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CHAPTER I 

INTRODUCTION 

Zinc is a transition metal which had been shown to be 

an essential nutrient for the normal growth and health of 

many species of animals. Zinc is an essential component of 

many metalloenzymes (Riordan and Vallee, 1976), and appears 

to have roles in many physiological processes including 

growth, reproduction, immunity and nutrient metabolism. 

Zinc deficiency in animals was first described in 1934 (Todd 

et al., 1934), and is characterized by clinical signs such 

as retarded growth, decreased feed intake and skin lesions. 

For years, animal diets have been supplemented with 

zinc to prevent zinc deficiency and improve the growth and 

production of animals. Zinc supplementation of practical 

diets is most commonly done using inorganic zinc sources, 

such as zinc sulfate and zinc oxide (Wedekind and Baker, 

1990). Recently, however, much attention has been given to 

the subject of organic zinc sources. Because of intensive 

management and the increased performance demands of 

livestock animals, the use of organic trace minerals in the 

replacement of traditional inorganic mineral sources in 

rations has become widespread. It is theorized that organic 

minerals may be more biologically available to animals than 

inorganic minerals. However, the exact mechanism of action 

of organic minerals is still unclear. There are several 

1 



proposed theories concerning the mechanism of action of 

organic minerals. It is thought that complexing minerals 

with organic ligands can improve the mineral absorption or 

alter the metabolism of the minerals in the body. Research 

studies have been done which indicate that the feeding of 

organic minerals can improve the growth performance of 

animals and improve the immune response. However, there is 

a definite need for further research into the absorption and 

metabolism of organic minerals in the animals body. 

The concept of organic minerals was recognized many 

years ago. Organic mineral sources include metal complexes, 

metal amino acid chelates, metal proteinates and metal 

polysaccharide complexes (AAFCO, 1987). The term "chelate" 

refers to the function of the organic ligand acting as a 

"claw" to protect the mineral and carry the mineral through 

the intestinal mucosa (Patton, 1990). Chelated or 

proteinated minerals are formed when the mineral is 

complexed with an organic ligand, such as a protein or 

specific amino acid. The Association of American Feed 

Control Officials has proposed official definitions for 

proteinates, chelates and complexes. There are numerous 

organic mineral products commercially available, and they 

differ in chemical composition and quite possibly, their 

efficacy in providing trace minerals to the animal (Greene, 

1994) . 



The overall objective of this study was to compare the 

bioavailability of organic zinc source(s) with an inorganic 

zinc source, zinc sulfate. Specifically, the objectives 

were to: (1) compare nitrogen balance, zinc balance and 

serum zinc concentrations in recently weaned barrows fed the 

organic zinc source, zinc propionate, or the inorganic zinc 

source, zinc sulfate; (2) compare the growth, efficiency 

and serum zinc concentrations of nursery pigs fed the 

organic zinc source and the inorganic zinc source in a 

nursery trial; and (3) study the absorption of the organic 

mineral sources, zinc propionate and zinc methionine, and 

the inorganic zinc source, zinc sulfate, using in vitro 

everted gut loop procedures with bovine ileum. 



CHAPTER II 

REVIEW OF LITERATURE 

The importance of zinc in bioloaical systems 

Zinc is a transition metal found in the earth's crust. 

An important characteristic of zinc is its ability to form 

complex ions (Cotton and Wilkinson, 1972; Riordan, 1976). 

Zinc was first recognized to be essential in biological 

systems over 100 years ago when it was discovered to be 

required for the growth of the fungus Aspergillus niger 

(Raulin, 1869). Subsequent studies by several researchers 

demonstrated the requirement for zinc in numerous other 

plants (Lechartier et al., 1877; Bertrand and Vladesco, 

1921; Lutz, 1926). The importance of zinc in animal and 

human nutrition was reported in 1934, when rats fed a low 

zinc purified diet developed skin and hair abnormalities and 

stunted growth (Todd et al., 1934). Additional research 

with swine in 1955 demonstrated a direct relationship 

between zinc levels in the diet and growth rate and the 

incidence of skin lesions. Researchers discovered that the 

skin lesions could be cured or prevented with the 

supplementation of zinc in the diet (Tucker and Salmon, 

1955) . The skin lesions which developed in zinc-deficient 

swine were later referred to as parakeratosis, which is 

considered a classical sign of severe zinc deficiency in 

swine (NRC, 1988). 



Zinc serves many important functions in the body. Zinc 

is a component of over 200 metalloenzymes in biological 

systems (Riordan and Vallee, 1976). Zinc is an important 

constituent of DNA and RNA polymerases, neutral and alkaline 

phosphatases, carbonic anhydrase, alcohol dehydrogenase, 

pancreatic carboxypeptidases A and B, and many other enzymes 

(Wapnir, 1990). 

Zinc plays a major role in the immune response and 

disease resistance of animals and man (Gershwin et al., 

1985). Leukocytes have been found to contain a 

proportionally higher concentration of zinc than most other 

cells. Zinc appears to have an important role in lymphocyte 

differentiation (Wapnir, 1990). Zinc deficiency has been 

reported to result in thymic atrophy in rats (Quarterman, 

1974) and mice (Frost et al., 1977). Haas and coworkers 

(1976) demonstrated that zinc-deficient mice exhibited a 

severe depression in humoral antibody response. Zinc 

deficiency has been shown to alter cell-mediated immunity 

(Csermely et al., 1988), such as depressing lymphocyte 

function (Gross et al., 1979; Zanzonico et al., 1981). Zinc 

has been reported to affect macrophage numbers and the 

internalization of parasites such as protozoa by 

macrophages (Wirth et al., 1989). Zinc status has also been 

shown to affect the production of interleukin-2 (IL-2) by 

helper T cells (Mengheri et al., 1988). These are just a 

few of the aspects in which zinc is thought to play an 



important role in immunity. Continued research is needed to 

further elucidate the specific functions of zinc in animal 

immunity and health. 

Zinc appears to have a role in the maintenance of 

normal cell membranes (Bettger and O'Dell, 1981). Zinc 

forms stable zinc-protein complexes in cell membranes which 

may act to stabilize the membrane, and zinc may also inhibit 

the formation of disulfide bonds in the membrane which 

affect cell membrane integrity (Chavapil, 1973) . 

Zinc is an important constituent of hormones such as 

insulin, and appears to be involved with hormones such as 

growth hormone (Macapinlac et al., 1966 ), estrogen, 

progesterone (Apgar, 1971), ACTH (Sanstead et al., 1967) and 

testosterone (Millar et al., 1960; Lei et al., 1976; Henkin, 

1976). The specific biochemical relationships between zinc 

and certain hormones are not completely understood and 

continue to be studied. 

Zinc has been shown to be neccessary for normal 

reproduction and lactation in animals. Zinc deficiency has 

been reported to produce testicular atrophy in rats (Millar 

et al., 1960), calves (Pitts et al., 1966), goats (Miller et 

al., 1964) and lambs (Underwood and Somers, 1969). Estrous 

cycle abnormalities and infertility have been seen in zinc-

deficient female rats (Hurley and Swenerton, 1966; Swenerton 

and Hurley, 1968). Dystocia (Apgar, 1970) and decreased 



lactation (Mutch and Hurley, 1974) have also been reported 

to occur in female rats with zinc deficiency. 

Zinc appears to have an important role in wound healing 

(Pories and Strain, 1966). Zinc deficiency has been found 

to delay healing of burns and wounds in animals (Miller et 

al., 1965; Oberleas et al., 1971). Decreased zinc levels 

have been reported to occur in human patients with extensive 

burns (Larson et al., 1970; Larson,1974). It is theorized 

that zinc exerts this effect on wound healing by its 

involvement in collagen and nucleic acid synthesis in 

epithelial cells (Sandstead and Rinaldi, 1969; Stephan and 

Hsu, 1973; Prasad and Oberleas, 1974). 

Zinc is also important in the induction of synthesis 

and the degradation of metallothionein, a metal binding 

protein involved in the absorption of minerals such as zinc, 

copper and manganese (Cousins, 1978). 

Other roles for zinc include a role in taste and smell 

acuity in humans and animals (Henkin, 1978; McConnell and 

Henkin, 1974), as well as in normal behavior and mentation 

(Sanstead et al., 1967). 

Distribution of zinc in the bodv 

Zinc is widely distributed throughout the body (Miller, 

1969; Underwood, 1977). The body of an adult human contains 

0.002 to 0.003% zinc. The majority of zinc in the body is 

stored in muscle, renal, pancreatic, and bone tissue 



(Wapnir, 1990). The blood also contains a relatively high 

concentration of zinc (Wapnir, 1990). The majority of zinc 

present in the blood is located within erythrocytes 

associated with carbonic anhydrase, with 10 to 20% of zinc 

in the blood in the plasma. 

In swine, approximately 60% of the total body zinc is 

located in skeletal muscle tissue (Jackson, 1989). Bone 

tissue and body organs contain the majority of the remaining 

total body zinc, with a small proportion of total body zinc 

present in body fluids such as the plasma (Hambidge et al., 

1986). In cattle, body zinc concentration is approximately 

30 ppm, and normal plasma zinc concentrations range from 80 

to 120 mcg/dl (NRC, 1984). 

There appear to be several pools of zinc in the body. 

Initially, when zinc intake decreases, it is thought that 

the body compensates by conserving the zinc present in 

tissues by decreasing the animal's growth rate or by 

decreasing the excretion of zinc in non-growing animals. 

Whole body zinc content remains unchanged, but some tissues 

appear to lose zinc to other, higher priority tissues, as 

seen in studies with rats. Muscle and skin are tissues 

which have a high priority for zinc, while the bone, plasma 

and liver are tissues which have a low priority for zinc. 

These tissues with a lower priority for zinc constitute a 

small, but rapidly exchangeable pool of zinc in the body 

(Golden, 1989). If the dietary zinc deficiency persists and 
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becomes more severe, metabolic changes occur in the body 

which result in a negative zinc balance and the loss of 

tissue zinc. The body draws heavily upon the small, rapidly 

exchangaeable zinc pool to maintain homeostasis (King, 

1990). This may explain why the clinical signs of severe 

zinc deficiency occur quite rapidly in animals. 

Clinical sians of zinc deficiency 

Overt zinc deficiency can often be diagnosed by 

clinical signs. Subclinical zinc deficiency can be more 

difficult to diagnose, and often diagnostic tests must be 

employed to assess zinc status. 

A decrease in plasma or serum zinc is often seen in 

zinc-deficient animals. Severely deficient lambs and calves 

were found to have serum zinc values below 0.4 mcg/ml, with 

0.8 to 1.2 mcg/ml being considered within the normal range 

(Mills et al., 1967). Miller et al. (1966) reported that 

less deficient calves and goats developed subnormal serum 

and plasma zinc concentrations. Miller et al. (1968) 

reported that zinc-deficient pigs had mean serum zinc 

concentrations of 0.22 mcg/ml compared to 0.98 mcg/ml in 

normal paired controls. 

However, serum or plasma zinc concentrations do not 

accurately reflect a decrease in dietary zinc or changes in 

whole body zinc. Plasma zinc appears to decrease only when 

dietary zinc levels are so low that the animal must draw 



upon the small, rapidly exchangeable zinc pool of which 

plasma is a part (King, 1990). Thus a reduction in plasma 

zinc serves to indicate a loss of zinc from tissues such as 

the bone and liver, and signals an increased risk of 

metabolic abnormalities, leading to clinical signs of zinc 

deficiency (King, 1990). Also, plasma zinc concentrations 

change if an animal is stressed (Cousins, 1989a,b), fasted 

(Henry and Emes, 1975), or has recently consumed a meal 

(Jacobs-Goodall, 1989). Plasma zinc concentration may also 

change in response to infection (Solomons, 1978) and 

hormonal status (Cousins, 1985). Therefore, serum or 

plasma zinc concentrations may not always accurately reflect 

an animal's zinc status (Jackson, 1989). For this reason, 

some researchers suggest using metallothinein levels in 

addition to serum or plasma zinc levels in order to assess 

zinc status (King, 1990). Tissue metallothionein levels are 

often proportional to an animal's body zinc status, where 

metallothionein levels are decreased in zinc-deficient 

animals and increased in animals fed high levels of zinc in 

the diet (Cousins, 1985). Plasma and erythrocyte 

metallothionein levels can be determined by RIA, and both 

are sensitive to dietary zinc intake (Bremner and Morrison, 

1986). Erythrocyte metallothionein is not as responsive to 

stress as is plasma MT, so it may be a more useful indicator 

than plasma MT. Interpreting plasma or serum zinc values in 
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conjunction with metallothionein levels may give a better 

indication of an animal's zinc status. 

The clinical signs of zinc deficiency in all species 

include retarded growth, decreased appetite and 

integumentary abnormalities including defects in wool, hair 

and feather growth. In many species, the reproductive 

system of both males and females is also adversely affected. 

In addition to parakeratosis, retarded growth, decreased 

feed intake, diarrhea and thymic atrophy are deficiency 

signs seen in swine (Reese, 1995). In calves, zinc 

deficiency is characterized by decreased growth, alopecia, 

parakeratosis, stiffness of joints and swelling of the hock 

joints (Miller and Miller, 1962; Underwood, 1977). Zinc 

deficiency in lambs is characterized by decreased growth, 

decreased feed intake, swollen hock joints and parakeratosis 

escpecially around the eyes, above the hooves and on the 

scrotum. Wool and horn growth is also adversely affected 

(Ott et al., 1964). In the chick, clinical signs of zinc 

deficiency include decreased growth, bone abnormalities, 

dermatitis and feathering abnormalities (O'Dell and Savage, 

1957; O'Dell et al., 1958). Zinc deficiency in hens can 

cause embryonic abnormalities and decreased hatchability of 

eggs. In humans, growth failure and hypogonadism are 

features of severe zinc deficiency (Sanstead et al., 1967; 

Ronaghy et al., 1974). 
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By studying the effects of zinc deficiency in animals 

and the multitude of roles zinc appears to have in the body, 

one can begin to understand the importance of zinc in animal 

health and performance. 

Dietarv zinc reouirements 

The minimum zinc requirements for livestock animals 

vary with physiological factors such as the animal species, 

breed, age, level of production, nutritional status, and 

other important factors. Also, many nutrients in the diet 

may affect the absorption of zinc from the intestinal lumen, 

thus affecting an animal's dietary zinc requirement. In 

swine, some important dietary factors which have been 

determined to affect an animal's zinc requirement include 

the crude protein content of the diet (Smith et al., 1962; 

Dahmer et al., 1972; Roth and Kirchgessner, 1985), copper 

levels (O'Hara et al., 1960; Ritchie et al., 1963; 

Kirchgessner and Grassman, 1970), phytate levels (Oberleas 

et al., 1962; Oberleas, 1983) and calcium levels (Tucker and 

Salmon, 1955; Hoekstra et al., 1967; Lueke et al., 1956, 

1957; Morgan et al., 1969; Norrdin et al., 1973; Oberleas, 

1983) . Thus the zinc requirement for swine varies with the 

type of diet fed, as well as the animal factors listed 

above. In general, swine fed typical starter diets 

containing a high percentage of milk proteins (25% to 75%) 

and a low percentage of plant ingredients which contain 
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phytate tend to have a low requirement for zinc in the diet 

(15 ppm) (Smith et al., 1962; Shanklin et al., 1968). Pigs 

fed typical grower diets, which tend to contain a higher 

percentage of plant ingredients, such as corn and sorghum, 

as well as plant protein sources such as soybean meal, have 

a higher requirement for zinc in their diet (50 ppm) because 

these diets tend to be higher in phytate (Lewis et al., 

1956, 1957 a,b; Leuke et al., 1956; Smith et al., 1958, 

1962; Miller et al., 1970). Phytate, or inositol 

hexaphosphate, contains phosphorous and is found in plants. 

Numerous studies have been done which show that zinc 

absorption is decreased when diets high in phytate are fed 

to animals (O'Dell and Savage, 1960; Davies and Olpin, 1979; 

Morris and Ellis; 1980; Forbes et al., 1984). The effect of 

phytate is exacerbated when diets are also high in calcium 

(O'Dell et al., 1971). Previous research has shown that 

diets high in calcium tend to increase the dietary zinc 

requirement for growing swine (Liptrap et al., 1970; Miller 

et al., 1970). Diets which contained twice the normal 

dietary requirement of calcium have been reported to result 

in an increased incidence of parakeratosis in pigs fed diets 

which were marginal or adequate in zinc (Tucker and Salmon, 

1955; Hoefer et al., 1960; Norridin et al., 1973). Smith 

and coworkers (1960) reported that weaned pigs fed a soybean 

protein and corn ration which contained 16 ppm zinc and 

0.66% calcium required a total of 41 ppm zinc in the diet to 
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prevent parakeratosis and a total of 46 ppm zinc in the diet 

to increase growth rate (Smith et al., 1960; Miller et al., 

1970). Diets high in calcium may also be marginal in zinc 

and result in suboptimal reproductive performance in sows 

(Hoekstra et al., 1967). The National Research Council 

(NRC, 1988) requirements for pigs one to five kilograms in 

body weight are 100 mg zinc/kg diet as fed; with pigs 

weighing five to ten kilograms requiring 100 mg zinc/kg diet 

as fed, and requirements decreasing to 80 mg zinc/kg diet as 

fed for pigs weighing ten to twenty kilograms. Growing pigs 

weighing twenty to fifty kilograms require 60 mg zinc/kg 

diet as fed, while pigs weighing 50 to 110 kilograms require 

50 mg zinc/kg diet as fed. 

Recently, much attention has been paid to the practice 

of feeding high or therapeutic levels of zinc to growing 

swine. It is proposed that pharmacological levels of zinc 

from zinc oxide may interact with E. coli bacteria to reduce 

the incidence of diarrhea in young pigs (Holm, 1988). It is 

theorized that zinc exerts this effect by interfering with 

the bacteria's ability to respire (Reese, 1995). Another 

proposed way that dietary zinc may decrease scours in swine 

is that zinc ions may cause that organism involved in swine 

dysentery, S. hyodysenteriae, to produce less toxin. The 

response of swine to pharmacological levels of zinc in the 

diet is very variable (Reese, 1995). Hahn and Baker (1993) 

reported a positive effect on swine fed 3 000 ppm zinc from 
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zinc oxide over a control diet. Other researchers have 

reported no improvement in performance when swine are fed 

high levels of zinc in their diet. Recent studies reported 

no positive or negative effects on pig performance when 3000 

ppm zinc from zinc oxide was added to swine diets (Fryer et 

al., 1992; Tokach et al., 1992). It is important to note 

that very high levels of dietary zinc can interfere with 

normal iron absorption, resulting in iron deficiency anemia 

in piglets. Also, high levels of zinc from some zinc 

sources may be toxic. Brink et al. (1959) reported that 

pigs fed high levels (2000 to 4000 ppm) of dietary zinc from 

zinc carbonate exhibited clinical signs of zinc deficiency. 

However, Cox and Hale (1962) and Hsu et al. (1975) did not 

observe signs of zinc toxicity in young pigs fed high levels 

of dietary zinc from zinc oxide. It has also been reported 

that zinc from zinc oxide may be less bioavailable than zinc 

from other sources, such as zinc sulfate (Wedekind and 

Baker, 1990a; Wedekind et al., 1992). Thus the source of 

zinc and its bioavailability may affect the manner in which 

swine are affected by feeding high or therapeutic levels of 

zinc in the diet. 

In ruminants, dietary zinc requirements also vary with 

physiological factors such as species, nutritional status, 

level of performance, etc., and dietary factors. Phytate 

levels in diets are much less of a problem in ruminant 

diets, since the rumen microflora can break down phytate and 
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render it inactive. For beef cattle, the NRC (1984) 

recommendation for zinc is 30 mg zinc/kg of diet, with a 

range of 20 to 40 mg zinc/kg of diet and a maximum tolerable 

level of 500 mg zinc/kg of diet. The zinc requirement in 

cattle has been shown to decrease as the animal's growth 

rate decreases and age increases, since zinc absorption 

decreases (Stake et al., 1973). 

Much of the research concerning the bioavailability of 

zinc sources has been done with monogastrics, such as the 

rat, chick and pig. Unfortunately, little information is 

known concerning how the ruminal fermentation system affects 

zinc status and various zinc sources. Research by Heinrichs 

and Conrad (1983) reported that zinc methionine was not 

utilized by mixed cultures of ruminal bacteria in in vitro 

fermentation up to 96 hrs. Kennedy et al. (1993) reported 

that zinc is highly concentrated in microbial and particle 

fractions of the ruminal contents. More research is needed 

to better understand how zinc from feedstuffs and zinc 

sources is affected in the rumen. 

Zinc absorption and excretion 

The exact mechanisms involved in the intestinal 

absorption of zinc have not been determined, and research 

continues in an effort to better understand and characterize 

the absorption and transport of this essential element. 

However, we know that the intestinal absorption of zinc 
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involves several steps. In order for any nutrient, 

including zinc, to be absorbed by the intestinal mucosa, the 

nutrient must be soluble in the aqueous layer of the 

intestinal mucosa. Solubilized zinc can then move through 

the lipid bilayer of the intestinal mucosa into the cytosol 

of the cell (Rompalla and Halley, 1995). The major 

processes involved in the absorption of zinc from the 

intestinal lumen are thought to be coupled or mediated 

transport systems and facilitated diffusion, both of which 

are saturable (Davies, 1980; Menard and Cousins, 1983a; 

Cousins, 1986; Blakeborough and Salter, 1987; Rompala and 

Halley, 1995). Coupled transport systems are highly 

regulated, and often respond to dietary mineral deficiencies 

and toxicities by up and down-regulation of receptors 

(Rompala and Halley, 1995). Coupled transport mechanisms 

have been identified in the absorption of calcium, iron, 

zinc, copper and for glucose and some amino acids (Ferraris 

and Diamond, 1989). Luminal zinc concentrations may affect 

the various phases of zinc absorption (Davies, 1980; Smith 

and Cousins, 1980). Menard and Cousins (1983a) have 

characterized the uptake of zinc in rats as biphasic, where 

the first phase is saturable at low zinc concentrations (<10 

mM) and probably represents carrier-mediated, facilitated 

diffusion. The second, non-saturable phases may predominate 

at high initial luminal concentrations of zinc (1 mM) and 

represents non-specific binding of zinc to the membrane 

17 



(Blakeborough and Salter, 1987). These processes may 

involve low molecular weight organic ligands, such as 

dipeptides, amino acids of dietary origin, histidine, 

metallothionein of endogenous origin, and organic acids, 

which bind with zinc in the intestinal lumen (Prasad, 1993). 

