supplementation of high levels of Cu is a common practice in the 

United States swine industry (Ewan, 1986), the mechanism for Cu-stimulated growth is 

not well understood (Bowland, 1991). Pigs fed a high Cu diet develop excessive Cu 

deposits in their liver, kidney and some other organs (Kornegay et al., 1989; Cromwell et 

al., 1989), and it is important to understand whether this Cu deposition is necessary for 

Cu-stimulated growth. An efficient method of removing Cu deposited in tissues is needed 

to study Cu-stimulated growth. 

Sulfide, in the form of ferrous sulfide or sodium sulfide, has been shown to be an 

effective agent to prevent Cu deposition in the liver of pigs fed high Cu diets (Cromwell et 

al., 1978; Prince et al., 1979; Ribeiro de Lima et al., 1981). Sulfide, however, could not 

reduce Cu deposition in the kidney, which suggests that the Cu-sulfide antagonism is 

tissue specific. Recently, it was reported that injections of inorganic Co greatly enhanced 

rat urinary Cu excretion (Rosenberg and Kappas, 1989a, b) and reduced the deposition of 

Cu in the kidney and liver (Rosenberg and Kappas, 1989b). Copper excretion induced by 

Co was reported to have no accompanying urinary loss of Zn, which is typical of other Cu 

removing agents (Walshe, 1956; Rosenberg and Kappas, 1989b). Therefore, it seems that 

inorganic Co could prevent tissue accumulation of Cu by enhancing Cu excretion and thus 

could be a potential tool for studying the importance of Cu deposition in Cu-stimulated 

growth. 

Very little is known about the effect of Co on pigs. An organic form of Co, 

vitamin B19, is known to be an essential nutrient for pigs (NRC, 1988). Inorganic Co per 

se is not considered to be essential for pigs (Underwood, 1971). In studying the toxicity 

of Co in pigs, Huck and Clawson (1976) examined the interaction between dietary Co, 

Mn, Fe, and Zn. Clear antagonistic relationships were found between Co and the three 

79



other minerals studied. A corn-soybean diet containing 200 ppm of Co did not produce 

adverse effects. This unique study, however, did not address the potential antagonism 

between Co and Cu. 

The primary objective of this study was to examine the relative long term 

interactions between Co and Cu in pigs fed high Cu diets. 

Materials and Methods 

Animals and Diets. Two similar feeding trials were conducted, using a total of 

192 crossbred weanling pigs (equal numbers of gilts and barrows). Pigs were weaned at 

an average age of 35 d and were given a 7-d adjustment period in the nurseries before 

treatments were started. Pigs were housed in enclosed environmentally regulated rooms 

in .61 m x .91 m pens (two pigs/pen) with plastic-coated welded wire flooring. 

Temperature and ventilation rates were maintained at recommended levels. 

A 20% CP corn-soybean meal-dried whey basal diet (Table 4-1) was formulated to 

meet or exceed the National Research Council recommended nutrient requirements (NRC, 

1988). Experimental diets were prepared by substituting corn in the basal diet with 

appropriate levels of copper sulfate or cobalt chloride (Sigma Chemical Co., St. Louis, 

MO). Pigs were given ad libitum access to their feed and water during the adjustment and 

experimental periods. 

In Exp. 1, 96 weanling pigs (average initial BW, 8.2 kg) were randomly assigned 

to six treatments from outcome groups based on weight and gender. Littermates were 

balanced across treatments as much as possible. A 2 x 3 factorial arrangement of 

treatments was employed using two levels of Cu (0 and 280 ppm) and three levels of Co 

(0, 150 and 300 ppm). 

Blood samples were collected via vena cava puncture at the start and at the end of 

the experiment. During the 35-d experiment, pigs were weighed and feed



TABLE 4-1. COMPOSITION OF BASAL DIET FOR EXPERIMENTAL 

  

  

AND ADJUSTMENT PERIOD4 

Ingredients % 

Com 55.72 

Soybean meal 32.22 

Whey 10.10 

Ground limestone 40 

Dicalcium phosphate 1.11 

Trace mineral premix 10 

Vitamin premix° .25 

Salt 10 

  

4 Calculated to supply 20% CP, .80 % Ca and .65% P. 
b Supplied in the diet (mg/kg), 150 Zn, 175 Fe, 60 Mn, 17.5 Cu, and 21. 
© Supplied per kg of diet: 4,400 TU of viatmin A, 440 IU of vitamin D3, 11 IU of 
vitamin E, 4.4 mg of riboflavin, 22 mg of d-pantothenic acid, 22 mg of niacin, 489.5 
mg of choline, .22 mg of vitamin B;9, 0.5 mg of menadione, ‘and .44 mg of d-biotin 
and .3 mg Se. 

intake was recorded every week. At the end of the experiment, 24 pigs (four from each 

treatment) were randomly chosen and killed by electrocution and exsanguination. Whole 

brain, liver, and both kidneys were collected and stored at -20°C until analysis for 

minerals. In Exp. 2, the same treatment arrangement as Exp. 1 was employed. Ninety six 

pigs (average BW, 7.2 kg) were assigned to treatments as in Exp. 1. Twenty-four pigs 

(four pigs per treatment) were killed at d 14 and another 24 pigs were killed at d 28. 
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Growth performance was measured and blood samples were taken every week. Brain, 

liver, and kidney were collected and frozen at - 20 °C for mineral analysis. 

Mineral analysis. Serum samples were diluted with distilled water and the Cu 

concentration was measured with an atomic absorption spectrophotometer (Perkin Elmer 

5100, Cornwalk, CT). Whole organs were homogenized with a blender. Samples of the 

homogenates were wet digested with nitric acid and perchloric acid (AOAC, 1990). 

Mineral (Cu, Co, Zn and Fe) concentrations were measured by atomic absorption 

spectrophotometry. Certified mineral reference solutions (Fisher Scientific, Fair Lawn, 

NJ) were used as standards. Dry matter contents of tissue homogenates were also 

determined (AOAC, 1990). Tissue mineral concentrations were expressed on a dry matter 

basis. 

Statistical analysis. Data were analyzed by general linear model SAS (SAS, 1988). 

Pen means were treated as experimental units for analyzing performance data, while 

individual pigs were used as experimental units for analyzing mineral data. The initial 

model included Cu level, Co level, Cu x Co interaction, sex and replicates. Sex effect was 

not significant and thus subsequently removed from the model. Dose response of pig 

performance to Co was tested in terms of linear and quadratic effects, using orthogonal 

polynomial tests. Orthogonal polynomial constants were calculated according to Cady 

and Fuller (1968). 

Results 

Serum copper concentration. Serum Cu concentration was increased by Cu 

feeding in both experiments (Table 4-2). In Exp. 1, Co influenced the serum Cu 

concentration in a quadratic manner (P < .05), i.e. 150 ppm dietary Co elevated Cu 

concentration whereas 300 ppm dietary Co decreased Cu concentration. In Exp. 2, the 

quadratic Co effect was significant (P < .05) only at d 14. The magnitude of this 
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TABLE 4-2. EFFECT OF DIETARY COPPER AND COBALT ON 

SERUM COPPER CONCENTRATION IN WEANLING PIGS 

  

  

  

Cu, ppm 15 15 15 280 280 280 

Co, ppm@ <2 150 300 <2 150 300 SEM 

Exp. 1b, pg/mL 

d 0 1.62 1.63 1.61 1.65 1.63 1.69 052 

d 35df 1.49 1.53 1.44 1.62 1.77 1.54 038 

Exp. 2°, pg/mL 

d 0 1.71 1.65 1.71 1.64 1.60 1.61 043 

d 7d 1.53 1.56 1.60 1.69 1.80 1.68 056 

d 14def 1.37 1.37 1.37 1.53 1.76 1.49 052 

d21d 1.44 1.52 1.44 1.68 1.86 1.72 067 

d 28d 1.61 1.70 1.63 1.78 2.00 1.79 078 

4 Upon analysis of feed. 

b Each mean represents 16 pigs. 

© Each mean represents 16 pigs up to d 14. Afterwards, each mean represents eight 

pigs. 

d Cu effect (P < .05). 
© Cu level x Co level interaction (P < .05). 

f Quadratic cobalt effect (P < .05). 
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quadratic effect was much greater for pigs fed high Cu diets during all periods with a Cu 

level x Co level interaction (P < .05) observed also at d 14 in Exp. 2. 

Tissue mineral contents. Copper feeding increased (P < .05) the concentration of 

Cu in the brain (Table 4-3) in Exp. 1 and in Exp. 2 at d 28 (P < .05) but not at d 14. 

Brain Co concentrations were lower than the detection limit of flame absorption 

spectrophotometry (approximately 2 ppm) and were not analyzed. Zinc and iron 

concentration in the brain were not significantly affected by dietary Cu levels. 

Concentration of Cu in the liver was increased (P < .05) by Cu feeding in both 

experiments (Table 4-4). The effect of Co on Cu accumulation in the liver of pigs fed low 

Cu diets was inconsistent between experiments. In pigs fed high Cu diets, Co seemed to 

affect liver Cu deposition quadratically (P < .05) in both experiments; the highest 

concentration of Cu was observed in the 150 ppm Co group. Cobalt concentration in the 

liver was linearly (P < .05) increased by increasing levels of dietary Co. Copper feeding 

reduced the accumulation of Co of pigs fed 300 ppm of dietary Co, which can be seen 

from a Cu effect and a Cu X Co interaction (P < .05) in Exp. 1 and d 14 of Exp. 2. No 

effect of Cu on Co deposition was observed at d 28 of Exp. 2. Copper feeding reduced (P 

< .05) hepatic Zn deposition only at d 14 of Exp. 2. Generally, Zn concentration in the 

liver was linearly (P < .05) decreased by increasing dietary Co except for d 14 of Exp. 2. 

Hepatic Fe deposition was reduced (P < .05) by Cu feeding in both experiments, however, 

the effect of Co on hepatic Fe was not consistent. In Exp. 1, the effect of Co on Fe 

concentration was not significant; only at d 14 of Exp. 2 , Co quardratically influenced Fe 

concentration, with the highest Fe concentration in the 150 ppm Co groups.



TABLE 4-3. EFFECT OF DIETARY COPPER AND COBALT ON BRAIN 
MINERAL CONCENTRATION IN WEANLING PIGS 

  

  

  

Cu, ppm@ 15 15 15 280 280 280 

Co, ppm4 <2 150 300 <2 150 300 SEM 

Exp. 1. d 35>, g/g DM 

Cue 31.1 32.2 32.0 41.6 41.5 43.5 2.9 

Zn 120.4 1209 117.5 123.0 117.8 119.7 43 

Fe 58.0 64.8 63.7 65.7 85.1 69.1 8.9 

Exp. 2.,d 145, ug/g DM 

Cu 20.7 21.2 20.7 20.5 23.3 21.5 9 

Zn 66.8 66.4 65.0 66.0 67.4 65.7 1.1 

Fe 61.8 66.8 62.8 57.4 62.1 58.4 3.1 

Exp. 2.,d 28>, g/g DM 

Cue 20.3 21.4 21.5 22.4 24.5 23.8 8 

Zn 65.5 63.2 63.7 62.9 63.4 64.0 1.2 

Fe 71.3 72.5 74.5 62.7 63.0 54.5 6.0 

4 Upon analysis of feed. 

b Each mean represents eight pigs. 

© Cu effect (P < .05). 