During digestion, zinc is released from dietary ligands such 

as proteins and then is able to complex with low molecular 

weight ligands. The concept of organic ligands aiding in 

zinc absorption originated in part from research in humans 

with organic ligands such as picolinic acid and citrate. 

Picolinic acid, a minor metabolite of tryptophan and low 

molecular weight zinc binding ligand, was isolated from 

human milk (Evans and Johnson, 1979; 1980). Picolinic acid 

has been reported to enhance the absorption of zinc from 

human milk (Evans and Johnson, 1980; Hurley and Lonnerdal, 

1982; Johnson and Evans, 1982; Seal and Heaton, 1983, 1985). 

However, Menard and Cousins (1983b) found that both citrate 

and picolinic acid inhibited zinc uptake from the intestine. 

Thus the importance of these potential intestinal zinc 

binding ligands is controversial. It is theorized that these 

soluble mineral-ligand complexes may enter the mucosal cell 

as an intact complex, or may present the zinc to the 

microvilli where the zinc is then "plucked" off from the 

complex by a mucosal cell receptor. The receptor then 

releases the zinc into the cytosol of the mucosal cell. 

Previous studies using ^̂ Zn and ^"c-labeled EDTA by Koike 
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EDTA by Koike (1964) and Suso (1971) suggest that the Zn-

EDTA complex is transferred intact from the lumen of the 

intestine to the vasculature. Thus it may be the ligand 

that determines the mechanism by which zinc is actually 

transported into the mucosal cell. 

Zinc transfer across the cytosol of the mucosal cell 

involves metallothionein and possibly other proteins, such 

as cysteine-rich intestinal peptides (Menard and Cousins, 

1983b; Dunn et al., 1987; Hempe and Cousins, 1992) and 

apoferritin (Greene, 1995). Metallothionein synthesis can 

be induced by dietary zinc levels and by plasma zinc 

concentrations (Richards and Cousins, 1976), and 

metallothionein may help in zinc homeostasis by binding to 

zinc and holding zinc within the mucosal cell (Starcher et 

al., 1980; Menard et al., 1981). It is generally thought 

that the transport of zinc out of the mucosal cell to the 

circulatory system may involve carrier-mediated mechanisms. 

Once in the circulatory system, it is proposed that zinc is 

transported to the tissues by serum proteins such as albumin 

and transferrin (Smith et al., 1978; Mertz, 1986; Prasad, 

1993) . 

Studies regarding the site of zinc absorption within 

the intestine have produced conflicting results. Underwood 

(1977) reported that in rats, very little zinc is absorbed 

from the stomach and colon, while the primary areas of zinc 

absorption were the duodenum, ileum and jejunum. Work by 
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Davies (1980) also indicated that there was essentially 

negligible absorption of zinc from the cecum and colon. 

However, other studies suggest that zinc absorption from the 

large intestine may be substantial in species such as rats 

(Wapnir et al., 1985), pigs (Partridge, 1978), sheep (Grace, 

1975) and cattle (Bertoni et al., 1976). 

Regarding small intestinal absorption of zinc, the 

relative importance of each segment is also controversial. 

Two in vivo studies in rats using intestinal loops and sacs 

indicated that the duodenum was the site of maximal zinc 

absorption (Van Campen et al., 1965; Methfessel and Spencer, 

1973) . In another in vivo study using rats, Davies (1980) 

found that the infusion of Zn into the duodenum resulted 

in the highest Zn recovery in the whole body. In another 

in vivo intestinal perfusion study using dogs, the duodenum 

appeared to have the greatest absorptive capacity for zinc, 

followed by the distal ileum and then the proximal jejunum 

(Naveh et al., 1988). However, in vitro studies conducted 

using rats found the ileum to be the segment of the small 

intestine which absorbs zinc most rapidly (Sahagian et al., 

1966; Emes and Arthur, 1975). In a study using an in vivo 

intestinal perfusion technique in rats, Antonson and 

coworkers (1979) determined that the ileum had the highest 

capacity for zinc absorption (60.1%) compared to the jejunum 

(20.2%) or the duodenum (19.1%). In man, the jejunum has 
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been shown to posess the greatest absorptive capacity, 

followed by the duodenum and the ileum (Lee et al., 1989). 

In contrast to the above findings, research by Seal and 

Mathers (1989) indicated that the rate of zinc transfer by 

everted sacs from duodenal, ileal and colonic segments of 

rats was not different. However, the accumulation of zinc 

in the intestinal tissue was highest in the ileum, followed 

by the duodenum and colon. Emes and Arthur (1975) analyzed 

rat intestinal segments for zinc as an indicator of zinc 

absorption. They determined that the ileal mucosa contained 

the highest amount of zinc, followed by the duodenum and 

jejunum. Thus, previous research findings concerning the 

site of maximal zinc absorption in the intestine appear 

conflicting. These results may be due in part to 

differences between in vivo and in vitro techniques and the 

ability of the various techniques to accurately describe 

zinc absorption in the living animal. Such differences may 

also be due to individual animal variation, age, nutritional 

status, zinc status, intestinal absorption processes, etc. 

The major route of zinc excretion in animals and man is 

primarily through the feces (Underwood, 1977). Fecal zinc 

is primarily unabsorbed dietary zinc, but also includes 

endogenous zinc from bile and pancreatic secretions (Sheline 

et al., 1943; Pekas, 1966; Miller, 1973) and intestinal 

secretions and zinc present in sloughed intestinal 

epithelial cells (Prasad, 1993). Miller (1973) demonstrated 
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that the amount of fecal zinc of endogenous origin increased 

as zinc intake increased. 

Zinc is also excreted from the body through the urine. 

Quantitatively, this route of zinc excretion is smaller than 

fecal zinc excretion, and zinc excreted in the urine does 

not vary much with changes in zinc intake (Wiegand and 

Kirchgessner, 1978). 

Cotizas et al. (1962) first suggested that zinc 

metabolism is under homeostatic regulation. Animals 

maintain zinc homeostasis by adjusting the rate of zinc 

absorption and excretion. The mechanisms for this 

adjustment are not completely understood. Previous research 

has indicated that zinc absorption is stimulated by dietary 

zinc depletion (Evans et al., 1973). Other regulatory 

factors involved in zinc homeostasis may include 

metallothionein, prostaglandins, transport proteins, 

hormones such as glucagon and prolactin, proteins, peptides, 

histidine, amino acids and other substances (Wapnir, 1990). 

Metallothionein 

Metallothionein is a low-molecular weight, cysteine-

rich, heavy metal binding protein. Metallothioneins have 

been identified in many animal species, higher plants, 

eukaryotic microorganisms and even some prokaryotes (Kagi 

and Nordberg, 1979). In animals, metallothioneins are 

primarily found in hepatic, renal, pancreatic, and 
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intestinal tissues (Prasad, 1993). The highest 

concentration of metallothionein in intestinal tissue is 

found in the duodenum, followed by the ileum (Flanagen et 

al., 1983). The exact role of metallothionein in copper and 

zinc metabolism is unknown, but proposed functions of 

metallothionein include a role in the regulation of copper 

and zinc absorption from the intestinal tract, hepatic 

storage, and renal excretion (Richards and Cousins, 1975; 

Richards and Steele, 1989). Metallothionein may have roles 

in copper and zinc homeostasis which involve the 

intracellular sequestration of the metals, as well as a role 

in regulating the movement of copper and zinc within the 

cell (Prasad, 1993). Other proposed roles for 

metallothioneins include acting as a free radical scavenger 

(Thornalley and Vasek, 1985), roles in the growth and 

differentiation of cells, cellular repair process, and in 

the immune response (Prasad, 1993). The induction of 

metallothionein synthesis can occur with metal ions such as 

zinc, copper, cadmium and cobalt, cytotoxic substances, 

hormones and pathophysiologic conditions associated with 

stress (Kagi and Schaffer, 1988). In most animal species, 

zinc appears to be a more potent inducer of metallothionein 

synthesis than copper (Bremner, 1987). Metallothionein has a 

greater affinity for copper, yet zinc appears to be the 

predominant metal bound by metallothionein (Prasad, 1993). 

Because of the fact that metallothionein synthesis is 
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induced, there appears to be an inverse relationship between 

metallothionein levels and the intestinal absorption of 

copper and zinc (Prasad, 1993). Metallothionein may serve 

as a mucosal block to zinc absorption (Richards and Cousins, 

1976; Starcher et al., 1980). Metallothionein is degraded 

in the cytoplasm of cells or within lysosomes. 

Zinc sources 

Zinc is present in feedstuffs in varying amounts, and 

is generally more bioavailable in animal products than the 

zinc from plants (Baker and Ammerman, 1995). However, 

feedstuffs frequently do not contain enough zinc to meet 

animals' zinc requirements, which creates the need for zinc 

supplementation of animal diets. Various zinc sources are 

commercially available to the nutritionist and the producer 

for the purpose of supplementing animal diets. These 

sources include traditional zinc sources such as zinc salts, 

organic zinc sources such as chelates, proteinates, etc, 

and zinc containing compounds such as zinc dust, sphalerite, 

franklinite and zinc ores. 

Biovailability is a term which is frequently used when 

comparing various mineral sources, such as zinc sources. 

Bioavailability refers to the estimated proportion of the 

mineral ingested by the animal which is absorbed and 

utilized by the body for biological processes (O'Dell, 

1984) . The bioavailability of the various zinc sources 
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varies with the source, as well as a host of other factors. 

Factors which influence mineral bioavailability include 

intrinsic, extrinsic and luminal factors. Intrinsic factors 

relate to the animal itself, and include considerations such 

as species, genetic background, age, sex, monogastric or 

ruminant, physiological status, nutritional status, level of 

production, health status, environmental stress and 

endogenous ligands (Ashmead, 1993). Extrinsic factors 

relate to factors "outside" of the animal, and include the 

mineral content of the soils and forages, the chemical form 

of the mineral, the solubility of the mineral complex, the 

presence of organic ligands, interaction between other 

minerals in the feedstuff and adsorption onto other 

compounds (Ashmead, 1993). Luminal factors include those 

factors which affect the mineral in the lumen of the 

intestine in the animal. These factors include interactions 

with naturally occurring ligands such as dietary phytate 

(O'Dell and Savage, 1960), fiber (Reinhold et al., 1976), 

copper (Van Campen, 1969), cadmium (Parizek, 1957), calcium 

(Luecke et al., 1956), phosphorous (Cabell and Earle, 1965) 

and chromium (Hahn and Evans, 1975), all of which result in 

decreased zinc absorption. Other dietary factors include 

citrate (Roth and Kirchgessner, 1985) and metals such as 

iron, manganese, magnesium, and sodium. These interactions 

may antagonize or enhance intestinal zinc absorption. Other 

luminal factors include intestinal pH (Prasad, 1993) and the 
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absorptive processes at the mucosal cell membrane (Ashmead, 

1993) . Methods used to assess the bioavailability of 

minerals include evaluating an animal's growth rate, the 

prevention of pathologic conditions caused by a mineral 

deficiency, tissue concentrations of the mineral, trace 

element dependent enzyme activity, and mineral balance 

(O'Dell, 1984). 

Inorganic zinc sources used in livestock diets include 

zinc carbonate, zinc sulfate, zinc chloride, zinc acetate 

and zinc oxide. The relative bioavailability of these zinc 

sources is given in Table 2.1. Zinc oxide (ZnO, 72% 

elemental zinc) and zinc sulfate (ZnSÔ  Ĥ O, 35% elemental 

zinc) are the most commonly used inorganic zinc sources in 

the feed industry, with zinc oxide accounting for the 

majority of the zinc supplementation in animal feeds 

(Wedekind and Baker, 1990) . Earlier studies with chicks 

indicated that there were no differences in the 

bioavailability of zinc among zinc sources such as 

carbonates, oxides and sulfates (Roberson and Schaible, 

1958, 1960; Edwards, 1959). Work by Miller et al. (1981) 

suggested that zinc from zinc metal (dust) was 30% more 

bioavailable than from zinc oxide. Hill et al.(1979) 

reported that zinc from zinc carbonate appears to be more 

highly available to swine than zinc from zinc oxide. Recent 

studies with chicks and swine indicated that the zinc in 

zinc oxide appears to have a lower bioavailability than 
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other zinc sources such as zinc sulfate (Wedekind and Baker, 

1990a; Wedekind et al., 1992). These findings suggest that 

there may indeed be a difference in the bioavailibility of 

zinc from different inorganic zinc sources. 

The concept of organic trace mineral sources/ or 

organic minerals as they are often called, appears to have 

evolved from research done by O'Dell and Savage (1957) in 

which they identified an interaction between dietary protein 

and zinc sources. Studies involving naturally occuring 

organic ligands such as phytate also served to stimulate 

interest in the study of organic minerals. Research by Fang 

et al. (1982) with rats found that zinc from zinc histidine 

was absorbed three times greater that zinc from zinc 

sulfate. A later study by Scholmerich et al. (1987) 

reported similar findings with humans. Wapnir and Stiel 

(1986) reported improved absorption of zinc from isolated 

rat intestine with the addition of amino acids. Research 

results involving the potential zinc binding ligands 

picolinic acid (Evans and Johnson, 1979) and citrate which 

suggested that zinc absorption was enhanced by complexing 

zinc with these substances also served to stimulate interest 

in the area of organic trace minerals. The results of these 

studies suggested that zinc absorption could be improved by 

complexing the mineral with an organic ligand, thus the idea 

for a commercial organic mineral supplement was originated. 

27 



Organic mineral sources include metal complexes, metal 

amino acid chelates, metal proteinate and metal 

polysaccharide complex. The term "chelate" refers to the 

function of the organic ligand acting as a "claw" to protect 

the mineral and carry the mineral through the intestinal 

mucosa (Patton, 1990). The claw-like groups function as two 

associated units and fasten to the central atom resulting in 

heterocyclic rings (Patton, 1990). Chelation involves 

chemical bonding and is not just a physical blending of a 

mineral with an amino acid. The American Association of 

Feed Control Officials (AAFCO) defines a metal chelate as 

"the product resulting from the reaction of one mole of a 

metal ion from a soluble metal salt with one to three moles 

of amino acid to from coordinate covalent bonds. The 

resulting molecular weight of the chelate must not exceed 

800" (AAFCO 57.142, 1987). Thus a coordinate covalent bond 

is required for chelation, where both electron pairs are 

donated by the ligand (Ashmead, 1985). In this case, the 

metal atom is an electron acceptor. Coordinate bonds occur 

primarily between transitional elements and the 

electronegative atoms oxygen and nitrogen (Kratzer and 

Vohra, 1986). An example of a metal (specific amino acid) 

chelate is zinc methionine and zinc lysine. A metal 

proteinate is defined by AAFCO as "the product resulting 

from the chelation of a soluble salt with amino acids and/or 

partially hydrolyzed protein" (AAFCO 57.23, 1987). A metal 
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complex is "the product resulting from complexing a soluble 

metal salt with a specific amino acid" (AAFCO 57.151, 1987). 

Chemically, metal complexes are compounds comprised of a 

central metal atom with ligands which contain at least one 

ligand atom with a free electron pair. Ligands can be 

carbohydrates, proteins, amino acids, lipids or other 

compounds which have an oxygen, sulfur or nitrogen atom 

(Kratzer and Vohra, 1986). A metal polysaccharide complex 

is defined as "the product resulting from the complexing of 

a soluble salt with a polysaccharide solution declared as an 

ingredient as the specific metal complex" (AAFCO 57.29, 

1987) . Zinc propionate is another type of organic zinc 

source. Zinc propionate is a zinc-organic acid complex 

which is composed of one mole of zinc and a moles of 

propionic acid. 

The manner in which the mineral is bound to the organic 

component varies with the type of organic trace mineral 

(Kratzer and Vohra, 1986) . The strength of the bond 

determines, to some degree, how available or unavailable the 

mineral will be to the animal, and may be determined by the 

stability constant of the ligand (Vohra and Kratzer, 1964). 

For instance, if the mineral is held very tightly to the 

organic component, the mineral may be essentially 

unavailable to the animal (Kratzer and Vohra, 1986). If the 

mineral is very loosely bound to the organic component, the 

complex may not be stable in the body and may "break apart" 
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(Kratzer and Vohra, 1986). Since the primary site of zinc 

absorption appears to be in the small intestine, organic 

minerals must be soluble in the small intestinal luminal 

fluid in order for the mineral to be absorbed. However, the 

organic mineral must be stable enough in the stomach and 

rumen (in ruminants) for the complex to remain intact until 

it reaches the site of absorption in the small intestine. 

There are numerous organic mineral products 

commercially available, and they differ in chemical 

composition and quite possibly, their efficacy in providing 

trace minerals to the animal (Greene, 1994). However, 

organic mineral complexes are generally proposed to be more 

bioavailable than their inorganic counterparts. Organic 

zinc sources include metal amino acid complexes, metal 

(specific amino acid) complexes, metal amino acid chelates, 

metal proteinates and metal polysaccharide complexes. There 

are several proposed theories concerning the mechanism of 

action of complexes of minerals and organic ligands One 

plausible explanation is that complexing minerals with 

organic components may increase the passive absorption of 

minerals in the intestine by reducing the interaction 

between the mineral and other chelators in the intestinal 

lumen (Greene, 1995) and thus preventing the formation of 

insoluble complexes with substances such as hydroxides, 

carbonates, phosphates, oxalates, and phytates which would 

render the mineral unavailable for absorption (Spears, 
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1989) . Another proposed explanation is that complexing the 

mineral with an organic component may increase the water and 

lipid solubility of the mineral which may enhance passive 

absorption of the mineral (Magee and Dalley, 1986). 

Complexing a mineral with an organic component may also 

result in a more favorable water-lipid partitioning 

coefficient that favors absorption over a wide ranges of 

pH's (Magee and Dalley, 1986). The absorption of organic 

minerals may be enhanced due to the changes in the molecular 

weight, geometry, charge, density and size of the mineral 

that occur with complexing the mineral to an organic 

component that result in different affinities for the 

mineral for binding sites. Another idea is that the organic 

ligand facilitates zinc transport across the intestinal 

mucosa (Spears, 1989). Amino acid transport systems in the 

mucosa of the small intestine have been identified (Stevens 

et al., 1984). These amino acid transport systems may also 

be able to transport organically complexed minerals, which 

would indicate that specific transport systems for organic 

trace mineral complexes may indeed exist. Coupled systems 

are highly regulated, and there is speculation that the 

amino acid ligand of chelated or proteinated minerals may 

enable the mineral to be bound and subsequently absorbed 

through an amino acid coupled transport mechanism (Rompala 

and Halley, 1995). The exact mechanisms of the processes 

for absorption and digestion of organic minerals are not 
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known and appear to be quite complex. Difference between 

organic mineral forms may be due to differences in the 

solubility and absorbability of the organic mineral in the 

intestinal tract at the mucosal level (Greene, 1994). 

There is research evidence to suggest that chelated or 

proteinated minerals have different bioavailabilities than 

inorganic minerals, and that they are absorbed or 

metabolized by the body in a different manner than inorganic 

minerals. For instance, Hollberg and Solvell in 1960 found 

that heme iron, which is basically a chelated form of iron, 

tended to be absorbed by a mechanism that was resistant to 

the influences which affect the absorption of ionic iron. 

Work by Spears et al. (1992) further showed that the 

relative bioavailability of iron from iron methionine was 

180% compared to iron sulfate. Spears and Samsell (1986) 

reported that zinc retention of lambs fed zinc methionine 

was greater than for lambs fed diets supplemented with zinc 

oxide. The authors went further to suggest that zinc was 

metabolized differently after absorption in sheep, and that 

the attachment of zinc to methionine may alter the mode of 

absorption and transport of zinc in the body compared to 

zinc from zinc oxide. Spears (1989) reported that in lambs 

fed zinc methionine or zinc oxide, zinc absorption was 

similar for both treatments, but zinc retention and blood 

zinc levels were greater in the lambs fed zinc methionine. 

Spears (1989) postulated that the zinc from zinc oxide and 
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zinc methionine is absorbed similarly, but after absorption 

the zinc from different sources is metabolized differently 

by the body. Wedekind et al. (1992), in studies with 

chicks, found that diet significantly influenced the 

bioavailability of zinc from zinc methionine and inorganic 

sources of zinc oxide and zinc sulfate. Rojas et al. (1995) 

reported that sheep fed zinc lysine had higher 

metallothionin concentrations in the liver, kidney and 

pancreas although mean metallothionin concentrations in 

sheep fed zinc from zinc oxide, zinc sulfate or zinc 

methionine were not different from controls. Zinc lysine 

increased liver zinc concentrations 206% compared to the 

non-zinc supplemented controls, while zinc sulfate and zinc 

methionine increased liver zinc by 55% compared to non-zinc 

supplemented controls. 

It is important to note that not all organic chelating 

and complexing agents improve the bioavailability of zinc. 

For examples, work with picolinic acid has produced 

conlicting results. Evans and Johnson (1980) reported that 

picolinate increased zinc absorption in rats, while later 

studies reported that picolinate decreased zinc absorption 

in the intestine (Hill et al., 1987c). 
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Oraanic zinc sources and the arowth and 
performance of animals 

Numerous studies have provided evidence that essential 

trace minerals in organic forms can improve animal function. 

Studies comparing the growth and performance of animals to 

assess the bioavailability of organic zinc sources and 

inorganic sources have been done in several species. 

However, the results of these studies are often conflicting 

and fail to provide conclusive evidence that organic 

minerals such as zinc metionine are more bioavailable in 

every case. 

For instance, Wedekind and Baker (1989) found that 

chicks fed zinc methionine had improved growth and increased 

bone zinc deposition compared to chicks fed inorganic 

sources zinc oxide and zinc sulfate. Further research by 

Wedekind et al. (1992) compared the bioavailability of zinc 

sources by measuring total tibial zinc concentrations in 

chicks fed three different diets. The bioavailability of 

zinc from zinc methionine was 117, 177 and 206% of zinc 

sulfate for purified, soy isolate and corn-soybean meal 

diets. Spears (1989) used animal performance, plasma zinc 

and plasma alkaline phosphatase activity to evaluate the 

availability of zinc from zinc methionine and zinc oxide in 

lambs fed a semi-purified diet deficient in zinc. Spears 

(1989) reported that lambs fed the zinc methionine had 

greater zinc retention than lambs fed zinc from zinc oxide. 
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in part because of decreased urinary zinc excretion in lambs 

fed zinc from zinc methionine. Overall, Spears (1989) 

concluded that zinc bioavailability did not differ between 

the two sources, but proposed that zinc in zinc methionine 

may be metabolized differently than zinc from zinc oxide. 

Organic minerals have also been reported to improve 

reproduction in animals. Mirando et al. (1993) reported 

that supplementation of proteinated trace minerals to sows 

led to an improvement in embryo and (or) fetal survival. 

Research conducted by Kropp (1990) showed that first calf 

heifers fed organic minerals exhibited more standing heats 

and had a higher percentage of standing heats than those not 

fed organic minerals. 

Several studies indicate that organic minerals may 

improve feedlot performance and carcass quality in cattle. 

In one early study, Brethour (1984) reported that zinc 

methionine improved the growth performance and carcass 

quality of feedlot cattle. In studies by Spears and Samsell 

(1986) , zinc methionine was found to improve the rate of 

gain and feed efficiency of feedlot heifers. Spears and 

Kegley (1994) reported that steers supplemented with zinc 

from zinc proteinate gained 7.6% faster and were 5.5% more 

efficient than steers fed zinc oxide. Greene et al. (1988) 

reported that supplemental zinc in the form of zinc 

methionine increased USDA carcass quality grade, external 

fat, marbling score and kidney, heart and pelvic fat in 
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feedlot steers, compared to cattle supplemented with zinc in 

the form of zinc oxide. However, methionine, when fed in 

large quantities, has been shown to improve carcass quality 

in cattle when fed as a bypass protein (Brommelsick et al., 

1979). Thus one cannot determine whether the improvement in 

carcass quality seen with supplementation of organic zinc is 

due to the improved bioavailability of zinc in the organic 

mineral or due to the methionine or amino acid ligand's 

effect as a bypass protein, or both. 

The effect of organic zinc sources has also been 

studied in dairy cattle. Kincaid et al. (1984) reported an 

increase in milk yeild and improvement in milk somatic cell 

counts in dairy cattle supplemented with zinc methionine 

compared to zinc oxide when added at 400 mg/d. In dairy 

cattle, Kellogg (1990) evaluated data from seven experiments 

comparing the supplementation of zinc from zinc oxide to 

zinc methionine. Cattle supplemented with zinc methionine 

had an improvement in overall milk production (1.5 kg/d) 

compared to cattle supplemented with zinc oxide (P<.01). 

There are a few published studies which investigate the 

effect of organic zinc sources on pig performance and 

health. Hill et al. (1986) evaluated the performance, serum 

zinc and copper concentrations and bone ash content of pigs 

fed diets supplemented with zinc sulfate and zinc 

methionine. They concluded that zinc sulfate and zinc 

methionine had similar biological values. The results of 
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studies by Kornegay and Thomas (1975) and Hill et al. (1984) 

also indicate that the bioavailability of zinc methionine 

and zinc sulfate in nursery and growing-finishing pigs is 

similar. zinc lysine (20% zinc) is another organic zinc 

source which has been used in pig trials (Hahn and Baker, 

1993) . 

Oraanic zinc sources and the immune response 

Regarding immune function, Spears et al. (1991) 

reported that antibody titers against bovine herpesvirus-1 

tended to be higher in steers supplemented with zinc from 

zinc methionine or zinc oxide compared to the control diet, 

with the greatest response for zinc methionine. Studies by 

Chirase et al. (1991) suggest that zinc methionine may 

improve feed intake of cattle challenged with infectious 

bovine rhinotracheitis virus. The steers fed zinc 

methionine also had lower rectal temperatures after viral 

challenge than the steers fed the control diet, which 

suggests that zinc methionine may enhance the recovery of 

steers from viral infection, such as IBR. Kegley and Spears 

(1994) reported that supplemental zinc methionine increased 

the in vitro unstimulated lymphocyte blastogenic response 

compared to zinc oxide. Recent work by Galyean et al. 

(1995) has shown that higher levels of zinc supplementation, 

regardless of source, appeared to be beneficial to the 

health of newly weaned feedlot steers. 
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Although there appears to be a growing body of evidence 

from growth and performance studies that suggests the zinc 

from organic zinc sources is more bioavailable than the zinc 

from inorganic sources, it is important to note that organic 

minerals may not always be more bioavailable than 

traditional inorganic sources (Shah, 1981). 

Organic zinc sources and waste manaaement 

Zinc is a metal which can persist in the environment. 

Because feces are the major route of zinc excretion in 

animals, it is important to consider the impact of zinc 

excretion in animal manure on the environment. In 

situations where livestock are heavily concentrated, such as 

feedlots, large swine operations and large dairy farms, one 

must consider the disposal of large amounts of manure and 

the effect of zinc in lagoons (Reese, 1995). If complexing 

zinc to an organic ligand improves the absorption of zinc, 

lower levels of zinc could be fed in rations to meet the 

animals' requirements. This would result in less zinc being 

excreted in animal wastes, therefore decreasing the amount 

of zinc presented to the environment. 

Methods used to determine the bioavailability 
of zinc 

Various methods have been used to study the 

bioavailability of zinc. These techniques include 
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laboratory techniques for measuring the solubility of 

chelated trace mineral supplements in in vitro systems(Brown 

and Zeringue, 1991), solution phase and electrochemical 

phase assay methods developed by Holwerda et al. (1995), 

various types of in vivo studies and in vitro studies, and 

growth studies. 

In vivo methods used to assess mineral bioavailability 

include intestinal studies such as continuous-flow perfusion 

systems (Antonson et al., 1979; Hill et al., 1987a) and 

intestinal loop studies (Davies, 1980), isotope retention in 

live animals (Becker and Hoeckstra, 1970) metabolic balance 

studies (Wiegand and Kirchgessner, 1976), and mineral 

concentrations in tissues. 

In vitro methods include intestinal studies such as 

everted gut loop procedures (Oberleas et al., 1966; Hill et 

al., 1987b), intestinal segment studies (Kowarski et al., 

1974), isolated perfused intestinal studies (Smith et al., 

1978) , and intestinal brush border membrane vesicle 

technic[ues (Kessler et al., 1978; Menard and Cousins, 

1983a). 

Laboratory chemistry procedures 

Various chemistry procedures have been used in the 

study of mineral biaovailability. The information gained 

from these studies is often utilized in other research 

studies. 
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Vohra and Kratzer (1964) showed early on that the 

efficacy of chelating agents was related to the stability 

constant of the agent. Results from analytical chemical 

procedures and growth trials led Vohra and Kratzer (1964) to 

report that organic mineral compounds which had a stability 

constant near 15 provided for optimal growth in turkeys. 

More recently, solution phase and electrochemical phase 

assay methods have been developed and described by Holwerda 

et al. (1995). These methods can be used to determine the 

percentage of a chelated mineral in solution at a given pH. 

Factors which are taken into account include the solution 

pH, chelate formation constant Kf, the ligand ionization 

constant K̂  and the free ligand formation. An 

electroanalytical technique called polarography is used to 

characterize the chelate. 

Another chemistry method which can be used in the study 

of organic minerals is the pH titration method. This can be 

used to assess the strength of chelation between the metal 

and the amino acid or organic ligand. In general, at high 

pH's, the metal ion will precipitate. Thus the higher the 

pH before the metal precipitates, the greater the solubility 

of the zinc source in basic environments. The lowest pH at 

which the mineral in the organic source starts to 

precipitate serves as an indicator of the bond strength of 

the metal chelate (AMT, 1991). 
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Brown and Zeringue (1991) used in vitro incubation of 

chelates in various buffers to determine the solubility of 

chelated minerals. They incubated chelated minerals in 

either 0.1 M pH 5.0 phosphate buffer, pH 5.0 cell free rumen 

fluid or 0.2 M pH 2.0 KCl-HCl buffer and measured the amount 

of metal that was solubilized. They then separated the 

soluble molecules into fractions using GFC in order to 

determine which chelates remained soluble in what solutions. 

This information helped researchers to gain more insight 

concerning how organic minerals are affected by pH and 

various solutions in the gastrointestinal tract. 

All of these chemistry techniques can be used to 

provide valuable information about the chemical behavior of 

organic minerals in physiological fluids and conditions. 

Further research involving chemistry methods which more 

closely approximate physiological conditions in vivo, such 

as the methods described by Holwerda et al. (1995), is 

warranted so that the mode of action of organic minerals can 

be determined and described. 

In vivo procedures 

In vivo procedures which have been used to study zinc 

intestinal absorption include continuous-flow perfusion. 

Many researchers have utilized this technique, which 

involves isolating sections of intestine in an anesthetized 

animal, such as the rat, pig and dog (Wapnir and Lifshitz, 
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1974; Smith et al., 1978; Antonson et al., 1979; Smith and 

Cousins, 1980; Wapnir et al., 1980, 1983, 1985; Ostreicher 

and Cousins, 1982; Flanagan et al., 1983; Wapnir and 

Lifshitz, 1984; Steel and Cousins, 1985; Hill et al., 1987; 

Naveh et al., 1988). The isolated intestinal segments are 

vascularly perfused since they retain their vasculature 

attachments and the animal is still alive. Buffer solutions 

containmg various zinc compounds or Zn are then 

continuously infused into the intestinal segment for a given 

amount of time. In some studies, the solutions are 

continuously recirculated through the intestinal segment. 

Plasma, tissue and luminal samples can be obtained after the 

animal is euthanized for analysis of zinc concentrations. 

This technique has been shown to be a reliable indicator of 

zinc absorption (Smith and Cousins, 1980), and is useful 

since both the intestinal luminal environment and arterial 

supply to the intestinal segment can be altered to study 

various aspects of zinc absorption. This technique also 

enables the researcher to study both the cellular uptake of 

zinc from the intestinal lumen and the transfer of zinc from 

the cell to the plasma simultaneously (Antonson et al., 

1979; Smith et al., 1978). Also, intestinal excretion of 

zinc can be studied with this technique. Finally, this 

technique is valuable since the animal is only anesthetized, 

thus metabolic conditions may more closely match those in 

the living animal. These are advantages which in vitro 
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techniques such as everted gut sacs and other in vivo 

techniques such as isolated gut loops do not possess. Some 

disadvantages of this technique are that it is expensive and 

technically involved. 

Intestinal loop or ligated loop studies are another 

technique used to study the absorption of zinc (Van Campen 

and Mitchell, 1965; Davis, 1980; Hempe and Cousins, 1989, 

1992) and minerals such as copper, molybdenum, and iron (Van 

Campen and Mitchell, 1965). Ligated loop studies also 

require an anesthetized animal, such as a rat, but with this 

technique the segment of intestine to be studied is ligated 

on each end. A solution containing zinc, such as Zn, is 

injected into the ligated intestinal segment and the segment 

is returned to the abdomen for a specified amount of time. 

At the end of the time period, the animal is euthanized and 

the ligated intestinal segment is removed from the animal. 

Luminal fluid within the intestine is analyzed for Zn. 

Samples of other tissues such as the liver, bone, bone 

marrow, muscle, skin, kidney, spleen, thymus and blood or 

plasma are also removed for subsequent zinc Zn analysis. 

This technique enables researchers to determine zinc 

absorption in the live animal by measuring the uptake of 

zinc from the intestinal lumen and the retention of zinc 

within mucosal tissue (Hempe and Cousins, 1989). Several 

disadvantages of this procedure include the fact that 

ligation of the intestinal loops does not permit normal 
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peristalsis of the segment, which will alter the rate of 

passage of ingesta through different regions of intestine. 

Also, this procedure does not account for the presence of 

intestinal contents, such as bile and pancreatic secretions, 

or the utilization of zinc by microorganisms (Hempe and 

Cousins, 1989). This technique is also expensive and 

technically involved. 

Radioisotopes such as ^̂ Zn and ^̂ Zn have been used for 

many years to better understand the absorption and 

distribution of zinc in the living animal. Much of the 

information known concerning zinc metabolism in was acquired 

through studies with ^̂ Zn (O'Dell, 1984). Both "zn and ^̂ Zn 

have been used to study zinc metabolism in man (Aamondt et 

al., 1983). Radioisotopes have been used in conjunction 

with in vivo techniques such as continuous-flow perfusion 

and the ligated intestinal loop procedure, and in vitro 

procedures such as everted gut loop studies. Radioisotopes 

have also been used in animals to study zinc kinetics in the 

living animals. ^̂ Zn has been given orally and 

intravenously to animals in metabolism trials to study whole 

body zinc retention and excretion (Heth and Hoekstra, 1965; 

Davies, 1980; Meyer et al., 1983; Ketelson et al., 1984; 

Miller et al., 1991). Whole-body measurements of ^̂ Zn and 

tissue concentrations of ^̂ Zn at varying times after oral 

dosage with ^̂ Zn have enabled researchers to study the 

absorption, tissue distribution and excretion of Zn over 
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an extended period of time (Hiers et al., 1968; Miller et 

al., 1966, 1967, 1968, 1970, 1991; Pate et al., 1970; 

Sullivan et al., 1983; Flanagan et al., 1983; Stuart et al., 

1986). Radioisotopes are important in the study of zinc 

metabolism, but an important consideration to their use is 

that Zn metabolism may not accurately represent zinc 

metabolism (O'Dell, 1984). 

Another technique used in the study of zinc metabolism 

is metabolic or mineral (zinc) balance. This technique has 

been used extensively in human and animal nutrition in the 

study of zinc metabolism, zinc requirements for animals, 

interactions of zinc with other nutrients, bioavailability 

of zinc sources, as well as in the study of metabolism of 

other minerals (Becker and Hoekstra, 1971; Wiegand and 

Kirchgessner, 1980; Seal and Heaton, 1983; Greger and 

Mulvaney, 1985; Nockels et al., 1993; Spears, 1989). 

Metabolic balance involves determining zinc intake and zinc 

excretion in urine and feces, and if possible, endogenous 

zinc losses, zinc lost in hair and scurf, etc, to estimate 

zinc absorption and retention. Tissue samples and plasma 

may also be analyzed to determine tissue distribution of 

zinc (Greger and Mulvaney, 1985). Bone and plasma or serum 

are tissues which are frequently analyzed for zinc in the 

study of zinc bioavailability (Wedekind and Baker, 1990a; 

Wedekind et al., 1992; Hahn and Baker, 1993). Metabolic 

balance is probably the ultimate standard of reference in 
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mineral metabolism, especially in mature animals, but it is 

expensive and time-consuming (O'Dell, 1984). Metabolic or 

mineral balance studies often lack precision, and problems 

with contamination and obtaining total collections are 

common (Baker and Ammerman, 1995). Thus the technique 

involves a probable experimental error rate of 5-10% (Seal 

and Heaton, 1983). Also, with metabolic balance, no 

information is gained concerning the site of absorption. 

Wide variations in zinc absorption have been reported in 

metabolic balance studies (Becker and Hoeckstra, 1971). 

However, the technique enables researchers to study zinc 

metabolism in live animals in a controlled situation over an 

extended period of time. 

Other in vivo measurements which can prove useful in 

the estimation of zinc bioavailability include 

metallothionein concentrations and the concentrations and 

activity of zinc metalloenzymes, such as serum alkaline 

phosphatase (Apgar, 1979; Spears, 1989). 

In vitro procedures 

In vitro studies have several advantages compared to in 

vivo studies. Generally, in vitro studies are less 

expensive to conduct and can provide information more 

rapidly than many in vivo procedures. Also, it is easier to 

control the experimental variables in these experiments. 

However, because of this control over experimental 
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variables, it is often difficult to compare in vitro studies 

with in vivo studies, which generally have more experimental 

variation and are much less controlled (Johnson, 1989). 

Another disadvantage is that the techniques used for in 

vitro studies cannot completely simulate the complex 

physiological conditions in the animal (Johnson, 1989). 

Several in vitro techniques which have been used in mineral 

research will be discussed here. 

Everted gut loop studies played an important role in 

the study of mineral absorption. Many of the early studies 

involving iron absorption were conducted using everted gut 

loop studies (Brown and Justus, 1958; Crane and Wilson, 

1958; Schacter and Rosen, 1959; Dowdle et al., 1960). 

Everted gut loop studies have been used extensively 

throughout the past forty years or so and have been 

validated (Oberleas et al., 1966a; Pearson et al., 1966; 

Aldor and Moore, 1970; Arduser et al., 1985; Hill et al., 

1987b). Everted gut loop studies have been used with 

several species, such as the pig and chick (Hill et al., 

1987b), but the rat is the species most often used for this 

procedure. Segments of intestine are removed from an animal 

immediately after sacrifice. The intestinal segments are 

measured, rinsed, everted, ligated and then immersed into an 

incubation media for a specified time period. The 

incubation media consists of a buffer solution designed to 

simulate physiological conditions in vivo with zinc added in 
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some form, such as inorganic mineral, organic mineral, ̂ Ẑn 

or Zn bound to an organic compound. The incubation media 

is continously oxygenated and maintained at a physiological 

temperature. After the end of the incubation period, the 

everted gut segment is removed and the incubation media, 

mucosal tissue and serosal fluid are analyzed for zinc and 

any other substances of interest. This technique has been 

described as a rapid and useful method for screening 

substances which may affect intestinal absorption of zinc 

(Seal and Heaton, 1983). This procedure was designed to 

study the intestinal absorption of minerals in an ideal 

luminal environment, without the presence of factors which 

can affect zinc intestinal absorption. Since the intestinal 

segment is rinsed prior to incubation, changes in absorption 

which are seen between different diets or zinc sources can 

be attributed to changes in the mucosa induced by the diet, 

not the result of events within the intestinal lumen (Seal 

and Mathers, 1989). Analysis of the fluids and tissues can 

provide information concerning the ability of the intestinal 

mucosa to take up zinc from the lumen and retain the zinc 

within the mucosa or transfer it across the mucosa to the 

serosal suface of the intestine, where the zinc would enter 

the vasculature in a living animal (Seal and Mathers, 1989). 

The primary disadvantage of this technique is that the 

vascular supply to the intestinal segment is disrupted, 

which may result in hypoxic injury to the mucosal cells, 
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causing an impairment in active transport mechanisms in the 

cell. Also, considerable care must be taken to avoid 

traumatizing the intestinal mucosa, which will also result 

in injury to mucosal cells, altering the ability of the 

mucosa to function normally. Since the cellular mechanisms 

involved in the absorption and transport of zinc are not 

precisely understood, it is possible that this method does 

not completely simulate intestinal absorption in the living 

animal. Results from everted gut loop studies are often 

validated through the use of follow-up metabolic balance 

studies. 

Intestinal segment studies are another in vitro 

technique used in the study of intestinal zinc absorption 

(Kowarski et al., 1974). These studies require the use of 

intestinal segments which are harvested immediately after an 

animal is sacrificed, and rinsed but not everted. The 

segments are incubated and analyzed as with the everted gut 

loop procedure. This procedure is not as widely used, but 

since it is a non-everted technique, it may be less 

traumatic to the intestinal tissue. 

Another non-everted, in vitro intestinal study is in 

vitro continous flow perfusion. This procedure has been 

described by Lyons et al. (1983). It has been used in 

several species, including rats, swine and chickens, and 

involves removing intestinal segments from the anesthetized 

animal. Hill et al. (1987a) used this method to study ^̂ Zn 
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absorption in weanling pigs and nine-week-old broiler 

chickens. After removing the various segments of intestine 

from the animals, the ends of each segment of intestine were 

attatched to a continous flow apparatus which pumped a 

buffer solution containing zinc (or ^̂ Zn) through the lumen 

of the intestinal segment. The segment was immersed into an 

incubation media of buffer solution and incubated for a 

specifed time. At the end of incubation, the segment was 

removed and the luminal solution perfused, the mucosal 

tissue and the incubation media were analyzed for zinc and 

other substances of interest. This method enabled 

researchers to determine the amount of zinc which moved frora 

the mucosal tissue out through the serosal tissue. An 

advantage of this procedure is that it is less traumatic to 

the mucosal tissue, so this technique may minimize the 

amount of passive diffusion of zinc into tissues and the 

serosal side of the intestine (Hill et al., 1987a). 

Intestinal brush border membrane vesicle techniques 

have been used by several researchers to examine the first 

stage of nutrient intestinal absorption (Turnbull et al., 

1990). Essentially, brush border membrane vesicles are 

prepared from intestinal mucosal tissue by mixing, 

filtration and homogenization of the tissue (Booth and 

Kenny, 1974). Differential centrifugation allows the 

enterocyte membranes released by the above processes to form 

closed, right-side out vesicles which retain their 
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biochemical functions (Murer and Kinne, 1980). Several 

species have been used for these techniques, including 

cattle (Moe et al., 1985) and swine (Turnbull et al., 1990). 

Brush border membrane vesicles are incubated with buffer 

solutions containing zinc compounds such as ^̂ Zn, and the 

uptake of zinc from the buffer solution can be measured. 

This technique has advantages over in vivo techniques since 

the effect of specific nutrients can be studied in 

isolation, without other dietary substances interacting with 

the nutrient to alter absorption (Blakeborough and Salter, 

1987). It is relatively inexpensive and not technically 

difficult to perform, and this technique can be adapted and 

utilized for the study of non-nutrient absorption, such as 

toxins, drugs, etc. A disadvantage of this procedure is 

that the simple buffer systems used for incubation may not 

accurately simulate the same luminal fluids in the living 

animal (Blakeborough and Salter, 1987). 