85



TABLE 4-4, EFFECT OF DIETARY COPPER AND COBALT ON LIVER 

MINERAL CONCENTRATION IN WEANLING PIGS 

  

  

  

Cu, ppm 15 15 15 280 280 280 

Co, ppm4 <2 150 300 <2 150 300 SEM 

Exp. 1, d 35, pg/g DMO 

Cuce 39.0 36.7 474 7445 1037.7 8836 1162 

Cocf 2.0 8.8 26.2 2.0 10.2 12.4 1.1 

Znd 231.1 1588 1866 2516 2280 1633 20.3 

Fee 4228 5235 573.4 4728 263.9 228.0 79.9 

Exp. 2, d 14, wg/g DMD 

Cuceg 85.5 83.2 77.7 150.2 263.5 177.7 25.0 

Cocdt <2 11.0 26.8 <2 10.0 11.5 2.8 

Zne 171.0 1688 1929 1286 1514 132.4 22.8 

Fece 257.5 4482 2297 147.9 199.7 182.5 60.2 

Exp. 2, d 28, g/g DMD 

Cuce 23.7 27.6 42.0 398.2 8056 4948 110.5 

Cod <2 12.0 18.8 <2 10.6 18.8 3.5 

Znd 197.3 165.4 1296 1922 1486 139.9 23.2 

Fecd 363.3 393.7 2215 2545 127.5 115.0 42.8 

4 Upon analysis of feed. 

b Each mean represents four pigs. 

© Cu effect (P < .05). 

d Co linear effect (P < .05). 
© Co quardartic effect (P <.05). 

Cu X Co interaction (P < .05). 

& Cu X Co interaction (P < .10).



Copper feeding tended to increase (P < .05) kidney Cu contents in d 35 of Exp. 

1., but not in Exp. 2 (Table 4-5). Kidney Cu contents were reduced linearly (P < .05) by 

dietary Co. Cobalt deposition in the kidney was linear increased by increasing dietary Co 

level in both experiments (P < .05), which was not influenced by Cu supplementation. 

Concentration of Zn in the kidney was not influenced by dietary Cu or Co levels. High 

dietary Cu reduced (P < .05) kidney Fe concentration only at d 14 of Exp. 2. Cobalt 

feeding increased (P < .05) kidney Fe concentration in Exp. 2 but not in Exp. 1. 

Growth Performance. In Exp. 1, a high Cu diet stimulated (P < .05) growth 

during d 1-7 (Table 4-6). This occurred through an increase (P < .05) in average daily 

feed intake (ADF) and gain per feed (GF). No significant Cu X Co interaction in average 

daily gain (ADG) was found, which indicates that the stimulation of growth was not 

influenced by Co. During d 1-7, Co supplementation linearly decreased ADG at both Cu 

levels (P < .05). ADFI and GF were not influenced by Co treatments. During d 8-28, no 

significant effect of dietary treatments was observed, but during d 29-35, both Co and Cu 

decreased growth rate (P < .05). The growth inhibition by Co was linear (P < .05). 

Overall (d 1-35), the addition of dietary Cu did not influence growth performance, 

whereas dietary Co linearly decreased (P < .05) growth rate, which was a result of 

nonsignificant reductions in ADFI and GF. 

In Exp. 2, Cu numerically improved ADG and ADFI during d 1-14, but not during 

d 15-28, when Co was not supplemented (compare data column 1 and 4 in Table 4-6). 

Dietary Co linearly decreased ADG and ADFI regardless of dietary Cu levels. GF was 

also reduced by Co treatment (P < .05), which indicates that the reduced growth rate was 

due to a decreased feed intake and reduced feed efficiency. Copper seems to increase the 

slope of the linear effect of Co; in other words, Cu decreased the growth rate by 

enhancing the growth inhibitory action of Co (Cu X Co interaction, P < .08). 
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TABLE 4-5. EFFECT OF DIETARY COPPER AND COBALT ON 
KIDNEY MINERAL CONCENTRATION IN WEANLING PIGS 

  

Cu, ppm4 15 15 15 280 280 280 

Co, ppm@ <2 150 300 <2 150 300 SEM 
  

Exp. 1., d 35, g/g DM? 

Cucd 64.1 25.5 24.8 87.4 37.6 34.1 117 

Coe 2.5 25.5 55.1 3.3 35.2 63.7 4.2 

Zn 84. 64.4 64.3 71.2 70.6 57.5 7.3 

Fe 164.7. 2003 2526 2101 £1835 1558 221 

Exp. 2., d 14, g/g DM 

Cuf 39.7 30.7 27.5 33.6 43.7 193 25.0 

Cod <5 28.7 49.0 <5 34.0 49.1 2.8 

Zn 105.1 1026 118.2 93.1 99.6 958 228 

Fecde 118.9 1964 180.8 956 1503 1501 602 

Exp. 2., d 28, ug/g DM? 

  

Cud 36.3 35.9 25.5 716.4 28.1 32.0 10.4 

Cod <5 30.1 57.9 <5 39.5 53.2 6.2 

Zn 110.8 117.6 106.5 110.7 98.8 105.2 4.1 

Fed 148.2 176.5 176.5 129.1 111.0 111.8 12.6 

4 Upon analysis of feed. 

b Each mean represents four pigs. 

© Cu effect (P < .05). 

d Co linear effect (P < .05). 
© Co quardartic effect (P <.05). 
f Co linear effect (P < .07). 
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TABLE 4-6. EFFECT OF DIETARY COPPER AND COBALT ON 
GROWTH PERFORMANCE IN WEANLING PIGS 

  

  

  

Cu, ppm? 15 15 15 280 280 280 

Co, ppm? <2 150 300 <2 150 300 SEM 

Exp. jp 
d 1-7 
ADG, gde 273 221 207 318 325 288 17 
ADFI, 24 417 371 398 468 472 418 19 
GF, g/kgd 660 594 524 679 686 693 45 

d 8-28 
ADG, g 445 449 400 508 484 420 25 

ADFI, g 842 823 756 835 886 791 42 

GF, g/kg 529 495 559 534 549 538 20 

d 29-35 
ADG, gdef 615 575 510 520 565 358 30 

ADFI, g 1251 1239 1165 1170 1189 1025 54 

GF, g/kg 49] 475 441 452 478 354 33 
d 1-35 
ADG, g& 439 394 392 435 466 382 21 

ADFI, g 826 804 754 818 855 755 32 

GF, g/kg 532 498 524 532 547 505 15 
Exp. 2 

d 1-146 
ADG, g& 259 197 158 304 187 109 32 

ADFI, g& 459 383 325 525 373 306 32 

GF, g/kge 579 509 494 561 473 327 46 
d 15-28¢ 
ADG, gefg 598 458 397 600 248 172 52 

ADFI, gde 1037 866 731 1040 593 489 81 

GFE, g/kgdef 579 542 544 586 403 275 53 

4 Upon analysis of feed. 
b Each mean represents 8 pens with 2 pigs per pen. 
© Each mean represnts 8 pens with 2 pigs per pen for 5 pens and 1 pig per pen for 3 pens. 
d Cu effect (P < .05). 
© Co linear effect (P < .05). 
fCo quardartic effect (P <.05). 
& Cu X Co interaction (P < .08). 
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Discussion 

Copper-Cobalt interaction and mineral metabolism. The interaction between Cu 

and Co had not been well studied until recently (Rosenberg and Kappas, 1989a, b). The 

unique ability of Co to increase Cu excretion was observed when Rosenberg and Kappas 

(1989a) were studying the interaction between Co and a number of metals including Cu. 

A subcutaneous injection of Co induced a rapid urinary excretion of Cu in rats (within 24 

h). A 20% reduction in the Cu concentration of the liver was observed 6 d after Co 

injection. Our experiments with pigs, however, suggest that Co feeding does not reduce 

hepatic Cu accumulation even in long term studies. In fact, in our experiments, Co tended 

to increase, either linearly or quadratically, hepatic Cu deposition. Cobalt also failed to 

reduce brain Cu deposition. 

Rosenberg and Kappas (1989b) observed that Cu deposition in the kidney was 

reduced approximately 30% three days after an injection of Co. In our experiments, Co 

feeding also resulted in a large reduction in kidney Cu content (approximately 50% in pigs 

fed 280 ppm dietary Cu), which confirmed a Cu X Co antagonism in pigs. 

Excessive liver and brain Cu depositions are believed to cause the symptoms of 

Wilson's disease (Owen, 1981; Wilson, 1982). Inorganic Co was being evaluated as an 

agent for treating Wilson's disease (Rosenberg and Kappas, 1989b). The failure of Co in 

pigs to reduce hepatic or brain Cu deposition raises a doubt about the therapeutic value of 

inorganic Co, unless humans react differently from pigs. Nevertheless, the unique organ 

and species specific interaction between Cu and Co is rather interesting. 

The major effect of the high level of Cu on hepatic Co deposition appears to be the 

prevention of the accumulation of Co when pigs were fed the highest level of dietary Co 

(300 ppm). Because only two levels of dietary Cu were used in our experiments, it is 

difficult to draw a clear conclusion on the nature of this interaction. Some other minerals



are also possibly antagonistic to Co. Iron has been reported to reduce Co absorption in 

rats (Thomson et al., 1971a; Thomson et al., 1971b). A combination of high dietary Fe, 

Mn, and Zn reduced Co deposition in kidney and liver and alleviated Co toxicity in pigs 

(Huck and Clawson, 1976). The effect of individual minerals on tissue Co in pigs was not 

studied in that experiment. 

Rosenberg and Kappas (1989b) found that Co injection produced a dose 

dependent elevation of hepatic Zn. This increase was due to the synthesis of hepatic 

metallothionein which binds Zn and increases liver Zn concentration. However, our 

results show that a high dietary level of Co either has no effect on or reduces hepatic Zn 

levels. This discrepancy might be due to different routes of administration, i. e., oral 

administration vs. subcutaneous injections. One important site where mineral antagonism 

occurs is in intestinal absorption (Wapnir, 1990). It is speculated that dietary Co may 

interfere with Zn absorption. Even though liver metallothionein synthesis might be 

induced by Co feeding, Zn storage would still be depleted because of a lower absorption 

rate or supply of Zn. This is analogous to the Cu x Zn antagonism where Cu feeding 

reduced hepatic Zn levels (Hedges and Kornegay, 1973); while Cu injection increased 

hepatic Zn storage (Chapter V). 

The effect of Co on hepatic Fe storage was studied by Huck and Clawson (1976) 

who found that dietary supplementation of Co significantly reduced Fe storage in pigs. 

Our results generally support this conclusion. 

Growth performance. Statistically significant Cu-stimulated growth was seen in 

the first wk of Exp. 1. In Exp. 2, when the two groups receiving no Co supplementation 

were compared, the high Cu group had numerically improved performance compared with 

the low Cu group during the first 14 d. Copper-stimulated growth disappeared in the 

following weeks. The short term growth stimulation was probably due to an excessive 
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level of dietary Cu. Because diets containing 280 ppm of Cu (upon analysis of feed) 

were used, it was possible that pigs accumulated too much Cu and marginal Cu toxicity 

might have developed after the first week. Similarly, Kornegay et al. (1989) found that 

400 ppm of dietary Cu stimulated the growth of pigs in the first week and the growth 

stimulation disappeared in the subsequent weeks, presumably because of Cu toxicity. 

The growth retardation in pigs by Co was due to a combination of a decline in feed 

consumption and feed efficiency, which is consistent with the only Co toxicity study in 

pigs (Huck and Clawson, 1976). In their study, 200 ppm of dietary Co was found to have 

no detrimental effect on pigs. Based on their report, NRC (1980) recommended 200 ppm 

as the tolerance level of dietary Co for pigs. In contrast, our results showed that 150 ppm 

of Co significantly reduced growth rate, suggesting that tolerance level may be lower than 

150 ppm for weanling pigs. 