Other in vitro studies which have been used in the past 

to study zinc bioavailability include in vitro binding 

assays. In vivo binding assays measure the ability of 

various proteins, such as those found in feedstuffs, to bind 

to ^̂ Zn. These studies have produced conflicting results 

(Baker and Ammerman, 1995). 
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Growth studif̂ g 

The first attempt to assess the bioavailability of zinc 

was done by O'Dell et al. (1972). Growing rats and chicks 

were fed a semi-purified diet supplemented with zinc 

carbonate, and weight gain was measured (Baker and Ammerman, 

1995). Since that time, growth and performance trials have 

been used frequently in many species to estimate the 

bioavailability of various zinc sources. With growth 

studies, the criteria used to determine a response is weight 

gain in growing animals. The efficiency of weight gain is 

ususally determined. Performance studies involve measuring 

the production of various products, such as milk, eggs, 

meat, etc. Growth and performance trials are often used in 

conjunction with other studies to estimate zinc 

bioavailability. 

All of the methods described above have proved useful 

in the study of zinc metabolism, and each techique has 

advantages and disadvantages. It the study of zinc 

bioavailability, it is essential to determine what 

information is hoped to be gained from a study, as certain 

procedures may be more valuable than others. Since zinc 

metabolism is a very complex process, one must realize that 

laboratory procedures cannot simulate the process 

completely, as it occurs in the living animal. However, a 

wealth of information has been gained concerning mineral 

metabolism through the use of these procedures. 
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Table 2.1. Relative bioavailability of zinc from 
inorganic sources for swine and ruminants. 

Zinc 

Zinc 
Zinc 
Zinc 
Zinc 
Zinc 
Zinc 

Source 

oxide (ZnO) 
sulfate (ZnSO^ H 2O) 
sulfate (ZnSO^ ^H^O) 
carbonate (ZnCO^) 
chloride (ZnCl^) 
metal (dust) 

Relative 

Swine 

100 
100 
124 
130 
120 
high 

Biological 
Value 

Ruminants" 

100 
high 
high 

very high 
— 

130 

Relative Biological Value using ZnO as standard (100) 
Values obtained from reviews published by Ammerman and 

Miller (1972) and O'Dell, Miller and Miller (1979) 
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CHAPTER III 

EXPERIMENT I: EFFECT OF ZINC SOURCE ON NITROGEN 

AND ZINC METABOLISM OF WEANED PIGS 

Abstract 

A metabolism trial was conducted to compare the effects 

of an inorganic zinc source, zinc sulfate, and an organic 

zinc source, zinc propionate, at two levels on nitrogen and 

zinc metabolism in weanling pigs. The two diets, designated 

KZ-1 and KZ-2, were formulated to contain 50 ppm zinc using 

zinc sulfate and zinc propionate, respectively, and the KZ-3 

and KZ-4 diets were formulated to contain 100 ppm using zinc 

sulfate and zinc propionate, respectively. Nitrogen 

retention (g/d) was sirailar for all treatraents, and there 

were no significant differences across the four treatraents. 

There were no significant differences in average daily gain 

(kg/day) across the four treatraents. Regarding zinc 

metabolism, the KZ-1 treatment resulted in a negative zinc 

retention while the KZ-2 treatment resulted in a positive 

zinc retention. The zinc retention values (rag/d) for the 

KZ-1 and KZ-2 treatraents were not significantly different 

from each other but were lower (P>.05) than the KZ-3 and KZ-

4 treatments which were not different from each other. 

However, when zinc intake was taken into account, zinc 

retention as a percent of intake was significantly higher 

for the KZ-3 treatraent than the KZ-4 treatraent. There was no 
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significant difference in zinc retention between the two 

organic treatments, although numerically, the zinc retention 

value as a percent of intake for KZ-4 was alraost twice that 

of KZ-2 treatment. There was no significant difference 

across treatments for the change in serum zinc 

concentrations. However, the KZ-4 treatment resulted in the 

largest numerical change in serum zinc concentration, 

followed by KZ-2 and KZ-3. 

Introduction 

There are numerous research studies which suggest that 

organic zinc sources, such as zinc propionate and zinc 

methionine, may be more biologically available to animals 

than the traditional inorganic zinc sources. However, the 

results of other research studies indicate that this may not 

always be the case. Thus more research is needed to 

determine and describe the metabolism of organic and 

inorganic zinc minerals so that their bioavailability can be 

better understood. 

Methods which have been used to assess the 

bioavailability of mineral sources include growth and 

performance trials and various in vitro and in vivo studies. 

Metabolic or mineral balance is an in vivo procedure which 

has been used extensively in human and animal nutrition for 

the study of mineral and nutrient metabolisra. Mineral 

balance studies are often used in conjunction with growth 
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and performance studies or other in vivo and in vitro 

procedures to better estimate the bioavailability of a 

mineral source. 

Zinc sulfate is an inorganic zinc source which is 

commonly used in swine rations. The bioavailability of zinc 

sulfate has been reported to be high in swine and ruminants 

(Ammerman and Miller, 1972; O'Dell et al.,1979). Zinc 

propionate is an organic zinc source which is composed of 

zinc coraplexed with propionic acid. Zinc propionate is a 

zinc-organic acid coraplex developed by Kerain Industries, 

Inc 

Several studies have been published which corapare the 

bioavailability of zinc sulfate with organic zinc sources, 

priraarily zinc raethionine, in growth and performance trials 

with swine. The results of these studies indicate that the 

bioavailability of organic and inorganic zinc sources are 

similar. Hill et al. (1986) concluded that there was no 

significant difference in bioavailability between zinc 

sulfate and zinc methionine, when added to diets forraulated 

to meet the requirements for weanling and growing pigs and 

containing 45 ppra zinc Other studies by Hill et al. (1984) 

and Kornegay and Thoraas (1975) corapared the effects of 

organic zinc sources and inorganic zinc sources on the 

perforraance of swine in growing and finishing periods. They 

concluded that the bioavailability of the organic and 

inorganic sources were similar. However, there is a 
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scarcity of published data comparing the absorption and 

excretion of various zinc sources in swine determined from 

mineral balance or metabolism trial. Mineral balance 

studies with inorganic and organic zinc sources may serve to 

provide more information concerning the metabolism of 

various zinc sources. 

Experimental Procedures 

During the fall of 1995, a 4 X 4 Latin Square design 

metabolism trial was conducted to study nitrogen and zinc 

metabolism in weaned nursery pigs. The pigs were obtained 

from the Texas Tech University Swine Center, and the 

metabolism trial was conducted in the Metabolisra Building at 

the Texas Tech University Farm in New Deal, TX. 

Ten 28-day-old crossbred barrows were weaned and 

transferred to the Research Barn at the TTU Swine Center, 

where they were housed in two pens and fed the standard 

starter diet for seven days. When the pigs were 35 days of 

age, 8 barrows were selected for the metabolism trial. The 

eight barrows averaged 6.53 kg in weight, and were of 

similar breeding but different litters. Each of the eight 

barrows was randomly assigned to one of eight metabolism 

crates. The crates were then randomly assigned to one of 

four treatments, so that there were two crates (two pigs) 

per treatment. 
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The four treatments were as follows: 

KZ-1 Basal Diet + 35 ppm Zn from ZnSÔ  monohydrate 

(35-5 % zinc); 

KZ-2 Basal Diet +35 ppm Zn from zinc propionate 

(20% zinc); 

KZ-3 Basal Diet + 85 ppm Zn from ZnSÔ  

monohydrate; 

KZ-4 Basal Diet + 85 ppm Zn from zinc propionate. 

The basal diet was formulated by Tracy Animal Nutrition 

Inc to meet or exceed the NRC requireraents for 9-16 kg 

weaned pigs (NRC, 1988). The basal diet was forraulated to 

contain 700 kcal/kg ME, 20.75% CP, 1.4001% lysine, 0.9% 

calcium and 0-6606% phosphorus on an as fed basis. The 

basal diet was estimated to contain approxiraately 5.8 ppra 

copper and 14.94 ppra zinc, so 10 ppra copper was added to the 

basal diet in the forra of copper sulfate pentahydrate (CuSÔ  

5H2O- 25.2 % elemental copper) to ensure adequate copper 

levels in the ration (Tracy, 1995). The diet composition is 

listed in Table 3.1. Treatment diets were mixed in one ton 

batches, and pelleted at a temperature below 120°F. Ten 

samples of each treatment diet were obtained throughout each 

batch run. 

The metabolism crates were made of galvanized steel, 

and were equipped with nipple waterers and feed boxes. With 

the exception of the 4 inches at the front of each crate 
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directly behind the feed box, the floor of the crate was 

made of expanded metal so that feces and urine could pass 

through the floor of the crate. A stainless steel tray was 

positioned beneath the floor of each crate to catch urine 

passing through the floor of the crate. The bottora of each 

tray was sloped toward a drain spout at the front of the 

tray which enabled the urine to drain from the tray into a 

labeled, plastic bucket for collection. After the urine was 

collected daily, HCL was added to the bucket at a volurae of 

approximately 10% of the projected daily urine volurae. The 

addition of HCL to each bucket was done in an effort to 

maintain the urine at an acidic pH, in order to minimize the 

loss of nitrogen from the urine through the volatilization 

of amraonia. Each tray was covered with a mesh screen, which 

served to collect feces which passed through the floor of 

the crate. Prior to the initiation of the study, the crates 

were scrubbed clean and disinfected with chlorhexidine. 

Crates were kept in the environraental charaber in the 

Metabolism Building for the duration of the experiment. The 

air temperature in the environraental charaber was maintained 

at approximately 80°F for the first 21 days of the trial, 

and then reduced to 70°F for the remainder of the trial. 

Prior to assigning pigs to treatraents, initial blood 

samples were obtained from each pig via jugular venipuncture 

for baseline serum zinc determination. Blood samples were 

collected in labeled, 7 cc Vacutainer tubes and immediately 
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chilled on ice. Blood samples were centrifuged twice and 

the serura was removed from each sample and placed into 

labeled plastic containers and frozen at -20°C until 

analysis. Subsequent blood samples were obtained frora each 

pig via jugular venipuncture immediately after the last 

collection of each collection period. The blood samples 

were collected as described above, and serum samples were 

obtained and stored as previously described. 

Prior to the start of the first collection period 

(Period A), pigs were given a 7-day adjustment period in 

order for them to becorae accustomed to the crates and eating 

the pelleted diets. Throughout the entire metabolism trial, 

pigs were allowed ad libitum access to water via nipple 

waterers, and ad libitura access to feed. In order to 

determine the ad libitum feed intake and have the pigs 

consuming a relatively constant amount of feed prior to the 

start of the first collection period, pigs were started at 

0.60 kg feed/d and progressively increased to 0-80 kg fed/d, 

which was approxiraately twice the expected feed intake (g/d) 

according to the NRC (1988). The expected feed intake for 

5-10 kg pigs is 460 g/d (90% DM) NRC (1988). At this level 

of feeding, none of the pigs were able to consurae the entire 

amount of feed given daily. Between each collection period, 

there was a three day adjustment period during which pigs 

were switched to the different treatment diet and feed 

intake increased. Daily feed offered was held constant 
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throughout the entire collection period. At the start of 

the last collection period (Period D), pigs were offered 1.2 

kg feed daily. The amount of feed offered daily to each pig 

was recorded and orts were collected, weighed and the amount 

recorded daily. 

Total collections of urine, feces and orts were 

obtained daily during each five day collection period. 

Feces for each pig (crate) were collected, weighed and 

recorded daily, and the entire daily araount was frozen. At 

the end of each collection period, the total amount of feces 

collected during the period for each pig was thawed, 

commingled and weighed. Water was added to the feces in a 

volume that was approximately 100% of the weight of the 

feces, and the exact volurae of water added was recorded. 

The water and feces were blended thoroughly using a Waring 

Mixer, resulting in a fecal slurry which was the consistency 

of cake batter. The final weight of the slurry was 

recorded, and three samples, approx. lOOg, were used for a 

preliminary dry matter determination. The samples were 

dried at 65°C for 48 hours, weighed back and recorded, and 

the preliminary dry matter percentage for the feces was 

determined. The three dried saraples were coramingled and 

ground through a 1 mm screen using a Wiley Mill. A final 

dry matter was determined for each fecal sample in duplicate 

by drying 1 g at 100°C for 24 hours. 
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Urine was collected and measured daily, and the total 

urine volurae excreted and the volurae taken for sampling was 

recorded. If the total daily urine output exceeded 1000 ml, 

a 10% aliquot of the total daily urine volume was obtained 

for daily urine sample. If the total daily urine output 

failed to exceed 1000 ral, the urine volurae was recorded and 

the urine was brought to a volurae of 1000 ml with the 

addition of distilled water. Then a 10% aliquot of this 

volume was obtained for the urine sample. Daily urine 

samples were added to the appropriate labeled bottle for 

each animal and coraraingled for the five day collection 

period. Urine saraple bottles stored in the refrigerator. 

At the end of each collection period, the urine in each 

bottle was thoroughly raixed and agitated and a 100 ml sub-

sample was obtained from each bottle, placed in clean 

plastic vials and frozen until further analysis. 

Orts for each pig were weighed and frozen daily, and at 

the end of each collection period, the total araount of orts 

for each pig were coraraingled. 

Pigs were weighed on the evening prior to the first 

collection of each collection period, and after the last 

collection was made in each period. 

At the conclusion of the last collection period (Period 

D) , the pigs were removed from the raetabolism crates and 

transferred to outdoor feeder facilities. 
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Analyses 

Diet. For each of the four treatment diets, feed 

samples in bags 2, 4, 6, 8 and 10 were commingled and mixed 

thoroughly. A subsample (approx. 500 g) of each commingled 

sample was obtained and ground in a Udy Mill. Dry matter 

and ash determinations were made for each treatment diet in 

duplicate according to standard procedures. In order to 

determine the percent crude protein of each treatment diet, 

the percent nitrogen in each treatment diet was determined 

using the Kjeldahl procedure. Sub-saraples (O.lOg DM) of 

each treatment diet were analyzed in duplicate using a 

Tecator Kjeltec Autoanalyzer for percent nitrogen. The 

percent crude protein of each sub-saraple was determined by 

multiplying the percent nitrogen in each sub-sample (DM 

basis) by 6.25. The percent crude protein for the two sub-

samples of each treatraent diet were averaged, resulting in 

the average percent crude protein for each treatment diet. 

In order to deterraine the zinc content of each 

treatment diet, duplicate ash sub-samples of each treatment 

diet were wet ashed in nitric acid in an open vessel (AOAC, 

1990). Fifteen milliliters of 20% nitric acid was added to 

the ash in each crucible and allowed to sit overnight. The 

resulting ash-acid solution was transferred to a 100 ml 

volumetric flask by filtering through a #42 Whatman filter 

paper in a funnel. The crucible was rinsed twice with 

distilled water and the volume in the flask was brought to 
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100 ml volume with distilled water and gently mixed. Actual 

zinc determinations were obtained by diluting the zinc 

original solution with distilled water in a test tube (two 

tubes/ash sub-sample or flask) and measuring with a Perkin-

Elmer 2 300 Atomic Absorption Spectrophotometer (Perkin 

Elmer, Norwalk, CT) at 214 nra using zinc AAS Standard 

Solution (Sigma Chemical Co.). The readings were expressed 

as micrograms zinc/ml of solution. To determine the percent 

zinc in a given sub-sample, the following formula (AOAC, 

1990) was used: 

-4 

% Element = microararas X F X 10 

ml sub-saraple weight 

where F = ral original dilution X ml final 

dilution/ml aliquot, if original 100 ml is diluted. 

Feces. In order to deterraine the nitrogen excreted in 

the feces, 0.5 g sub-samples of the dry fecal samples 

prepared above were analyzed in duplicate for percent 

nitrogen using the Kjeldahl procedure. The percent crude 

protein in fecal samples was deterrained by multiplying the 

average percent nitrogen for each sub-sample by 6.25, and 

the average crude protein percentage of feces was the 

average of both sub-samples. Duplicate sub-samples of dry 

feces were ashed at 650°C until they reached a constant 

weight and the percent ash in each sub-sample was 

determined. Fecal zinc concentrations were determined using 

the fecal ash sub-samples and the wet-ashing procedure 
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described for feed (AOAC, 1990). The sub-samples were then 

read using atomic absorption spectrophotometer. The 

absolute amount of zinc excreted in the feces during each 

collection period was obtained by multiplying the total 

feces in grams (100 % dry matter basis) by the % zinc in the 

feces. 

Urine. After each collection period, the urine samples 

obtained from each pig were thawed and 3 ml of urine was 

added to each of two test tubes. The Kjeldahl procedure was 

used to determine the percent nitrogen in each urine sub-

sample. The average percent nitrogen in urine for each pig 

was determined by averaging the duplicate results. 

For zinc deterraination in urine, 1 ral of each urine 

sample was diluted with distilled water in a test tube. 

Each urine sample was done in duplicate, and each tube was 

read by Elraer Perkin 2300 Atoraic Absorption 

Spectrophotometry at 214 nm. The reading was expressed as 

micrograms zinc/ml solution. In order to determined the 

zinc concentration in each urine sample, the following 

formula was used: 

micrograms zinc/ml urine = 

micrograms zinc/ ml solution X dilution factor. 
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The absolute amount of zinc excreted in the urine was 

determined by the following formula: 

total micrograms zinc excreted in urine during period = 

total urine volume per period(ml) X micrograms 

zinc/ml urine. 

Water samples were obtained directly from the faucet 

which provided water for the pigs in the metabolism study. 

The samples were placed in clean, glass sample bottles and 

refrigerated until analysis several hours later. These 

water samples were analyzed for zinc concentrations using 

atomic absorption spectrophotoraetry. 

Serura. At the conclusion of the metabolism trial, 

there were a total of five serura saraples frora each pig, one 

baseline saraple and the four saraples obtained at the 

conclusion of each of the four collection periods. In order 

to determine serum zinc concentrations in micrograras zinc/ml 

for each serura saraple for each pig, the TCA method was used 

(Preston, 1996). For each serum sample, 1.5 ml of serum was 

added with 3 ml of 32% TCA (trichloroacetic acid) to a test 

tube for a total volume of 4.5 ml. The tubes were 

centrifuged at 7000 rpm for 10 minutes, and after 

centrifugation, 4 ml of the supernatant fluid was reraoved 

and placed in a clean test tube. Each tube was read on a 

Perkin Elmer 2 3 00 Atomic Absorption Spectrophotometer at 214 

nm. The serura zinc concentration in micrograms zinc/100 ml 
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or micrograms zinc/dl was determined using the following 

formula: 

microarams zinc/ml X dilution factor = 
1.5 ml 

microararas zinc X 10 
ml 

Calculations and statistical analvsis 

Nitroaen balance. Several parameters involving 

nitrogen balance were calculated for each pig. Nitrogen 

retention in grams per day was determined for each five day 

collection period for each pig. It was determined by 

calculating nitrogen intake, nitrogen excreted in the urine 

and nitrogen excreted in the feces. The following formulas 

were used: 

Nitrogen Intake (g) = % Nitrogen in Feed (DM Basis) X 

Feed Intake for 5D Period in grams (DM Basis) 

where Feed Intake (DM Basis) = Feed Offered (DM) 

- Orts (DM); 

Nitrogen Intake (g/d) = Nitroaen Intake (g); 

5 d 

Nitrogen Excreted in Urine (g) = % Nitrogen in Urine 

X Total Urine Excreted for 5D Period in grams 

where 1 ml urine is approximately 1 gram; 

Nitrogen Excreted in Urine (g/d) = 

NitrQqen Excreted in Urine (g); 

5 d 
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Nitrogen Excreted in Feces (g) = % Nitrogen in Feces 

X Total Feces Excreted for 5D Period in grams (DM 

Basis); 

Nitrogen Excreted in Feces (g/d) = 

Nitroaen Excreted in Feces (a): 

5 d 

Nitrogen Retention (g) = Nitrogen Intake (g) -

Nitrogen Excreted in Urine (g) - Nitrogen 

Excreted in Feces (g); 

Nitrogen Retention (g/d) = Nitroaen Retention (a). 

5 days 

Nitrogen retention expressed as a percent of nitrogen 

intake was also determined for each pig for each collection 

period using the following formula: 

Nitrogen Retention As a Percent of Nitrogen Intake = 

Nitroaen Retention (a). 

Nitrogen Intake (g) 

Zinc balance. Regarding zinc balance, serum zinc 

concentrations were determined for each pig at each sampling 

date in the manner previously described. The serum zinc 

concentrations are expressed as micrograms Zn/dl or mcg 

Zn/100 ml of serum. For statistical analysis, the change in 

serum zinc concentration was determined for each treatment. 
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The change in serum zinc concentration was determined by the 

following formula: 

Change in serum zinc concentration (mcg Zn / dl) = 

Baseline serum zinc concentration (mcg Zn / dl) 

serum zinc concentration at end of period 

(mcg Zn / dl). 

Total urinary zinc excretion (milligrams) and total 

fecal zinc excretion (milligrams) was determined for each 

pig for each collection period, in the manner previously 

described. Total zinc intake was deterrained by multiplying 

the total feed intake for the period on a dry raatter basis 

by the % zinc in the feed, as measured by AAS and the 

procedures described above. To calculate zinc excretion for 

each pig for each period (railligraras), the following formula 

was used: 

Zinc Retention (mg) = Zn Intake (mg) - Fecal Zn 

Excreted (rag) - Urinary Zn Excreted (mg). 

The average daily gain (kg/d) of each pig for each 

collection period was determined by subtracting the pig 

weight obtained prior to the first collection from the pig 

weight obtained imraediately after the last collection of the 

period, and dividing the result by five days. 

The experiraental design of the raetabolism trial was a 

four by four Latin Square, and the raean of the two pigs 

(crates) for each treatment was the experimental unit. The 

mean of the two pigs for each treatment (experimental unit) 
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was used in the analysis. Data were analyzed using the 

general linear models (GLM) procedure of SAS (SAS, 1985). 

When dietary treatments were found to be significant 

(P<.05), treatment means were separated using the Least 

Significant Difference (LSD) Test. Tukey's Test for Non-

Additivity was used to determine whether there was a 

significant treatment by block interaction. 

Results and Discussion 

General health 

Two of the treatraent diets were forraulated to contain 

less than the recoraraended requireraent for zinc in growing 

swine (NRC, 1988). However, no overt clinical signs 

suggestive of zinc deficiency, such as the classic lesion, 

parakeratosis, were observed in any of the pigs during the 

entire course of the trial. Most of the pigs developed 

diarrhea during the initial seven day adjustment period, and 

occasionally during the trial, one or more of the pigs would 

have looser stools than "norraal." These periodic episodes 

of loose stools usually resolved within 24 hours. The 

diarrhea raay have occurred due to changes or variations in 

feed intake, stress associated with isolation and 

confinement, etc Toward the end of the metabolism trial, 

the pigs grew to be quite large and almost outgrew their 

crates. At the end of the trial, all of the pigs could 

still turn around in their crates, albeit with some grunting 
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and maneuvering. One pig developed hind limb lameness in 

the last seven days of the trial. The lameness seemed to be 

related to a laxity in the hock joints, though no evidence 

of inflammation in the hock joints was detected. Feed 

intake for this pig did not appear to be affected, and the 

pig's final weight was one of the heaviest. After the 

trial, when the pig was placed in the large feeder pen 

outside, the lameness appeared to resolve within 2-3 days. 

It is possible that the confineraent and rapid growth rate of 

the pig raay have resulted in rauscle and/or ligaraent 

abnormalities which resolved proraptly with exercise. 

Otherwise, the pigs appeared to tolerate the prolonged 

confinement in the crates reasonably well. The final 

average weight for the pigs was 24.89 kg. For the majority 

of the pigs, feed intake did not increase from Period C to 

Period D. It is thought that this may have occurred in 

response to the pigs being confined for a long time and 

becoming very cramped in the crates. According to the NRC, 

the expected feed intake for 5-10 kg pigs is 460 g/d, for 

10-20 kg pigs is 950 g/d and for 20-50 kg pigs is 1900 g/d 

as fed (NRC, 1988). The pigs mean feed intake for the trial 

was consistent with the NRC recoramendations for pigs 

weighing 10-20 kg. 
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Diet analysis 

The results of the diet analysis are provided in Table 

3.2. The KZ-1 and KZ-2 diets were formulated to contain 50 

ppm zinc, and both diets contained slightly more than 50 

ppm, but still contained less than the NRC zinc requirements 

of 80 (5-10 kg BW) and 100 ppm zinc (10-20 kg BW). The low 

zinc diets were included so that the pigs would be in a zinc 

stress situation, so that if differences in the 

bioavailability of the zinc propionate and zinc sulfate did 

exist, they would be accentuated and thus detected with our 

measureraents. 

The KZ-3 and KZ-4 diets were formulated to contain 100 

ppm zinc, and upon analysis, both of these diets contained 

raore than the forraulated level of zinc These diets were 

designed to just raeet the requirements of the pigs; however, 

as the pigs grew, their requirement for zinc decreased so 

that the diets provided excess zinc It is interesting that 

the diets which contained the organic zinc source of zinc 

propionate, KZ-2 and KZ-4, contained higher amounts of zinc 

upon analysis than the diets containing the inorganic zinc 

sources. Differences between the formulated and analyzed 

zinc levels may be due to sampling variation, mixing 

variation, variation caused by laboratory techniques, 

variation in the zinc content of the zinc sources and 

differences in the zinc content of the feedstuffs used to 
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formulate the ration versus the feedstuffs actually used to 

mix the ration. 

Nitroaen balance 

The Tukey's Test for Non-Additivity was not significant 

at the P<.05 level, thus there were no block treatment 

interactions. Therefore, treatments were compared across 

blocks. 

There were no significant differences across treatments 

for nitrogen intake and fecal nitrogen excretion (Table 

3.3). Regarding urinary nitrogen excretion, the KZ-2 

treatraent resulted in significantly higher urinary nitrogen 

values than the other organic zinc treatment, KZ-4. 

Otherwise, there was no difference (P>.05) across other 

treatraents in the amount of nitrogen excreted through the 

urine. The values for nitrogen intake, fecal nitrogen 

excretion and urinary nitrogen excretion are similar to 

those reported for a nitrogen balance trial conducted by 

Kerr and Easter (1995). In their study, crossbred barrows 

(18 kg initial BW) were fed a corn-soybean meal diet 

containing 16 % CP. The mean values determined in their 

study for daily nitrogen intake (26.18 kg), daily fecal 

nitrogen excretion (4.07 g), and daily urinary nitrogen 

excretion (4.79 g) were similar to those obtained in this 

metabolism trial. It is important to note that the pigs in 

this metabolism trial were fed a diet which contained more 
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crude protein than the diet fed to the pigs in the Kerr and 

Easter study. 

Nitrogen retention (grams per day) was similar for all 

treatments, and there were no significant differences across 

the four treatments (Table 3.3). The values obtained were 

slightly higher than the values reported for 3-4 week pigs 

fed a basal starter ration of corn or sorghum and soybean 

meal diet designed to raeet NRC nutrient requireraents of 5-10 

kg pigs (Anderson et al., 1984). Anderson et al. (1984) 

reported a raean nitrogen balance of 18.63 grams per day in 

crossbred barrows averaging 10.3 kg and fed a diet designed 

to meet the nutrient requirements of 5-10 kg pigs. Kerr and 

Easter (1995) reported nitrogen retention values of 17.31 

g/d in their study. However, the pigs in this study had 

higher rates of gain than those in the above studies. 

Studies have shown that nitrogen retention will increase as 

nitrogen intake increases (Munro, 1964; Jelic, 1981). Thus 

the finding that the nitrogen retention was similar across 

the treatments is expected, as there was no significant 

difference in nitrogen intake across treatments. 

There were no significant differences across the four 

treatments for nitrogen retention expressed as a percent of 

nitrogen intake (Table 3.3). The values determined for 

these pigs are similar to values reported by Mitchell et 

al. (1968), Ravindran et al. (1984) and Kerr and Easter 

(1995). Published values for percent nitrogen retention 

97 



vary widely depending on the particular experiment, 

especially the diet fed and the age of pig. However, the 

values obtained in this experiment seem reasonable when 

compared with the values reported in the literature. 

Since the KZ-1 and KZ-2 treatments were formulated to 

be low in zinc, it is possible that changes in nitrogen 

metabolism could have resulted from the feeding of these 

diets. In fact, the pigs fed KZ-2 did have significantly 

higher urinary nitrogen excretion than pigs fed KZ-4, though 

this result was not different from the pigs fed KZ-1 and KZ-

3. However, the increased urinary nitrogen excretion in 

pigs fed the KZ-2 diet did not cause the overall nitrogen 

retention values to differ from the others. Zinc is 

important as a cofactor in a multitude of enzymatic 

reactions, and zinc deficiency has been shown by many 

researchers to negatively affect growth and protein 

metabolism (Macapinlac et al., 1966; Somers and Underwood, 

1969; Prasad et al., 1971; Sanstead et al., 1971). However, 

these pigs grew rapidly, and as they aged, their requirement 

for zinc decreased. Also, since the required zinc levels 

for swine vary according to raany factors, it is possible 

that even though the zinc content of the diet was less than 

the NRC requireraents (NRC, 1988), the zinc content may have 

been adequate for these pigs to prevent zinc deficiency. 

Thus alterations in nitrogen and protein metabolism may not 
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have occurred or if alterations did occur, they may not have 

been detected by the methods eraployed for this trial. 

Another possible explanation for the significant 

difference in urinary nitrogen excretion between the two 

zinc propionate treatments is that the level of the zinc 

propionate added to the diet affected nitrogen excretion 

through the kidneys. Since the KZ-4 treatment resulted in 

significantly lower urinary nitrogen excretion, it is 

possible that the organic acid which is part of the zinc 

propionate complex raay alter renal excretion of nitrogen. 

However, further studies are needed to study this effect. 

Shanklin et al. (1968) reported that nitrogen balance 

was not affected by the level of dietary zinc when nitrogen 

intakes were equal. In this study, neither zinc level nor 

zinc source (organic or inorganic) seeraed to significantly 

affect nitrogen metabolism and nitrogen retention, with the 

exception of the urinary nitrogen values. 

Averaae dailv aain 

There were no significant differences in average daily 

gain (kg/d) across the four treatments (Table 3.3). The ADG 

values (kg/d) are at or above the expected ADG values for 

10-20 kg pigs (450 g/d) and below the expected ADG values 

for 20-50 kg pigs (700 g/d)(NRC, 1988). Again, if overt 

zinc deficiency occurred with the feeding of the low zinc 

diets one would expect to see changes in these values, 
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especially between the KZ-1 and KZ-2 diets and the KZ-3 and 

KZ-4 diets. However, since there was no significant 

difference in ADG values across all treatments, it is 

probable that the diet did indeed provide enough zinc to 

meet the pigs' metabolic requirements, or it is possible 

that if sub-clinical zinc deficiency occurred, the 

deficiency was not of sufficient duration or magnitude to 

produce measurable changes in the growth of these pigs. 

Zinc balance 

Regarding zinc balance, several parameters were 

analyzed (Table 3.4). The KZ-1 and KZ-2 diets resulted in 

significantly lower zinc intake (mg/d) than the KZ-3 and KZ-

4 diets. This is as expected, since the KZ-1 and KZ-2 diets 

were formulated and analyzed to contain low levels of zinc 

The KZ-3 and KZ-4 diets were forraulated to contain 100 ppm 

zinc, which meets the NRC requireraents for dietary zinc of 

10-20 kg pigs, and analyzed to exceed 100 ppm zinc Thus 

the treatments containing low levels of zinc resulted in the 

pigs ingesting lowef amounts of zinc 

Fecal zinc excretion was compared across treatments. 

Fecal zinc excretion was highest for KZ-4, which was 

significantly higher than KZ-1 and KZ-2 but was not 

significantly different frora KZ-3 (Table 3.4). This result 

was as expected, since KZ-3 and KZ-4 were formulated and 

analyzed to contain a higher concentration of zinc than KZ-1 
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and KZ-2. Since the primary route of zinc excretion in 

swine is fecal, it is expected that animals with a similar 

zinc status would excrete a larger amount of zinc in the 

feces when fed a diet higher in zinc The fecal zinc 

excretion values determined in this trial are similar to the 

value of 28 mg/d reported by Swinkels (1992) in zinc 

depleted swine fed zinc sulfate. It is important to note 

that fecal zinc excretion for pigs fed low zinc diets was 

lower than for pigs fed the higher zinc diets. 

There were no differences across treatments for urinary 

zinc excretion. Numerically, zinc excretion was highest for 

KZ-4. Urine is a minor route of zinc excretion in animals, 

and normally, urinary zinc excretion is much less than fecal 

zinc excretion. Wiegand and Kirchgessener (1978) reported 

that urinary zinc excretion does not vary much in response 

to zinc intake, and the values determined in this study 

demonstrate this effect. However, the values determined 

tend to be much higher than those values reported by 

Swinkels (1992) of approximately 0.8 mg zinc/d in zinc-

depleted swine. In zinc balance studies done with sheep, 

Spears (1989) reported urinary zinc excretion values of 3-4 

mg/d when the sheep were fed zinc oxide. A possible 

explanation for this finding involves the zinc content of 

the water. The pigs' drinking water was analyzed to contain 

670 mcg/L zinc, which is well above the U.S. surface water 

mean of 51.8 mcg/L (Maynard et al., 1979). Water wastage 
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from the pigs drinking and playing with the waterers could 

have resulted in drinking water contaminating the urine 

collected from the buckets. Also, since the crates were 

made of galvanized steel, contamination of the urine from 

the galvanized coating could have occurred if the urine 

pooled on the surface of the crate. Galvanized steel is 

metal that is coated with a layer of zinc to protect against 

oxidation and moisture. The finding that there was no 

significant difference between zinc treatments is expected, 

since the urinary route is a minor route of zinc excretion. 

Also, this finding tends to suggest that the form of zinc 

source, whether organic or inorganic, has no effect on the 

amount of zinc excreted in the urine. This finding is in 

agreement with Swinkels (1992) results. Swinkels observed 

no significant difference in urinary zinc excretion in pigs 

fed diets containing 45 ppra zinc frora either zinc sulfate or 

zinc araino acid chelate. 

Regarding zinc retention (mg/d), the values reported in 

the literature vary considerably. Swinkels (1992) reported 

zinc retention values in depleted pigs of 10.7 mg/d for pigs 

fed zinc sulfate and 12.0 mg/d for pigs fed a zinc amino 

acid chelate. In a study to deterraine the zinc requirement 

of nursery pigs, Hankins et al. (1985) reported zinc 

retention (mg/d) values of 1.48 (d7-14) and 2.17 (dl4-28) in 

pigs fed a diet containing 116 ppm zinc Pigs fed diets 

containing 36 ppm had zinc retention values (mg/d) of 2.80 
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(d7-14) and 8.41 (dl4-28). The values obtained in the 

present study span a wide range, and include a negative zinc 

retention value. 

The KZ-1 treatment, which contained the inorganic zinc 

source added at 35 ppm to the diet, resulted in a negative 

zinc retention. The KZ-2 treatment, which contained organic 

zinc source added at 35 ppm to the diet, resulted in a 

positive zinc retention. The zinc retention values for KZ-1 

and KZ-2 treatraents were not significantly different frora 

each other. Zinc retention values for the KZ-3 and KZ-4 

treatments were not different (P>.05) from each other. 

However, the KZ-4 treatment was nuraerically lower in zinc 

retention than KZ-3. The KZ-1 treatraent, which resulted in 

a negative percent zinc retention, had the lowest percent 

zinc retention value, which was significantly different from 

the other three treatments. The organic treatraents (KZ-2 

and KZ-4) were not different (P>.05) from each other 

regarding zinc retention as a percent of zinc intake. The 

KZ-3 treatment, which contained the inorganic zinc source 

and approximately 126 ppm zinc, resulted in the highest 

percent zinc retention value which was significantly 

different from all other treatments. According to the zinc 

retention values, the KZ-1 treatraent did not meet the pigs' 

requirements for zinc The negative zinc retention value 

observed with KZ-1 suggests that the inorganic zinc source, 

when fed at low levels, failed to provide enough zinc to the 
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animal to offset zinc losses from the body, which resulted 

in a negative zinc retention. It is interesting to note 

that the KZ-2 treatment did not result in negative zinc 

retention in the pigs, even though KZ-2 was formulated to 

contain a similar amount of zinc and upon analysis, 

contained less zinc than recommended by the NRC. When the 

diets contained enough zinc to meet the zinc requirements 

for the pigs, such as KZ-3 and KZ-4, positive zinc 

retention values were seen, and there was no significant 

difference between the zinc retention (mg/d) values obtained 

for the inorganic and organic zinc sources. However, when 

zinc intake was taken into account, zinc retention as a 

percent of intake was significantly higher for the KZ-3 

treatment than the KZ-4 treatment. The decrease in zinc 

retention (mg/d) frora KZ-3 to KZ-4 raay indicate that the 

zinc in the KZ-4 treatraent is more bioavailable, since at 

levels above the animals' zinc requirement, raore zinc is 

excreted in the feces and urine, even though the KZ-3 and 

KZ-4 diets contain sirailar araounts of zinc Also, the 

decrease in zinc retention (rag/d) with KZ-4 at 130 ppm 

indicates that the diet greatly exceeds the pigs' metabolic 

requirement for zinc This finding can be explained by the 

animals' homeostatic raechanisms. As more zinc is consumed, 

more zinc is excreted to raaintain homeostasis. Finally, it 

is important to note that there was no significant 

difference in zinc retention between the two organic 
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treatments, although numerically, the zinc retention value 

as a percent of intake for KZ-4 was almost twice that of KZ-

2 treatment. This finding suggests that when the organic 

zinc source is included in the diet at levels below the 

recommended levels, it can result in zinc retention as a 

percent of zinc intake that is equal to the zinc retention 

seen with feeding the organic zinc source at higher levels. 

Apparent zinc retention is affected by zinc intake, and 

therefore affected by feed intake, and zinc excretion, which 

includes urinary and fecal zinc excretion. Thus it is 

possible that feed intake raay have affected the zinc 

retention values. 

The values obtained for zinc raetabolisra may have been 

influenced by experiraental error associated with the trial. 

There are raany possible sources of experiraental error, such 

as not obtaining total collections of urine and feces, 

sampling and laboratory error, variation between the pigs, 

contamination, etc Most mineral balance studies are done 

using stainless steel crates, deionized water, etc , to 

minimize zinc contaraination from outside sources. Thus zinc 

contamination in this study certainly could have altered 

numerical values for zinc excretion and retention, but since 

the potential for contaraination was similar for all pigs, 

relationships between the treatments should not have been 

affected if the level of contamination were similar across 

all pigs and treatments. 

105 



Serum zinc concentrations 

Serum zinc concentrations are an important way in which 

zinc bioavailability may be assessed by using non-invasive 

procedures. Serum zinc concentrations can provide 

information concerning the distribution of body zinc, but 

must be interpreted carefully, since various conditions may 

affect serum zinc concentrations. 

There were no significant differences across treatments 

for the change in serum zinc concentrations (Table 3.5). 

However, the KZ-4 treatraent resulted in the largest 

numerical change in serum zinc concentration, followed by 

KZ-2 and KZ-3. The KZ-1 treatraent resulted in the lowest 

change in serum zinc concentration (P=.07). This finding 

suggests that the inorganic zinc source, when fed at levels 

below the NRC recommendations, results in lower serum zinc 

concentrations than the organic zinc source when fed at 

similar levels. Thus the organic zinc source may be more 

bioavailable than the inorganic source, especially at lower 

dietary levels, since the organic zinc source is better able 

to maintain and/or elevate serum zinc concentrations than 

the inorganic zinc source. These statistical results concur 

with work by Hill et al. (1986), who found that there were 

no significant differences in the change in serum zinc 

concentrations across zinc treatments in nursery and grower 

pigs. 
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The Latin Square experimental design was useful in this 

study since it enabled every animal to receive every 

treatment, and thus increase the amount of data that could 

be obtained from a small number of animals. However, a 

disadvantage of the Latin Square design is that there is the 

potential for a carryover treatment effect. A way to avoid 

this problem is to add extra periods between collection 

periods. Because there were a relatively small number of 

pigs used for this study, raore research involving zinc 

metabolism of zinc propionate is definitely warranted. 

Implications 

The four treatments used in this trial did not result 

in significantly different average daily gain values or 

nitrogen retention values. Results of the zinc metabolism 

study indicate that there were no differences in urinary 

zinc retention values. The zinc retention values were not 

significantly different for the low zinc treatments, but 

were significantly lower than the KZ-3 and KZ-4 treatments, 

which were not significantly different from each other. 

Zinc retention as a percent of intake was negative for KZ-1 

and significantly lower than the other three treatments, 

which had positive zinc retention percentages. The KZ-2 and 

KZ-4 treatments were not significantly different from each 

other, but were lower than the KZ-3 treatment. Regarding 

zinc metabolism and serum zinc concentrations, the KZ-2 diet 
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resulted in numerically higher zinc retention values and 

change in serum zinc concentrations than KZ-1. The results 

involving KZ-1 and KZ-2, the diets containing less zinc than 

the pigs zinc requirements, suggest that zinc propionate may 

be more bioavailable than zinc sulfate. At levels above the 

pigs' zinc requirements, the differences in bioavailability 

may not have been detected. 

Another noteworthy finding of this research was that 

the pigs did not appear to be negatively affected by the two 

low zinc diets, despite the fact that both diets were 

analyzed to contain less zinc than the swine NRC dietary 

zinc requirements. The pigs fed KZ-1 and KZ-2 did not 

exhibit clinical signs of zinc deficiency or have 

differences in nitrogen metabolism, ADG and serum zinc 

concentrations frora pigs fed adequate zinc diets. It is 

also important to note that pigs fed low zinc diets had 

lower fecal zinc excretion than pigs fed adequate zinc 

diets. These results suggest that feeding the low zinc 

diets did not adversely affect the health and performance of 

the pigs, yet served to reduce the araount of zinc excreted 

in the feces. These results have important implications for 

nutrient waste management and reducing the burden of metal 

excretion on the environment. 

Research studies comparing the bioavailability of 

inorganic and organic zinc sources have provided conflicting 

results. There have been few growth and performance studies 
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comparing organic and inorganic zinc sources in swine, and a 

lack of studies investigating the metabolism of zinc in 

pigs. The results of this study indicate that further 

research studies need to be done in pigs of varying ages, 

nutritional and health status, and management. The 

supplementation of pig diets with organic zinc sources, such 

as zinc propionate, may provide additional benefits which 

are yet to be determined. 
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Table 3.1. Basal diet composition as formulated. 

Ingredient Percent of Diet (As Fed) 
Milo 
Soybean Meal 
Texas Tech Premix* 
Oatmeal 
Menhaden 
Nutribinder 
Fat 
Limestone 38 
Dicalcium Phosphate 18. 5 
Salt 
L-Threonine 

43.22 
17.99 
14.99 
9.99 
5.00 
5.00 
1.75 
0.9494 
0-8494 
0.2498 
0.0150 

*Texas Tech Premix Starter Pack- Lactose, Profine E, 
Fat(Coconut oil), L-lysine, Whey, DL-methionine, KCL, L-
threonine, FeSO^, MgO, MgSO^, MnSO^, L-Tryptophan, C0CO3, 
Organic iodine, Vit A, Vit D, Vit E, Biotin, Choline, 
Folic Acid, Niacin, Pantothenic Acid, Pyridoxine, Banminth, 
Dyna K 
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Table 3.2. Treatment diet composition as analyzed. 