Growth performance data from the two experiments were not conclusive on the 

nature of interactions between Cu and Co. In Exp. 1, the Cu X Co interaction was not 

significant. In Exp. 2, Co linearly depressed ADG of pigs fed both levels of Cu; however, 

the slope of this linear depression was much greater for pigs fed the high level of Cu. It 

seems that Cu aggravated the growth depression by Co. This difference may be due to a 

variable response of pigs to Co. More animals are needed to define clearly the growth 

response to Cu and Co supplementation. 

Implications 

Contrary to previous reports with rats, Co seemed to be ineffective for preventing 

brain and liver Cu deposition for pigs and therefore was of limited use in studying Cu- 

stimulated growth. The therapeutic value of Co for treating Wilson's disease in humans 

needs to be further evaluated. In addition, our data suggest that the maximal Co 
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tolerance level for weanling pigs (approximately 8 kg BW) should be lower than 150 

mg/kg diet. 
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Chapter V 

STIMULATION OF GROWTH BY INTRAVENOUS INJECTION OF 

COPPER IN WEANLING PIGS 

Abstract 

This study was conducted to examine if Cu could exert its growth promoting 

effect when injected, rather than being fed, and thus bypass the gastrointestinal tract. In 

two 18-d experiments, pigs were injected every 2 d with a Cu histidinate or histidine 

solution. Amounts of Cu injected were calculated to simulate varying absorption rates in 

pigs fed 250 ppm of dietary Cu. In Exp. 1, 44 pigs were randomly assigned to four 

groups of 11 pigs each. Pigs were injected with four levels of Cu histidinate (0, 5, 10 and 

15% estimated apparent digestibilities), Average daily gain (ADG) responded 

quadratically (P < .05) to levels of Cu histidinate with maximum growth for the 5% group. 

At d 6, serum mitogenic activity also exhibited a similar quadratic response (P < .05). In 

Exp. 2, estimated Cu digestibilities of 0, 2, 4, 6 and 8% were tested. Forty five pigs were 

randomly assigned into five groups of nine pigs each and injected as in Exp. 1. Both ADG 

and serum mitogenic activity displayed a quadratic response (P < .05) with the maximum 

response in the 4% group. Liver Cu concentration and superoxide dismutase activity were 

linearly increased (P < .05) with increasing dosage of Cu in both Exp. 1 and Exp. 2. Also, 

brain Cu content increased with increasing dosage of Cu in Exp. 1 and Exp. 2. Pituitary 

growth hormone mRNA concentrations were not significantly influenced by treatments. 

This study shows that Cu may stimulate growth when injected intravenously, thus 

bypassing the gastrointestinal tract. Therefore, a mode of action that does not involve 

antimicrobial activity should be considered. 

Key Words: Copper, Injection, Pigs, Growth Promotion 
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Introduction 

The growth stimulating action of Cu has been attributed to its antimicrobial actions 

(Fuller et al, 1960). | The antimicrobial hypothesis, however, has been challenged 

(Bowland et., 1961; Drouliscos et al., 1970). A correlation between the availability and 

growth promoting action of Cu has been observed (Bowland et al., 1961; Bowland, 1991; 

Cromwell et al., 1989), which suggests that Cu promotes growth after it is absorbed. 

However, direct evidence supporting a systemic growth promoting action of copper is 

lacking. 

One way to test the systemic action of copper is to inject copper directly into the 

circulation and thus bypass the gastrointestinal tract. Gipp et al. (1973) first attempted to 

inject Cu in pigs. Following subcutaneous injections of cupric glycinate, however, pigs 

developed severe abscess at the sites of injection, and the injections had to be 

discontinued. The toxicity of subcutaneously injected Cu has also been shown in sheep 

and cattle and is unlikely to be avoided by using other forms of Cu (Allen and Mallinson, 

1984). In a pilot experiment, daily intravenous injections of a Cu histidinate solution given 

to weanling pigs were found to produce no obvious abnormalities around sites of 

injection, and injected pigs performed well. Therefore, it seems that an intravenous 

injection of Cu histidinate was a safe way to deliver Cu into pigs. The objective of this 

study was to examine the effect of intravenously injected Cu on growth, tissue Cu 

deposition, hepatic superoxide dismutase activity, serum mitogenic activity, and growth 

hormone gene expression. 

Materials and Methods 

Copper complexes and injection dosage. The free cupric ion (Cu2*) has high 

affinity for biomolecules and thus is highly toxic (Jameson, 1987); therefore, a Cu 

complex, Cu histidinate was used in our injection experiments. The Cu histidinate 
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complex, prepared by mixing CuCl2 with a L-histidine solution (Barnea et al., 1990), was 

used because this complex normally functions as a transport form of Cu in the blood 

(Harris, 1991). This complex is believed to have a relative high uptake rate into the brain 

and several other tissues (Barnea et al., 1990). 

The assumption was made that the amount of Cu injected should be close to the 

normal amount of Cu absorbed when pigs are fed high Cu diets. Because growth 

stimulation is usually highest for pigs fed diets containing 250 ppm Cu, the injected dosage 

of Cu was estimated based on this dietary level of Cu, using the following equation. 

Cu injected (ug) = (Cu AD, %) x (ADFI, g/d) x 250 (ppm) x TI (d) 

Where: Cu AD = Cu apparent digestibility or absorption coefficient. 

ADFI = Average daily feed intake. 

250 = Cu normally supplemented in high Cu diet, and 

TI = Injection interval of every other d; therefore, TI=2 d 

The following regression formula generated using feed intake data from a previous 

experiment (Ogunbameru et al., 1992), was used to estimate the feed intake for individual 

pigs according to their body weights. 

Feed intake (kg/day) = -.725 + .233 x BW.73; 

where BW is given as kg. 

Apparent digestibilities of Cu in weanling pigs were reported to range from 5 to 

20% (Roof and Mahan, 1982). Therefore, several levels of estimated apparent Cu 

digestibilities were tested as treatments. 

Animals and treatments. All pigs used in this study were crossbred weanling pigs. 

They were individually housed in environmentally controlled rooms equipped with cages 

with plastic coated woven wire flooring. Pigs were given an adjustment period of 6 d 

after weaning before treatment started. During the adjustment and experimental periods, 
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TABLE 5-1. COMPOSITION OF BASAL DIET FOR EXPERIMENTAL 

  

  

AND ADJUSTMENT PERIOD# 

Ingredients % 

Corn 55.72 

Soybean meal (44% CP) 32.22 

Dried whey 10.10 

Ground limestone .40 

Dicalcium phosphate 1.11 

Trace mineral premix .10 

Vitamin premix° 25 

Salt 10 

  

4 Calculated to supply 20% CP, .80 % Ca and .65% P. 

b Supplied in the diet (mg/kg), 150 Zn, 175 Fe, 60 Mn, 17.5 Cu, and 2 1. 

© Supplied per kg of diet: 4,400 TU of vitamin A, 440 IU of vitamin D3, 11 TU of vitamin 

E, 4.4 mg of riboflavin, 22 mg of d-pantothenic acid, 22 mg of niacin, 489.5 mg of 

choline, .22 mg of vitamin B}7, .5 mg of menadione, and .44 mg of d-biotin and .3 mg 

Se. 

all pigs had ad libitum access to a fortified, corn-soybean meal diet containing 20% CP 

and 18 ppm Cu (Table 5-1). 

In Exp. 1, 44 barrows (average BW, 6.6 kg) were randomly assigned to four 

treatments from outcome groups based on weight. Littermates were balanced across 

groups. Every 2 d, body weights of pigs were recorded and used to calculate injection 

dosage. Individual pigs received an intravenous injection of a solution of Cu histidinate or 
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histidine alone in the anterior vena cava at 1600 every other day for 18 d. Apparent 

digestibilities of 0, 5, 10 and 15% were used for groups 1, 2, 3 and 4, respectively, to 

calculate amounts of Cu to be injected. 

Feed intake was determined every 6 d, and blood samples were taken from the 

anterior vena cava on the same day. Plasma samples were collected using vacuum tubes 

coated with sodium heparin (Becton Dickson/Vacutainer systems, Rutheford, NJ) and 

were immediately used for hemoglobin assay. Serum samples were stored at -80°C for 

later analysis. After 18 d, all pigs were killed by electrocution and exsanguination. Brain, 

liver, thyroid and pituitary glands were collected. Brain and liver were immediately 

frozen at -20°C for later mineral analysis. Pituitary glands were frozen in liquid nitrogen 

and kept at -80°C. A portion of the /ongissimus dorsi muscle was also collected and 

weighed. The muscle sample was separated from the distal part of the shoulder to the 

proximal part of the innominate bone. 

In Exp. 2, based on the finding of Exp. 1, estimated apparent digestibilities of 0, 2, 

4, 6 and 8% were used to determine the most effective injection dosage of Cu. Barrows 

(average BW, 7.1 kg) were randomly assigned to five group of nine pigs each. 

Experimental procedures were similar to those used in Exp. 1 except that kidney and 

thyroid samples were not collected, and the entire Jongissimus dorsi muscle was taken. 

Serum mitogenic activity. Serum mitogenic activity was measured by a procedure 

developed in our laboratory (Chapter III). Serum samples were diluted to 3% with 

Dulbecco's modified eagle's medium (Gibco Laboratories, Grand Island, NY). The 

diluted samples were filtered through .2 «um filters (Sterile Acrodisc, Gelman Sciences, 

Ann Arbor, MI) and were added to BC3H] cells (ATCC CRL 1443, American Type 

Culture Collection, Rockville, Maryland) in 96-well tissue culture microplates (Corning 

Glass Work, Corning, NY). They were incubated at 37°C under 10% CO? for 72 h. 
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The growth of cells was measured using a MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- 

dipehnyltetrazolium bromide, Sigma, St. Louis, MO) cell proliferation assay and a Titertek 

Multiskan NCC/340 multichannel vertical photometer (ICN Biomedicals, Huntsville, AL). 

Mitogenic activity was expressed as OD540nm-OD690nm, Which is a measurement of cell 

number. 

Pituitary growth hormone mRNA. Total RNA was isolated from entire pituitary 

glands according to the acid guanidinium-thiocyanate-phenol extraction method of 

Puissant and Houdebine (1990). RNA _ concentration was _ estimated 

spectrophotometrically. Total RNA (10 pg /sample treated with ethidium bromide) was 

then separated in 1.5% agarose gels containing 2.2 M of formaldehyde (Fourney et al., 

1988). Northern blotting was carried out with Magna membranes (Micron Separation 

Inc., West Borough, MA) according to a procedure provided by Micron Separation Inc. 

RNA was immobilized in the membranes by cross linking with UV light. 

An oligonucleotide probe (5' AGCCTGGGCGTTCTGGAT 3’) specific for exon 2 

of the porcine growth hormone gene (Vize and Wells, 1988) was synthesized and labeled 

with 32P by incubation with [y-32P]ATP (NEN research products) and T4 polynucleotide 

kinase (USB, Cleveland, Ohio) at 37 °C for 30 min. The probe was then purified with a 

SELECT!M DPD G-25 spin column (5 Prime->3 Prime, Inc, West Chester, PA). 

Membranes were prehybrided (S x SSPE, 50 % formamide, 5 x Denhart's solution, .1% 

SDS and 100 pg/mL of tRNA) at the melting temperature of the probe (54°C) for 60 

min. Hybridization of the membranes with the probe was carried out at 54°C with 6 x 

SSPE, .1% SDS and 1 x Denhart's solution for 24 h. Membranes were washed with 6 x 

SSPE, .1% SDS once at 54 °C for 15 min. and then twice at room temperature for 15 

min. each. The membranes were exposed to Kodak X ray film for 2-3 d at -80°C, with 

intensifying screens. 
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Gel image was scanned with a 256 gray scale desktop scanner (HP scanjet IIp, 

Hewlett Packard, Maintain View, CA). The digitalized image was analyzed with software 

designed in this laboratory for measuring relative band intensity. 

Other analyses. Liver samples were prepared and assayed for superoxide 

dismutase activity (Prohaska, 1983). Plasma hemoglobin concentration was measured by 

the cyanmethemoglobin method using a Sigma kit (Sigma Chemical Co., St. Louis, MO). 

Serum Cu and tissue mineral concentrations was measured as previously reported 

(Chapter IV). 

Data analysis. Data were analyzed using the General Linear Model procedures of 

SAS (1988). Individual animals were the experimental unit. The model initially included 

treatment, room, replicate, sex, treatment x sex and replicate within sex and room. Sex 

and treatment x sex interactions was not significant and thus deleted from the model. The 

effect of different levels of Cu was tested by orthogonal polynomial contrasts. Orthogonal 

polynomial constants were calculated according to Cady and Fuller (1968). 

Results 

Plasma hemoglobin and serum copper contents. In Exp. 1, hemoglobin content 

was generally reduced as the level of injected Cu increased, but the linear effect was only 

significant (P < .05) at d 12 (Table 5-2). A decrease in the hemoglobin concentration 

suggests a mild Cu toxicity in the high dose groups. The concentrations of hemoglobin 

was not significantly influenced by Cu injection in Exp. 2 (Table 5-3). In both Exp. 1 and 

2, serum Cu concentration was generally increased (linear, P < .05) as the Cu injection 

level increased; the magnitude of the increase was greatest for the highest injection group. 

Growth performance. In Exp. 1, average daily gain (ADG) quadratically (P < .05) 

responded to increasing levels of Cu histidinate with the maximal growth in the 5% group 
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TABLE 5-2. EFFECT OF COPPER INJECTION ON PLASMA 

HEMOGLOBIN AND SERUM CU CONCENTRATION OF 

WEANLING PIGS IN EXP. 14 

  

Estimated digestibilities, % 

Day 0 5 10 15 SEM 

  

Hemoglobin, mg/dL 

6 12.3 11.3 11.8 11.4 4 

12 12.3 12.0 12.0 11.1 3 

18 12.0 12.4 11.8 11.2 5 

Serum Cu, pg/mL 

0 1.74 1.75 1.67 1.91 .09 

6b 1.71 1.65 1.81 2.06 .08 

12b 1.57 1.62 1.77 1.94 .07 

18> 1.73 1.64 1.72 2.11 10 

  

4 Groups 0, 5 and 10% represent 11 pigs, group 15%, ten pigs. 
b Linear effect (P < .05). 

during the 18-d experiment (Table 5-4). Increasing injection level of Cu decreased 

average daily feed intake (ADFI) linearly (P < .05) during the last 6-d period. 

Numerically, the effect of Cu on ADFI was quadratic in other periods and overall, with the 

highest ADFI in the 5% group. Similarly, injected Cu had a quadratic effect (P < .10) on 

cumulative gain per feed (GF), with the highest GF in the 5% group. In Exp. 2, the 18-d 

ADG displayed a quadratic effect (P < .05) with the maximum response in the 4% 

injection group (Table 5-5). The quadratic trend was present numerically in all periods, 
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TABLE 5-3. EFFECT OF COPPER INJECTION ON PLASMA 
HEMOGLOBIN AND SERUM CU CONCENTRATION OF 

WEANLING PIGS IN EXP. 24 

  

Estimated digestibilities, % 

Day 0 2 4 6 8 SEM 
  

Hemoglobin, mg/dL 

6 13.5 13.1 13.8 13.2 13.4 ie) 

12 14.1 14.1 13.8 13.6 13.9 4 

18 12.0 12.4 11.8 11.2 12.1 4 

Serum Cu, pg/mL 

0 1.65 1.66 1.63 1.66 1.63 11 

6b 1.68 1.71 1.75 1.79 1.90 .09 

12b 1.63 1.74 1.78 1.84 1.99 .07 

186 1.68 1.72 1.76 1.84 1.86 10 

  

4 Each mean reprensets nine pigs. 
b Linear effect (P < .05). 

but was only significant (P < .05) during d 13-18. Cu injection linearly (P < .05) increased 

ADFI during d 13-18, and ADFI generally followed ADG displaying a quadratic response 

to Cu dosage. During d 7-12, d 13-18 and overall, GF was improved linearly (P < .05) by 

Cu injection. 
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TABLE 5-4. EFFECT OF COPPER INJECTION ON GROWTH 
PERFORMANCE OF WEANLING PIGS IN EXP. 14 

  

  

  

Estimated digestibilities, % 

Periods 0 5 10 15 SEM 

d 1-6 

ADG, g 164 208 179 153 4 
ADFI, g 410 474 457 391 38 
GF, g/kg 341 423 261 353 81 

d 7-12 

ADG, gbc 286 342 323 243 26 

ADFI, g 620 622 601 521 26 
GF, g/kg 412 552 503 442 61 

d 13-18 

ADG, g5¢ 452 490 443 339 27 
ADFI, 2° 701 681 710 540 41 
GF, g/kg 612 724 622 462 51 

d 1-18 

ADG, gbc 301 347 315 245 17 

ADFI, g 577 592 589 484 38 
GF, g/kg 522 593 534 49] 41 

  

4 Groups 0, 5 and 10% represent 11 pigs, and group 15% represents 10 pigs. 
D Linear effect (P < .05). 
© Quadratic effect (P < .05). 
d Quadratic effect (P < .10). 
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TABLE 5-5. EFFECT OF COPPPER INJECTION ON GROWTH 
PERFORMANCE OF WEANLNG PIGS IN EXP. 2 

  

Estimated digestibilities, % 

  

Periods 0 2 4 6 8 SEM 

d 1-6 

ADG, g 167 192 250 150 212 31 
ADFI, gd 320 437 390 403 358 35 

GF, g/kg 506 439 680 359 599 16 

d 7-12 

ADG, g 485 624 527 516 587 49 
ADFI, g 615 580 627 579 565 35 
GF, g/kgd 485 624 527 517 587 49 

d 13-18 

ADG, gbc 400 467 581 567 546 35 
ADFI, g> 734 784 876 834 833 BB 

GF, g/kg 557 602 667 687 660 36 

d 1-18 

ADG gbc 297 333 389 338 363 18 

ADFI g 596 561 631 605 585 27 
GF, g/kg 507 595 620 562 625 28 

  

4 Each mean represents nine pigs. 
b Linear effect (P< .05). 
© Quadratic effect (P< .05). 
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Organ weight. In both Exp. 1 and 2, Cu injection had no significant effect on the 

absolute or relative weight of brain, liver or thyroid, which indicates that relative growth 

of these organs was normal (Tables 5-6 and 5-7). In Exp. 1, increasing levels of injected 

Cu linearly (P < .05) increased the relative weight of the longissimus dorsi muscle. 

Numerically, Cu injected groups in Exp. 2 also had heavier muscles. This suggests that 

Cu injection stimulates the growth of longissimus dorsi muscle more than that of the 

whole body. In Exp. 1, relative kidney weight was increased (linear, P < .05) by Cu 

injection. 

Tissue mineral contents. In Exp. 1 and 2, the Cu content in the liver increased 

linearly (P < .05) as the Cu injection dosage increased, with a 41-fold increase for liver at 

the highest Cu injection level in Exp. 1 (Table 5-8 and 5-9). Liver Zn concentration was 

linearly increased (P < .05) by increasing levels of Cu injection in both Exp. 1 and 2. In 

Exp. 1, iron content of the liver was elevated by 55% in the 15% group, which resulted in 

a quadratic effect of Cu dosage (P < .05). No significant effect of Cu on hepatic iron 

content was observed in Exp. 2 

Brain Cu content increased linearly (P <.05) in both Exp. 1 and 2 (Table 5-8 and 

5-9). Zinc concentration in the brain was not affected by treatments. In Exp. 1, a small 

linear decrease (P < .05) in the brain iron content was observed as the Cu injection level 

increased. 

Superoxide dismutase activity. Superoxide dismutase activity was linearly (P < 

.05) increased by Cu injection in both Exp. 1 and 2 (Fig. 5-1). This increase in activity is 

rather small compared with the dramatic rise in liver Cu deposition. 

Growth regulatory system. In Exp. 1, the 5% Cu injection group had the highest 

level (quadratic effect, P < .05) of serum mitogenic activity at d 6 and 12 of the 18 d study 
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TABLE 5-6. EFFECT OF COPPER INJECTION ON ORGAN 
WEIGHTS OF WEANLING PIGS IN EXP.14 

  

Estimated digestibilities, % 

Organ 0 5 10 15 SEM 

Absolute weight, g 

Muscle? 137.4 159.5 149.1 151.4 9.2 

Liver 370.5 421.1 388.2 381.1 20.1 

Brain 50.2 51.4 52.2 51.1 2.4 

Kidney 66.1 76.2 73.1 75.2 5.5 

Thyroid 8.4 9.1 8.8 8.4 4 

Relative weight, g/kg BW 

Muscle 11.7 12.6 12.4 13.5 6 

Liverd 31.6 33.1 32.5 34.1 8 

Brain 4.4 4.1 4.4 4.7 3 

Kidney 5.7 6.0 6.1 6.9 3 

Thyroid© 7.4 7.2 7.4 7.6 3 
  

4 Groups 0, 5 and 10% represent 11 pigs, and group 15% represents 10 pigs 
A portion of the longissimus dorsi. 

© Linear response (P < .05). 
d Linear response (P < .10). 
© Values are multiplied with 100. 

(Fig. 5-2a) than the other groups. In Exp. 2, serum mitogenic activity was generally 

increased by all Cu injected groups, with a quadratic effect (P < .05) at d 6, d 12 and d 18 

(Fig. 5-2b). At d 6, serum mitogenic activity was linearly increased by the 2%, 4% and 
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8% group, but not the 6% group. This corresponds well to a slow growth rate of this 

group during d 1-6 (Table 5-5). 

The GH probe hybridized with a major band at 1 kb and three minor bands of 

higher molecular weight (Fig. 5-3), only the major band was quantified as GH mRNA. In 

Exp. 1 and 2., a significant difference among treatments was not found in expression of 

the GH gene, even though GH mRNA levels increased slightly in response to increasing 

levels of injected Cu (Fig. 5-4). 

TABLE 5-7. EFFECT OF COPPER INJECTION ON ORGAN 
WEIGHTS OF WEANLING PIGS IN EXP. 24 

  

Estimated digestibilities, % 

Organ 0 2 4 6 8 SEM 
  

Absolute weight, g 

MuscleD 171.7 194.6 207.7 186.8 184.4 15.2 

Liver 400.7 428.9 468.5 432.8 419.0 25.6 

Brain 48.4 47.0 49.6 48.9 47.8 1.4 

Relative weight, g/kg BW 

Muscle 14.0 14.8 15.2 14.6 14.4 8 

Liver 32.8 32.6 34.7 34.3 33.1 1.3 

Brain 4.0 3.5 3.7 3.8 3.8 2 

  

4 Each mean represents nine pigs. 
b The whole longissimus dorsi. 

109



TABLE 5-8. EFFECT OF COPPER INJECTION ON MINERAL 
CONTENTS OF THE LIVER AND BRAIN OF WEANLING PIGS IN 

  

Estimated digestibilities, % 

0 5 10 15 SEM 

  

Liver, pg/g DM 

Cub 29.6 311.7 761.2 1200.4 52.2 

Znd 165.1 198.3 210.2 265.2 12.1 

Febe 360.3 393.9 337.5 557.2 32.3 

Brain, »g/g DM 

Cub 20.1 22.7 23.0 23.0 7 

Zn 70.3 68.7 71.4 69.8 8 

Feb 76.4 15.5 73.3 70.1 1.9 

  

4 Groups 0, 5 and 10% represent 11 pigs, and group 15% represents 10 pigs. 
D Linear effect (P < .05). 
© Quadratic effect (P < .05). 