Item 

Percent Dry Matter 
Percent Ash 
Percent Crude Protein 
(DM Basis) 
Zinc, ppm (DM Basis) 

KZ-1 
90.42 
5.55 

23.38 
67.19 

Treatment 
KZ-2 KZ-3 
90.99 91.16 
5.60 5.61 

23.48 23.70 
75.99 126.00 

KZ-4 
91.65 
5.69 

23.44 
132.71 
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Table 3.5. Effect of treatment on change 
(final - initial)in serum zinc concentration 
(mcg/dl). 

Treatment 
KZ-4 
KZ-2 
KZ-3 
KZ-1 

Mean Change 
21.75 
14.75 
14.50 
8.50 

SEM=3.78125 
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CHAPTER IV 

EXPERIMENT II: EFFECT OF ZINC SOURCE ON PERFORMANCE 

AND SERUM ZINC CONCENTRATIONS IN WEANED PIGS 

Abstract 

A 28-day nursery trial was conducted to compare the 

effects of an organic zinc source and an inorganic zinc 

source on the performance and serum zinc concentrations of 

nursery pigs. One hundred twenty-eight pigs (28 d of age 

and 6.5 kg initial BW) were weaned and randomly assigned to 

dietary treatments so that sex and weight were eĉ ualized 

across pens. Treatments were formulated to contain 50 ppm 

zinc using zinc sulfate (KZ-1) or zinc propionate (KZ-2) or 

100 ppm using zinc sulfate (KZ-3) or zinc propionate (KZ-4). 

One barrow and one gilt were randomly selected in each pen 

and bled at dO, 14 and 28 for serum zinc determination. All 

pigs were weighed and dO, 14 and 28 and feed intake for the 

pen was recorded. There were no significant differences in 

ADG values across all four treatments. There was no 

significant differences in the Gain:Feed ratios for the 

three period (dO-14, dl4-28 and dO-28) across treatments. 

The overall Gain:Feed ratios for the trial were highest 

(P>.05) for the organic treatments KZ-2 and KZ-4. When 

comparing the mean change in serum zinc concentrations from 

dO to d28, the two low zinc treatments had negative changes 

while the two adeĉ uate zinc treatments, KZ-3 and KZ-4, had 
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positive mean serum changes. Treatment KZ-1 was 

significantly lower than KZ-3 and KZ-4, but was not 

different (P>.05) from KZ-2. The mean change in serum zinc 

for KZ-2 was not significantly different from either KZ-1 or 

KZ-3 and KZ-4. 

Introduction 

Bioavailability is a term which is fre< uently used when 

comparing various mineral sources, such as zinc sources. 

Bioavailability refers to the estimated proportion of the 

mineral ingested by the animal which is absorbed and 

utilized by the body for biological processes (O'Dell, 

1984). Methods used to assess the bioavailability of zinc 

include growth and performance trials, and tissue 

concentrations. 

Growth studies are conducted with growing animals, and 

the response criteria is weight gain, which is often 

expressed as average daily gain (ADG). The efficiency of 

gain can also be determined, and represented as GainiFeed 

ratios and/or Feed:Gain ratios. 

Serum zinc concentrations can also be used to provide 

information concerning an animal's zinc status. However, 

serum zinc concentrations must be interpreted with care, 

since they may be affected by factors such as stress 

(Cousins, 1989), fasting (Henry and Emes, 1975), infection 

(Solomons, 1978) and hormonal status (Cousins, 1985). Thus 
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serum or plasma zinc concentrations may not always 

accurately reflect an animal's zinc status (Jackson, 1989). 

A decrease in plasma or serum zinc is often seen in zinc-

deficient animals. Normal serum zinc concentrations for pigs 

at various ages as determined by Ullrey et al. (1967) are 

listed in Table 4.1. 

Most animal diets do not contain enough zinc from 

feedstuffs to meet an animal's metabolic recîuirements for 

zinc. It is for this reason that zinc is commonly added to 

swine rations to prevent clinical signs of zinc deficiency 

and improve the growth rate, efficiency and performance of 

animals. Previous studies comparing the bioavailability of 

zinc from inorganic zinc sources, such as zinc sulfate, and 

organic zinc sources in swine suggest that there is little 

difference in the bioavailability of organic and inorganic 

zinc sources. Hill et al. (1984) and Kornegay and Thomas 

(1975) investigated the long-term effects of dietary zinc 

source on the performance of swine. Hill et al. (1986) 

studied the effects of zinc-amino acid complexes on the 

performance and tissue levels of pigs. Otherwise, there are 

few published studies comparing the bioavailability of zinc 

sources in growing swine. Zinc methionine and zinc lysine 

are the organic zinc sources which have been used in the 

majority of swine studies. Zinc propionate is an organic 

zinc source composed of one mole of zinc and two moles of 
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propionic acid. Zinc sulfate is an inorganic zinc source 

which is commonly used in swine rations. 

The purpose of this study was to determine the 

performance (ADG and Gain:Feed) and serum zinc 

concentrations of weaned pigs fed diets containing two zinc 

sources, zinc propionate and zinc sulfate at two levels in 

the diet, 50 and 100 ppm zinc. The results of this study 

were used to compare the bioavailability of the organic zinc 

source, zinc propionate, and the inorganic zinc source, zinc 

sulfate. 

Experimental Procedures 

One-hundred twenty-eight (n=128) weaned pigs 

approximately 4 weeks of age were assigned to one of four 

dietary treatments. The four treatments were: 

KZ-1 Basal Diet + 35 ppm Zn from ZnSÔ  monohydrate; 

KZ-2 Basal Diet + 35 ppm Zn from zinc propionate; 

KZ-3 

KZ-4 

Basal Diet + 85 ppm Zn from ZnSÔ  monohydrate; 

Basal Diet + 85 ppm Zn from zinc propionate. 

The basal diet was formulated to meet or exceed the NRC 

requirements for 9-16 kg weaned pigs (NRC, 1988) and by 

Tracy Animal Nutrition Inc. The basal diet was formulated 

to contain 700 kcal/kg ME, 20.75% CP, 1.4001% lysine, 0.9% 

calcium and 0.6606% phosphorus. The basal diet was 

estimated to contain approximately 5.8 ppm copper and 14.94 

ppm zinc, so 10 ppm copper was added to the basal diet in 
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the form of copper sulfate pentahydrate (25% elemental zinc) 

to ensure adecjuate copper levels in the ration (Tracy, 

1995). The diet composition is listed in Table 4.2. 

Treatment diets were mixed in one ton batches, and pelleted 

at a temperature below 120°F. Ten samples of each treatment 

diet were obtained throughout each pelleting run. 

Pigs were randomly assigned to pens and treatments 

from blocks based on sex and weaning weight so that sex and 

weaning weight were ecjualized across pens and treatments. A 

total of 16 pens were used, with 4 pens per treatment, and 8 

pigs were assigned to each pen. The experimental design was 

a completely randomized design with pen as the experimental 

unit (n=16). Most of the pigs were of Yorkshire X Landrace 

or C15 breeding and originated from both indoor and outdoor 

litters. However, due to the large number of pigs recjuired 

for this trial, some Meishan cross pigs were used in the 

trial. The number of Meishan pigs used was ecjualized across 

pens and treatments. The average weight of each pen was 

6.49 kg. Pigs were given ad libitum access to feed and 

water. At dO, just after pigs had been sorted to their 

assigned pens, one gilt and one barrow was randomly selected 

in each pen and marked. These pigs were designated as 

bleeder pigs, and blood samples were obtained from these 

pigs via jugular venipuncture at dO, 14 and 28 for serum 

zinc determinations. At dO, the weaning weight of each pig 

in each pen was recorded, and the empty feeder weights for 
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each pen were also recorded. Throughout the duration of the 

trial, whenever the pigs were fed, the amount of the 

treatment diet fed to each pen was recorded so that the pen 

feed intake could be determined. At dO, 14 and 28, blood 

samples were obtained via jugular venipuncture for each of 

the bleeder pigs for serum zinc determination. The blood 

samples were collected in 7 cc Vacutainer tubes, labeled 

accordingly and immediately chilled on ice. After allowing 

the blood samples to sit for several hours to allow for clot 

retraction, the blood samples were centrifuged twice. The 

serum was removed from each tube using a sterile pipette and 

placed in a sterile plastic vial and labeled. The serum 

samples were then stored at -20°F for subsecîuent serum zinc 

analysis. On dl4 and 28, every pig in each pen was 

identified and weighed, and its weight was recorded. The 

weight of each feeder was also determined and recorded. 

After the conclusion of 28 day trial, the pigs were removed 

from the nursery and transferred to the grower facilities on 

the farm. 

Due to protracted scouring and suspected intestinal 

parasitism, the pigs were mass medicated through the 

drinking water on d5 with levamisole, a water-soluble 

dewormer. At the conclusion of the trial, three pigs were 

very unthrifty and were removed from the study. 

In order to determine serum zinc concentrations in 

micrograms zinc/ml for each serum sample for each pig, the 
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TCA method was used (Preston, 1996). For each serum sample, 

1.5 ml of serum was added with 3 ml of 32% TCA 

(trichloroacetic acid) to a test tube for a total volume of 

4.5 ml. The tubes were centrifuged at 7000 rpm for 10 

minutes, and after centrifugation, 4 ml of the supernatant 

fluid was removed and placed in a clean test tube. Each 

tube was read on a Perkin Elmer 2300 AAS at 214 nm. The 

serum zinc concentration in micrograms zinc/100 ml or 

micrograms zinc/dl was determined using the following 

formula: 

microarams zinc/ml X dilution factor = 
1.5 ml 

microarams zinc X 10" . 
ml 

Calculations and statistical analvsis 

Performance. Two performance parameters were studied 

in this trial. The average daily gain for each pen and 

treatment was determined for the first 14 days of the trial 

(dO-14), the last 14 days of the trial (dl4-28) and the 

entire 28 day trial (dO-28). The general formula used to 

determine average daily gain for each pen for a given time 

period was: 

ADG (kg/d) for Pen for Given Time Period = 

Total weight gain per Pen for the Period (kg) -

(Number of days in the period X Number of pigs 

per pen) 

124 



with the total weight gain per pen per period 

determined by summing the weight change in kg (final 

weight - initial weight) of each pig in each pen for 

that period. 

The ADG (kg/d) for the treatment for each time period 

was determined by averaging the ADG (kg/d) for the four pens 

of each treatment. Three very unthrifty pigs were removed 

from the study. Two of the pigs assigned to KZ-2 treatment 

and one pig was assigned to KZ-3. The weights of these pigs 

at the three weighing times were not used in calculating the 

total weight gain per pen for the period. 

The mean Gain:Feed ratio of each treatment was 

determined for the first 14 days of the trial (dO-14), the 

last 14 days of the trial (dl4-28) and the entire 28 day 

trial (dO-28). This was determined by calculating the 

Gain:Feed ratio for each pen, and then calculating the mean 

Gain:Feed ratio of the four pens on each treatment. The 

Gain:Feed ratio for each pen for a given time period was 

calculated by dividing the total feed intake (kg) for the 

period by the total weight gain per pen for the period. 

Since three unthrifty pigs were removed from the study, 

estimations of the pigs' feed intake during the trial were 

made so that the Gain:Feed ratios could be calculated 

without the effect of these three pigs. In order to 

estimate the approximate feed intake of the three pigs 

during each time periods, the digestible energy (DE) 
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requirement for each pig for each time period was calculated 

using the average weight of each pig for the period and the 

DE formula in the swine NRC (NRC, 1988) . The DE recjuirement 

for each pig for each period was divided by the DE content 

of the diet to estimate the daily feed intake for each pig 

for each period. The total feed intake for each pig for 

each period was then subtracted from the pen feed intake 

value, and the Gain:Feed value was recalculated with the 

pigs removed. 

The experiment design of this trial was a completely 

randomized design, with pen as the experimental unit. Data 

were analyzed using the general linear models (GLM) 

procedure of SAS (SAS, 1985). When dietary treatments were 

found to be significant (P<.05), treatment means were 

separated using the Least Significant Difference (LSD) test. 

Serum zinc concentrations. The mean serum zinc 

concentration at dO, dl4 and d28 was calculated for each 

treatment. The mean change in serum zinc concentration 

(final - initial) for each treatment was determined for the 

following time periods: dO-14, dl4-28 and dO-28. 

Serum zinc concentrations were analyzed as a completely 

randomized design with a sampling error. The mean of the 

two samples per pen were used in the analysis. Data were 

analyzed using the general linear models (GLM) procedure of 

SAS (SAS, 1985). When dietary treatments were found to be 
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significant (P<.05), treatment means were separated using 

the Least Significant Difference (LSD) test. 

Results and Discussion 

General health 

The mild scouring which occurred in the majority of the 

pigs during the first 7-10 days of the trial was expected. 

Postweaning diarrhea in pigs is a relatively common 

occurrence in commercial swine operations. The etiology of 

postweaning diarrhea is complex and appears to involve both 

infectious and non-infectious agents. Infectious agents 

include bacteria, viruses and intestinal parasites. Non-

infectious factors which may contribute to the incidence of 

postweaning diarrhea include social stress following weaning 

and dietary changes and factors (Radostits et al., 1994). 

The mortality rate of the trial was 0%; however, three 

pigs were very unthrifty and weighed less than 9 kg at the 

conclusion of the study. The pigs had a prominent spine, 

intermittent diarrhea and stunted growth. These three pigs 

were removed at the conclusion of the study. 

The average final weight of the pigs was 17.15 kg. 

There were no clinical signs of overt zinc deficiency, such 

as parakeratosis, observed in these pigs. However, because 

two of the diets contained less zinc than the NRC 

recjuirements and were fed for a 28 day period, it is 

possible that some of the pigs had sub-clinical cases of 
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zinc deficiency. Also, since the pigs were rapidly growing, 

their zinc requirement as a percent of the diet decreased, 

while their feed intake increased. The pigs may have been 

able to eat enough feed to meet their zinc requirements. 

Diet analysis 

The results of the diet analysis are provided in Table 

4.3. The KZ-1 and KZ-2 diets were formulated to contain 50 

ppm zinc, and both diets contained slightly more than 50 

ppm, but still contained less than the NRC zinc recjuirements 

of 80 (5-10 kg BW) and 100 ppm zinc (10-20 kg BW). The low 

zinc diets were included so that the pigs would be in a zinc 

stress situation, so that if differences in the 

bioavailability of the zinc propionate and zinc sulfate did 

exist, they would be accentuated and thus detected with our 

measurements. 

The KZ-3 and KZ-4 diets were formulated to contain 

enough zinc to meet the pigs' initial zinc recjuirements at 

5-10 kg BW. According to the zinc analysis, the KZ-3 and 

KZ-4 diets contained more zinc than the diets were 

formulated to contain. However, the zinc content of the two 

diets were similar. Both of the diets which included the 

organic zinc source, zinc propionate, as the zinc supplement 

contained higher amounts of zinc upon analysis than the 

diets containing the inorganic zinc sources. Differences 

between the formulated and analyzed zinc levels may be due 
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to sampling variation, mixing variation, variation caused by 

laboratory techniques, variation in the zinc content of the 

zinc sources and differences in the zinc content of the 

feedstuffs used to formulate the ration versus the 

feedstuffs actually used to mix the ration. 

Performance 

There were no significant differences in ADG values 

across all four treatments (Table 4.4). This finding is 

consistent with the results of the metabolism trial, in 

which there were no differences (P>.05) in the average daily 

gain values across treatments. The average daily gain 

values for the first fourteen days of the trial (dO-14) were 

much lower than the values determined for the last fourteen 

days of the trial (dl4-28). This is expected, since it is 

not uncommon for postweaning pigs to experience little or no 

weight gain in the first 7 to 14 days after weaning 

(Radostits et al., 1994). This is often referred to as a 

postweaning growth check, and it is typically characterized 

by a period of decreased feed intake and/or diarrhea. The 

occurrence of the postweaning growth check may be attributed 

to feeding changes (Bark et al., 1986). 

For the first fourteen days of the trial (dO-14), pigs 

fed the KZ-2 treatments had the numerically highest ADG 

values, followed by the KZ-3 treatment. Thus pigs fed the 

KZ-2 treatment, which contained 75.99 ppm zinc using zinc 
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propionate, had numerically higher rates of gain than the 

pigs fed KZ-1, which contained 67.19 ppm Zn using zinc 

sulfate. This finding, although not statistically 

significant, suggests that the organic zinc source may 

improve pig growth compared to the inorganic zinc source 

when included at a similar level in the diet which is below 

the NRC requirements for the pigs. Also, it is interesting 

to note that the pigs fed KZ-2 had numerically higher rates 

of gain than did pigs fed KZ-3, which contained 

approximately twice the zinc content (126 ppm zinc) using 

the inorganic source zinc sulfate. However, because these 

results were not statistically significant, one cannot 

conclude that the organic zinc source improved pig 

performance compared to the inorganic zinc source. The 

average daily gain values (kg/d) were slightly higher than 

the expected weight gain values of 0.250 g/d for 5-10 kg BW 

pigs (NRC, 1988). 

The ADG values for the last fourteen days of the trial 

were not significantly different across treatments. The KZ-

2 treatment had numerically higher ADG values than the KZ-4 

treatment. The average daily gain values for the second 

half of the trial were slightly higher than the expected ADG 

values of 0.450 g/d for 10-20 kg pigs (NRC, 1988). The 

average daily gain values were higher during this period, 

which is probably due to increased feed intake and 

compensatory gain. 
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The ADG values for the entire 28 day trial were not 

significantly different across treatments. The KZ-2 

treatment had the highest (P>.05) ADG values of all four 

treatments despite the fact that KZ-2 contained less zinc 

than required and approximately 50 ppm more zinc than KZ-3 

and KZ-4. The average daily gain values obtained for this 

28 day trial are consistent with those reported by other 

authors. In the study by Hill et al. (1986), pigs (7.5 kg 

initial BW) were fed one of three dietary treatments for 21 

days. The three treatments were: (1) no supplemental zinc, 

36 ppm in the diet, (2) zinc methionine, 45 ppm zinc in 

diet, and (3) zinc sulfate, 45 ppm in the diet. There were 

no significant differences in the average daily gain values 

reported in this study, which were 0.42 kg/d, 0-40 kg/d and 

0-40 kg/d, respectively. In a nursery trial conducted by 

Hill et al. (1984), the authors reported that there were no 

significant differences in ADG values between dietary 

treatments containing 15 ppm zinc as either zinc sulfate or 

zinc methionine. The ADG values obtained in the Hill et al. 

(1984) nursery study were similar to the overall ADG values 

obtained for this study. Kornegay and Lewis (1975) found 

that there was no significant difference in ADG or feed 

intake in pigs fed a 16% CP diet containing 170 ppm zinc as 

either a zinc-proteinate complex or zinc sulfate. 

Gain:Feed ratios are indicators of the efficiency of 

the animal's growth. The higher the ratio, the more 
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efficient the growth and the less feed is needed to produce 

a unit of weight gain. There were no significant difference 

in the Gain:Feed ratios for the three period (dO-14, dl4-28 

and dO-28) across treatments. The overall GainrFeed ratios 

for the trial show that the KZ-2 treatment resulted in the 

highest numerical Gain:Feed ratio, followed by KZ-4. 

The expected Gain:Feed ratio for pigs 5-10 kg BW is 

0.543, and the expected Gain:Feed ratio for pigs 10-20 kg BW 

is 0.474 (NRC, 1988). The values calculated in this study 

are higher than the swine NRC values, and are consistent 

with the Gain:Feed results (determined by calculating the 

inverse of the reported Feed:Gain values) of Hill et al. 

(1984) and Kornegay and Lewis (1975). The Gain:Feed values 

determined from the Feed:Gain values reported by Hill et al. 

(1986) were higher than those in this study. However, in 

all three studies, there were no significant differences in 

gain efficiency across the dietary treatments. 

Serum zinc concentrations 

Regarding mean serum zinc concentrations, there was no 

significant difference across treatments for the initial 

values at dO (Table 4.5). The mean serum values for each 

treatment are within the normal range for serum zinc 

concentrations. At dl4, the pigs fed the low zinc diets, 

KZ-1 and KZ-2, had significantly lower serum zinc 

concentrations than KZ-3, and but were not different (P>.05) 
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from KZ-4. KZ-2 had higher (P>.05) serum zinc 

concentrations at dl4 than KZ-1, even though both diets 

contained similar amounts of zinc at levels below the NRC 

zinc requirements. The values for KZ-3 and KZ-4 were not 

significantly different, although KZ-3 had higher (P>.05) 

serum zinc concentrations. At d28, serum zinc 

concentrations for KZ-2, KZ-3 and KZ-4 were not 

significantly different from each other. The KZ-1 treatment 

resulted in lower (P<.05) serum zinc concentrations than KZ-

3 and KZ-4, but was not significantly different from KZ-2. 

At d28, the pigs were approximately 8 weeks of age. 

According to Ullrey et al. (1967), normal serum zinc 

concentrations at 8 weeks of age are approximately 108 

mcg/dl. The mean serum zinc values obtained for these pigs 

are well below those "normal" values. However, these values 

are not low enough to indicate zinc deficiency. In previous 

studies in pigs, Miller et al. (1968, 1970) and Liptrap et 

al. (1970) reported that parakeratosis developed in pigs 

which had serum zinc concentrations below 20 mcg/dl. The 

values obtained in this study are consistent with those 

reported by Swinkels (1992). In non-depleted pigs, mean 

serum zinc concentrations ranged from 50-66 mcg/dl when pigs 

were fed diets containing 45 ppm zinc from either zinc 

sulfate or zinc amino acid chelate. 

The values for mean change in serum zinc concentration 

for each treatment at each of the three periods are given in 
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Table 4.6. From dO-14, pigs fed KZ-1 exhibited a decrease 

in mean serum zinc concentration. Pigs fed KZ-3 had 

significantly higher serum zinc increases than KZ-1, and KZ-

2 and KZ-3 were not significantly different from KZ-1. At 

dl4-28, there was no significant difference in the mean 

change in serum zinc across all treatments. At this time 

period, all treatments had negative changes in ser\im zinc 

concentrations because at d28, all of the treatments had 

lower serum zinc concentrations than at dl4. When comparing 

the mean change in serum zinc concentrations from dO to d28, 

the two low zinc treatments had negative changes indicating 

that serum zinc concentrations of pigs fed these two diets 

decreased from dO to d28. The two adecjuate zinc treatments, 

KZ-3 and KZ-4, had positive mean serum changes, indicating 

that the serum zinc concentrations of the pigs on these 

treatments had increased from the initial value at dO. 