Discussion 

Systemic growth promoting action of copper. Our experiments provide direct 

evidence that parenterally administrated Cu is able to promote growth in weanling pigs. 

There are two possible ways that the intravenously injected Cu could affect growth. First, 

it is possible that injected Cu may be released into the gastrointestinal tract through the 

bile and act enterically. Excretion of small amounts of injected Cu into the bile of pigs has 

been reported (Skalicky et al., 1985). However, the amounts of Cu injected in our study 

was so small (10-20 mg/d) that even if a significant portion of it is released into the 
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gastrointestinal tract, it would not greatly increase the Cu concentration of intestinal 

contents. Furthermore, the Cu excreted from the bile is in bound forms (Mason, 1979), 

which is predicted to lower its putative antimicrobial activity (Trevors and Cotter, 1990). 

Therefore, a significant enteric action is unlikely. Thus, the second possibility that 

TABLE 5-9. EFFECT OF COPPER INJECTION ON MINERAL 
CONTENTS OF THE LIVER AND ce OF WEANLING PIGS IN 

  

Estimated digestibilities, % 

0 2 4 6 8 SEM 
  

Liver, ng/g DM 

Cub 138.8 320.6 548.3 766.1 1243.3 100.2 

Znb 313.3 340.3 361.7 375.1 419.7 19.7 

Fe 600.1 563.7 586.7 526.9 565.8 49.1 

Brain, ng/g DM 

Cub 15.1 15.7 16.7 17.0 17.4 7 

Zn 45.5 47.2 46.4 46.5 47.6 9 

Fe 47.6 50.4 49.2 51.8 51.6 2.2 

  

4 Each mean represents nine pigs. 
b Linear effect (P < .05). 
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Fig. 5-1. Effect of Cu injection on hepatic superoxide dismutase activity. 

Control as 100%. Error bars show pooled SEM. 

A. Exp. 1. Groups 0, 5, and 10% represent 11 pigs, and group 15% 

represents 10 pigs. Linear effect, P < .05. 

B. Exp. 2, Each mean represents nine pigs. Linear effect, P <.05. 
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pGH mRNA species 

— 4.4 kb 

— 2.5 kb 

— 1.5kb 

: — 1.0kb 

  

Fig. 5-3. Porcine growth hormone mRNA. 

Lanes represent RNA samples from different pigs. 

Cu acts systemically is more likely. It is important to point out, however, that systemic 

growth promoting actions of Cu shown in both experiments would not rule out a possible 

enteric growth promoting action of Cu in pigs fed Cu. One interesting observation is that 

Cu stimulated the growth of /ongissimus dorsi muscle more than that of the whole body. 

Myres and Bowland (1973) also observed larger loin cross-sections of pigs fed with high 

Cu diets than those receiving no supplemental Cu. The impact of Cu on muscle growth 

should be examined further. 

Copper metabolism. Pigs injected with Cu showed a quadratic growth response, 

which is similar to that obtained when pigs fed Cu (Wilson et al., 1979; Cromwell et al., 

1989). Maximal growth promotion occurs at dietary levels of 200 to 250 ppm. The Cu 

deposition in the liver of pigs with growth stimulation (5% group of Exp. 1 and the 2 and 

4% groups of Exp. 2) is in the range of pigs receiving 200-250 ppm Cu diets (Kornegay et 

al., 1989; Cromwell et al., 1989). This suggests that injection of pigs with 

114



R
e
l
a
t
i
v
e
 
a
m
o
u
n
t
 

of
 
m
R
N
A
 

Re
la

ti
ve

 
a
m
o
u
n
t
 

of
 
m
R
N
A
 

  200 

  

  

  

  
  100 F | 

                      
0 5 10 15 

Apparent digestibility 

  200 

  

  

  

  

  | 1 | 

                          
0 2 4 6 8 

Apparent digestibility 

Fig. 5-4. Effect of Cu injection on growth hormone mRNA level. 

Control as 100%. Error bar shows pooled SEM. 

A. Each mean represents 11 pigs 

B. Each mean represents 9 pigs. 

115



the growth stimulating level of Cu (2%, 4% or 5% Cu estimated digestibilities) results in a 

similar liver Cu content as feeding 200 ppm Cu. Therefore, the dosage of Cu used may 

Closely mimic Cu feeding. 

Liver superoxide dismutase activity was found to be increased by Cu injection. 

Superoxide dismutase is a cuproenzyme functioning as a free radical scavenger (Prohaska, 

1991). Our results show that injected Cu is not only able to be deposited in the brain and 

liver, but the Cu is also incorporated into cuproenzymes. 

The role of growth regulatory system in copper stimulated growth. Injected Cu 

stimulated serum mitogenic activity. An increased serum mitogenic activity was also 

observed in pigs fed high Cu diets (Chapter VI). The mode of action of Cu in promoting 

serum mitogenic activity is unclear. Our results concerning the pituitary GH gene 

expression are not conclusive. Additional quantitative methods may be necessary in the 

future to characterize the interactions between Cu and growth hormone gene expression. 

The impact of high dietary or injected Cu on the growth regulatory system has not been 

well studied. However, it is known that intravenously injected Cu stimulates the secretion 

of several neuropeptides in the hypothalamus (Tsou et al., 1977; Barnea and Cho, 1987) 

and GH from bovine pituitary explants in vitro (LaBella et al., 1973). Copper is involved 

in the post-translational modification of regulatory peptides (Eipper and Mains, 1988) and 

has been found to be a component of growth factor Iamin (Parkart, 1987). Therefore, it is 

possible for Cu to influence the growth regulatory system in many ways. By examining 

the mechanism for the induction of Cu-stimulated serum mitogens, it will be possible to 

locate specific interactions between Cu and the growth regulatory system, which may 

eventually lead to the elucidation of the mode of action of Cu. 
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Implications 

Cu has been used as a growth promoter for many years. The mode of action of Cu 

is still not clear. Results from these experiments suggest that Cu can act systemically to 

promote growth. Therefore, future development of Cu growth promoters should 

concentrate on improving the efficiency of delivering Cu into the circulation, rather than 

improving antimicrobial activity. 
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Chapter VI 

THE ROLE OF FEED CONSUMPTION AND FEED EFFICIENCY IN 

COPPER-STIMULATED GROWTH 

Abstract 

Two experiments were conducted to study the role of feed intake and feed 

efficiency in Cu-stimulated growth of weanling pigs. In Exp. 1, 42 pigs were randomly 

assigned to three treatments: 1) Control-ad libitum access to a corn-soybean meal-dried 

whey basal diet; 2) Ad lib/Cu-ad libitum access to the basal diet supplemented with 215 

ppm of Cu; 3) Pair-fed/Cu-pair-fed the Cu supplemented diet to the level of the control. 

Over the 14-d experiment, the ad lib/Cu pigs had higher (P < .05) ADG and ADFI than 

the control pigs. The pair-fed/Cu group had an intermediate ADG. Gain/feed (GF) was 

not significantly affected by treatments, but favored the pair-fed/Cu pigs. Also, Cu feeding 

increased (P < .05) the concentration of Cu in the serum, liver, and brain. Copper feeding 

also increased (P < .05) serum mitogenic activity and the growth hormone mRNA level, 

for both feeding methods. In Exp. 2, a 2 x 2 x 2 factorial design with two levels of Cu (15 

vs. 196 ppm), two levels of feeding (ad lib vs. restricted-80% of the ad lib) and two 

sources of Cu (Cu sulfate vs. Cu lysine) was used in a 24-d experiment involving 96 pigs. 

Copper feeding increased (P < .05) ADG and GF. The magnitude of the Cu stimulated 

growth was reduced by restricted feeding (Cu level x feeding level interaction; P < .05). 

ADFI was higher (P < .05) for the pigs fed high dietary Cu only during d 1-6. Pigs fed Cu 

lysine had higher ADG and ADFI than those fed diets with Cu sulfate (P < .05); the 

benefit in ADG from Cu lysine was reduced by restricted feeding (Cu source x feeding 

level interaction, P < .05). High dietary Cu stimulated (P < .05) serum mitogenic activity; 

the stimulation was greater for Cu lysine than for Cu sulfate. Cu feeding numerically 
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increased GH mRNA concentration. Restricted feeding greatly reduced serum mitogenic 

activity (P < .05), but did not change the effects of Cu level or Cu source. In summary, 

Cu-stimulated growth was largely dependent on a simultaneous increase in feed intake, but 

some improvements in gain per feed were observed. The influence of Cu on serum 

mitogenic activity was independent of feed intake or growth in both experiments, which 

indicates a direct action of Cu on the growth regulatory system. 

Key words: Copper, Feed Intake, Growth Factors, Pigs 

Introduction 

Intravenously injected Cu has been shown to stimulate the growth of weanling pigs 

(Chapter V), which suggests a systemic mode of action which could at least complement 

the antimicrobial hypothesis that has been proposed in the past (Fuller et al., 1960). 

Copper has a wide variety of systemic functions, many of which could be related to 

growth (Chapter II). One important function of Cu, which is not recognized until 

recently, is its ability to modulate the release and synthesis of regulatory peptides (Barnea, 

1987; reviewed in Chapter II). It is possible that Cu may stimulate the secretion of growth 

promoting regulatory peptides and thus promote growth. In addition, Cu-stimulated 

growth may be a result of enhanced feed intake since voluntary feed consumption is a 

limiting factor for the growth of pigs (Pekas, 1985; Pekas and Trout, 1990). This 

hypothesis was supported by the fact that Cu supplementation generally increases feed 

intake (Hedges and Kornegay, 1973; Edmonds et al., 1985; Burnell et al., 1988; Kornegay 

et al., 1989). Moreover, intravenously injected Cu has been shown to stimulate the 

secretion of neuropeptide Y (Pau, et al., 1986) which is a known feed intake stimulant 

for pigs (Forbes, 1989). 

Recently, a commercially available Cu complex, Cu lysine, was evaluated as a 

growth promoter for pigs and appeared to be equally effective at a lower level when 
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compared with Cu sulfate (Coffey et al., 1991; Coffey et al., 1992; G. Apgar, personal 

communication). Copper lysine is believed to have a chelate structure which could 

facilitate absorption. A comparison of the growth stimulating actions of Cu lysine and Cu 

sulfate may be helpful in understanding the mode of action of Cu in promoting growth. 

This study was designed to assess the role of feed intake in Cu-stimulated growth 

and to compare the effectiveness of Cu sulfate and Cu lysine as a growth promotants. 

Materials and Methods 

Animals, Management and Diets. Crossbred weanling pigs (two pigs per cage) 

were housed in environmentally controlled rooms equipped with cages with plastic coated 

welded wire flooring. 