Treatment KZ-1 was significantly lower than KZ-3 and KZ-4, 

but was not significantly different from KZ-2. The mean 

serum zinc changes for KZ-2 was not significantly different 

from either KZ-1 or KZ-3 and KZ-4. 

These findings do not concur with those reported by 

Hill et al.(1986). They reported no differences across 

treatments in changes in serum zinc. Also, the magnitude of 

changes reported by Hill et al. (1986) were smaller than 

those determined in this study. 
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From examining the serum zinc results, it is not likely 

that the pigs were clinically zinc deficient, since their 

mean serum zinc concentrations were not below normal. 

However, since serum zinc concentrations do not always 

accurately reflect body zinc status, and zinc the values 

reported here are the mean serum zinc concentration of the 

sample pigs on each treatment at a given sampling date, it 

is possible that some of the pigs could have had a sub-

clinical zinc deficiency at some time during the twenty-

eight day trial. 

Overall, the KZ-2 treatment was not significantly 

different from KZ-1 regarding mean serum zinc and change in 

serum zinc concentrations at any period during the study. 

However, it was numerically higher than the KZ-1 treatment 

at in mean serum zinc and change in serum zinc 

concentrations all periods except at the dO mean serum zinc 

value. It is also important to note that the KZ-2 

treatment, which contained approximately 50 ppm less zinc 

than KZ-3 and KZ-4, was not significantly different from KZ-

3 and KZ-4 in mean serum zinc concentrations at d28. At all 

time periods, the mean change in serum zinc concentration 

for KZ-2 was also not significantly different from KZ-3 and 

KZ-4. These results suggest that the bioavailability of 

zinc from zinc propionate may be slightly higher than that 

of zinc sulfate. 
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Implications 

There were no significant differences in average daily 

gain (kg) and Gain:Feed values across the four treatments. 

However, the pigs fed the KZ-2 treatment, which contained 

less zinc than the NRC zinc requirements, appeared to have 

numerically higher ADG values and Gain:Feed values at the 

conclusion of the trial than either the KZ-1, KZ-3 and KZ-4 

treatments. 

According to the serum zinc concentrations, the pigs 

were probably clinically zinc-deficient since their serum 

zinc concentrations were not below normal serum zinc values 

at the three sampling times. The KZ-1 treatment resulted in 

the lowest serum zinc concentrations at d28 and was 

significantly lower than KZ-3 and KZ-4, but not KZ-2. The 

KZ-1 treatment had the greatest depression of serum zinc 

concentrations at d28, which was significantly lower than 

KZ-3 and KZ-4, but not KZ-2. The KZ-2 treatment appeared 

numerically superior to the KZ-1 treatment in most 

parameters measured, though this was not significant. Since 

both of these treatments contained low levels of zinc and 

were similar in zinc content, zinc propionate may be more 

bioavailable than zinc sulfate. 

There is no statistical evidence to suggest that the 

bioavailability of zinc propionate is higher than zinc 

sulfate. However, there are numerical differences and 

trends in several parameters which suggest that zinc 
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propionate may be more bioavailable. It is important to 

note that is this trial, the health and performance of 

nursery pigs did not appear to be negatively impacted by the 

feeding of diets containing zinc levels lower than those 

recommended by the NRC (1988). 

The results of this experiment suggest that the 

bioavailability of zinc sulfate and zinc propionate in 

nursery pigs may be different, but further research is 

needed to make conclusions and recommendations concerning 

zinc propionate. 
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Table 4.1. Normal serum zinc concentrations for swine at 
various ages.^ 

Age zinc 
mcg/dl 

Birth 60 
1 week 141 
2 weeks 100 
5 weeks 61 
8 weeks 108 
12 weeks 83 

Ullrey et al., 1967. 
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Table 4.2. Basal diet composition as formulated. 

Ingredient Percent of Diet (As Fed) 
Milo 
Soybean Meal 
Texas Tech Premix* 
Oatmeal 
Menhaden 
Nutribinder 
Fat 
Limestone 38 
Dicalcium Phosphate 18.5 
Salt 
L-Threonine 

43.22 
17.99 
14.99 
9.99 
5.00 
5.00 
1.75 

0.9494 
0.8494 
0.2498 
0.0150 

*Texas Tech Premix Starter Pack- Lactose, Profine E, 
Fat(Coconut oil), L-lysine, Whey, DL-methionine, KCL, L-
threonine, FeSO^, MgO, MgSO^, MnSO^, L-Tryptophan, C0CO3, 
Organic iodine, Vit A, Vit D, Vit E, Biotin, Choline, Folic 
Acid, Niacin, Pantothenic Acid, Pyridoxine, Banminth, Dyna 
K. 
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Table 4.3. Treatment diet composition as analyzed. 

Item 

Percent Dry Matter 
Percent Ash 
Percent Crude Protein 
(DM Basis) 
Zinc, ppm (DM Basis) 

KZ-1 
90.42 
5.55 
23.38 

67.19 

Treatment 
KZ-2 
90.99 
5.60 
23.48 

75.99 

KZ-3 
91.16 
5.61 
23.70 

126.00 

KZ-4 
91.65 
5.69 
23.44 

132.71 
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CHAPTER V 

EXPERIMENT III: EFFECT OF ZINC SOURCES ON ZINC 

ABSORPTION USING IN VITRO EVERTED GUT LOOP PROCEDURES 

Abstract 

Everted sacs of bovine ileum were used to study the 

effect of three zinc sources on the absorption of zinc. The 

four treatments included a control (Tx-1), two organic zinc 

sources, zinc propionate (Tx-2) and zinc methionine (Tx-4), 

and an inorganic zinc source, zinc sulfate(Tx-3). Absolute 

mucosal zinc retention, serosal zinc transfer and total zinc 

uptake (mcg zinc per g tissue DM) were determined and also 

expressed as a percentage of the zinc content of the initial 

treatment media. The ratio of mucosal zinc retention to 

serosal zinc transfer was also determined for Tx-2, Tx-3 and 

Tx-4. Mucosal zinc retention, serosal zinc transfer and 

total zinc uptake for Tx-2, Tx-3 and Tx-4 were also 

expressed as a ratio to Tx-1. For mucosal zinc retention as 

a percentage of the zinc content of the treatment media, Tx-

1 had the highest percentage. The two organic treatments, 

Tx-2 and Tx-4, were not different (P>.05) from each other, 

but Tx-2 had a higher percent mucosal zinc retention than 

Tx-3. Regarding percent serosal zinc transfer, there were 

no significant differences among the three zinc treatments, 

but Tx-3 had the highest numerical percentage of the three. 

Total zinc uptake as a percentage of the zinc content of the 
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initial treatment media followed the same pattern as the 

percentages for mucosal zinc retention. The total zinc 

uptake percentages for the organic treatments, Tx-2 and Tx-

4, were 28.83% and 10.81% higher than the percentage for Tx-

3. The zinc methionine treatment, Tx-4, had the highest 

ratio of mucosal zinc retention to serosal zinc transfer of 

the three zinc treatments, although there were no 

significant differences across the three treatments. There 

were no significant differences across the zinc treatments 

for the ratios of mucosal zinc retention and serosal zinc 

transfer of each treatment to the control (Tx-1), although 

the two organic treatments had the highest ratios for 

mucosal zinc retention and the lowest ratios for serosal 

zinc transfer of the zinc treatments. The zinc propionate 

treatment, Tx-2, had the highest ratio of total zinc uptake 

to the total zinc uptake of the control, although this 

result was not significantly different from the other two 

treatments. 

Introduction 

Methods which have been used to estimate the 

bioavailability of minerals include growth and performance 

trials, analytical chemistry procedures, in vivo laboratory 

procedures and in vitro laboratory procedures. All of these 

methods can provide information concerning the availability 

of the mineral to the animal system. 
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Various in vitro technicîues have been used in the study 

of zinc metabolism. The majority of these methods involve 

measuring the intestinal absorption of zinc. In vitro 

methods include everted gut loop procedures (Oberleas et 

al., 1966; Hill et al., 1987), intestinal segment studies 

(Kowarski et al., 1974), isolated perfused intestinal 

studies (Smith et al., 1978), and intestinal brush border 

membrane vesicle technicjues (Kessler et al., 1978; Menard 

and Cousins, 1983). 

Everted gut loop studies have played an vital role in 

the study of mineral absorption, and have been used 

extensively over the past forty years. Many of the early 

studies involving iron absorption were conducted using this 

technicjue (Brown and Justus, 1958; Crane and Wilson, 1958; 

Schacter and Rosen, 1959; Dowdle et al., 1960). Since that 

time, everted gut loop studies have been used to study the 

absorption of zinc, calcium and other minerals. Radio-

labeled minerals are often used with this technique, to 

allow for more precise measurements of the mineral in the 

various phases. Everted gut loop studies are a rapid and 

useful method for screening substances which may affect 

intestinal absorption of zinc (Seal and Heaton, 1983). This 

technicjue was designed to study the intestinal absorption of 

minerals in an ideal luminal environment, without the 

presence of factors which can affect zinc intestinal 

absorption (Seal and Mathers, 1989). Measurements of zinc 
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in the intestinal tissue, and inner and outer media enable 

researchers to examine the phases of zinc absorption. The 

main disadvantage of this technique is that the cellular 

transport mechanisms are at high risk of hypoxic injury 

since the intestinal tissue is removed from its vascular 

supply. Damage to these cellular transport mechanisms can 

impair the ability of the mucosal cells to function 

normally. Also, considerable care must be taken to avoid 

traumatizing the intestinal mucosa. Another disadvantage is 

that this method may not adecjuately simulate intestinal 

absorption in the living animal, thus introducing the 

possibility that the results obtained in vitro may not be 

applicable to the living animal. 

Everted gut loop studies have been used with several 

species, such as the pig and chick (Hill et al., 1987), but 

the rat is the species most often used for this procedure. 

There is a scarcity of published information describing in 

vitro studies, including everted gut loop techni<îues, in 

livestock species such as cattle and swine. Thus the 

procedures used in this study had been taken from studies 

conducted with rats and adapted to cattle. Procedures 

described by Seal and Heaton (1983), Hill et al. (1987) and 

Seal and Mathers (1989) were used for this study. The 

everted gut loop technicjue had been described in great 

detail by Brown and Justus (1958) and Dowdle et al. (1959), 

who used the technicjue in the study of radiolabeled iron; 
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however, these studies were used since they were used in the 

study of zinc metabolism. 

Three zinc sources were used in this study. Zinc 

sulfate is an inorganic zinc source which is commonly used 

in swine rations. The two organic zinc sources used were 

zinc propionate, which is composed of one mole of zinc bound 

to two moles of propionic acid, and zinc methionine, which 

contains one ion of zinc bound to one molecule of the amino 

acid methionine. Zinc methionine is the organic zinc source 

which has most commonly been investigated in animal studies. 

The purpose of this study was to develop an everted gut 

loop technic ue using bovine ileum, and compare the 

absorption of three zinc sources, two organic, zinc 

propionate and zinc methionine, and one inorganic, zinc 

sulfate, with the technic ue. 

Experimental Procedures 

Four treatments, or outer incubation media, were used 

in this experiment. The four treatments consisted of Krebs 

Ringer Bicarbonate buffer solution as the base solution 

plus: 

Tx-1 No added zinc (Control); 

Tx-2 20 mg/L Zn as zinc propionate- 20 % zinc; 

Tx-3 2 0 mg/L as zinc sulfate pentahydrate- 3 5.5% 

zinc; 

Tx-4 20 mg/L as zinc methionine- 10% zinc. 
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The Krebs Ringer bicarbonate buffer solution was mixed 

according to package directions using deionized water. All 

treatment solutions, the Krebs bicarbonate buffer solution 

and the Blue Dextran solutions were buffered to a pH of 7.2 

to 7.3. The osmolality of all solutions were measured with 

an osmometer, to ensure that the solutions were physiologic 

300 +/- 20 mosmol. Samples from each treatment or outer 

incubation medium were obtained and placed in clean, glass 

vials and subsecjuently analyzed for zinc content. 

For the entire everted gut loop study, intestines from 

seven calves were used. The first run of this experiment 

was done at the Texas Tech University Meat Lab, using 

intestine from one slaughtered steer. There were two 

samples of each treatment in each block. The second and 

third runs were conducted at the Excel Packing Plant in 

Plainview, TX. In this case, each run included three blocks 

of the experiment, with two samples of each treatment per 

block. The general procedures for the experiment were taken 

from research conducted with rats and then modified for use 

with cattle. Because this study necessitated the 

cooperation of a commercial meat packing plant, some 

procedures were modified so as not to interfere with the 

plant's daily operations. 

As soon as possible after slaughter, the ileum was 

collected from the animal. The ileocecal fold and valve 

served as anatomic landmarks for the identification of the 
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ileum. The ileum was excised several cm proximal to the 

ileocecal valve and several cm from the termination of the 

jejunum. The excised ileum was rinsed of ingesta with tap 

water, and immediately chilled in ice-cold Krebs Ringer 

bicarbonate buffer solution (KRBB) to minimize rapid 

autolysis and maintain the viability of the segment. The pH 

of the KRBB solution was buffered to 7.3. The ileal 

segments were rinsed by plant employees with tap water. 

Four treatments and 2 replications per treatment were used 

in each experiment. Thus, 9 segments of ileum including a 

segment for baseline ileal zinc content, were excised using 

a sharp scalpel. The segments were measured and averaged 8 

cm in length. The eight segments used for incubation were 

carefully everted, using sponge forceps to grasp the end of 

the segment. Silk sutures were used to tie off one end of 

each everted ileal sac, and a measured amount (10-15 ml) of 

warmed, KRBB solution containing blue dextran at a rate of 

40 mg/L. The blue dextran was added to the KRBB solution so 

that water fluxes could be determined. The KRBB-blue 

dextran solution (designated inner medium) had been 

maintained under an atmosphere of 95% Ô  and 5% CÔ  at 37°C 

and was placed into the sac until the sac was slightly 

distended. After the sac was filled, the open end of the 

sac was tied with silk suture. Each everted gut sac was 

placed in a 600 ml beaker which contained 400 ml of the 

treatment incubation or outer medium warmed to 37°C and 
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maintained under an atmosphere of 95% Ô  and 5% CO^. The 

treatment or outer medium consisted of KRBB solution and the 

appropriate zinc source added to achieve a zinc 

concentration of 20 mg/L. The gut sacs were incubated in 

the assigned treatment media for 3 0 minutes with 95% 02 and 

5% CO2 constantly bubbled into each container. Immediately 

after incubation, each gut sac was lifted out of the 

incubation or outer media and the outside of the sac rinsed 

with 3 5 ml of KRBB solution and blotted of excess fluid. 

The sac was then transferred to a clean beaker, where it was 

opened and drained of the inner fluid. The inside of the 

sac was rinsed with 10 ml of KRBB solution and milked of 

excess fluid. The total volume of incubation or outer media 

in the flask plus the volume of buffer used to rinse the 

outside of the sac was measured and recorded. The fluid was 

thoroughly mixed, and a 30 ml sample of the fluid was 

obtained and placed in clean, labeled (outside medium) glass 

vial. Next, the total volume of inner solution and rinsing 

solution was measured and recorded. This fluid was 

thoroughly mixed, and the entire volume was collected and 

placed in a clean, labeled (inside medium) glass vial. The 

vials were kept chilled during transport, and then frozen 

until analysis. The ends of the gut sac (distal to the silk 

ligatures) were trimmed off and the actual length of the sac 

which was in contact with the inner fluid (distance between 

the silk ligatures) was measured and recorded. The trimmed 
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tissue and gut sac was placed in a sterile, labeled whirl-

pak bag and frozen until analysis. 

Analvsis of samples 

The frozen ileal tissue used in each experiment, which 

included eight gut sacs (excluding the trimmed ends) and one 

ileal segment collected for baseline ileal zinc 

concentrations, was thawed. The ileal tissue was weighed, 

placed in a crucible, dried at 65°C for 48 hours and re-

weighed for a preliminary dry matter determination. The gut 

sac was then dried at 100°C for 48 hours and re-weighed for 

a final dry matter determination. The dried gut sac was 

ashed in a muffle furnace at 600°C until it reached a 

constant weight. The percent ash for each segment was 

calculated. In order to determine the zinc content of each 

gut sac, the ash from each sac was digested with nitric 

acid in an open vessel according to the wet ashing procedure 

described for feed (AOAC, 1990). Fifteen milliliters of 20% 

nitric acid was added to the ash in each crucible and 

allowed to sit overnight. The resulting ash-acid solution 

was transferred to a 100 ml volumetric flask by filtering 

through a #42 Whatman filter paper in a funnel. The 

crucible was rinsed twice with distilled water and the 

volume in the flask was brought to 100 ml volume with 

distilled water and gently mixed, Actual zinc 

determinations were obtained by diluting the zinc stock 
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solution with distilled water in a test tube (two tubes/ 

flask) and reading on a Perkin-Elmer 2300 Atomic Absorption 

Spectrophotometer at 214 nm using zinc AAS Standard Solution 

(Sigma Chemical Co.). The readings were expressed as 

micrograms zinc/ml of solution. To determine the amount of 

zinc present in the ileal tissue, the following formula was 

used: 

micrograms zinc in tissue = microarams X F X lo"* 

ml 

where F = ml original dilution X ml final 

dilution/ml aliquot, if original 100 ml is diluted. 

The % zinc in the ileal tissue calculated above was divided 

by the dry weight of the ileal sac (g), resulting in a value 

of mg zinc/g dry tissue. 

For zinc determination of the initial and final outer 

incubation and inner medium, 1 ml of each media sample was 

diluted with distilled water in a test tube. Each media 

sample was done in duplicate, and each tube was read by 

Elmer Perkin 2 3 00 Atomic Absorption Spectrophotometry at 214 

nm. The reading was expressed as micrograms zinc/ml 

solution. In order to determined the zinc concentration in 

each media sample, the following formula was used: 

micrograms zinc/ml medium = micrograms zinc/ ml 

solution X dilution factor. 
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The absolute amount of zinc present in the initial and 

final outer incubation and inner media was determined by the 

following formula: 

total micrograms zinc present in medium = total volume 

media measured(ml) X micrograms zinc/ml media. 

All samples were analyzed for Blue Dextran using a 

spectrophotometer so that water fluxes could be determined. 

Calculations and statistical analysis 

Response criteria analyzed in this study included 

mucosal zinc retention, mucosal zinc retention as a 

percentage of the zinc content of the initial treatment 

medium, serosal zinc transfer, serosal zinc transfer as a 

percentage of the zinc content of the initial treatment 

medium, total zinc uptake and total zinc uptake as a 

percentage of the zinc content of the initial treatment 

medium. The ratio of mucosal zinc retention to serosal zinc 

transfer was determined for Tx-2, Tx-3 and Tx-4. The ratios 

of mucosal zinc retention, serosal zinc transfer and total 

zinc retention for Tx-2, Tx-3 and Tx-4 to Tx-1 were 

calculated and analyzed. The mean zinc content of the 

initial treatment incubation media was also determined. 

Mucosal zinc retention represented the amount of zinc 

absorbed per gram of ileal sac tissue DM. Mucosal zinc 

retention as a percentage of the zinc content of the initial 

treatment medium represented the amount of zinc absorbed per 
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gram of the ileal sac tissue DM as a percentage of the 

initial zinc content of the outer media. The formulas used 

to calculate mucosal zinc retention and mucosal zinc 

retention as a percentage of the zinc content of the initial 

treatment medium are: 

Mucosal zinc retention (mcg per gram ileal tissue DM= 

mcg Zn in Tx ileal sac tissue (incubated) per gram DM 

- mcg Zn in baseline ileal tissue (unincubated) per 

gram DM; 

Mucosal zinc retention as a percentage of the zinc 

content of the initial treatment medium = 

Mucosal zinc retention (mcg per aram ileal tissue DM). 

initial zinc content of outer media (mcg) 

Serosal zinc transfer represented the amount of zinc 

absorbed per gram of ileal sac tissue DM. Serosal zinc 

transfer as a percentage of the zinc content of the initial 

treatment medium represented the ratio of zinc transferred 

through the serosa per gram of ileal sac tissue DM to the 

initial zinc content of the incubation or outer media. The 

amount of zinc transferred through the serosa and present on 

the serosal side of the sac was determined by measuring the 

amount of zinc present in the inner media after incubation. 
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Serosal zinc transfer and serosal zinc transfer as a 

percentage of zinc content of the initial treatment medium 

was calculated using the following formulas: 

Serosal Zn transfer (mcg Zn per g ileal sac tissue 

DM) = mcg Zn absorbed through serosa per g 

ileal sac tissue DM; 

Serosal Zn transfer as a percentage of zinc content of 

initial treatment medium = 

mca Zn transferred throuah serosa per a ileal sac tissue DM. 

initial zinc content of outer media (mcg) 

Total zinc uptake represented the total of the amount 

of zinc which was absorbed and retained by the ileal tissue 

and the amount of zinc which passed through the serosal 

surface into the inner media. The total zinc uptake and 

total zinc uptake as a percentage of zinc content of initial 

treatment medium was calculated using the following 

formulas: 

Total zinc uptake= Mucosal zinc retention (mcg per 

gram ileal tissue DM + Serosal Zn transfer (mcg Zn 

per g ileal sac tissue DM ); 

Total zinc uptake as a percentage of zinc content of 

initial treatment media = 

Total zinc uptake . 

initial zinc content of outer media (mcg) 

The experimental design of the in vitro everted gut 

loop experiment was a randomized complete block design, with 
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the animals as blocks. There were four treatments per 

block, and two samples per block. The mean of the two 

samples per block for each response criteria was the 

variable analyzed. The treatment media were analyzed as a 

completely randomized design. Data were analyzed using the 

general linear models (GLM) procedure of SAS (SAS, 1985). 