In Exp. 1, pigs (n = 42) were given a 7-d adjustment after weanling and then were 

used in a 14-d trial. Pigs (average BW, 8.9 kg) were assigned to three treatment groups 

from outcome groups based on weight and gender. Littermates were balanced across 

groups. There were seven pens (one gilt and one barrow) per treatment. Group I 

(control) pigs had ad libitum (ad lib) access to a 20% CP corn-soybean meal-dried whey 

diet (Table 6-1). Group II (ad lib/Cu) pigs were allowed ad lib access to the basal diet 

supplemented with 215 ppm Cu (upon analysis of feed) as CuSO4. Group III (pair- 

fed/Cu) pigs were offered the Cu supplemented diet at the same consumption levels as the 

control (pair-fed to the control). Daily feed consumption was recorded by subtracting 

orts from the amount of feed offered. Pigs were weighed and blood samples were taken 

via anterior vena cava puncture at d 7 and 14. 

All male pigs (n=21) were killed by electrocution and exsanguination at the end of 

the trial for tissue collection. The liver, brain and thyroid glands were removed, cleared of 

surrounding connective tissues, weighed and frozen at -20°C for later analysis. Pituitary 
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TABLE 6-1. COMPOSITION OF Bagot AND EXPERIMENTAL DIETS 

  

  

Adjustment Experimental 
Item4 period period 

Ground corn 52.52 55.52 

Soybean meal ( 44 % CP) 30.00 32.00 

Dried whey 15.00 10.00 

Ground limestone 75 75 

Defluorinated phosphate 1.03 1.03 

Salt 10 .10 

Trace mineral premix .10 .10 

Vitamin premix 25 25 

Mecadox4 25 25 

  

4 Calculated to supply 20% CP, .80 % Ca and .65% P. 
b Supplied in the diet (mg/kg), 150 Zn, 175 Fe, 60 Mn, 17.5 Cu, and 21. 
© Supplied per kg of diet: 4,400 IU of vitamin A, 440 IU of vitamin D3, 11 IU of vitamin 

E, 4.4 mg of nboflavin, 22 mg of d-pantothenic acid, 22 mg of niacin, 489.5 mg of 
choline, .22 mg of vitamin B}2, .5 mg of menadione, and .44 mg of d-biotin and .3 
mg Se. 

d Supplied 55 mg of carbadox per kg of diet. 

glands were collected and frozen immediately with liquid nitrogen and kept at -80°C until 

analysis for growth hormone mRNA. 

In Exp. 2, pigs (n = 96, all males) were given a 5 or 6-d adjustment prior to the 

start of the experiment. In the first three days of the adjustment period, the pigs were fed 

a commercial weanling diet (min. 20% CP, min. 9% crude fat, max. 1% crude fiber, Carl 

S. Akey Inc., Lewisburg, OH). A 20% CP diet containing 10% whey was fed for the last 
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days of the adjustment period. After the adjustment period, pigs (average BW, 6.8 kg) 

were assigned to treatments from outcome groups based on weight. Littermates were 

balanced across treatments. A 2 x 2 x 2 factorial arrangement of treatments with two 

levels of Cu (15 or 196 ppm), two feeding levels (ad lib vs. restricted-feeding) and two Cu 

sources (Cu sulfate or Cu lysine) were used. The lysine concentration of all diets (Table 

6-2) was equalized at approximately 1.26% by supplementing varying amounts of 

crystalline lysine. 

The following formula was used to estimate the expected energy requirement of 

the pigs (NRC, 1988). 

Digestible Energy (DE, Kcal/day) 

= 455.5 BW (kg) - 9.46 BW 2 (kg) - 1.531 

The block average body weight of pigs receiving the control (lower Cu) diet was 

used for calculating DE requirement of pigs on other treatments from the same block. An 

amount of feed equal to 85% of the energy requirement was fed to the restricted pigs. 

This formula, however, overestimated the feed consumption of the ad lib pigs; therefore, 

the daily amount of feed for restricted-fed pigs was adjusted every three days based on the 

consumption of the ad lib-fed pigs. 

Blood samples were taken from the anterior vena cava, initially and every six days. 

Serum samples were prepared and stored at -80°C until analysis for Cu and mitogenic 

activity. After d 24, the experiment was terminated and 48 of the 96 pigs were killed by 

electrocution and exsanguination. The liver and brain were weighed and frozen at -20°C 

for later analysis. Pituitary glands were frozen at -80°C until RNA analysis. 

Mineral analysis. Serum samples were diluted with distilled water and Cu 

concentration was measured with an atomic absorption spectrophotometer (Perkin Elmer 

5100, Cornwalk, CT). Whole organs were homogenized with a blender. Samples of the 
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TABLE 6-2. COMPOSITION OF ADJUSTMENT AND 
EXPERIMENTAL DIETS IN EXP. 2 

  

  

Item4 Adjustment Control Cu sulfate Cu lysine 

Corn 55.72 55.64 55.60 55.61 

Soybean meal (44% CP) 32.22 32.18 32.16 32.16 

Dried whey 10.10 10.10 10.08 10.08 

Ground limestone .40 .40 .40 .40 

Dicalcium phosphate 1.11 1.11 1.11 1.11 

Trace mineral premix 10 10 10 10 

Vitamin premix® .25 .25 25 .25 

Salt 10 10 .10 .10 

Crystalline lysined 0 1.20 1.20 0 

Copper sulfate© 0 0 .08 0 

Copper lysinef 0 0 0 18 

  

4 Calculated to supply 20% CP, .80 % Ca and .65% P. 

b Supplied in the diet (mg/kg), 150 Zn, 175 Fe, 60 Mn, 17.5 Cu, and 21. 
© Supplied per kg of diet: 4,400 IU of vitamin A, 440 IU of vitamin D, 11 IU of vitamin E, 

4.4 mg of riboflavin, 22 mg of d-pantothenic acid, 22 mg of niacin, 489.5 mg of choline, 

.22 mg of vitamin B}9, .5 mg of menadione, and .44 mg of d-biotin and .3 mg Se. 
d Containing 78.8 % of lysine. Supplied by Archer Daniels Midland, Decatur, IL. Upon 

analysis, the lysine concentration of control, copper sulfate and copper lysine diets were, 
1.32, 1.30, 1.28 %, respectively. 

© Containing 25% Cu, Sigma, MO. 

f Supplied by Zinpro Corp., Edina, MN. Formulated to contain 10% Cu and 48% lysine. 

homogenates were wet digested with nitric acid and perchloric acid (AOAC, 1990). 

Mineral contents were measured by atomic absorption spectrophotometry. Certified 
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mineral reference solutions (Fisher Scientific, Fair Lawn, NJ) were used as standards. 

Dry matter contents of tissue homogenates were also determined by weight differential 

methodology (AOAC, 1990). 

Serum mitogenic activity. Serum mitogenic activity was measured by a procedure 

developed in our laboratory (Chapter III). Serum samples were diluted to 3% with 

Dulbecco's modified eagle's medium (Gibco Laboratories, Grand Island, NY). The diluted 

samples were filtered through .2 ym filters (Sterile Acrodisc, Gelman Sciences, Ann 

Arbor, MI) and added to BC3H1 cells (ATCC CRL 1443, American Type Culture 

Collection, Rockville, Maryland) cultured in 96-well tissue culture microplates (Corning 

Glass Work, Corning, NY). After 72 h of incubation at 379°C at 10% COo, the growth of 

cells was measured using a MIT (3-[4,5-dimethylthiazol-2-yl]-2,5-dipehnyltetrazolium 

bromide, Sigma Chemical Co., St. Louis, MO) cell proliferation assay and a Titertek 

Multiskan NCC/340 multichannel vertical photometer (ICN Biomedicals, Huntsville, AL). 

Mitogenic activity was expressed as OD549nm-OD690nm Which is a measurement of cell 

number. 

Pituitary growth hormone mRNA. Analysis for GH mRNA was carried out as 

previously described (Chapter V). Total RNA was isolated according to Meltzer et al., 

(1990) from pituitary glands. RNAs were then separated in 1.5% agarose gels and blotted 

onto Magna membranes (Micron Separation Inc. WestBorough, MA). An 

oligonucleotide probe specific for exon 2 of the porcine growth hormone gene was 

synthesized and labeled with 32P by kinasing. Northern blotting was then carried out 

according to the procedure recommended by MSI. Quantification of RNA was performed 

with a 256 level gray scale scanner (HP scanjet IIp, Hewlett Packard, Maintain View, CA) 

and software designed in this laboratory. Only the major band at 1 kb was quantified. 
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Statistical analysis. Statistical Analysis System's General Linear Models 

procedure was used for data analysis (SAS, 1988). In Exp. 1, the statistical model 

initially included treatment, sex and blocks. Sex effect was not significant and was 

subsequently withdrawed fromn the model. Non-orthogonal contrasts were used to 

compare treatment groups. In Exp. 2, the statistical model includes Cu level, Cu source, 

feeding methods and their interactions. In both experiments, pen means were treated as 

the experimental unit for growth performance data analysis. Individual pigs were the 

experimental unit in analyzing tissue data. 

Results 

Exp. 1. Copper feeding stimulated average daily gain (ADG) by 20.6% (P < .05) 

for the ad lib/Cu pigs (Table 6-3). Numerically, Cu feeding stimulated growth by 7.8% 

(P=.25) for the pair-fed/Cu pigs. During the 14-d test period, ad lib/Cu pigs had a 13% 

higher (P < .05) average daily feed intake (ADFI) than the control (Table 6-3). Pair 

feeding was successful because the amount of feed given to the pair-fed/Cu pigs was 

similar to the voluntary feed intake of control pigs. In all periods of the experiment, gain 

per feed (GF) was not significantly influenced by treatments, but both Cu groups had a 

numerically higher GF than the control. In summary, the growth promoting effect of Cu 

was greatly reduced when feed intake for pigs was restricted. However, it seemed that 

feed intake could not account for all the growth promotion obtained because the pair- 

fed/Cu group tended to perform better than the control in all three periods. 

Final organ weight provided a measurement of organ growth (Table 6-4). Liver 

and thyroid weights were the highest in the ad lib/Cu group (P < .05). Relative liver and 

thyroid weights, however, were not statistically different among the three groups, which 

indicates that the growth of those two organs generally follows whole body growth. 

Absolute brain weight was not affected by treatments, but the lowest relative brain weight 
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(P < .05) was observed for the ad lib/Cu group, which suggests that brain growth is 

probably not correlated with whole body growth. 

Serum Cu concentrations in both Cu feeding groups were significantly higher (P < 

.05) than than of the control at d 7 and d 14 (Table 6-5). Copper feeding increased 

TABLE 6-3. EFFECT OF COPPER LEVEL AND FEEDING LEVEL ON 
GROWTH PERFORMANCE OF WEANLING PIGS IN EXP. 1 4 

  

  

High Cu High Cu 
Control ad libitum pair fed SEM 

d 1-7 

ADG , gb 236 276 245 ll 

ADFI, gbc 358 395 355 60 

GF, g/kg 649 694 680 25 

d8-14 

ADG, g> 376 461 416 24 

ADFI, 25¢ 631 728 635 23 

GF, g/kg 595 610 654 32 

d1-14 

ADG, go 306 369 330 14 

ADFI, gb¢ 495 561 495 13 

GF, g/kg 617 641 667 22 

  

4 Each mean represents seven pens; one gilt and one barrow per pen. Copper content for 
control and Cu diets, are 15 and 214 ppm, respectively. 

b Control vs. ad lib/Cu (P < .05). 
© Ad lib/Cu vs. pair-fed/Cu (P < .05). 
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TABLE 6-4, EFFECT OF COPPER LEVEL AND FEEDING LEVEL ON 
ORGAN WEIGHT OF WEANLING PIGS IN EXP. 14 

  

High Cu High Cu 
Control ad libitum pair fed SEM 

  

Absolute weight, g 

Brain 60.0 58.6 59.7 1.8 

Livere 463.5 494.3 443.0 15.9 

Thyroidb 10.7 12.4 11.1 6 

Relative weight, g/kg BW 

Brainbe 3.8 3.4 3.8 1 

Liver 29.4 28.5 27.8 9 

Thyroid 61 73 .72 .03 

  

4 Each mean represents seven pens; one gilt and one barrow per pen. Copper content for 
control and Cu diets, are 15 and 214 ppm, respectively. 

b Control vs. ad lib/Cu (P < .05). 
© Ad lib/Cu vs. pair-fed/Cu (P < .05). 

hepatic and brain Cu deposition (P < .05) in both ad lib/Cu and pair-fed/Cu groups (Table 

6-5). Tissue iron and zinc contents were not significantly affected by treatments. 