When dietary treatments were found to be significant 

(P<.05), treatment means were separated using the Least 

Significant Difference (LSD) Test. In the randomized 

complete block design, Tukey's Test for Non-Additivity was 

used to determine whether there was a significant treatment 

by block interaction. 

Results and Discussion 

Analysis of blue dextran concentrations in the inner 

media was technically challenging due to low concentrations 

of blue dextran in the final inner media, presence of 

fibrin, mucus, fat globules, etc, in the final media and 

was not useful in determining water fluxes. It is possible 

that a different dye or indicator would prove more helpful. 

Regarding the site of maximal zinc absorption, the 

results reported in the literature are conflicting. For 

this study, the ileum was used. This decision was based on 

the conclusions of several in vitro studies which indicated 

that the ileum may play a more important role in the 

absorption of zinc Although research by Seal and Mathers 
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(1989) indicated that the rate of zinc transfer by everted 

sacs from duodenal, ileal and colonic segments of rats were 

not different, the accumulation of zinc in the intestinal 

tissue was highest in the ileum. Emes and Arthur (1975) 

analyzed rat intestinal segments for zinc as an indicator of 

zinc absorption. They determined that the ileal mucosa 

contained the highest amount of zinc, followed by the 

duodenum and jejunum. In vitro studies conducted using rats 

found the ileum to be the segment of the small intestine 

which absorbs zinc most rapidly (Sahagian et al., 1966; Emes 

and Arthur, 1975). 

The mean zinc content of the initial treatment outer 

media are listed in Table 5.1. The Tx-1 media consisted of 

Krebs Ringer bicarbonate buffer solution (KRBB solution), 

which was mixed with deionized water. Theoretically, this 

treatment should have contained very low levels of zinc 

However, upon analysis, the Tx-1 initial media contained a 

mean zinc content of 157.2 ppm. Tx-1 had a significantly 

lower amount of zinc than did the other three solutions. 

The higher than expected level of zinc in the initial Tx-1 

media may be due to zinc contamination, laboratory error or 

sampling error. 

The remaining three treatment media were mixed to 

contain 20 mg zinc/L, which is the ecjuivalent of 8000 

mcg/400 ml or an absolute amount of 8000 mcg zinc per 

initial treatment incubation media. The Tx-2 media which 
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contained zinc propionate was analyzed to contain a mean 

zinc content of 4675.8 mcg zinc, less than the desired 8000 

mcg, and significantly lower than the Tx-3 and Tx-4 media. 

Upon analysis, the Tx-3 and Tx-4 treatment media contained 

5956.5 and 5762.6 mcg zinc, respectively, which was still 

below the desired amount of 8000 mcg. Tx-3, which contained 

zinc sulfate, appeared to be the most soluble of the three 

zinc sources at the experimental conditions. All three of 

the treatment media contained less zinc than they were 

formulated and mixed to contain. The zinc sulfate, zinc 

propionate and zinc methionine did not appear to completely 

dissolve in the flasks when the treatment media were mixed. 

The particles of the zinc methionine (Tx-4) treatment were 

cîuite large, and even after grinding with a mortar and 

pestle, the particles were still cjuite large. After the 

solutions were mixed, they were vigorously stirred 

repeatedly and allowed to sit overnight to aid in the 

dissolution of the zinc sources. The most likely 

explanation for the discrepancy between the desired and 

analyzed zinc content of the treatment media is that that 

the zinc source were not completely soluble at the pH and 

temperature used for incubation. Sampling variation and 

laboratory variation in the analysis of the media could also 

contribute to the discrepancy. 

Seal and Mathers (1989) recommended that it was best to 

represent zinc transfer values per unit tissue dry matter. 
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Mucosal weight may affect zinc absorption, and the length of 

the segment is not always reliable since the surface and 

absorptive capacity of an ileal segment may vary among 

segments of the same length. Also, once the ileum was 

transected and the segments were obtained, they shrunk 

rapidly to unequal lengths. It is for this reason that the 

response criteria were expressed per gram of tissue (DM 

basis), to account for the possible differences in surface 

area and absorptive capacity. 

Most everted gut loop studies utilize extrinsic 

radiolabeled zinc instead of natural zinc in the treatment 

media (Hill et al., 1987; Hempe and Cousins, 1989). The 

radiolabeled zinc activity in each phase of absorption can 

be counted by gamma counter. This allows for more precise 

measurements of the zinc in the various phases of 

absorption. The radiolabeled zinc present in the gut tissue 

can be differentiated from the zinc naturally present in the 

gut tissue, and thus allow for a more accurate measure of 

zinc absorption. However, in this study, radiolabeled zinc 

was not used. Thus, in order to determine the amount of 

zinc absorbed from the media by the ileal sac tissue, the 

amount of zinc present in each incubated ileal segment per 

gram of tissue (DM basis) was determined. For each block, 

an ileal segment similar in size to the segments used in the 

incubation was harvested from each animal. This segment was 

not incubated and subsecjuently analyzed for zinc, to 
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determine the baseline ileal zinc content per gram of tissue 

(DM basis). This value represented the amount of zinc 

normally present in the ileal tissue. The baseline ileal 

zinc content per gram of tissue (DM basis) was subtracted 

from the amount of zinc present in the incubated ileal 

segment per gram of tissue (DM basis) in the gut zinc 

absorption and total zinc absorption calculations. This was 

the best way to assess the amount of zinc absorbed from the 

initial outer treatment media in lieu of radiolabeled zinc 

One of the ways in which the zinc absorption values 

obtained in this study were expressed was mucosal zinc 

retention, serosal zinc transfer and total zinc uptake as an 

absolute amount of zinc (mcg) per gram of ileal tissue DM. 

These values are listed in Table 5.2. It is important to 

note that these values do not account for differences in the 

initial zinc content of the treatment media. Regarding 

mucosal zinc retention, Tx-4, Tx-2 and Tx-3 were not 

significantly different from each other, although the 

organic treatments, Tx-2 and Tx-4 had 27.12 % and 31.68%, 

respectively, greater mucosal zinc retention than Tx-3. Tx-

3 and Tx-1 were not significantly different from each other, 

but Tx-1 had significantly lower mucosal zinc retention than 

Tx-2 and Tx-4. Serosal zinc transfer was lowest for the 

control treatment Tx-1, but was not significantly different 

from Tx-2. Tx-3 and Tx-4 had the highest serosal zinc 

transfer values, but were not significantly different from 

163 



Tx-2. Regarding total zinc uptake, the control treatment 

Tx-1 had significantly lower uptake than the other three 

zinc treatments. This finding is expected, since the 

control treatment media contained very little zinc (mean 157 

mcg), so the ileal sac would could only absorb and transfer 

a minimal amount of zinc from the media. The total 

absorption of the other three treatments were similar and 

not significantly different from each other. Because there 

is little information in the literature concerning everted 

gut loop studies with bovine ileum, one must compare these 

values to those obtained in rats. Seal and Heaton (1983) 

reported mean zinc uptake in mcg Zn per gram dry weight 

tissue of 15.4 for rat ileum incubated with 20 mg/L zinc 

sulfate for 3 0 minutes. However, in the Seal and Heaton 

experiment, the concentration of the treatments were 

consistent. They compared the zinc uptake from many zinc 

sources, including zinc acetate, zinc citrate and zinc 

chloride. They concluded that zinc sulfate was the 

inorganic salt more efficiently utilized. They also 

reported that an incubation period of 30 minutes and an 

external zinc concentration of 20 mg/L was best for 

obtaining optimal results. Seal and Mathers (1989) reported 

rates of zinc transfer into everted gut sacs from 6.4 to 

16.8 mcg/g tissue DM per 30 min. 

From the mucosal zinc retention and serosal zinc 

transfer results, it appears that more zinc was present in 
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the mucosal tissue than in the luminal fluid (serosal 

transfer). These findings are in agreement with those of 

Kowarski et al. (1974) and Seal and Mathers (1989), who 

reported that accumulation of zinc from the media in the 

intestinal tissue was greater and possibly more important 

than transfer across the serosal surface of the intestine. 

In the live animal, serosal zinc transfer would correlate 

with zinc that has passed through the serosal surface of the 

small intestine to enter the vasculature. 

It was important to determine the zinc content of the 

initial treatment media because zinc concentration affects 

the intestinal absorption of zinc Seal and Heaton (1983) 

demonstrated that zinc uptake by the everted intestinal 

segment was dependent on the concentration of zinc in the 

outer media. Since the zinc content of the initial outer 

media (Tx-2, Tx-3 and Tx-4) differed for each treatment, the 

mucosal zinc retention, serosal zinc transfer and total zinc 

uptake for each sample was divided by the zinc content of 

the initial outer media in an effort to account for these 

differences. Thus the mucosal zinc retention, serosal zinc 

transfer and total zinc uptake were also, and more 

correctly, expressed as a percentage of the initial zinc 

content of the outer treatment media. 

The values for mucosal retention, serosal transfer and 

total zinc uptake (mcg zinc per g tissue DM) as a percentage 

of the initial zinc content of the treatment media are given 

165 

/ 



in Table 5.3. For all criteria, Tx-1 had the highest 

(P<.05) absorption. This is because the initial zinc 

content of the treatment media was so low relative to the 

other treatments. Since the mucosal, serosal and total zinc 

values were divided by the initial zinc dose, even if a 

small amount of zinc was absorbed by the ileal sac, when 

divided by the low initial dose the resulting value would be 

larger relative to the other treatments. Thus the values 

for the Tx-1 treatment are not very indicative of zinc 

absorption. 

For mucosal zinc retention as a percentage of initial 

zinc content of treatment media, Tx-1 had the highest value, 

which was significantly higher than the other treatments. 

The two organic treatments, Tx-2 and Tx-4, were not 

different (P>.05) from each other, and Tx-4 was not 

significantly different from Tx-3. However, Tx-2 had a 

significantly higher percentage of mucosal zinc retention, 

which was 62.9% higher than the percentage for zinc sulfate, 

Tx-3. 

Regarding serosal zinc transfer as a percentage of 

initial zinc content of treatment media, Tx-1 was 

significantly higher than the other three treatments. There 

were no differences among the remaining three treatments. 

The inorganic zinc treatment, Tx-3, had a higher (P>.05) 

percentage than the two organic zinc treatments, Tx-2 and 

Tx-4. 
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The values for total zinc uptake as a percentage of 

initial zinc content of treatment media followed a similar 

pattern as mucosal zinc retention percentages. Tx-1 again 

had the highest percentage, which was significantly higher 

than the percentages for Tx-2, Tx-4 and Tx-3, which were not 

different (P>.05) from each other. The two organic 

treatments had numerically higher percentages for total zinc 

uptake than the inorganic treatment. The total zinc uptake 

percentage for zinc propionate, Tx-2, was 28.83% higher than 

the percentage for Tx-3, and 16.26% higher than Tx-4. From 

examining these results, it appears that ileal tissue 

retention is more important quantitatively in the uptake of 

zinc from the incubation media, as the values for mucosal 

zinc retention as a percentage of the initial zinc content 

of the treatment media followed a similar pattern as the 

values for total zinc uptake as a percentage of the initial 

zinc content of the treatment media. This result concurs 

with the results of other authors and the results for 

absolute mucosal zinc retention and total zinc uptake 

discussed previously. 

Results from the two phases of zinc uptake (as a 

percentage of the initial zinc content of the treatment 

media) studied in this experiment were expressed ratio form. 

The ratios of mucosal zinc retention for each zinc 

treatments to the serosal zinc transfer of each treatment 

are shown in Figure 5.1. There were no significant 
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differences across the three zinc treatments. The zinc 

methionine treatment, Tx-4, had the highest ratio, followed 

by Tx-3 and Tx-2. These results indicate that a larger 

proportion of the zinc removed from the treatment medium by 

the ileum was retained in the mucosal tissue than was 

transferred across the serosal surface of the ileum. The 

lowest ratio was for the zinc propionate treatment, which 

indicates that of the three zinc treatments, a larger 

proportion of the zinc from zinc propionate was transferred 

across the serosal surface than was retained in the mucosal 

tissue. In the live animal, zinc transferred across the 

serosal surface of the intestine will enter portal 

circulation to be transported to the liver and systemic 

circulation. It seems reasonable that zinc present in the 

liver and systemic circulation is more readily available for 

metabolic needs than zinc retained in the mucosal tissues. 

Thus, ratios of mucosal zinc retention to serosal zinc 

transfer may be provide useful information concerning the 

bioavailability of various zinc sources. 

The ratios of mucosal zinc retention for the zinc 

treatments to the mucosal zinc retention of the control (TX-

1) are shown in Figure 5.2. Although there were no 

significant differences among the three zinc treatments, the 

two organic zinc treatments, Tx-2 and Tx-4, had the highest 

ratios, indicating that a higher amount of zinc was retained 

in the mucosal tissue of the organic zinc treatments than 
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the inorganic treatment, Tx-3. The ratios of serosal zinc 

transfer for the zinc treatments to the serosal zinc 

transfer of the control treatment are shown in Figure 5.3. 

Again, there were no significant differences among the zinc 

treatments, but the inorganic treatment, Tx-3, had the 

highest ratio of the three treatments. These results 

suggest that the zinc from the organic sources was 

transported from the treatment media into the mucosal tissue 

at a higher rate than zinc from the inorganic sources, or 

that the zinc from the organic sources was present in the 

mucosal tissue in a form that caused it to be retained in 

the tissues rather than be transported across the serosal 

surface to the vasculature. 

The ratios of total zinc uptake for the zinc treatments 

to the total zinc uptake for the control (Tx-1) are shown in 

Figure 5.4. There were no significant differences across 

the three zinc treatments, although the zinc propionate 

treatment, Tx-2, had the highest ratio, followed by Tx-4 and 

Tx-3. This result may indicate that the zinc from zinc 

propionate was absorbed from the treatment media in a larger 

cjuantity than the zinc from the other two zinc treatments. 

However, it is important to note that this difference was 

not statistically significant. 

There was much variability in the values obtained by in 

vitro ileal sacs. It is possible that the results would 

have been different if the initial zinc treatment solutions 
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had more closely approximated the desired zinc content of 

8000 mcg. Recall that the Tx-2 or zinc propionate treatment 

had a significantly lower zinc content than Tx-3, zinc 

sulfate. Since the transport of zinc involves a carrier 

mediated, saturable process (Cousins, 1986), it is likely 

that the zinc concentration in any of the treatments was not 

high enough to stimulate maximum zinc absorption across the 

mucosal wall. Since Tx-2 had the lowest zinc content of the 

three zinc treatments, it is likely that Tx-2 would have 

exerted a stronger effect. Also, it is possible that 

hypoxia from the interruption of the vascular supply 

exacerbated by the delay from slaughter to incubation, and 

direct trauma from handling may have damaged mucosal cells, 

thus affecting their cellular transport mechanisms. 

Although the gut was handled in a similar manner, certainly 

some segments received more trauma during rinsing and 

eversion than others. If organic minerals are transported 

by a different mechanism than the inorganic minerals, the 

mechanism(s) may have been affected by cellular damage, thus 

negating a positive response. 

The origin of the cattle used in this study is unknown. 

Because of the importance of homeostatic mechanisms in 

intestinal absorption of zinc, it is possible that body zinc 

status or dietary factors associated with the cattle could 

have contributed to the wide variation in the absorption 

values obtained in this experiment. Also, 
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microenvironmental differences in the ileal mucosa from one 

location to another may have affected the zinc absorption 

and contributed to the variation in this study. Certainly a 

larger number of observations would allow for a better 

estimate of experimental error and provide more information. 

Implications 

Because of a lack of literature describing the everted 

gut loop technic ue and absorption results in cattle, it is 

difficult to assess the accuracy of the numerical values. 

This technicjue has been used primarily in rats, and the 

values obtained in this study do not correspond with those 

obtained in rats. Also, the mucosal zinc retention, serosal 

zinc transfer and total zinc uptake percentages cannot be 

compared to other values in the literature since there are 

no studies that use these expressions. However, though the 

results were not significant, numerical trends suggest that 

the absorption of zinc by ileal gut sacs in vitro from the 

organic source, zinc propionate is greater than the 

absorption of zinc sulfate. The results of this in vitro 

everted gut loop study tend to support the results of the 

metabolism trial and nursery trial comparing the 

bioavailability of zinc sulfate with zinc propionate. These 

results also indicate that it is important to examine the 

phases of absorption, as the proportions of zinc present in 

the mucosal tissue or transferred across the serosal surface 
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vary with zinc source. The everted gut loop technique 

appears to be useful in the study of mineral bioavailability 

in cattle, although improvements and refinements in the 

techniques used for this experiment are indicated. 

The results of these studies suggest that zinc 

propionate may be slightly more bioavailable than zinc 

sulfate, an inorganic source, though more studies are 

warranted. 
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Table 5.1. Mean initial zinc content of treatment media 
(n=7) 

Treatment Mean Initial Zinc Content 
fx^ 157.20" 
Tx-2 4675.80'" 
Tx-3 5956.50^ 
Tx-4 5762.60^ 

*̂"̂  Means with different superscript differ (P<.05). 
SEM =351.033 
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CHAPTER VI 

RESEARCH CONCLUSIONS 

Three experiments were conducted to compare the 

bioavailability of an organic zinc source, zinc propionate, 

with an inorganic zinc source, zinc sulfate, using nitrogen 

and zinc balance of nursery pigs, performance of nursery 

pigs and in vitro ileal absorption using everted gut loop 

technicîues. In Experiment 1, 8 barrows (28 d of age and 6.5 

kg initial BW) were randomly assigned to one of four dietary 

treatments (2 pigs per treatment) for a 4 x 4 Latin Square 

design metabolism trial. The treatments consisted of a 

pelleted diet (20.75% CP, 1.40 % lysine and 0.70 Kcal ME/kg 

DM) formulated to contain 50 ppm zinc using sinc sulfate 

(KZ-1) or zinc propionate (KZ-2) or 100 ppm using zinc 

sulfate (KZ-3) or zinc propionate (KZ-4). Nitrogen 

retention (g/d) was similar for all treatments, and there 

were no significant differences across the four treatments. 

There were no significant differences in average daily gain 

(kg/d) across the four treatments. The KZ-1 treatment, which 

contained the inorganic zinc source added at 35 ppm to the 

diet, resulted in a negative zinc retention while the KZ-2 

treatment, resulted in a positive zinc retention. The zinc 

retention values (mg/d) for KZ-1 and KZ-2 treatments were 

not significantly different from each other, and the KZ-3 

and KZ-4 treatments were not significantly different from 
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each other. However, when zinc intake was taken into 

account, zinc retention as a percent of intake was 

significantly higher for the KZ-3 treatment than the KZ-4 

treatment. There was no significant difference in zinc 

retention between the two organic treatments, although 

numerically, zinc retention as a percent of intake for KZ-4 

was almost twice that of KZ-2 treatment. There were no 

significant differences across treatments for the change in 

serum zinc concentrations. However, the KZ-4 treatment 

resulted in the largest numerical change in serum zinc 

concentration, followed by KZ-2 and KZ-3. 

In Experiment 2, there were no significant differences 

in ADG values across all four treatments. There were no 

significant differences in the Gain:Feed ratios for the 

three periods (dO-14, dl4-28 and dO-28) across treatments. 

The overall Gain:Feed ratios for the trial were highest for 

the organic treatments KZ-2 and KZ-4. Regarding serum zinc 

concentrations at d28, the KZ-2 treatment was not 

significantly different from all treatments, although KZ-3 

and KZ-4 had higher (P<.05) serum zinc concentrations than 

KZ-1. When comparing the mean change in serum zinc 

concentrations from dO to d28, the two low zinc treatments 

had negative changes while the two adequate zinc treatments, 

KZ-3 and KZ-4, had positive mean serum changes. Treatment 

KZ-1 was significantly lower than KZ-3 and KZ-4, but was not 

significantly different from KZ-2. The mean serum zinc 
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changes for KZ-2 were not significantly different from 

either KZ-1 or KZ-3 and KZ-4. 

In Experiment 3, everted sacs of bovine ileum were used 

to study the effect of three zinc sources on the absorption 

of zinc. The four treatments included a control treatment 

with no added zinc (Tx-1), two organic zinc sources, zinc 

propionate (Tx-2) and zinc methionine (Tx-4), and an 

inorganic zinc source, zinc sulfate (Tx-3). Absolute 

mucosal zinc retention, serosal zinc transfer and total zinc 

uptake (mcg zinc per g tissue DM) were measured and also 

expressed as percentages of inital zinc content of the 

treatment media. For mucosal zinc retention zinc as a 

percentage of the zinc content of the treatment media, Tx-1 

had the highest percentage. The two organic treatments, Tx-2 

and Tx-4, were not different (P>.05) from each other, but 

Tx-2 had a higher percent mucosal zinc retention than Tx-3. 

Total zinc uptake as a percentage of the zinc content of the 

initial treatment media followed a similar pattern as the 

percentages for mucosal zinc retention. The total zinc 

uptake percentages for the organic treatments, Tx-2 and Tx-

4, were 28.83% and 10.81% higher than the percentage for Tx-

3. The zinc methionine treatment, Tx-4, had the highest 

ratio of mucosal zinc retention to serosal zinc transfer of 

the three zinc treatments, though there was no difference 

(P>.05) across the three treatments. There were no 

significant differences across the zinc treatments for the 
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ratios of mucosal zinc retention and serosal zinc transfer 

of each treatment to the control (Tx-1), although the two 

organic treatments had the highest ratios for mucosal zinc 

retention and the lowest ratios for serosal zinc transfer of 

the zinc treatments. The zinc propionate treatment, Tx-2, 

had the highest ratio of total zinc uptake to the total zinc 

uptake of the control, though this result was not 

significantly different from the other two treatments. Even 

though many of these findings were not statistically 

significant, numerical trends suggest that the absorption of 

zinc by ileal gut sacs in vitro from the organic source zinc 

propionate is greater than the absorption of zinc sulfate. 

The results of these three experiments indicate that 

the bioavailability of of zinc from zinc propionate may be 

slightly greater than zinc from zinc sulfate, but further 

research is warranted. 
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