Serum mitogenic activity was enhanced (P < .05) for both ad lib/Cu and pair- 

fed/Cu pigs on both d 7 and d 14. There was no significant difference in serum mitogenic 

activity between the two Cu groups (Fig. 6-1). Pituitary total RNA, measured 

spectrophotometrically, was not significantly altered by copper. However, GH mRNA of 
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TABLE 6-5. EFFECT OF COPPER LEVEL AND FEEDING LEVEL ON 
SERUM COPPER CONCENTRATION, LIVER AND BRAIN MINERAL 

CONCENTRATION OF WEANLING PIGS IN EXP. 1 

  

High Cu High Cu 
Control ad libitum pair fed SEM 

  

Serum Cu, pg/mL? 

d 0 1.76 1.74 1.72 05 

d 7ed 1.64 1.75 1.72 53 

d 14¢d 1.78 1.85 1.82 61 

Brain minerals, g/g DM 

Cucd 16.9 18.1 18.0 3 

Zn 62.0 59.6 59.9 1.2 

Fe 710.6 69.6 62.4 41 

Liver minerals, pg/g DMb 

Cucd 37.6 79.9 118.5 14.2 

Zn 39.6 48.1 53.4 47 

Fe 77.1 57.2 72.3 17 

  

4 Each mean represents 14 pigs. 
Each mean represents seven pigs. 

© Control vs. ad lib/Cu (P < .05). 
d Control vs. pair-fed/Cu (P < .05). 

the ad lib/Cu and pair-fed/Cu pigs was higher (P < .05) than that of the control group (Fig. 

6-2). 

Exp. 2. For the entire 24-d period, ADG was 11.8% higher (P < .05) and GF was 

6.5% higher (P < .05) for pigs fed the high Cu diets compared with pigs fed the low Cu 
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Fig. 6-1. Effect of Cu level and feeding method on serum mitogenic activity. 
Error bars represent SEM. Each mean represents 14 pigs. 

Control group is significantly (P<.05) different from other two groups. 
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Fig. 6-2. Effect of Cu level and feeding method on GH mRNA concentration. 
. Error bars represent SEM. Each mean represents 8 pigs. 

Control group is significantly (P<.05) different from other two groups. 
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diets (Table 6-6). These differences were observed during all periods except d 7-12. The 

Cu level effect was only significant (P < .05) for ADFI during d 1-6; however, numerical 

means were larger for pigs fed high Cu diets during all periods and was 5.9% larger for 

the entire 24-d period. 

Over the 24-d test, ADFI of restricted-fed pigs was 81% of that of ad libitum fed 

pigs (Table 6-6); ADG was also less (P < .05) since GF was not different. A Cu level by 

feeding level interaction was observed for ADG (P < .05), but not for ADFI (P = .19) or 

GF (P = .95). The magnitude of the increase due to Cu feeding was much greater for the 

ad lib-fed pigs compared with restricted-fed pigs (16.9 vs. 5.9%). This suggests that a 

major effect of Cu is to stimulate feed intake. 

The Cu source effect over the 24 d test was significant (P < .05) for ADG and 

ADFI (Table 6-6), and a Cu level x Cu source interaction was significant for ADG (P < 

.05). The Cu response on ADG was much greater for pigs fed Cu lysine diets than for 

pigs fed Cu sulfate diets. The GF was not different between the Cu sources. If Cu source 

and feeding level are compared only for treatments fed the higher level of Cu, the Cu 

source and feeding level effect was significant for ADG and ADFI (P < .05). Overall and 

in all periods, the greatest response of ADG and ADFI was observed for ad lib-fed pigs 

given higher Cu diet from Cu lysine. 

The absolute liver weight was lower (P < .05) for the restricted-fed pigs compared 

with the ad lib-fed pigs (Table 6-7). The other treatment effects were not significant for 

the weight of liver and the absolute weight of brain and pituitary was not influenced by any 

treatments. After correcting for body weight, the weight of liver was not influenced by 

any treatment. The relative weight of brain was higher (P < .05) for the restricted-fed pigs 

compared with pigs which had ad libitum access to feed, similar to that observed in the 

previous study. 
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TABLE 6-6. EFFECT OF COPPER LEVEL, COPPER SOURCE AND 
FEEDING METHOD ON GROWTH PERFORMANCE OF WEANLING 

  

  

Feeding level AL RS AL RS~ AL RS AL RS 

Cu level, ppm 15 15 15 15 200 200 200 200 

Cu source CS CS CL CL CS CS CL CL SEM 

d 1-6 

ADG, gbe 275 212 260 215 327 246 351 261 = 21 

ADFI, gbcde 443 332 415 309 467 314 543 333 26 

GF, g/kgb 615 628 620 690 702 778 657 781 52 

d 7-12 

ADG, g° 251 173 278 209 224 (+175 333 181 29 

ADFI, g© 517 390 523 385 518 389 619 394 32 

GF, g/kg 483 448 530 538 428 435 525 478 45 

d 13-18 

ADG, gbc 375 320 351 309 406 331 469 365 30 

ADFI, 2° 614 498 616 487 583 479 755 498 35 

GF, g/kgb 615 635 $56 638 705 693 623 723 =—46 

d 19-24 

ADG, g© 420 418 435 392 466 389 $27 433 31 

ADFI, g© 639 672 623 672 S55 672 823 672 58 

GF, g/kg° 679 601 773 578 985 569 656 635 105 

d 1-24 

ADG, gocdefg 330 281 331 281 353 285 420 310 14 

ADFI, 2°°8 553 473 5344 463 531 463 ~ = 685 474 30 

GF, g/kgb 603 583. 608 604 678 609 = 615 655 25 

  

4 Six pens (two pigs/pen) per treatment mean. Average initial weight was 6.81 kg. 
=Ad libitum; RS=Restricted; CS=Cu sulfate; CL=Cu lysine. 

Copper level effect (P < .05). 
© Feeding level effect (P < .05). 
d Copper level x feeding level interaction (P < .05 ). 
© Copper source effect (P < .05). 
Copper level x copper source interaction (P < .05). 

& Within 200 ppm Cu treatments, feeding level effect (P < .05 ) and copper source effect 
(P < .05 ). 
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Serum Cu concentration was numerically higher for pigs fed high Cu levels at all 

sampling but was only significant at d 6 and d 24 (Table 6-8). A lower serum Cu 

concentration was found in the Cu lysine groups, compared with the Cu sulfate groups 

only at d 12 (P < .05). 

In Exp. 2, copper concentration (Table 6-9) in the brain was increased by Cu 

feeding (P < .05) which agrees with the finding in Exp. 1 (Table 6-5). A Cu level x Cu 

source interaction was observed for brain Cu (P < .05), which suggests that the 

concentrations of Cu in the brain of pigs fed Cu lysine were higher than those of the Cu 

sulfate group only at the high Cu level. The effect of Cu feeding on Zn concentration in 

the brain was dependent on feeding method, as indicated by a Cu level x feeding level 

interaction (P < .05). Copper feeding increased (P < .05) brain Zn content only when pigs 

were restricted-fed. Iron concentration in the brain was reduced by restricted feeding (P < 

.05). Deposition of Cu in the liver was increased (P < .05) by Cu feeding; no significant 

feeding level or Cu source effects were observed. Copper feeding had no effect on liver 

Zn, but reduced liver Fe concentration (P < .05). 

Serum mitogenic activity of pigs fed high level of Cu was higher (P < .05) than 

that of pigs fed a low Cu diet (Table 6-10). Pigs fed Cu lysine had higher serum mitogenic 

activity than pigs fed Cu sulfate (P < .05). Restricted feeding greatly reduced serum 

mitogenic activity (P < .05). There was a Cu level x Cu source interaction at d 6 (P < 

.05), indicating that feeding level may have some impact on Cu-stimulated mitogenic 

activity, especially in younger pigs. Growth hormone mRNA concentration (Fig. 6-3) was 

numerically (P=.27) increased by Cu feeding. This increase in GH mRNA was seen in 

both ad lib or restricted feeding. Interestingly, restricted feeding tended to increase GH 

mRNA concentration. No Cu source effect on GH mRNA level was observed. 
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TABLE 6-7. EFFECT OF COPPER LEVEL, COPPER SOURCE AND 
FEEDING LEVEL ON ORGAN WEIGHT OF WEANLING PIGS 

  

  

IN EXP. 24 

Feeding level AL RS AL RS AL RS AL RS 

Cu level, ppm 15 15 15 15 200 200 200 ~~ °# 200 

Cu source CS CS CL CL CS CS CL CL SEM 

Absolute weight 

Liver , gd 494.1 454.0 $22.2 409.1 463.1 440.5 540.6 453.2 25.0 

Brain, g 52.5 52.7 53.8 50.0 449 50.5 53.2 52.8 3.2 

Pituitary, mg 116.2 120.1 118.7 118.2 112.3 113.2 123.3 105.5 9.1 

Relative weight 

Liver, 32.0 32.0 325 298 290 306 30.9 29.7 1.1 
g/kg BW 

Brain, 3.4 3.8 3.4 3.7 2.8 3.6 3.0 3.5 3 
g/kg Bw 

Pituitary, 7.6 8.5 7.3 8.6 7.1 7.8 7.1 7.0 i) 
mg/kg Bwed 

  

4 Six pens (two pigs/pen) per treatment mean. AL=Ad libitum; RS=Restricted; 
CS=Copper sulfate; CL=Copper lysine. 
b Feeding level effect (P < .05 ). 
© Copper level effect (P < .05 ). 
Percentage times 1000. 
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TABLE 6-8. EFFECT OF COPPER LEVEL, COPPER SOURCE AND 
FEEDING LEVEL ON SERUM COPPER CONCENTRATION OF 

WEANLING PIGS IN EXP. 24 
  

Feeding level AL RS AL RS_ AL RS AL RS 

Cu level, ppm 15 15 15 15 200 200 200 # 200 

  

Cu source CS CS CL CL CS CS CL CL SEM 

dl 1.24 1.25 1.21 1.23 1.28 «1.26 ) 1330 61.24 = =©.052 

d 6b 1.72 1.71 162 161 1.76 186 1.67 1.77  .065 

d 12° 137 143 130 1.38 163 155 134 132 = .077 

d 18 109 101 109 #%1.16 2.15 1.24 1.12 1.21 .090 

d 24b 129 131 £138 41.17 139 146 1.38 1.44 = .082 

  

4 Twelve pigs per treatment means. AL=Ad libitum; RS=Restricted; CS=Copper sulfate; 
CL=Copper lysine. 

b Copper level effect (P < .05). 
© Copper source effect (P < .05). 

Discussion 

Role of feed intake in growth stimulation. Feeding high levels of Cu has been 

observed by a number of researchers (Hedges and Kornegay, 1973; Edmonds et al., 1985; 

Burnell et al., 1988; Kornegay et al., 1989) to increase feed intake. Feed intake was found 

to be enhanced by Cu feeding (P < .05) in Exp. 1 and in the second experiment, the same 

trend was still present. 

To what extent Cu-stimulated feed intake accounts for growth stimulation has not 

been experimentally studied. Edmonds et al. (1985) noticed that feed efficiency was not 

affected by copper feeding in their experiments, which indicates that increased feed intake 
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accounted for all of the growth stimulation. However, an improvement in feed efficiency 

by copper feeding, even though not as great as the improvement in growth, has generally 

been observed (Braude, 1975). It is important to point out that an increase in feed intake 

will not only stimulate growth rate, but also improve feed efficiency because the extra 

TABLE 6-9. EFFECT OF COPPER LEVEL, COPPER SOURCE AND 
FEEDING LEVEL ON BRAIN AND LIVER MINERAL 
CONCENTRATION OF WEANLING PIGS IN EXP. 24 

  

  

Feedinglevel AL RS AL RS_ AL RS AL_ RS 

Cu level, ppm 15 1515 15 200 200 200 200 

Cu source Cs cS CL cL CS CS CL CL SEM 

Brain minerals, g/g DM 

Cubd 15.4 159 146 141 1612 15.1 166 17.7 8 

Fee 644 63.7 674 592 676 586 66.7 639 3.5 

Zn€ 605 603 614 584 606 629 591 600 141 

Liver minerals, »g/g DM 

Cubf 266 22.1 27.1 4275 107.7 703 653 854 102 

Fe bf 330.2 454.3 487.5 427.8 332.1 381.2 3662 3042 42.1 

Zn 187.1 169.1 171.2 182.8 201.5 178.2 197.6 181.1 13.2 

  

4 Six pens (two pigs/pen) per treatment means. AL=Ad libitum; RS=Restricted; 
CS=Copper sulfate; CL=Copper lysine. 
b Copper level effect (P< .05). 
© Feeding level effect (P < .05). 
Copper level x copper source interaction (P < .05). 

© Copper level x feeding level interaction (P < .05). 
f Feeding level x copper source interaction (P< .05 ). 
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TABLE 6-10, EFFECT OF COPPER LEVEL, COPPER SOURCE AND 
FEEDING LEVEL ON SER eS ACTIVITY OF WEANLING 

  

Feeding level AL RS AL RS AL RS AL RS 

Cu level, ppm 15 15 15 15 200 200 200 #200 
CS CS CS CL 

Cu source CL CL CS CL SEM 

  

OD540nm-OD690nm 

d0 235 241 237 235 .228 252 238 235 .032 

d 6bcde 315 210 329 .231 323 247 351 .264 .028 

d 12bed 342 265 323 258 352 273 372 318 .034 

d 1gbd 421 321 435 299 465 358 .492 385 .042 

d 24bced 432 335 442 321 .463 365 .485 392 .035 

  

4 Six pens (two pigs/pen) per treatment means. AL=Ad libitum; RS=Restricted; 
CS=Copper sulfate; CL=Copper lysine. 

b Copper level effect (P < .05). 
© Copper source effect (P < .05). 
d Feeding level effect (P < .05). 
© Copper level x feeding level interaction (P < .05). 

nutrients can be used exclusively for growth rather than maintenance (Pekas, 1985). 

Therefore, it is difficult to partition completely the contribution of enhanced feed 

consumption and feed efficiency to growth. 

Equalizing feed consumption of pigs fed diets with Cu to that of control pigs 

should eliminate any growth stimulation which would otherwise come from an enhanced 

feed intake and thus demonstrate the role of Cu. In our study, two approaches, pair 

feeding and restricted feeding, were used to equalize feed intake of Cu fed pigs to that of 
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Fig. 6-3. Effect of Cu level, Cu source and feeding method on GH mRNA concentration. 
Error bars represent SEM and each mean represents 6 pigs. 

A. CuSO4 was used for Cu supplement. 

B. Cu-lys was used for Cu supplement. 
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the control pigs. In Exp. 1, the growth stimulation, if any, in the pair-fed/Cu group was 

much less than that of the Cu/ad lib group and did not reach a statistically significant level. 

The impact of feed intake on growth stimulation was supported by findings in Exp. 2, in 

which a significant Cu level x feeding level interaction was observed. 

Growth regulatory system and copper-stimulated growth. Stimulating feed 

consumption, however, does not seem to be the only action of Cu. Growth stimulation, to 

a smaller extent, was still present even when feed intake was restricted in Exp. 1 and in the 

Cu lysine group of Exp. 2. Serum mitogenic activity of the pair fed groups was as high as 

that of the ad lib/Cu group in Exp. 1, suggesting that Cu could also interact with the 

growth control system exclusive of feed intake. In Exp. 2, Cu feeding stimulated mitogen 

activity, whereas restricted feeding inhibited the mitogen activity. The effect of Cu level 

and feeding methods was clearly mutually independent because of a lack of an interaction 

between Cu level and feeding method. Copper feeding also enhanced the GH mRNA level 

in the pituitary glands of the pair-fed pigs in Exp. 1 and in Exp. 2. One intriguing 

hypothesis is that Cu stimulates growth hormone and growth factor synthesis, and thus 

promotes the ability of pigs to grow. However, the full realization of this growth potential 

would probably require additional nutrients provided by an increased feed intake. Specific 

experiments designed to test this hypothesis are needed. 

LaBella et al. (1973) reported that Cu stimulated the secretion of GH from bovine 

pituitary implants, and our observation on the growth hormone gene expression agrees 

well with their finding. However, the production of growth hormone is known to be 

influenced by many factors. The effect of Cu on growth hormone gene expression can be 

through either direct actions on pituitary cells or indirect actions on the factors influencing 

growth hormone gene expression. The exact mode of action of Cu needs to be addressed 

by future experiments. 
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Copper lysine as a growth promoter. Our experiments support previous 

observations in our laboratory (G. Apgar, unpublished data) and others (Coffey et al., 

1991; Coffey et al., 1992) that Cu lysine is a more effective growth promotant than Cu 

sulfate. However, conflicting reports can also be found (Heugten and Coffey, 1992). In 

our experiment, Cu lysine seems to be more effective in promoting growth. The 

additional benefit from Cu lysine seems to be from an increase in feed intake and an 

increase in growth factor activity. The serum mitogen activity was higher in the Cu lysine 

groups than the Cu sulfate groups independent of feeding methods. It seems that the 

ligand lysine enhances the effect of copper. 

Tissue copper deposition. Elevated brain Cu concentration has been demonstrated 

in pigs fed diets containing 280 ppm of Cu (Chapter IV) or injected with Cu (Chapter V). 

Our experiments showed that approximately 200 ppm of dietary Cu was sufficient to 

induce an elevation in brain Cu content, which indicates that high copper feeding can 

potentially affect the functions of brain. Future research which would determine the 

distribution of Cu in important parts of brain, especially in the hypothalamus, is needed. 

Although its chemical nature is unknown, Cu lysine is proposed to be a Cu chelate 

with a Cu to lysine ratio of one to two (Shugel, personal communication). Copper lysine 

has been reported to be a more available source of Cu than Cu sulfate for rats 

(Kirchgessner and Grassmann, 1970). In our experiments, it seems that Cu lysine was 

more available to the brain than Cu sulfate, judging from the accumulation of Cu in the 

brain. 
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Implications 

The stimulation of growth by feeding high dietary Cu in weanling pigs is 

accompanied by an increase in feed intake and this increase in feed intake is important for 

growth stimulation. Pigs with ad lib access to feed benefit more from copper feeding than 

restricted-fed pigs. An improved feed efficiency also contributes to the stimulated growth, 

or vice versa. Our study also indicates that Cu lysine, a new growth promoter, seems to 

be more effective than Cu sulfate in stimulating growth and feed intake 
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Chapter VII 

GENERAL DISCUSSION 

Systemic growth promoting actions of copper. It is critical to understand whether 

Cu stimulates growth enterically, systemically or both. The answer to this question will 

determine the direction for future research on the mechanism for Cu-stimulated growth. It 

will also guide the development of more efficient, Cu-based growth promotants. 

The major objective of this dissertation was to test whether Cu stimulates growth 

systemically. Two experiments presented in Chapter V demonstrated, for the first time, 

that intravenous injections of appropriate amounts of Cu stimulated the growth of pigs. 

Because only small amounts (approximately 10-30 mg/d) of Cu were injected, the Cu 

excreted into the gastrointestinal tract through bile probably could not generate high 

enough concentrations to alter gastrointestinal microflora. Therefore, the growth 

stimulation observed is most likely due to systemic actions of Cu. The amount of Cu 

injected was calculated to simulate the amount of Cu normally absorbed from a diet 

containing 250 ppm Cu. Several digestibility values were tested because no accurate 

estimates of Cu digestibility were available. Copper doses calculated using digestibilities 

of 2 to 5% stimulated growth, and Cu deposition in the liver of injected pigs was similar to 

that of pigs fed growth promoting levels of Cu (Kornegay et al., 1989; Cromwell et al., 

1989). It seems that Cu injections using 2-5% digestibility closely mimic Cu feeding. 

Experiments are being conducted in our laboratory to determine the Cu digestibility in pigs 

fed 250 ppm Cu (G. Apgar, personal communication). 

The magnitude of growth stimulation by injection of Cu was 12-31% (Table 5-5), 

similar to that obtained from Cu-feeding (22.1% as summarized by Wallace, 1967). 
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Therefore, it seems that systemic actions account for most, if not all, of the growth 

stimulation of Cu. Our experiments, however, did not directly address the antimicrobial 

action of Cu and thus could not rule out the possibility that Cu also stimulates growth by 

enteric action. 

The role of feed intake in the copper-stimulated growth. Growth stimulation can 

be a result of either an improved efficiency or an improved feed intake or both. It is well 

known that Cu feeding enhances feed intake. In Chapter VI, results from two experiments 

addressing the importance of an increased feed intake for Cu-stimulated growth were 

presented. When feed intake was equalized by either pair-feeding or restricted feeding, 

Cu-stimulated growth was greatly reduced, which strongly suggests that increasing 

nutrient input is an important part of the mechanism for Cu-stimulated growth. 

Our experiments did not address how Cu stimulates feed intake. An intravenous 

injection of Cu in rabbits has been shown to induce the secretion of neuropeptide Y from 

the hypothalamus. Hypothalamic neuropeptide Y is a strong feed intake stimulant for 

pigs. Future research addressing the effect of Cu feeding on neuropeptide secretion in 

pigs is warranted. 

Growth control system and copper-stimulated growth. Both Cu injection and Cu 

feeding affected serum mitogenic activity and Cu feeding increased pituitary GH mRNA 

concentration. More interestingly, the stimulation of serum mitogenic activity and 

pituitary GH mRNA concentration by Cu was apparently independent of feed intake and 

thus growth rate. This strongly suggests that Cu acts on the growth control system 

directly. 

Evidence has been accumulating recently that Cu regulates the activity of 

dopamine-B-monooxgenase which catalyzes the formation of norepinephrine. 

Norepinephrine has been shown to induce the secretion of growth hormone from the 
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pituitary. The effect of Cu feeding on brain norepinephrine synthesis and growth hormone 

secretion pattern should be examined in the future. 

Conclusion. Copper is able to stimulate growth systemically. Increasing feed 

intake is a major part of the growth promoting mechanism of Cu. Copper feeding also 

increased the serum mitogenic activity and GH mRNA, independent of feed intake, which 

suggests a direct action of Cu on the growth control system. 
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